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INTRODUCTION
The mammalian body requires multiple layers of protection against noxious environmental 

threats, including physical, chemical and biological stimuli. These insults can be either of an 

infectious or sterile nature. The first layer of protection is made up by a physical barrier provided 

by epithelial cells of the integumentary, respiratory, intestinal and urogenital systems. Upon 

failure of this first layer of defense, multiple molecular and cellular mechanisms are activated 

with differential kinetics to ensure tissue protection, regeneration and homeostasis. They 

include immediate protective responses (e.g. antimicrobial peptides, complement, opsonins, 

phagocytosis), innate immune cells (e.g. granulocytes, natural killer cells, innate lymphoid 

cells) and their products, and finally, adaptive immune cells including T- and B-lymphocytes. 

These protection mechanisms are either constitutively expressed (e.g. antimicrobial peptides), 

require posttranslational modifications (e.g. granule products), transcription and translation 

(e.g. cytokine synthesis and release) or multiple cell divisions (e.g. antigen-specific T-cell 

responses). These molecular and cellular effector mechanisms show variable delays from time 

of activation to their full response1. After the initiation and amplification of these protective 

responses, a second phase of negative regulation ensues to resolve ongoing inflammatory 

responses and restore the tissue integrity. These involve the production of anti-inflammatory 

mediators such as interleukin-10 (IL-10), transforming growth factor-β (TGF-β), in addition to 

epithelial growth factors such as epidermal growth factor (EGF) and TGF-α that are released 

in an autocrine and/or paracrine fashion2,3. Activation of growth factor receptors i.e. receptor 

tyrosine kinases (RTK), and their downstream signaling pathways - including ERK, p38, STAT3, 

Src and YAP - is pivotal to restore the epithelial barrier and function. 

Failure to regulate inflammatory homeostasis may result in a hypo-inflammatory state with 

an increased risk of opportunistic infections, whereas uncontrolled inflammation could lead 

to autoinflammatory responses and the development of autoimmune diseases. Furthermore, 

dysregulation of mitogenic signals in epithelial tissues increases the risk of barrier defects on 

one hand, and malignant transformation and the development of neoplasia on the other 

hand. These processes are linked at the molecular, cellular and tissue level and an etiological 

component of many human pathological conditions. In the first part of this thesis, the regulation 

of inflammation will be addressed in a human model: systemic inflammation as a result of open 

heart surgery. We demonstrated how the STAT3 signaling axis dampens the inflammatory 

activity of human monocytes. This is an example of how inflammatory responses are initiated 

and resolved in a sterile environment by a healthy immune system. The immune system is 

programmed to respond differently in a non-sterile context. In the second part of this thesis, 

the acute and chronic components of intestinal inflammation will serve as examples of the 

regulation of inflammation and mechanisms of tissue repair in a non-sterile environment. We 

showed how the immunoregulatory action of a neuropeptide, released by sensory neurons in 

the intestinal mucosa, negatively regulates innate immune responses in the course of acute 

intestinal injury. Furthermore, we discovered how certain members of the transient receptor 

potential (TRP) calcium channel family are involved in both the activation and regulation of 
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Part 1 
Systemic inflammation 

Part 2 
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Part 3 
Intestinal tumorigenesis 
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invasion 
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adaptive immune responses. In the third part of this thesis, intestinal tumorigenesis resulting 

from the dysregulation of regenerative signaling pathways is addressed. We showed how TRP 

channel signaling is involved in negative regulation of mitogenic (pro-proliferative) signals in the 

intestinal epithelium. We described how STAT3 signaling suppresses malignant transformation of 

colorectal cancer. Finally, we demonstrated how different members of the ERK family cooperate 

to maintain cell proliferation in intestinal epithelial cells and its implications for tumor cell 

growth. These topics are summarized in Figure 1. Together, the aforementioned processes are 

representative for transitions from physiology to pathology underlying many human diseases. A 

profound understanding of these events is required for the development of novel pharmacological 

approaches for disease prevention and intervention in inflammation and cancer.

PART I. REGULATORY MECHANISMS IN SYSTEMIC 
INFLAMMATION
The Rise and Fall
Inflammation is ensued by the release of endogenous compounds that indicate tissue damage 

(DAMPs: damage-associated molecular patterns), exposure to microbial substrates (MAMPs: 

microbe-associated molecular patterns), or both. These molecules are recognized by pattern 

recognition receptors (PRR) on host cells. Molecular substrates, either from self or foreign, that 

Figure 1. Schematic overview of the thesis. In part one, pathogenic crosstalk between the intestine and 
circulating immune cells is discussed. Luminal components of the intestinal tract are important drivers of 
systemic inflammation. The circulatory derangement associated with this condition also negatively impacts the 
gut barrier which reinforces inflammatory responses by circulating leukocytes. In part two, various pro- and 
anti-inflammatory pathways in the context of intestinal inflammation will be described. Finally, in part three of 
the thesis the positive and negative regulation of intestinal neoplasia development and malignancy by various 
signaling pathways is addressed. MLN: mesenteric lymph node.
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are able to activate PRR on immune cells are known as ‘danger signals’4. Examples of DAMPs, 

also known as ‘alarmins’, include high mobility group box 1 (HMGB1), S100 proteins, heat shock 

proteins (HSPs) and IL-1α5, as summarized in Figure 2. PRR ligands can recruit and activate 

innate immune cells such as neutrophils, which act as first-responders, followed by monocytes, 

macrophages and other specialized cell types. The most studied PRR are members of the 

Toll-like receptor (TLR) family, which are expressed on different types of immune cells and in 

different subcellular compartments. For example, TLR2, TLR4 and TLR5 are expressed on the 

surface, whereas TLR3, TLR7, TLR8 and TLR9 are associated with the endosome. The engagement 

of TLRs with MAMPs rapidly mounts potent innate immune responses in the sterile (‘splenic’) 

compartment of the blood circulation, whereas the responsiveness to TLR ligands in the gut or 

skin is generally blunted6. The latter is also known as ‘endotoxin tolerance’, which means that the 

threshold of activation of immune cells is increased upon reencounter with TLR ligands. 

Endotoxin tolerance is a homeostatic feature of the immune balance in organs with a high 

microbial load such as the gut and skin, but can be a pathological sign of peripheral blood 

mononuclear cells (PBMC) in the circulation. This is demonstrated by a reduced production 

of pro-inflammatory cytokines including tumor necrosis factor-α (TNF-α), IL-1β and IL-6 

by monocytes in response to the TLR4 ligand, lipopolysaccharide (LPS). These responses are 

generally controlled by nuclear factor-kappa B (NF-κB), which is an important integrator of pro-

inflammatory cues from the extracellular and intracellular compartments7. Activation of NF-κB 

also coincides with the upregulation of negative regulators that interfere with the canonical 

TLR-MyD88-NF-κB pathway such as IRAK-M, as shown in mice8,9, and human10-12. Other negative 

regulators include Tollip13, ST214, MyD88s, single Ig IL-1-related receptor (SIGIRR)15, A2016, inositol 

phosphatase 1 (SHIP1)17, suppressor of cytokine signaling 1 (SOCS1)18, SOCS319, MAPK phosphatase 

1 (MKP1)20,21, MKP222, and MKP523. These proteins can directly shut down intracellular signaling 

Microbe-associated 
molecular patterns (MAMPs) 

 

Damage-associated molecular 
patterns (DAMPs) 

Pattern-recognition 
receptors (PPRs) 

signals 

e.g. Toll-like receptors 

e.g. HMGB1,  
S100 proteins, 
HSPs 

INFLAMMATION 

Figure 2. Schematic representation of the activation of innate inflammatory responses. The release of MAMPs or 
DAMPs represents a danger signal to the innate immune system which results in the rapid activation of neutrophils, 
monocytes, macrophages and other cell types. This is typically associated with an enhanced phagocytic activity, 
elevated pro-inflammatory cytokine synthesis and increased antigen-presenting capacity of innate cells.
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cascades that are involved in pro-inflammatory responses. In addition, modulation of signaling 

pathways by microRNA and epigenetic control of cytokine and chemokine production have 

been suggested to play a role in tolerance24. These negative regulators can be induced by TLR 

signaling or anti-inflammatory mediators (e.g. IL-10, TGF-β), albeit the latter also utilize specific 

signaling pathways to abrogate the responsiveness of immune cells. Thus, a plethora of negative 

feedback mechanisms that are either constitutively activated or induced by ligation of PRR 

ensure the timely resolution of pro-inflammatory signals in healthy immune cells.

Cardiac surgery as a model for systemic inflammation 
The systemic inflammation caused by pediatric cardiac surgery with cardiopulmonary bypass 

(CPB) represents an unique model to study regulation of inflammation in humans. CPB-

associated systemic inflammation is representative for other systemic insults such as sepsis 

and major trauma. The main advantage of the on pump cardiac surgery model is availability of 

patient samples before the onset of inflammation and during the initiation, amplification and 

resolution phases25. Causative factors of the systemic inflammation include sterile components 

such as contact activation of leukocytes in the extracorporeal circuit, complement activation, 

thoracotomy-associated tissue damage, hypoxia, ischemia/reperfusion damage, release of 

tissue plasminogen activator and heat shock proteins, as well as the administration of anesthetics 

and analgesics. Other etiological factors include microbial signals such as endotoxin leakage 

from the gut26-29. This is associated with the development of a severe systemic inflammation or 

inflammatory response syndrome (SIRS) after open heart surgery (see Figure 3). 

Surgical repair 

Recovery (ICU) 

Cardiopulmonary 
bypass (CPB) 

Congenital cardiac 
malformation 

O2 

Tissue damage 

Ischemia 

Anesthesia 

LPS translocation 
in the gut 

Inflam-
mation 

Figure 3. The association between open heart surgery and systemic inflammation. On-pump cardiac surgery 
results in the rapid activation of circulating immune cells through various mechanisms. These include iatrogenic 
effects (contact activation of leukocytes in the CPB circuit, thoracotomy, administration of anesthetics), hypoxia and 
ischemia/reperfusion damage of cardiac tissues, and the translocation of endotoxin from the gut, among others. 
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SIRS occurs in about 10% of adult cases30, but is more prevalent in the pediatric population. 

This systemic inflammatory response can result in hemodynamic instability, organ dysfunction 

and early mortality. Hemodynamic instability may cause variable systemic blood pressures, 

dysrhythmias, edema, poor urine output, and decreased perfusion. If persistent, such 

instability may lead to a low cardiac output syndrome (LCOS) with poor oxygen delivery, which 

is associated with early postoperative morbidity and mortality. In general, the peri- and post-

operative responses of circulating immune cells and inflammatory mediators in plasma show 

remarkably predictable patterns, characterized by an initial ‘cytokine storm’ and gradual increase 

in tolerance to TLR activation of monocytes31. A hallmark of hyporesponsiveness of monocytes 

in the course of cardiac surgery is the reduced expression of HLA-DR and master regulator of 

MHC class II expression (CIITA), which is correlated with a poor prognosis in critical illness32,33. In 

contrast, downregulation of TLR does not explain endotoxin tolerance in patients with systemic 

inflammation34,35. This is most likely related to changes in intracellular signaling pathways due to 

intrinsic adaptation36, or the result of anti-inflammatory stimuli. For example, in the course of 

on pump cardiac surgery IL-10 is rapidly released37,38, followed by IL-1ra and TNF-sr39, which act 

to suppress the transcription40, or sequester pro-inflammatory cytokines, respectively. IL-10 

binds to its heterodimeric transmembrane receptor that consists of the IL-10R1 and IL-10R2 

chains41, which activates the janus tyrosine kinase 1 (JAK1) and signal transducer and activator 

of transcription 3 (STAT3) pathway. Subsequently, various anti-inflammatory mechanism are 

upregulated that include suppressor of cytokine signaling 1 and 3 (SOCS3), phosphatases such 

as SHIP1 and PTPN1, as well as transcriptional regulators (e.g. B-ATF, bcl-3 and c-maf)42. 

The dissection of the signaling components that are responsible for negatively regulating 

monocyte responses in the course of on pump cardiac surgery would generate crucial insights 

into immunoregulatory mechanisms in human. Monocytes are relatively long-lived cells, as 

opposed to neutrophils, and important sentinels in the circulation43. The responsiveness of 

monocytes to TLR ligands correlates with the clinical course, although there is still a need for 

reliable biomarkers to predict the outcome in critical illness44. An experimental design with 

serial sampling and the predictable clinical course of selected pediatric patients (i.e. with minor 

cardiac defects, such as atrial or ventricular septum defects) allows for a smaller study group 

size to test the roles of the aforementioned negative regulators of TLR signaling in human. 

This is very different from the heterogeneous sepsis populations, which do not allow baseline 

measurements and require stratification based on the causative factors of the disease45. The 

results of these translational studies can then be extrapolated to critically ill patients with 

systemic inflammation to better understand the underlying disease mechanisms and potentially 

improve prognostic and therapeutic aspects of this condition. This is particularly important in 

case of severe sepsis, given its high mortality (i.e. higher than acute coronary syndrome or 

stroke)46, which has not significantly improved in recent years. 
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PART II. REGULATORY MECHANISMS IN INTESTINAL 
INFLAMMATION
Homeostasis in the intestines: Friend vs. Foe
In contrast to the circulation, i.e. sterile splenic compartment, immune cells in the gut are 

tolerant to PRR-mediated stimuli under homeostatic conditions6. The intestinal tract harbors 

~1014 commensal microorganisms representing about a thousand different bacterial species. 

These are separated from the host by a single layer of epithelium and its associated mucus47. 

The microflora are crucial for digestion of dietary substrates48, nutrient uptake and enterocyte 

feeding by the generation of short chain fatty acids49,50. Furthermore, chronic activation 

of TLRs and other PRR such as nucleotide-binding oligomerization domain-containing 

protein 2 (NOD2) by microbial substrates maintains cell proliferation, gut barrier and general 

gut homeostasis51. Thus, the intestinal microflora are essential for normal function of the 

gastrointestinal tract and the development and maturation of the adaptive immune system.

In order to maintain inflammatory homeostasis in the intestines, the host and its microflora 

require a symbiotic co-existance. Dysbiosis is thought to be the basis for inflammatory bowel 

diseases (IBD)52, with a causal role for dysfunctional PRR signaling (such as NOD253) resulting 

in abnormal immune regulation54. In fact, activation of TLR4 or TLR9 protects against colitis 

and promotes regenerative responses55-58. The ability of TLR to differentiate pathogens from 

commensals in the intestines can be explained by the model of compartmentalization. In 

this model, TLR activation on the apical surface of polarized intestinal epithelial cells induces 

tolerance, whereas invasion of pathogens will result in activation of TLR in the basolateral 

compartment. This concept has been demonstrated for TLR559 and TLR960, in which triggering 

of basolateral receptors entails the subsequent instigation of pro-inflammatory events. This is 

related to differential activation of intracellular signaling pathways including ERK, JNK, STATs 

and NF-κB61. In the context of the danger model4, the activation of TLR on the apical surface of 

epithelial cells would represent an encounter with a ‘friend’ (commensal), whereas basolateral 

activation of TLR would signal the presence of a ‘foe’ (pathogen). Similarly, innate immune cells 

in the lamina propria or mesenteric lymph nodes are sentinels for invasive pathogens that are 

able to incite proper immune responses. All the aforementioned pathways that are activated 

by endogenous or microbial ligands are interwoven to balance out pro-inflammatory versus 

tolerizing stimuli in innate and adaptive immune cells. At the same time, these stimuli represent 

pro-survival or proliferative cues versus apoptotic signals in intestinal epithelial cells. 

Inflammatory bowel diseases: of Mice and Man 
IBD demonstrate a failure of immune-gut homeostasis which bears relevance to other 

autoimmune disorders, such as those involving the musculoskeletal system, skin, eyes, liver 

and biliary tract. A better understanding of the etiology of IBD is therefore also important 

to explain the failure of immunoregulation in extraintestinal immune disorders. IBD consist 

of two main clinical entities: Crohn’s disease (CD) and ulcerative colitis (UC). Both have their 
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own etiological, histopathological, anatomical and immunological characteristics; their clinical 

management is also different. UC is limited to the colon, whereas CD may involve pathology in 

the small intestine or upper gastro-intestinal tract (‘mouth to anus’). Hallmarks of CD include 

transmural mucosal inflammation, the presence of granulomas, fissures, peri-anal fistulas 

and skip lesions; these features are absent or rare in UC. Both CD and UC are associated with 

extraintestinal disorders, increase the risk of other autoimmune diseases and generally show a 

natural course of recurrent inflammatory bouts62. 

Crohn’s disease 
Crohn’s disease should be considered a systemic inflammatory disease, with the main disease 

activity located in the intestines. Sole involvement of the terminal ileum (terminal ileitis) is 

typical. Its pathology may also involve the colon, whereas lesions in the upper gastro-intestinal 

tract are less frequent63. Clinical signs include abdominal pain, fever, clinical signs of bowel 

obstruction and diarrhoea with or without blood or mucus. CD is influenced by genetic factors 

and multiple susceptibility loci have been identified such as NOD2, CARD9, ATG16L1 and IRGM1. 

This disorder is also affected by environmental factors such as urbanisation, stress, improved 

sanitation and hygiene, sedentary lifestyles, Western diet (high sugar and polyunsaturated fatty 

acids) and smoking. These factors have caused a rise in the incidence of the disease in the 

Western world63. Central to the pathogenesis of CD is dysbiosis of the host with its intestinal 

microflora. Going through the intestinal tract from proximal to distal, the number of commensal 

microorganisms starts at ~0-102 (per g of intestinal content) in the stomach, rises steeply to 

107-108 in the distal ileum and reaches its peak at 1011-1012 in the colon. The intestinal microbiota 

are made up mostly by the Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria 

species64. Microbiome analyses have shown that bacteria physically associated with mucosa 

are significantly increased in CD patients compared with healthy controls65. Furthermore, CD 

patients show a relative increase in pathogenic Proteobacteria species, and a contraction of 

Firmicutes and Bacteroidetes species66. An increase in the ratio of Bacteroidetes over Firmicutes 

in CD has been confirmed by multiple groups67. However, whether this dysbiosis is merely 

symptomatic of intestinal inflammation or causative in the disease is still unclear. 

Another etiological factor in the pathogenesis of CD is dysfunction of the gut barrier, 

which has been linked to genes known to be expressed by mucus cells (mucins) and Paneth 

cells (ATG16L). Together with alterations in the microflora, these cause abnormal activity of 

innate immune cells including dendritic cells that sample luminal antigens in the gut63. Changes 

in the adaptive immune system in CD are characterized by enhanced numbers and pathological 

activity of effector T-cells of the T helper 1 (T
h
1) and T

h
17 classes. These T helper subsets are 

associated with the production of interferon-γ (IFN-γ) and IL-17/IL-22, respectively. At the 

same time, regulatory T-cells including natural Tregs (nTregs) and induced Tregs (iTregs, such 

as Tr1, T
h
3 and iTr35 classes) are decreased or functionally impaired63. 

The medical management of CD includes avoidance of risk factors (smoking), correction of 

nutritional deficits, and the combination of one or more drugs including steroids, methotrexate, 
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thiopurines (azathioprine, mercaptopurine) and/or biologicals such as TNF blockers or α4-

integrin monoclonal antibodies (mAbs). Current experimental drugs mostly target inflammatory 

cytokines (IL-12/23p40, IL-17 and IL-23), signaling pathways (JAK), and leukocyte migration, 

adhesion and/or homing (α4β7, MAdCAM-1). The short-term treatment goal in CD is to achieve 

clinical remission and endoscopic mucosal healing. The long-term goal is to prevent structural 

damage as a result from recurrent fistula, abscesses and strictures that often require surgery.

Ulcerative colitis 
Ulcerative colitis is more common than CD and has a better prognosis. The main clinical sign 

of UC is bloody diarrhoea with or without mucus, in some cases coinciding with proctitis, in 

addition to abdominal pain and fever68. The colitis activity is restricted to the mucosal layer 

with ulceration and intestinal bleeding68. UC is associated with various genetic risk loci 

including HNF4A, CDH1, IRF5, NKX2-3, IL23R, JAK2, STAT3 and IL10. UC is influenced by similar 

environmental risk factors as CD such as Western diet and stress68. In contrast, smoking protects 

against UC and the recurrence of relapses; the underlying mechanism for this correlation is 

still unknown69. The aforementioned changes in the microbiome observed in CD overlap with 

those seen in UC64. Abnormal adaptive immune responses that are associated with UC include 

T
h
1 and T

h
17 subsets, in addition to atypical T

h
2 responses. The latter are characterized by IL-5 

producing T
h
2 cells in the colon, as well as the presence of natural killer T (NKT) cells that 

produce IL-1368. Other etiological factors in UC include gut barrier defects, impaired function of 

peroxisome proliferator-activated receptor γ (PPARγ) and expression of pathological variants 

of the endoplasmic reticulum (ER) stress response-related gene, XBP1. The clinical management 

of UC typically starts with the administration of sulfasalazine and 5-aminosalicylates (5-ASA), with 

or without steroids. In more severe cases, thiopurines or TNF blockers may be used to induce 

remission. In severe or refractory cases of UC, colectomy can be curative. Therapeutic goals in 

UC include clinical remission and endoscopic mucosal healing. Long-term complications include 

toxic megacolon and epithelial dysplasia associated with an increased risk of colorectal cancer68.

Mouse models of IBD
Despite the development of many different knockout and transgenic mice, in addition to 

the zebrafish70,71, there are still no good animal models that reliably recapitulate the features 

of clinical IBD subtypes. This includes the T
h
1/T

h
17 characteristics of CD versus the role of T

h
2 

responses in UC72. In general, the T
h
1 subset correlates with colitogenic cytokines such as 

IL-12, IFN-γ and TNF-α. The T
h
2 subset is associated with IL-4, IL-5 and IL-13. The T

h
17 subset 

with IL-6 and TGFβ (both for differentiation), IL-17A and IL-23. Finally, Treg are associated with 

IL-10. These subsets can be differentiated by expression of transcription factors such as T-bet 

(T
h
1), Gata3 (T

h
2), Rorγt (T

h
17) and Foxp3 (Treg). Interestingly, the pro-inflammatory T

h
17 and 

anti-inflammatory Treg subsets show plasticity as they develop from a common precursor73. 

Knockout or transgenic mouse strains that develop spontaneous colitis include: Il10−/−, Stat3−/−, 

Tgfb1−/−, Il2−/−, Gαi2−/−, Tcra−/−, Tbet−/−, A20−/−, Mdr1a−/−, Muc2−/−, TnfΔARE and STAT4Tg mice74. Most 
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of these represent colitogenic responses with hallmarks of T
h
1 reactivity. An exception is the 

SAMP1/Fc mouse strain that develops features of CD, including spontaneous ileitis with crypt 

abscesses, skip areas and transmural infiltrates75, thickening of the bowel wall, strictures and 

extraintestinal manifestations (gastritis, autoimmune hepatitis)76. Mouse models of IBD that are 

applied in this thesis are summarized in Figure 4.

The most widely used experimental IBD models are the chemically induced colitis models 

that represent either innate inflammation induced by dextran sodium sulfate (acute DSS), or 

T-cell dependent colitis with mixed T
h
1/T

h
2 responses (chronic DSS). The acute DSS colitis 

model does not require T- and B-lymphocytes and represents a robust and highly reproducible 

experimental protocol of self-limiting colitis77. However, the disease activity induced by DSS 

is influenced by many factors, including strain differences, age, gender, microflora, dietary 

factors and batch-to-batch variation of the dextran polymer. The effects of DSS are likely due to 

direct cytotoxicity on the colonic epithelium leading to barrier dysfunction, thereby exposing 

innate immune cells to microbial substrates. DSS treatment typically induces a rapid onset of 

clinical disease with histological features of UC, including crypt hyperplasia, ulceration, loss 

of goblet cells, neutrophil infiltration in the mucosal and submucosal layers, and more rarely, 

crypt abscesses72. The repeated administration of DSS induces a chronic colitis, which involves 

macrophages and mixed T
h
1/T

h
2 reactivity. In this specific protocol, mice are treated with three 

consecutive cycles of DSS separated by intermittent recovery periods78. 

Other commonly used T-cell mediated colitis models include the administration of TNBS 

or oxazolone, the Il10−/− strain and the adoptive transfer model. The colitis induced by TNBS 

(2,4,6-trinitrobenzene sulfonic acid) or oxazolone is CD4+ T-cell dependent and involves 

haptenization of autologous or microbial proteins. This protocol consists of a cutaneous 

sensitization step, followed by colonic administration of the colitogenic compound one week 

later. The TNBS model is characterized by a rapid course of body weight loss and histological signs 

of colitis including crypt loss, mucosal ulceration and inflammatory infiltration in the mucosa, 

Acute DSS 

Chronic DSS 

Drinking water 

Genetic 
Il10-/- 

CD4+ CD45RBhi 
CD25- cells 

Adoptive transfer 

Haptenization 
TNBS 

Cutaneous + 
rectal challenge 

i.p. injection 
in Rag-/- mice 

Colitis 

Figure 4. Experimental IBD models applied in this thesis. The acute DSS model represents the induction of 
colitis mediated by innate immune cells. The chronic DSS model and TNBS model, respectively, are examples 
of chemically induced colitis that are T-cell dependent. The Il10−/− mouse strain develops spontaneous, T-cell 
dependent colitis. Finally, the adoptive transfer of CD4+CD45RBhi (naïve) T-cells induces a chronic colitis that can 
be rescued by the co-transfer with CD4+CD45RBloCD25+ Tregs.
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and is associated with T
h
1 responses. The susceptibility to TNBS-colitis between mouse strains 

varies widely, thus limiting its practical use79. Oxazolone colitis is associated with the induction 

of immune responses with T
h
2 characteristics such as cytokines IL-4, IL-5 and IL-1378. Il10−/− mice 

develop a spontaneous, chronic pancolitis with T
h
1 immune reactivity80,81. This is most likely 

related to the lack of immunosuppression by T-cell derived IL-10 in the mucosa. Interestingly, 

deficiencies for components of the IL-10 receptor (CRF2-4), or its associated downstream 

signaling pathway (STAT3), also result in a colitis phenotype82. This demonstrates the important 

negative regulatory role of the IL-10/STAT3 pathway in the regulation of inflammation. Finally, 

there is the adoptive transfer model that involves the injection of naïve CD4+CD45RBhiCD25- 

T-cells into immunocompromised SCID or Rag−/− recipients83,84. This chronic pancolitis typically 

ensues 1-2 months after transfer and is caused by the loss of peripheral tolerance during 

the generation of CD4+ T-cell-mediated immune responses against microbial antigens. Its 

histopathological features include epithelial hyperplasia, transmural inflammation, infiltration 

of the mucosal and submucosal layers by neutrophils and mononuclear cells, and bowel wall 

thickening. The inflammatory activity of adoptively transferred cells can be prevented by the co-

transfer with CD4+CD45RBloCD25+ T-cells. This population is enriched for CD25+FOXP3+ Treg that 

are capable of suppressing colitogenic effector T-cells in the intestinal mucosa. Features such as 

the observed mixed T
h
1/T

h
17 immune reactivity, its association with extraintestinal inflammation, 

responsiveness to clinically relevant immunomodulators and relatively predictable course have 

made the adoptive transfer model the current gold standard for IBD research85. The application 

of more than one colitis model to study etiological factors or novel interventional approaches in 

intestinal inflammation is generally considered to be of most translational value. 

TRP channels: the Unusual Suspects
Although much work has been done on TLR and NOD signaling in gut inflammation and 

homeostasis, little is known about the role of members of the diverse transient receptor 

potential (TRP) cation channel family. The mammalian TRP channel family consists of at least 

28 family members that are subdivided in six subfamilies (Figure 5). These are the canonical 

(TRPC; 7 members), vanilloid (TRPV; 6 members), melastatin (TRPM; 8 members), polycystin 

(TRPP; 3 members), mucolipin (TRPML; 3 members) and ankyrin (TRPA; 1 member). The basic 

structural design of TRP channels consists of six putative transmembrane spanning segments 

that form a pore-forming loop between segments five and six86. TRP channels function as 

homo- or heterotetramers, resulting in channels with a high selectivity to divalent (Ca2+) or 

monovalent cations. TRP channel activation generally results in increases of the intracellular 

Ca2+ concentration ([Ca2+]
i
) that induce cellular effects via a change in membrane polarization or 

activation of various Ca2+-dependent effector pathways. This rise in [Ca2+]
i
 comes from the influx 

of Ca2+ from the extracellular space and/or through its release from intracellular stores (Golgi, 

endoplasmic reticulum). TRP channels can be activated by chemical, physical or mechanical 

stimuli, thereby representing a true polymodal sensory system87. This involves classical ligand-

receptor interactions and/or alternative modes of activation. 
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Figure 5. Members of the mammalian transient potential receptor (TRP) family. The mammalian TRP channel 
family consists of the vanilloid (6 members), melastatin (8 members), canonical (7 members), polycystin (3 
members), mucolipin (3 members) and ankyrin (1 member) subfamilies. These members share the basic protein 
design that consists of 6 transmembrane domains. However, they show considerable differences in the amino 
acid sequence of their amino and carboxy termini to accommodate various posttranslational modifications that 
control their activation mode.

Prototypical members of the TRP channel family that display polymodal properties 

include TRPV1, TRPA1 and TRPM8. Much like TLR were originally described to be expressed by 

immune cells and later also identified on epithelial cells, members of the TRP channel family 

were first described in the nervous system and later on also found to be expressed by immune, 

endothelial, stromal and epithelial cells88. TRP channels have been associated with the induction 

of neurogenic inflammation, a complex orchestrated process rapidly activated upon infectious 

or sterile tissue damage that involves neuronal, immune and other cell types in addition to 

secreted molecules such as neuropeptides, cytokines and lipid mediators89. Neuroinflammation 

is now being recognized as an important etiological component of colitis90,91. TRP channels can 

therefore be considered as extended PRR family members, as they are activated by endogenous 

and physicochemical danger signals92. There is also ample evidence for crosstalk between TRP 

channel and TLR signaling pathways in the gastrointestinal tract93, providing additional layers of 

regulation and complexity. The pleiotropic effects of the TRPM8, TRPV1, TRPA1 channels in tissue 

homeostasis and inflammation, their diverse expression patterns and the molecular details of 

their gating mechanisms are currently unknown and addressed in this thesis (Figure 6). 

PART III. REGULATORY MECHANISMS  
IN INTESTINAL TUMORIGENESIS
Tissue regeneration and tumorigenesis in the gut
TLR stimulation directly promotes proliferation and inhibits apoptosis of intestinal epithelial 

cells (IECs)51. In addition, TLR-MyD88 signaling promotes the release of ligands that activate 

the epidermal growth factor receptor (EGFR) pathway94,95, which is an important transducer for 
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regenerative signals. Thus, microbial signals cooperate with endogenous factors to regulate the 

normal turnover of IEC. The intestinal lining of the host is renewed every week. Within this time 

frame, progenitor cells that derive from slow cycling Lgr5+ intestinal stem cells (ISC) undergo 

multiple rounds of amplification at the crypt base. These cells are known as transit-amplifying 

(TA) cells96. During these events, TA cells migrate towards the crypt-villus junction. Various IEC 

types then differentiate and mature from committed absorptive or secretory cell precursors, 

respectively97. These include absorptive enterocytes, the most predominant cell type in the 

small and large intestine, and goblet, Paneth, enteroendocrine and tuft cells, respectively98. 

With the exception of Paneth cells, these cell types then migrate towards the villi, undergo 

anoikis99, and are shed into the lumen. The long-lived Paneth cells migrate back to the crypt 

base and provide an essential growth factor-rich environment for the ISC compartment100. 

All these events are tightly coordinated by secreted and membrane-bound mediators. These 

include Wnt factors, produced in an autocrine and paracrine fashion101, that bind to the Frizzled-

LRP5/6 receptor complex and subsequently activate the canonical Wnt/β-catenin pathway. The 

transcriptional targets of β-catenin/TCF4 drive the ISC program, regulate EphB receptor and 

EphB ligand expression102, and direct Paneth cell localisation, differentiation and maturation in 

the intestinal crypt103. Notch signaling is a second requirement for ISC proliferation, which also 

induces differentiation of progenitor cells towards the absorptive lineage104. The proliferation of 

ISC and TA cells is also driven by growth factors that signal through RTK, such as the EGFR, and 

their associated downstream pathways including ERK1/2105, phosphatidylinositol 3-kinase (PI3K)/

Akt102 and STAT3. Negative regulation is provided by bone morphogenetic proteins (BMPs), 

which are part of the TGF-β family, and are secreted by the stromal compartment106. BMPs bind 

to type I and type II receptors that in turn activate receptor SMADs (SMAD1/5/8) and co-SMADs 

(SMAD4). Upon activation, SMADs translocate to the nucleus to activate or repress transcriptional 

TRPV1 

CD4+ 
T-cell 

MLN 

TRPA1 

TRPM8 

Mucosal 
neurons 

? 

? 

? 

Figure 6. Role of TRP channel signaling in intestinal inflammation. The role of TRPM8 signaling in colonic 
neurons in the context of intestinal inflammation will be addressed in part 2. In addition, the pro- and anti-
inflammatory roles of the TRPV1 and TRPA1 channels, respectively, in CD4+ T-cells are discussed.
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Figure 7. Role of TRPV1, ERK1/2 and STAT3 signaling in intestinal tumorigenesis. The role of TRPV1 and ERK1/2 
signaling in intestinal epithelial cell proliferation and tumor growth will be addressed in part 3. In addition, the 
anti-invasive and anti-metastatic role of STAT3 signaling in colorectal cancer is reviewed.

programs107. Activated BMP signaling stops cycling TA cells in their tracks which marks the 

transition from progenitor cells to one of the differentiated IEC types108, before they slough off 

at the tips of the villi. This dynamic system limits the risk of genotoxic damage to the IEC that are 

continuously exposed to the toxic luminal substrates of dietary, xenobiotic and microbial origin.

By the same token, the pro-proliferative effects of microbial substrates and their crosstalk 

with endogenous signaling pathways can promote intestinal tumorigenesis in genetically 

susceptible hosts. This was first demonstrated in the adenomatosis polyposis coli (Apc)
Min/+ mouse model (discussed below). ApcMin/+ mice are genetically susceptible to intestinal 

adenoma formation; this phenotype is reversed in ApcMin/+/Myd88−/− double knockout mice109. 

Mechanistically this was shown to be caused by stabilization of β-catenin via constitutive 

activity of the TLR-MyD88-ERK1/2 pathway110, suggesting that microbial signals may contribute 

to oncogenic transformation of IEC in susceptible hosts. Thus, pro-tumorigenic signals of 

microbial origin that activate the TLR-ERK1/2 pathway, in addition to endogenous mediators 

such as growth factors that signal via the EGFR-ERK1/2 axis111, cooperate to set the stage for 

intestinal adenoma development. Since the ERK1/2 signaling pathway may play a central role in 

these events, we addressed the role of ERK1/2 signaling in IEC homeostasis and tumorigenesis 

in part three of the thesis (Figure 7).

Etiology of colorectal cancer 
Mutations in the tumor suppressor gene APC result in disruption of the destruction complex 

which under physiological conditions induces proteosomal degradation of β-catenin. Binding 

of Wnt ligands to the Frizzled-LRP5/6 receptor complex in ISC or Paneth cells at the crypt 

base blocks activity of the destruction complex, leading to nuclear translocation of β-catenin 
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and activation of its target genes104. Patients with familial adenomatous polyposis (FAP) carry 

germline mutations in one allele of APC. Loss of heterozygosity of the wildtype allele or 

acquisition of novel somatic mutations results in upregulated Wnt/β-catenin activity and the 

accelerated formation of intestinal adenoma in these individuals. Although the prevalence of 

colorectal cancer (CRC) patients with FAP is low (~1%), APC mutations occur in over 70% of 

sporadic CRC cases112. Somatic loss-of-function mutations in APC are generally associated with 

chromosomal instability (CIN). This subtype is observed in 70-80% of CRC and also associated 

with mutations in the tumor suppressor TP53 (p53), the KRAS oncogene, PIK3CA and PTEN 

(both involved in PI3K/Akt signaling), and SMAD4 (a negative regulator of BMP signaling), 

among others. In some CRC patients, gain-of-function mutations in the β-catenin gene are 

observed113. CIN is associated with the classical adenoma-to-carcinoma progression model 

in which mutations in the ‘gatekeeper’ APC tumor suppressor gene lead to the accumulation 

of somatic mutations coinciding with the acquisition of malignant properties114. These events 

inevitably lead to the activation of the MYC oncogene115. 

The Cancer Genome Atlas Network (TCGA) data showed that tumors from CRC patients 

can be divided in hypermutated and non-hypermutated cases. The non-hypermutated CRC 

subtype showed similarities to CIN, with frequent mutations in APC and TP53 (80% and 60%, 

respectively). Recurring features of hypermutated cases include mutations in BRAF (V600E) and 

mismatch-repair genes, MMR (MLH1, MSH3, MSH6), which are associated with the microsatellite 

instability (MSI) phenotype115. The latter shows overlap with the CpG island methylator phenotype 

(CIMP), in which epigenetic alterations such as DNA hypermethylation of promoter sites induces 

silencing of MMR genes. The CIN versus CIMP phenotypes are largely mutually exclusive in CRC 

populations, however, some patients share features of both entities. Thus, on one hand of 

the spectrum is the tubular adenoma subtype associated with CIN, APC and TP53 mutations; 

on the other end is the serrated adenoma subtype, with MSI, BRAF and MLH mutations. An 

intermediate villous adenoma subtype is characterized by features of CIMP in combination with 

KRAS and APC mutations116. Recently, novel classification methods for CRC have been suggested 

based on genetic and transcriptional traits115, proteogenomic analyses117, intestinal epithelial cell 

type and response to chemotherapy118, as well as transcriptional profiling and clinical features119. 

An integrated analysis of two latter studies subsequently suggested the existence of three CRC 

subtypes, represented by the previously identified CIN and MSI subtypes, in addition to a third 

subtype that is associated with sessile serrated adenoma, a mesenchymal gene signature and 

poor prognosis. This unifying classification system also correlated with features identified in the 

TCGA study, such as MSI status, CIMP, BRAF mutational status and tumor location120. Integration 

of these novel classification systems in multi-center clinical studies may allow for better 

stratification of CRC patients thereby contributing to a precision medicine approach of patients 

with metastatic disease. For example, KRAS mutational status is already an established genetic 

tool to identify subgroups of patients that will most likely benefit from anti-EGFR therapy121, 

but the correlation of the aforementioned clinical CRC subtypes with response to cytotoxic or 

targeted therapy will potentially benefit much larger numbers of patients.

24



GENERAL INTRODUCTION

1

2

3

4

5

6

7

8

9

10

11

12

13

&

Oncogenic EGFR signaling and its regulation
In addition to the aforementioned oncogenic mechanisms, growth factor and other pathways 

are frequently overactive in CRC cells including EGFR, cyclooxygenase-2 (COX-2) and vascular 

endothelial growth factor (VEGF) pathways113. Accordingly, components of the PI3K or RTK-RAS 

signaling pathways are mutated in 50% and 60-80% of CRC patients, respectively115. There is 

also ample crosstalk between EGFR and other pro-proliferative pathways in the context of 

CRC. This was first demonstrated for COX-2 and EGFR. COX-2 can induce the expression and/

or release of EGFR ligands, thereby driving its transactivation and stimulating IEC proliferation 

and tumorigenesis122,123. There are also various mechanisms of crosstalk between the EGFR and 

Wnt/β-catenin pathways that represent positive feedback loops124-126. Thus, signaling by EGFR 

(ErbB1) and its family members (ErbB2, ErbB3 and Erbb4) plays an important oncogenic role 

in CRC, as well as in many other solid tumors127. Cancer-associated genetic alterations of this 

pathway include EGFR amplification, somatic mutations (e.g. EGFRvIII128), and overexpression of 

EGFR ligands. Given its oncogenic potential, EGFR signaling is regulated on multiple levels under 

physiological conditions. Negative regulatory mechanisms include ligand-induced receptor 

endocytosis followed by degradation or recycling, dephosphorylation by protein tyrosine 

phosphatases (PTPs), transcriptional induction of negative regulators and negative feedback 

phosphorylation of its intracellular tail or downstream mediators129,130. Finally, targeting of EGFR 

has shown clinical efficacy in CRC, such as the use of monoclonal antibodies (e.g. cetuximab, 

panitumumab), as well as small molecule inhibitors such as erlotinib128.

TRP channels and cancer
Transient receptor potential (TRP, see part 2) channels have been associated with cell proliferation and 

tumor development131,132. However, little is known about the cross-regulation of TRP channels with the 

aforementioned oncogenic pathways and their implications for intestinal tumorigenesis. The main 

unanswered question is whether TRP channels, which generally lead to increased [Ca2+]
i
 levels, either 

promote or suppress tumorigenesis. This question is addressed in part 3 of this thesis (Figure 7). Given 

the wide range of pharmacological agents available to manipulate TRP channel gating, these studies 

may provide novel methods for the prevention or treatment of intestinal neoplasia.

SCOPE AND OUTLINE OF THE THESIS
This thesis describes novel mechanisms of either activation or negative regulation in 

inflammatory and neoplastic cells (Figure 1). In the first part of the thesis, we focus on the 

activation and regulation of systemic inflammation using pediatric open heart surgery as model 

system. Chapter 2 provides a review of the molecular details of systemic inflammation after on 

pump cardiac surgery and its regulation by endogenous substrates, focusing on heat shock 

protein 70 (Hsp70). A comprehensive model that explains the extracellular versus intracellular 

effects of Hsp70 on the immune balance is presented. In Chapter 3 we studied the molecular 

mechanism responsible for downregulation of monocyte reactivity to TLR stimulation in the 
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course of human systemic inflammation. In chapter 4 we discuss the crosstalk between the 

sterile ‘splenic’ compartment and non-sterile gut in the context of inflammatory homeostasis, 

as an introduction to the second part of the thesis.

Part two describes the role of TRP channels, including TRPV1, TRPA1 and TRPM8, in the 

pathogenesis and regulation of intestinal inflammation. We aimed to study TRP channel function 

in both neuronal and non-neuronal cells. In chapter 5 we studied the role of TRPM8 signaling 

in nerve fibers that innervate the colonic mucosa. As recent data suggest that TRP channels 

may play diverse physiological roles in immune cells, we also addressed the contribution of 

TRP channels in T-cells. In chapters 6 and 7 we aimed to dissect the physiological role of TRPV1 

signaling in CD4+ T-cells and its consequences for colitis. After having established a mainly pro-

inflammatory role for TRPV1 in T-cells, we also studied the negative regulation of this channel 

by intrinsic TRPA1 signaling, discussed in chapter 8. 

The third part of the thesis addressed the regulation of intestinal tumorigenesis by various 

signaling pathways. In chapters 9 and 10 we studied a negative feedback loop provided by TRPV1 

downstream of EGFR, which suppresses neoplasia development. In chapter 11 we review the 

evidence and molecular mechanisms responsible for the anti-invasive and/or anti-metastatic 

effects of STAT3 in CRC. In chapter 12 we studied the role of mitogen-activated protein kinase 

(MAPK) signaling in intestinal homeostasis and proliferation, and addressed the relative roles of 

ERK family members ERK1/2 and ERK5, respectively.

Finally, addendum 1 describes a novel molecular mechanism that mediates intestinal 

regeneration in the course of acute inflammation which involves activation of a gp130/Src/YAP 

signaling axis by IL-6 and its related family members. This newly chartered signaling route is 

independent of the canonical STAT3 signaling axis. 

In chapter 13, the general biological themes unravelled in this thesis are summarized and their 

translational implications are discussed.
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ABSTRACT
Open heart surgery is a unique model to study the interplay between cellular injury, 

regulation of inflammatory responses and tissue repair. Stress-inducible heat shock protein 

70-kDa (Hsp70) provides a molecular link between these events. In addition to molecular 

chaperoning, Hsp70 exerts modulatory effects on endothelial cells and leukocytes involved in 

inflammatory networks. Hsp70 residing in the intracellular compartment is part of an inhibitory 

feedback loop that acts on nuclear factor kappaB (NF-κB). In contrast, extracellular Hsp70 is 

recognized by multiple germline-encoded immune receptors, e.g., Toll-like receptor (TLR) 

2, TLR4, LOX-1, CD91, CD94, CCR5 and CD40. Hsp70 is thereby able to enhance chemotaxis, 

phagocytosis and cytolytic activity of innate immune cells and stimulate antigen-specific 

responses. These apparent contradictory pro- and anti-inflammatory effects of endogenous 

Hsp70 in the context of cardiac surgery are still not fully understood. An all-embracing model 

of the compartmentalized effects of endogenous Hsp70 in the orchestration of inflammatory 

responses in cardiac surgery is proposed.

Abbreviations 
ACC: aortic cross-clamping 

APC: antigen-presenting cells 

CPB: cardiopulmonary bypass 

HSP: heat shock proteins

IL-1: interleukin-1

IFN-γ: interferon-gamma

MHC: major histocompatibility complex

NF-κB: nuclear factor kappa B

SIRS: systemic inflammatory response syndrome

TGF-β: transforming growth factor-beta

TLR: toll like receptor

TNF-α: tumor necrosis factor-alpha
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INTRODUCTION
Heat shock proteins (HSP) play a pivotal role in maintaining the homeostasis of cells and tissues 

in vertebrates. The members of the HSP superfamily are categorised based on their molecular 

weight (kD), including the small Hsp, Hsp40, Hsp60, Hsp70, Hsp90 and Hsp110. These subtypes 

are expressed in distinct compartments of the cell (e.g., nucleus, cytoplasm, endoplasmatic 

reticulum, mitochondria) and are associated with various structural proteins (e.g., actin, 

tubulin, procollagens) according to their diverse functions. For example, HSP are involved in the 

folding and translocation of proteins, regulation of apoptosis, stabilisation of the cytoskeleton 

and striated muscle fibers, quality control of collagen production and protein degradation1. 

The best described function of HSP is molecular chaperoning: maintenance of the correct 

conformation of proteins throughout their lifespan, from newly synthesized polypeptide chains 

to (ir)reversible injury of denatured proteins during oxidative stress. The synthesis of HSP is 

regulated by heat shock transcription factor 1 (HSF1), which can be activated by noxious stimuli 

e.g., hyperthermia, ischemia, oxidative and cytokine-mediated stress. HSP thus render cells 

more resilient to increasing levels of cellular stress2. The Hsp70 class of stress induced proteins 

is the most well studied subtype in cardiovascular and inflammatory disease. Experimental and 

clinical data suggest that inducible Hsp70 is a key component of endogenous pathways that 

limit the extent of myocardial damage in ischemia-reperfusion injury after cardiac surgery3,4. 

In addition, Hsp70 has immunoregulatory properties with both pro- and anti-inflammatory 

effects in a cross-species manner. Hsp70 residing in its native compartment (cytosol) is able to 

hamper ongoing pro-inflammatory signaling cascades, thereby downregulating inflammatory 

activity. In contrast, extracellular Hsp70 displays potent immunostimulatory properties and 

has therefore been designated as a “chaperokine”5. The latter is in agreement with the “danger 

model” proposed by Matzinger6. This model states that endogenous HSP are released in 

the extracellular compartment upon cellular stress where they contribute to orchestrating 

inflammatory responses and tissue repair. In line with this, extracellular Hsp70 is recognized by 

a multitude of germline-encoded immune receptors, including Toll-like receptor (TLR) 2, TLR4, 

LOX-1, CD91, CD94, CCR5 and CD40. These ligand-receptor interactions of Hsp70 involve innate as 

well as adaptive immune cells, including monocytes, macrophages, dendritic cells, natural killer 

cells and T-lymphocytes7. Thus, whereas intracellular Hsp70 functions as an anti-inflammatory 

regulator, its extracellular action is mainly pro-inflammatory. The current challenge is to unite 

these apparent dichotomous immunoregulatory effects of Hsp70 on parenchymal and innate/

adaptive immune cells. In this review, an all-embracing model for the regulation of inflammation 

and tissue repair by Hsp70 during the course of cardiac surgery is proposed. 

Hsp70 and the myocardium in animal models
A certain degree of ischemic injury of cardiomyocytes, vascular smooth muscle cells, endothelial 

cells and connective tissue cells after open heart surgery is unavoidable. Aortic cross-clamping 

(ACC) and cardiopulmonary bypass (CPB) induce global ischemia of the myocardium. This affects 

the integrity of cytoskeletal and contractile proteins and could compromise cardiac function. 
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The sequence of cellular events that take place during ischemia can be divided in consecutive 

stages ranging from reversible injury to irreversible injury and ultimately necrosis. In addition, 

reperfusion injury can be inflicted after restoration of the circulation due to changes in cellular 

metabolism and associated oxidative stress. Various approaches are employed in clinical practice 

to slow down the progression of ischemic injury (e.g., hyperkalemic cardioplegic solutions, 

buffers, hypothermia) with the intention to conserve intracellular energy stores and inhibit lethal 

cascades within the cytoplasm8. The progression of cellular injury is prevented by the action 

of molecular chaperones, including the prototypic Hsp70 class expressed in the cytosol and 

nucleus. In addition to maintaining the integrity of cytosolic proteins and cytoskeleton2, Hsp70 

promotes cardiomyocyte survival by the conservation of anti-oxidants and inhibition of pro-

apoptotic pathways including caspase-9, and Fas-mediated death cascades10. The concept of heat 

shock preconditioning in order to enhance postischemic cardiac function was demonstrated in 

vivo for the first time with rats pretreated with hyperthermia 24 hrs prior to ischemic challenge. 

Preconditioning resulted in reduced levels of biomarkers of myocardial damage in addition to 

a faster recovery and improved contractile force of cardiac tissue11. Soon thereafter, an inverse 

relation between the Hsp70 content of myocardial cells and infarct size was demonstrated12 and 

various transgenic approaches further established that Hsp70 plays a key role in myocardial 

protection in experimental models. For example, overexpression of inducible Hsp70 in cardiac 

tissue improved postischemic cardiac contractility, which inversely correlated with infarct size13,14. 

Similar results were also achieved in mice expressing a hsp70 transgene during brief ischemia15, 

whereas it reduced mortality from myocardial infarction after prolonged ischemia16. In line with 

these results, hsp70 knockout mice did not benefit from preconditioning prior to ischemic 

challenge17. The expression of Hsp70 in cardiac tissue has also been manipulated by germline-

independent techniques. For example, intracoronary infusion of Hemagglutinating virus of 

Japan (HSV)-liposome-hsp70 constructs was applied in a rat model of prolonged cardioplegia 

and hypothermia. This Hsp70 overexpression resulted in enhanced recovery of postischemic 

endothelial18, mitochondrial and ventricular function19. Similarly, a rabbit model of ischemia-

reperfusion injury showed that intramyocardial injection of recombinant adenovirus-human-

hsp70 constructs resulted in a twofold reduction in infarct size compared to controls20. Thus, 

upregulation of Hsp70 in myocardial tissue in experimental models unambiguously improved 

salvage of cardiac tissue at risk of ischemic infarction and postischemic cardiac contractility. 

Hsp70 and the human heart
Pioneering studies in cardiac surgery showed that even within a limited period of time, human 

myocardial tissue responds to ischemia by increasing the expression of Hsp70 class proteins. 

Myocardial samples showed upregulation of Hsp70 transcripts and protein at the end of 

coronary artery bypass grafting21. Studies that included patients undergoing open heart surgery 

demonstrated that Hsp70 levels were increased in roughly 40% of patients after ACC in either 

adults22, or children23. Further analysis showed that this group predominantly involved patients 

with a longer period of preexistant disease or longer CPB time. Patients with higher preoperative 
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myocardial Hsp70 contents showed reduced levels of biochemical markers of myocardial injury 

postoperatively22, whereas patients without perioperative upregulation of myocardial Hsp70 

showed an almost twofold increase of biomarkers of myocardial injury after surgery23. Ischemia-

reperfusion injury is an important factor that contributes to the pathogenesis of postoperative 

atrial fibrillation (AF)24. Clinical studies showed a significant correlation with higher Hsp70 levels 

in atrial myocardial cells of patients with a postoperative sinus rhythm compared to subjects that 

developed AF after surgery25, whereas serum Hsp70 levels did not differ between these groups26. 

In addition, the identification of a specific hsp70 gene polymorphism correlated with an increased 

risk of postoperative AF27. These combined results strengthen the concept that intracellular 

Hsp70 mediates protective effects against ischemic insults in the human myocardium, but 

also illustrate interindividual differences in pre- and postoperative levels of Hsp70. The latter 

correlates with cellular tolerance to oxidative stress28, and is probably associated with the 

extent of preexistent29, or perioperative ischemic stress30, in addition to the hsp70 genotype31. 

Importantly, the cardioprotective effects of Hsp70 appear to be age-independent32, underlining 

the important physiological role of this class of housekeeping proteins.

Kinetics of Hsp70 upregulation
The time course of Hsp70 induction influences the degree of functional Hsp70-associated 

chaperoning activity during periods of ischemia and reperfusion. Most animal models used a 

latent period of 24 hrs between preconditioning and ischemic challenge, which is less relevant 

for human cardiac surgery. Few studies specifically addressed the kinetics of Hsp70 upregulation, 

either in vitro or in vivo. In rat skeletal muscles, the increase of Hsp70 protein levels after heat 

shock occurred between 1-4 hrs and 24-48 hrs in slow and fast muscles, respectively33. The 

temporal characteristics of Hsp70 upregulation in cardiac muscle appears to be intermediate 

between these patterns. Whole-body hyperthermia in a rat model induced Hsp70 upregulation 

after 3-72 hrs, whereas the beneficial effects of preconditioning on postischemic infarct size was 

maximal after 48-72 hrs34. This bimodal expression pattern was also found in a study in which 

bovine aortic endothelial cells were challenged with heat shock with variable pre- and post-

heating times. This showed that 1-2 hrs of pre-heating induced optimal Hsp70 upregulation 

directly post-heating, with peak levels at 5 and 12 hrs after the start of the experiment35. These 

findings suggest that Hsp70 expression is a function of the duration and level of stress. In line 

with these results, accumulating myocardial levels of Hsp70 were found in the course of open 

heart surgery with a more than twofold increase after 2 hrs30. Thus, the lag time between the 

onset of ischemia and upregulation of Hsp70 in human myocardial cells is probably similar to 

that in experimental models. This suggests that ischemic preconditioning prior to surgery may 

induce cardioprotective effects. Indeed, preconditioning by two short ischemia-reperfusion 

cycles before valve replacement surgery reduced myocardial ultrastructural damage and 

improved cardiac fuction postoperatively36. Together, these data demonstrate that Hsp70 is 

induced within a short period of time after initiation of an ischemic insult in human myocardial 

cells and that these de novo synthesized proteins are able to mediate clinically relevant effects.
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Systemic inflammatory responses after on-pump cardiac surgery
Cardiac surgery with CPB represents a multifactorial model of systemic stress, associated with 

the acute onset of pro-inflammatory signaling cascades. This originates from e.g., leukocyte 

contact activation in the extracorporeal circuit, initiation of tissue plasminogen activator and 

complement-mediated cascades37, tissue damage associated with thoracotomy38, administration 

of anaesthetics and analgesics39, perioperative leakage of endotoxins from the gut40, and activation 

of endothelial cells as a result of ischemia-reperfusion injury. The latter is associated with the 

enhanced release of endothelial adhesion molecules, including soluble intercellular and vascular 

cell adhesion molecule-1 (sICAM-1, sVCAM-1) and E-selectin41. Activation of the complement 

system after initiation of cardiac surgery has been demonstrated by a decrease of plasma C3, C4, 

C5 and C1 inhibitor and increase of C3d and C5a levels. The alternative complement pathway via 

C3d appears to be particularly boosted by CPB, which can be explained by contact activation in 

the extracorporeal circuit42. Neutrophils are early responders after an inflammatory insult, which 

are able to produce potent cytokines and chemokines including tumour necrosis factor (TNF)-α, 

interleukin (IL)-1, IL-6 and IL-843. Upon activation they also release reactive oxygen species and 

proteases that may damage the microcirculation, exacerbating local ischemia-reperfusion 

injury44. Importantly, transcriptional profiles of circulating leukocytes after CPB-assisted 

(on-pump) cardiac surgery suggest that the inflammatory focus is localized in the peripheral 

tissues, not in the hematopoietic compartment45. Synergism between this multitude of pro-

inflammatory stimuli can induce a systemic inflammatory response syndrome (SIRS), which can 

occur in up to 10% of patients after open heart surgery and is associated with a marked circulatory 

derangement46. The extend of immune reactivity changes appears to be related to the nature of 

the insult and concurrently with the clinical outcome. For example, trauma patients experienced 

a prolonged course of immune hyporesponsiveness compared to patients that underwent major 

surgery47. Thus, instead of a final common pathway that sets out a pre-programmed inflammatory 

course, systemic inflammation is more likely a customized multicellular response. This concept 

has also been demonstrated after on-pump cardiac surgery. The risk of developing multiorgan 

failure in SIRS was associated with a longer CPB and ACC time, in addition to higher postoperative 

levels of various pro-inflammatory cytokines48. Another study showed that a subgroup of patients 

that required prolonged mechanical ventilation after cardiac surgery underwent a longer ACC 

time and showed increased systemic levels of IL-6, IL-8, VCAM-1 and endotoxin49.

Importantly, the myriad of events in the course of systemic inflammation includes both 

pro- and anti-inflammatory reactivity. This has led to the concept that systemic inflammatory 

responses actually represent a dynamic inflammatory balance in which the initial hyper-

inflammatory phase is followed by a hypo-inflammatory immune status (Figure 1). Although 

the latter phase is associated with a reduced immune reactivity, also called “immune paralysis”, 

it is more appropriate to consider these changes as adaptation of innate and antigen-specific 

immune cells47. For the clinical management of individual patients with systemic inflammation, 

this means that temporal characteristics of both pro- and anti-inflammatory mediators must 

be taken into account for an accurate assessment of the inflammatory risk profile. Anti-

inflammatory effects are mediated by e.g., IL-10, transforming growth factor (TGF)-β, IL-4, 
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plasma IL-1 receptor antagonist (IL-1ra) and soluble TNF receptors (TNF-sr)50,51. During on-pump 

cardiac surgery, increased IL-8 plasma levels were accompanied by elevated IL-10 levels at the 

end of CPB, followed by IL-1ra and TNF-sr peaks later on52. Importantly, repeated cytokine 

measurements during on-pump cardiac surgery showed that anti-inflammatory cytokines are 

immediately released upon initiation of surgery53,54. Despite this rapid systemic release of anti-

inflammatory mediators, they shift towards a net hypo-inflammatory state occurs only later on.

In contrast to the aforementioned complexity of involved cyto- and chemokine networks, 

the clinical management of deranged systemic inflammatory responses after on-pump 

cardiac surgery mainly relies on a single entity: corticosteroids55. Prophylactic corticosteroids 

induce suppression of pro-inflammatory mediators56, release of reactive oxygen species in 

polymorphonuclear granulocytes57, and enhance anti-inflammatory cytokine production57,58. 

However, their effect on the clinical outcome after on-pump cardiac surgery remains 

controversial59. Some groups showed beneficial effects on postoperative organ function60-62, 

whereas others found no significant differences63,64, or even worsening of postoperative 

pulmonary function in the corticosteroid group65. Besides these controversial data on 

corticosteroids, the effectiveness and/or safety of novel anti-inflammatory candidates, e.g., 

aprotinin66, human recombinant activated protein C67, and anti-TNF-α therapy68, have been 

disappointing. These dissatisfactory results suggest a lack of insight into essential mechanisms 

of the multifactorial pathogenesis of systemic inflammation. The recently uncovered 

immunomodulatory effects of Hsp70 offer a new perspective on this subject.

Figure 1. The inflammatory balance during cardiac surgery shifts from hyper-inflammatory (1st phase) to 
hypo-inflammatory (2nd phase). The latter phase has also been termed “immune paralysis” due to the reduced 
reactivity of both innate and adaptive immune cells. The diverse range of cytokines and enzymes released during 
the peri- and postoperative course contribute to this phenomenon. These proteins are classified as either pro-
inflammatory, e.g., TNF-α, IL-1β, IL-6, IL-8 and inducible nitric oxide (iNOS), or anti-inflammatory, e.g., IL-10, 
TGF-β, IL-1 receptor antagonist (IL-1ra) and TNF soluble receptors (TNF-sr). In the early period, pro-inflammatory 
cytokines act synergistically to enhance systemic inflammatory responses (1st phase). Although the systemic 
release of anti-inflammatory mediators also occurs rapidly after the inciting stimulus (start of surgery), skewing of 
the net inflammatory balance to a hypo-inflammatory state is delayed until the postoperative course (2nd phase).
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Hsp70 is systemically released after cardiac surgery
Besides its function as a molecular chaperone in cardiac tissues, Hsp70 is also involved in 

the orchestration of inflammatory responses after cardiac surgery. These Hsp70 mediated 

immunomodulatory effects were predicted by the “danger model” originally described by 

Matzinger in 199469. This model states that endogenous substrates released in the course 

of cellular injury are able to activate antigen-presenting cells (APC). Through a diverse set 

of non-foreign danger signals, distressed tissues can thereby direct immune responses and 

tissue repair6. Extracellular Hsp70 may be a molecular link between myocardial injury and the 

pathogenesis of postoperative systemic inflammatory responses. In line with this concept, 

in vitro data show that necrotic but not apoptotic cell death resulted in abundant release of 

various heat shock proteins including Hsp7070. Furthermore, stressed and gradually dying cells 

markedly upregulated Hsp70, resulting in enhanced release after cell death71. Others showed 

that Hsp70 can be released by stressed hematopoietic cells in exosomes generated from 

multivesicular bodies72 through a specialised secretory apparatus73. A similar pathway for Hsp70 

in myocardial cells during oxidative stress74 remains to be demonstrated.

Systemic release of Hsp70 in humans has been demonstrated after myocardial infarction75,76, 

and coronary artery bypass grafting77. On-pump cardiac surgery was associated with higher 

postoperative levels of Hsp70 compared to off-pump surgery78,79. This difference may be explained 

by increased leukocyte and tissue damage or the increased complexity of surgical procedures in the 

on-pump group. Elevated systemic levels of Hsp70 have also been demonstrated in plasma during 

sepsis80, and after major surgery81. Moreover, higher Hsp70 plasma levels correlated with worsened 

clinical outcome in various critical conditions80,82. In all these studies, Hsp70 levels showed only a 

transient increase after the insult, whereas the extent of systemic Hsp70 release correlated with 

the degree of cellular injury. Distinct from this pattern, pro-inflammatory cytokine levels remained 

elevated for prolonged periods. This is consistent with the concept that extracellular Hsp70 is a 

danger signal in the course of tissue injury that extinguishes after discontinuation of the inciting 

insult. Together, these data supplement the danger model with additional mechanisms by which 

Hsp70 could be able to fine-tune immune responses in cellular stress.

Extracellular Hsp70 activates innate immune cells
Hsp70 shows major histocompatibility complex (MHC)-independent immune reactivity, 

indicating that this activity cannot be explained by chaperoning of immunogenic peptides. 

Instead, extracellular Hsp70 whole protein or peptides specifically interact with a diverse range 

of transmembrane immune receptors. Many cell-surface structures involved in Hsp70-mediated 

signaling have been identified in recent years, including TLR2, TLR4, LOX-1, CD91, CD94 (C-type 

lectin), CD40 and chemokine receptor CCR5. These transmembrane or membrane-associated 

immune receptors are differentially expressed on various cell types (Figure 2). They belong to 

the family of pattern recognition receptors (TLR2, TLR4), are involved in the uptake of antigens 

by antigen-presenting cells (LOX-1, CD91), or mediate co-stimulatory signals (CCR5, CD40). 

Thus, Hsp70 may exert immunomodulatory effects on multiple levels in inflammatory networks. 
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Figure 2. Differential expression of germline-encoded immune receptors that recognise extracellular Hsp70. 
This heterogenous group includes TLR2, TLR4, LOX-1, CD91, CD94, CCR5 and CD40 expressed on antigen-
presenting cells (APC), natural killer (NK) cells, cytotoxic T cells (CTL) and T-helper cells (Th1/Th2). They 
communicate the “danger signal” provided by Hsp70 during in the course of cellular stress. Their integrated 
function is discussed in the text.
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The potential pro- versus anti-inflammatory effects of this molecule may be dependent of e.g., 

cell type, simultaneous signaling cascades, the level of intracellular oxidative stress and the (sub)

cellular localisation of Hsp70. Tightly controlled experiments with highly purified Hsp70 are to 

be used to evaluate these signaling events, since recombinant Hsp70 is mainly produced by 

genetically engineered Escherichia coli strains. These protein preparations may be contaminated 

by bacterial cell wall-contaminants with immunostimulatory potency e.g., lipopolysaccharide 

(LPS) or lipoproteins83. The LPS content can be assessed by the Limulus amebocyte lysate assay, 

whereas residual LPS activity is inhibited by e.g., polymyxin B, lipid A or lipid IVa treatment84. 

Alternatively, thermal denaturation or trypsin pretreatment can be performed to confirm loss 

of immunostimulatory activity of Hsp70 preparations85. Another approach is to compare the 

signaling activity of Hsp70 peptides to irrelevant polypeptide sequences86.

The prototypical Toll-like receptors (TLR) were the first receptors to be associated with Hsp70. 

The TLR family consists of multiple members, in which each subtype recognises specific ligands 

e.g., TLR2 (triacylated lipoproteins), TLR4 (LPS), TLR5 (flagellin) and TLR9 (CpG DNA). Binding 

of TLR ligands and subsequent signaling cascades converge on transcription factors nuclear 

factor kappaB (NF-κB) and AP-187. Activation of transcription factor NF-κB acts as a functional 

switch and is central to the initiation of inflammatory responses by innate cells e.g., neutrophils, 

macrophages and dendritic cells (DC). TLR-mediated intracellular signaling cascades induce IκB 
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kinase activity and degradation of I-κBα, the inhibitory subunit of NF-κB. This ultimately results in 

the translocation of active NF-κBp50/p65 heterodimers from the cytosol to the nucleus. The p65 

subunits bind to promotor regions on the chromosome which enables the transcription of various 

pro-inflammatory molecules and enzymes e.g., TNF-α, IL-1β, IL-6 and inducible nitric oxide 

synthase (iNOS)88. Purified Hsp70 demonstrated similar cytokine-inducing effects on human 

monocytes, which could be abrogated by interfering with NF-κB transactivation. Importantly, 

the potency of Hsp70-induced cytokine production was similar to that of LPS89. These effects 

were dependent on the co-expression of membrane-bound protein CD14 with TLR2 or TLR490, 

and adaptor molecule MyD88. The latter protein binds to the cytoplasmic tail of ligand-activated 

TLR that contains the Toll/IL-1 receptor domain, which is pivotal for intracellular signaling91. 

Moreover, expression of TLR2 and TLR4 showed synergistic effects on NF-κB promotor activity 

and IL-6 production in response to Hsp70. Functional effects of Hsp70 on dendritic cells were 

e.g. enhanced synthesis of pro-inflammatory cytokines and upregulation of MHC class II and 

CD86 co-stimulatory molecules90. In these experiments, interference by contaminating LPS was 

prevented by either boiling Hsp70 preparations91, or polymyxin B pretreatment90. 

In concordance with the danger paradigm, these immunomodulatory effects were mainly 

exerted by the stress inducible form of Hsp7092. Another study showed that Hsp70 purified from 

liver cell lysates induced secretion of IL-1β, TNF-α and IL-12 by murine macrophages70. Similarly, 

neutralizing antibodies directed against Hsp70 abrogated the stimulatory effects of necrotic 

cell lysates on pro-inflammatory cytokine production by human monocytes93. Thus, Hsp70 

released after cellular injury was highly effective in the priming of monocytes, macrophages and 

DC. Whether this is the result of infection, trauma or ischemia/reperfusion injury, extracellular 

Hsp70 could thereby participate in a positive feedback loop in inflammatory circuits94. This 

concept can be extended by cross-species interactions with microbial Hsp70, as various 

reports showed that non-self Hsp70 molecules are also recognized by TLR. In other words, 

endogenous Hsp70 released by infection-associated tissue damage and microbial Hsp70 may 

synergistically induce stimulatory effects on innate immune cells. For example, Mycobacterium 

tuberculosis-derived Hsp70 induced NF-κB activity in a human endothelial cell line through 

either TLR2 or TLR4 and stimulated production of pro-inflammatory cytokines (e.g., TNF-α, 

IL-6) by macrophages95. Others showed that Toxoplasma gondii Hsp70 induced upregulation 

of co-stimulatory molecules (e.g., CD40, CD80, CD86) on DC via TLR4 mediated signaling96. As 

mentioned earlier, microbial Hsp70 chaperoning of small amounts of LPS83,97, or flagellin98, may 

contribute to such immunostimulatory effects. In any case, the capacity of Hsp70 to chaperone 

immunogenic microbial substrates adds up to its immunomodulatory properties. 

In addition to phagocytic cells involved in antigen presentation, natural killer (NK) cells also 

demonstrated reactivity to extracellular Hsp7099. NK cells are a distinctive subset of innate cells, 

which are capable of producing cytokines (e.g. IFN-γ), exert direct cytotoxicity towards target 

cells (e.g. perforin) and mediate antibody-dependent cellular cytotoxicity100. Hsp70 binding 

to NK cells involved transmembrane protein CD94 which belongs to the C-type lectin class of 

NK receptors. More specifically, CD94 recognised a 14-mer sequence termed TKD from the 

C-terminal substrate binding domain of Hsp7086. This human specific Hsp70 peptide stimulated 
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NK cytolytic activity101, enhanced upregulation of its receptor CD94102, and NK cell chemotaxis103. 

Through Hsp70-regulated NK activity, these cells can either directly participate in immune 

surveillance104, or serve as adjuvants in antigen-specific immune responses105. Together these 

findings showed that Hsp70 released in the extracellular space, derived from either host or 

pathogen, positively regulates activation of innate immune cells. 

Extracellular Hsp70 enhances antigen-presentation
Antigen-specific T-cell mediated immune responses are primed by APC, which provide T-cell 

receptor interactions via MHC/peptide complexes, in addition to costimulatory (signal 2) 

and polarizing signals (signal 3)106. As Hsp70 contains both protein chaperoning as well as 

immunomodulatory domains, this protein displays high potential for promoting antigen-

specific responses. Pioneering experiments demonstrated that Hsp70/peptide complexes were 

able to induce MHC class I-restricted CD8+ T-cell responses (“cross-presentation”)107. Since 

then, Hsp70 has been demonstrated to chaperone a large variety of immunogenic peptides with 

its peptide-binding pocket e.g., tumor, viral, parasitic and other antigens (reviewed in Ref. 108). 

Cross-presentation of chaperoned peptides on MHC class I molecules requires a mechanism 

that transports these peptides across the lipid bilayer109. The α2-macroglobulin receptor CD91 

has been proposed as the receptor for Hsp70 on macrophages and DC, mediating proximal 

events before the transport of extracellular peptides through the endosomal and cytosolic 

compartment110. Another candidate transmembrane receptor for Hsp70 is the scavenger 

receptor LOX-1. It has been proposed that CD91 and LOX-1 are the principle Hsp70 receptors 

on macrophages and DC, respectively111. In addition to activation of CD8+ T-cell responses, 

enhanced MHC class II-dependent CD4+ T-cell reactivity through either endogenous112,113, or 

microbial114 Hsp70 was demonstrated. It is unclear whether similar endocytic receptors are 

involved in Hsp70-mediated presentation of exogenous peptides on MHC class II.

The identification of CD91 and LOX-1 as Hsp70 receptors complements data discussed 

earlier which demonstrated the potent immunostimulatory Hsp70-mediated effects of 

necrotic cell lysates70. However, other transmembrane proteins are more likely to mediate the 

potent adjuvant effects of Hsp70 on APC, shifting the immune balance away from tolerance115. 

This could be provided by a combined action with TLR2 and/or TLR4 expressed on antigen-

presenting cells as previously described89-91. Peptide-loaded Hsp70 also stimulated intracellular 

signaling through CD40116, which may act synergistically with chemokine receptor CCR5117. 

These data further set the outlines of a mechanistic framework for a “danger model” in cardiac 

surgery, with a central role for stress induced Hsp70 that crossed the lipid bilayer77,78. 

Intracellular Hsp70 disrupts NF- κB signaling
Whereas the effects of extracellular Hsp70 are integrated by transmembrane receptors, 

intracellular Hsp70 is able to directly intervene with inflammatory signaling pathways. A 

schematic overview of Hsp70 modulation of intra- and extracellular inflammatory pathways 

is represented in Figure 3. In contrast to their extracellular counterparts, intracellular Hsp70 
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Figure 3. Interplay of the effects of extracellular (transmembrane, indirect) versus intracellular (direct) Hsp70 
effects, which converge on transcription factor nuclear factor kappaB (NF-κB). Depending on the cell type and 
inflammatory context, stimulatory (receptor-mediated) or inhibitory (intracellular) Hsp70 effects may dominate.
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appears to act inhibitory on NF-κB promotor activity. This has been demonstrated with 

various cell types from different ancestry in vitro. For example, hsp70 mRNA-specific antisense 

oligonucleotides abrogated the inhibitory effects of heat shock preconditioning on LPS-induced 

NF-κB translocation in rat brain glial cells118. Transfection of rat neonatal cardiomyocytes with an 

adenoviral hsp70 construct significantly reduced LPS-induced iNOS upregulation and the release 

of creatine kinase119. Interestingly, intracellular signaling activity of NF-κB induced upregulation 

of HSF1 and Hsp70120, possibly due to NF-κB signaling-associated oxidative stress43. Heat shock 

protein-mediated negative feedback on NF-κB activity could thereby represent an important 

immunoregulatory pathway121. The intracellular anti-inflammatory effects of Hsp70 may involve 

inhibition of IκB kinase (IKK) activity by binding to its regulatory IKKγ subunit122. In addition, 

Hsp70 may prevent degradation of I-κBα123,124, or interfere with NF-κB p65 translocation from 

the cytosolic to the nuclear compartment125. For example, Hsp70 may adhere to the active 

subunit of NF-κB after its dissociation from I-κBα whilst acting as molecular chaperone or 

prevent translocation to the nucleus by physically occluding nuclear pore complexes. Hsp70 

could also influence more proximal signaling cascades. One study showed that the mitogen-

activated protein kinases (MAPK) pathway, which includes extracellular signal regulated kinases 

(ERK), p38 kinases and c-jun N-terminal kinases (JNK), was not affected by Hsp70126. In contrast, 

Hsp70 was demonstrated to bind and switch off tumor necrosis factor receptor-associated 

factor 6 (TRAF6)127, an important intermediate in TLR signaling and subsequent NF-κB 

activation88. The precise nature of the mechanisms involved in Hsp70 modulation on NF-κB 

activity remains to be elucidated. Furthermore, other members from the extensive HSP family 
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could also contribute to this process128,129. Whereas our knowledge of this feature of Hsp70 is 

still in its infancy, it appears to have been exploited by intracellular pathogens. Transfection 

of virulent T. gondii strains with antisense hsp70 oligonucleotides increased NO synthesis and 

NF-κB translocation in host macrophages and also reduced the parasite burden in infected 

mice130. In this scenario, protozoan Hsp70 could have interfered with NF-κB signaling at the 

nucleocytosolic interface in murine splenocytes, leading to an impaired host resistance. Thus, 

whether the inflammatory balance is shifted to pro- or anti-inflammatory responses most likely 

depends on the localisation of Hsp70 relative to the lipid bilayer.

Immunomodulatory effects of Hsp70 in vivo
Hsp70 influences innate and adaptive immune responses in an intricate manner in vitro. 

Experimental models of organ dysfunction and/or systemic inflammation in vivo may provide 

less ambiguous clues about these immunomodulatory effects of Hsp70. HSF1 is an important 

molecular switch in the transactivation of Hsp70 gene expression131,132. Hsf1 knockout mice not 

only failed to upregulate Hsp70 protein synthesis after heat shock, but also showed a markedly 

reduced survival rate in an experimental model of endotoxemia. This increased mortality 

correlated with significantly higher systemic levels of TNF-α133. These results suggest that the 

heat shock response is involved in the regulation of inflammatory cytokine production, which 

has been further evaluated in a TNF-α-induced model of systemic inflammation and intestinal 

organ injury. Heat shock preconditioning induced enhanced intestinal Hsp70 expression, 

reduced the release of pro-inflammatory mediators and diminished TNF-α-induced intestinal 

damage. However, these beneficial effects of heat shock were lost in hsp70 knockout mice134. 

Similarly, in an experimental model of endotoxemia hsp70−/− mice showed elevated systemic 

levels of TNF-α and IL-6, in addition to increased lung injury and mortality rate. The damaged 

tissue showed enhanced NF-κB activity, demonstrated by prolonged p65 binding activity and 

gradual reduction of inhibitory I-κBα levels135. In a different approach, targeted disruption of 

hsp70 transcripts in the ventrolateral medulla was used in rat model of endotoxemia to assess 

the protective role of Hsp70 on circulatory indices during systemic inflammation. Bilateral 

injection of an antisense hsp70 oligonucleotide abrogated the beneficial effects of heat 

shock preconditioning on circulatory failure, which was associated with modulation of NF-κB 

activity136. Together these results suggest that a normal boost of Hsp70 synthesis in the course 

of systemic inflammation reduces NF-κB activity at the intracellular level, inhibits the release of 

pro-inflammatory molecules and thereby prevents extensive parenchymal injury and fatality. 

Importantly, this concept holds relevance for cardiac surgery and CPB-induced inflammatory 

responses. Administration of amino acid glutamine enhanced Hsp70 expression and reduced 

lung injury in the course of sepsis137. Similarly, preoperative glutamine administration in an 

experimental model of cardiopulmonary bypass enhanced Hsp70 expression in various tissues 

and reduced systemic levels of IL-6, IL-8 and NO species138. Whereas these generally anti-

inflammatory effects of Hsp70 are likely to be exerted in the intracellular compartment, there is 

only limited data on the effects of extracellular endogenous Hsp70 in vivo. In one approach, tail 
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shock was applied to increase plasma Hsp70 levels in rats, followed by a subcutaneous bacterial 

challenge. Stressed animals showed elevated systemic Hsp70 levels and faster resolution of the 

local inflammatory response. Interestingly, this was associated with increased Hsp70 levels at the 

inflammatory site and potentiated local NO production139. This suggests that Hsp70 is not solely 

a global danger signal, but also provides site-specific directions to inflammatory cells. This is in 

agreement with the finding that Hsp70 is able to bind to endothelial cells140, thereby providing a 

potential homing signal for leukocytes during (systemic) inflammatory responses. The beneficial 

effects of preconditioning on local inflammation could be replicated by direct administration of 

exogenous Hsp70139, which has been further evaluated in a rat model of endotoxemia. In this 

study, administration of mammalian Hsp70 before and after E. coli LPS injection decreased and 

increased mortality, respectively141. The former may be explained by neutralization of circulating 

LPS and thereby limitation of pro-inflammatory signaling. The latter finding may be explained 

by synergistic effects of Hsp70 on TLR signaling, consistent with its function as a danger signal.

The first steps of the extrapolation of these results to humans has been realised by human 

genetics studies. The genes hsp70-1 (HSPA1A), hsp70-2 (HSPA1B) and hsp70-Hom (HSPA1L) are 

located on the MHC class III region on chromosome 6142. The first two genes encode for the 

stress inducible Hsp70 forms, the latter gene for its constitutively expressed counterpart143. 

Association studies have exploited polymorphic loci within these genes to study their effect on 

clinical outcome. One study evaluated the correlation between Hsp70 polymorphisms, cytokine 

levels and outcome after major trauma. They showed that polymorphisms in the genes HSPA1B 

and HSPA1L correlated with higher IL-6 and prolonged elevations of TNF-α serum levels, whereas 

the latter also correlated with an increased risk of progression to multiple organ failure144. 

Another study assessed the risk of developing septic shock in the course of pneumonia. They 

showed that the presence of a specific HSPA1B genotype inferred a 3.5-fold risk to progress 

to this critical clinical condition145. Subsequent data suggested an indirect link between this 

HSPA1B polymorphism and the levels of LPS induced transcripts encoding inducible Hsp70 in 

monocytes146. Together, these data suggest that polymorphic loci in genes that encode for 

Hsp70 variants control the level of expression which subsequently affects modulation of systemic 

inflammatory responses and clinical course after widespread tissue damage. However, others 

found no correlation between Hsp70 polymorphisms and outcome of critically ill patients147. 

Reported associations between polymorphisms and disease must be interpreted with caution 

due to inconsistent results148,149. Hence, additional clinical studies are needed to confirm the 

association between Hsp70 polymorphisms and the outcome of inflammatory disease. 

Conclusions
The aforementioned data can be summarized in the following model. Cardiac surgery with 

cardiopulmonary bypass infers oxidative stress to myocardial tissue. This induces rapid Hsp70 

upregulation which aids in the preservation of myocardial tissue and postoperative contractility 

of cardiac muscle. The level of induced Hsp70 in the cytosolic compartment depends on the 

duration and total level of cellular stress35. Hence, increasing levels of ischemia-reperfusion injury 
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result in elevated cytosolic Hsp70 concentrations. This also means that with increasing levels 

of stress, more Hsp70 will be released from injured or necrotic cells71. Indeed, plasma levels of 

Hsp70 are associated with the extent of surgical stress47,78,79. Ischemia-reperfusion injury and the 

imperative degree of tissue damage ensued from surgical intervention set off pro-inflammatory 

systemic responses46, among others mediated by extracellular endogenous Hsp7077. As such, 

the extent of surgical stress determines the systemic pro-inflammatory input of extracellular 

Hsp70. This protein is a potent stimulator of NF-κB-mediated transcription of pro-inflammatory 

cytokines (e.g. TNF-α, IL-6) by leukocytes through the interaction with TLR2, TLR4, CD94 and 

other receptors86,90,91. Hsp70 thereby enhances phagocytosis, uptake of foreign antigens and 

expression of co-stimulatory molecules. These actions, in combination with chaperoning of 

immunogenic peptides by Hsp70, enhance antigen-specific responses by T-cells113,115. 

Although this suggests that Hsp70 exerts predominantly pro-inflammatory effects, 

experimental models of systemic inflammation showed that abrogation of Hsp70 results in 

increased organ dysfunction and mortality133-135. Indeed, intracellular Hsp70 shows inhibitory 

activity on pro-inflammatory NF-κB signaling cascades, by either inhibiting IκB kinase, 

stabilisation of I-κBα or preventing NF-κB p65 translocation118,122-125. The net effect on the 

inflammatory balance is dependent on the compartment in which Hsp70 exerts its dominant 

effects, which in turn depends on the extent of tissue injury. This is schematically represented 

in Figure 4. In localized injury e.g., focal infection, mild trauma or minor surgery, systemically 

released Hsp70 acts stimulatory on innate immune cells. These cells home to the inflammatory 

focus45 via upregulated endothelial adhesion molecules and increased local concentrations of 

Hsp70139,150 bound to the plasma membrane140,151,152. Through these mechanisms, Hsp70 is able to 

direct organ-specific (e.g. cardiac) inflammatory responses. In the absence of cytosolic stress 

in circulating inflammatory cells, there is little Hsp70 mediated suppression of NF-κB and the 

net outcome is pro-inflammatory. 

In contrast, systemic stress (e.g., cardiopulmonary bypass, sepsis) ensues signaling by 

extracellular Hsp70 via transmembrane receptors that converge on NF-κB as well as the upregulation 

of intracellular Hsp70 in inflammatory cells144,146,153. In this scenario, the intracellular inhibitory 

effects of Hsp70 on NF-κB signaling overrule pro-inflammatory signals mediated by innate 

immune receptors. This mechanism inhibits amplification of pro-inflammatory signaling cascades 

in deranged conditions of “whole body stress” and inflammatory dysregulation. This reduces the 

risk of deteriorating effects of systemic inflammation to take place (e.g., circulatory failure, organ 

dysfunction). This model could also explain the more pronounced effects of on-pump cardiac 

surgery on postoperative downregulation of immune reactivity, compared to off-pump surgery154,155. 

Enhanced stress-induced Hsp70 upregulation in inflammatory cells during CPB abrogates NF-κB 

signaling, thereby leading to immune hyporesponsiveness. Thus, this proposed model of the 

compartmentalized effects of Hsp70 during systemic inflammatory responses and tissue damage 

provides a fundamental basis for the unstable clinical course of patients after cardiac surgery. Future 

results from in vivo experimental models and clinical studies on the association between Hsp70 

effects and modulation of systemic inflammation may be incorporated in this model. 
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Figure 4. Model of the compartmentalized immunomodulatory effects of Hsp70 during localized versus systemic 
inflammatory stress. (A) In localized tissue damage (e.g., focal infection, mild trauma, minor surgery) Hsp70 is 
released in the extracellular space and circulation. Through recognition by transmembrane germline-encoded 
immune receptors (e.g., TLR4) on innate immune cells, cytosolic pro-inflammatory signaling cascades are ensued. 
This results in activation of IκB kinase (IKK), release of NF-κB from its inhibitory subunit (IκB) and transcription of 
pro-inflammatory products (e.g., TNF-α, IL-1β, IL-6). Furthermore, Hsp70 bound on the surface of endothelial cells 
(EC) in the inflammatory focus serves as a site-specific marker for circulating leukocytes. In this localized scenario, 
Hsp70 exerts mainly pro-inflammatory effects on the inflammatory balance. (B) In systemic inflammatory stress (e.g., 
on-pump cardiac surgery, sepsis) Hsp70 is not only released in the extracellular space, but also upregulated in the cytosol 
of leukocytes. In this intracellular compartment, Hsp70 is able to inhibit IKK activity, prevent degradation of I-κBα 
and interfere with translocation of NF-κB to the nucleus. These actions counteract TLR-mediated pro-inflammatory 
signaling and thereby prevent widespread, uncontrolled immune activation. As the latter is associated with circulatory 
failure and multi-organ dysfunction, the endogenous Hsp70 response thereby prevents the deleterious consequences 
of deranged systemic inflammation. In this systemic scenario, Hsp70 exerts mainly anti-inflammatory effects on the 
inflammatory balance through inhibition of pro-inflammatory signaling in leukocytes.
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ABSTRACT
Background: Cardiopulmonary bypass (CPB) surgery initiates a controlled systemic inflammatory 

response characterized by a cytokine storm, monocytosis and transient monocyte activation. 

However, the responsiveness of monocytes to Toll-like receptor (TLR)-mediated activation 

decreases throughout the postoperative course. The purpose of this study was to identify the 

major signaling pathway involved in plasma-mediated inhibition of LPS-induced tumor necrosis 

factor (TNF)-α production by monocytes. 

Methodology/Principal findings: Pediatric patients that underwent CPB-assisted surgical 

correction of simple congenital heart defects were enrolled (n = 38). Peripheral blood 

mononuclear cells (PBMC) and plasma samples were isolated at consecutive time points. 

Patient plasma samples were added back to monocytes obtained pre-operatively for  ex 

vivo  LPS stimulations and TNF-α and IL-6 production was measured by flow cytometry. LPS-

induced p38 mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-κB activation by 

patient plasma was assessed by Western blotting. A cell-permeable peptide inhibitor was used 

to block STAT3 signaling. We found that plasma samples obtained 4 h after surgery, regardless 

of pre-operative dexamethasone treatment, potently inhibited LPS-induced TNF-α but not 

IL-6 synthesis by monocytes. This was not associated with attenuation of p38 MAPK activation 

or IκB-α degradation. However, abrogation of the IL-10/STAT3 pathway restored LPS-induced 

TNF-α production in the presence of suppressive patient plasma. 

Conclusions/Significance: Our findings suggest that STAT3 signaling plays a crucial role 

in the downregulation of TNF-α synthesis by human monocytes in the course of systemic 

inflammation  in vivo. Thus, STAT3 might be a potential molecular target for pharmacological 

intervention in clinical syndromes characterized by systemic inflammation.
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INTRODUCTION
Cardiopulmonary bypass-assisted surgery initiates a systemic inflammatory response induced 

by extrinsic (e.g. anesthesia, contact activation within the extracorporeal circuit, endotoxemia) 

and intrinsic (e.g. tissue damage, endothelial cell activation, ischemia-reperfusion injury of 

myocardium) factors1-3. Monocytes are important players in systemic inflammation and the main 

producers of pro- and anti-inflammatory cytokines upon activation of innate pattern recognition 

receptors4. Significant changes in surface biomarkers on circulating monocytes such as HLA-DR5,6 

and chemokine receptor CX3CR17 have been observed in critical illness. Moreover, monocytes 

activated by the extracorporeal circuit extravasate to peripheral tissues with upregulation of 

adhesion molecule CD11b8. During this dysregulation of inflammatory homeostasis, increased 

levels of pro-inflammatory plasma mediators such as TNF-α, IL-6 and IL-8 are joined by anti-

inflammatory cytokines such as IL-10 and TGF-β9-12. Importantly, the net effect of these circulating 

inflammatory mediators appears to be biased towards inhibition of innate immune cells, thereby 

providing timely negative feedback. However, the molecular and cellular mechanisms responsible 

for suppression of the immune system after on-pump cardiac surgery remain unclear13. 

The anti-inflammatory phase in systemic inflammation is associated with a reduced TLR 

responsiveness of monocytes14,15. Monocytes respond to LPS stimulation through the association 

of LPS/LPS-binding protein (LBP) with CD14 and TLR416,17, which results in NF-κB activation. Altered 

monocyte reactivity to LPS after on-pump cardiac surgery by plasma mediators may therefore 

be caused by reduced availability of TLR ligands (i.e. free LPS), by upregulation of circulating 

LBP18 or lipoproteins19. Alternative explanations include downregulation of TLR4 and the resulting 

inhibition of downstream signaling cascades20,21, prevention of IκB-α degradation, the negative 

regulator of NF-κB22,23, or finally, the effects of signaling cascades [e.g. Signal transducer and 

activator of transcription (STAT)3] activated by the prototypic anti-inflammatory cytokine IL-1014. 

In the present study, we evaluated these possibilities in order to identify the molecular 

mechanism behind the diminished response of monocytes to LPS stimulation during human 

systemic inflammation in vivo. Set against (pre-)clinical sepsis models, CPB-assisted cardiac 

surgery allows serial sampling of cells and plasma from the incitement, expansion, up to the 

resolution phase of human systemic inflammation, as previously shown24. Only patients with 

a favorable outcome were included in order to provide a controlled system of inflammatory 

evolution. We tested the capability of patient plasma isolated at different time points to inhibit 

LPS-induced TNF-α and IL-6 synthesis by monocytes. Subsequently, we tested the requirement 

of IL-10/STAT3 signaling for the effects of anti-inflammatory plasma on monocytes ex vivo.

RESULTS
Activation of the innate immune system after on-pump cardiac surgery
As expected, cardiac surgery led to in vivo activation of the innate immune system. Mean 

cell counts increased significantly 24 h after surgery for both the neutrophil (9.79 ± 2.74 

vs. 3.10 ± 1.94∙109/L, Figure 1A) and monocyte (1.87 ± 0.89 vs. 0.57 ± 0.25∙109/L, Figure 1B) 
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populations compared to baseline. Accordingly, the pro-inflammatory CD14+CD16+ 

monocyte subpopulation had expanded significantly 24 h after surgery (0.51 ± 0.34 vs. 0.044 

± 0.025∙109/L; Figure 1C). These events were paralleled by elevated plasma levels of C-reactive 

protein 24-48 h after surgery (Figure 1D), whereas we observed a transient lymphopenia 4 

h after surgery (Figure 1E). Analysis of plasma samples by multiplex immunoassay showed a 

marked increase of biomarkers that have been associated with a deleterious course in human 

systemic inflammation25, including IL-6, IL-8, TNF-α, MIF (all pro-inflammatory) and IL-10 (anti-

inflammatory, Figure 1F). Thus, on-pump cardiac surgery leads to a temporary, controlled 

activation of the innate immune system with both strong pro- and anti-inflammatory signals. 

Inhibition of LPS-induced monocyte TNF-α synthesis by post-
perfusion plasma 
Next, we assessed the functional consequences of the dramatic peri- and postoperative 

release of inflammatory mediators on TLR-mediated monocyte activation. To study this, we 

stimulated thawed PBMC from patients obtained at various time points with E. coli LPS for 4 

h in standard culture medium. Monocytes were the major responders to LPS-stimulation in 

PBMC as determined by intracellular TNF-α synthesis measured by FACS. However, we found 

only a marginal decrease in TNF-α production by patient monocytes in the course of CPB 

surgery (Figure 2A). Accordingly, TLR4 expression levels on monocytes did not significantly 

change during the study period (TLR4 MFI Pre-op, End-CPB, 24 h and 48 h after surgery was 

2.4 ± 1.3, 2.3 ± 1.1, 2.6 ± 1.5 and 2.3 ± 1.6, respectively). We then stimulated fresh whole blood 

samples obtained from patients at consecutive time-points with LPS ex vivo. Importantly, we 

now found a marked decrease of monocyte TNF-α production, which was maximal 4 h after 

surgery compared to baseline (Figure 2B). These findings suggested that, although the intrinsic 

capacity of monocytes to respond to LPS did not change, plasma factors released in the course 

of on-pump cardiac surgery might influence their capacity to synthesize TNF-α. 

To test this, we next stimulated thawed patient PBMC isolated before surgery with LPS in the 

presence of autologous plasma obtained at different time points or with plasma from healthy 

donors (control). Importantly, by using the same monocyte population for all experimental 

conditions (see experimental setup in Figure 2C), we could specifically address the regulatory 

role of plasma components released in the course of human systemic inflammation on 

monocytes. As shown in Figure 2D, we found significantly reduced TNF-α production in the 

presence of plasma obtained before surgery, at the end of CPB and maximal suppression 

mediated by 4 h post-surgery plasma (all P<0.001 vs. control). Importantly, the number of 

TNF-α positive LPS-stimulated monocytes in the presence of 4 h post-surgery plasma was 

significantly lower compared to pre-operative and 24 h post-surgery plasma (P<0.05 and 

P<0.001, respectively). Surprisingly, we did not observe a similar inhibitory effect of 4 h post-

surgery plasma on IL-6 synthesis (Figure 2E). Analysis of the mean fluorescence intensities of 

TNF-α and IL-6 in LPS-stimulated monocytes to compare their respective expression levels in 

the different plasma milieus reproduced the same results (Figure 2H). Thus, plasma mediators 
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Figure 1. Inflammatory events induced by CPB surgery. Increased mean neutrophil (A) and monocyte (B) counts 
after on-pump cardiac surgery (n = 21 and n = 24, respectively). (C) Increased numbers of circulating CD14+CD16+ 
monocytes after CPB surgery (n = 14). (D) Increased mean C-reactive protein (CRP) levels in patient blood samples 
post-surgery (n = 22). (E) Lymphopenia was observed 4 h post-surgery (n = 27). Box-and-whiskers plots. *P<0.01, 
**P<0.001 vs. pre-op (ANOVA). (F) Cyto- and chemokine color profiles of plasma samples (n = 12) obtained at 
indicated time points, represented as % change compared to baseline. MIF: Macrophage migration inhibitory factor. 
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released in the circulation 4 h after open heart surgery strongly suppressed LPS-induced 

TNF-α but not IL-6 synthesis by monocytes.

Since all patients analyzed had received dexamethasone pre-operatively, we had to exclude 

that this anti-inflammatory agent influenced our ex vivo monocyte assays. We therefore first 

measured dexamethasone levels in consecutive patient plasma samples and found that these were 

maximal in pre-operative samples, but already significantly reduced 4 h post-surgery (Figure 2F). 

To further exclude the potential influence of steroids on the effects of 4 h post-perfusion plasma, 

we enrolled a control group that did not receive dexamethasone before surgery. The clinical 

characteristics of these patients were comparable to the previously analyzed cohort of patients 

(Table 1). We repeated the ex vivo plasma assays as before and analyzed LPS-induced TNF-α 

and IL-6 production by monocytes. Again, we found a significant effect of 4 h post-perfusion 
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Table 1: Patient characteristics. 

Dexamethasone No-Dexamethasone P value

Age (mo) 12 ± 34 7 ± 6 0.14

Male / female 19 / 15 1 / 3

VSD 16 3

ASD 12 1

AVSD 2

Aortic valvuloplasty 2

Extracardiac conduit 1

CoA 1

Duration of CPB (min) 52 ± 28 49 ± 29 0.82

Duration of ACC (min) 32 ± 20 42 ± 17 0.26

PICU stay (days) 2 ± 1.2 1 ± 0 0.17

Age, CPB, ACC and PICU durations represented as median ± SD. ACC: aortic crossclamping, ASD: atrial septum 
defect, AVSD: atrioventricular septum defect, CoA: Coarctation aorta, CPB: cardiopulmonary bypass, Extracardiac 
conduit change due to stenosis after Fontan procedure, PICU: pediatric intensive care unit, VSD: ventricular 
septum defect. No significant differences were found between both patient groups (Mann-Whitney test).

plasma samples on TNF-α production by monocytes (Figure 2G). However, the inhibitory effects 

of Pre-op and End-CPB plasma samples on TNF-α synthesis were not found in the absence of 

dexamethasone. Moreover, there was no suppression of IL-6 in any of the steroid-free conditions 

tested (Figure 2G). Representative results of a patient from the No-dexamethasone group are 

shown in Figure 2I. We inferred from these data that 4 h post-perfusion plasma has a unique 

inhibitory effect on LPS-induced TNF-α but not IL-6 synthesis by monocytes. 

Normal activation of p38 MAPK and NF-κB in the presence  
of post-perfusion plasma
Next, we sought to elucidate the molecular mechanisms that could account for the suppression of 4 

h post-surgery plasma on LPS-induced TNF-α production by monocytes. To test whether this could 

be explained by either sequestration of LPS in post-surgery plasma or reduced TLR4 expression 

on monocytes, we evaluated for differences in activation of signaling pathways downstream of 

TLR4. To this end, we compared the effects of 4 h vs. 24 h post-perfusion plasma samples from 

the same patient, since the latter did not significantly reduce LPS-induced TNF-α synthesis (see 

Figure 2G). All three MAPK pathways i.e. p38, JNK/SAPK and ERK are activated by LPS in monocytes26. 

Since we found that the p38 MAPK pathway was most potently activated by LPS, we assessed the 

activation of p38 MAPK in purified monocytes isolated from healthy donors stimulated with LPS in 

the presence of patient plasma obtained 4 h or 24 h (control) post-surgery. As shown in Figure 3A, 

there was no attenuation of p38 activation in monocytes after LPS stimulation in the presence of 4 

h post-surgery plasma compared to control plasma. In contrast, densitometric analysis of Western 

blots from 4 different patients showed even slightly increased p38 MAPK phosphorylation in the 
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Figure 2. Post-perfusion plasma suppresses LPS-induced TNF-α production by monocytes. (A) Percentage of 
TNF-α producing cells in the monocyte population after ex vivo LPS stimulation (100 ng/mL) of patient PBMC 
isolated at various time points (n = 4). (B) Reduced TNF-α synthesis by monocytes after LPS (10 ng/mL) stimulation 
in whole blood assays with patient samples obtained at the indicated time points (n = 5). (C) Experimental setup 
for experiments shown in D, E ,G-I. In short, patient PBMC obtained before surgery (Pre-op) were mixed with 
control (pooled AB plasma from healthy donors) or autologous patient plasma samples obtained at indicated 
time points, followed by LPS (100 ng/mL) stimulation for 4 h. Monocyte populations (CD14/SSC gate) were then 
analyzed for intracellular TNF-α and IL-6 synthesis. (D) Significantly reduced production of TNF-α by monocytes 
after LPS stimulation in the presence of plasma samples from different sources (n = 13). Shown are percentages of 
TNF-α producing monocytes relative to control (100%). *P<0.05, **P<0.001 vs. control (ANOVA). (E) Percentages 
of IL-6 producing monocytes as in D. **P<0.001 vs. control (ANOVA). (F) Dexamethasone levels in patient plasma 
samples as measured by radio-immunoassay (n = 9). Median ± interquartile range. *P<0.05 vs. pre-op (ANOVA). 
(G) Production of TNF-α and IL-6 by monocytes after LPS stimulation in the presence of dexamethasone-free 
plasma samples (n = 4). *P<0.05 vs. control (ANOVA). (H) Mean fluorescence intensities (MFI) of TNF-α and IL-6 
in monocytes after LPS stimulation in different plasma milieus (n = 7). *P<0.05, **P<0.001 vs. control (ANOVA). (I) 
Representative flow cytometry results (contour plots) of the LPS-induced TNF-α production by monocytes in the 
presence of control or patient plasma (Pre-op, End-CPB, 4 h or 24 h post-perfusion plasma from a dexamethasone-
free patient). Isotype control: mouse IgG1. Data represented as mean ± SEM, unless otherwise indicated.
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presence of suppressive 4 h post-surgery plasma (Figure 3B). IκB-α negatively regulates NF-κB 

by sequestering this transcription factor in the cytosol27. LPS-mediated phosphorylation of IκB-α 

induces its ubiquitination and degradation, resulting in the release of NF-κB. Evaluation of IκB-α 

phosphorylation after LPS stimulation showed similar kinetics in the presence of either 4 h or 24 

h post-surgery plasma (Figure 3A,C). Thus, we inferred from these results that suppression of 

LPS-induced TNF-α production by monocytes mediated by 4 h post-surgery plasma is not due to 

reduced TLR4 and subsequent p38 MAPK and NF-κB activation.

A regulatory role of STAT3 signaling induced by inhibitory post-
perfusion plasma 
We next set out to assess the role of immunomodulatory cytokines in our system. As shown 

above, we identified high levels of the anti-inflammatory cytokine IL-10 in these plasma samples 

(Figure 1F). As monocytes/macrophages have been shown to be both the main producers28 

and target cells of IL-1029, we first evaluated the effect of IL-10 neutralization. Plasma samples 

obtained 4 h post-surgery were pre-treated with anti-hIL-10 mAb (10 or 100 μg/mL), or the 

appropriate isotype control (IgG2a, 100 μg/mL), before adding these samples back to PBMC 

in the presence of LPS. As shown in Figure 4A, we found that neutralization of IL-10 partially 

reversed the inhibitory effects of 4 h post-surgery plasma on TNF-α synthesis by monocytes. 

IL-10 activates the JAK1/STAT3 pathway by signaling through the IL-10 receptor (IL-10R) 

in mononuclear cells30,31. This IL-10R/STAT3 signaling axis results in the upregulation of various 

anti-inflammatory proteins that can inhibit pro-inflammatory cytokine synthesis32,33. Indeed, we 

found activation of STAT3 in monocytes by incubation with plasma isolated 4 h but not 24 h post-

perfusion regardless of the presence of LPS (representative example in Figure 4B). Therefore, we 

next assessed the functional role of STAT3 signaling in monocytes with regard to the suppressive 

effects of post-perfusion plasma on cytokine production. We pre-treated patient PBMC with a 

cell-permeable STAT3 inhibitor peptide (phosphorylated peptide, pY-STAT3i) that contains a 

membrane translocating sequence that prevents nuclear translocation of STAT3 dimers34. After 
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Figure 3. Post-perfusion plasma does not interfere with p38 MAPK or NF-κB activation. Representative 
examples (A) and densitometric analyses (B–C) of LPS-induced p38 MAPK and IκB-α phosphorylation in 
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Figure 4. STAT3 signaling is required for the suppressive effects of post-perfusion plasma on TNF-α 
production. (A) Pre-treatment of 4 h post-surgery plasma samples with anti-IL-10 partially restored TNF-α 
production by patient monocytes in response to LPS (n = 10). Control: plasma from healthy donors. (B) Activation 
of STAT3 in monocytes by incubation with suppressive (4 h post-perfusion) but not control (24 h post-perfusion) 
plasma. Cells were incubated in the absence or presence of LPS to match the experimental setup as in Figure 
2. (C) Pre-treatment of patient PBMC with active STAT3 inhibitor (pY-STAT3i) but not control peptide (STAT3i) 
before LPS stimulation in the presence of post-surgery plasma restored TNF-α synthesis (left panel), in contrast 
to IL-6 (right panel). Shown are percentages of TNF-α and IL-6 producing monocytes normalized to control (24 h 
post-surgery) plasma (n = 8). (D) TNF-α and IL-6 levels measured in supernatants of LPS-stimulated mononuclear 
cells after pre-treatment with STAT3 inhibitor or control peptide, in the presence of 4 h post-surgery plasma (n 
= 8). Cytokine levels were normalized to LPS stimulation in control plasma from healthy donors due to interassay 
variability. All results are depicted as mean ± SEM. *P<0.05 vs. control condition (ANOVA), ns: not significant.

pre-treatment with pY-STAT3i or non-phosphorylated control peptide (STAT3i), the cells were 

again stimulated with LPS in the presence of 4 h post-perfusion plasma and the results were 

compared to those obtained with 24 h post-surgery (control) plasma. We found that STAT3 

inhibition restored TNF-α production in the presence of suppressive patient plasma (Figure 4C, 

left panel), but did not affect IL-6 synthesis (Figure 4C, right panel). STAT3 inhibition also restored 

levels of TNF-α, but not IL-6, in supernatants of LPS-stimulated mononuclear cells incubated in 

the presence of 4 h post-perfusion plasma (Figure 4D). In all experiments, pre-treatment with 

control peptide had no effect on cytokine production (Figure 4C,D). Taken together, our findings 

suggest that STAT3 mediates the suppressive effects of plasma mediators (released shortly after 

CPB surgery) on TNF-α, but not IL-6, synthesis by monocytes.
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DISCUSSION
A suppressed immune system after cardiac surgery is extensively described in both adult 

and pediatric patients and is associated with an enhanced risk of nosocomial infections and 

prolonged hospital stay35,36. Previous studies identified both phenotypic cellular changes, such 

as HLA-DR expressed on monocytes5 and soluble factors including IL-1014,37, to be associated 

with clinical outcome. Our data showed a transient suppression of monocyte function in the 

circulation after open heart surgery, which was mainly caused by plasma components (Figure 

2). Previous dissections of signaling cascades responsible for suppression of the innate immune 

system in systemic inflammation have lead to the concept of ‘endotoxin tolerance’, particularly 

in human endotoxemia and sepsis. These conditions are associated with the upregulation of 

intracellular negative regulators of TLR4 signaling, including IL-1R-associated kinase (IRAK)-

M38, MyD88s and single immunoglobulin interleukin-1 receptor-related molecule (SIGIRR)39. 

However, we found that major signaling pathways downstream of TLR4 (i.e. p38 MAPK and 

NF-κB activation) were unimpaired in the presence of suppressive patient plasma (Figure 3). 

This suggests that the suppression of LPS-induced TNF-α production by monocytes in our 

model was not explained by endotoxin tolerance.

Transcriptional activity of STAT3 in macrophages and neutrophils has been shown to be 

essential for the orchestration of anti-inflammatory responses in experimental models of 

systemic inflammation40,41. Currently, there is limited information on the role of STAT3 in anti-

inflammatory feedback on innate immune cells in human (sterile) systemic inflammation42,43. 

Here we demonstrate a crucial role for STAT3 in the suppression of TNF-α synthesis by 

monocytes in the course of systemic inflammation associated with on-pump cardiac surgery in 

a well described pediatric patient population (Figure 4). JAK1/STAT3 signaling has been studied 

broadly in primary mononuclear cells in vitro and both JAK1 and STAT3 are required for IL-10 

mediated inhibition of LPS-induced TNF-α production44. On-pump cardiac surgery has been 

shown to induce the release of cytokines (IL-6, IL-10) associated with JAK1/STAT3 signaling10,14,45, 

as confirmed in the present study (Figure 1F). Neutralization of IL-10 in suppressive plasma 

samples partially reversed its inhibitory effects on LPS-induced TNF-α synthesis (Figure 4A), 

which suggested involvement of downstream JAK1/STAT3 signaling. We subsequently found 

that pre-treatment of monocytes with a specific STAT3 peptide inhibitor ex vivo indeed restored 

TNF-α (but not IL-6) synthesis by monocytes (Figure 4C,D). STAT3 is a critical signaling hub 

used by both pro- and anti-inflammatory signals mediated by IL-6 and IL-10, respectively46,47. 

These apparent paradoxical inputs are differentially regulated by suppressor of cytokine 

signaling (SOCS)332. While the IL-6 receptor is susceptible to feedback inhibition by SOCS3, 

the IL-10R is not. The IL-10R-induced STAT3 pathway induces a transcriptional program of anti-

inflammatory gene products resulting in the repression of pro-inflammatory transcripts48,49. 

Surprisingly, STAT3 inhibition in our study failed to reverse the suppression of IL-6 production 

by monocytes in the presence of post-perfusion plasma, in contrast to TNF-α (Figure 4C,D). 

This unexpected finding warrants further dissection of the exact molecular mechanisms used 

by STAT3 to selectively regulate TNF-α synthesis in human monocytes. Besides an important 
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regulator of inflammation, STAT3 plays a potential role in cytoprotection and regeneration. 

With regard to cardiac surgery, STAT3 contributes to cardioprotective mechanisms in ischemia-

reperfusion injury50,51, with a major role for IL-6 in the induction of this pathway52. Thus, our 

results add another feature to the multifaceted properties of STAT3 signaling in different cell 

types to promote tissue homeostasis after cardiac surgery.

Pharmacological agents administered during and after the surgical and anesthesiological 

procedures could have affected our ex vivo plasma assays. In particular, the pre-operative 

administration of dexamethasone (standard practice for this type of surgery in our hospital and 

most other institutions53) may be of influence, as corticosteroids are known for their potent 

anti-inflammatory effects on innate immune cells. However, we found that the circulating 

levels of dexamethasone were already significantly reduced 4 h after surgery (Figure 2F). More 

importantly, we repeated the key experiments with plasma samples obtained from patients 

that did not receive steroids before the procedure (clinical characteristics in Table 1). Steroid-

free plasma isolated shortly (4 h) after open heart surgery was still able to suppress LPS-induced 

TNF-α production by monocytes (Figure 2G). These results also suggest that the suppressive 

plasma components were not indirectly induced by steroids. By comparing the results 

obtained with plasma with and without dexamethasone (compare Figure 2D, E and Figure 2G, 

respectively), we inferred that only the suppressive effect of 4 h post-perfusion plasma on 

TNF-α synthesis was likely caused by endogenous plasma factors. No effect on IL-6 synthesis 

by monocytes was found with steroid-free plasma which is consistent with our observations 

that abrogation of IL10/STAT3 signaling did not affect IL-6 production in monocytes (Figure 4). 

Please note that due to limited availability of these steroid-free samples we could not perform 

additional experiments with IL-10 neutralizing antibodies and STAT3 inhibitor peptide.

We demonstrated a non-redundant role for STAT3 in mediating negative feedback on 

LPS-induced monocyte TNF-α (but not IL-6) production after on-pump cardiac surgery. This 

supports the concept of specific monocyte reprogramming in the course of human systemic 

inflammation, rather than general immune suppression. Our findings suggest that functional 

modulation of STAT3 activity offers a potential target for molecular intervention in suppressed 

states of the innate immune system in human disease.

MATERIAL AND METHODS
Ethics Statement. Written informed consent was obtained from the parents of children 

participating in the study. A medical ethics committee (Medische Ethische Toetsings Commissie 

UMC Utrecht) approved this study (METC 03/049-K, 04/144-K UMC Utrecht, The Netherlands) 

and all procedures were in accordance with institutional guidelines.

Study population, surgical and anesthesiological procedures. Children admitted to our 

hospital for surgical repair of relatively simple congenital heart defects with an expected 

rapid recovery were enrolled. For this purpose, we only included patients who underwent 

a surgical procedure from RACHS-1 (Risk Adjustment for Congenital Heart Surgery) score 
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of 2 or less54. Patients that had signs of infection or a documented immunodeficiency were 

excluded. A total of 38 children were enrolled in the study and all experienced an uneventful 

peri- and postoperative clinical course. Detailed clinical characteristics are depicted in Table 1. 

The surgical, anesthesiological and cardiopulmonary bypass procedures have been published 

previously24. Briefly, general anesthesia was always implemented using a standard technique 

involving sufentanil, midazolam, pancuronium, dopamine and milrinone. All patients received 

48 hours perioperative antibiotic prophylaxis with Cefazolin. Patients receiving dexamethasone 

were given a single dose of dexamethasone (1 mg/kg) after induction of anesthesia. Four 

patients received no steroids before the procedure. Non-pulsatile cardiopulmonary bypass 

was used, the standard pump flow rate was 2.8 liter/m2/min. Combined alpha and pH stat 

management of acid-base status was used during cardiopulmonary bypass. The cardioplegia 

procedure was standardized using St. Thomas’ solution. After weaning from cardiopulmonary 

bypass all patients remained intubated and ventilated and were admitted to the pediatric 

intensive care for further management. At the pediatric intensive care patients were treated 

with milrinone, midazolam and morphine for maximally 24 hours. All patients were treated by 

the same surgical and anesthetic team. 

Blood sampling and cell isolation. Blood samples were obtained at the following time points: 

immediately after insertion of a central venous catheter during anesthetic induction (Pre-op), 

at the end of cardiopulmonary bypass (End-CPB), 4 h, 24 h and 48 h after surgery. At these 

time points, total leucocyte, neutrophil, monocyte, lymphocyte counts and C-reactive protein 

(CRP) levels were determined. Fresh heparinized blood samples were used for full blood 

assays. For all other purposes, plasma samples were prepared by centrifugation and stored at 

-80°C, whereas PBMC were separated by density gradient centrifugation over Ficoll-Hypaque 

(Amersham Pharmacia Biotech) and stored in liquid nitrogen, as previously described55. In some 

assays, pooled human AB plasma from healthy volunteers (Sanquin Blood Bank, Utrecht, The 

Netherlands) was used as control plasma.

Antibodies. Fluorescently labeled or unconjugated monoclonal antibodies (mAb) directed 

against human CD14 (murine, clone MOP9, StemCell Technologies), mouse anti-FcγRIII/CD16 

(3G8, BD Biosciences), mouse anti-CD284/TLR4 (HTA125, eBioscience), mouse anti-TNF-α (Mab11, 

eBioscience) and rat anti-IL-6 (MQ2-6A3, BD) were used for flow cytometry. MAbs directed 

against hIL-10 (JES3-19F1, rat IgG2a, BD) and rat IgG2a isotype (BD) were used for neutralization 

experiments. Antibodies directed against p-p38, p38, p-IκB-alpha and p-STAT3 (Cell Signaling), 

IκB-alpha and STAT3 (Santa Cruz) and Tubulin (Sigma) were used for Western blotting. 

Cellular assays. Whole blood stimulation assays were performed in RPMI-1640 at 1:5 dilution. 

Cells were incubated with or without LPS (Escherichia coli O127:B8E, L4517, Sigma) at 10 ng/

mL in a 96-well plate (Costar) for 4 h at 37°C, 5% CO
2
 with 100% relative humidity. Cells were 

then washed and stained for surface markers followed by lysis of red blood cells (BD Lysing 

Solution) and intracellular cytokine staining. For ex vivo LPS stimulation assays, PBMC from 

various time points were plated in a 96-well plate at 2x106 cells/mL in RPMI-1640 supplemented 

with 2 mmol/L glutamine, 100 U/mL penicillin/streptomycin (Gibco BRL, Invitrogen) and 10% 
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(v/v) heat-inactivated human AB serum. LPS was added (100 ng/mL LPS) for 4 h, followed by 

intracellular cytokine staining. For plasma assays, patient PBMC isolated before surgery were 

adjusted to 2x106 cells/mL in supplemented RPMI-1640 (no serum). Pooled human AB plasma 

(control) and autologous patient plasma samples obtained at serial time-points were thawed 

and spun (300 g, 10 min) and the supernatants were filtered (50 μm). Plasma samples mixed 

with LPS (100 ng/mL end concentration) were added to equal volumes of cell suspensions 

(50% v/v) and incubated for 4 h at 37°C, followed by intracellular cytokine staining. For IL-10 

neutralization assays, patient plasma samples were pre-incubated with anti-hIL-10 mAb (10 - 

100 μg/mL) or IgG2a isotype (100 μg/mL) for 1 h at 4°C on a shaker. For STAT3 inhibition assays, 

PBMC obtained before surgery were pre-treated with 0.02 or 0.1 mM cell-permeable STAT3 

Inhibitor Peptide (PpYLKTK-mts, Calbiochem) or 0.1 mM inactive control peptide (Ac-PpYLKTK-

OH) for 1 h at 37°C in culture medium with 10% AB plasma. PBMC were then washed and mixed 

with plasma samples (4 h or 24 h post-surgery) and LPS (100 ng/mL) for a 4 h incubation period 

followed by intracellular cytokine staining. 

Flow cytometry. Golgistop (2 μM, BD) was added during ex vivo incubations with LPS. Cells were 

then washed, blocked with normal mouse serum followed by extracellular staining, fixation in 

Cytofix/Cytoperm and washing in Perm/Wash solution (Cytofix/perm kit, BD). Finally, cells were 

incubated with mAbs for intracellular cytokine staining, as published24. 

Multiplex immunoassay. Multiplex immunoassay with the Bio-Plex suspension array system 

(Bio-Rad Laboratories) was used to measure levels of TNF-α, IL-6, IL-8, IL-10 and MIF in patient 

plasma samples and culture supernatants, as previously described56. 

Dexamethasone measurements. Dexamethasone in serum was measured after diethylether 

extraction using an in house competitive radio-immunoassay (RIA) employing a polyclonal anti-

dexamethasone-antibody (IgG dex1 lot 1301; IgG Corporation). [1,2,4,6,7-3H]-dexamethasone 

(TRK645, Amersham) was used as a tracer following chromatographic verification of its purity. 

The lower limit of detection was 20 pmol/L and intra-assay variation was <7%. All samples were 

included in one assay.

Western blot analysis. Purified monocytes from healthy donors were serum starved for at least 

2 h, washed and resuspended in supplemented RPMI-1640. A total of 5x105 cells per condition 

were stimulated in the absence or presence of LPS (100 ng/mL) for 0, 5, 15 or 240 min at 37°C 

in the presence of 50% (v/v) patient plasma. After in vitro stimulation, cells were washed with 

cold PBS and lysed in reducing Laemmli sample buffer. Proteins were separated with SDS-PAGE, 

transferred to PVDF membranes, blocked with 5% BSA, followed by immunoprobing overnight 

at 4°C. Proteins were detected with HRP-conjugated secondary antibodies (Dako) and 

developed with Hyperfilm ECL (GE Healthcare). Densitometric analysis was performed with 

ImageQuant densitometric software (Molecular Dynamics).

Statistical analysis. Basic descriptive statistics were used to describe the patient population. 

Multiple data sets were analyzed by one-way ANOVA, as indicated. Significance was accepted 

at *P<0.05 and **P<0.001.
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ABSTRACT
Failure of the gut homeostasis is an important factor in the pathogenesis and progression of 

systemic inflammation, which can culminate in multiple organ failure and fatality. Pathogenic 

events in critically ill patients include: mesenteric hypoperfusion, dysregulation of gut motility 

and failure of the gut barrier with resultant translocation of luminal substrates. This is followed 

by the activation of local and systemic immune cells. All these events can contribute to 

pathogenic crosstalk between the gut, circulating cells and other organs like the liver, pancreas 

and lungs. Here we review recent insights into the identity of the cellular and biochemical 

players from the gut that play a key role in the pathogenic turn of events that derange the 

systemic inflammatory homeostasis. In particular, we will discuss the dangers from within 

the gastrointestinal tract, including metabolic products from the liver (bile acids), digestive 

enzymes produced by the pancreas and toxic components of the mesenteric lymph. We 

conclude with the clinical implications from these novel insights.

Abbreviations
CCK: Cholecystokinin

DCA: Deoxycholic acid

FFA: Free fatty acids 

HMGB1: High mobility group box 1 protein

ICU: Intensive care unit

IEC: Intestinal epithelial cell

I/R: Ischemia-reperfusion

LPS: Lipopolysaccharide 

MLN: Mesenteric lymph node

MODS: Multiple organ dysfunction syndrome

SCFA: Short-chain fatty acid

SIRS: Systemic inflammatory response syndrome

TLR: Toll like receptor

TPN: Total parental nutrition

UDCA: Ursodeoxycholic acid
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INTRODUCTION
The mammalian gut harbors ~1014 commensal microorganisms in an inhospitable environment; 

most of these are bacterial species. This mutualistic relationship serves to aid in complex digestive 

processes and to minimize the risk of pathogen colonization1. Our milieu interieur is protected 

from the deleterious luminal contents of the gastro-intestinal (G-I) tract, including pancreatic 

enzymes, gastric juices, bile salts, toxic metabolic products, fecal matter, live microorganisms 

and bacterial products, by a single epithelial cell lining. Additional protection is offered by a 

demilitarized zone of 50-100 μM which constitutes the mucus layer2. Upon perturbation of the 

intestinal homeostasis, a breach of the gut barrier can lead to translocation of toxic compounds or 

microorganisms, such as lipopolysaccharide (LPS), from the lumen to the circulation and distant 

organs3. This can occur in the course of severe trauma, extensive burns or major surgery and the 

gut appears to play a central role in all of these scenarios. In a susceptible host and depending on 

the severity and nature of the insult, this may lead to a systemic inflammatory response syndrome 

(SIRS). In the presence of a documented infection, the clinical syndrome is classified by increasing 

severity as sepsis, severe sepsis and septic shock, respectively. The inflammatory events and 

neuroendocrine dysregulation may culminate in the multi-organ dysfunction syndrome (MODS), 

which represents a critical end stage that is highly resistant to therapy4. 

Importantly, the gut can set the stage for SIRS or septic complications, depending on the 

co-morbidities of the patient. This is related to the unique anatomical features of the intestines - 

such as its intimate relation with the liver through the portal vein – in addition to its physiological 

role in digestion. The latter entails strict compartmentalization of proteolytic enzymes and the 

intestinal microflora. In other cases, the G-I tract may be primarily a contributing factor to the 

circulatory derangement in critically ill patients. This may occur in the presence of absence 

of clinically evident gastro-intestinal pathology. Thus, it is evident that optimizing normal gut 

motility and function is beneficial to the clinical course. The etiological cellular and biochemical 

components, as well the clinical features of gut dysfunction are discussed below. There is an 

emphasis on homeostatic mechanisms of the gut and how they fail in the critically ill patient 

due to the natural course of systemic inflammation and iatrogenic influences. This includes the 

mechanisms behind gut barrier failure, a dissection of the pathogenic crosstalk between the 

gut and other organs as well as the role of intestinal epithelial cells. We will conclude with the 

clinical implications of recent insights in all these processes. 

Gut homeostasis
The small intestine is ground zero for pathogenic crosstalk between the gut and other organ 

systems. Furthermore, G-I failure in the critically ill patient mainly involves pathology of the small 

intestine. We will therefore focus on the homeostasis and dysfunction of the small intestine for 

the purpose of this review. To understand its etiology, it is necessary to appreciate the short and 

dynamic life-cycle of intestinal epithelial cells (IECs). The inner lining of the small intestines is 

covered by a single layer of epithelial cells which is organized in crypts and villi. Crypts of Lieberkühn 

are buried in mesenchymal pockets in the gut wall which are mostly made up of proliferating 
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cells. The villi protrude the intestinal lumen. They are covered by fully matured epithelial cells 

and thereby provide 200-300 m2 of absorptive surface5. All intestinal epithelial cell types derive 

from intestinal stem cells that reside at the crypt bottom6. After the so-called transit-amplifying 

cells undergo multiple rounds of amplification in the crypt, these precursor cells differentiate 

into either absorptive enterocytes, M-cells, or one of the secretory cell types. Enterocytes are 

equipped with microvilli and express a plethora of nutrient transporters which maximizes the 

uptake of solutes, carbohydrates and amino acids from the intestinal lumen. M-cells are involved 

in antigen sampling to enhance cross-talk between luminal microbiota and antigen-presenting 

cells. Secretory cells include mucus-producing Goblet cells, antimicrobial peptide-producing 

Paneth cells and hormone-producing enteroendocrine cells. Products released by secretory cell 

types are vital for the maintenance of the gut barrier and gut motility, as discussed below. 

During their short lifespan of three to five days, IECs migrate from the crypt to the villus; 

migration, differentiation and maturation are spatially linked along the crypt-villus axis. Under 

homeostatic conditions, IECs migrate to the tip of the villus where they are shed in the intestinal 

lumen. Paneth cells follow a different migration pattern, moving toward the crypt base during their 

maturation in order to settle between the stem cells. Here they will function for about three weeks 

before they undergo apoptosis7. Paneth cells provide a nurturing and protective niche for intestinal 

stem cells and maintain homeostatic host-microbial interactions8. As discussed below, Paneth cell 

products are also able to activate circulating immune cells which affects the course of systemic 

inflammation. The underlying lamina propria consists of mesenchymal (fibroblasts, endothelial 

cells9, extracellular matrix), hematopoietic (lymphocytes) and neuronal (spinal nerves10, enteric 

neurons) components. These systems provide fail-safe mechanisms to ensure continuous turnover 

of epithelial cells and maintenance of the intestinal barrier under stressful conditions.

The commensal microflora in a healthy gut constitute approximately 1,000 different 

bacterial species, mostly Firmicutes and Bacteroidetes. Microbiota are indispensable for the 

digestion of dietary substrates, exert pro-proliferative effects on intestinal epithelial cells, 

promote enterocyte differentiation, prevent colonization of pathogens by competing for 

metabolic and structural niches, and educate the mucosal and systemic immune system11. 

Furthermore, microbiota are involved in the conversion of primary bile acids to secondary bile 

acids which promotes the uptake of dietary lipids and fat-soluble vitamins12. The fermentation 

of non-digestible, complex carbohydrates yields short-chain fatty acids (SCFAs): butyrate, 

propionate and acetate. SCFAs not only serve as an energy source for the host but also display 

beneficial effects on epithelial and immune cells11. For example, butyrate regulates the cell cycle 

in IEC13, is required for full maturation of absorptive enterocytes14, and promotes the gut barrier 

function15. Importantly, SCFAs also mediate anti-inflammatory effects on immune cells, which 

involves signaling via G-protein-coupled receptor 41 (GPR41) and GPR43. These receptors can 

be activated by all types of SCFAs, albeit at different potencies16. GPR43 signaling appears to be 

anti-inflammatory in the gut17. However, GPR43 deficiency results in increased mortality upon 

gut barrier loss, most likely due to septic complications of bacterial translocation associated 

with aberrant neutrophil chemotaxis18. These data illustrate the pleiotropic and sometimes 

paradoxical effects of the microflora and their products on the regulation of local and systemic 
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inflammatory responses in the host. Despite this complexity, it is clear that the intestinal 

microbiota and their metabolic products are indispensable for gut homeostasis. 

Systemic stress, such as major trauma, burns, or surgery can disturb this delicate 

balance leading to epithelial denudation of villi, enterocyte dysfunction, gut barrier loss and 

translocation of luminal constituents to the circulation19. In mild cases, these events may 

occur without apparent gastro-intestinal symptoms and only mild systemic inflammation. For 

example, leakage of endotoxins (LPS) derived from Gram-negative bacteria from the intestinal 

lumen to the circulation occurs during open heart surgery20-22, which is usually characterized 

by a benign, self-contained clinical course23,24. The pathological role of Gram-negative bacteria 

from the G-I tract was demonstrated by the reduced risk of Gram-negative bacteremia in ICU 

patients by selective digestive tract decontamination25. Major shifts of the intestinal microbiota 

to pathogenic species coinciding with a reduced microbial diversity has been observed in both 

SIRS and neonatal sepsis patients26. Importantly, both Gram-negative bacteria (e.g. Escherichia 

coli, Klebsiella, Enterobacter spp.) and Gram-positive bacteria (e.g. Staphylococcus, 

Enterococcus, Streptococcus spp.) play a role in bacteremia or sepsis in neonates27,28, infants29, 

and adults30. A direct association between the causative pathogen and mortality in severe 

sepsis or septic shock has not been demonstrated31. Thus, a compromised gut barrier, with or 

without gastro-intestinal failure, may lead to bacterial translocation and bacteremia. On the 

most severe end of the spectrum, this clinical condition could progress to sepsis, septic shock 

and circulatory collapse with or without cardiac dysfunction, lung damage, liver and/or kidney 

failure (MODS). The associated etiological mechanisms are discussed below.

Gastrointestinal failure
The aforementioned deleterious events do not always remain indolent and may lead to G-I 

failure. Although G-I failure is a poorly defined clinical entity, its symptoms include food 

intolerance, G-I hemorrhage and ileus. In more severe cases, it may lead to liver failure, 

cholecystitis and pancreatitis32,33, and in neonates, necrotizing enterocolitis3. Postoperative 

patients frequently experience intestinal failure of various degrees of severity34. A grading 

system of acute gastrointestinal injury was recently proposed with increasing severity from 

grade I (risk of developing G-I dysfunction of failure), grade II (G-I dysfunction), grade III 

(G-I failure), up to grade IV (G-I failure with severe impact on distant organ function)35. Early 

diagnosis of G-I failure is challenging, partly because of the subjectivity of the clinical signs. 

Problems with enteral feeding, including vomiting, delayed gastric emptying and diarrhea, 

can occur in up to 50% of critically ill patients36. Since enteral nutrition has beneficial effects 

on the gut barrier, parenteral feeding may lead to further deterioration of G-I physiology. The 

importance of diagnosing G-I failure in critically ill patients is evident, since gut dysfunction 

and GI-failure are associated with a prolonged intensive care unit (ICU) stay and increased 

mortality37,38. In fact, the presence of three or more G-I symptoms (high gastric residual volume, 

absent bowel sounds, vomiting, diarrhea, bowel distension and G-I bleeding) on the first day 

of ICU admission is associated with a 3-fold increase in mortality39. Thus, the presence of G-I 
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failure should alarm the clinician about pathological events in the gut and their detrimental 

effects on the clinical course of ICU patients. To aid in the diagnosis of G-I failure, plasma or 

urinary levels of intestinal fatty acid binding protein (I-FABP), liver FABP (L-FABP) and ileal bile 

acid binding protein (I-BABP) and/or citrulline can be helpful40,41. I-FABP, L-FABP and I-BABP 

are reliable biomarkers of enterocyte damage and/or loss and their urinary or plasma levels 

increase during intestinal injury. In contrast, the plasma levels of citrulline are representative 

for enterocyte mass and/or functionality42,43. In the course of G-I failure, plasma citrulline levels 

would therefore be decreased and are indicative of a loss of the gut barrier40,44. Indeed, low 

citrulline levels are associated with elevated serum C-reactive protein (CRP) levels, an increased 

rate of nosocomial infections and higher mortality in critically ill patients45. A recent report 

showed that I-FABP can serve as a biomarker for the intensity of intestinal handling during 

surgery, which is associated with enhanced systemic inflammatory responses46. These serum 

markers also demonstrated that gut barrier loss is prevalent in patients that underwent non-

abdominal surgery47. Finally, the systemic release of I-FABP (i.e. gut barrier loss) in the course 

of surgery coincided with endotoxemia48, whereas the administration of endotoxin in healthy 

subjects induced an increased intestinal permeability49. Together, these data support a causal 

link between gut (barrier) dysfunction and systemic inflammation. 

Early event: loss of the gut barrier
The intestinal compartment heavily relies on a selective barrier between the intestinal 

lumen and the milieu interieur. The gut barrier must be permissible to allow uptake of 

essential nutrients, but also needs to retain a large variety of endogenous and exogenous 

substances that are only micrometers away from exerting devastating effects on the host. 

This includes microbial substrates (e.g. LPS), dietary components (e.g. free fatty acids, FFA) 

and digestive enzymes produced by the exocrine pancreas. Various etiological factors have 

been described to contribute to gut barrier loss after surgery of which the main events are 

splanchnic hypoperfusion (including ischemia/reperfusion damage)47, decreased gut motility 

and hypoxia50. These processes are under control of neuronal and endocrine effector arms, 

in addition to local control mechanisms, which also affect the microcirculation51. In the 

newborn, necrotizing enterocolitis (NEC) is a common G-I complication that is associated 

with prematurity, early enteral feeding, respiratory distress syndrome, bacterial infection and 

congenital heart disease, among others. Central to the pathogenesis of NEC is gut barrier 

loss52, the common telltale sign of intestinal pathology.

Hypotension associated with SIRS usually results in shunting of blood from the splanchnic 

vessels to the central circulation. The perfusion of the small intestine operates within tight 

margins; the lack of autoregulatory mechanisms results in a hypersensitivity to variations in blood 

pressure. This is demonstrated by the finding that even mild hypoperfusion associated with 

physical exercise can result in gut barrier dysfunction and increased serum levels of biomarkers 

for intestinal damage53. The combination of hypoperfusion and hypoxia appears to exacerbate 

the deleterious effects on intestinal tissue integrity in a synergistic manner54. Hypoperfusion 
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and ischemia/reperfusion (I/R) injury are partners in crime with regard to intestinal pathology55, 

even though the latter displays distinct features. Importantly, short periods of I/R did not induce 

intestinal inflammatory responses in human56, suggesting that a certain threshold of injury is 

required for the instigation of G-I failure. These data also suggest that acute G-I injury without 

inflammation may be a reversible condition. In addition to the macrocirculation, an adequate 

microcirculation is required for optimal blood flow to tissues, particularly in the G-I tract. Various 

clinical tools are available to monitor the microcirculation, including orthogonal polarization 

spectral (OPS) and sidestream darkfield (SDF) imaging57. The reduced perfusion of the G-I tract 

during surgery can result in splanchnic ischemia which is associated with metabolic deficits, which 

then may lead to the sequelae associated with SIRS50. Thus, there is ample crosstalk between 

the gut and the circulation which can further aggravate and perpetuate systemic inflammatory 

responses. Finally, the severity and/or duration of intestinal ischemia are directly correlated 

with the degree of gut barrier loss, in addition to an increased endothelial dysfunction58. These 

events promote leakage of luminal constituents (e.g. LPS, FFA, proteolytic enzymes) over the 

epithelial barrier, through the gut parenchymal tissue (lamina propria) to reach the endothelial 

fenestration of intestinal capillaries, thereby entering the systemic circulation. The venous 

return from the intestines is destined for the liver via the portal vein. The reticulo-endothelial 

system in the liver is thereby providing a fail-safe mechanism to filter out any toxic translocation 

products from the plasma. However, Kupffer cells of the liver – which are key players in the 

reticulo-endothelial system – appear to play a dual role in the regulation of inflammation. 

Whereas Kupffer cells are an important source of pro-inflammatory cytokines in systemic 

inflammation59, they may also play anti-inflammatory role under these conditions60,61. Finally, an 

unknown portion of potentially deleterious elements can find a shortcut to the circulation via 

the mesenteric lymph. These features are further discussed below. 

Danger from within (1): bile acids
In addition to potential insults from the intestinal lumen, there is a strict compartmentalization 

of exocrine secretions of the pancreas. Bile acids and pancreatic enzymes are excreted through 

the pancreatic duct postprandially to aid in the digestion and uptake of lipids, carbohydrates 

and amino acids. After completing their digestive functions, bile acids are absorbed with 

dietary lipids and returned to the liver via the enterohepatic circulation, whereas saturated 

digestive enzymes are normally excreted and eliminated from the G-I tract. However, under 

certain conditions bile acids may pave the way for proteases to breach the gut barrier and cause 

systemic inflammatory responses. 

Bile acids are steroid acids that are synthesized in the liver as derivatives of cholesterol, 

e.g. cholic acid and chenodeoxycholic acid, also known as the primary bile acids. These can be 

converted by the intestinal microflora to yield secondary bile acids such as deoxycholic acid 

(DCA), lithocholic acid and ursodeoxycholic acid (UDCA)62. Bile is stored in the gall bladder before 

it is released in the duodenal lumen in response to cholecystokinin (CCK) which is released by 

duodenal ‘I cells’ postprandially63. With regard to gut homeostasis, there are two important aspects 
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of bile acids. First, various types of bile acids appear to have differential effects on the gut barrier. 

For example, whereas cholic acid, DCA and chenodeoxycholic acid showed disruptive effects on 

the intestinal epithelial barrier in vitro, this was not the case for UDCA64. Second, the bile acid 

composition and secretion is related to the fat content of the luminal contents. The deleterious 

effects of bile acids are therefore directly related to the composition of the diet. For example, 

exposure of epithelial cells to physiological concentrations of DCA, corresponding to high-fat 

diets, disrupted the epithelial barrier in vitro and in vivo. In contrast, concentrations of DCA 

typically found in low-fat diets did not affect the epithelial integrity65. In this context, the effects 

of enteral nutrition versus total parenteral nutrition (TPN) on the gut barrier in critically ill patients 

are highly relevant. TPN appears to increase the gut permeability, which in addition to the effects 

of bile acids may involve a variety of mechanisms66. Others showed protective effects of lipid-rich 

enteral feeding on the gut barrier in experimental shock, which was reversed by CCK receptor 

antagonists67. Although the role of bile acids in this phenomenon was not clear, it suggests an 

intrinsic protective effect of enteral nutrition on the gut barrier. Thus, even though enteral feeding 

stimulates CCK-mediated release of bile acids in the gut lumen that could potentially damage the 

epithelial lining, its advantageous effects on the gut barrier appear to be dominant.

Danger from within (2): pancreatic enzymes 
The local and systemic effects of pancreatic enzymes in the critically ill patient recently regained 

attention. These effects will be discussed here not including acute pancreatitis, which is outside 

the scope of this review. Acinar cells of the exocrine pancreas secrete a variety of enzymes that 

upon activation in the duodenal lumen can degrade proteins (trypsinogen, chymotrypsinogen, 

carboxypeptidase, elastases), lipids (pancreatic lipase, phospholipase) and sugars (pancreatic 

amylase). These proteolytic enzymes are secreted as zymogens (inactive pro-enzymes) due 

to their potential toxic effects on the integrity of the gut. Bicarbonate (HCO3-) is produced 

by ductal cells under control of secretin, which is necessary to neutralize gastric acid. The 

digestive enzymes and zymogens secreted by acinar cells are mixed with bicarbonate to form 

the pancreatic juice. This potent mixture enters the intestinal lumen through the pancreatic 

duct in response to CCK released in the postprandial phase. In addition, vagal efferents that 

release acetylcholine act stimulatory on the secretion of pancreatic enzymes by acinar cells. 

Upon their introduction in the gut, trypsinogen is activated by duodenal enterokinase, after 

which trypsin releases the proteolytic activity of other zymogens68. Pancreatic enzymes are 

essential for the digestive function of the gut. However, during intestinal ischemia these 

proteases could also contribute to degradation of the protective mucus layer and tight-

junctions that normally seal off the apical domains of intestinal epithelial cells. This could lead to 

an elevated gut permeability and penetration of serine proteases of the gut wall69. This concept 

was elegantly demonstrated by the finding that pancreatic duct ligation reduced gut barrier 

failure in an experimental model of hemorrhage-associated shock70. Prevention of pancreatic 

enzyme influx in the intestinal lumen resulted in a reduced degradation of the mucus layer, 

less toxicity to endothelial cells and reduced activation of circulating neutrophils70. The toxic 
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effects of pancreatic enzymes in vivo, including trypsin, chymotrypsin, elastase, amylase 

and lipase, are potentiated when the mucus layer is already compromised71. Conversely, the 

addition of a mucus layer to IEC monolayers reduced the disruptive effects of trypsin on the 

gut barrier in vitro72. Translocation of active proteases to the circulation is associated with 

severe systemic inflammatory responses and an increased risk of multi-organ failure73. Whether 

pancreatic enzymes directly affect inflammatory cells is unclear. It may be more likely that local 

autodigestive processes in the gut liberate tissue (or microbial) factors that in turn activate 

leukocytes and set off systemic inflammatory responses74. 

As pancreatic duct ligation is merely an experimental tool, it has limited potential for bench-

to-bedside translation. However, the aforementioned results suggest that pharmacological 

inhibition of pancreatic enzymes could abrogate these pathophysiological events, ameliorate 

the circulatory derangement and improve survival in critical illness. A recent publication 

demonstrated this concept in three models of experimental shock in rats – hemorrhagic shock, 

peritonitis and endotoxin shock – with a focus on serine proteases. This study showed that all 

types of shock resulted in markedly increased protease activity in the gut wall from the duodenum 

to the cecum. Intraluminal administration of protease inhibitors (ANGD, tranexamic acid and 

aprotinin) dramatically reduced tissue damage in the small intestines as well as distant organs 

(heart, lung), which was associated with a significantly improved survival75. Although these 

data are promising, the invasive nature of the intervention in this experimental model limits its 

direct translation into clinical practice. Indeed, the direct administration of protease inhibitors 

appears to be essential to yield high intraluminal concentrations in the gut75. As an alternative, 

continuous delivery of protease inhibitors via enteral feeding has been shown to be successful 

in one case of septic shock76. Together, these data suggest that under ischemic conditions in the 

gut, there is a clear and present danger by endogenous proteins from within the G-I tract which 

is constituted by certain classes of bile acids and particular pancreatic proteases. Pancreatic 

enzymes can mediate deleterious local and systemic effects in the critically ill patient. 

The gut-lung connection: mesenteric lymph
A direct anatomical link between the gut, systemic circulation and distant organs is provided by 

the lymphatic vessels from the intestines. After feeding, the mesenteric lymph – also known as 

chyle – is enriched for lipids (chylomicrons), fat-soluble vitamins and a variety of other lipophilic 

macromolecules. Autonomic nerves and hormonal mediators stimulate the postprandial 

mesenteric lymph flow. Besides the uptake of nutrients, this network of lymph vessels and 

lymph nodes is involved in host protection. Looking in more detail at the anatomical features 

of lymph flow, central lacteals start in intestinal villus tips, which drain to submucosal lymphatic 

vessels. Lymph flow continues through afferent lymphatic vessels to mesenteric lymph nodes 

(MLNs). After passage through MLNs, lymph flow continues via efferent vessels to the collecting 

intestinal lymphatic trunk and/or lumbar trunks, the cisterna chyli and into the thoracic duct, 

respectively. The thoracic duct spans from the abdomen towards to superior mediastinum and 

empties into the venous circulation between the left internal jugular and subclavian vein. The 
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lymph is then diluted in the venous return of the upper trunk after which it enters the heart and 

the pulmonary circulation, respectively. Within this extensive lymphatic network, MLNs are a 

key site for interactions between immune cells and lymph components. More specifically, MLNs 

are the site where luminal antigens are filtered and taken up by antigen presenting cells, such 

as macrophages and dendritic cells, that can direct adaptive immune responses via T- and/or 

B-lymphocytes. The cellular players of this specialized mucosal immune system shuttle between 

MLNs and the lamina propria, and are programmed for successful compartmentalization of 

the commensal microflora. One of the mechanisms involved in this process is for example the 

deposition of IgA in the mucus layer77. This homeostatic mechanism is adapted to the unusually 

large bacterial load of the G-I tract that intestinal leukocytes are confronted with and aims to 

avoid uncontrolled, local inflammatory responses that may spill over to the systemic circulation. 

Mesenteric lymph avoids the portal circulation and thus bypasses the reticulo-endothelial 

system in the liver. MLNs are anatomically arranged and interconnected in a successive manner 

to filter intestinal lymph supplied by afferent vessels. Thus, they are analogous to the liver by 

filtering undigested particulates that leak through the gut barrier. Any unfiltered luminal 

constituents such as endotoxins and pancreatic enzymes, in addition to locally produced 

cytokines and activated immune cells that exit the MLN via efferent lymph vessels will join the 

circulation via the thoracic duct. This may lead to direct activation of circulating leukocytes, 

such as neutrophils. Importantly, cytotoxic factors from mesenteric lymph will make their first 

pass through the pulmonary circulation. Direct toxic effects on the pulmonary endothelium can 

cause acute lung injury, culminating into an adult respiratory distress syndrome (ARDS)78. This 

association between toxic mesenteric lymph and pulmonary microvascular injury – the ‘gut-

lymph-lung’ axis – has been studied intensively in experimental models. One approach was to 

block the mesenteric lymph drainage which was found to prevent hemorrhagic shock-induced 

endothelial hyperpermeability and lung damage79. Another elegant approach has been the 

real-time cross-transfusion of mesenteric lymph from donor rats with trauma/hemorrhagic 

shock to naïve recipients. This protocol resulted in marked lung injury (e.g. neutrophil 

accumulation, oxidative stress and increased protein levels in bronchoalveolar lavage fluid) in 

recipients of post-shock mesenteric lymph transfusion, but not in control animals80. Although 

the authors thereby reproduced Koch’s third postulate (i.e. the disease-inducing property of 

mesenteric lymph) which are typically applied to the pathogenic properties of microorganisms, 

others demonstrated that bacteria or microbial products did not play a role in this phenomenon81. 

Notably, the identity of the soluble mediators, such as pro-inflammatory proteins or lipids, 

responsible for the toxic systemic effects of mesenteric lymph remained elusive for long time. 

A recent proteomic approach pointed to various acute-phase proteins, possibly produced 

by the intestinal epithelium, as novel candidates82. As mentioned earlier, it may also involve 

liberated pancreatic enzymes and/or factors released by autodigestive processes in the 

gut70. However, the deleterious effects of pancreatic enzymes in mesenteric lymph appear 

to require additional partners in crime to mediate systemic, toxic effects83. Pro-inflammatory 

lipid mediators84, and in particular lipase-generated FFA were previously overlooked but are 

now suspected to be important culprits in this regard85. The cytotoxicity of FFA to endothelial 
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cells appears to be determined by the FFA-to-protein ratio rather than its absolute levels in 

mesenteric lymph. The addition of albumin – a lipid scavenger – appeared to reverse these 

cytotoxic effects85. Thus, albumin has an important role to neutralize toxic FFA liberated by lipases 

in mesenteric lymph. The aforementioned proteomics study found serum albumin precursor to 

be the most (~8-fold) upregulated protein in post-shock mesenteric lymph82. This might be 

part of a compensatory mechanism to inhibit the cytotoxic effects of FFA86. However, albumin 

also appears to have a more sinister side, as modified (glycosylated) albumin in post-shock 

mesenteric lymph was associated with intrinsic cytotoxicity87. Another interesting candidate 

is phospholipase A2 (PLA
2
), an enzyme that can generate a variety of pro-inflammatory lipid 

mediators such as eicosanoids and prostaglandins88. Importantly, high levels of PLA
2
 are 

synthesized and secreted by Paneth cells in the gut89. Another antimicrobial protein produced 

by Paneth cells that was found to be increased in toxic mesenteric lymph was α-defensin 490. 

This suggests a potential detrimental role for Paneth cell products in the course of systemic 

inflammation and/or shock, which are distributed via intestinal lymphatic to the circulation. 

Indeed, one group demonstrated that Paneth cells are main producers of pro-inflammatory 

interleukin-17 (IL-17) in an experimental model of TNF-a induced intestinal injury and shock91. 

IL-17 is an important activator of neutrophils, but it is unclear whether IL-17 levels are increased 

in mesenteric lymph in the course of gut injury and systemic inflammation. In this regard, it 

is worth mentioning that liver I/R injury and its associated systemic inflammation resulted 

in significantly increased IL-17 levels in the portal venous blood, which was associated with 

hepatic, intestinal and renal injury. This was associated with massive Paneth cell degranulation 

in the gut. Indeed, pharmacological or genetic approaches to abrogate Paneth cell function 

reversed these effects92. Similarly, genetic knockout for IL-17A also prevented intestinal damage 

in this I/R model93. These findings further demonstrate a central role for the gut as a driving 

force in systemic inflammation, shock and multi-organ failure. 

Increased levels of high mobility group box 1 protein (HMGB1), an alarmin that is released 

after tissue injury, were found in serum samples after hemorrhagic shock in humans and 

mice94, but were later also found to be elevated in post-shock mesenteric lymph95. HMGB1 is 

an endogenous Toll like receptor 4 (TLR4) ligand and mediates immunostimulatory effects on 

a multitude of immune cells via the activation of nuclear factor kappa B (NF-κB). Mice with 

genetic mutations in the receptors or adapter molecules from the TLR4 signaling pathway 

(e.g. Tlr4-/-, Myd88-/- or TicamLps2/Lps2 mice) were protected against post-shock mesenteric 

lymph-mediated lung injury96. These findings are consistent with the ‘danger model’ that states 

that certain endogenous ligands signal the presence of tissue injury to the host via pattern-

recognition receptors97, including TLR. Danger signals, typically intracellular substrates or 

extracellular matrix components that mobilized upon local tissue injury, are known to be 

involved in the pathogenesis of systemic inflammatory responses98. Thus, the mesenteric 

lymph appears to be another route for these immunostimulatory proteins after gut injury to 

the systemic circulation, which subsequently can ignite systemic inflammation and local injury 

in the lungs. Finally, an interesting viewpoint was proposed by Cheng et al who suggested that 

normal mesenteric lymph displays anti-inflammatory effects on systemic inflammation and its 
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associated organ damage99. Mechanistically, this may involve sequestration of LPS by lipids and/

or lipoproteins. The implication of these findings is that post-shock mesenteric lymph should 

be considered to be devoid of its natural anti-inflammatory (lipophilic) constituents99. 

In conclusion, the pro-inflammatory factors in post-shock mesenteric lymph are particularly 

toxic to the pulmonary microvasculature which defines a pathogenic gut-lymph-lung 

connection. Gut-derived toxic factors that leak from MLNs, including products of pancreatic 

enzymes (e.g. FFA), endogenous danger signals (e.g. HMGB1, glycosylated albumin) and Paneth 

cell products (e.g. PLA
2
, α-defensin 4) most likely partner up to exert these detrimental effects. 

All the aforementioned interactions are summarized in Figure 1.

Clinical implications
In adult patients with early or established septic shock, early, goal-directed therapy did not 

improve survival100,101. The administration of activated protein C did not always result in favorable 

results in clinical trials with sepsis patients102,103. Antithrombin administration did not markedly 

Figure 1. Direct and indirect interactions between the gut, circulation and other organs. Luminal components of the 
small intestine can spread to the circulation via the portal vein and liver, or via direct translocation to blood vessels. This 
includes pro-inflammatory constituents such as lipopolysaccharide (LPS), whole bacteria, other bacterial products and 
free fatty acids (FFA). Toxic components of the gut lumen, including FFA, products of phospholipase A2 (PLA

2
), IL-17 and 

high mobility group box 1 protein (HMGB1) can reach the pulmonary circulation via mesenteric lymph. Bile acids from 
the liver can mediate cytotoxic effects on intestinal epithelial cells. Finally, activated serine proteases produced by the 
pancreas can cause local tissue destruction and activation of immune cells in intestinal tissues.
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reduce mortality in sepsis and has been associated with an increased risk of bleeding104-106. Other 

promising targets in sepsis discussed above, such as HMGB1107, or IL-17108, have not yet been 

tested in clinical trials. To potentially improve the clinical outcome of this condition, one may 

consider treating the patient’s gut barrier to slow down deleterious processes during critically 

illness. First, intestinal glucose uptake is disturbed in critical patients109, which may lead to 

metabolic insufficiency. Early enteral nutrition could aid in restoring glucose metabolism in 

critical illness110. Although minimum levels of caloric intake (at least 20 kcal/kg/day) may require 

parenteral nutrition, rapid conversion of TPN to enteral nutrition in the management of ICU 

patients will have beneficial effects on the intestinal barrier. This is likely to prevent continuous 

pathogenic crosstalk between the gut and circulating immune cells with detrimental effects on 

organ function111. Various supplements may improve the gut barrier in critical illness, such as 

arginine112, glutamine113, omega-3 fatty acids114, and intestinal alkaline phosphatase115. In addition, 

the positive effects of SCFAs on the gut barrier may be harnessed by the oral administration of 

butyrate-releasing formulations, butyrate-producing probiotics or by supplementation of lipids 

that contain butyrate moieties such as tributyrin116. Whether observations on the beneficial 

effects of SCFAs on the intestinal epithelium in vitro can be translated to the critically ill patient 

remains to be proven in the clinic. For example, whereas the parenteral administration of 

albumin might be beneficial to scavenge pro-inflammatory FFAs, a recent randomized clinical 

trial in sepsis patients did not show any benefit of this treatment117. This negative result was 

confirmed in a recent meta-analysis118. The explanation for this discrepancy is not quite clear, 

although the lipid content of the transfused albumin solutions might play a role. 

Taking lessons from the treatment of acute pancreatitis, the administration of serine 

protease inhibitors might be more promising119. Following positive results in various experimental 

models of sepsis120-122, encouraging data have already been generated with the trypsin inhibitor, 

ulinastatin, in a clinical setting123,124. Thus, basic insights on the intimate relationship between 

the G-I tract and systemic inflammatory cells is expected to lead to more efficacious treatment 

modalities for critical illness in the near future.
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ABSTRACT
TRPM8 is the molecular sensor for cold; however, the physiological role of TRPM8+ neurons 

at mucosal surfaces is unclear. Here we evaluated the distribution and peptidergic properties 

of TRPM8+ fibers in naïve and inflamed colons, as well as their role in mucosal inflammation. 

We found that Trpm8−/− mice were hypersusceptible to DSS-induced colitis, and that Trpm8−/− 

CD11c+ DCs showed hyperinflammatory responses to TLR stimulation. This was phenocopied in 

CGRP receptor deficient, but not in substance P receptor deficient mice, suggesting a functional 

link between TRPM8 and CGRP. The DSS phenotype of CGRP receptor deficient mice could be 

adoptively transferred to WT mice, suggesting that CGRP suppresses the colitogenic activity 

of bone marrow-derived cells. TRPM8+ mucosal fibers expressed CGRP in human and mouse 

colon. Furthermore, neuronal CGRP contents were increased in colons from naïve and DSS 

treated Trpm8−/− mice, suggesting deficient CGRP release in the absence of TRPM8 triggering. 

Finally, treatment of Trpm8−/− mice with CGRP reversed their hyperinflammatory phenotype. 

These results suggest that TRPM8 signaling in mucosal sensory neurons is indispensable for the 

regulation of innate inflammatory responses via the neuropeptide CGRP.
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INTRODUCTION
The mammalian transient receptor potential (TRP) ion channel family consists of at least 28 

members that are grouped into six subfamilies based on amino acid sequence homology: 

TRPC1-7 (canonical), TRPV1-6 (vanilloid), TRPM1-8 (melastatin), TRPP1-3 (polycystic), TRPML1-3 

(mucolipin), and TRPA1 (ankyrin). Individual TRP channel subunits consist of six putative 

transmembrane spanning segments, with the pore-forming loop between the 5th and 6th domain. 

Both the N- and C-termini are located intracellularly and are involved in modulation of channel 

activity and the formation of multimers. The TRP channels can form homo- or heterotetramers 

and display a great diversity in activation mode, ion selectivity and physiological function. Almost 

all TRP channels are permeable to calcium, albeit some with low specificity with the permeability 

ratio of Ca2+ relative to Na+ (P
Ca

/P
Na

) typically ranging from 0.3 to 100.1 In the gastrointestinal 

tract, TRP channels are involved in various sensory functions including chemo-, thermo- and 

mechanosensation.2 Transient receptor potential cation channel, subfamily M, member 8 

(TRPM8) is a member within the subset of temperature-sensitive TRP channels and is the 

principal receptor involved in cold sensation. TRPM8 deficient mice fail to respond to noxious 

cold stimuli and do not benefit from cold analgesia.3 In addition to thermal stimulation, cooling 

agents such as menthol or icilin can activate TPRM8.4,5 Primary afferent neurons that express 

TRPM8 innervate the surfaces of the mammalian body, including the skin, oral cavity,6 bladder,7 

and lungs.8 TRPM8+ afferents in the skin are involved in the regulation of central physiological 

functions, including body temperature regulation and cold behavior.9 Vagal afferents from the 

proximal gastrointestinal tract were also shown to express TRPM8 and to respond to cold and 

icilin.10 Importantly, we recently identified TRPM8+ spinal (i.e., extrinsic) afferents in multiple 

layers of the colon.11 In this context, TRPM8 signaling is likely to contribute to visceral perception, 

but may also have potential effects in the regulation of inflammatory responses. 

The concept of neurogenic inflammation with regard to the pathogenesis of colitis and 

visceral hypersensitivity has regained attention in recent years,12,13 with nociceptors TRP vanilloid-

1 (TRPV1) and TRP ankyrin-1 (TRPA1) as major players.14 Both pharmacological and genetic data 

suggest a deleterious role for TRPV1 in colitis,15,16 most likely through neuronal pathways. This is 

associated with the contribution of TRPV1 signaling to visceral hypersensitivity and pain under 

inflammatory conditions in the colon.17-19 Indeed, the distal gastrointestinal tract is densely 

innervated by TRPV1+ sensory neurons.20,21 These extrinsic TRPV1+ neurons co-express various 

non-peptidergic (e.g. neuronal nitric oxide synthase) and peptidergic markers such as calcitonin-

gene related peptide (CGRP), substance P (SP) and neurokinin A.21,22 Similarly, TRPA1 has been 

associated with the promotion of colitic responses.23,24 In addition to their expression by sensory 

neurons, signaling by TRP channels in non-excitable cells has been shown to play a role in colitis. 

For example, TRPV4 was found to be expressed by intestinal epithelial cells (IEC) and to promote 

experimental colitis.25,26 TRPM2 expression by monocytes enhances their inflammatory capacity, 

conversely, Trpm2−/− mice were resistant to colitis mediated by innate immune cells.27 

Offset against the overwhelming pro-inflammatory effects of various TRP channel family 

members, a recent report by Ramachandran et al. suggested a regulatory role for TRPM8 in 
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experimental colitis.28 However, in contrast to our previous findings,11 TRPM8 expression was 

only described in IEC and the myenteric plexus.28 We hypothesized that colonic TRPM8+ 

primary afferent neurons might have local, anti-inflammatory effects on mucosal inflammatory 

cells. Indeed, we found that the genetic deletion of TRPM8 increased the susceptibility of mice 

to acute colitis. Genetic evidence suggested that this was not related to TRPM8 signaling in 

hematopoietic or intestinal epithelial cells. Trpm8−/− mice had increased CGRP contents in 

mucosal fibers under naïve and inflammatory conditions, suggesting deficient release of this 

neuropeptide in the intestinal microenvironment. Thus, our data suggest that TRPM8+ nerve 

fibers exert anti-inflammatory effects in the tissue microenvironment and restrict innate 

immune cell responses under inflammatory conditions via the local release of CGRP.

RESULTS
Genetic deletion of Trpm8 increases the susceptibility to acute 
experimental colitis
The acute dextran sodium sulfate (DSS)-induced colitis model is representative for the 

deleterious effects of innate immune responses in the course of mucosal injury. Hence we 

evaluated the contribution of TRPM8 signaling to acute colitis by employing Trpm8−/− mice.3 

Mice treated with water only were used as controls. After DSS challenge, Trpm8−/− mice 

showed significantly more weight loss and intestinal bleeding, with a concomitant increase in 

mean disease activity index (DAI) compared to WT mice (Figure 1a,b). Histological analyses 

of distal colon sections showed enhanced mucosal injury and inflammatory cell infiltration in 

Trpm8−/− mice after DSS treatment (Figure 1c,d). Quantitative analysis of the mucosal integrity 

in cross-sectioned colons showed significantly increased ulceration in Trpm8−/− mice (Figure 

1e), shorter colons (Supplementary Figures S1a,b), and reduced contents of Goblet cell 

products Muc2 (secreted MUC2) and Muc3 (membrane-bound MUC3; Supplementary Figure 

S1c,d). Consistent with these observations, colon explants from Trpm8−/− mice produced 

significantly higher levels of pro-inflammatory cytokines, including TNF-a, IL-1β and IL-6 

(Figure 1f). As these data suggested that the lack of TRPM8 signaling confers susceptibility 

to DSS colitis, we hypothesized that Trpm8−/− mice would also be susceptible to a reduced 

DSS concentration that is not colitogenic in WT mice (DSSlow). To this end, we treated WT and 

Trpm8−/− mice with DSS 1% (w/v) for 5 days, followed by normal drinking water. As expected, 

DSSlow treatment did not result in bodyweight loss or intestinal bleeding (Figure 1g,h), 

nor did it result in signs of mucosal injury or inflammation in colons from WT mice (Figure 

1i). However, DSSlow treatment in the Trpm8−/− cohort caused significant bodyweight loss, 

enhanced DAI (Figure 1g,h), clear histological signs of colitis (Figure 1i), as well as an elevated 

production of pro-inflammatory cytokines in colon explant cultures (Figure 1j). Together 

these data show that TRPM8 deficiency increases the host’s susceptibility to acute mucosal 

injury in the colon suggesting that endogenous TRPM8 signaling normally protects against 

the inflammatory damage associated with colitis.
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Figure 1. Trpm8−/− mice are hypersusceptible to experimental colitis. (a) Mice were treated with drinking water 
with or without dextran sodium sulfate (DSS) 2% (w/v) for 5 days and euthanized on day 12 for analysis. DSS-
treated Trpm8−/− mice showed significantly increased body weight loss, and, (b) significantly increased DAI scores 
compared to WT mice. (c) Increased epithelial damage and inflammatory cell infiltration in the distal colon in 
DSS treated Trpm8−/− mice compared to WT mice. Representative cross-sections of the distal colons of WT and 
Trpm8−/− mice after water or DSS treatment, respectively (H&E staining). No differences were observed between 
both genotypes in water controls. (d) Significantly increased mean colitis score in DSS treated Trpm8−/− versus WT 
mice, as determined by histological analysis. (e) Significantly increased ulcerated area of colonic mucosa in DSS 
treated Trpm8−/− compared to WT mice. (f) Increased production of pro-inflammatory cytokines (TNF-α, IL-1β and 
IL-6) in colonic explants from DSS treated Trpm8−/− mice compared to WT mice. Of these inflammatory mediators, 
only IL-6 was detected in colon explant cultures taken from water treated (control) animals. (g) WT and Trpm8−/− 
mice were subjected to DSS 1% (DSSlow) for 5 days and euthanized on day 10. Only Trpm8−/− mice showed significant 
body weight loss and, (h) elevated DAI scores after DSSlow treatment. (i) Trpm8−/− but not WT mice showed mucosal 
damage and inflammatory activity after DSSlow treatment. ( j) Significantly increased pro-inflammatory cytokine 
production by colonic explants from Trpm8−/− mice. Data are mean ± s.e.m. and representative of 3 independent 
experiments. *P<0.05 by 2-way ANOVA (a,g) or Mann-Whitney (b, d-f, h, j). Scale bars = 100 μm (c,i).
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Trpm8 deficiency does not affect chronic DSS or TNBS-induced colitis
To also evaluate the role of TRPM8 signaling in experimental models of chronic colitis, we subjected 

WT and Trpm8−/− mice to three cycles of DSS, or 2,4,6-trinitrobenzene sulfonic acid (TNBS).29 These 

chemically induced colitis models involve activation of pro-inflammatory CD4+ T-helper cell 

subsets e.g. Th1, Th2 and Th17, in conjunction with innate immune cell-driven inflammation. In the 

chronic DSS model, we observed significantly increased bodyweight loss in the Trpm8−/− cohort 

compared to WT mice during the first DSS challenge. However, these differences were diminished 

and eventually lost in the second and third DSS cycle, respectively (Supplementary Figure S1e). 

After three cycles of DSS, there were also no differences in DAI, the extent of mucosal injury or 

pro-inflammatory cytokine production in colon explant cultures (Supplementary Figure S1f-h). 

Mesenteric lymph node (MLN) cells isolated from WT and Trpm8−/− mice after three cycles of DSS 

showed similar (TNF-a , IL-17A) or even lower (IFNγ) levels of cytokine production after CD3/

CD28 restimulation in the latter (Supplementary Figure S1i). Thus, Trpm8−/− mice did not display a 

hyperinflammatory phenotype in the chronic DSS colitis model. Similarly, Trpm8−/− mice showed 

similar or diminished signs of disease severity in the TNBS-mediated colitis model, as measured 

by bodyweight loss, mucosal injury and pro-inflammatory cytokine production (Supplementary 

Figure S1j-m). Together, these data suggest a protective role for TRPM8 signaling in acute i.e., 

innate immune cell mediated colitis, but not chronic colitis. 

Lack of epithelial characteristics predisposing for colitis  
in Trpm8−/− mice
Next, we sought to identify the mechanism by which TRPM8 signaling mediates protective effects 

in acute colitis. The DSS model is affected by multiple host factors, such as the gut barrier function 

and host immune responses. With regard to the gut barrier, the mucus layer is an important 

component of the intestinal lining to physically separate host cells from noxious biochemical and 

microbial substrates present in the lumen. TRPM8 has been linked to skin barrier function,30 and to 

the regulation of mucin production in the lungs.31 While reduced expression of mucin transcripts 

were observed in inflamed colons (Supplementary Figure S1c,d), we found no differences in 

colonic Muc2 or Muc3 expression between naïve WT and Trpm8−/− mice (Supplementary Figure 

S2a). In addition, there were no differences in intestinal barrier function as measured in vivo 

(Supplementary Figure S2b,c), or by Ussing chamber experiments ex vivo (Supplementary 

Figure S2d) between WT and Trpm8−/− mice. There were also no differences in IEC proliferation 

(Supplementary Figure S2e,f) between the two mouse strains under homeostatic conditions. 

Furthermore, we found that Trpm8 mRNA was not expressed by IEC (Supplementary Figure S2g). 

Thus, these data suggest that deficient TRPM8 signaling does not lead to gut barrier dysfunction 

and does not explain the DSS phenotype of Trpm8−/− mice.
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TRPM8 deficiency in non-hematopoietic cells results  
in a hyperinflammatory phenotype
We then evaluated whether naïve Trpm8−/− mice show features of immune dysregulation as 

a possible explanation for their DSS susceptibility phenotype. We previously reported that 

conventional CD11chi DCs play a crucial role in DSS colitis.32 Thus, we tested whether DCs displayed 

hyperinflammatory responses in naïve Trpm8−/− mice. Given the limited number of DCs that can 

be isolated from the colonic lamina propria in naïve mice, we compared freshly isolated CD11c+ 

DCs from the spleens of WT versus Trpm8−/− mice. Splenic DCs were stimulated with two different 

TLR ligands i.e., LPS (TLR4 ligand) or CpG ODN (TLR9 ligand). We found that splenic CD11c+ DCs 

from Trpm8−/− mice produced significantly higher levels of TNF-a and IL-6 (Figure 2a). Members 

of the TRPM family (e.g. TRPM1, TRPM2, TRPM4 and TRPM7),33 and TRPM8 in particular,34 may play 

pivotal roles in innate immune cell functions. Thus, we tested whether our observations could 

be explained by cell-intrinsic signaling by TRPM8 by using bone marrow derived DCs (BMDCs) 

followed by enrichment for CD11c+ cells after ex vivo expansion. However, we did not find any 

significant differences in TNF-a or IL-6 production after TLR stimulation between WT versus 

Trpm8−/− BMDCs (Figure 2b). Consistent with these data, we did not observe expression of Trpm8 

in either freshly isolated splenic CD11c+ DCs or cultured CD11c+ BMDCs (Figure 2c). 

We then hypothesized that the microenvironment in the host, for example neuronal input, may 

determine the inflammatory output of CD11c+ DCs. To confirm that non-hematopoietic expression 

of TRPM8 drives the phenotype of Trpm8−/− mice in the DSS colitis model, we generated bone 

marrow chimeras (BMC). WT and Trpm8−/− mice recipients were reconstituted with bone marrow 

harvested from either WT or Trpm8−/− donors, yielding 4 experimental groups (donor −> recipient). 

After a recovery period of 6 weeks, the recipients were subjected to DSS and colons were harvested 

for analysis. Importantly, all Trpm8−/− recipients (WT −> Trpm8−/− and Trpm8−/− −> Trpm8−/− groups) 

showed an increased susceptibility to DSS colitis, independent of their respective bone marrow 

donors. This was shown by an increased bodyweight loss, elevated DAI (Figure 2d) and enhanced 

TNF-α production in colon explant cultures from Trpm8−/− recipients (Figure 2e). These results 

were consistent with colitis severity represented by the mucosal damage and inflammatory cell 

infiltration (Figure 2f). In contrast, WT mice grafted with Trpm8−/− bone marrow (Trpm8−/− −> WT) 

showed comparable bodyweight loss and similar colitis severity to controls (WT −> WT) (Figure 

2d-f). Taken together, these results indicate that TRPM8 signaling in non-hematopoietic cells affects 

the hyperinflammatory phenotype of Trpm8−/− mice in experimental colitis.

TRPM8+ mucosal fibers in the colon express CGRP 
Given our previous observation that TRPM8 is expressed by mucosal fibers in the colon,11 we 

then addressed the peptidergic features of TRPM8+ neurons during quiescent and inflammatory 

conditions. The role of neurogenic inflammation in colitis has been established in recent years,12 

and most data suggest that TRP channel activation plays a deleterious role in this regard. Our 

previous work identified TRPM8+ afferents in all layers of the colon, including the mucosa, where 

they co-labeled with CGRP.11 Immunofluorescent staining confirmed expression of both CGRP 
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Figure 2. TRPM8 deficiency in non-hematopoietic cells results in a hyperinflammatory phenotype. (a) Splenic 
DCs from Trpm8−/− mice are hyperinflammatory in response to TLR stimulation. CD11c+ DCs were isolated from 
the spleens from WT and Trpm8−/− mice, followed by stimulation with 10 ng/mL LPS or 5 μg/mL CpG, respectively. 
Supernatants were harvested 24 hrs after stimulation. TNF-α and IL-6 levels in supernatants were quantified by 
ELISA. *P<0.05 (t-test). (b) Lack of a hyperinflammatory phenotype of Trpm8−/− BMDCs. BMDCs were obtained 
by expanding bone marrow cells with 10 ng/mL GM-CSF. CD11c+ DCs were obtained by positive selection at day 
6. BMDCs were then stimulated with 10 ng/mL LPS or 5 μg/mL CpG and supernatants were harvested 24 hrs later 
for pro-inflammatory cytokine detection. (c) No detection of Trpm8 transcripts in CD11c+ splenic DCs or BMDCs. 
Positive control: spinal cord homogenate. (d) Non-myeloid expression of TRPM8 determines the susceptible 
phenotype of Trpm8−/− mice in experimental colitis. BMC were performed as described in Methods. Six weeks 
after BM transplantation, mice were treated with DSS (2%) for 5 days and followed for bodyweight loss. Mice were 
euthanized on day 9 for determination of colitis severity. Trpm8−/− recipients showed an increased susceptibility 
to DSS colitis compared to WT hosts, independent of BM donor genotype, as shown by their body weight loss and 
DAI. *P<0.05, WT −> Trpm8 or Trpm8 −> Trpm8 vs. WT −> WT (ANOVA). (e) Enhanced TNF-α production in colon 
explant cultures by Trpm8−/− recipients compared to WT mice after DSS treatment. *P<0.05 vs. WT -> WT (ANOVA). 
(f) Increased mucosal damage and inflammatory cell infiltration in Trpm8−/− recipients compared to WT mice. 
Scale bar = 100 μm. Data are presented as mean ± s.e.m. and representative of 3 independent experiments (a-c).
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and TRPM8 throughout the murine colon, with the most dense pattern of positive fibers found 

in the myenteric plexus (Supplementary Figure S3a, arrowheads) and serosa (Supplementary 

Figure S3b, double asterisks), respectively. Next, co-labeling of TRPM8/CGRP in mucosal fibers 

and the myenteric plexus was confirmed in colon sections from naïve WT mice (Figure 3a). 

TRPM8 staining was absent in Trpm8−/− mice in either the mucosa or myenteric plexus (Figure 

3b) consistent with the lack of Trpm8 expression in this strain.3 TRPM8+ staining patterns in WT 

colons that were superimposed to phase-contrast images suggested that the specific TRPM8+ 
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immunoreactivity (IR) observed was located between colonic crypts (Supplementary Figure 

S3c), consistent with the structural features of afferent mucosal fibers. Importantly, we also 

observed TRPM8/CGRP co-labeling fibers in the human colon (Figure 3c). In addition, whereas 

relatively few CGRP+ mucosal fibers were observed in naïve WT colons, these were markedly 

increased after DSS treatment (Figure 3d). Furthermore, enhanced CGRP expression levels 

were observed in mucosal fibers in Trpm8−/− mice under both homeostatic and inflammatory 

conditions (Figure 3e). Image quantification of CGRP in colon sections from naïve or DSS-

treated WT and Trpm8−/− mice confirmed the increased CGRP levels in knockout tissues (Figure 

3f). Representative results of CGRP/TRPM8 co-labeling mucosal fibers in DSS-treated WT mice 

are shown in Figure 3g and Supplementary Figure S3d. The increased expression of CGRP in 

naïve and inflamed Trpm8−/− colons compared to WT was confirmed by measuring neuropeptide 

levels in colon homogenates (Figure 3h). We then evaluated the intensity of TRPM8-IR in 

mucosal fibers under both quiescent and inflammatory conditions. Colons from naïve and 

DSS treated mice were co-labeled for TRPM8 and an epithelial marker, E-cadherin, to visualize 

the mucosal layer. Analogous to the increased CGRP expression observed under inflammatory 

conditions, TRPM8-IR+ was more distinct in mucosal fibers in DSS treated colons compared to 

controls (Figure 3i). Based on these data, we speculate that both TRPM8 and CGRP expression 

may increase in colonic fibers during inflammation. Altogether, this suggests a possible role for 

CGRP release by TRPM8+ sensory neurons in the regulation of colonic inflammation.

CGRP receptor deficiency in hematopoietic cells confers 
susceptibility to colitis
Based on our assumption that the lack of TRPM8 mimics deficient CGRP signaling, we next addressed 

the regulatory effects of CGRP in colitis. CGRP and SP are the two predominant neuropeptides in 

sensory neurons that innervate the colon,12 and they appear to have reciprocal effects on colitis. 

Whereas CGRP protects against colitis, the effects of SP signaling increase the colitis severity.35-

37 Notably, deletion of either CGRP isoform (α-CGRP and β-CGRP) increases the susceptibility 

to spontaneous colitis, suggesting a non-redundant immunoregulatory role for CGRP+ colonic 

afferents.38 Indeed, CGRP has established anti-inflammatory effects on DCs,39 and the CGRP 

receptor is expressed by CD11c+ DCs.40 However, the mechanism by which CGRP is released during 

inflammation is unknown. We hypothesized that CGRP released by TRPM8+ sensory neurons could 

affect the onset and severity of colitis by suppressing local inflammatory responses. 

To first evaluate the proximity between CGRP+ mucosal fibers and CD11c+ DCs, we 

performed double staining on colon sections from DSS-treated WT and Trpm8−/− mice. This 

showed CGRP+ fibers in close proximity to CD11c+ cells in the inflamed colonic mucosa (Figure 

4a), thereby suggesting a possible functional association. In line with the hyperinflammatory 

phenotype of Trpm8−/− mice, we also observed a significantly increased number of CD11c+ cells 

per field in the colon early during DSS challenge, but not in the spleen (Figure 4b). 

Next, we used mice with defective CGRP signaling to test the effect of CGRP signaling on 

DSS colitis. The CGRP receptor consists of the calcitonin receptor-like receptor (CLR) and its co-
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Figure 3. TRPM8+ mucosal fibers in the colon express CGRP. (a) Co-labeling for CGRP and TRPM8 in colon tissues 
from naïve WT mice. Representative pictures from IF staining showing TRPM8+/CGRP+ fibers in the mucosal layer 
(asterisk) and myenteric plexus (arrowheads). (b) Absence of TRPM8-IR in colons from Trpm8−/− mice. (c) In 
normal human ascending colon, CGRP-IR is found in fibers within the lamina propria, and in enteroendocrine (EE) 
cells lining the epithelium. TRPM8-IR is co-localised with CGRP only in fibers (asterisks). Right panel: interpretation 
of the merged IF image with TRPM8/CGRP co-labeling fibers in yellow. Representative results are shown (n=4). 
(d) Representative pictures of CGRP+ mucosal fibers in naïve and DSS-treated WT colons. Typically, naïve WT 
mice displayed an absence of CGRP-IR in the mucosa, which was markedly increased in inflamed colons (DSS). (e) 
Enhanced CGRP-IR was observed in naïve Trpm8−/− compared to WT mice, which was further increased after DSS 
treatment. (f) Quantification of CGRP-IR in colons from naïve and DSS-treated WT and Trpm8−/− mice, respectively 
(n=4 for each group). CGRP expression increased following DSS colitis, with significantly increased expression in 
Trpm8−/− mice following disease, and when compared to WT DSS. (g) Representative picture of TRPM8/CGRP 
co-expression in mucosal fibers (asterisks) and myenteric plexus (arrowhead) after DSS treatment of WT mice. 
(h) Quantification of CGRP levels in colon homogenates (normalized per mg tissue) by ELISA, showing increased 
CGRP levels following DSS colitis in WT mice, with significantly elevated levels in naïve and DSS-treated Trpm8−/− 
mice. (i) Co-labeling for TRPM8 and the epithelial marker, E-cadherin, of naïve and inflamed colon sections from 
WT mice. Enhanced TRPM8-IR was observed in the myenteric plexus (indicated by arrowheads) and mucosal 
fibers (asterisks) in DSS treated colons. Data are presented as mean ± s.e.m. (f, h). *P<0.05 versus naïve WT, or as 
indicated (ANOVA). Imaging was performed at 63X (a-e, g) or 20X (i) magnification.

receptor, receptor activity modifying protein-1 (RAMP1). Ramp1−/− mice fail to respond to CGRP 

stimulation.41 Thus, we subjected Ramp1−/− mice to DSS and compared the outcome to WT mice. 

The lack of CGRP signaling resulted in increased colitis severity after DSS treatment as shown 

by significantly increased bodyweight loss and DAI (Figure 5a,b), mucosal damage (Figure 5c) 

and enhanced pro-inflammatory cytokine production by colon explants in the Ramp1−/− cohort 

(Figure 5d). To test the role of CGRP receptor signaling in BM-derived cells in colitis, BMC were 

generated with WT or Ramp1−/− mice as donors. After challenge with DSS, we observed that WT 

recipients of Ramp1−/− bone marrow displayed more severe colitis (Figure 5e-g). Consistent 

with these data, we confirmed expression of both CLR and RAMP1 in CD11c+ splenic DC and 

BMDC at the mRNA (Figure 5h) and protein level (Figure 5i). Moreover, we found that BMDC 

generated from Ramp1−/− mice showed a hyperinflammatory phenotype upon TLR stimulation 

(Figure 5j). Together, these results suggest that CGRP signaling in BM-derived cells (e.g. CD11c+ 

DCs) protects against experimental colitis. Finally, opposite results were achieved by using 

SP receptor knockout (Nk1−/−) mice in standard DSS or BMC experiments (Supplementary 

Figure S4a,b, respectively), confirming the opposing pro-inflammatory role of SP in the colon. 

CGRP treatment reverses the hyperinflammatory phenotype  
of Trpm8−/− mice
Based on the findings above, we hypothesized that the increased susceptibility of Trpm8−/− mice to 

DSS might be due to a lack of CGRP release in the colonic mucosa, which normally acts to suppress 

local inflammatory responses. Thus, we tested the direct effects of recombinant CGRP on TLR-

induced cytokine production by CD11c+ DCs isolated from WT and Trpm8−/− mice. We found that 

the increased production of TNF-a by splenic DCs isolated from Trpm8−/− mice was reversed by 

recombinant CGRP (rCGRP) pretreatment (Figure 6a). These results suggest that rCGRP treatment 

ex vivo recapitulated the normal suppressive environment of the host provided by TRPM8+ sensory 

▶
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Figure 4. Close proximity between CGRP+ mucosal fibers and CD11c+ DCs. (a) CD11c+ cells were observed in the 
colonic lamina propria in close proximity to CGRP-IR+ fibers in DSS-treated WT and Trpm8−/− mice, respectively. Imaging 
was performed at 63X. (b) CD11c+ cells were significantly increased in numbers in DSS-treated Trpm8−/− compared to 
WT mice in colons, but not in spleens (n=4 for each group). Data are presented as mean ± s.e.m. *P<0.05 (t-test).
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neurons. To test whether rCGRP also reversed the increased susceptibility of TRPM8 deficient mice 

to DSS colitis, we treated WT and Trpm8−/− mice with rCGRP (i.p.) during DSS challenge. Whereas 

rCGRP treatment did not have marked effects in the WT control group, it successfully reversed the 

increased bodyweight loss (Figure 6b), DAI (Figure 6c), mucosal damage and colonic inflammation 

(Figure 6d) in the Trpm8−/− cohort. Conversely, treatment with a CGRP receptor antagonist 

should only affect the course of DSS colitis in WT mice. We found that i.p. treatment with the 

CGRP antagonist, CGRP
8-37

, significantly increased the colitis-associated DAI, mucosal damage 

and pro-inflammatory cytokine production in colon explants in WT mice, but not in the Trpm8−/− 

cohort (Supplementary Figure 5a-d). Together, these data suggest that the hyperinflammatory 

phenotype of Trpm8−/− mice may be explained by deficient CGRP signaling. This lead us to propose 

a working model in which dysfunctional secretion of CGRP in the tissue microenvironment leads to 

a dysregulation of innate immune responses in Trpm8−/− mice, as summarized in Figure 7.

DISCUSSION
Our data suggest a regulatory role for TRPM8+ mucosal nerve fibers through the local release 

of CGRP in an experimental model of acute colitis. This is based on the following observations. 

First, we found that Trpm8−/− mice are extremely sensitive to DSS colitis (Figure 1). Second, innate 

immune cells from Trpm8−/− mice displayed hyperinflammatory responses upon stimulation 

with TLR ligands ex vivo, although this was not related to intrinsic TRPM8 signaling in myeloid 

cells (Figure 2). Third, we observed CGRP-IR in TRPM8+ fibers in the human and mouse colon, as 

well as an increase in TRPM8/CGRP expression in mucosal fibers in experimental colitis (Figure 

3). These CGRP+ mucosal fibers were observed in close proximity to CD11c+ cells in the inflamed 

colon (Figure 4). Fourth, we found that the hypersusceptiblity of Trpm8−/− mice to DSS colitis was 

phenocopied by mice with defective CGRP signaling (Figure 5). Finally, treatment with exogenous 

CGRP rescued the DSS susceptibility phenotype of Trpm8−/− mice (Figure 6). Thus, we propose a 

model in which mucosal injury or colitis activates TRPM8 signaling in a subset of mucosal sensory 
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Figure 5. CGRP receptor deficiency in BM-derived cells confers susceptibility to colitis. (a) WT and Ramp1−/− 
(receptor activity modifying protein-1) mice were subjected to drinking water with or without DSS (2%) for 5 days, 
followed by normal drinking water. The mice were euthanized on day 9 to analyze the colitis severity. DSS-treated 
Ramp1−/− mice showed significantly increased bodyweight loss, and, (b) mean DAI compared to WT controls. (c) 
Ramp1−/− mice showed increased DSS-induced mucosal damage and inflammatory cell infiltration in distal colon 
sections compared to WT controls (H&E). (d) Significantly increased TNF-α and IL-1β production in colon explants 
from DSS-treated Ramp1−/− vs. WT mice. (e) Defective CGRP signaling in bone marrow derived cells determines the 
susceptible phenotype of Ramp1−/− mice in DSS colitis. WT mice with reconstituted WT or Ramp1−/− bone marrow were 
treated with DSS (2%). Mice were euthanized on day 9. Recipients of Ramp1−/− bone marrow were more sensitive to DSS 
colitis as demonstrated by increased weight loss. (f) Mice in the Ramp1−/− −> WT cohort showed increased histological 
features of mucosal injury compared to the WT −> WT control group, as shown by the difference in mean colitis 
score. (g) Representative examples of colon cross-sections from recipients of WT and Ramp1−/− BM, respectively. (h) 
Expression of Clr (calcitonin receptor–like receptor) and Ramp1 transcripts in CD11c+ BMDC, as determined by Q-PCR. 
(i) Flow cytometric analysis of the expression of CRLR and RAMP1 by CD11c+ BMDC. Cells were stained with primary 
Abs, followed by detection with AF488-conjugated secondary Abs (red lines). Isotype controls (blue lines). ( j) Ramp1−/− 
BMDCs display a hyperinflammatory response to LPS (10 ng/mL) or CpG (5 μg/mL) stimulation compared to WT BMDC. 
Data are mean ± s.e.m. *P<0.05 by 2-way ANOVA (a, e) or Mann-Whitney (b, d, f and j). Scale bars = 100 μm (c,g).

neurons which results in the local release of CGRP. Subsequently, local high concentrations of 

CGRP suppress pro-inflammatory cytokine production by innate immune cells such as CD11c+ 

DCs, thereby suppressing colitogenic responses (Figure 7a). This immunoregulatory mechanism 

is absent in Trpm8 deficient mice, resulting in accumulation of non-released CGRP in mucosal 
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Figure 6. CGRP treatment reverses the hyperinflammatory phenotype of Trpm8−/− mice. (a) CGRP reverses the 
hyperinflammatory phenotype of CD11c+ DCs from Trpm8−/− mice. CD11c+ DCs were isolated from spleens from WT 
and Trpm8−/− mice. DCs were pretreated with 100 nM CGRP for 30 min and then stimulated with 5 μg/mL CpG. TNF-α 
levels were determined in the supernatants harvested 24 hrs after TLR stimulation. (b) Daily administration of CGRP 
reversed the increased susceptibility of Trpm8−/− mice to DSS colitis. WT and Trpm8−/− mice were treated with i.p. 
CGRP (2 μg/day) or PBS, during and after 2% DSS treatment, until euthanization at day 10. CGRP treatment reversed 
the increased bodyweight loss in the Trpm8−/− cohort compared to WT mice. (c) DAI of WT and Trpm8−/− mice after 
daily PBS or CGRP administration during DSS treatment, determined on day 10 of follow-up. (d) CGRP treatment 
reversed the increased histological signs of mucosal injury and inflammation in Trpm8−/− mice during DSS colitis. 
Scale bar = 100 μm. All data are presented as mean ± s.e.m. *P<0.05 versus WT control or as indicated (ANOVA).

fibers and a hyperinflammatory phenotype (Figure 7b). Alternatively, the surprising and 

paradoxical observation of CGRP accumulation in Trpm8−/− colons may result from the increased 

inflammatory activity observed in these mice after DSS challenge. However, the well-established 

anti-inflammatory effects of CGRP may be more consistent with our proposed model (Figure 7).

In contrast to the skin and oral cavity, the intestines are not subject to temperature changes. 

Thus, our model implies that endogenous TRPM8 ligands and/or modulators may play an 

important role in mucosal homeostasis. Furthermore, the production of these substrates may 

be modulated by inflammatory signaling pathways. Potential candidates are the end products 

of Ca2+-independent phospholipase A
2
 (iPLA

2
) which includes lysophosphatidylcholine, 

lysophosphatidylinositol and lysophosphatidylserine. These lysophospholipids can shift 

the gating threshold of TRPM8 to more physiological temperatures.42,43 Since inflammation-
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Figure 7. Working model of the effects of TRPM8+/CGRP+ mucosal fibers in colitis. (a) Proposed model of the 
local, anti-inflammatory effects of CGRP released by TRPM8+ sensory nerve fibers in the tissue microenvironment 
of the colon. In WT mice, the local release of CGRP by TRPM8+ mucosal fibers inhibits pro-inflammatory cytokine 
production by CD11c+ DCs in the course of mucosal damage and inflammation. (b) In Trpm8−/− mice, the lack of 
TRPM8 triggering results in CGRP accumulation in mucosal fibers. The absence of mucosal CGRP release results in 
unrestrained production of pro-inflammatory cytokines and enhanced colitis.

associated injury leads to the activation of iPLA
2
,44 this putative positive feedback loop may 

promote TRPM8 gating in the inflamed gut thereby providing an endogenous pathway for its 

activation. Similarly, phosphatidylinositol 4,5-bisphosphate (PIP
2
, a membrane phospholipid) 

can directly induce gating of the TRPM8 channel independent of temperature or cooling 

agents.45 This provides an alternative pathway of endogenous TRPM8 activation in the course 

of inflammatory damage. For example, activation of phosphatidylinositol 4-phosphate 5 kinase 

(PIP5K) in sensory neurons during inflammation, as recently demonstrated,46 may lead to PIP
2
-

mediated TRPM8 activation. Thus, various putative mechanisms could connect the induction of 

inflammatory injury to TRPM8 activation on mucosal fibers in the intestines. On the other hand, 

certain components of the ‘inflammatory soup’ are capable of antagonizing TRPM8 signaling, 

including endovanilloids and endocannabinoids.47 Furthermore, G-protein-coupled receptor 

(GPCR) ligands such as pro-inflammatory mediators bradykinin and histamine can directly 

inhibit TRPM8 gating via G-protein subunit Gα
q
.48 These endogenous signaling pathways often 

have opposite effects on cold receptor TRPM8 versus prototypical heat receptor TRPV1 (i.e. 

inhibition of TRPM8 versus activation of TRPV1, and vice versa).45,47,48 Thus, the pleiotropic 

effects of these endogenous mediators on TRP channel gating imply an important modulatory 

effect on the regulation of neurogenic inflammation in colitis.

Early reports suggested that the expression of neuronal TRPM8 did not overlap with 

prototypical nociceptive markers i.e., CGRP and TRPV1, based on immunostaining of rodent dorsal 

root ganglions (DRG).5 Co-expression of TRPM8 and CGRP was also not observed in nerve fibers 

that innervate the oral mucosa.6 However, careful dissection of the neurochemical properties of 

TRPM8+ fibers with a reporter mouse strain (Trpm8GFP) showed a more diverse and heterogeneous 

picture. A mixture of TRPM8+ putative nociceptors and non-nociceptors were observed in various 
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neuronal structures, including TRPM8/CGRP double positive neurons in the trigeminal ganglion 

(TG), skin and oral cavity.49 We and others confirmed expression of CGRP in TRPM8+ extrinsic 

fibers that penetrate the skin,50 bladder,7 colon (Ref. 11 and Figure 3), as well as the TG.51 These 

peptidergic properties of TRPM8+ fibers are relevant in the context of their proposed physiological 

functions. CGRP is a classic nociceptive marker and its role in pain perception is well-established, 

in addition to its contribution to neurogenic inflammation. The interplay between CGRP and SP on 

the activation of infiltrating inflammatory cells in the colon is particularly important in this regard.12 

Whereas experimental colitis models show that SP mainly displays colitogenic properties,24,35,36 

CGRP is protective.36-38 Our data confirmed the opposite roles of these two neuropeptides in colitis 

(Figure 5a-g, Supplementary Figure S4). In addition, our results suggest that TRPM8+ mucosal 

fibers are crucial for local CGRP release in the colonic mucosa upon acute mucosal injury (Figure 

3d-g). Notably, the susceptibility phenotype of Trpm8−/− mice was not observed in chronic colitis 

induced by three cycles of DSS, or TNBS administration (Supplementary Figure S1e-m), which 

may be related to differences in the type of infiltrating inflammatory cells between these models. 

Finally, the anti-colitogenic role of CGRP seems at odds with the reported pro-inflammatory 

properties of TRPV1 signaling,12,15 since TRPV1 is usually co-expressed with CGRP in mucosal fibers in 

the intestines.20-22 However, this may be explained by the co-expression of SP in TRPV1+ fibers,21,22 

which could shift the balance to a predominantly pro-inflammatory output.52 In contrast, TRPM8+ 

fibers show no detectable,6 or very low,50 levels of SP expression. 

To further dissect the features of TRPM8/CGRP signaling in neurogenic inflammation, we 

applied BMC to show that it is the expression of neuropeptide receptors on BM-derived cells 

that determines the outcome of colitis. The transfer of CGRP receptor deficient (Ramp1−/−) BM 

conferred enhanced DSS susceptibility to WT mice (Figure 5e-g). Conversely, the transfer of SP 

receptor deficient (Nk1−/−) bone marrow protected WT mice from DSS colitis (Supplementary 

Figure S4b). We also confirmed the expression of the receptor and co-receptor for CGRP 

(i.e., CLR and RAMP1, respectively) in CD11c+ cells at mRNA and protein level (Figure 5h,i). The 

immunoregulatory effects of CGRP on CD11c+ DCs have been previously demonstrated in the 

context of sepsis,41 allergic airway responses,40 and skin inflammation.53 Mechanistically, the 

inhibition of TLR pathways by CGRP was shown to be dependent of transcriptional inducible cAMP 

early repressor (ICER) in DCs.54 ICER is selectively induced in DCs by CGRP through intracellular 

[cAMP] elevations. ICER then interferes with the recruitment of ATF-2 to the Tnfa promoter.39 

Given the central role of TNF-α in the pathogenesis of colitis, these data are consistent with 

our proposed model in which TRPM8+/CGRP+ neuronal fibers provide local, anti-inflammatory 

signals upon the perturbation of mucosal homeostasis in the colon. A practical limitation of our 

study is the use of CD11c+ splenic DCs or BMDCs to demonstrate the effects of the TRPM8/CGRP 

axis on innate immune cells in the gut. CD11c is generally regarded as a marker for ‘conventional 

DCs’ (cDCs), which co-express MHC class II, but are negative for the high-affinity IgG receptor 

FcγR1 (CD64). In the intestinal lamina propria (LP), DCs can be derived from blood-derived 

committed precursors, which also form splenic CD11c+ cDCs, whereas other subsets are thought 

to derive from gut associated lymphoid tissue.55,56 Given the limited number of CD11c+ cDCs in 

the colonic LP,57 we have used CD11c+ cDCs isolated from the spleen or ex vivo cultured CD11c+ 
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BMDC in our assays, with the assumption that their responses to CGRP are similar to those from 

CD11c+ LP cDCs. Thus, the regulatory effects of CGRP on the response of various intestinal LP 

cDCs subsets to TLR stimulation should be studied in more detail.

A recent report by Ramachandran et al.28 confirmed the regulatory role of TRPM8 signaling in 

two different models of chemically-induced colitis (DSS, TNBS) through pharmacological studies 

(i.e., with menthol or icilin) and data generated with the TRPM8GFP reporter strain. They suggest 

a model in which agonist-mediated TRPM8 receptor activation inhibits the pro-inflammatory 

effects of TRPV1. Our data, based on genetic evidence, BMC and protein expression data, is 

conceptually different in some aspects. Although we also confirmed TRPM8 expression in the 

myenteric plexus (Ref. 11; Figure 3a), we could not find clear evidence for Trpm8 expression in 

IEC (Figure 3i, Supplementary Figure S2g-S3). We also observed that CGRP is co-expressed with 

TRPM8 in colonic mucosal fibers in mouse and human (Ref. 11; Figure 3a,c), and that CGRP levels 

in mucosal fibers are increased in naïve and DSS-treated Trpm8−/− mice compared to WT controls 

(Figure 3d-g), whereas their data suggest that TRPM8+ sensory neurons do not express CGRP.28 

Thus, our findings lead us to propose a different model in which TRPM8+ mucosal fibers directly 

suppress innate immune cells through CGRP (Figure 7). This model is also consistent with the 

established anti-inflammatory effects of CGRP on DCs and colitis. Of note, a recent publication by 

Hosoya et al. confirmed positive TRPM8 staining in fiber-like structures in the colon, in addition 

to TRPM8-IR+ in IEC.58 Thus, the expression patterns of TRPM8 in the gut i.e., in both neuronal 

and non-neuronal cells, might account for multiple mechanisms of immune modulation. 

Furthermore, Hosoya et al. also confirmed TRPM8/CGRP co-labeling in colonic mucosal fibers, in 

addition to increased TRPM8-IR+ in these fibers under inflammatory conditions.60 Together with 

these data, our findings contribute to a fundamental understanding of the role of TRP channel 

and neuropeptide signaling in the regulation of mucosal inflammation.

METHODS
Reagents. Dextran sodium sulfate was purchased from MP Biomedicals (Solon, OH, USA). 

DL-Dithiothreitol (DTT), EDTA, FITC-Dextran (FD-4), LPS (Escherichia coli O111:B4) and 

2,4,6-trinitrobenzene sulfonic acid (TNBS) were obtained from Sigma (St. Louis, MO, USA). 

Recombinant murine GM-CSF was purchased from eBioscience (San Diego, CA, USA). LPS-free 

1018 CpG-ODN (5-TGACTGTGAACGTTCGAGATGA-3) was obtained from TriLink Biotechnologies 

(San Diego, CA, USA). Recombinant CGRP (Human) and CGRP
8-37

 were obtained from Phoenix 

Pharmaceuticals (Burlingame, CA, USA).

Mice. Eight-to-twelve week old, sex-matched mice were used for all experiments. Specific 

pathogen free C57BL/6 mice were acquired from Harlan Sprague Inc (Hayward, CA, USA) 

and bred in our vivarium before colitis experiments were performed to minimize differences 

in intestinal flora. Trpm8−/− mice3 were kindly provided by Dr. A. Patapoutian (TSRI, La Jolla, 

USA). Ramp1−/− mice41 were kindly provided by Dr. K. Tsujikawa (Osaka University, Osaka, Japan). 

Nk1−/− mice59 were kindly provided by Dr. J. Weinstock (Tufts Medical Center, Boston, USA). 

115



Experimental procedures were conducted in accordance with the University of California, San 

Diego institutional guidelines for Animal Care and Use (IACUC).

DSS and TNBS colitis. Based on previous experience with the acute DSS model in our vivarium32 

we used DSS dissolved at 1% (DSSlow) or 2% (w/v) in sterile drinking water during 5 days before 

switching to water. For some experiments, control groups were treated with drinking water only. 

In the chronic DSS model, three consecutive cycles of 2% (w/v) DSS were applied during 5 days, 

followed by two weeks of water. Mice were euthanized on day 10 of the final DSS cycle. For the 

TNBS colitis model, mice were sensitized on day -7 by cutaneous application of 1% (w/v) TNBS or 

EtOH (negative control) in a mixture of acetone/olive oil (4:1). All mice were re-challenged on day 

0 with 2.5% (w/v) TNBS by rectal administration. Cohorts of TNBS treated mice were euthanized 

on day 3 or day 5 of follow-up for analysis of colitis severity and inflammatory cytokine production. 

For intervention studies in the acute DSS model, CGRP (agonist), CGRP
8-37

 (antagonist) or PBS 

was administered to mice at 2 μg/day (i.p.). Bodyweights of mice were recorded daily. Mice were 

euthanized at time of maximal bodyweight differences between groups, as indicated in the figure 

legends. Intestinal bleeding was monitored with the hemoccult test (Beckman Coulter) to calculate 

the disease activity index (DAI). Body weight loss was scored as follows: 0 = 0-4.9%; 1 = 5.0-9.9%; 2 = 

10.0-14.9%; 3 = 15.0-19.9%; 4 = >20.0% bodyweight loss. Intestinal bleeding was scored as follows: 0 

= negative hemoccult test; 2 = positive hemoccult test; 4 = gross rectal bleeding. Bodyweight loss 

and intestinal bleeding scores were added, resulting in a total score ranging from 0–8.

Functional intestinal barrier tests. FITC-Dextran (FD-4) was dissolved at 60 mg/mL in water 

and orally delivered to mice. Blood serum was obtained by retro-orbital bleeding 2 hrs later. 

The fluorescence (FU) in serum samples was compared to a standard range of FITC-Dextran to 

calculate FD-4 values in experimental samples. Fecal albumin measurements were performed 

with dried fecal pellets using the Mouse Albumin ELISA Quantitation Set obtained from Bethyl 

Laboratories (Montgomery, TX, USA) according to manufacturer’s instructions.

Ussing chamber experiments. Segments of distal colon were cut along the mesenteric border 

and mounted in Ussing chambers (Physiological instruments, San Diego, CA), with a window area 

of 0.09 cm2, according to protocol.60,61 Baseline short-circuit current (I
sc

) values were obtained 

at equilibrium, 15 min after the tissues were mounted and expressed as μA/cm2. Conductance 

(G) was also determined at baseline as an indicator of ion flux, or paracellular permeability, 

and expressed as mS/cm2. FITC labeled dextran (4 kDa, Sigma) was used as a probe to assess 

macromolecular permeability, and was added to the luminal buffer at a final concentration of 

2.2 mg/mL once equilibrium was reached. Serosal samples were taken at 30 min intervals for 2 

hrs and replaced with fresh buffer to maintain constant volumes. Fluorescence was measured 

by end point assay (Victor4X, Perkin Elmer, Waltham, MA) and the flux of FITC-dextran from 

the mucosa to the serosa was calculated as the average value of three consecutive stable flux 

periods (30-60, 60-90 and 90-120 min) and expressed as μg/ml/cm2/h.

Histological analysis of colitis. The excised colon was opened longitudinally with surgical 

scissors and rolled from proximal to distal. Colon rolls were fixed with 10% buffered formalin 
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for 24 hrs. Paraffin cross-sections (5 μm) were stained with H&E and the severity of colitis was 

determined by evaluating epithelial damage and inflammatory cell infiltration, respectively. 

Colonic epithelial damage was scored as follows: 0 = normal; 1 = hyper-proliferation, irregular 

crypts, and goblet cell loss; 2 = mild to moderate crypt loss (10–50%); 3 = severe crypt loss 

(50–90%); 4 = complete crypt loss, surface epithelium intact; 5 = small to medium sized ulcer 

(<10 crypt widths); 6 = large ulcer (>10 crypt widths). Infiltration with inflammatory cells was 

scored separately for mucosa (0 = normal; 1 = mild; 2 = modest; 3 = severe), submucosa (0 = 

normal; 1 = mild to modest; 2 = severe), and muscle/serosa (0 = normal; 1 = moderate to severe). 

Scores for epithelial damage and inflammatory cell infiltration were added, resulting in a total 

colitis score ranging from 0–12.

Colonic explants and MLN T-cell stimulation. After extraction and longitudinal opening of the 

colon, 3 rectangular tissue specimens (2 mm x 8-10 mm) from the proximal, middle and distal 

colon were excised. The tissues were weighed, then washed in RPMI-1640 medium (Gibco, 

Grand Island, NY, USA) containing streptomycin (100 μg/mL) and penicillin (100 U/mL). Tissue 

explants were incubated in 24-wells plates in 500 μL supplemented RPMI-1640 culture medium 

for 18 hrs (at 37°C, with 5% CO
2
 humidified air). After incubation, supernatants were harvested 

and stored at -80°C until cytokine quantification by ELISA. Cytokine levels were normalized 

per mg colon tissue. For T-cell stimulation assays, MLN cells were stimulated with 10 μg/ml 

plate-bound anti-CD3 and 1 μg/ml soluble anti-CD28 Abs in complete RPMI 1640 medium. 

Supernatants were collected 24 hrs after stimulation for evaluation of cytokine levels by ELISA.

ELISA and EIA. Quantitative analyses for TNF-α, IL-1β, IL-6, IL-17A and IFNγ were performed 

with commercial ELISA kits (eBioscience) according to manufacturer’s instructions. CGRP levels 

in colon homogenates were quantified with the CGRP (rat) EIA kit obtained from Cayman (Ann 

Arbor, MI, USA) following the manufacturer’s instructions.

Intestinal epithelial cell isolation. Performed as previously.62 In short, colons were washed 

three times in PBS (1 mM dithiothreitol), followed by incubation in HBSS (5 mM EDTA, 0.5 mM 

dithiothreitol) for 1 hr at 37°C. Detached single cells and crypts (supernatants) were centrifuged 

at 800 g for 5 min in a table-top centrifuge, and washed three times in PBS before RNA extraction.

Bone marrow chimeras. Groups of eight-to-ten week old, sex-matched recipients (WT or 

knockout mice) were γ-irradiated (9 Gy). Recipient mice were then intravenously injected with 

107 bone marrow cells from sex-matched donor mice within 24 hrs after irradiation. Recipients 

received sulfamethoxazole/trimethoprim in drinking water for 2 weeks at the beginning of the 

protocol. After 6 weeks, mice were subjected to DSS. Chimerism was quantified by Q-PCR of 

peripheral blood cells at the time of euthanization, as previously described.63 

Flow cytometry. Performed as previously.64 Briefly, enriched CD11c+ BMDCs were pretreated 

with Fc-Block (Anti-Mouse CD16/CD32 Purified; eBioscience). Cells were then stained with 

anti-CRLR (H-42; Santa Cruz, Dallas, TX, USA), anti-RAMP1 (FL-148; Santa Cruz) Abs or control 

serum, followed by detection with AF488-conjugated secondary Abs. Data were acquired with 

the C6 Accuri flow cytometer (BD Biosciences; San Jose, CA, USA).
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Immunohistochemistry and BrdU labeling. Performed as previously reported.62,63 Briefly, 

formalin-fixed colons were paraffin embedded and sectioned (5 μm). Tissue sections were 

incubated overnight at 4°C with optimized dilutions of anti-Ki67 (Abcam; Cambridge, MA, 

USA) antibodies, incubated with HRP–conjugated secondary antibodies for 1 hr, followed 

by visualization with the DAB peroxidase substrate kit (Vector Laboratories; Burlingame, CA, 

USA). For BrdU stainings, mice were injected i.p. with 2 mg of BrdU solution at 2, 48 or 72 hrs 

before euthanasia. The BrdU In-Situ Detection Kit (BD) was used according to manufacturer’s 

instructions. Slides were counterstained with Hematoxylin 560 (Surgipath; Richmond, IL, USA).

Immunofluorescent stainings and tissue analysis. Mouse spleen and colon were removed, 

washed and fixed overnight (at 4°C) in 4% paraformaldehyde (PFA). Human colon was obtained 

from consented patients undergoing right hemicolectomies for cancer, according to ethical 

regulations (NREC 09/H0704/02). Ascending colon that was a minimum of 10 cm away from the 

tumor was used for IF stainings. The specimens were macroscopically uninflamed. The image 

shown is representative of ascending colon samples from 4 patients. Age range 59 - 83 years 

old, 2 females and 2 males. These colon tissues were fixed overnight in 4% PFA. Briefly, 10 μm 

sections of cryoprotected tissue were cut, incubated with blocking buffer (Dako; Carpinteria, 

CA, USA) for 1 hr, before primary antibodies were applied overnight (4°C); TRPM8 (1:200, Abcam: 

ab104569 - for mouse tissue; 1:200, Alomone: ACC-049 - for human colon), CGRP (1:400, Abcam: 

ab36001), CD11c (1:100, Abcam: ab33483) and E-cadherin (1:50, Millipore, MABT26). Tissues 

were then washed and species-specific AF secondary antibody (1:400, Invitrogen, Carlsbad, 

CA) applied for 1 hr. A Leica DM4000 epifluorescence microscope was used to visualize IR. Five 

fields of view (1.44 megapixel) were randomly obtained with a QImaging camera and analysed 

with ImageJ for total number of IR pixels in the region of interest within the mucosal layer.

CD11c+ splenic DC isolation and BMDC culture. Spleens were harvested and placed in 35 mm petri 

dishes containing RPMI-1640 (2% FBS), followed by homogenization. Splenocytes were filtered (100 

μm) and erythrocytes were lysed by adding ACK Lysing Buffer (Gibco). CD11c+ cells were then isolated 

by using the EasySep mouse CD11c positive selection kit (StemCell; Vancouver, Canada), according 

to manufacturer’s instructions. CD11c+ BMDC were cultured and harvested as previously described.65 

Briefly, BM cells from femurs and tibias were aseptically flushed with RPMI-1640 (2% FBS). BM cells 

were then passed through a 100 μm nylon mesh. BM cells were seeded at a density of 1 × 109 cells in 

complete RPMI medium containing 10 ng/mL rmGM-CSF. Medium was replenished (50 % v/v) on 

day 3 and day 6, respectively. CD11c+ DC cell selection was performed on day 7 by positive selection.

CD11c+ DC stimulation with TLR ligands. Enriched CD11c+ DCs were seeded at a density of 2 x 

105 per well in 96-wells plates in complete RPMI medium in the presence of 10 ng/mL LPS or 5 

μg/mL CpG. For some experiments, DCs were pretreated with 100 nM CGRP for 30 min before 

TLR stimulation. Supernatants were harvested after 24 hrs and cytokine concentrations in the 

supernatant were measured by ELISA.

RNA isolation and Q-PCR. Colonic tissue samples from proximal, middle and distal colon were 

snap-frozen and kept at -80°C until RNA isolation. IEC and CD11c+ DC cell suspensions were 
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directly lysed in RLT buffer after isolation and enrichment procedures and stored at -80°C. RNA 

isolations were performed with the RNeasy Mini Kit (Qiagen; Hilden, Germany), cDNA synthesis 

with the qScript cDNA superMix kit (Quanta Biosciences; Gaithersburg, MD, USA). Q-PCR 

was performed on the AB7300 Real-Time PCR System (Applied Biosytems) using PerfeCta 

SYBR Green FastMix (Quanta Biosciences). Custom designed oligonucleotide sequences (IDT 

Technologies; Coralville, IA, USA) were used for Q-PCR (see Supplementary Table 1). To validate 

the specificity of the primer pairs, PCR products were run on 2% agarose gels and visualized 

with SYBR Safe DNA (Invitrogen).

Statistical analysis. Data are presented as mean ± s.d. or mean ± s.e.m., as indicated. P-values are 

stated in figure legends. Unpaired Student’s t-test was used for statistical analyses to compare 

two data sets with normal distribution, Mann-Whitney U-test was used for nonparametric data, 

analysis of variance was used to compare multiple data sets (GraphPad Prism 5.0, La Jolla, CA).
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Supplementary Figure S1. Trpm8−/− mice are hypersusceptible to acute but not chronic experimental colitis. 
(a) Trpm8−/− mice showed shorter colons without pelleted contents after DSS treatment compared to WT mice. 
Typical examples are shown. (b) Quantification of colon lengths from WT and Trpm8−/− mice after DSS treatment. (c) 
Decreased expression of Muc2 and, (d) Muc3 transcripts in intestinal epithelial cells harvested from Trpm8−/− mice 
compared to WT, as determined by Q-PCR. Results were normalized to Gapdh. (e) Mean bodyweights of WT and 
Trpm8−/− mice during treatment with 3 cycles of DSS. Significant differences between groups were only observed 
during the first cycle i.e. the acute stage of colitis. (f) No statistically significant difference in DAI between WT 
and Trpm8−/− mice after 3 cycles of DSS. (g) The extent of mucosal injury and inflammatory cell infiltration were 
comparable between WT and Trpm8−/− mice after 3 cycles of DSS. (h) No difference in pro-inflammatory cytokine 
production between WT and Trpm8−/− mice after 3 cycles of DSS in colon explant cultures. (i) Similar or diminished 
levels of T-cell cytokines produced by MLN cells stimulated with anti-CD3/CD28 Abs in the Trpm8−/− cohort 
compared to WT. ( j) Mean bodyweights of WT and Trpm8−/− mice after topical re-challenge with 2.5% (w/v) TNBS 
or EtOH (negative control) on day 0 after cutaneous sensitization with 1% (w/v) TNBS on day -7. No statistically 
significant differences were observed between the two cohorts throughout follow-up. (k) Reduced signs of 
colitogenic activity in colons from Trpm8−/− compared to WT mice after TNBS treatment. (l) No differences between 
WT and Trpm8−/− mice in innate (TNF-α, IL-1β and IL-6) or T-cell derived (IFNγ, IL-17A) pro-inflammatory cytokines 
in colon explant cultures after TNBS treatment. (m) Significantly reduced TNF-α production but similar levels of 
IFNγ and IL-17A by anti-CD3/CD28 restimulated MLN cells isolated from Trpm8−/− mice compared to WT controls. 
Data are mean ± s.e.m. *P<0.05 by Student’s t-test (c-d, i, m) or ANOVA (e). Scale bars = 500 μm (g) or 250 μm (k). 
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Supplementary Figure S2. Lack of epithelial traits predisposing for colitis in Trpm8−/− mice. (a) Similar expression 
levels of Muc2 and Muc3 in colonic epithelial cell lysates from naïve WT and Trpm8−/− mice, as determined by 
Q-PCR. Results were normalized for housekeeping gene Gapdh. (b) Comparable intestinal barrier functions 
measured in naïve WT and Trpm8−/− mice. Fecal albumin was measured by ELISA to quantify albumin leakage from 
the circulation to the intestinal lumen. (c) No difference in the uptake of dextran polymer FD-4 between WT and 
Trpm8−/− mice in vivo. FD-4 levels in the blood serum were quantified by measuring fluorescence, 2 hrs after oral 
gavage. (d) No differences in baseline active ion secretion (short-circuit current, I

sc
), paracellular permeability 

(conductance, G) or macromolecular permeability (FITC dextran) as measured by Ussing chamber experiments 
with distal colon segments from naïve WT and Trpm8−/− mice. (e) No difference in the expression of proliferation 
marker Mki67 in intestinal epithelial cells between WT and Trpm8−/− mice. Mki67 expression was determined 
in intestinal epithelial cell lysates from the small intestine and colon, respectively, by Q-PCR (normalized for 
Gapdh). (f) No difference in the number of Ki67 positive cells in the small intestine or colon between WT and 
Trpm8−/− mice. Ki67 immunoreactivity in paraffin sections was detected with DAB (brown). Counterstaining was 
performed with hematoxylin (blue). Scale bar = 100 μm. (g) No expression of Trpm8 in intestinal epithelial cell 
lysates, as determined by Q-PCR. Positive control: spine homogenate. Neurofilament (neuronal marker). Villin 
(intestinal epithelial cell marker). Data are presented as mean ± s.e.m. 
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TRPM8 INHIBITS COLITIS THROUGH CGRP 
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Supplementary Figure S3. Optimization of anti-CGRP and anti-TRPM8 Abs for immunofluorescent staining. 
(a) Immunofluorescent (IF) staining with anti-CGRP Ab (Abcam) of WT colon sections, detection with AF488 
conjugated secondary Abs. Left panel: no primary Ab (control). Arrowheads: positive staining in myenteric 
plexus. Asterisk: positive staining fibre in the mucosal layer. (b) IF staining with anti-TRPM8 Abs (Abcam) of WT 
colons, detection with AF488 secondary Ab. Left panel: no primary Ab (control). Arrowheads: positive staining 
in myenteric plexus. Double asterisks: positive staining in serosal layer. (c) Staining of PFA-fixed colon sections 
prepared from WT mice treated with water or DSS 2% (w/v) for 3 days. The mucosal layer was visualized with 
differential interference contrast (DIC) microscopy and merged with fluorescence images (right panels). Typical 
results are shown (n=4/group), demonstrating that TRPM8-IR+ fibres are located between colonic crypts. (d) 
Double staining of DSS-treated WT colon section with anti-CGRP (green) and anti-TRPM8 (red) Abs. See additional 
comments in legends to Figure 3g. Imaging was performed at 63X.
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Supplementary Figure S4. SP receptor deficiency protects against colitis. (a) WT and Nk1−/− mice received DSS 
2% (w/v) in drinking water for 5 days. Mice were euthanized on day 9 for analysis. Nk1−/− mice showed significantly 
less body weight loss during follow-up, less mucosal injury and hallmarks of colonic inflammation compared to 
WT mice. (b) Deficiency of the SP receptor in bone marrow derived cells protects against colitis. WT mice were 
reconstituted with either WT or Nk1−/− bone marrow followed by DSS 2% (w/v) treatment 6 weeks later. Mice were 
euthanized on day 10. Recipients of Nk1−/− bone marrow were protected against acute colitis as demonstrated by 
reduced weight loss and less mucosal injury compared to control mice. Data are mean ± s.e.m. *P<0.05 (2-way 
ANOVA). Scale bars = 100 μm. 
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Supplementary Figure S5. CGRP antagonism aggravates DSS colitis in WT mice. (a) WT mice showed an increased 
susceptibility to DSS colitis during treatment with the CGRP antagonist, CGRP

8-37
. WT and Trpm8−/− mice received 

DSS 2% (w/v) in drinking water for 5 days and were treated once daily with CGRP
8-37

 (2 μg, i.p.). Whereas WT mice in 
the PBS group started recovering from the DSS-induced bodyweight loss at day 7, WT mice of the CGRP

8-37
 group 

did not. No statistically significant differences were observed in mean bodyweights between the treatment groups 
on the Trpm8−/− background. (b) CGRP

8-37
 vs. PBS treatment resulted in a significantly increased DAI in WT but not in 

Trpm8−/− mice. (c) WT mice showed more extensive mucosal injury and colonic inflammation in the CGRP
8-37

 group 
compared to PBS-treated mice. A similar degree of colitis was observed in PBS vs. CGRP

8-37
 treated Trpm8−/− mice. 

Scale bar = 500 μm. (d) Increased production of TNF-α and IL-6 in colon explants of CGRP
8-37

 treated WT mice, but 
not Trpm8−/− mice. *P<0.05 CGRP

8-37
 vs. PBS by ANOVA (a), Mann-Whitney (b) or t-test (d).
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Supplementary Table 1: Primer sequences.

Gene Accession number Sequence 5’-3’

Cd11c NM_021334.2 CTGAGAGCCCAGACGAAGACA
TGAGCTGCCCACGATAAGAG

Clr NM_018782.1 GTTGCCAACGGATCACATTGC
ACAAAGCAGCACAAATCGGAC

Gapdh NM_008084 ACAAAGCAGCACAAATCGGAC 
ACCCTGTTGCTGTAGCCGTAT 

Muc2 XM_975612.2 ACATCACCTGTCCCGACTTC
GAGCAAGGGACTCTGGTCTG

Muc3 XM_355711.9 
XM_001478962.2

GTGATCCTCGTGATCCTCCT
GATGCTCTGCCTTCCTCTTC  

Mki67 NM_001081117.2 TGCCCGACCCTACAAAATG 
GAGCCTGTATCACTCATCTGC

Nefl NM_010910 GGCCTTGGACATCGAGATTG 
TCTGCAAGCCACTGTAAGC

Ramp1 NM_016894.2 GACGCTATGGTGTGACT
GAGTGCAGTCATGAGCAG  

Trpm8 NM_134252.3 GCTGTACAAAGCCTTCAGCAC
CTCATCACTGGCAAGGTCCA  

Vil NM_009509 TGGAAGAGTTTCAACAGAGGG
CTGGTCTCGGATCTCTTTGG
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ABSTRACT
TRPV1 is a Ca2+-permeable channel studied mostly as a pain receptor in sensory neurons. 

However, its role in other cell types is poorly understood. Here we found that TRPV1 was 

functionally expressed in CD4+ T cells, where it acted as a non–store-operated Ca2+ channel 

and contributed to T cell antigen receptor (TCR)-induced Ca2+ influx, TCR signaling and T cell 

activation. In models of T cell–mediated colitis, TRPV1 promoted colitogenic T cell responses 

and intestinal inflammation. Furthermore, genetic and pharmacological inhibition of TRPV1 in 

human CD4+ T cells recapitulated the phenotype of mouse Trpv1−/− CD4+ T cells. Our findings 

suggest that inhibition of TRPV1 could represent a new therapeutic strategy for restraining 

proinflammatory T cell responses.
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INTRODUCTION
Following engagement of the T cell antigen receptor (TCR) and formation of the immunological 

synapse, calcium (Ca2+) channels mediate the Ca2+ influx necessary for the activation of T cells1. Ca2+ 

influx from the extracellular milieu into the cytosol is mandatory for the activation of downstream 

TCR signaling pathways and key transcription factors, including NFAT and NF-κB2. Ligation of the 

TCR triggers phosphorylation events that lead to activation of the Ca2+ release–activated Ca2+ 

channel complex and to store-operated Ca2+ entry3. However, this canonical scheme of Ca2+ influx 

does not account for the involvement of other plasma-membrane Ca2+ channels.

Studies have documented the important contributions of voltage-gated Ca2+ channels4,5 and 

members of the transient receptor potential (TRP) family of ion channels6,7 to T cell activation. The 

mammalian TRP family of ion channels consists of 28 members categorized into six subfamilies: 

canonical (TRPC), with seven members; vanilloid (TRPV), with six members; melastatin (TRPM), 

with eight members; ankyrin (TRPA), with one member; polycystin (TRPP), with three members; 

and mucolipin (TRPML), with two members8. Although physiological roles of TRP channels are well 

characterized in the nervous system, their role in the activation and function of T cells is still elusive2,5,6.

The ‘founding member’ of the TRPV subfamily, TRPV1, is highly permeable to Ca2+ (with 

a permeability to calcium relative to permeability to sodium (P
Ca/

P
Na

) of ~10)9 and was initially 

identified as the receptor for capsaicin, the pungent ingredient in chili peppers10. In this study, 

we found that mouse and human primary CD4+ T cells expressed a functional TRPV1 channel 

(called ‘TRPV1CD4’ here). We found that TRPV1CD4 contributed to TCR-induced Ca2+ influx and was 

required for proper downstream TCR signaling. Our data indicate a cell-intrinsic role for the 

TRPV1 channel in the activation of and acquisition of proinflammatory properties by CD4+ T cells.

RESULTS
Expression of functional TRPV1 by CD4+ T cells
We first compared the expression of mRNA encoding various TRP channels in primary CD4+ T 

cells isolated from the spleen of C57BL/6 (wild-type) mice. Among mRNA encoding the eight 

different TRP channels analyzed, Trpv1 transcripts had the highest expression (Fig. 1a). We 

used CD4+ T cells isolated from Trpv1−/− mice as a control (Fig. 1b). We confirmed expression 

of TRPV1 protein in mouse spleen CD4+ T cells by flow cytometry (Fig. 1c) as well as in human 

primary CD4+ T cells and in the Jurkat human T lymphocyte cell line by immunoblot analysis 

(Supplementary Fig. 1a). Confocal microscopy showed expression of TRPV1 predominantly at 

the plasma membrane of resting CD4+ T cells (Fig. 1d and Supplementary Fig. 1b,c). Indeed, 

the fluorescence signals of TRPV1 and CD4 were largely colocalized (Pearson’s correlation 

coefficient, 0.96) (Fig. 1e). Furthermore, cell-surface biotinylation assays confirmed localization 

of TRPV1 at the plasma membrane of Jurkat T cells (Supplementary Fig. 1d).

We next evaluated the functionality of the TRPV1 channel in CD4+ T cells by the whole-cell 

patch-clamp technique. We used the prototypical TRPV1 agonist capsaicin10 and recorded 

capsaicin-induced currents in wild-type and Trpv1−/− CD4+ T cells held at −85 mV (Fig. 2a). In 
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Figure 1. TRPV1 is expressed in CD4+ T cells. (a) Quantitative PCR analysis of transcripts encoding TRP proteins 
in splenic CD4+ T cells isolated from C57BL/6 (wild-type) mice; results normalized to those for the housekeeping 
gene Gapdh (encoding GAPDH) and presented relative to those for Trpm4 (known to be expressed in CD4+ T 
cells27), set as 1. NS, not significant; *P < 0.05, **P < 0.001 and ***P < 0.0001 (one-way analysis of variance (ANOVA) 
with post-hoc Dunnett’s test). (b) Electrophoresis of the products of quantitative PCR analysis of splenic 
CD4+TCRβ+ T cells isolated from wild-type (WT) and Trpv1−/− mice and sorted by flow cytometry (purity, >98%): the 
Trpv1-specific product (top) migrates at the expected size of 188 base pairs (bp); Cd3d (encoding CD3δ) serves as 
a T cell marker; Gapdh (encoding glyceraldehyde phosphate dehydrogenase) serves as a loading control. (c) Flow 
cytometry of splenocytes isolated from wild-type mice, preincubated with a blocking peptide corresponding to 
TRPV1 (α-TRPV1 + peptide) or not (α-TRPV1) and then stained for CD4 and TCRβ (gated as CD4+TCRβ+ T cells) 
and with anti-TRPV1, or stained with the isotype-matched control antibody immunoglobulin G alone (IgG) (ctrl); 
numbers in plot indicate geometric mean fluorescence (GMF) of the staining intensity. (d) Confocal microscopy 
of the subcellular localization of TRPV1 and CD4 in splenic CD4+ T cells stained with the DNA-binding dye DAPI 
(far left), with goat anti-TRPV1 (primary) followed by Alexa Fluor 546–conjugated anti-goat (secondary) (middle 
left) or with Alexa Fluor 488–conjugated anti-CD4 (middle); middle right, merged image (yellow, TRPV1-CD4 
colocalization); far right, enlargement (5.5×) of area outlined at left. Scale bar, 5 μm. (e) Colocalization of TRPV1 
and CD4, assessed with Velocity software (Pearson’s correlation coefficient, 0.96). Data are representative of 
three or more independent experiments (mean and s.e.m. of five mice in a).

wild-type CD4+ T cells, the application of capsaicin rapidly induced a small inward current (1.7 ± 0.4 

pA/pF (mean ± s.e.m.); n = 9 cells) that was desensitized with prolonged exposure to the agonist 

(Fig. 2a,b). This desensitization was probably caused by the presence of Ca2+ ions in the external 

solution, as demonstrated before in recordings of rat TRPV1 currents in HEK293 human embryonic 

kidney cells transfected to express TRPV1 (refs. 10,11). In Trpv1−/− CD4+ T cells, we recorded only an 

insignificant amount of inward current (0.4 ± 0.1 pA/pF (mean ± s.e.m.); n = 8 cells) in response 

to capsaicin (Fig. 2a,b). Additionally, with the same recording conditions, we routinely recorded 

2- to 10-nA capsaicin-gated currents from transformed human kidney (tSA201) cells with transient 

expression of rat TRPV1 (data not shown). To further confirm that the current observed in 

wild-type CD4+ T cells was indeed a TRPV1 current, we measured capsaicin-induced currents in 

the presence of SB366791, a specific TRPV1 antagonist12. SB366791 inhibited approximately 80% of 

the inward current observed in wild-type CD4+ T cells in response to capsaicin (untreated control, 

2.0 ± 0.3 pA/pF (mean ± s.e.m.), n = 10 cells; SB366791 treated, 0.4 ± 0.1 pA/pF (mean ± s.e.m.), n = 
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&Figure 2. TRPV1 is a functional Ca2+ channel in CD4+ T cells. (a) Inward currents recorded on wild-type, Trpv1−/− and 
SB366791-treated wild-type (WT + SB) CD4+ T cells treated with 16 μM capsaicin (CAP; gray bars, exposure duration) 
and held at −85 mV; dotted lines, zero current. (b,c) Current density of wild-type CD4+ T cells (n = 9) and Trpv1−/− 
CD4+ T cells (n = 8) (b) or of wild-type CD4+ T cells left untreated (SB −) (n = 10) or treated with 1 μM SB366791 (SB 
+) (n = 13) (c), assessed after treatment with capsaicin, calculated by normalization of peak current recorded at −85 
mV to the capacitance of each cell. (d) Current-voltage relationship of the capsaicin-induced current in CD4+ T cells 
treated with 3 μM capsaicin and with a voltage ramp (−70 mV to +70 mV) delivered over 400 ms; results calculated by 
subtraction of current before the addition of capsaicin from current after that addition and normalization relative to 
the current at −70 mV (−19.2 ± 3.3 pA). (e) [Ca2+]

i
 in wild-type, Trpv1−/− and Trpv1-TG splenic CD4+CD25− (naive) T cells 

loaded with the calcium indicator Fura-2 AM and treated with 10 μM capsaicin (gray bar) in the presence of 2 mM 
CaCl

2
 (2 Ca; black bar), monitored by confocal imaging and presented as the ratio of Fura-2 emission at an excitation 

of 340 nm to that at 380 nm (340/380). (f) Quantification of Ca2+-influx profiles obtained as in e with 1 or 10 μM 
capsaicin. (g) Immunoblot analysis of TRPV1 and β-actin (loading control throughout) in total lysates of wild-type 
and Trpv1-TG splenic CD4+ T cells; doublets at ~95 kilodaltons (kDa) and 115 kDa correspond to the nonglycosylated 
and glycosylated forms of the TRPV1 channel40. Below lanes, densitometry analysis (band intensity relative to that of 
β-actin). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (two-tailed Student t-test (b,c) or one-way ANOVA with 
the post-hoc Bonferroni test (f)). Data are representative of three or more independent experiments (mean and 
s.e.m. in b,c; average of four cells in d; mean and s.e.m. of 50–100 cells in f).

13 cells) (Fig. 2a,c). To better characterize the capsaicin-induced current in CD4+ T cells, we used 

a ramp-pulse protocol to measure the current-voltage relationship after the addition of capsaicin 

(Fig. 2d). The current-voltage relationship of the capsaicin-gated current confirmed the outward-

rectification characteristic of the TRPV1 current reported for rat and human TRPV1 channels10,12.

To further evaluate functionality of the TRPV1 channel in CD4+ T cells, we performed single-cell 

ratiometric Ca2+ imaging and flow cytometry–based Ca2+ flux measurements. Capsaicin increased 

the intracellular calcium concentration ([Ca2+]
i
) in a concentration-dependent way in wild-type 
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naive CD4+ T cells but not in their Trpv1−/− counterparts (Fig. 2e,f). In addition, we generated mice 

with transgenic expression of TRPV1 specifically in CD4+ T cells (Trpv1-TG mice) by crossing mice 

expressing Trpv1 from the ubiquitous Rosa26 locus13 with mice expressing Cre recombinase from the 

T cell–specific Cd4 promoter. We found that capsaicin induced a substantial Ca2+ influx in Trpv1-TG 

CD4+ T cells (Fig. 2e,f) that overexpressed TRPV1 (Fig. 2g). Capsaicin also induced a substantial Ca2+ 

influx in Jurkat T cells, which was almost completely abolished after knockdown of TRPV1 mediated 

by short hairpin RNA (Supplementary Fig. 1e). Collectively, these findings indicated that the TRPV1 

channel was functionally expressed on the plasma membrane of CD4+ T cells (TRPV1CD4).

TRPV1CD4 contributes to TCR-induced Ca2+ influx
We next investigated the physiological role of TRPV1CD4 by comparing changes in [Ca2+]

i
 after 

stimulation of the TCR in wild-type, Trpv1−/− and Trpv1-TG CD4+ T cells. Ca2+ influx induced by 

crosslinking with antibody to the invariant signaling protein CD3 (anti-CD3) was significantly 

lower in Trpv1−/− CD4+ T cells than in wild-type cells (Fig. 3a,b). We observed this defect in 

Trpv1−/− CD4+ T cells independently of the extracellular calcium concentration tested or of the 

Ca2+ flux–monitoring protocol used (for example, TCR stimulation before the addition of CaCl
2
 

or vice versa; Supplementary Fig. 2a–d). In addition, Ca2+-titration experiments revealed that 

the TCR-induced Ca2+ influx defect in Trpv1−/− CD4+ T cells was ‘rescued’ by a 50% increase in 

the extracellular calcium concentration in the culture medium (Fig. 3c). In accordance with the 

localization of TRPV1CD4 at the plasma membrane (Fig. 1d,e and Supplementary Fig. 1d), the Ca2+ 

efflux from intracellular stores was similar in wild-type and Trpv1−/−CD4+ T cells after stimulation of 

the TCR (Supplementary Fig. 2e). The TCR-induced Ca2+ influx was significantly more sustained 

in Trpv1-TG CD4+ T cells than in wild-type cells (Fig. 3a,b and Supplementary Fig. 2f). However, 

we observed no difference among wild-type, Trpv1−/− and Trpv1-TG CD4+ T cells in Ca2+ influx 

following stimulation with the Ca2+ ionophore ionomycin (Fig. 3a,b and Supplementary Fig. 

2g,h) or with the sarcoplasmic reticulum Ca2+-ATPase pump inhibitor thapsigargin (Fig. 3d,e 

and Supplementary Fig. 2i), which bypass proximal TCR signaling and induce activation of Ca2+ 

release–activated Ca2+ channels and store-operated Ca2+ entry14. Since TRPV3 shares 40–50% 

homology with TRPV1 and can form heteromultimers with that channel9,15, we also analyzed the 

Ca2+-influx profile of spleen CD4+ T cells isolated from Trpv3−/− mice. However, in contrast to Ca2+ 

influx in Trpv1−/− CD4+ T cells, we found normal Ca2+ influx in these cells upon stimulation of the TCR 

(Supplementary Fig. 2j). We further confirmed the specific contribution of TRPV1 to TCR-induced 

Ca2+ currents by whole-cell patch-clamp experiments. Crosslinking of TCRs produced significantly 

smaller inward currents in Trpv1−/− CD4+ T cells held at −85 mV (4.1 ± 0.6 pA/pF (mean ± s.e.m.); n 

= 9 cells) than in wild-type cells under the same experimental conditions (12.3 ± 3.3 pA/pF (mean 

± s.e.m.), n = 7 cells) (Fig. 3f,g). Finally, pretreatment of wild-type CD4+ T cells with either of two 

different TRPV1 antagonists, BCTC16 (Fig. 3h,i) or I-RTX17 (Supplementary Fig. 2k), decreased the 

Ca2+ influx induced by TCR stimulation to a level similar to that in Trpv1−/− CD4+ T cells and did so 

in a concentration-dependent way. Collectively, these results suggested that TRPV1CD4 acted as a 

non–store-operated Ca2+ channel and contributed to TCR-induced Ca2+ influx.
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Figure 3. TRPV1CD4 acts as a non–store-operated Ca2+ channel and contributes to TCR-induced Ca2+ influx. (a) 
[Ca2+]

i
 in wild-type, Trpv1−/− and Trpv1-TG splenic CD4+CD25− (naive) T cells loaded with Fura-2 AM and stimulated 

by crosslinking with anti-CD3 (α-CD3) in the presence of 2 mM CaCl
2
 (2 Ca), with 1 μM ionomycin (Iono) added at 

the end of the acquisition (monitored and presented as in Fig. 2e). (b) Quantification of the Ca2+-influx profiles in a. 
(c) [Ca2+]

i
 in wild-type and Trpv1−/− spleen CD4+ T cells loaded with the fluorescent Ca2+ indicator dye Indo-1 AM and 

stimulated with soluble anti-CD3 (10 μg/ml) and anti-CD28 (1 μg/ml) (α-CD3 + α-CD28) in Ca2+-free medium, assessed 
before (0 Ca) and after (2 or 3 Ca) the addition of CaCl

2
 (2 mM (wild-type) or 3 mM (Trpv1−/−)) to the extracellular 

medium, monitored by flow cytometry; results are presented as the ratio of Indo-1 emission at 405 nm to that at 
510 nm (405/510). (d) Store-operated Ca2+ entry in wild-type, Trpv1−/− and Trpv1-TG splenic CD4+CD25− (naive) T cells 
loaded with Fura-2 AM, assessed before (0 Ca) and after (2 Ca) the addition of 2 mM CaCl

2
 and after passive depletion 

of intracellular stores with 1 μM thapsigargin (TPSG). (e) Quantification of the Ca2+-influx profiles in d. (f) Inward 
currents in wild-type and Trpv1−/− CD4+ T cells activated by crosslinking with anti-CD3 and streptavidin (bar above 
also indicates duration of streptavidin application), and held at −85 mV. (g) TCR-induced currents in wild-type CD4+ 
T cells (n = 7) and Trpv1−/− CD4+ T cells (n = 9), calculated by normalization of peak current to capacitance of each cell. 
(h) [Ca2+]

i
 in wild-type CD4+ T cells loaded with Indo-1 AM and pretreated for 5 min with the TRPV1 antagonist BCTC 

(0.1 or 1 μM) or vehicle alone (veh; 0.1% dimethyl sulfoxide (DMSO)), then stimulated with anti-CD3 plus anti-CD28 
in Ca2+-free medium, with 5 mM CaCl

2
 (5 Ca) added to the extracellular medium during the acquisition (presented 

as in c). (i) Quantification of the Ca2+-influx profiles in h. *P < 0.05; **P < 0.01 and ***P < 0.0001 (two-tailed Student 
t-test (g) or one-way ANOVA with the post-hoc Bonferroni test (b,e,i)). Data are representative of three or more 
independent experiments (mean and s.e.m. of 50–100 cells in b,e; mean and s.e.m. in g,i).
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TRPV1CD4 is part of the TCR signaling cascade
We then investigated how TRPV1CD4 was activated upon stimulation of the TCR and assessed its 

effect on TCR signaling. We first compared the subcellular localization of TRPV1 in resting and 

activated CD4+ T cells by confocal microscopy. We found that under resting conditions, TRPV1 

localized together with components of the TCR complex, such as the coreceptor CD4 (Fig. 

1d,e) and the Src-family tyrosine kinase Lck (Fig. 4a). In addition, Lck and TRPV1 were rapidly 

recruited to TCR clusters after ligation of the TCR (Fig. 4a). Since formation of the cap structure 

is known to be dependent on tyrosine phosphorylation18,19, we investigated whether TRPV1 

clustering was dependent on a similar mechanism. Indeed, we found that PP2, an inhibitor of 

the Src family of tyrosine kinases20, inhibited capping of Lck and TRPV1 (Fig. 4a).

Because the phosphorylation of TRP channels regulates their channel activity21-23, we investigated 

whether engagement of the TCR induced tyrosine phosphorylation of TRPV1CD4. To address the 

possible role of Lck in this system, we examined the tyrosine-phosphorylation status of endogenous 

TRPV1 immunoprecipitated from wild-type Jurkat T cells (clone E6.1) and a derivative mutant of Jurkat 

T cells that lack Lck expression (J.CaM1.6)24. Stimulation of the TCR induced tyrosine-phosphorylation 

of TRPV1 in the parental wild-type E6.1 cell line but not in the mutant, Lck-deficient J.CaM1.6 cells 

(Fig. 4b). In accordance with published studies that have demonstrated an essential role for tyrosine 

kinases of the Src family in the activation of TRPV1 channels21-23, we found that TRPV1CD4-mediated 

Ca2+ influx was almost completely abolished in the absence of Lck (Fig. 4c). Collectively, these results 

suggested that TRPV1 is part of the proximal TCR signaling cascade and that tyrosine phosphorylation 

by Lck is a possible gating mechanism for TRPV1CD4 after stimulation of the TCR.

We next evaluated the effect of TRPV1 deficiency on TCR signaling. We found no difference 

in phosphorylation of the TCR-proximal signaling components Zap70, Lat (Fig. 4d) and PLC-γ1 

(Fig. 4e), a slight difference in phosphorylation of the kinases Erk1/2 and p38, and less activation 

of the kinase Jnk (Fig. 4f) in Trpv1−/− CD4+ T cells relative to that in wild-type CD4+ T cells. 

Consistent with their decreased TCR-induced Ca2+ influx,Trpv1−/− CD4+ T cells failed to sustain 

localization of NFAT-1 to the nucleus (Fig. 4g) and displayed reduced activation of NF-κB (Fig. 

4h) upon stimulation of the TCR. Thus, TRPV1CD4 seemed to be dispensable for proximal TCR 

signaling but was required for the proper transduction of distal TCR signaling events.

TRPV1CD4 contributes to TCR-induced cytokine production
We reasoned that the altered TCR signaling in Trpv1−/− CD4+ T cells would affect their subsequent 

cytokine production. We observed that Trpv1−/− CD4+ T cells produced lower concentrations of 

various cytokines (interferon-γ (IFN-γ), interleukin 17A (IL-17A), IL-2, IL-10, IL-4 and tumor-necrosis 

factor (TNF)) after stimulation with anti-CD3 and antibody to the coreceptor CD28 (anti-CD28) 

than did wild-type cells (Fig. 5a). We observed the opposite phenotype for Trpv1-TG CD4+ T cells 

(Supplementary Fig. 3a). The diminished cytokine production by Trpv1−/− CD4+ T cells was not 

explained by increased apoptosis or a lower proliferative response of these cells (Supplementary 

Fig. 4). Moreover, TCR-independent activation of Trpv1−/− and wild-type CD4+ T cells with the 

phorbol ester PMA and ionomycin resulted in similar secretion of IFN-γ and IL-2 (Fig. 5a). Using 
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Figure 4. TRPV1CD4 participates in TCR signaling. (a) Confocal microscopy of wild-type spleen CD4+ T cells 
before (α-CD3 −) and after (α-CD3 +) crosslinking with anti-CD3, in the presence (+) or absence (−) of the Src-
family kinase inhibitor PP2 (10 μM); arrowheads indicate recruitment of TRPV1 to TCR clusters; yellow (merged 
images) indicates clustering of Lck and TRPV1. Scale bar, 2 μm. (b) Immunoassay of Jurkat E6.1 cells (wild-type) 
and J.CaM1.6 cells (Lck−/−) left unstimulated (−) or stimulated (+) for 5 min with soluble antibody to human CD3 
(2.5 μg/ml) and antibody to human CD28 (1 μg/ml), followed by immunoprecipitation (IP) with anti-TRPV1 and 
immunoblot analysis (IB) of immunoprecipitates (top blot) or total cell lysates (middle and bottom blots) with 
antibody to phosphorylated tyrosine (p-Tyr), anti-TRPV1 and anti-Lck (left margin). (c) [Ca2+]

i
 in wild-type and 

Lck−/− Jurkat T cells loaded with Fura-2 AM and treated with 1 μM capsaicin in the presence of 2 mM CaCl
2
 (2 

Ca), with the addition of 1 μM ionomycin (Iono) at the end of the acquisition (positive control) (monitored and 
presented as in Fig. 2e). Right, quantification of Ca2+-influx peak at left. *P < 0.0001 (two-tailed Student t-test). 
(d) Immunoblot analysis of phosphorylated (p-) Zap70 and Lat in the cytosolic fraction of wild-type and Trpv1−/− 
spleen CD4+ T cells left unstimulated (0) or stimulated for 15–60 min (above lanes) with soluble anti-CD3 (5 μg/
ml) and anti-CD28 (2 μg/ml). Right margin, molecular size (in kDa). (e) Intracellular staining of phosphorylated 
PLC-γ1 in gated CD4+TCRβ+ wild-type and Trpv1−/− splenic CD4+ T cells left unstimulated (US) or stimulated for 2 
min with soluble anti-CD3 (5 μg/ml) and anti-CD28 (2 μg/ml). Numbers above and below bracketed lines indicate 
percent PLC-γ1+cells (colors match key). (f) Immunoblot analysis of phosphorylated and total Erk1/2, p38 and Jnk 
in the cytosolic fraction of cells stimulated as in d. (g) Immunoblot analysis of NFAT-1 in the nuclear fraction of 
cells stimulated as in d. (h) Electrophoretic mobility-shift assay of NF-κB in the nuclear fraction of cells stimulated 
as in d; NS, nonspecific low-molecular weight band (loading control). Below lanes (d,f–h), densitometry analysis. 
Data are representative of three or more independent experiments (mean and s.e.m. of 50 cells in c).

139



IL-2 as a ‘readout’, we found that its diminished production by Trpv1−/− CD4+T cells was ‘rescued’ by 

an increase in the extracellular calcium concentration in the culture medium (Fig. 5b). These data 

suggested that the diminished cytokine production in Trpv1−/− CD4+ T cells was probably due to the 

decreased TCR-induced Ca2+ influx observed in these cells (Fig. 3 and Supplementary Fig. 2). In 

addition, in an antigen-specific model (OT-II cells, which have transgenic expression of an ovalbumin 

(OVA)-specific TCR), we found that Trpv1−/− OT-II CD4+ T cells stimulated with OVA-loaded wild-type 

dendritic cells (DCs) had lower production of IFN-γ, IL-17A and IL-2 than did control (Trpv1+/+) OT-II 

cells under the same stimulatory conditions (Fig. 5c and Supplementary Fig. 3b).

To further confirm the contribution of TRPV1CD4-induced signaling to cytokine production, 

we treated wild-type CD4+ T cells with the TRPV1 antagonist BCTC. BCTC decreased the release 

of cytokines from CD4+ T cells in a concentration-dependent way upon stimulation with anti-CD3 

plus anti-CD28 (Fig. 5d). The observed decrease in cytokine production was not due to an increase 

in the apoptosis of CD4+ T cells (Fig. 5e). BCTC also significantly diminished cytokine production 

by OT-II CD4+ T cells upon stimulation with OVA-loaded DCs (Fig. 5f). Together these results 

suggested a cell-intrinsic role for TRPV1CD4 in promoting TCR-induced cytokine production.

TRPV1 inhibition decreases human CD4+ T cell activation
To explore the relevance of the data generated in the mouse to the human system, we determined 

the effect of pharmacological inhibition of TRPV1 on the activation profile of primary CD4+ T cells 

enriched from the peripheral blood of healthy donors. We stimulated the cells with anti-CD3 

plus anti-CD28 in the presence or absence of the TRPV1 antagonist SB366791. We analyzed 

upregulation of the surface expression of activation markers (i.e., CD25 and HLA-DR) 48 h later 

and found that SB366791 decreased their expression in a concentration-dependent way (Fig. 

6a,b). Consistent with results obtained with the mouse system, inhibition of TRPV1 also decreased 

IL-2 production (Fig. 6c). Notably, we observed this effect even at very low concentrations of the 

antagonist SB366791 (≥0.01 μM), and it was not associated with increased apoptosis of CD4+ T 

cells (Fig. 6d). To confirm those findings, we knocked down TRPV1 in primary human CD4+ T 

cells through the use of small interfering RNA (siRNA). Similar to pharmacological inhibition of 

TRPV1, knockdown of TRPV1 decreased the expression of CD25 and HLA-DR (Fig. 6e,f) and the 

production of IL-2 (Fig. 6g,h) upon stimulation with anti-CD3 plus anti-CD28. Collectively, these 

data indicated the TRPV1 channel contributed to the activation of human CD4+ T cells.

TRPV1CD4 regulates proinflammatory CD4+ T cell responses
To analyze the contribution of TRPV1-induced signaling to CD4+ T cell responses in vivo, we 

applied two different models of CD4+ T cell–mediated colitis. We first used the Il10−/− model25 

and compared the severity of colitis in Il10−/− mice and Il10−/−Trpv1−/− mice. Il10−/− mice lost more 

weight than Il10−/−Trpv1−/− mice did after the induction and synchronization of colitis by oral 

treatment with the nonselective cyclooxygenase inhibitor piroxicam26 (Fig. 7a). Histological 

analysis of the colon confirmed that Il10−/− mice developed severe inflammation with epithelial 

hyperproliferation, crypt loss and cellular infiltration in the mucosa and submucosa, whereas 
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cytokines. (a) Enzyme-linked immunosorbent assay (ELISA) of cytokines (horizontal axes) in wild-type and Trpv1−/− 
splenic CD4+ T cells stimulated for 24 h (IFN-γ, IL-17A, IL-2 and TNF) or 48 h (IL-10 and IL-4) with plate-bound anti-CD3 
(10 μg/ml) and soluble anti-CD28 (1 μg/ml) (left; n = 3–6 mice per group) or with PMA (25 ng/ml) and ionomycin (500 
nM) (right; n = 3 mice per group). (b) IL-2 in supernatants of wild-type and Trpv1−/− CD4+ T cells (n = 3 mice per group) 
stimulated for 24 h with anti-CD3 plus anti-CD28 in RPMI medium supplemented with various concentrations (horizontal 
axis) of CaCl

2
. (c) IFN-γ, IL-17A and IL-2 in supernatants of CD4+ T cells recovered from cocultures of wild-type splenic 

CD11c+ DCs loaded with OVA (OVA +) or not (OVA −) and incubated for 5 d with OVA-specific Trpv1+/+ or Trpv1−/− OT-II 
splenic CD4+ T cells (n = 4 mice per group); equal numbers of the CD4+ T cells recovered were restimulated for 24 h with 
anti-CD3 plus anti-CD28 before analysis. (d) ELISA of IFN-γ and IL-2 in supernatants of wild-type splenic CD4+ T cells 
(n = 3 mice per group) preincubated for 30 min with various concentrations of BCTC (TRPV1 inhibitor) or vehicle (Veh; 
0.1% DMSO) and stimulated for 24 h with anti-CD3 plus anti-CD28. (e) Apoptosis of CD4+ T cells among cells recovered 
in d, stained for CD4, annexin V (AnnV) and the DNA-intercalating dye 7-AAD, analyzed by flow cytometry. (f) Cytokine 
production by splenic OT-II CD4+T cells (n = 4 mice per group) pretreated for 30 min with 1 μM BCTC (+) or vehicle (0.1% 
DMSO) (−), then washed and cultured for 5 d together with wild-type splenic DCs loaded with OVA or not, followed 
by processing of CD4+ T cells as in c. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (two-tailed Student t-test (a) or 
one-way ANOVA with the post-hoc Bonferroni (c,f) or Dunnett’s (b,d,e) test). Data are representative of five (a, left), 
three (b–d,f) or two (a, right, e) independent experiments (error bars, s.e.m.).
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Figure 6. Genetic and pharmacological inhibition of TRPV1CD4 decrease the activation of human primary CD4+ 
T cells. (a,b) Flow cytometry (left) of peripheral blood mononuclear cells isolated from healthy human donors and 
left unstimulated (US) or stimulated for 48 h with anti-CD3 plus anti-CD28 (both 1 μg/ml; soluble) in the presence 
of various concentrations (above plots) of the TRPV1 antagonist SB366791 or its vehicle (veh; 0.1% DMSO) and 
stained for CD25 and CD4 (a) or HLA-DR and CD4 (b). Numbers in top right quadrants indicate percent CD25+CD4+ 
cells (a) or HLA-DR+CD4+ cells (b). Right, quantification of the results at left. (c) IL-2 in supernatants of cells 
treated as in a,b. (d) Apoptosis of CD4+ T cells in c, stained for CD4 and annexin V and analyzed by flow cytometry. 
(e) TRPV1 expression in freshly isolated peripheral blood mononuclear cells transfected by nucleofection with 
TRPV1-specific siRNA or a nontargeting control (Ctrl) siRNA and stimulated with anti-CD3 plus anti-CD28 6 h later, 
assessed by flow cytometry (numbers in plot as in Fig. 1c). (f) Expression of the surface activation markers CD25 ▶
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and HLA-DR on gated CD4+ T cells sorted from cells as in e at 48 h after transfection (42 h after stimulation), and 
in untransfected untreated cells (left). Numbers in outlined areas indicate percent CD25+CD4+ cells (top row) or 
HLA-DR+CD4+ cells (bottom row). (g,h) Immunoblot analysis of TRPV1 (g) and ELISA of IL-2 (h) in a human CD4+ T 
cell clone 48 h after transfection and 42 h after stimulation as in e. *P < 0.05, **P < 0.01, ***P < 0.001 and****P < 0.0001 
(one-way ANOVA with post-hoc Dunnett’s test). Data are representative of four independent experiments (a–d; 
mean and s.e.m. of two or three donors) or three independent experiments (with one donor (e−h)).

we observed significantly lower inflammatory response in Il10−/−Trpv1−/− mice (Fig. 7b,c). In 

addition, Il10−/− mice treated with the TRPV1 antagonist SB366791 showed attenuated colonic 

inflammation and T cell–derived production of inflammatory cytokines compared with that of 

Il10−/− mice treated with vehicle (Supplementary Fig. 5).

To confirm the cell-intrinsic role of TRPV1CD4 in intestinal inflammation, we transferred 

wild-type or Trpv1−/− naive (CD4+CD45RBhiCD25−) T cells into recipient mice deficient in 

recombination-activating gene 1 (Rag1−/− mice) and assessed their ability to elicit colitis25. We used 

Rag1−/− recipients of wild-type naive CD4+ T cells transferred together with regulatory T cells (T
reg

 

cells) (CD4+CD45RBloCD25+) as a control. The adoptive transfer of wild-type naive CD4+ T cells alone 

induced severe colitis in the recipients, as reflected by significant body weight loss, high disease 

activity index and histological signs of severe colitis (Fig. 7d–g and Supplementary Fig. 6a,b). We 

did not observe this after the transfer of Trpv1−/− naive CD4+ T cells (Fig. 7d–g and Supplementary 

Fig. 6a,b). Massive cellular infiltration coincident with severe crypt loss was evident in the colons 

of Rag1−/− mice given transfer of wild-type naive CD4+ T cells, but not in the colons of those given 

transfer of Trpv1−/− naive CD4+ T cells (Supplementary Fig. 6c). To quantify the inflammatory 

cytokines produced in the colonic mucosa of these mice, we cultured colonic explants ex vivo. The 

colonic explants of Rag1−/− mice given transfer of wild-type naive CD4+ T cells released more IFN-γ, 

IL-17A and TNF than did those from recipients of Trpv1−/− naive CD4+ T cells (Fig. 7h). The abundance 

of mRNA encoding several proinflammatory cytokines (Ifng, Il17a, Il22, Tnf and Il1b) and chemokines 

(Cxcl1, Cxcl9, Cxcl10, Ccl2 and Ccl13) was also lower in colon homogenates from recipients of Trpv1−/− 

CD4+ T cells than in those of recipients of wild-type CD4+ T cells (Supplementary Fig. 6d). The 

transferred Trpv1−/− CD4+ T cells secreted significantly lower amounts of proinflammatory cytokines 

(IFN-γ, IL-17A and TNF) than did the transferred wild-type CD4+ T cells (Fig. 7i). Moreover, the 

number of CD4+ T cells producing IFN-γ, IL-17A or IL-10 was also much lower in the spleen, 

mesenteric lymph nodes and lamina propria of the recipients of Trpv1−/− naive CD4+ T cells than in 

those of the recipients of wild-type naive CD4+ T cells (Supplementary Fig. 7). This suggested that 

the decreased colitogenicity of Trpv1−/− naive CD4+ T cells was possibly due to defective activation 

and differentiation in situ. In line with this hypothesis, we found that Trpv1−/− OT-II naive CD4+ T cells 

were less able to differentiate into effector cells of the T
H
1, T

H
2 and T

H
17 subsets of helper T cells in 

vitro than were control (Trpv1+/+) OT-II naive cells (Supplementary Fig. 8).

To analyze the potential contribution of TRPV1 to other cell types in the recipients, we 

compared the colitis induced by the transfer of wild-type naive CD4+ T cells into Rag1−/− mice 

with that induced in Rag1−/−Trpv1−/− recipients. We found that Rag1−/− and Rag1−/−Trpv1−/− 

recipients developed similar body weight loss and colonic inflammation and displayed similar 

proinflammatory CD4+ T cell responses (Fig. 8). Finally, in line with their enhanced activation 

▶
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Figure 7. TRPV1CD4 regulates T cell–mediated colitis. (a) Wasting disease in Il10−/− and Il10−/−Trpv1−/− mice after the 
induction and synchronization of colitis by piroxicam (PXC; box (bottom left), duration), presented as body weight 
relative to initial body weight, set as 100%. Statistical analysis compares Il10−/− versus Il10−/−Trpv1−/−. (b) Microcopy 
of colon sections from mice as in a, stained with hematoxylin and eosin. Scale bars, 100 μm (main images; 20× 
objective) or 1 mm (insets; 1× objective). (c) Colitis scores of the mice in a. (d) Body weight of Rag1−/− recipient mice 4 
weeks after adoptive transfer of 3 × 105 naive (CD4+CD45RBhiCD25−) T cells (sorted by flow cytometry) from wild-type 
mice (WT T) or Trpv1−/− mice (Trpv1−/− T) or a mixture of 3 × 105 wild-type naive CD4+ T cells plus 1.5 × 105 wild-type 
(CD4+CD45RBloCD25+) T

reg
 cells (WT T + T

reg
), presented as in a; statistical analyses compare WT T versus Trpv1−/− T. 

(e) Disease activity index (DAI) of the mice in d. (f) Microcopy of colon sections from the mice in d, stained with 
hematoxylin and eosin. Scale bars, 100 μm (main images; 20× objective) or 1 mm (insets; 1× objective). (g) Colitis 
scores of the mice in d. (h) Cytokine concentrations in colonic explants (CE) from the mice in d after 24 h of culture. 
(i) Cytokine production by splenic CD4+ T cells isolated from the mice in d and restimulated for 24 h with anti-CD3 
(10 μg/ml, plate-bound) and anti-CD28 (1 μg/ml, soluble). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (one-way 
(c,e,g–i) or two-way (a,d) ANOVA with the post-hoc Bonferroni test). Data are from one experiment representative 
of two experiments (mean and s.e.m. of n = 6–7 (a–c), 6–8 (d–g) or 4 (h,i) mice per group).
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profile in vitro (Supplementary Fig. 3a), Trpv1-TG naive CD4+T cells induced exacerbated colitis 

after transfer into Rag1−/− recipients (Supplementary Fig. 9). Together these results demonstrated 

a cell-intrinsic role of TRPV1CD4 in promoting the activation and inflammatory responses of T cells 

(proposed model for the regulation of T cell activation by TRPV1, Supplementary Fig. 10).

DISCUSSION
While Ca2+ release–activated Ca2+ channels have been described as the major source for the entry of 

Ca2+ into T cells1,3, several additional families of channels expressed on the plasma membrane of T cells 

may have important roles in this process, including voltage-gated Ca2+ channels and TRP channels2,5,6. 

In particular, the contribution of TRP channels to this process is not well defined. TRP channels may 

Figure 8. TRPV1 expression in non-CD4+ T cells does not affect colitis severity in an adoptive-transfer model. 
(a) Body weight of Rag1−/− or Rag1−/−Trpv1−/− recipient mice 4 weeks after transfer of 3 × 105 wild-type or Trpv1−/− 
naive (CD4+CD45RBhiCD25−) T cells (sorted by flow cytometry), presented relative to initial body weight, set as 
100%. (b) Colon weight of the mice in a, presented as a ratio to colon length. (c) Microcopy of colon sections 
from mice as in a, stained with hematoxylin and eosin. Scale bars, 100 μm (main images; 20× objective) or 1 
mm (insets; 1× objective). (d) Colitis scores of the mice in a. (e) ELISA of cytokines in pooled splenic (SP) and 
mesenteric lymph node (MLN) CD4+ T cells at 24 h after restimulation with anti-CD3 (10 μg/ml plate-bound) and 
anti-CD28 (1 μg/ml soluble). *P < 0.05 and **P < 0.001 (one-way ANOVA with the post-hoc Bonferroni test). Data 
are representative of two independent experiments (mean and s.e.m. of four mice per group).
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decrease Ca2+ influx in T cells (for example, TRPM4)27 or increase such influx (for example, TRPC3)7,28, 

and it is as yet unclear whether they directly affect TCR signaling and T cell activation.

In the present study, we found that the TRPV1 channel was functionally expressed in CD4+ T 

cells (TRPV1CD4) and reported a previously unknown function for TRPV1 beyond its well-recognized 

role as a pain receptor10,29. Our results indicated an essential role for TRPV1CD4 in the activation and 

the acquisition of inflammatory properties by CD4+ T cells. TRPV1 expression has been reported 

in peripheral blood lymphocytes in rats30 and in humans7,31-34, but the functionality of the TRPV1 

channel was not assessed and it remained unknown whether TRPV1 has a role in the activation 

and function of T cells. In this study, we demonstrated that TRPV1 was constitutively expressed in 

mouse and human CD4+ T cells as well as in the Jurkat human leukemic T cell line. By whole-cell 

patch clamp, we demonstrated the functionality of the TRPV1 channel at the plasma membrane 

and recorded capsaicin-induced currents in wild-type CD4+ T cells but not in Trpv1−/− CD4+ T cells. 

The smaller TRPV1 current observed in CD4+ T cells than that reported before in sensory neurons 

or in cells with heterologous overexpression of TRPV1 might account for the following cell-intrinsic 

factors: lower TRPV1 expression in CD4+ T cells than in cells with heterologous overexpression 

of TRPV1; different post-translational modifications (for example, phosphorylation and 

glycosylation) that could increase the TRPV1-activation threshold and result in a lower sensitivity 

to capsaicin; and/or the presence of different regulatory proteins associated with TRPV1CD4 (refs. 

22,35,36). Nonetheless, it is well known that even small currents can produce physiologically 

important increases in [Ca2+]
i
 and have profound consequences on cell physiology37. Accordingly, 

by Ca2+ imaging and flow cytometry–based Ca2+-monitoring techniques, we identified TRPV1CD4 as 

a functional Ca2+ channel and showed that it contributed to TCR-induced Ca2+ influx in a manner 

independent of store-operated Ca2+ entry. We also confirmed the contribution of TRPV1 to TCR-

induced Ca2+ currents by whole-cell patch clamp and found that crosslinking of TCRs produced 

significantly smaller inward currents in Trpv1−/− CD4+ T cells than in wild-type cells.

Our results suggest that TRPV1 is a component of the TCR signaling complex, since it is rapidly 

recruited to TCR clusters upon TCR stimulation in a Src-dependent manner. Through the use of a 

Jurkat cell clone that lacks expression of the Src-family kinase Lck24, we showed that Lck rapidly 

tyrosine-phosphorylated TRPV1 after stimulation via the TCR and regulated TRPV1CD4 channel activity. 

Tyrosine phosphorylation by Src kinase has been shown to be essential for the activation of TRPV1 

channels in other cell types. Indeed, capsaicin-induced currents in dorsal root ganglion neurons 

are blocked by the Src-family kinase inhibitor PP2 and are enhanced by the tyrosine phosphatase 

inhibitor sodium orthovanadate. PP2 also abolishes currents in HEK293 cells transfected to 

express rat TRPV1, whereas cotransfection of cells to express TRPV1 with an activated Src kinase 

(v-Src) results in fivefold increase in capsaicin-induced currents21. Finally, in cells transfected to 

express a dominant-negative non-receptor (c-Src) tyrosine kinase, capsaicin-induced currents 

are considerably diminished21,23. This mode of activation by Src-family kinases is not restricted to 

TRPV1 and has also been shown for other members of the TRP family22. Our findings are therefore 

consistent with the reported protein-protein interaction of TRPV1 and Src and emphasize the role of 

Src-family kinases in regulating the activity of TRPV1 channels21-23. Tyrosine-phosphorylation by Lck is 

therefore a possible gating mechanism for TRPV1CD4 after stimulation of the TCR.
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Analysis of TCR signaling in wild-type and Trpv1−/− CD4+ T cells revealed diminished activation of 

the p38 and Jnk pathways and less translocation of NF-κB to the nucleus in Trpv1−/− CD4+ T cells. In line 

with their decreased TCR-induced Ca2+ influx, Trpv1−/− CD4+ T cells also failed to maintain localization 

of NFAT-1 to the nucleus after stimulation via the TCR. Consequently, Trpv1−/− CD4+ T cells displayed a 

significantly diminished cytokine-production profile after either antigen-specific stimulation (OVA-

loaded DCs) or nonspecific stimulation (with anti-CD3 plus anti-CD28). Collectively, these data 

indicated that TRPV1 was necessary for proper TCR-induced signaling and cytokine production but 

was dispensable for CD4+ T cell proliferation under our experimental conditions.

Consistent with our in vitro data, we found a role for TRPV1CD4 in T cell inflammatory responses 

in vivo in two different models of inflammatory bowel disease. Il10−/−Trpv1−/− mice and Il10−/− 

mice treated with a TRPV1 antagonist had less colonic inflammation than did untreated Il10−/− 

control mice. In addition, Trpv1−/− naive CD4+ T cells had an impaired ability to elicit colitis when 

transferred into Rag1−/− recipients. As the activation of TRPV1 in sensory afferents contributes to 

neurogenic inflammation, which might affect the severity of colitis38, we compared the colitis 

induced by the transfer of wild-type naive CD4+ T cells into Rag1−/− mice with that induced in 

Rag1−/−Trpv1−/− recipient mice. Genetic deletion of TRPV1 in donor CD4+ T cells determined the 

severity of colonic inflammation in this model, but genetic deletion of TRPV1 in other cells of the 

recipients did not. The T cell–intrinsic role of TRPV1 was further demonstrated by the enhanced 

activation profile and proinflammatory properties of Trpv1-TG CD4+ T cells.

Finally, our results indicated that inhibition of TRPV1CD4 in mouse and human CD4+ T cells 

with TRPV1 antagonists or with TRPV1-specific siRNA recapitulated the phenotype of Trpv1−/− 

CD4+ T cells. As TRPV1 functions as a nociceptor (i.e., pain receptor) in sensory neurons29, TRPV1 

antagonists were developed as analgesic agents39. The immunomodulatory properties of TRPV1 

antagonists identified in our study suggest that their application might be beneficial in patients 

with CD4+ T cell–mediated immunopathologies such as inflammatory bowel disease.

METHODS
Reagents and antibodies. For immunoblot analysis, we used the following antibodies: antibody 

to phosphorylated Erk1/2 (D13.14.4E), antibody to phosphorylated p38 (D3F9), antibody to 

phosphorylated Jnk (81E11), anti-Erk1/2 (137F5), anti-p38 (9212), anti-Jnk (9252), antibody to 

Zap70 phosphorylated at Tyr319 (2701) and antibody to PLC-γ1 phosphorylated at Tyr783 (2821; 

all from Cell Signaling Technology); antibody to Lat phosphorylated at Tyr191 (07-278) and 

antibody to phosphorylated tyrosine (4G-10; both from Millipore); anti-CD3ε (M-20; sc-1127), 

anti-Lck (2102; sc-13) and anti-TRPV1 (P-19; sc-12498; all from Santa Cruz Biotechnology); 

anti-TRPV1 (ACC-030; Alomone); monoclonal anti-NFAT1 (ab2722; Abcam); and anti-β-actin 

(AC-74; Sigma). For immunofluorescence studies, we used anti-TRPV1 (sc-12498; Santa Cruz 

Biotechnology), anti-Lck (sc-13; Santa Cruz Biotechnology), anti-CD4 (GK1.5; eBioscience), 

anti-CD45 (30-F11; BD Biosciences) and anti-claudin-3 (RB-9251; Thermo Scientific). For T cell 

stimulation, we used monoclonal anti–mouse CD3ε (145-2c11) and anti–mouse CD28 (PV-1; both 

from BioXcell), and monoclonal anti–human CD3ε (UCHT1) and anti–human CD28 (CD28.2; 
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both from eBioscience). Other reagents included the following: PMA (phorbol 12-myristate 

13-acetate), ionomycin, thapsigargin and phytohemagglutinin (all from Sigma); PP2 (Cayman 

Chemical); BCTC (N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)tetrahydropyrazine-

1(2H)-carbox-amide) and I-RTX (iodo-resiniferatoxin) (Tocris); SB366791 (Enzo Life Sciences); an 

annexin-V and 7-amino-actinomycin D (7-AAD) apoptosis-detection kit (BD Biosciences); and 

CFSE (carboxyfluorescein diacetate succinimidyl ester), Indo-1 AM, and Fura-2 AM (Invitrogen).

Isolation of mRNA and quantitative PCR. RNA was isolated with an RNeasy Mini Kit according 

to the manufacturer’s protocol (Qiagen). 1 μg of RNA sample was used for reverse transcription 

and synthesis of cDNA with qScript cDNA superMix (Quanta Biosciences). Quantitative real-time 

PCR was performed on an AB7300 (Applied Bisosytems) with PerfeCTa SYBR Green FastMix 

(Quanta Biosciences). Primers for specific target genes were designed on the basis of their 

reported sequences and were synthesized by IDT Technologies (sequences, Supplementary 

Tables 1 and 2). The expression of genes encoding several TRP channels in mouse CD4+ T cells 

was compared after verification that amplification efficiencies for the different target genes 

were similar. For analysis of TRPV1 expression, quantitative PCR products were separated by 

electrophoresis through a 2% agarose gel, followed by staining with SYBR Safe DNA (Invitrogen) 

for further confirmation of the specificity of the primers used.

Mice. Six- to ten-week-old mice were used for all experimental procedures. Specific pathogen–free 

C57BL/6 (B6) mice were from Harlan Sprague Dawley or were bred in the animal facility of the Stein 

Clinical Research building at the University of California, San Diego. Trpv1−/− mice29, Trpv3−/− mice41, 

mice expressing Trpv1 from the Rosa26 locus13, mice expressing Cre from the Cd4 promoter (Cd4-

Cre), Rag1−/− mice and OT-II mice on the B6 background (all from the Jackson Laboratories) were 

bred in the animal facility of the Stein Clinical Research building. For the generation of Trpv1−/− OT-II 

mice, Il10−/−Trpv1−/− mice or Rag−/−Trpv1−/− mice, Trpv1−/− mice were intercrossed with OT-II mice, Il10−/− 

mice or Rag1−/− mice respectively. Mice with Cd4-Cre–driven expression of a transgene encoding 

TRPV1 (Trpv1-TG) were generated by crossing of mice with alleles for ROSA-stopflox-TRPV1-IRES-

ECFP (which express Trpv1 from the Rosa26 locus) and Cd4-Cre in the animal facility of the Stein 

Clinical Research building. Mice were bred for more than 6 months and were genotyped before they 

were used in any experiments. All experimental procedures were conducted in accordance with 

institutional guidelines for animal care and use of the University of California, San Diego.

Isolation and stimulation of CD4+ T cells. Mouse CD4+ T cells were isolated from the spleen or 

mesenteric lymph nodes with a CD4+ T cell negative selection kit (19752; StemCell). Purity of the 

enriched populations was controlled by staining with anti-CD4 (GK1.5; eBioscience) and anti-TCRβ 

(H57-597; eBioscience) by flow cytometry and was typically >94% for CD4+ T cells derived from 

the spleen and >97% for CD4+ T cells derived from the mesenteric lymph nodes. For ELISA, CD4+ 

T cells were stimulated with 10 μg/ml plate-bound anti-CD3 (145-2c11; BioXcell) and 1 μg/ml 

soluble anti-CD28 (PV-1; BioXcell) in RPMI-1640 medium supplemented with 10% heat-inactivated 

FCS, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. Culture supernatants 

were collected at 24 h and 48 h for analysis of cytokine production (ELISA kits; eBioscience). 

For signaling experiments, CD4+ T cells were stimulated for various times (for example, 0, 15, 
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30 or 60 min) with 5 μg/ml anti-CD3 and 2 μg/ml anti-CD28 (both soluble; antibodies identified 

above). Splenic CD4+ T cells from OT-II or Trpv1−/− OT-II mice were isolated as described above. 

Bone marrow–derived DCs were cultured and harvested as described42. CD11c+ bone marrow–

derived DCs or splenic DCs were isolated with a CD11c+ positive selection kit (18758; StemCell) 

and then were loaded for 2 h with 10 μg/ml of I-Ad-restricted OVA peptide (amino acids 323-339 

(ISQAVHAAHAEINEAGR); PeptidoGenic Research) before the addition of wild-type or Trpv1−/− 

OT-II CD4+ T cells to the culture (DC/T cell ratio, 1:2). After 5 d of coculture, CD4+ T cells were 

recovered and then were restimulated for 24 h with anti-CD3 plus anti-CD28 (identified above). 

Supernatants were then collected and cytokines were measured by ELISA. For experiments with 

primary human CD4+ T cells, peripheral blood mononuclear cells (PBMCs) were isolated from the 

blood of healthy donors by a Ficoll density-gradient technique. For some experiments, CD4+ T 

cells had been isolated from the PBMCs and their populations expanded with phytohemagglutinin 

and allogeneic irradiated feeder cells (1 × 105 cells per well) as described43. The CD4+ T cell clones 

or the PBMCs were left untreated or were treated with the TRPV1 antagonist SB366791 and 

were stimulated for 48 h with antibody to human CD3 (UCHT1; eBioscience) and antibody to 

human CD28 (CD28.2; eBioscience) (both 1 μg/ml; soluble) in RPMI-1640 medium. For analysis 

of phosphorylation of TRPV1 by immunoblot, Jurkat T cells (clones E6.1 and J.Cam1.6; American 

Type Culture Collection) were grown in complete RPMI-1640 medium (supplemented with 5% 

heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin) and 

were stimulated for the appropriate time with soluble antibody to human CD3 (2.5 μg/ml; OKT3; 

BioLegend) and antibody to human CD28 (1 μg/ml; CD28.2; eBioscience).

In vitro T cell differentiation. CD4+CD25− (naive) T cells were isolated from the spleen of wild-type 

OT-II or Trpv1−/−OT-II mice, and bone marrow–derived DCs were loaded for 24 h at 37 °C with OVA 

peptide (10 μg/ml; amino acids 323–339) and were γ-irradiated (30 Gy from a 137Cs source). Those 

cells were cultured together (at a density of 1 × 106 T cells per well and 5 × 105 DCs per well) in flat-

bottomed 24-well plates in complete RPMI medium (unless indicated otherwise) in the presence 

of the following: for T
H
1 differentiation, recombinant mouse IL-12 (10 ng/ml; eBioscience) and 

neutralizing anti-IL-4 (10 μg/ml; BVD6-24G2; BioXcell); for T
H
2 differentiation, recombinant mouse 

IL-4 (10 ng/ml), neutralizing anti-IFN-γ (10 μg/ml; XMG1.2; BioXcell) and neutralizing anti-IL-12 (10 μg/

ml; R1-5D9; BioXcell); for T
H
17 differentiation, recombinant mouse IL-6 (20 ng/ml) and TGF-β (4 ng/

ml; both from eBioscience), plus neutralizing anti-IFN-γ (10 μg/ml; XMG1.2; BioXcell) and anti-IL-4 

(10 μg/ml; BVD6-24G2; BioXcell) in complete IMDM; and for T
reg

 cell differentiation, recombinant 

mouse TGF-β (10 ng/ml; eBioscience) and IL-2 (20 ng/ml; eBioscience). At day 2, recombinant 

mouse IL-2 (10 ng/ml) was added to the T
H
1 and T

H
2 cultures. After 4 d, CD4+ T cells were recovered 

and then were restimulated for 5 h or not with 10 μg/ml plate-bound anti-CD3 and 1 μg/ml soluble 

anti-CD28 (antibodies identified above) in the presence of GolgiStop (BD Biosciences). Intracellular 

cytokines were measured with anti-IFN-γ (XMG1.2), anti-IL-4 (11B11), anti-IL-17A (eBio17B7) and anti-

IL-10 (JES5-16E3) according to the manufacturer’s instructions (eBioscience).

Knockdown of TRPV1. Primary human CD4+ T cell clones or freshly isolated PBMCs were 

transfected with 400 nM TRPV1-specific siRNA (a pool of three different siRNA duplexes; 
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sc-36826; Santa Cruz Biotechnology) or control siRNA (Non-Targeting siRNA #1; Dharmacon) 

at a density of 5 × 106 cells per 100 μl human T cell nucleofector solution (VPA-1002; Lonza) 

with the Amaxa Nucleofector II device (program U-014; Lonza). After nucleofection, cells were 

immediately transferred into prewarmed complete RPMI-1640 and were cultured in a 24-well 

plate at 37 °C in a 5% CO2 humidified incubator. Six hours after transfection, cells were stimulated 

for a further 42 h with antibody to human CD3 and antibody to human CD28 (identified above; 

both 1 μg/ml, soluble). TRPV1-knockdown efficiency in cells was then analyzed (by flow 

cytometry and immunoblot analysis), as was upregulation of the expression of the surface 

activation markers CD25 and HLA-DR (by flow cytometry) and cytokine IL-2 production (by 

ELISA). For knockdown of TRPV1 in Jurkat T cells (clone E6.1), cells were stably transduced with 

lentiviral particles expressing TRPV1-specific short hairpin RNA (sc-36826-V) or with copGFP 

control lentiviral particles (sc-108084) according to manufacturer’s instructions (Santa Cruz 

Biotechnology). TRPV1-knockdown efficiency was evaluated by immunoblot analysis and Ca2+ 

imaging after 7–10 d of selection with puromycin (2 μg/ml).

Single-cell Ca2+ imaging. Naive CD4+ T cells isolated from the spleen of wild-type, Trpv1−/− or 

Trpv1-TG mice were loaded for 30 min at 22–25 °C with 1 μM Fura-2 AM (Molecular Probes) in 

culture medium (at a density of 1 × 106 cells per ml), then were washed and attached for 15 min 

to poly-D-lysine–coated coverslips. For measurement of [Ca2+]
i
, coverslips were mounted on an 

RC-20 closed-bath flow chamber (Warner Instrument) and were analyzed on an Olympus IX51 

epifluorescence microscope with Slidebook imaging software (Intelligent Imaging Innovations) as 

described44. Store-operated Ca2+ was measured after passive depletion of intracellular stores with 1 

μM thapsigargin. For stimulation of the TCR, cells were first pretreated with 5 μg/ml of biotinylated 

anti-CD3 (145-2C11; eBioscience) and TCRs were crosslinked with 10 μg/ml of ImmunoPure 

streptavidin (Pierce). For measurement of TRPV1 activity, cells were perfused with Ringer’s solution 

containing 1 or 10 μM capsaicin. Fura-2 emission was detected at 510 nm with excitation at 340 

and 380 nm, and the ratio of Fura-2 emission at 340 nm to that at 380 nm (340/380) was acquired 

at intervals of 5 s after subtraction of background. For each experiment, 50–100 individual cells 

were analyzed with OriginPro analysis software (Originlab). For measurement of [Ca2+]
i
 in Jurkat T 

cells, the Fura-2 fluorescence ratios were collected on a Nikon microscope stage equipped with a 

40× Nikon UV-Fluor objective and an intensified CCD camera (ICCD200). The fluorescence signals 

emitted from the cells were monitored continuously at intervals of 5 s with the MetaFluor Imaging 

System (Universal Imaging) and were recorded for later analysis. Peak or sustained Ca2+ ratios were 

calculated as the maximal Ca2+ that accumulated in the cell after subtraction of baseline amounts 

(before the addition of Ca2+-containing Ringer’s solution), after reintroduction of Ca2+-containing 

Ringer’s solution. All experiments were performed at room temperature (22–25 °C).

Measurement of Ca2+ flux by flow cytometry. CD4+ T cells were isolated from the spleen of 

wild-type, Trpv1−/−, Trpv1-TG or Trpv3−/− mice and [Ca2+]
i
 was measured as described45,46. Cells 

were suspended at a density of 2.5 × 106 cells per ml in 2% FBS in PBS and were prelabeled for 

10 min at 37 °C with 40 nM CFSE (carboxyfluorescein diacetate succinimidyl ester; Invitrogen) 

or were mock-treated and mixed in equal proportions (for example, wild-type cells (CFSE) 
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plus Trpv1−/− cells (mock)). In some experiments, the CFSE- and mock-treated pairs were 

reversed to ensure that the CFSE staining did not alter the results. Cells were washed, then 

were resuspended at a density of 5 × 106 cells per ml in 2% FBS in PBS and were incubated for 30 

min at 37 °C in 5% CO
2
 with 2 μM Indo-1 AM (Molecular Probes). Cells were then washed, stained 

with allophycocyanin–anti-CD4 (GK1.5; eBioscience) and resuspended a density of 1 × 106 cells 

per ml in complete RPMI medium. Finally, cells were transferred to calcium-free medium (Ca2+- 

and Mg2+-free Hank’s balanced-salt solution supplemented with 2% FCS and 1 mM EGTA) just 

before the beginning of the acquisition. Cells were preincubated or not for 5 min at 37 °C with 

various concentrations of TRPV1 antagonists (BCTC or I-RTX) or with vehicle (0.1% DMSO) and 

were stimulated at 37 °C with 1 or 10 μM capsaicin, 10 μg/ml anti-CD3 and 1 μg/ml anti-CD28 

(antibodies identified above) or, alternatively, with 500 nM of ionomycin or 1 μM thapsigargin. 

Various concentrations of CaCl
2
 were added during the analysis on a BD LSR II flow cytometer. 

Data are presented as the ratio of Indo-1 fluorescence violet (405 nm) to blue (510 nm) and were 

calculated on gated CD4+ cells with FlowJo software (TreeStar).

Flow cytometry. For staining of surface markers, mouse and human CD4+ T cells were stained 

for 30 min at 4 °C with allophycocyanin-conjugated antibody to mouse CD4 (GK1.5), Alexa Fluor 

488–conjugated antibody to mouse CD25 (3C7), phycoerythrin-conjugated antibody to mouse 

CD45RB (C363.16A) and peridinin chlorophyll protein–cyanine 5.5–conjugated antibody to 

mouse TCRβ (H57-597; all from eBioscience) or with peridinin chlorophyll protein–cyanine 5.5–

conjugated antibody to human CD4 (RPA-T4), phycoerythrin-conjugated antibody to human 

CD25 (BC96) and fluorescein isothiocyanate–conjugated antibody to human HLA-DR (L243; all 

from eBioscience), respectively. For intracellular staining, cells were fixed for 10 min at room 

temperature in 2% paraformaldehyde in PBS, then were centrifuged and permeabilized for 15 

min at 4 °C in 0.2% Triton X-100 (staining of TRPV1) or in ice-cold 100% methanol (staining of 

phosphorylated PLC-γ1). For staining of TRPV1, cells were then washed, nonspecific binding 

was blocked for 30 min at 4 °C with 5% BSA in PBS, and cells were preincubated or not for 2 h at 

room temperature with tenfold excess of specific blocking peptide, then were stained for 1 h at 

4 °C with goat anti-TRPV1 (sc-12498) or normal goat IgG (sc-2028) as a control. For intracellular 

staining of phosphorylated PLC-γ1, cells were incubated with monoclonal anti-mouse CD16/

CD32 (Fc Block; 2.4 G2; BD Biosciences) and were stained for 30 min at 4 °C with antibody to 

phosphorylated PLC-γ1 (2821; Cell Signaling Technology). All primary antibodies were used at a 

dilution of 1:100 unless indicated otherwise. Cells were then washed and incubated for 30 min at 

4 °C with allophycocyanin-conjugated antibody to mouse CD4 (GK1.5; eBioscience) and peridinin 

chlorophyll protein–cyanine 5.5–conjugated antibody to mouse TCRβ (H57-597; eBioscience) 

together with the secondary antibodies (both at dilution of 1:500) Alexa Fluor 488–conjugated 

anti-rabbit (for phosphorylated PLC-γ1; A11008; Invitrogen) or with Alexa Fluor 488–conjugated 

anti-goat (TRPV1 staining; A11078; Invitrogen). Cells were finally washed and analyzed on a BD 

FACSCalibur or Accuri C6 flow cytometer. The data were analyzed with FlowJo software (TreeStar).

Biotinylation of cell surface proteins. Surface proteins on Jurkat T cells were biotinylated and 

immunoprecipitated with a cell surface protein–isolation kit from Pierce (89881) according 
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to the manufacturer’s instructions (Thermo Scientific). 25 × 106 Jurkat T cells expressing green 

fluorescent protein (control) or Jurkat T cells in which TRPV1 was knocked down were biotinylated 

for 30 min at 4 °C under gentle agitation with a solution of EZ-Link Sulfo-NHS-SS-Biotin in PBS 

(0.25 mg/ml). After reactions were quenched and cells were lysed, the biotinylated proteins were 

isolated by NeutrAvidin agarose beads (Pierce) and were eluted from the beads by incubation 

for 60 min at room temperature in SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 1% SDS, 

10% glycerol and 50 mM DTT). A sample of the initial cell lysates was retained for analysis of total 

proteins. Proteins were resolved by SDS-PAGE as described above (immunoblot analysis).

CFSE proliferation assay. Isolated splenic CD4+ T cells were suspended in a solution of 2% FBS 

in PBS at a density of 10 × 106 cells/ml. A 100 μM working dilution was prepared in a solution of 

2% FBS in PBS from the CFSE stock solution (5 mM in DMSO). CFSE was added to the cells at a 

final concentration of 1 μM and the cells were incubated at 37 °C for 7 min. Incorporation of CFSE 

into cell membranes was stopped by the addition of five volumes of ice-cold RPMI medium 

supplemented with 30% FBS. Excess CFSE was removed by three successive washes in medium. 

Dilution of CFSE in dividing cells was monitored at 72 h after stimulation with 10 μg/ml anti-CD3 

and 1 μg/ml anti-CD28 (antibodies identified above) or with PMA (25 ng/ml) plus ionomycin 

(500 nM) and was assessed by flow cytometry on gated CD4+ T cells.

Immunofluorescent staining and confocal microscopy. Splenic CD4+ T cells were isolated as 

described above and were ‘cytocentrifuged’ (Cytospin 2; Shandon) for 3 min at 500 r.p.m. onto 

microscope slides. Alternatively, Chinese hamster ovary cells, either control or overexpressing 

rat TRPV1, were grown for 1–2 d on collagen type 1–coated coverslips (BD Biosciences) in 

complete DMEM-F12 supplemented with geneticin (1.2 mg/ml) (cells overexpressing rat TRPV1) 

or not (control cells). The air-dried cytospin preparations or the coverslips were fixed for 10 

min at room temperature in a solution of 4% paraformaldehyde in PBS and were permeabilized 

for 15 min at 4 °C in 0.2% Triton X-100. Cells were then washed, nonspecific binding was blocked 

for 30 min at 4 °C with 5% BSA and 0.2% Triton X-100 in PBS and cells were stained for 1 h at 4 °C 

with goat anti-TRPV1 (sc-12498; Santa Cruz Biotechnology) or with normal goat IgG (sc-2028; 

Santa Cruz Biotechnology). Cells were washed and then were incubated for 30 min at 4 °C with 

Alexa Fluor 488–conjugated anti-CD4 (GK1.5; eBioscience) and the secondary antibody Alexa 

Fluor 546–conjugated anti-goat (A21085; Invitrogen). For TCR-clustering experiments, splenic 

CD4+ T cells were pretreated or not for 1 h at 37 °C with 10 μM PP2 before being incubated for 

30 min on ice with a hamster anti-CD3 (20 μg/ml soluble; 145-2c11; BioXcell). The cells were 

washed, stained for 30 min on ice in the dark with a secondary antibody Alexa Fluor 488–

conjugated anti-hamster (A21110; Invitrogen), and were left unstimulated or stimulated for 5 

min at 37 °C with anti-CD3 as described above. Cells were stained for TRPV1 as described above, 

or for 1 h at 4 °C with rabbit antibody to Lck (sc-13; Santa Cruz Biotechnology) and for 30 min at 

4 °C with the secondary antibody Alexa Fluor 647–anti-rabbit (A21244; Invitrogen). All primary 

and secondary antibodies were used at a dilution of 1:100 unless indicated otherwise. One 

cytospin preparation served as a negative control staining with the control antibody IgG or 

the secondary antibodies only. Cells were finally stained for 10 min at room temperature with 
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Hoechst 33342 (50 ng/ml; Invitrogen) and rinsed with deionized water and slides were mounted 

in ProLong Gold antifade reagent (Invitrogen). The fluorescence images were acquired using 

a 100× oil-immersion objective on a confocal laser-scanning microscope (Olympus IX81) with 

Fluoview software. Colocalization was assessed with Velocity software.

Electrophysiological assay. Whole-cell patch-clamp recording and analysis were carried out 

on an Axopatch 200B amplifier with Digidata1322A interface and pClamp9 software (Axon 

Instruments). Patch electrodes were pulled from thin-walled borosilicate glass (World Precision 

Instruments) on a horizontal micropipette puller (Sutter Instruments). Electrodes had a 

resistance of 8-20 MΩ when filled with intracellular solution. Analog capacity compensation 

and series resistance compensation were used during whole-cell recordings. For single pulse 

recordings, spleen CD4+ T cells were held at −85 mV and 16 μM capsaicin was introduced via a 

gravity-fed perfusion system into the recording chamber with a TC344B heater controller and 

an SH-27B inline heater (Warner instruments). For experiments performed in the presence of 

SB366791, cells were pretreated for 30 min in external solution containing 1 μM SB366791, and 

currents were then recorded in the presence of both capsaicin (16 μM) and SB366791 (1 μM). For 

TCR stimulation, cells were first pretreated for 20 min at 4 °C with biotinylated anti-CD3 (20 μg/

ml; 145-2C11; eBioscience), and then they were activated by the addition of streptavidin (10 μg/

ml) in the external solution and were held at −85 mV. Data were sampled at 10 kHz and filtered at 

5 kHz, and whole-cell recordings were performed at 35 °C. The extracellular solution contained 

144 mM NaCl, 5 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM glucose and 10 mM HEPES and was 

adjusted to a pH of 7.4 with NaOH. The intracellular solution used in the pipettes contained 126 

mM K-gluconate, 10 mM KCl, 5 mM EGTA, 4 mM MgATP and 10 mM HEPES and was adjusted 

to a pH of 7.4 with KOH. For analysis of current-voltage relationships, the external solution 

contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl
2
, 5 mM EGTA, 10 mM HEPES and 10 mM glucose 

and was adjusted to a pH of 7.2 with NaOH. The internal solution contained 136 mM CsCl, 5 

mM EGTA, 10 mM HEPES and 4 mM MgATP and was adjusted to a pH of 7.4 with NaOH. Liquid 

junction potential was calculated at +15 mV and was corrected offline.

Electrophoretic mobility-shift assay, immunoprecipitation and immunoblot analysis. For 

assessment of translocation of NF-κB and NFAT-1 to the nucleus in wild-type and Trpv1−/− spleen 

CD4+ T cells, cytoplasmic cell extracts were made by lysis via incubation for 5 min on ice in 

hypotonic lysis buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA and complete protease 

inhibitors (Roche)). After collection of the cytoplasmic extracts, cell pellets were lysed for 5 min 

on ice in nuclear extract buffer B (20 mM HEPES, pH 7.9, 420 mM NaCl, 1 mM EDTA and protease 

inhibitors). Translocation of activated NF-κB into the nucleus was measured by electrophoretic 

mobility-shift assay with consensus NF-κB oligonucleotides (Santa Cruz Biotechnologies) as 

described42. Translocation of NFAT-1 was analyzed in the nuclear fractions by immunoblot with 

mouse monoclonal anti-NFAT-1 (ab2722; Abcam). The phosphorylation of Zap70, Lat, Erk1/2, p38 

and Jnk was assessed in the cytosolic fraction with antibodies specific for the phosphorylated 

and total forms of these proteins (antibodies identified above). The protein concentration 

was determined with a protein-quantification kit (Bio-Rad). Protein samples (10 μg/lane) 
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were separated by SDS PAGE (4–12% acrylamide NuPAGE Novex bis-Tris precast gels; Life 

Technologies) and then were transferred to PVDF membranes (Millipore). Nonspecific binding 

in the blots was blocked by incubation for 45 min at room temperature in 5% BSA and 0.3% 

Tween-20 in PBS, and blots were incubated overnight at 4 °C with primary antibodies (identified 

above; all at a dilution of 1:1,000). The blots were washed and then were incubated for 45 min 

at room temperature with their corresponding horseradish peroxidase–conjugated secondary 

antibody (705-035-003, 115-035-174 and 711-065-152; Jackson ImmunoResearch Laboratories; 

each at a dilution of 1:5,000 to 1:10,000) and were developed in ECL solution (Pierce). Image J 

software was used for quantification of immunoblot analysis results by band densitometry. For 

measurement of TRPV1 expression by immunoblot analysis, resting mouse and human primary 

CD4+ T cells, Jurkat T cells, and control or rat TRPV1–overexpressing Chinese hamster ovary 

cells, were lysed with RIPA buffer (Teknova) supplemented with protease inhibitors (Roche), 

followed by immunoblot analysis as described above with anti-TRPV1 (sc-12498 (Santa Cruz) at 

a dilution of 1:1,000, or ACC-030 (Alomone) at a dilution of 1:200). For analysis of the tyrosine 

phosphorylation of TRPV1, wild-type and Lck−/− Jurkat T cells were left resting or were stimulated 

with 2.5 μg/ml anti-human CD3 plus 1 μg/ml anti-human CD28 (antibodies identified above) 

and then were lysed with RIPA buffer supplemented with protease inhibitors (Roche), then 

proteins were immunoprecipitated from cleared lysates by incubation overnight at 4 °C with 

goat anti-TRPV1 (sc-12498; Santa Cruz Biotechnology) coupled to protein A magnetic beads 

(New England Biolabs). Normal goat IgG was used as negative control (sc-2028; Santa Cruz 

Biotechnology). Then the immunoprecipitates were washed three times with lysis buffer and 

separated by SDS-PAGE. Blots were probed with antibodies to phosphorylated tyrosine, anti-

TRPV1 and anti-Lck as described above (antibodies identified above).

Il10−/− model of colitis. 8- to 10-week-old sex- and age-matched Il10−/− or Il10−/−Trpv1−/− mice 

were randomly assigned to experimental groups. To overcome the variability in severity and 

onset of the disease in this model, colitis was induced by treatment with the nonsteroidal anti-

inflammatory drug piroxicam26 (Sigma). Mice were fed normal chow for 14 consecutive days, 

without mixture or mixed with piroxicam (50 mg per 250 g chow for the first week and 70 mg 

per 250 g chow for the second week). In some experiments, Il10−/− mice were treated daily with 

SB366791 (3 mg per kg body weight; given intraperitoneally) or with vehicle (10% DMSO and 90% 

saline) starting 3 d before and daily during the 14 d of the colitis induction by piroxicam. Wasting 

disease in the groups was monitored periodically and mice were killed at day 30 for analysis.

T cell–adoptive transfer model of colitis. Splenic naive CD4+ T cells isolated from wild-type, 

Trpv1−/− or Trpv1-TG donor mice were adoptively transferred into Rag1−/− or Rag1−/−Trpv1−/− 

recipients as described47,48. Samples were enriched for CD4+ T cells by immunomagnetic 

negative selection, then cells were stained with allophycocyanin–anti-CD4 Alexa Fluor 488–

anti-CD25 and phycoerythrin–anti-CD45RB (antibodies identified above) and were sorted into 

populations of naive CD4+CD45RBhiCD25− cells and regulatory CD4+CD45RBloCD25+cells (usual 

purity, >98%) with a BD FACSAria II flow cytometer. 8- to 10-week-old sex- and age-matched 

Rag1−/− or Rag1−/−Trpv1−/− recipients were reconstituted by intraperitoneal injection of 3 × 105 
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naive CD4+ T cells from wild-type, Trpv1−/− or Trpv1-TG sex-matched donor mice. For cotransfer 

experiments, 1.5 × 105 T
reg

 cells from wild-type mice were injected together with the naive CD4+ 

T cells. After reconstitution, mice were monitored weekly for signs of intestinal inflammation, 

such as weight loss and diarrhea. The disease activity index (the combined score of weight loss 

and bleeding) was determined as described47,48. Diseased mice were killed for analysis.

Isolation of lamina propria lymphocytes. Lamina propria lymphocytes were isolated as 

described47. Colons were washed with PBS and cut into small pieces (~1–2 mm in width). Tissue 

pieces were digested twice for 30 min at 37 °C, under rotation, with PBS containing 0.5 mg/ml of 

collagenase IV and 0.5 mg/ml of DNase I (both from Sigma). Cell suspensions containing lamina 

propria lymphocytes were collected through a 40-μm cell strainer. Finally, the lymphocytes 

were isolated by centrifugation at 1,000g (without braking) for 20 min at 20 °C with a 40/80 

gradient of Percoll (GE Healthcare) (usual CD4+ T cell purity, >80%).

Colonic explants. Colonic longitudinal sections (~3–4 mm in width) were weighed and then 

were washed in RPMI medium 1640 containing 100 μg/ml streptomycin and 100 U/ml penicillin. 

The colonic explants were cultured for 24 h at 37 °C and 5% CO
2
 in complete RPMI-1640 medium. 

Culture supernatants were then collected and cytokines were measured (by ELISA).

Histological analysis. Entire colons were excised, opened longitudinally, rolled onto a wooden 

dowel and fixed with 10% buffered formalin. Paraffin sections (5 μm in thickness) were stained 

with hematoxylin and eosin. Colonic epithelial damage was assigned scores (by researchers 

‘blinded’ to sample identity) as follows: 0, normal; 1, hyperproliferation, irregular crypts and 

goblet cell loss; 2, mild to moderate crypt loss (10–50%); 3, severe crypt loss (50–90%); 4, 

complete crypt loss with surface epithelium intact; 5, small- to medium-sized ulcer (<10 crypt 

widths); and 6, large ulcer (>10 crypt widths). Infiltration with inflammatory cells was assigned 

scores separately for the mucosa (0, normal; 1, mild; 2, modest; and 3, severe), submucosa 

(0, normal; 1, mild to modest; and 2, severe), and muscle plus serosa (0, normal; 1, moderate 

to severe). Scores for epithelial damage and inflammatory cell infiltration were added, which 

resulted in a total colitis scoring range of 0–12.

Statistical analysis. The statistical significance between two groups was determined with an 

unpaired Student’s t-test with two-tailed P values. The statistical significance of differences 

between more than two groups was determined by one-way ANOVA with a post-hoc Dunnett’s 

or Bonferroni test. For time-course experiments in vivo, two-way ANOVA with a post-hoc 

Bonferroni test was used. All statistical results were analyzed with PRISM software (GraphPad).
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Supplementary Figure 1. TRPV1 is expressed and functional in CD4+ T cells. (a) TRPV1 protein expression in mouse 
splenic (SP) CD4+ T cells, in human primary CD4+ T cells enriched from peripheral blood of healthy donors and in 
Jurkat human T cell line (clone E6.1) was determined by immunoblot on a 4-12% SDS-PAGE gel. Chinese hamster 
ovary (CHO) cells either control (Ctrl) or overexpressing rat TRPV1 (TRPV1+) were used as negative and positive 
controls, respectively. Doublets at ~95 kilodaltons (kDa) and 115 kDa correspond to the nonglycosylated and 
glycosylated forms of the TRPV1 channel and upper bands likely correspond to TRPV1 multimers40. (b) Confocal 
microscopy images of wild-type spleen CD4+ T cells stained with the DNA-binding dye DAPI (far left), goat anti-
TRPV1 primary antibody and Alexa Fluor 546–conjugated anti-goat secondary antibody (middle left) and Alexa Fluor 
488–conjugated anti-CD4 (middle right) antibodies, after pre-incubation of the TRPV1 antibody with its specific 
blocking peptide (TRPV1 IgG + peptide) or when using the isotype-matched control antibody immunoglobulin G 
(Ctrl IgG). Right, merged image; Scale bar = 5 μm. (c) Confocal microscopy images of CHO-Ctrl or CHO-TRPV1+ cells 
stained with the DNA-binding dye DAPI (left), goat anti-TRPV1 primary antibody and Alexa Fluor 546–conjugated 
anti-goat secondary antibody (middle); right, merged image. Scale bar = 10 μm. (d) Immunoblot analysis of TRPV1, 
β-actin (a cytosolic protein) and CD3ε (a plasma membrane protein) in total lysates or in plasma membrane protein 
fractions (methods, Biotinylation of Cell Surface Proteins) of Jurkat T cells either untransduced (wild-type, WT) 
or transduced with nontargeting control shRNA lentiviral particles (copGFP, GFP) or with TRPV1 shRNA lentiviral 
particles (TRPV1 knockdown, Trpv1-KD). (e) [Ca2+]

i
 in wild-type and Trpv1-KD Jurkat T cells loaded with the calcium 

indicator Fura-2 AM and treated with 10 μM capsaicin (CAP, gray bar) in the presence of 2 mM CaCl
2
 (2 Ca; black bar), 

monitored by confocal imaging and presented as the ratio of Fura-2 emission at an excitation of 340 nm to that 
at 380 nm (340/380); right, quantification of the Ca2+-influx peak at left (mean ± s.e.m.); ****P <0.0001 (two-tailed 
Student t-test). Data are representative of two (b,c) or three (a,d-e) independent experiments.
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Supplementary Figure 2. TRPV1 channel contributes to TCR-induced Ca2+ influx in CD4+ T cells. (a) [Ca2+]
i
 in 

wild-type (WT) and Trpv1–/– spleen CD4+ T cells loaded with the fluorescent Ca2+ indicator dye Indo-1 AM and 
stimulated with soluble anti-CD3 (10 μg/ml) and anti-CD28 (1 μg/ml) antibodies (α-CD3 + α-CD28) in Ca2+-free 
medium, with 5 mM CaCl

2
 (5 Ca) added to the extracellular medium during the acquisition, monitored by flow 

cytometry; results are presented as the ratio of Indo-1 AM emission at 405 nm to that at 510 nm (405/510). (b) 
Quantification of the Ca2+-influx profile shown in a. *P <0.05; ***P <0.001 (two-tailed Student t-test). (c) [Ca2+]

i
 in WT 

and Trpv1–/– spleen CD4+ T cells as in a with 0.5 mM CaCl
2
 (0.5 Ca) added to the extracellular medium prior to α-CD3 

+ α-CD28 stimulation. (d) [Ca2+]
i
 in WT and Trpv1–/– spleen CD4+ T cells as in a with α-CD3 + α-CD28 stimulation in 

RPMI medium (0.42 Ca). (e) [Ca2+]
i
 in WT and Trpv1–/– spleen CD4+ T cells stimulated with soluble anti-CD3 (20 μg/

mL) and anti-CD28 (2 μg/mL) Abs in Ca2+-free medium. (f) [Ca2+]
i
 in WT and Trpv1-TG spleen CD4+ T cells stimulated 

as in a. (g) [Ca2+]
i
 in WT and Trpv1-TG spleen CD4+ T cells stimulated with ionomycin (500 nM) in Ca2+-free medium, 

with 5 mM CaCl
2
 (5 Ca) added to the extracellular medium during the acquisition. (h) [Ca2+]

i
 in WT and Trpv1–/– 

spleen CD4+ T cells stimulated with ionomycin (500 nM) or (i) thapsigargin (TPSG, 1 μM) in Ca2+-free medium, with 
5 mM CaCl

2
 (5 Ca) added to the extracellular medium during the acquisition. ( j) [Ca2+]

i
 in WT and Trpv3–/– spleen 

CD4+ T cells stimulated as in a. (k) [Ca2+]
i
 in WT CD4+ T cells loaded with Indo-1 AM and pretreated for 5 min with the 

TRPV1 antagonist I-RTX (0.1 or 1 μM) or the vehicle (veh; 0.1% dimethyl sulfoxide (DMSO)), then stimulated as in a.
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 Supplementary Figure 3. Cytokine profiles of Trpv1-TG CD4+ T cells and Trpv1–/– OT-II CD4+ T cells. (a) Enzyme-
linked immunosorbent assay (ELISA) of cytokines (horizontal axes) in wild-type (WT) and Trpv1-TG splenic CD4+ 
T cells stimulated for 24 h (IFN-γ, IL-17A, IL-2 and TNF) or 48 h (IL-10 and IL-4) with plate-bound anti-CD3 (10 μg/
ml) and soluble anti-CD28 (1 μg/ml) (mean ± s.e.m. (n = 4 mice/group)); *P<0.05; **P <0.01; ***P <0.001 (two-tailed 
Student t-test). (b) Flow cytometry analysis of IFN-γ and IL-2 intracellular production in CD4+ T cells recovered 
from cocultures of OVA-loaded wild-type splenic CD11c+ DCs incubated for 5 d with OVA-specific Trpv1+/+ or 
Trpv1–/– OT-II splenic CD4+ T cells (n = 4 mice per group). Equal numbers of the CD4+ T cells recovered were 
restimulated or not for 5 h with anti-CD3 plus anti-CD28 before analysis. Representative panels of intracellular 
cytokine production in the different conditions are shown.
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Supplementary Figure 4. Trpv1–/– and WT CD4+ T cells display similar apoptosis and proliferative response. (a) 
Apoptosis of wild-type (WT) and Trpv1–/– spleen CD4+ T cells stimulated with anti-CD3 (10 μg/mL plate-bound) 
and anti-CD28 (1 μg/mL soluble) for 24 h as in Figure 5a, stained for CD4, annexin V and the DNA-intercalating 
dye 7-AAD and analyzed by flow cytometry. NS, not significant (two-tailed Student t-test) (mean ± s.e.m. (n = 
3-4 mice/group)). (b) Proliferation of WT and Trpv1–/– spleen CD4+ T cells left unstimulated (US) or stimulated 
with anti-CD3 (10 μg/mL plate-bound) plus anti-CD28 (2 μg/mL soluble) (top panel) or PMA (25 ng/mL) and 
ionomycin (Iono, 500 nM) (bottom panel) for 72 h, stained with CD4 and CFSE and analyzed by flow cytometry. 
Representative panels of 3 independent experiments and percentages of cells that underwent 0-5 divisions are 
shown (mean ± s.e.m. (n = 3-4 mice/group)).
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Supplementary Figure 5. Treatment with a TRPV1 antagonist reduces colitis severity in Il10–/– mice. (a) Wasting 
disease in Il10–/– mice treated daily with the TRPV1 antagonist SB366791 (3 mg/kg, i.p) or with its vehicle (VEH) 
starting 3 days prior and daily during the 14 days of colitis induction by piroxicam (PXC). (b) Microcopy of colon 
sections from mice as in a, stained with hematoxylin and eosin. Scale bar, 1 mm (main images; 20× objective) or 
100 μm (insets; 1× objective). (c) Colitis scores of the mice in a. (d) Enzyme-linked immunosorbent assay (ELISA) 
of IFN-γ and IL-17A production by spleen (SP) CD4+ T cells recovered from mice as in a, and restimulated for 24 h 
with anti-CD3 (10 μg/mL plate-bound) plus anti-CD28 (1 μg/mL soluble) (mean ± s.e.m. (n = 7-8 mice/group)). NS, 
not significant; **P <0.01 (two-tailed Student t-test). Data are representative of two independent experiments.
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Supplementary Figure 6. Trpv1–/– naive CD4+ T cells have impaired colitogenic properties in an adoptive transfer 
model. (a) Representative pictures of colons from Rag1–/– recipient mice 4 weeks after adoptive transfer of 3 × 105 
wild-type (WT) or Trpv1–/– naive (CD4+CD45RBhiCD25–) T cells or a mixture of 3 × 105 WT naive CD4+ T cells plus 1.5 × 105 
WT T

reg
 (CD4+CD45RBloCD25+) cells (WT naive T cells + T

reg
) as in Figure 7d. (b) Colon length in each experimental group. 

(c) Microcopy of colon sections from mice as in a, stained with the DNA-binding dye DAPI, Alexa Fluor 546–conjugated 
anti-CD45 and Alexa Fluor 488–conjugated anti-Claudin-3 antibodies. Scale bar, 50 μm (40× objective). (d) Real-time 
PCR analysis of several proinflammatory cytokines (top panel) and chemokines (bottom panel) in colon samples. The 
T

reg
 control group was used as reference and assigned to 1 (mean ± s.e.m. (n = 6-8 mice/group)). NS, not significant; *P < 

0.05, **P < 0.01 and ***P < 0.001 (one-way analysis of variance (ANOVA) with post-hoc Bonferroni’s test).
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Supplementary Figure 7. Trpv1–/– naive CD4+ T cells have impaired inflammatory responses in an adoptive transfer 
model. Flow cytometry analysis of IFN-γ, IL-17A, FOXP3 and IL-10 intracellular expression in CD4+ T cells recovered from 
Rag1–/– recipient mice 4 weeks after adoptive transfer of 3 × 105 wild-type (WT) or Trpv1–/– naive (CD4+CD45RBhiCD25–) 
T cells as in Figure 7d, and restimulated for 5 h with anti-CD3 (10 μg/mL plate-bound) plus anti-CD28 (1 μg/mL soluble). 
Percentages and numbers of IFN-γ+, IL-17A+, FOXP3+ or IL-10+ CD4+ T cells in (a) the spleen (SP), (b,c) the mesenteric 
lymph nodes (MLN) and (d) the lamina propria (LP) are shown (pooled organs (n = 2 mice/group)).
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Supplementary Figure 8. Deletion of Trpv1 decreases the capacity of naive CD4+ T cells to differentiate into 
T

H
1, T

H
2 and T

H
17 effector cells in vitro. (a) Flow cytometry analysis of IFN-γ, IL-4, IL-17A and IL-10 intracellular 

production in CD4+ T cells recovered from cocultures of OVA-loaded wild-type bone marrow CD11c+ DCs 
incubated for 5 d with OVA-specific Trpv1+/+ or Trpv1–/– OT-II splenic CD4+ T cells (n = 4 mice per group) under 
Th1, Th2, Th17 and T

reg
-polarizing conditions (methods, in vitro T cell differentiation). Equal numbers of the CD4+ 

T cells recovered were restimulated or not for 5 h with anti-CD3 (10 μg/mL plate-bound) plus anti-CD28 (1 μg/mL 
soluble) before analysis. Representative panels of intracellular cytokine production in the different conditions are 
shown. (b) Percentages of CD4+IFN-γ+ (T

h
1), CD4+IL-4+ (T

h
2), CD4+IL-17A+ (T

h
17), and CD4+IL-10+ (T

reg
) cells as in a 

(mean ± s.e.m.). NS, not significant; *P <0.05 (two-tailed Student t-test).

166



TRPV1 PROMOTES T-CELL FUNCTION

1

2

3

4

5

6

7

8

9

10

11

12

13

&

Supplementary Figure 9. Trpv1-TG naive CD4+ T cells induce exacerbated colitis in an adoptive transfer model. 
(a) Body weight of Rag1–/– recipient mice 4 weeks after adoptive transfer of 3 × 105 wild-type (WT) or Trpv1-TG naive 
(CD4+CD45RBhiCD25–) T cells or a mixture of 3 × 105 WT naive CD4+ T cells plus 1.5 × 105 WT T

reg
 (CD4+CD45RBloCD25+) 

cells (WT naive T cells + T
reg

). (b) Disease activity index (DAI) of the mice in a. (c) Microcopy of colon sections from 
the mice in a, stained with hematoxylin and eosin. Scale bar, 1 mm (main images; 20× objective) or 100 μm (insets; 
1× objective). (d) Colitis scores of the mice in a. (e) Cytokine concentrations in colonic explants from the mice in 
a after 24 h of culture. (f) Cytokine production by splenic or (g) MLN CD4+ T cells isolated from the mice in a and 
restimulated for 24 h with anti-CD3 (10 μg/ml plate-bound) plus anti-CD28 (1 μg/ml soluble). *P < 0.05, **P < 0.01 
and ***P < 0.001 (one-way (b,d–g) or two-way (a) ANOVA with post-hoc Bonferroni’s test). Data are from one 
experiment representative of two experiments (mean ± s.e.m. (n = 5–6 mice per group)).
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Supplementary Figure 10. Proposed model for the regulation of T cell activation by TRPV1. TCR stimulation 
induces the activation of protein tyrosine kinases, such as Lck, which initiate a cascade of phosphorylation 
events. Our data indicate that TRPV1 is part of this signaling cascade and that tyrosine phosphorylation by Lck 
is likely the gating mechanism of TRPV1 after TCR stimulation. In addition to CRAC, Voltage-gated Ca2+ channels 
(Ca

V
) and other TRPs channels, we identified that TRPV1 is required for the proper transduction of TCR induced-

Ca2+ influx, TCR-mediated signaling events (for example, MAPKs, NFAT-1 and NF-κB), and downstream activation 
and acquisition of proinflammatory properties by CD4+ T cells.
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Supplementary Table 1: Primer sequences.

Gene Accession number Sequence 5’-3’

Trpv1  NM_001001445 CGAGGATGGGAAGAATAACTC
GGATGATGAAGACAGCCTTGA  

Trpv2 NM_011706 CCAGCCATTCCCTCATCAAAA 
AAGTACCACAGCTGGCCCAGTA

Trpv3 NM_145099 TGAAAGAAGGCATTGCCATTT 
GAAACCAGGCATCTGACAGGAT

Trpv4 NM_022017 TCACCTTCGTGCTCCTGTTG
AGATGTGCTTGCTCTCCTTG  

Trpv5 NM_001007572 CCAGGATAAGATCCGGCTGG 
AAAGTAGCGAGAGGCACCAA 

Trpv6 NM_022413 ATCCGCCGCTATGCACA 
AGTTTTTCTCCTGAATCTTTTTCCA 

Trpc3 NM_019510 GCCAAGCGACGGAGGAATTA 
CAGCACACTGGGGTTCAGTT  

Trpm4 NM_175130 CCCTGAGGATGGTGTTGAGT 
AGGAGCACTGGGATGTCAAT  

Supplementary Table 2: Primer sequences.

Gene Accession number Sequence 5’-3’

Tnf NM_013693 ACAGAAAGCATGATCGGCG
GCCCCCCATCTTTTGGG 

Ifng NM_008337 AGCTCTTCCTCATGGCTGTT
TTTGCCAGTTCCTCCAGATA

Il17a NM_010552 GGACTCTCCACCGCAATGA
GGCACTGAGCTTCCCAGATC 

Il22 NM_016971 CATGCAGGAGGTGGTACCTT
CAGACGCAAGCATTTCTCAG

Il1b NM_008361 GAAGAAGAGCCCATCCTCTG
TCATCTCGGAGCCTGTAGTG 

Cxcl1 NM_008176 ACCCAAACCGAAGTCATAGC
GTGCCATCAGAGCAGTCTGT  

Cxcl9 NM_008599 GAACCCTAGTGATAAGGAATGCA
CTGTTTGAGGTCTTTGAGGGATT

Cxcl10 NM_021274 GCTGCAACTGCATCCATATC
TTTCATCGTGGCAATGATCT  

Ccl22 NM_009137 CTATGGTGCCAATGTGGAAG
TCGGTTCTTGACGGTTATCA  

Ccl13 NM_005408 CCTTCAACATGAAAGTCTCTGC
ATGTGAAGCAGCAAGTAGATGG

Cd3d NM_013487 GCCAGAACTGTGTGGAGCTA
CTCATGTCCTGCAAAGCAGT  

Gapdh NM_008084 TCAACAGCAACTCCCACTCTT
ACCCTGTTGCTGTAGCCGTAT
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AUTOCOMMENTARY
Transient receptor potential vanilloid-1 (TRPV1) is a nonselective cation channel with a relatively 

high permeability to Ca2+ (P
Ca

/P
Na

 ~10).1 TRPV1 was initially identified as the receptor for capsaicin, 

the pungent ingredient in chili peppers.1 Although TRPV1 is well characterized in peripheral 

sensory neurons as a pain receptor, growing evidence suggests that TRPV1 has functional roles 

in many other organs and cells, including those of the immune system.2

The current paradigm of Ca2+ entry in CD4-positive T lymphocytes (CD4+ T cells) is mostly 

centered on store operated Ca2+ entry (SOCE).3 In this model, T-cell receptor (TCR) stimulation 

induces a cascade of signaling events that leads to the activation of phospholipase C gamma 

1 (PLC-γ1), which catabolizes phosphatidylinositol-4,5-bisphosphate (PIP
2
) into diacylglycerol 

(DAG) and inositol 1,4,5-trisphosphate (IP
3
). IP

3
 then binds to its intracellular Ca2+ store channel 

(IP
3
 receptor, IP

3
R), leading to endoplasmic reticulum (ER) store depletion and to translocation 

of stromal interacting molecule 1 (STIM1) to the plasma membrane. The subsequent activation 

of Orai1, the pore-forming subunit of the Ca2+ release-activated Ca2+ (CRAC) channel at the 

plasma membrane results in Ca2+ influx from the extracellular milieu and in a sustained elevation 

of intracellular Ca2+ ([Ca2+]
i
).3 This in turn, leads to the activation of Ca2+-dependent intracellular 

signaling pathways and to the nuclear translocation of transcription factors such as nuclear 

factor of activated T-cells (NFAT) and nuclear factor kappa binding (NF-κB), which direct T cell 

responses such as cytokine secretion, proliferation, and differentiation into effector cells.3

Although SOCE is undoubtedly the major mechanism for Ca2+ influx in T cells, recent studies 

have documented the expression of other ion channels in immune cells such as voltage-gated 

Ca2+ channels (Ca
V
) and members of the TRP channel family.4 We recently described that the 

TRPV1 channel is expressed and functional on the plasma membrane of CD4+ T cells and that 

it contributes to TCR-induced Ca2+ influx and hence, to the subsequent activation of these 

cells.5 We first used Ca2+ imaging techniques and demonstrated that capsaicin, a specific 

TRPV1 agonist,1 induced Ca2+ influx in CD4+ T cells. We then performed whole-cell patch-clamp 

experiments to evaluate the current-voltage (I-V) relationship after stimulation of CD4+ T cells 

with capsaicin and confirmed the outward-rectification characteristic of TRPV1 channels.1 In 

addition, TCR-induced Ca2+ influx was decreased in TRPV1-deficient CD4+ T cells when compared 

to wild-type. In contrast, TCR-independent activation with the Ca2+ ionophore ionomycin or 

with the sarcoplasmic reticulum Ca2+-ATPase pump inhibitor thapsigargin, did not affect TRPV1-

mediated Ca2+ influx. These results suggested that TRPV1 acts as a non-store-operated Ca2+ 

channel and contributes to TCR-induced Ca2+ influx in CD4+ T cells.

We then investigated how TRPV1 was activated upon TCR stimulation. We found that TRPV1 

was associated with the TCR co-receptor CD4 and the Src-family tyrosine kinase Lck in resting 

and TCR-stimulated CD4+ T cells. TCR stimulation rapidly induced tyrosine phosphorylation of 

TRPV1, which did not occur in Lck-deficient T cells. Tyrosine phosphorylation by Lck is therefore 

a possible gating mechanism for TRPV1 in CD4+ T cells downstream of TCR engagement. Other 

mechanisms downstream of TCR stimulation may also contribute to TRPV1 activation, such as 

hydrolysis of PIP
2
 by PLC-γ1, which releases TRPV1 from the tonic inhibition exerted by PIP

2
.6 
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Our observations suggest that TRPV1 and potentially other TRP channels, play important 

physiological roles beyond their largely described ionotropic functions in sensory neurons. 

They can also be activated in a metabotropic-like manner by GPCR via Gq7 and, as we showed 

in CD4+ T cells, by TCR via Lck.5 Interestingly, we recently identified that TRPV1 is also activated 

downstream of the epidermal growth factor receptor (EGFR) in intestinal epithelial cells,8 

further supporting the notion that TRPV1 can be activated by metabotropic-like receptors in 

non-neuronal cells and has physiological functions in a variety of tissues or organs.2

In line with their decreased TCR-induced Ca2+ influx, TRPV1-deficient CD4+ T cells displayed 

reduced activation of NFAT and NF-κB upon stimulation of the TCR, and secreted less effector 

cytokines, such as interleukin-2 (IL-2) and interferon-γ (IFN-γ), when compared to wild-type CD4+ 

T cells. Furthermore, using animal models of human inflammatory bowel disease we found that 

genetic deletion or pharmacological inhibition of TRPV1 in CD4+ T cells substantially reduced colitis 

severity. Taken together, these data indicate that TRPV1-induced Ca2+ influx contributes to CD4+ T cell 

activation and subsequently increases the pro-inflammatory cytokine production as summarized in 

Figure 1. Finally these data suggest that targeting the TRPV1 channel could represent a novel strategy 

to inhibit pro-inflammatory CD4+ T cell responses in related human diseases.

Figure 1. Proposed model for the regulation of TCR-induced Ca2+ influx and downstream Ca2+-dependent 
intracellular signaling events by TRPV1. Abbreviations: linker for activation of T cells (LAT); 70 kDa zeta-chain 
associated protein (ZAP70); protein kinase C theta (PKCθ); mitogen-activated protein kinases (MAPKs); I-kappa-
B-a (IKBa); calmodulin (CaM); calcineurin A (CnA); activating protein-1 (AP-1).
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ABSTRACT
Transient Receptor Potential Ankyrin-1 (TRPA1) is a calcium (Ca2+)-permeable channel that is 

mostly known as a pain receptor expressed in sensory neurons. However, TRPA1 channels have 

a diverse tissue distribution and their functions in other tissues/cell types are largely unknown. 

We identified the functional expression of TRPA1 on the plasma membrane of CD4+ T cells and 

its protective T cell-intrinsic role in two models of experimental colitis. Furthermore, we found 

that TRPA1-deficient (Trpa1–/–) CD4+ T cells display a sustained TCR-induced Ca2+ influx, a T helper 

1 (T
h
1) bias and increased pro-inflammatory properties. Interestingly, the phenotype of Trpa1–/– 

CD4+ T cells was abrogated upon pharmacological inhibition or genetic deletion of the Transient 

Receptor Potential Vanilloid-1 (TRPV1) channel in mouse and human primary CD4+ T cells. These 

findings suggest that TRPA1 restrains TRPV1 channel activity in CD4+ T cells and consequently, 

negatively regulates CD4+ T cell activation and T
h
1-mediated inflammatory responses.
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INTRODUCTION
The Transient Receptor Potential Ankyrin 1 (TRPA1) channel functions as a calcium (Ca2+)-

permeable cation channel and is involved in various cellular processes1. TRPA1 was originally 

identified in sensory neurons that respond to noxious cold temperatures (<17ºC) and certain 

pungent compounds including allyl isothiocyanate (the pungent compound in mustard oil) and 

cinnamaldehyde (from cinnamon)2,3. Like most TRP channel family members, functional TRPA1 

channels are likely formed by homo- or heterotetramerization with other TRP channel subunits4,5.

Since neuronal TRPA1 is activated by a variety of exogenous and endogenous stimuli 

that cause pain and inflammation, it is considered to play a pro-inflammatory role6. For 

example, intracolonic administration of the TRPA1-specific agonist mustard oil (MO) or 

2,4,6-trinitrobenzene sulfonic acid (TNBS) in mice leads to a severe colitis that is associated 

with activation of TRPA1 in gut sensory afferent nerves and with the subsequent release of 

neuropeptides that trigger neurogenic inflammation7-10. 

We recently demonstrated that the TRP Vanilloid 1 (TRPV1) channel is expressed in CD4+ 

T cells and that it increases their activation and pro-inflammatory properties11. Since TRPA1 

is predominantly co-expressed with TRPV13,12-13, and because these two proteins can form 

heterotetrameric channels14-16, we evaluated TRPA1 function in CD4+ T cells in vitro and in 

vivo. In contrast to the role of TRPV1, we identified that TRPA1 in CD4+ T cells decreases their 

activation and pro-inflammatory properties. Furthermore, Trpa1–/– CD4+ T cells are biased 

towards a T helper 1-type (T
h
1) phenotype. As presented below, we identified that TRPA1 

negatively regulates TRPV1 channel activity in CD4+ T cells, and consequently restrains CD4+ T 

cell activation and their pro-inflammatory responses.

RESULTS
TRPA1 deficiency aggravates colitis in Il10–/– mice
To investigate the role of TRPA1 in the development of T cell-mediated colitis, we crossed 

Trpa1–/– mice with Il10–/– animals17. Between 8- to 10-weeks of age, Il10–/–Trpa1–/– mice developed 

severe spontaneous colitis (i.e., body weight loss, diarrhea, rectal prolapse, shortening and 

thickening of the colon), whereas Il10–/– control mice developed very mild disease under the 

same housing conditions (Fig. 1, A and B). The exacerbated colitis in Il10–/–Trpa1–/– mice was 

not transmissible to co-housed Il10–/– mice and is therefore not likely the result of an altered 

gut microbiota composition (see Supplementary text and fig. S1). Histological analysis of 

the colons revealed epithelial hyperproliferation, massive crypt loss, and marked infiltration 

of mononuclear cells in the mucosal layer of Il10–/–Trpa1–/– mice (Fig. 1C). The gut barrier was 

also disrupted in these mice as shown by the increased levels of albumin detected in the feces 

(Fig. 1D). Consistent with the aforementioned macroscopic alterations in the colon, we found 

increased transcript levels of inflammatory cytokines (Ifng, Il17a, and Il1b), as well as the T cell 

markers (Cd4 and Cd3d) in colon tissues from Il10–/–Trpa1–/– mice (Fig. 1E). Furthermore, ex 

vivo colonic explants (CEs) from Il10–/–Trpa1–/– mice produced significantly higher amounts of 
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Figure 1. TRPA1 deficiency aggravates colitis in Il10–/– mice. (A) Time course of Disease Activity Index (DAI; 
the combined score of weight loss and presence of blood in the stools) for Il10–/– and Il10–/–Trpa1–/– mice. (B) 
Representative pictures of the rectal prolapse and the colon of Il10–/– and Il10–/–Trpa1–/– mice. The % of mice that 
develop rectal prolapse at 12-weeks of age is indicated. (C) Left panel: Representative pictures (2x objective) of 
colon sections stained with H&E. Scale bar = 500 mm. Il10–/–Trpa1–/– mice developed severe colonic inflammation as 
judged by colonic wall thickening (black arrowheads), massive crypt loss (black asterisk), and marked infiltration of 
mononuclear cells in the mucosa and lamina propria (black arrows). Right panel: Colitis score of 12-week old Il10–/– 
and Il10–/–Trpa1–/– mice. (D) Albumin levels in the stools (feces) analyzed by ELISA. (E) Relative mRNA expression levels 
in colon tissues. Several pro-inflammatory cytokines (top panel) and cell markers (bottom panel) were analyzed by 
q-PCR in colon homogenates from Il10–/–Trpa1–/– and Il10–/– mice and normalized to Gapdh housekeeping gene. The 
level in the Il10–/– control group was used as reference and assigned to 1. (F) Pro-inflammatory cytokine production 
by colonic explants after 24h of culture (ELISA). One representative experiment out of three is shown. Results 
are expressed as mean ± SEM (n = 9-10 [A, B] or 6-8 [C-F] mice/group). n.s: not significant; *p <0.05 ; ***p <0.001 
(two-way ANOVA with post hoc Bonferroni’s test [A] or two-tailed Student t-test [B-F]). 
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IFN-γ compared to Il10–/– control mice (Fig. 1F). Collectively, these results indicate that TRPA1 

deficiency accelerates the development of spontaneous colitis and exacerbates the intestinal 

inflammation in genetically susceptible hosts (i.e., Il10–/– mice). 

Il10–/–Trpa1–/– mice display increased T
h
1-mediated inflammatory 

responses
Since the spontaneous colitis in Il10–/– mice depends predominantly on CD4+ T cells18, we 

analyzed their inflammatory profile. Spleens (SP) and mesenteric lymph nodes (MLN) were 

enlarged in 12-week old Il10–/–Trpa1–/– mice compared to age-matched Il10–/– control mice 

(Fig. 2A, overview insets). SP and MLN CD4+ T cells isolated from Il10–/–Trpa1–/– mice produced 

significantly higher levels of the T
h
1-type cytokines IFN-γ and IL-2 compared to Il10–/– mice (Fig. 

2, A and B). To study the colonic T cells of these mice, we isolated lamina propria lymphocytes 

(LPLs) and analyzed their inflammatory profile by q-PCR. Transcript levels of Ifng and Il2 as well 

as the transcription factors T-bet, Nfat1, and Nfkb were up-regulated in Il10–/–Trpa1–/– LPLs 

compared to Il10–/– LPLs (Fig. 2C). We then analyzed the cytokine production of naïve SP CD4+ 

T cells isolated from 6-week old mice without clinical signs of colitis. Interestingly, these cells 

also showed increased IFN-γ and IL-2 production compared to naïve CD4+ T cells isolated from 

age-matched Il10–/– mice (Fig. 2D). These results indicate that CD4+ T cells isolated from Il10–/–

Trpa1–/– mice have an increased pro-inflammatory profile and a T
h
1 bias. 

Il10–/–Trpa1–/– naïve CD4+ T cells display exacerbated colitogenic 
properties
We next evaluated whether the colitis observed in Il10–/–Trpa1–/– mice resulted from TRPA1 

deficiency in CD4+ T cells. To address this possibility, we isolated naïve (CD4+CD45RBhighCD25-) SP 

T cells from young (6-week old), colitis-free, Il10–/– and Il10–/–Trpa1–/– donor mice and adoptively 

transferred these cells to Rag1–/– recipient mice19. As a control, we co-transferred wild-type 

C57BL/6 (WT) Tregs (CD4+CD45RBlowCD25+) together with WT naïve CD4+ T cells, and monitored 

the development of the colitis in the different experimental groups. Interestingly, naïve CD4+ T 

cells isolated from Il10–/–Trpa1–/– mice induced a greater body weight loss and a higher Disease 

Activity Index (DAI) in the recipients compared to naïve CD4+ T cells isolated from Il10–/– mice 

(Fig. 3, A and B). As expected, the control group (WT naïve T cells + Treg) did not show any clinical 

signs of colitis. Histological analysis of the colons confirmed the induction of severe colitis in 

the recipients of Il10–/–Trpa1–/– naïve CD4+ T cells, whereas only mild colitis was observed in the 

recipients of Il10–/– naïve CD4+ T cells (Fig. 3, C and D). The mRNA levels of several pro-inflammatory 

markers (e.g., Cd4, T-bet, Ifng) were also significantly increased in the colon homogenates of 

Il10–/–Trpa1–/– T cell recipients compared to Il10–/– T cell recipients (Fig. 3E). Finally, CD4+ T cells 

isolated from the spleen or MLN of Il10–/–Trpa1–/– T cell recipients produced higher levels of IFN-γ 

when compared to Il10–/– T cell recipients (Fig. 3F). These results indicate that Il10–/–Trpa1–/– CD4+ 

T cells display increased colitogenic properties and suggest that TRPA1 deficiency in CD4+ T cells 

might be responsible for the exacerbated colitis observed in Il10–/–Trpa1–/– mice.
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Figure 2. Il10–/–Trpa1–/– mice display increased pro-inflammatory CD4+ T cell responses. (A) Representative pictures 
of the spleen (SP) and the mesenteric lymph nodes (MLN) harvested from 12-week old Il10–/– and Il10–/–Trpa1–/– mice 
(overview insets). Cytokine production by SP or MLN CD4+ T cells isolated from each group, 24h after re-stimulation 
with anti-CD3/28 Abs (ELISA). (B) SP CD4+ T cells were stimulated or not with anti-CD3/28 Abs for 5h. Cells were then 
stained for CD4 and intracellular staining was performed for IFN-g. Representative panels of intracellular cytokine 
production in the different conditions are shown. Mean % ± SEM of CD4+IFN-g+ cells is indicated (right panel). (C) 
Relative mRNA expression levels in lamina propria lymphocytes (LPLs). Several pro-inflammatory cytokines (top panel) 
and transcription factors (bottom panel) were analyzed in LPLs samples isolated from the colon of Il10–/–Trpa1–/– and 
Il10–/– mice and normalized to Gapdh housekeeping gene. The level in the Il10–/– control group was used as reference 
and assigned to 1. (D) Naïve CD4+ T cells cytokine production. Naïve CD4+ T cells were isolated from the spleen of 
6-week old Il10–/–Trpa1–/– mice that did not develop colitis yet and did not have any signs of colonic inflammation and 
from age-matched Il10–/– control mice. IFN-g, IL-2, IL-17A and TNF-a production was analyzed 24h after re-stimulation 
with anti-CD3/28 Abs (ELISA). One representative experiment out of three is shown. Results are expressed as mean ± 
SEM (n = 6 [A] or 4 [B-D] mice/group). n.s: not significant; *p <0.05; **p <0.01 (two-tailed Student t-test).
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Figure 3. Il10–/–Trpa1–/– naïve CD4+ T cells induce an exacerbated colitis in the adoptive transfer model. (A) 
Percentage of initial body weight of Rag1–/– recipient mice 4 weeks post-adoptive transfer with 3x105 Il10–/– or 
Il10–/–Trpa1–/– sorted naïve (CD4+CD45RBhighCD25-) T cells, or with 3x105 WT naïve CD4+ T cells + 1.5x105 WT Treg 
(CD4+CD45RBlowCD25+). Statistical analysis compared Il10–/–Trpa1–/– naïve T cell group to Il10–/– naïve T cell group 
and Il10–/– naïve T cell group to WT naïve T cells + Treg group. (B) Disease Activity Index (DAI) in the different 
recipient groups. (C) Representative pictures (10x and 200x objectives) of colon sections stained with H&E. 
Scale bar = 1 mm (overview insets), 100 mm (high-power fields). (D) Colitis score of the 3 different groups. (E) 
Comparison of mRNA gene expression of Cd4, Ifng, and T-bet in SP CD4+ T cells isolated from Rag1–/– recipients. 
(F) Cytokine production by SP or pooled MLN CD4+ T cells isolated from Rag1–/– recipients, 24h after re-stimulation 
with anti-CD3/28 Abs (ELISA). Mean ± SEM (n = 7 mice/group [Il10–/– or Il10–/–Trpa1–/– naïve T cell groups] or 4 
mice/group [WT naïve T cells + Treg group]) of one representative experiment out of two is shown. n.s: not 
significant; *p <0.05; **p <0.01; ****p <0.0001 (one- [B-F] or two-way [A] ANOVA with post hoc Bonferroni’s test). 
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CD4+ T cells express a functional TRPA1 channel
To evaluate TRPA1 expression in CD4+ T cells, we isolated spinal cord, SP CD4+ T cells and CD11c+-

bone marrow-derived dendritic cells (BMDCs) from WT and Trpa1–/– mice and analyzed Trpa1 

mRNA expression by q-PCR. Trpa1 transcripts were found in WT spinal cord and WT CD4+ T cells 

but not in WT BMDCs or in Trpa1–/– samples (Fig. 4, A and B). CD4+ T cells express the non-

spliced full-length TRPA1 channel (see Supplementary Information and fig. S2, A and B). We 

confirmed TRPA1 protein expression in CD4+ T cells by immunofluorescent staining and identified 

by confocal microscopy that TRPA1 is predominantly expressed at the plasma membrane of CD4+ 

T cells (Fig. 4C). Indeed, the fluorescence signals of TRPA1 and CD4 (a transmembrane protein) 

were largely co-localized (Pearson’s correlation coefficient, r = 0.86) (Fig. 4D). 

Next, we demonstrated TRPA1 channel functionality in CD4+ T cells by recording cell attached 

single-channel voltage clamped currents (at the holding potential [V
holding

] of - 60 mV) evoked 

by two specific TRPA1 channel agonists, cinnamaldehyde (Cinn) and mustard oil (MO)2,3. Cinn 

gated single-channel currents (I
Cinn

) were recorded in WT naïve CD4+ T cells with a single-channel 

main conductance of 16.5±0.8 pS whereas no current could be recorded in Trpa1–/– naïve CD4+ T 

cells (Fig. 5, A and B). The single-channel currents were also observed in anti-CD3/28 stimulated 

(activated) WT CD4+ T cells upon application of Cinn or MO producing single-channel main 

conductance of 15.1±0.5 and 51.4±5.8 pS, respectively. These channel properties are consistent 

with the single-channel TRPA1 biophysical features reported in sensory neurons and in cells 

expressing heterogeneous TRPA1 (Fig. 2C)2,14,20. As a complementary approach to demonstrate 

TRPA1 channel functionality in CD4+ T cells, we performed single-cell Ca2+ imaging. We found that 

Cinn significantly increased the intracellular Ca2+ concentration ([Ca2+]
i
) in WT but not in Trpa1–/– 

CD4+ T cells (Fig. 5C). In contrast, similar increases in [Ca2+]
i
 were observed in WT and Trpa1–/– CD4+ 

T cells following stimulation with ionomycin, a Ca2+ ionophore used as positive control (Fig. 5D).

We then evaluated the possibility that the TRPA1 channel expressed in CD4+ T cells could be 

an alternative splice variant of the mouse Trpa1 gene21. We performed RT-PCR with 5 different 

sets of primers overlapping and mapping the entire mouse Trpa1 mRNA sequence (fig. S2A). 

The PCR products obtained with cDNAs isolated from mouse WT CD4+ T cells were similar in size 

to those obtained from a mouse TRPA1-expressing plasmid used as positive control (fig. S2B). 

These data suggest that murine CD4+ T cells express the full-length and non-alternatively spliced 

Trpa1 gene. To further confirm this finding we recorded single-channel MO-gated currents (I
MO

) 

currents from CD4+ T cells. We analyzed patches that contain TRPA1 channel only and discarded 

recording from patches that responded to both MO and capsaicin (CAP), the prototypical TRPV1 

agonist22. The mean slope of main conductance was 51±3.5pS at negative holding potentials and 

64±4.2 pS at positive holding potentials (fig. S2C). In addition, the reverse potential for currents-

voltage (I-V) relationship of I
MO

 was close to zero. The I-V curve profile and mean slope of main 

conductance were similar to those recorded from TRPA1-transfected Chinese Hamster Ovary 

(CHO) cells14. Collectively, these results demonstrate that CD4+ T cells express on their plasma 

membrane the non-spliced full-length TRPA1 channel (hereafter called “TRPA1CD4”). 
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Figure 4. TRPA1 is constitutively expressed in CD4+ T cells. (A) Spinal cord, SP CD4+ T cells and bone marrow-
derived dendritic cells (BMDCs) were isolated from C57BL/6 (i.e., WT) and Trpa1–/– mice, and Trpa1 mRNA expression 
was analyzed by q-PCR. PCR products from the q-PCR reaction were separated on a 2% agarose gel. Trpa1-specific 
PCR product was detected with an expected size of 333 bp. Nfl (Neurofilament), Cd3d, and Cd11c were used as 
markers for neurons, T cells and dendritic cells, respectively. Gapdh was used as a loading control. (B) Comparative 
expression of Trpa1 in spinal cord, SP CD4+ T cells and CD11c+ BMDCs by q-PCR. Expression of Trpa1 transcripts 
was normalized to Gapdh and assigned to 1 for spinal cord (positive control). Mean ± SEM of 6 mice is shown. n.s: 
not significant; *p <0.05; ***p <0.001 (one-way ANOVA with post hoc Bonferroni’s test). (C) Immunofluorescent 
labeling of TRPA1 and CD4 in WT and Trpa1–/– SP CD4+ T cells. DAPI (left panel), TRPA1-AF488 (mid-left panel), 
CD4-PE (mid-right panel) and the merge (right panel) are shown. Scale bar = 20 mm (overview insets), 5 mm (high-
power fields; white arrowheads indicate a single CD4+ T cell). The yellow color in the merge panel indicates areas 
of TRPA1 and CD4 co-localization at the plasma membrane. (D) TRPA1 and CD4 co-localization scatter plot was 
generated using Velocity® software. Data are representative of three independent experiments. 
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Figure 5. CD4+ T cells express a functional TRPA1 channel (TRPA1CD4). (A) Left panel: Single-channel open probability 
(P

o
) and Right panel: Single-channel current-voltage (I-V) relationship for the TRPA1 agonist, cinnamaldehyde (Cinn, 

0.1 mM) in WT (n = 6) and Trpa1–/– (n = 8) naïve CD4+ T cells. (B) Representative traces for single-channel recording at 
V

holding
 of - 60 mV for Cinn (0.1 mM) on WT naïve CD4+ T cells, Trpa1–/– naïve CD4+ T cells and WT activated (24h anti-

CD3/28 Abs stimulated) CD4+ T cells, and for mustard oil (MO, 25 mM) on WT activated CD4+ T cells. (C-F) WT and 
Trpa1–/– CD4+ T cells were loaded with Fura-2 AM. Changes in [Ca2+]

i
 were monitored by confocal imaging and were 

calculated as the ratio of Fura-2 emission at 340 versus 380 nm wavelength excitation. (C) Cinn (0.1 mM) induces a 
significant Ca2+ influx in WT but not in Trpa1–/– CD4+ T cells in presence of extracellular calcium concentration ([Ca2+]

e 

= 2 mM). Right panel: statistical analysis of the Ca2+ influx peak as indicated by a dashed line in the left panel. (D) Cells 
were stimulated with ionomycin (Iono, 1 mM) in Ca2+-free medium and CaCl

2
 (2 mM) was added to the extracellular 

medium as indicated. Right panel: statistical analysis of the Ca2+ influx peak as indicated by a dashed line in the left 
panel. (E) Cells were stimulated with soluble biotinylated anti-CD3 (10 mg/mL) and cross-linked with streptavidin 
(10 mg/mL) in Ca2+-free medium and CaCl

2
 (2 mM) was added to the extracellular medium as indicated. Right panel: 

statistical analysis of the sustained Ca2+ influx as indicated by a dashed line in the left panel. (F) Store-operated Ca2+ 
measurements were performed after passive depletion of intracellular stores using thapsigargin (TG, 1 mM). Right 
panel: statistical analysis of the sustained Ca2+ influx as indicated by a dashed line in the left panel. Statistical analyses 
of the Ca2+ influx profiles (C-F) are shown as the mean ± SEM of 40-50 individual cells. n.s: not significant; ***p <0.001 
(two-tailed Student t-test). Data are representative of three independent experiments.
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Trpa1–/– CD4+ T cells are hyperactivated and display a T
h
1 bias

We next evaluated whether Trpa1 gene deletion affects TCR-induced Ca2+ influx and the 

subsequent T cell activation. Interestingly, anti-CD3 stimulation induced a more sustained Ca2+ 

influx in Trpa1–/– CD4+ T cells compared to WT CD4+ T cells (Fig. 5E). Similarly to what observed 

with ionomycin (Fig. 5D), no differences in Ca2+ influx were identified between WT and Trpa1–/– 

CD4+ T cells following stimulation with the sarcoplasmic reticulum Ca2+-ATPase (SERCA) pump 

inhibitor, thapsigargin (Fig. 5F), which bypasses proximal TCR signaling and induces store-

operated Ca2+ entry (SOCE)23. Analogous to our observations for Il10–/–Trpa1–/– CD4+ T cells (Fig. 

2A), we found that Trpa1–/– CD4+ T cells produced higher amounts of the T
h
1-type cytokines 

IFN-g and IL-2 (Fig. 6A), and have increased T-bet expression (fig. S3A) after stimulation with 

anti-CD3/28 Abs, when compared to WT CD4+ T cells. However, TCR-independent activation 

of Trpa1–/– and WT CD4+ T cells with PMA/ionomycin resulted in a similar secretion of these 

cytokines (Fig. 6B). Trpa1–/– CD4+ T cells stimulated with anti-CD3/28 Abs also showed enhanced 

expression of surface activation markers (i.e., CD25, CD69, OX40 and CD44) (fig. S3B) and 

increased proliferative responses (fig. S3C) compared to WT CD4+ T cells. As shown in Figure 6C, 

Trpa1–/– naïve CD4+ T cells displayed an increased capacity to differentiate into T
h
1, but not T

h
17, 

effector T cell subset in vitro compared to WT naïve CD4+ T cells. We confirmed this increased 

T
h
1-cytokine production by using an antigen-specific model. Indeed, we found that Trpa1–/– OT-II 

CD4+ T cells stimulated by ovalbumin (OVA)-loaded WT BMDCs display significantly increased 

IFN-g and IL-2 production compared to control (Trpa1+/+) OT-II CD4+ T cells (Fig. 6, D-F). Finally, 

as observed for Il10–/–Trpa1–/– naïve CD4+ T cells (Fig. 3), we found that Trpa1–/– naïve CD4+ T cells 

have increased colitogenic properties in vivo (fig. S4). Since visceral afferent sensory neurons 

express functional TRPA1 channels that could contribute to the regulation of colitis severity7,8,24, 

we also compared the colitis induced by the transfer of WT naïve CD4+ T cells into Rag1–/– and 

Rag1–/–Trpa1–/– recipients. However, we found that both recipient groups had comparable body 

weight loss, colonic inflammation, and displayed similar CD4+ T cell responses (fig. S5). Together, 

these data suggest that cell-intrinsic expression of TRPA1 by CD4+ T cells regulates their activation 

and their differentiation of CD4+ T cells into T
h
1-effectors as well as their colitogenicity in vivo.

TRPV1 hyperactivation is responsible for the pro-inflammatory 
phenotype of Trpa1–/– CD4+ T cells
In the last set of experiments, we investigated the mechanism underlying the hyperinflammatory 

phenotype of Trpa1–/– CD4+ T cells. Since TRPA1 is almost exclusively co-expressed with TRPV1 

and because these two channels can interact at the plasma membrane2,3,13,14,25, we evaluated the 

expression level of TRPV1 in WT and Trpa1–/– CD4+ T cells. Expression of Trpv1 mRNA or protein 

in either total cell lysates or plasma membrane extracts was similar in WT and Trpa1–/– CD4+ T 

cells (fig. S6). In contrast, TRPV1 channel activity was increased in Trpa1–/– CD4+ T cells. Indeed, 

the single-channel response to the specific TRPV1 agonist capsaicin (CAP)22, was significantly 

more frequent in Trpa1–/– CD4+ T cells than in WT cells, and was similar to what observed in 

TRPV1-transgenic (Trpv1Tg) CD4+ T cells (Fig. 7, A and B, left panel) that overexpress TRPV111. As 
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Figure 6. Trpa1–/– CD4+ T cells are hyperactivated and display a T
h
1 bias. SP CD4+ T cells were isolated from WT 

and Trpa1–/– mice. (A) Cells were stimulated with anti-CD3/28 Abs or (B) with PMA (25 ng/mL) and ionomycin 
(500 nM) (right panel) for 48h and cytokine production was assessed (ELISA). Mean ± SEM (n = 4 mice/group) is 
shown. (C) SP naïve CD4+ T cells were isolated from WT and Trpa1–/– mice, cultured for 5 days under T

h
1 and T

h
17-

polarizing conditions and re-stimulated as described in the methods section. Representative panels of intracellular 
cytokine production in the different differentiated subsets as determined by FACS on gated CD4+ T cells. (D) 
Cytokine production by OT-II or Trpa1–/– OT-II CD4+ T cells co-cultured with OVA-loaded WT BMDCs for 3 days 
and re-stimulated with anti-CD3/28 Abs for 6h (intracellular staining, ICS) or 24h (ELISA). Representative panels of 
intracellular cytokine production in gated CD4+ T cells and (E) mean % ± SEM (3 mice/group) of CD4+IL-2+, CD4+IL-
2+IFN-g+ and CD4+IFN-g+ cells are shown. (F) For ELISA, supernatants were collected and IFN-g and IL-2 levels were 
measured. n.s: not significant; *p <0.05; **p <0.01; ***p <0.001 (two-tailed Student t-test [A, B, E] or one-way ANOVA 
with post hoc Bonferroni’s test [F]). Data are representative of two (D-F) or three (A-C) independent experiments.
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expected, no response to CAP was observed in Trpv1–/– CD4+ T cells under the same experimental 

conditions. Interestingly, the open probability of the TRPV1 channel (CAP-evoked P
o
) remained 

unchanged in Trpa1–/– CD4+ T cells (Fig. 7B, right panel), whereas the CAP-gated TRPV1 single-

channel conductance was significantly increased compared to WT cells (Fig. 7C). In line with 

these findings, CAP-mediated Ca2+ influx was significantly higher in Trpa1–/– CD4+ T cells when 

compared to WT cells (Fig. 7D). To verify that this effect was mediated by TRPV1, we treated 

Trpa1–/– CD4+ T cells with BCTC, a selective TRPV1 antagonist26. BCTC almost completely inhibited 

CAP-induced Ca2+ influx in these cells. Importantly, BCTC also significantly decreased TCR-

induced Ca2+ influx in Trpa1–/– CD4+ T cells (Fig. 7E). To further confirm the contribution of TRPV1 

to the phenotype of Trpa1–/– CD4+ T cells we generated Trpa1–/–Trpv1–/– mice. In accordance with 

the Ca2+ influx data, we found that BCTC decreased IFN-g production by Trpa1–/– CD4+ T cells 

to a level comparable to what observed for Trpa1–/–Trpv1–/– CD4+ T cells (Fig. 7F). To explore 

the relevance of the data generated in the mouse to the human system we performed siRNA-

mediated knockdown of TRPA1 and TRPV1 in human primary CD4+ T cells. Similarly to our 

observations with mouse Trpa1–/– and Trpa1–/–Trpv1–/– CD4+ T cells, TRPA1 knockdown increased 

IFN-g and IL-2 production by human CD4+ T cells stimulated with anti-CD3/28 Abs, and this effect 

was abolished by double knockdown of Trpa1 and Trpv1 genes (fig. S7). Finally, to investigate the 

role of TRPV1 in the pro-inflammatory phenotype of Il10–/–Trpa1–/– CD4+ T cells in vivo, we treated 

Il10–/–Trpa1–/– mice with SB366791, a specific TRPV1 inhibitor27, and compared the spontaneous 

colitis occurrence to vehicle-treated Il10–/–Trpa1–/– mice. SB366791 treatment significantly 

decreased the colitis severity in Il10–/–Trpa1–/– mice and the T
h
1-type cytokine production of SP 

Il10–/–Trpa1–/– CD4+ T cells (fig. S8, A and B). To confirm the cell-intrinsic role of TRPV1 in Trpa1–/– 

CD4+ T cells, we adoptively transferred Trpa1–/– and Trpa1–/–Trpv1–/– naïve CD4+ T cells to Rag1–/– 

recipients and compared the severity of the colitis induced in the different groups (fig. S8, C-F). 

As expected, Trpa1–/– naïve T cells induced severe colitis in the recipients, as reflected by clinical 

and histological signs of colonic inflammation. However, a significantly delayed and attenuated 

inflammatory response was observed in the recipients of Trpa1–/–Trpv1–/– naïve CD4+ T cells. In 

summary, these results suggest that TRPV1 hyperactivation is responsible for the sustained TCR-

induced Ca2+ influx, the T
h
1 bias and the increased colitogenic properties of Trpa1–/– CD4+ T cells.

DISCUSSION
Growing evidence suggests that TRPA1 plays a functional role in a variety of non-neuronal 

cells28. Indeed, the TRPA1 channel is widely expressed in many organs and tissues, including 

brain, heart, small intestine, lung, skeletal muscle, pancreas and spleen1,6,28. In this study, we 

demonstrated for the first time the functional expression of TRPA1 in CD4+ T cells. We identified 

a protective T cell-intrinsic role for TRPA1 in two different models of colitis. Mechanistically, we 

found that TRPA1 restrains TRPV1 channel activity in CD4+ T cells and consequently, limits their 

activation and differentiation into T
h
1-effector cells. 

In accordance with the higher and more sustained Ca2+-response required in T
h
1 cells 

compared to other T
h
 subsets29,30, we identified that Trpa1–/– CD4+ T cells have elevated TCR-
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Figure 7. TRPV1 hyperactivation is responsible for the phenotype of Trpa1–/– CD4+ T cells. (A) Representative 
traces for single-channel recordings at V

holding
 of - 60 mV for the prototypical TRPV1 agonist, capsaicin (CAP, 1 mM), 

in WT (n = 29), Trpa1–/– (n = 18), Trpv1–/– (n = 10), and Trpv1Tg (n = 13) naïve CD4+ T cells. (B) Left panel: Statistical analysis 
of the frequency of the single-channel recordings shown in A. The % of CAP-responsive CD4+ T cells in the different 
genotypes is indicated. Right panel: Single-channel open probability (P

o
) for CAP (1 mM) in WT (n = 6), Trpa1–/– (n 

= 6), Trpv1–/– (n = 6), and Trpv1Tg (n = 8) naïve CD4+ T cells. (C) Single-channel current-voltage (I-V) relationship for 
CAP (1 mM) in WT (blue line), Trpv1–/– (grey line), Trpa1–/– (red line), and Trpv1Tg (purple line) naïve CD4+ T cells. (D) 
SP WT and Trpa1–/– CD4+ T cells loaded with Fura-2 AM and changes in [Ca2+]

i
 were monitored by confocal imaging. 

Trpa1–/– CD4+ T cells are hyperresponsive to CAP (10 mM). Pretreatment of Trpa1–/– CD4+ T cells with a specific TRPV1 
inhibitor, BCTC (10 μM), completely inhibits CAP-induced Ca2+ influx in these cells. Right panel: statistical analysis of 
the Ca2+ influx peak as indicated by a dashed line in the left panel. (E) Trpa1–/– CD4+ T cells were pre-incubated with 
BCTC (10 μM) or its vehicle for 30 min and stimulated with soluble biotinylated anti-CD3 (10 mg/mL) and cross-linked 
with streptavidin (10 mg/mL) as indicated. BCTC significantly decreases TCR-induced Ca2+ influx in Trpa1–/– CD4+ T 
cells. Right panel: statistical analysis of the sustained Ca2+ influx as indicated by a dashed line in the left panel. (F) 
BCTC inhibits IFN-γ production by Trpa1–/– T cells. SP CD4+ T cells were isolated from Trpa1–/– or Trpa1–/–Trpv1–/– 

mice, pretreated with BCTC (10 mM) and stimulated with anti-CD3/28 Abs for 24h (ELISA). Mean ± SEM (n = 3 mice/
group) is shown. n.s: not significant; *p <0.05; **p <0.01; ***p <0.001 (one-way ANOVA with post hoc Bonferroni’s test 
[B,D,F] or two-tailed Student t-test [E]). Data are representative of three independent experiments. 
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induced Ca2+ influx as a result of TRPV1 channel hyperactivation. We previously reported 

that TRPA1 and TRPV1 channels co-immunoprecipitate and assemble into a complex at the 

cell plasma membrane of sensory neurons and cells expressing heterogeneous TRPA1 and 

TRPV114. In addition, we identified that TRPV1 plays an important role in the regulation of TRPA1 

activation13,14,25. However, less is known about the potential regulation of TRPV1 channel activity 

by TRPA1. Our data indicate that TRPA1 and TRPV1 channels are co-expressed in CD4+ T cells 

and that TRPA1 restrains TRPV1 channel activity. Indeed, we identified that TRPV1 hyperactivation 

is responsible for the hyperinflammatory phenotype of Trpa1–/– CD4+ T cells. Furthermore, we 

found that genetic or pharmacological inhibition of TRPV1 rescued the elevated TCR-induced 

Ca2+ influx, the increased T
h
1 cytokine production, and the increased colitogenicity of Trpa1–/– 

CD4+ T cells in vivo. TRPV1 hyperactivation can be achieved by different mechanisms that may 

lead to increased: (i) TRPV1 mRNA and/or protein expression, (ii) TRPV1 recruitment to the 

plasma membrane, and (iii) TRPV1 phosphorylation which reduces its activation threshold31-33. 

Our data suggest that TRPV1 hyperactivation is not likely due to increased TRPV1 expression 

or increased TRPV1 recruitment at the plasma membrane. Therefore, modification of TRPV1 

phosphorylation status or TRPV1 quaternary structure (e.g., channel multimerization) might 

account for the observed TRPV1 channel hyperactivation and the resultant phenotype of Trpa1–/– 

CD4+ T cells. In line with this hypothesis, we and others recently reported that TRPA1 and TRPV1 

can form heterotetrameric channels14-16 in which TRPA1 functionally inhibits TRPV115. Hence, the 

increased formation of TRPV1 homotetramers, without increased TRPV1 protein expression, 

could potentially result in the increased TRPV1 channel activity observed in Trpa1–/– CD4+ T cells.

In summary, we demonstrate in this study the functional expression of the TRPA1 channel 

in CD4+ T cells and report an unexpected anti-inflammatory role for TRPA1 as a T cell-intrinsic 

inhibitor of the TRPV1 channel. Therefore, TRPA1 channels in sensory neurons vs. CD4+ T cells 

may have opposite functions in acute (e.g., neurogenic) and chronic (e.g., T cell-mediated) 

inflammation. Our study further reinforces the idea that Ca2+ is a critical regulator of T cell 

inflammatory responses in colitis34,35 and suggests that Ca2+-channels, such as TRPA1 and TRPV1, 

could represent new therapeutic targets in IBD and potentially in other T cell-mediated diseases.

MATERIALS AND METHODS
Antibodies and Reagents. For mouse T cell stimulation, we used hamster anti-mouse CD3e (145-

2c11) and anti-mouse CD28 (PV-1, both from BioXcell) antibodies. A goat anti-hamster antibody 

(I1903-04P, US Biological) was used in cross-linking experiments. For human T cell stimulation, anti-

human CD3e (clone UCHT1, BD Biosciences) and anti-human CD28 (clone CD28.2, eBioscience) 

antibodies were used. Other reagents included the following: PMA (phorbol 12-myristate 

13-acetate), cinnamaldehyde (W228613) and capsaicin (M2028) were purchased from Sigma. 

Ionomycin (BP2527-1) and thapsigargin (1138) were purchased from Fisher Scientific and Tocris 

respectively. The TRPA1 inhibitors, AP-18 and HC-030031 were purchased from Enzo Life Sciences 

and Sigma respectively. The TRPV1 inhibitors, BCTC and SB366791 were purchased from Tocris 

and Enzo Life Sciences respectively. The fluorescent dyes, CFSE (carboxyfluorescein diacetate 
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succinimidyl ester) and Fura-2 AM were purchased from Invitrogen. For immunoblot analysis, we 

used the following antibodies: anti-TRPA1 (sc-32355; Santa Cruz), anti-TRPV1 (ACC-030, Alomone), 

anti-CD3e (sc-1127, Santa Cruz) and anti-b-actin (AC-74, Sigma). For immunofluorescence studies, 

we used anti-TRPA1 (sc-32355; Santa Cruz) and anti-CD4 (GK1.5; eBioscience) antibodies.

Mice. Specific pathogen free C57BL/6 (WT) mice were initially purchased from Harlan Sprague 

Dawley and then bred in our vivarium. Initial breeding pairs of Trpa1–/– mice12 on the C57BL/6 

background were kindly provided by Dr. David Julius. Trpv1–/– 36, Il10–/–, Rag1–/– and OVA-transgenic 

(OT-II) mice on the C57BL/6 background (all from the Jackson Laboratories) were bred in our 

animal facility. TRPV1 transgenic (Trpv1Tg) mice were generated by crossing mice harboring alleles 

for ROSA-stopflox-TRPV1-IRES-ECFP (Rosa26-Trpv1)37 and Cd4-Cre in our vivarium as previously 

described11. Mice were bred for more than 6 months in our vivarium and were genotyped before 

they were used in any experiments. All experimental procedures were conducted in accordance 

with UCSD Institutional Animal Care and Use Committee (IACUC) guidelines.

Il10–/– Model of Colitis. Age- and sex-matched mice were randomly assigned to the different 

groups and wasting disease was monitored periodically. For co-housing experiments, 4-week old 

Il10–/– or Il10–/–Trpa1–/– mice were co-housed in the same cage to allow colonization with the same 

microflora38. Mice were sacrificed at 12-13 weeks of age for analysis as previously described11.

T Cell Adoptive Transfer Model of Colitis. SP naïve WT, Trpa1–/–, Trpa1–/–Trpv1–/–, Il10–/– 

or Il10–/–Trpa1–/– CD4+ T cells were enriched by immunomagnetic negative selection, 

stained with CD4-APC, CD25-AF488 and CD45RB-PE (eBioscience) and sorted into naïve 

(CD4+CD45RBhighCD25-) and regulatory (CD4+CD45RBlowCD25+) populations (usual purity >98%) 

with a BD FACSAria II Flow Cytometer. Eight to 10-week old Rag1–/– or Rag1–/–Trpa1–/– sex and 

age-matched recipients were reconstituted by i.p. injection with 3x105 naïve CD4+ T cells from 

sex-matched donor mice from the different genotypes. For the co-transfer experiments, 1.5x105 

regulatory T cells from WT mice were co-injected with the naïve CD4+ T cell population. After 

reconstitution, mice were monitored weekly for signs of intestinal inflammation such as weight 

loss and diarrhea. Diseased animals were sacrificed for analysis as previously described11. 

Isolation of Bacterial DNA and Analysis of 16S rRNA. Feces were collected from age-matched 

single-housed Il10–/– or Il10–/–/Trpa1–/– mice and DNA isolation was carried out with the QIAamp 

DNA Stool Mini kit (Qiagen) following the manufacturers protocol. The expression of 16S rRNA 

was analyzed by quantitative real-time PCR (q-PCR) as previously described41,42. Primers (see 

Table S1) for specific bacterial groups were designed according to previous publications41,42 and 

synthesized by IDT Technologies. 

Isolation of mRNA and q-PCR. Isolation of RNA from cells or colonic tissues was carried out 

with the RNeasy Mini Kit (Qiagen) following the manufacturers protocol. One mg of RNA 

sample was used for reverse transcription and synthesis of cDNA using qScript cDNA superMix 

(Quanta Biosciences). Quantitative real-time PCR (q-PCR) was performed on an AB7300 

(Applied Bisosytems) using PerfeCTa SYBR Green FastMix (Quanta Biosciences). q-PCR primers 

(see Table S1) for specific target genes were designed based on their reported sequences and 
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synthesized by IDT Technologies. For TRPA1 expression analysis, PCR products from q-PCR 

reactions (30 cycles) were run on a 2% agarose gel stained with SYBR Safe DNA (Invitrogen) to 

confirm the specificity of the primers used. 

Fecal Albumin ELISA. For the in vitro determination of intestinal bleeding, Albumin level in the 

stools was measured by ELISA. Briefly, 2 or 3 fecal pellets were collected per animal and dried 

using a speed vac. Dried fecal samples were resuspended in PBS at 50 mg/mL and ELISA was 

performed according to the manufacturer’s protocol (Bethyl laboratories # E90-134).

Colonic Explants (CE). Colonic explants were processed as previously described11. Briefly, 

colonic longitudinal sections (≈3-4 mm wide) were weighed and washed in RPMI 1640 medium 

containing 100 μg/ml streptomycin and 100 U/ml penicillin. The CE were cultured for 24h in 

complete RPMI medium at 37oC and 5% CO
2
. Culture supernatants were then collected and 

cytokine levels measured (ELISA).

Isolation of Lamina Propria Lymphocytes (LPLs). Isolation of LPLs was performed as previously 

described11. Briefly, colons were washed with PBS and cut into small pieces (≈1-2 mm). The 

tissue pieces were digested with 1x PBS containing 0.5 mg/ml of collagenase IV and 0.5 mg/

ml of DNase I (both from Sigma) for 2 x 30 min at 37oC under rotation. The cell suspension 

containing LPLs was collected through a 40 μm cell strainer. Finally, the LPLs were isolated by 

centrifugation with 40/80 Percoll (GE Healthcare) gradient for 20 min at 1,000g at 20oC without 

brake (usual CD4+ T cell purity > 80%).

Histological Analysis. Histological analysis was performed as previously described11. Briefly, 

entire colons were excised, opened longitudinally, rolled onto a wooden dowel and fixed with 

10% buffered formalin. Paraffin sections (5 mm) were stained with H&E. Colonic epithelial 

damage was scored blindly as follows: 0 = normal; 1 = hyperproliferation, irregular crypts, and 

goblet cell loss; 2 = mild to moderate crypt loss (10 50%); 3 = severe crypt loss (50 90%); 4 = 

complete crypt loss, surface epithelium intact; 5 = small to medium sized ulcer (<10 crypt widths); 

6 = large ulcer (>10 crypt widths). Infiltration with inflammatory cells was scored separately for 

mucosa (0 = normal; 1 = mild; 2 = modest; 3 = severe), submucosa (0 = normal; 1 = mild to modest; 

2 = severe), and muscle/serosa (0 = normal; 1 = moderate to severe). Scores for epithelial damage 

and inflammatory cell infiltration were added, resulting in a total colitis scoring range of 0-12.

Isolation and Stimulation of CD4+ T cells. CD4+ T cells were isolated from the SP or MLN using 

a CD4+ T cell negative selection kit (Stemcell #19852). Purity of the enriched populations was 

measured by FACS staining for CD4 and TCRb and was typically >94% for spleen and >97% for 

MLN derived CD4+ T cells. For some experiments, naïve CD4+ T cells were isolated using a naïve 

CD4+ T cell negative selection kit (Stemcell #19765). For ELISA, CD4+ T cells were stimulated with 

10 mg/ml plate-bound anti-CD3 and 1 mg/ml soluble anti-CD28 (antibodies identified above) in 

RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

1 mM sodium pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin (complete RPMI 

medium) unless mentioned otherwise. Twenty-four hours culture supernatants were collected 

for cytokine production analysis (ELISA kits, eBioscience). For flow cytometry analysis, CD4+ T 
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cells were stimulated with 1 mg/ml plate-bound goat anti-hamster and 2 mg/ml soluble hamster 

anti-mouse CD3 and anti-mouse CD28 (antibodies identified above) in complete RPMI 1640 for 

5h (intracellular cytokine staining) or 24h (surface activation markers) as previously described11.

In vitro T Cell Differentiation Assays. Naïve CD4+ T cells were isolated from the spleen of WT 

or Trpa1–/– mice and stimulated (1x106 cells/well in flat-bottom 24 well plates) with goat anti-

hamster (1 mg/mL, plate-bound), hamster anti-mouse CD3 (2 mg/mL, soluble) and anti-mouse 

CD28 (2 mg/mL, soluble) (antibodies identified above) in presence of: recombinant murine (rm) 

IL-12 (10 ng/ml, eBioscience) and neutralizing anti-IL-4 Ab (BVD6-24G2, BioXcell, 10 μg/ml) in 

complete RPMI medium for T
h
1 differentiation or rm IL-6 (20 ng/ml) and TGF-β (4 ng/ml, both 

from eBioscience), neutralizing anti-IFN-g (XMG1.2) and anti-IL-4 Abs (BVD6-24G2, both from 

BioXcell) both at 10 mg/ml in complete IMDM medium for T
h
17 differentiation. At day 2, rm IL-2 

(10 ng/ml, eBioscience) was added into the T
h
1 cultures. After 5 days, CD4+ T cells were recovered 

and re-stimulated with 10 mg/ml plate-bound anti-CD3 and 1 mg/ml soluble anti-CD28 Abs 

(antibodies identified above) in the presence of GolgiStop (BD Biosciences) for 5h. Intracellular 

staining was performed as described in the Flow cytometry analysis section below.

Flow Cytometry Analysis. For surface activation markers staining, CD4+ T cells were isolated 

from the spleens of WT or Trpa1–/– mice and stimulated with goat anti-hamster (1 mg/mL, plate-

bound), hamster anti-mouse CD3 (2 mg/mL, soluble) and CD28 (2 mg/mL, soluble) (antibodies 

identified above) for 24h. Cells were then recovered and stained with anti-mouse CD4 (GK1.5), 

CD25 (PC61.5), CD69 (H1.2F3), OX40 (OX86), or CD44 (IM7) Abs (all from eBioscience) respectively 

for 30 min at 4ºC. For intracellular staining, CD4+ T cells were stimulated as indicated above in 

the presence of GolgiStop (BD Biosciences) for 5h. After CD4 surface staining, cells were fixed, 

permeabilized and stained with IFN-g (XMG1.2), IL-2 (JES6-5H4), or IL-17A (17B7) Abs according 

to the manufacturer’s instructions (eBioscience). Cells were analyzed on an Accuri C6 flow 

cytometer and data were computed using FlowJo software (TreeStar) as previously described11.

DCs and OT-II T Cells Co-culture. Bone-marrow derived DCs (BMDCs) were cultured and harvested as 

previously described43. CD11c+ BMDCs were then isolated using a CD11c+ positive selection kit (Stemcell 

#18758) and loaded with 10 mg/mL of I-Ad-restricted OVA peptide (OVA
323-339

: ISQAVHAAHAEINEAGR, 

PeptidoGenic Research) for 2h before the addition of Trpa1–/– OT-II or control OT-II CD4+ T cells to 

the culture (DC/T cell ratio of 1:2). After three days of co-culture, CD4+ T cells were recovered and 

re-stimulated with anti-CD3/28 Abs for 5 (ICS) or 24h (ELISA) as previously described11.

Immunofluorescent Staining and Confocal Microscopy Analysis. SP CD4+ T cells were isolated 

as described above and cytocentrifuged (Cytospin 2, Shandon) onto microscope slides 

for 3 min at 500 rpm. The air‐dried cytospin preparations or the coverslips were fixed in 4% 

paraformaldehyde/PBS for 10 min at room temperature and permeabilized with 0.2% Triton 

X-100 for 15 min at 4ºC. Cells were then washed, blocked with 5% BSA / 0.2% Triton X-100 in PBS 

for 30 min at 4ºC and stained with a goat Ab against the C-terminus of the mouse TRPA1 protein 

(sc-32355; Santa Cruz; 1:50 dilution) for 1h at 4ºC, washed and incubated with anti-CD4-PE (GK1.5, 

eBioscience; 1:100 dilution) and anti-goat-AF-488 (A11078, Invitrogen; 1:100 dilution) Abs for 
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30 min at 4ºC. One cytospin preparation served as a negative control staining using either the 

secondary Ab alone or normal goat IgG (sc-2028, Santa Cruz). Cells were finally stained with DAPI 

(50 ng/mL, Invitrogen) for 10 min at RT, rinsed with deionized water and slides were mounted 

in ProLong Gold antifade reagent (Invitrogen). The fluorescence images were acquired using 

a 100x oil immersion objective on a confocal laser-scanning microscope (Olympus IX81) with 

Fluoview software. Co-localization studies were performed using Velocity software.

Electrophysiological Assays. Naïve CD4+ T cells were isolated from the spleens of WT and 

Trpa1–/– mice using a negative selection kit (Stemcell #19765) and stimulated for 24h with 

anti-CD3 (10 mg/mL, plate-bound) and anti-CD28 (2 mg/mL, soluble) (antibodies identified 

above) or left unstimulated. Cells were then kept at 4ºC overnight and processed for single-

channel recordings as previously described14. Briefly, single-channel recordings were performed 

in cell-attached voltage clamp (V
holding

 = - 60 mV) configuration. Data were acquired using an 

Axopatch200B amplifier and analyzed using pCLAMP9.0 software (Axon Instruments, Union City, 

CA). Currents were filtered with an 8-pole, low pass Bessel filter at 0.1 kHz, since dwelling time 

(τ) of the TRPA1 single-current was >0.5 sec. The bath solution (SES-SCh) consisted of (in mM): 

140 K-gluconate, 4 KCl, 1 MgCl
2
, 1 EGTA, 10 D-glucose and 10 Hepes (pH 7.3). The pipette solution 

(SIS-SCh) was (in mM): 140 Na-gluconate, 10 NaCl, 1 MgCl
2
, 2 CaCl

2
, 10 D-glucose and 10 Hepes 

(pH 7.3). Channel agonists were applied using a fast, pressure-driven, computer controlled 

4-channel system (ValveLink8; AutoMate Scientific, San Francisco, CA). The baseline activities of 

the cells were recorded for 1-2 min prior to agonist applications. In order to increase accuracy in 

measurement of open probability (P
o
), only patches containing less than 3 channels were used. 

Ca2+ Imaging. [Ca2+]
i
 levels in CD4+ T cells were measured by Fura-2 fluorescence ratio digital 

imaging as previously described11. Briefly, CD4+ T cells were isolated from the spleen of WT or 

Trpa1–/– mice, loaded with 5 mM Fura-2 acetoxymethyl ester (AM) (Molecular Probes) [dissolved 

in 0.01% Pluronic F-127 plus 0.1% DMSO in normal physiological salt solution (PSS)] in culture 

medium for 50 min, and then washed in PSS. Cells were attached on BD Cell-TekTM coated 

coverslips. Thereafter, the coverslips with the CD4+ T cells were mounted in a perfusion chamber 

on a Nikon microscope stage and Fura-2 fluorescence ratio (510-nm light emission excited by 

340- or 380-nm illuminations), as well as background fluorescence, was collected with the use of a 

×40 Nikon UV-Fluor objective and an intensified CCD camera (ICCD200). The fluorescence signals 

emitted from the cells were monitored continuously every 5-s interval using a MetaFluor Imaging 

System (Universal Imaging, Downingtown, PA) and recorded for later analysis. PSS used in digital 

Ca2+  measurement contained the following (in mM): 140 Na+, 5.0 K+, 2 Ca2+, 147 Cl−, 10 HEPES, 

and 10 glucose, pH 7.4. For the Ca2+-free PSS solution, Ca2+ was omitted, and 0.5 mM EGTA was 

added to prevent possible Ca2+ contamination. The osmolality for all solutions was ~300 mosM/L. 

Cells were stimulated with 30-100 mM of Cinnamaldehyde, 10 mg/ml of biotinylated anti-CD3 

Ab (clone 145-2C11, eBioscience) and 10 mg/ml of streptavidin (eBioscience), 1 mM ionomycin, 1 

mM thapsigargin or 1-10 mM capsaicin. Peak Ca2+ ratios were calculated as the maximal amount of 

Ca2+ influx. For each experiment, 40-50 individual cells were analyzed using OriginPro (Originlab) 

analysis software. All experiments were performed at room temperature (22-25°C).
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CFSE Proliferation Assay. CFSE labeling was performed as previously described11. Briefly, SP CD4+ T 

cells were resuspended in PBS/2% FBS at 10x106 cells/ml and labeled with CFSE (1 mM final, Invitrogen) 

for 7 min at 37°C. Incorporation of CFSE into cell membranes was stopped by adding 5 volumes of 

ice-cold RPMI supplemented with 30% FBS. Excess CFSE was removed by three successive media 

washes. Cells were then stimulated in complete RPMI medium with 1 μg/ml plate-bound goat anti-

hamster and 2 μg/ml soluble hamster anti-mouse CD3 and anti-mouse CD28 (antibodies identified 

above) for 72h and dilution of CFSE in dividing cells was assessed by FACS on gated CD4+ T cells.

TRPA1 and TRPA1+V1 Knockdown in human primary CD4+ T cells. Peripheral blood mononuclear 

cells (PBMCs) were isolated by Ficoll density gradient technique from healthy blood donors. 

CD4+ T cells were further enriched from PBMCs using a negative selection kit (Stemcell #19052) 

and transfected with 200 nM of TRPA1, TRPA1+V1 siRNAs (sc-44780 and sc-36826, Santa Cruz 

Biotechnology) or a control siRNA (Non-Targeting siRNA #1; Dharmacon) at a cell density of 

10×106 cells per 100 ml of human T cell nucleofector solution (VPA-1002; Lonza) with the Amaxa 

Nucleofector II device using program U-014 (Lonza). After nucleofection, cells were immediately 

transferred into prewarmed complete RPMI medium and cultured in a 24-well plate at 37°C in a 

5% CO2 humidified incubator. Six hours after transfection cells were stimulated with anti-human 

CD3 and anti-human CD28 (antibodies identified above), 0.01 and 1 mg/mL, respectively. After 

a total of 16 and 48 hours, the cells were analyzed for cytokine expression levels (IL-2 [q-PCR] 

and IFN-g [ELISA]) and TRPA1 and TRPA1+V1 knockdown efficiency (immunoblot), respectively.

Immunoblotting (IB). To evaluate TRPA1 and TRPV1 knockdown efficiency, human primary CD4+ 

T cells (5x106) were lysed 48h post-transfection with RIPA buffer (Teknova) supplemented with 

protease inhibitors (Roche) for 5 min on ice. The protein concentration was determined with 

a protein-quantification kit (Bio-Rad). Protein samples (10 mg/lane) were separated through 

SDS polyacrylamide gel electrophoresis (4-12% gradient; Invitrogen) and then transferred to 

PVDF membranes (Millipore). The blots were blocked by 5% BSA/0.3% Tween 20 in PBS for 45 

min at RT, and incubated with primary Abs (anti-TRPA1 [sc-32355; Santa Cruz; 1:200 dilution], 

anti-TRPV1 [ACC-030, Alomone, 1:200 dilution], anti-CD3e [sc-1127, Santa Cruz; 1:1000 dilution] 

or b-actin [A2228, Sigma, 1:10.000 dilution]) overnight at 4ºC. The blots were washed and 

incubated with their corresponding HRP-conjugated secondary Abs from Jackson Lab (1:5000 

to 1:10000 dilution) for 45 min at RT and developed in ECL solution (Pierce).

Biotinylation of Cell Surface Proteins. Cell surface proteins of WT and Trpa1–/– CD4+ T cells 

were biotinylated and immunoprecipitated using a cell surface protein isolation kit from Pierce 

(Thermo Scientific #89881) according to manufacturer’s instructions. Briefly, 25x106 CD4+ T cells 

of both genotypes were biotinylated with 0.25 mg/mL solution of EZ-Link Sulfo-NHS-SS-Biotin 

in PBS for 30 min at 4ºC under gentle agitation. After quenching of the reaction and cell lysis, 

the biotinylated proteins were isolated by NeutrAvidin agarose beads (Pierce) and eluted from 

the beads by incubation for 60 min at RT in SDS-PAGE Sample Buffer (62.5 mM Tris-HCl, pH 

6.8, 1% SDS, 10% glycerol, 50 mM of DTT). A sample of the initial cell lysate was retained for 

analysis of total proteins. Proteins were resolved by SDS polyacrylamide gel electrophoresis as 

described in the immunoblotting section above.
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Statistical Analysis. Data are presented as mean ± SEM. The statistical significance between 

two groups was determined using unpaired Student t-test with two-tailed p-values. The 

statistical significance between more than two groups was determined using one-way ANOVA 

with post hoc Bonferroni’s test. For time course experiments in vivo, two-way ANOVA with post 

hoc Bonferroni’s test was used. All statistics were computed using PRISM software (GraphPad).
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The colitis in Il10–/–Trpa1–/– mice is not driven by altered microbiota 
The severe colitis observed in Il10–/–Trpa1–/– mice could potentially be related to an altered 

composition of the intestinal microbiota44,45. Therefore, we co-housed Il10–/– with Il10–/–Trpa1–/– 

mice in the same cage to allow colonization of these two strains with the same gut microflora38. 

Single-housed, age- and sex-matched Il10–/– and Il10–/–Trpa1–/– mice were used as controls. 

At 12-weeks of age, the co-housed littermates showed no difference in the development of 

intestinal inflammation compared to single-housed mice (fig. S1, A-C). Indeed, Il10–/–Trpa1–/– 

mice co-housed with Il10–/– mice still developed exacerbated colitis whereas Il10–/– littermates did 

not. To further evaluate a potential role of the gut microflora in the phenotype of Il10–/–Trpa1–/– 

mice, we analyzed 16S ribosomal RNA (rRNA) levels in fecal samples for the major bacterial phyla 

that constitute the murine intestinal microflora, including gram-negative Bacteroidetes phylum 

(Bacteroides, Bact), Mouse Intestinal Bacteroides (MIB), gram-positive Firmicutes phylum 

(Lactobacillus), Eubacterium rectale (Erec) and segmented filamentous bacteria (SFB) groups41,42. 

Total bacteria abundance (Eubacteria) as well as levels of the specific bacterial groups analyzed did 

not show any significant differences between Il10–/– and Il10–/–Trpa1–/– mice (fig. S1D). Collectively, 

these data suggest that the exacerbated colitis in Il10–/–Trpa1–/– mice is not transmissible to 

co-housed Il10–/– mice and is not likely the result of an altered gut microbiota composition.
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Figure S1. The exacerbated colitis in Il10–/–Trpa1–/– mice is not the result of an altered gut microbiota composition. 
(A) Il10–/– or Il10–/–Trpa1–/– were co-housed or single-housed from 4 to 12 weeks of age. DAI in the different groups at 
12-weeks of age is shown. (B) Representative pictures (20x objective) of colon sections stained with H&E. Scale bar = 
100 mm. (C) Colitis score. Mean ± SEM (n = 6-7 mice/group). n.s: not significant; *p <0.05; **p <0.01; (one-way ANOVA 
with post hoc Bonferroni’s test). (D) Expression of 16s rRNA for specific bacterial groups (Gram-negative Bacteroidetes 
phylum [Bacteroides] and Mouse Intestinal Bacteroides [MIB] group; Gram-positive Firmicutes phylum [Lactobacillus], 
Eubacterium rectale and segmented filamentous bacteria [SFB] groups) was analyzed by q-PCR in fecal samples from 
single-housed Il10–/– or Il10–/–Trpa1–/– mice (n = 7 mice/group) and were normalized to the total Eubacteria [Eub] level. 
One representative experiment out of two is shown. Mean is shown. n.s: not significant (two-tailed Student t-test). 
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Figure S2. Expression of the native TRPA1 channel and not of a splice variant of the gene in mouse CD4+ T cells. 
(A) Mouse Trpa1 mRNA sequence (NM_177781). The positions and the sequences of 5 different sets of primers 
overlapping and mapping the entire mouse Trpa1 cDNA are indicated (e.g., 1F = Set 1 forward primer). (B) RT-PCR 
was performed using the primers showed in (A). 500 ng of RNA isolated from WT mouse CD4+ T cells was used 
for cDNA synthesis. As a positive control we used 0.01 ng of a mouse TRPA1 (mTRPA1)-expressing plasmid. The 
PCR program consisted of an initial 4 min incubation at 94°C and 30 (mTRPA1 plasmid) or 40 (CD4+ T cell cDNAs) 
cycles of 94°C (45 s), 60°C (45 s), and 72°C (60 s). A final extension period of 7 min at 72°C followed. PCR products 
were run on a 2% agarose gel stained with SYBR Safe DNA (Invitrogen) and detected at the expected sizes: 749 bp 
(Set 1), 740 bp (Set 2), 796 bp (Set 3), 794 bp (Set 4), and 586 bp (Set 5). (C) Single-channel current-voltage (I-V) 
relationship for mustard oil (MO, 25 mM) on WT naïve CD4+ T cells (n = 12). 
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Figure S3. Trpa1–/– CD4+ T cells are hyperactivated and display a T
h
1-bias. SP CD4+ T cells were isolated from 

WT and Trpa1–/– mice. (A) Cells were stimulated with anti-CD3/28 Abs for 48h as in Figure 6A and mRNA levels of 
T-bet and Rorgt were analyzed by q-PCR. Mean ± SEM (n=4 mice/group) is shown. (B) Cells were stimulated with 
anti-hamster (1 mg/mL plate-bound), anti-CD3 (2 mg/mL soluble) and anti-CD28 (2 mg/mL soluble) Abs for 24h 
and stained for CD25, CD69, OX40, CD44, and analyzed by flow cytometry. (C) Cells were stained with CFSE and 
stimulated with anti-hamster (1 mg/mL plate-bound), anti-CD3 (2 mg/mL soluble) and anti-CD28 (2 mg/mL soluble) 
Abs for 72h or left unstimulated as control. Cells were then stained with CD4 and the proliferation was analyzed 
by flow cytometry on gated CD4+ T cells. (D) Statistical analysis of the CD4+CFSElow populations shown in C. n.s: 
not significant; ***p <0.001 (two-tailed Student t-test). Data are representative of two independent experiments.
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Figure S4. Trpa1–/– naïve CD4+ T cells induce exacerbated colitis in the adoptive transfer model. (A) Percentage 
of initial body weight of Rag1–/– recipient mice 4 weeks post-adoptive transfer of 3x105 WT or Trpa1–/– FACS-sorted 
naïve (CD4+CD45RBhighCD25-) T cells, or of 3x105 WT naïve CD4+ T cells + 1.5x105 WT Treg (CD4+CD45RBlowCD25+). 
Trpa1–/– naïve T cells induced a greater body weight loss in the recipients compared with WT naïve T cells. 
Statistical analysis compared Trpa1–/– naïve T cell group to WT naïve T cell group and WT naïve T cell group to 
WT naïve T cells + Treg group. (B) DAI in the different recipient groups. (C) Representative pictures (1x and 20x 
objectives) of colon sections stained with H&E. Scale bar = 1 mm (overview insets), 100 mm (high-power fields). 
(D) Colitis score of the 3 different groups. (E) Cytokine production by SP or MLN CD4+ T cells isolated from Rag1–/– 
recipients, 24h after re-stimulation with anti-CD3/28 Abs (ELISA). Mean ± SEM (n = 6 mice/group) or Mean only 
(pooled MLNs) of one representative experiment out of two are shown. n.s: nonsignificant; *p <0.05; **p <0.01; 
***p <0.001 (one- [B-E] or two-way [A] ANOVA with post hoc Bonferroni’s test).
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Figure S5. TRPA1 expression in non-CD4+ T cells does not affect colitis severity. (A) Percentage of initial body 
weight of Rag1–/– or Rag1–/–Trpa1–/– recipient mice 4 weeks post-adoptive transfer with 3x105 WT FACS-sorted naïve 
(CD4+CD45RBhighCD25-) T cells, or with 3x105 WT naïve CD4+ T cells + 1.5x105 WT Treg (CD4+CD45RBlowCD25+). As 
indicated by asterisks, WT naïve CD4+ T cells induced significant body weight loss in Rag1–/– recipients, compared 
to the WT naïve T cells + Treg group. However, there were no statistical differences between Rag1–/– or Rag1–/–

Trpa1–/– groups. (B) DAI in the different recipient groups. (C) Representative pictures (10x and 200x objectives) 
of colon sections stained with H&E. Scale bar = 1 mm (overview insets), 100 mm (high-power fields). (D) Colitis 
score of the 3 different groups. (E) Cytokine production by SP or MLN CD4+ T cells isolated from Rag1–/– or Rag1–/–

Trpa1–/– recipients, 24h after re-stimulation with anti-CD3/28 Abs (ELISA). Mean ± SEM (n = 7 mice/group) or Mean 
only (pooled MLNs) of one representative experiment out of two are shown. n.s: not significant; *p <0.05; **p 
<0.01; ***p <0.001; ****p <0.0001 (one- [B-E] or two-way [A] ANOVA with post hoc Bonferroni’s test). 
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Figure S6. TRPV1 expression remains unchanged in Trpa1–/– CD4+ T cells. (A) Relative Trpv1 mRNA expression 
levels in WT and Trpa1–/– SP CD4+ T cells were assessed by q-PCR. (B) Splenocytes were isolated from WT and 
Trpa1–/– mice, stained for CD4, TCRb and TRPV1 and analyzed by flow cytometry. The histogram of TRPV1 expression 
on gated CD4+TCRb+ T cells is shown and the Geometric Mean Fluorescence (GMF) intensity is indicated. (C) 
Total and surface expression levels of TRPV1 protein were analyzed by immunoblot in total cell lysates and in 
biotinylated plasma membrane protein fractions of WT and Trpa1–/– SP CD4+ T cells (see supplemental methods 
Biotinylation of Cell Surface Proteins). β-actin (a cytosolic protein) and CD3e (a plasma membrane protein) were 
used as loading controls for the total and plasma membrane protein fractions, respectively. 

(kDa) 

- 41 

- 93 

Total 
 Lysates 

TRPV1 

β-actin 

A 

C 

(kDa) 

- 22 

- 93 

Plasma 
Membrane 

TRPV1 

CD3ε 

W
T

Trpa
1-
/-

0.0

0.5

1.0

1.5

R
el

at
iv

e 
Tr

pv
1 

m
R

N
A

 le
ve

l

n.s

      TRPV1 

C
el

ls
 (%

) GMF 
237 

13500 
13700 

Control 

Trpa1-/- 
WT 

B 
Gated on  

CD4+TCRβ+ T cells 

Supplementary Figure 7 

siRNA 

TRPV1 

(kDa) 

- 93 

- 41 β-actin 

- 130 TRPA1 

A 

Control 
A1 

A1+V1 

siRNA 

Con
tro

l
A1

A1+
V1

0

1

2

3

4

IL
-2

 R
el

at
iv

e 
m

R
N

A
 le

ve
l

**
n.s

**

Con
tro

l
A1

A1+
V1

0.0

0.1

0.2

0.3

0.4

0.5

IF
N

-γ
 (n

g/
m

L)

**
*
***

B C 

Figure S7. TRPA1 gene knockdown in human primary CD4+ T cells reproduces the phenotype of mouse Trpa1–/– 
CD4+ T cells. (A) Human primary CD4+ T cells isolated from PBMCs were transfected with TRPA1, TRPA1+V1 (double 
knockdown) or control siRNAs, and stimulated with anti-human CD3 and CD28 Abs 6h post-transfection. After a 
total of 48h, TRPA1 and TRPA1+V1 knockdown efficiencies were evaluated by immunoblot, and (B) IFN-g production 
was analyzed by ELISA. (C) IL-2 expression levels were analyzed by q-PCR 16h post-transfection and 10h post-
stimulation, respectively. Results from one healthy blood donor are shown as mean ± SEM of duplicate transfection 
experiments. n.s: not significant; *p <0.05; **p <0.01; ***p <0.001 (one-way ANOVA with post hoc Bonferroni’s test).
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Figure S8. Genetic deletion or pharmacological inhibition of TRPV1 rescues the pro-inflammatory phenotype 
of Trpa1–/– CD4+ T cells in vivo. (A) Il10–/–Trpa1–/– mice were treated three times per week with the TRPV1 inhibitor 
SB366791 (3 mg/kg of body weight, i.p) or with its vehicle (VEH, 10% DMSO/90% Saline) starting at 6-weeks of age 
and until they reached 12 week old. Left panel: Representative pictures (10x and 200x objectives) of colon sections 
stained with H&E (right panel). Scale bar = 1 mm (overview insets), 100 mm (high-power fields). Right panel: Colitis 
score. (B) Cytokine production by SP CD4+ T cells isolated from mice as in A, and re-stimulated with anti-CD3/28 
Abs for 24h (ELISA). Results are expressed as mean ± SEM (n = 5 mice/group). (C) Percentage of initial body weight 
of Rag1–/– recipient mice 35 days post-adoptive transfer of 3x105 Trpa1–/– or Trpa1–/–Trpv1–/– FACS-sorted naïve 
(CD4+CD45RBhighCD25-) T cells, or as a control of 3x105 WT naïve CD4+ T cells + 1.5x105 WT Treg (CD4+CD45RBlowCD25+). 
Trpa1–/–Trpv1–/– naïve CD4+ T cells have decreased colitogenic capacity as shown by the reduced body weight loss in 
the recipients compared with the Trpa1–/– naïve CD4+ T cells group (n = 6 mice/group). Statistical analysis compared 
Trpa1–/– and Trpa1–/–Trpv1–/– naïve T cells groups. (D) Disease Activity Index (DAI) in the different recipient groups. 
(E) Representative pictures (10x and 200x objectives) of colon sections stained with H&E. Scale bar = 1 mm (overview 
insets), 100 mm (high-power fields). (F) Colitis score of the 3 different groups. n.s: not significant; *p <0.05; **p <0.01; 
***p <0.001 (one- [D,F] or two-way [C] ANOVA with post hoc Bonferroni’s test or two-tailed Student t-test [A,B]).
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Table S1: Oligonucleotides used for q-PCR analysis. 

  Forward Primer Reverse Primer

Bacteria    

Eub 5’-ACTCCTACgggAggCAggAgT-3’ 5’-ATTACCgCggCTgCTggC-3’

SFB 5’-gACgCTgAggCATgAgAgCA-3’ 5’-gACggCACggATTgTTATTC-3’

Lact 5’-AgCAgTAgggAATCTTCC-3’ 5’-CACCgCTACACATggA-3’

Erec 5’-ACTCCTACgggAggCAgC-3’ 5’-gCTTCTTAgTCAggTACCgTC-3’

MIB 5’-CCAgCAgCCgCggTAATA-3’ 5’-CgCATTCCgCATACTTCTC-3’

Bact 5’-ggTTCTgAgAggAggTCCC-3’ 5’-CTgCCTCCCgTAggAgT-3’

Mouse    

TRPA1 5’-ggCAATgTggAgCAATAgCg-3’ 5’-CAATAAgCTgCCCAAAggTC-3’

TRPV1 5’-AgCTgCAgCgAgCCATCACCA-3’ 5’-ATCCTTgCCgTCCggCgTgA-3’

IFN-γ 5’-AgCTCTTCCTCATggCTgTT-3’ 5’-TTTgCCAgTTCCTCCAgATA-3’

TNF-α 5’-TCTCTTCAAgggACAAggCT-3’ 5’-ggCAgAgAggAggTTgACTT-3’

IL-1β 5’-gAAgAAgAgCCCATCCTCTg-3’ 5’-TCATCTCggAgCCTgTAgTg-3’

IL-2 5’-TTCAAgCTCTACAgCggAAgC 5’-TTTCAATTCTgTggCCTgCTT-3’

IL-6 5’-CTgCAAgAgACTTCCATCCAg-3’ 5’-AAgTAgggAAggCCgTggTT-3’

IL-17A 5’-ggACTCTCCACCgCAATgA-3’ 5’-gggACTgAgCTTCCCAgATC-3’

CD3d 5’-gCCAgAACTgTgTggAggTA-3’ 5’-CTCATgTCCTgCAAAgCAgT-3’

CD4 5’-TCTggCAACCTgACTCTgAC-3’ 5’-TCATCACCACCAggTTCACT-3’

CD11c 5’-CTgAgAgCCCAgACgAAgACA-3’ 5’-TgAgCTgCCCACgATAAgAg-3’

MPO 5’-CCAgCAgCCATgAAgAAgTA-3’ 5’-CATAACggAAAgCATTggTg-3’

NFL 5’-ggCCTTggACATCgAgATTg-3’ 5’-TCTgCAAgCCACTgTAAgC-3’

T-bet 5’-CCAAgAgACCCAgTTCATTgC-3’ 5’-CTCAAAgTTCTCCCggAATCC-3’

RoRγT 5’-CAgCCAACATgTggAAAAgCT-3’ 5’-gggAAggCggCTTggA-3’

GATA-3 5’-ACATgTCATCCCTgAgCCACATCT-3’ 5’-AggAACTCTTCgCACACTTggAgA-3’

FOXP3 5’-TCAAgTACCACAATATgCgACC-3’ 5’-AACATgCgAgTAAACCAATgg-3’

NFAT-1 5’-AgATggTgCTgTCTggCCATA-3’ 5’-TggTTgCggAAAggTggTATC-3’

NF-κB 5’-TATgCCgAACTTCTCggACAg-3’ 5’-TTTCgTgACTCCgggATggAA-3’

GAPDH 5’-TCAACAgCAACTCCCACTCTT-3’ 5’-ACCCTgTTggTgTAgCCgTAT-3’

Human    

IL-2 5’CCAAACTCACCAggATGCTCACAT-3’ 5’-AgCACTTCCTCCAgAggTAgT-3’

GAPDH 5’-TTCgACAgTCAgCCgCATCTT-3’ 5’-ACCAAATCCgTTgACTCCgAC-3’
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ABSTRACT
The intestinal epithelium has a high rate of turnover, and dysregulation of pathways that 

regulate regeneration can lead to tumor development; however, the negative regulators of 

oncogenic events in the intestinal epithelium are not fully understood. Here we identified a 

feedback loop between the epidermal growth factor receptor (EGFR), a known mediator of 

proliferation, and the transient receptor potential cation channel, subfamily V, member 1 

(TRPV1), in intestinal epithelial cells (IECs). We found that TRPV1 was expressed by IECs and 

was intrinsically activated upon EGFR stimulation. Subsequently, TRPV1 activation inhibited 

EGFR-induced epithelial cell proliferation via activation of Ca2+/calpain and resulting activation 

of protein tyrosine phosphatase 1B (PTP1B). In a murine model of multiple intestinal neoplasia 

(ApcMin/+ mice), TRPV1 deficiency increased adenoma formation, and treatment of these animals 

with an EGFR kinase inhibitor reversed protumorigenic phenotypes, supporting a functional 

association between TRPV1 and EGFR signaling in IECs. Administration of a TRPV1 agonist 

suppressed intestinal tumorigenesis in ApcMin/+ mice, similar to - as well as in conjunction with 

- a cyclooxygenase-2 (COX-2) inhibitor, which suggests that targeting both TRPV1 and COX-2 

has potential as a therapeutic approach for tumor prevention. Our findings implicate TRPV1 as 

a regulator of growth factor signaling in the intestinal epithelium through activation of PTP1B 

and subsequent suppression of intestinal tumorigenesis.
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INTRODUCTION
The mammalian intestinal epithelium reveals a complex interplay between intestinal stem cell 

(ISC) self-renewal in the crypts of Lieberkühn, progenitor cell proliferation, differentiation, and, 

ultimately, apoptosis1. The high rate of intestinal epithelial cell (IEC) turnover within a genotoxic 

microenvironment needs to be tightly regulated to minimize the risk of neoplasia development 

from ISCs or dedifferentiated progenitor cells2. The main drivers of IEC proliferation are the Wnt, 

Notch, and epidermal growth factor receptor (EGFR) pathways3. Somatic mutations that result 

in the gain-of-function of these and associated pathways are commonly found in colorectal 

cancer (CRC), underlining their oncogenic potential4,5. Similarly, whereas Toll-like receptor 

signaling in IECs provides essential pro-proliferative signals6, these microbiota-induced signals 

also promote epithelial tumorigenesis7. Microenvironmental cues that signal IECs to shift gears 

from a progenitor to a differentiated mode at the crypt-villus junction are instrumental in the 

regulation of crypt homeostasis8. This includes the release of BMP and Hedgehog proteins along 

a spatial gradient. Interruption of this mesenchymal-epithelial crosstalk results in distortion of 

the crypt-villus architecture9-11 and predisposes the epithelium to neoplasia12,13.

The regulatory role of physiological signals transduced by sensory ion channels in crypt 

homeostasis, and their implications for epithelial tumorigenesis, have not been fully studied. One 

exception is the reported homeostatic role of the stretch-activated receptor Piezo1. Overcrowding 

within the epithelial sheet is detected by the Piezo1 cation channel, which leads to live cell extrusion 

through Rho kinase activation, thereby keeping cell numbers in check. Interestingly, colonic polyps 

show increased cell densities in crypt sides compared with healthy epithelium, which suggests that 

aberrant cell extrusion may be an early oncogenic event in the intestines14.

In the search for sensory receptors in epithelial tissues, the comprehensive family of TRP 

ion channels holds particular interest, as these sense and integrate a broad range of thermal, 

mechanical, and chemical environmental stimuli15. The mammalian TRP family consists 

of multiple subfamilies, including canonical (TRPC), vanilloid (TRPV), melastatin (TRPM), 

ankyrin (TRPA), polycystin (TRPP), and mucolipin (TRPML), which form multimeric proteins 

that function as cation channels, display diverse gating mechanisms, and are ubiquitously 

expressed in various excitable and nonexcitable cell types16. TRP channels are well represented 

in the complex milieu of the digestive tract17. Moreover, various TRP channels are expressed in 

epithelial tissues18,19, and some data suggest that they promote cell proliferation and may play 

a role in cellular transformation20. Mechanistically, this has been shown to involve potentiation 

of EGFR signaling in other epithelial tissues, such as TRPV3 in keratinocytes21 and TRPC1 in lung 

carcinoma cell lines22. However, the physiological relevance of TRP-EGFR interactions and their 

associated signaling pathways in the intestinal epithelium are not known.

Here we demonstrate an unconventional role for the TRPV1 channel in intestinal crypt 

homeostasis and tumorigenesis. We found that TRPV1 was intrinsically activated by EGFR. Our 

molecular dissection showed that TRPV1 triggering subsequently initiated a molecular cascade 

— involving Ca2+, calpain, and finally protein tyrosine phosphatase 1B (PTP1B) — that served as a 

negative feedback loop on EGFR activity. Deficiency of Trpv1 resulted in IEC hyperproliferation in 
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vivo and in intestinal organoid cultures in vitro, as well as increased formation of intestinal neoplasia. 

Collectively, our data suggest that TRPV1 is a nonredundant, intrinsic negative regulator of cell 

proliferation and intestinal tumorigenesis. Thus, rather than transducing physical signals, TRPV1 

senses and regulates growth factor signaling in IECs in order to suppress intestinal tumorigenesis.

RESULTS
TRPV1 is a functional Ca2+ channel in IECs and organoids 
To evaluate the expression of TRPV family members in IECs, quantitative real-time RT-PCR 

(Q-PCR) screening for the abundance of Trpv1–Trpv6 transcripts in both primary IEC isolates 

and intestinal organoids was performed. The latter is an autonomous IEC culture system 

that consists of self-organizing “miniguts” that recapitulate intestinal crypts, free of any 

potentially contaminating mesenchymal, neuronal, or bone marrow–derived cells23. We found 

that Trpv1, Trpv4, Trpv5, and Trpv6 were expressed in the intestinal epithelium, with similar 

expression patterns in freshly isolated IECs and intestinal organoid cultures (Figure 1, A and B, 

and Supplemental Figure 1, A and B; supplemental material available online with this article; 

doi:10.1172/JCI72340DS1). While the molecular effects of TRPV4 and TRPV5/TRPV6 in IECs have 

been reported previously24,25, the physiological role of TRPV1 in IEC biology is unknown. We 

validated expression of Trpv1 mRNA in IECs using Trpv1–/– mice26 for both organoid cultures and 

freshly isolated crypts (Supplemental Figure 1C). We also confirmed TRPV1 mRNA expression in 

human and rodent IEC lines (Supplemental Figure 1D). To show TRPV1 protein expression, we first 

validated the specificity of the anti-TRPV1 Ab by using CHO cells that stably overexpress TRPV1 

(Supplemental Figure 1, E and F). We confirmed TRPV1 expression in IECs using flow cytometry 

(Figure 1C). TRPV1 expression by primary IECs was demonstrated by immunofluorescent staining 

of intestinal organoids (Figure 1D). Staining with secondary antibody only (Alexa Fluor 488–

conjugated anti-Rb) did not produce a positive signal (data not shown). We next evaluated 

TRPV1 ion channel functionality in IECs. As TRPV1 is primarily a Ca2+ channel27, we first validated 

our experimental setup to measure cytosolic free Ca2+ ([Ca2+]
cyt

) measurements in cells loaded 

with Fura-2 acetoxymethyl ester (Fura-2 AM)28,29. We used CHOTRPV1 cells after stimulation with 

the TRPV1-specific agonist capsaicin (Supplemental Figure 1G). More importantly, addition 

of capsaicin induced [Ca2+]
cyt

 elevations in the IEC line HCT116 that were dose-dependent and 

abrogated by TRPV1 knockdown (Figure 1E). Pretreatment with the TRPV1 antagonist BCTC also 

inhibited capsaicin-induced Ca2+ influxes in HCT116 cells (Supplemental Figure 1H). Similar results 

were generated by applying heat as a TRPV1 activator (Figure 1F). To confirm the functionality of 

TRPV1 channels in primary IECs, we used intestinal organoids from WT and Trpv1–/– mice in the 

same experimental setup. Organoid-derived crypts were then stimulated with the TRPV1 agonist 

capsaicin, which resulted in marked [Ca2+]
cyt

 increases in WT, but not Trpv1–/–, crypts (Figure 1, 

G–I). Collectively, these data demonstrated that TRPV1 is a functional Ca2+ channel in IECs.
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Figure 1. TRPV1 is a functional Ca2+ channel in IECs. (A and B) Transcript levels of Trpv1–Trpv6 in (A) isolated 
crypts and (B) intestinal organoids, determined by Q-PCR and expressed relative to Gapdh control. Mean ± SD (n 
= 2). (C) Expression of TRPV1 by HCT116 cells, as determined by flow cytometry. Normal goat IgG and preabsorbed 
anti-TRPV1 Abs served as negative controls. (D) TRPV1 expression in intestinal organoids, shown by IF staining. 
Scale bar: 100 μm. (E) HCT116 shRNA control (blue line) or TRPV1 shRNA knockdown (red line) cells were loaded 
with 5 μM Fura-2 AM and perfused with physiological salt solution (2 mM CaCl

2
), followed by stimulation with 

5–30 μm capsaicin (Cap) as indicated (black bars). Mean ± SEM (n= 50 cells per condition). (F) Fura-2 AM–loaded 
HCT116 control (blue) or TRPV1 knockdown (red) cells were perfused with PSS at room temperature (20°C), then 
heated to 40°C (black bar). Mean ± SEM (n = 52 cells per condition). (G) Fura-2 AM–stained intestinal organoids 
generated from WT (blue line) or Trpv1–/– (red line) mice were stimulated with 30 μM capsaicin (black bar). Mean 
± SEM (n = 25 regions per organoid). Representative results of 3 independent experiments. (H) Statistical analysis 
of the capsaicin-induced Ca2+ influx in G. Shown are averaged peak intracellular [Ca2+] levels after subtraction 
of baseline. Mean ± SEM (n = 25 per condition). *P < 0.001, t test. (I) Detailed images of organoid crypts 
(representative examples; original magnification, ×400) used for Ca2+ imaging, with colorimetric representation 
of low-to-high [Ca2+]

cyt
 measurements at the indicated time points.
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Epithelial TRPV1 signaling inhibits EGFR activity in vivo 
Next we used Trpv1–/– mice to evaluate the physiological function of TRPV1 signaling in 

IECs. TRPV1 deficiency did not significantly affect gross intestinal crypt-villus morphology 

or IEC differentiation (Supplemental Figure 2A). Consistent with these in vivo findings, 

we observed similar numbers of goblet and Paneth cells per crypt in intestinal organoids 

generated from WT and Trpv1–/– mice (Supplemental Figure 2B). In contrast, we observed a 

substantial increase in IEC proliferation in Trpv1–/– mice by immunostaining for Ki67, a marker 

of transit amplifying (TA) cells (Figure 2A). These data suggest that TRPV1 signaling negatively 

regulates epithelial cell proliferation. Since EGFR is a physiological inducer of IEC proliferation 

and has previously been associated with other TRP channels21,22, we hypothesized that the 

TRPV1 and EGFR signaling pathways may functionally interact. Constitutive phosphorylation 

of EGFRY1068, indicative of EGFR kinase activity, was increased in colonic crypts in Trpv1–/– mice 

(Figure 2, B–D). Moreover, Trpv1–/– crypts displayed increased constitutive phosphorylation 

of ERK1/2, a MAPK that relays downstream signaling of EGFR. This effect was reversed by 

treatment with the EGFR kinase inhibitor gefitinib (Figure 2B). Gefitinib also reversed the 

increased IEC proliferation in Trpv1–/– mice (Figure 2, E and F), which suggests that enhanced 

constitutive EGFR activation was responsible for the epithelial hyperproliferation observed 

in these mice. We then tested the effects of TRPV1 triggering on EGFR signaling in IECs in 

vivo. Expression levels of immediate early response genes reflect the transcriptional activity 

of EGFR signaling30. A single oral administration of capsaicin (3 mg/kg) decreased expression 

levels of c-Fos, Fosl2 (also known as Fra2), and c-Jun in WT mice, but not Trpv1–/– mice 

(Figure 2, G and H). Importantly, cotreatment with gefitinib (50 mg/kg) did not enhance the 

suppressive effect of capsaicin, which suggests that both agents optimally targeted the same 

pathway (i.e., EGFR). Oral administration of capsaicin also inhibited ligand-induced EGFR 

activation in IECs and suppressed epithelial cell proliferation (Supplemental Figure 2, C–E). 

Notably, oral capsaicin treatment did not significantly affect goblet or Paneth cell numbers 

(Supplemental Figure 2, F–H). Together, these results are suggestive of negative regulation 

of IEC proliferation and epithelial EGFR signaling by TRPV1.

In order to unambiguously address whether epithelial TRPV1 directly modulates EGFR 

kinase activity, we generated mice that overexpress TRPV131 in IECs on the C57BL/6J background 

(referred to herein as TRPV1IEC mice). Excision of a stop sequence by Cre under the control of 

the Villin promoter resulted in conditional TRPV1 overexpression in IECs (Figure 2I). TRPV1IEC 

mice showed increased TRPV1 protein and mRNA expression in IECs, but not in spinal cord 

homogenates (Supplemental Figure 3, A and B). Consistent with our results from Trpv1–/– 

mice, TRPV1IEC animals showed reduced constitutive p-EGFRY1068 levels in colon crypts, whereas 

total EGFR levels were unaffected (Figure 2J). Furthermore, IEC-specific TRPV1 overexpression 

suppressed EGF-induced EGFR activity in freshly isolated IECs, inhibited epithelial cell 

proliferation in vivo, and suppressed cell proliferation and expression of EGFR target genes in 

intestinal organoid cultures in vitro as well as the intensity of p-EGFRY1068 staining (Figure 2K and 

Supplemental Figure 3, C–G). Collectively, these findings suggest that epithelial TRPV1 inhibits 

IEC proliferation by antagonizing EGFR signaling.
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Figure 2. TRPV1 signaling inhibits cell proliferation and EGFR activity in vivo. (A) Increased IEC proliferation 
in colons from naïve Trpv1–/– versus WT mice, as shown by Ki67 immunostaining. (B) Increased EGFRY1068 
phosphorylation in Trpv1–/– IECs was reversed by gefitinib treatment. Mice were treated with 2 doses of gefitinib (50 
mg/kg, gavage) with a 6-hour interval, followed by IEC harvesting and Western blotting. Shown are representative 
results from 3 experiments. (C) Immunostaining for p-EGFRY1068 of distal colon tissues. (D) Quantification with 
ImageJ. 3 representative areas were used for analysis, with 3 mice per group. (E) Hyperproliferation of Trpv1–/– 
IECs was reversed by EGFR inhibition with gefitinib (50 mg/kg) for 5 consecutive days before tissue harvesting. 
(F) Quantification of Ki67+ cells by ImageJ (ImmunoRatio plugin). (G) Capsaicin administration suppressed 
transcription of EGFR target genes in a TRPV1-dependent manner, comparable to gefitinib. Mice received DMSO, 
capsaicin (3 mg/kg), gefitinib (50 mg/kg), or capsaicin plus gefitinib by gavage, and IECs were prepared 6 hours 
later. Shown is Q-PCR analysis for c-Fos or Fosl2, relative to the respective DMSO control. (H) Q-PCR analysis for 
c-Jun. (I) Generation of transgenic TRPV1IEC mice. (J) TRPV1fl/fl and TRPV1IEC mice were analyzed for p-EGFRY1068 by 
Western blotting. IEC-specific TRPV1 overexpression inhibited constitutive EGFR signaling in IECs. (K) IEC-specific 
TRPV1 overexpression suppressed EGF-induced EGFRY1068 phosphorylation in IECs. Data are mean ± SEM (D and F; 
n = 3 per group) or mean ± SD (G and H; n = 2 per group). *P < 0.05, t test (D) or ANOVA (F–H). Scale bars: 100 μm.

TRPV1 intrinsically inhibits EGFR signaling and epithelial cell 
proliferation 
We then further explored the molecular interactions between TRPV1 and EGFR in vitro. Similar 

to the data derived from TRPV1IEC transgenic mice, overexpression of TRPV1 in HCT116 cells 

inhibited ligand-induced EGFRY1068 phosphorylation compared with mock-transfected cells 

(Figure 3A). This was recapitulated in CHO cells with reconstituted expression of WT-EGFR, 

with or without TRPV1 (Supplemental Figure 4A). Exploration of other EGFR phosphorylation 

sites showed that TRPV1 suppressed phosphorylation of Y992 and Y1045, in addition to Y1068, 

but not S1046/S1047 (Supplemental Figure 4B). Since the Y1068 phosphorylation site was a 
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Figure 3. TRPV1 inhibits epithelial cell proliferation and EGFR signaling in vitro. (A) Overexpression of TRPV1 inhibited 
EGF-induced EGFR activity in the IEC line HCT116. Cells were transfected with control or TRPV1 plasmid and stimulated 
with 1 ng/ml EGF for the indicated times, followed by Western blot analysis of total cell lysates. (B) TRPV1 knockdown 
enhanced EGFR signaling in IECs in vitro. HCT116 cells were transfected with control or TRPV1 shRNA. After obtaining 
stable cell lines, control and knockdown cells were stimulated with low-dose EGF (1 ng/ml) for the indicated times, and 
cell lysates were analyzed by Western blotting. (C) HCT116 cells treated with control or TRPV1 shRNA were cultured for 
3 days in the presence or absence of gefitinib (1 μM). Cells were then analyzed for cell proliferation with the MTT assay. 
Results are presented as a percentage of day 1 of cell culture. Mean ± SEM. *P < 0.05 vs. control, ANOVA.

more robust readout, and is associated with multiple proproliferative signaling pathways, 

we focused on phospho-EGFRY1068 levels in subsequent assays. Stable knockdown of TRPV1 in 

HCT116 cells by shRNA (validated in Figure 1, E and F) resulted in enhanced ligand-induced 

EGFRY1068 phosphorylation (Figure 3B). This effect coincided with an increased rate of cell 

proliferation, which was reversed by gefitinib treatment (Figure 3C). These data further support 

the functional and intrinsic association between the TRPV1 and EGFR signaling pathways in IECs.

To compare the effects of the TRPV1 channel with those of other TRPV family members that we 

found to be expressed by IECs, we repeated our in vitro assays for the thermosensors TRPV3 and 

TRPV4, as well as the Ca2+ transporter TRPV5. Overexpression of TRPV3 potentiated ligand-induced 

EGFRY1068 phosphorylation in HCT116 cells (consistent with previous findings in keratinocytes; ref. 21), 

whereas TRPV4 overexpression had no significant effects (Supplemental Figure 4C). Interestingly, 

like TRPV1, TRPV5 significantly suppressed ligand-induced EGFRY1068 phosphorylation (Supplemental 

Figure 4, D and E). These data suggest a more general role for TRP channel–mediated Ca2+ influx in the 

regulation of EGFR signaling in IECs. However, as these effects might occur by different mechanisms, 

we focused in subsequent experiments on dissecting the TRPV1-mediated effects on EGFR signaling.
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Figure 4. Physiological effects of TRPV1 signaling in intestinal organoids. (A) Representative live-cell microscopy 
images of small intestinal organoids generated from WT and Trpv1–/– mice at day 7 after passing. (B) Quantification 
of crypt lengths of WT and Trpv1–/– organoids (n = 8). (C) Expression of the proliferation marker Mki67 in WT and 
Trpv1–/– organoids, determined by Q-PCR and expressed relative to WT (n = 3). (D) Increased Mki67 expression 
in Trpv1–/– versus WT organoids. (E) Immunostaining for Ki67 of WT and Trpv1–/– organoids showed an increase 
in the proliferative zone in the latter. Confocal fluorescence microscopy is shown. (F) Q-PCR analysis of c-Fos 
expression in WT and Trpv1–/– organoids, normalized to Gapdh and expressed relative to WT (n = 3 per group). (G) 
TRPV1 deficiency reduced the exogenous EGF requirement of intestinal organoids. WT and Trpv1–/– organoids were 
cultured with standard medium with or without EGF (50 ng/ml) for 48 hours. Representative images of organoids 
by brightfield microscopy are shown. (H) Organoids as in G, stained for Ki67 and F-actin. Scale bars: 50 μm (E); 
100 μm (A, G, and H). Mean ± SEM. *P < 0.05, Student’s t test. Data representative of 2–3 independent experiments.

Physiological effects of epithelial TRPV1 signaling in intestinal 
organoids 
To substantiate our findings on TRPV1 in a more physiological setting, we studied the growth 

kinetics of intestinal organoids derived from WT and Trpv1–/– mice. Mature Trpv1–/– organoids 

produced larger crypts compared with WT controls under similar culture conditions (Figure 4, 

A and B). Q-PCR analysis of Mki67 transcripts showed significantly increased expression in 

Trpv1–/– organoids, which was confirmed by immunostaining (Figure 4, C–E, and Supplemental 
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Figure 5, A–C). Moreover, this increased proliferation coincided with increased expression of 

the EGFR target gene c-Fos in Trpv1–/– organoids (Figure 4F). We then hypothesized that Trpv1–/– 

organoids would have a reduced requirement for exogenous EGF, as recently reported for 

another negative regulator of EGFR signaling, leucine-rich and immunoglobulin-like domains 

protein 1 (Lrig1; ref. 32). Indeed, WT organoids showed an almost complete loss of proliferation 

in the absence of exogenous EGF, whereas Trpv1–/– organoids maintained active TA cells under 

the same conditions (Figure 4, G and H, and Supplemental Figure 5D). Consistent with our in 

vivo findings, these data suggest that TRPV1 is an intrinsic regulator of EGFR signaling in IECs, 

acting to confine the proliferating cell compartment in the intestinal crypt.

TRPV1 regulates EGFR through Ca2+/calpain and PTP1B 
To identify the molecular mechanism by which TRPV1, a nonselective Ca2+ channel, regulates EGFR 

activity, we explored the involvement of Ca2+-dependent effectors, including the calmodulin, 

calcineurin, and calpain pathways20. Calmodulin-dependent kinase II–mediated (CaMKII-mediated) 

Ser phosphorylation of the intracellular tail of EGFR can inhibit EGFR kinase activity33, which we 

indeed found to be enhanced in TRPV1-overexpressing cells (Supplemental Figure 4B). However, 

even though the CaM inhibitor W-7 efficaciously blocked ionomycin-induced CaMKII activation, 

pretreatment with W-7 did not reverse the inhibitory effects of TRPV1 overexpression on EGFRY1068 

phosphorylation (Supplemental Figure 6, A and B). Similarly, and despite the reported inhibitory 

role of Ca2+/calcineurin activity on EGFR signaling34, calcineurin inhibition by FK506 failed to reverse 

the TRPV1-mediated effects on EGFRY1068 phosphorylation (Supplemental Figure 6, C and D).

We then focused on the Ca2+/calpain pathway. Regulation of EGFRY1068 phosphorylation by 

TRPV1 was prevented by pretreatment with the cell-permeable calpain inhibitor ALLM (Figure 

5A), suggestive of direct or indirect inhibitory effects of calpain on EGFR kinase activity. 

Dephosphorylation of EGFR by protein tyrosine phosphatases (PTPs) is an important early 

regulatory loop that controls receptor tyrosine kinase signaling35. Since there is no evidence in 

the literature for direct posttranslational modulation of the EGFR by calpain, we hypothesized 

that calpain might control the activity of a PTP, which in turn regulates the phosphorylation 

status of EGFR. Indeed, pretreatment with the nonspecific PTP inhibitor sodium orthovanadate 

(Na
3
VO

4
) reversed the negative regulatory effect of TRPV1 on EGFRY1068 phosphorylation 

(Figure 5B). PTPs that are known to regulate EGFR kinase activity include LAR (encoded by 

Ptprf), PTP-σ (Ptprs), PTP1B (Ptpn1), TCPTP (Ptpn2), and SHP-1 (Ptpn6)36. We found all of these 

PTPs to be expressed by IECs (Figure 5C), although their expression levels were similar in WT 

and Trpv1–/– mice (Supplemental Figure 6E). Of these PTP candidates, only PTP1B is known to 

be functionally associated with Ca2+/calpain37. Posttranslational cleavage of PTP1B by calpain 

increases its phosphatase activity38. Accordingly, pretreatment with the cell-permeable 

PTP1B inhibitor Compound 3 recapitulated the effect of Na
3
VO

4
 in reversing TRPV1-mediated 

dephosphorylation of EGFR (Figure 5B). The crucial role of this PTP in the TRPV1-mediated 

effects on EGFR was confirmed by siRNA-mediated knockdown of PTP1B (Figure 5D). Another 

target of PTP1B upon EGF stimulation is the early endosomal protein hepatocyte growth factor–
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Figure 5. TRPV1 regulates EGFR activity through calpain and PTP1B. (A) HCT116 cells were transfected with control 
or TRPV1 plasmid, then pretreated with DMSO or ALLM (10 μM) for 1 hour, followed by EGF (1 ng/ml) stimulation. 
Total cell lysates were analyzed by Western blotting. Lanes were run on the same gel. (B) HCT116 cells transfected 
with control or TRPV1 plasmid were pretreated with DMSO, the nonselective PTP inhibitor Na

3
VO

4
 (10 μM), or 

the selective PTP1B inhibitor Compound 3 (10 μM) for 1 hour, followed by EGF stimulation and Western blotting. 
(C) Q-PCR was performed for PTP candidates with RNA isolated from WT colon crypts. (D) HCT116 cells were 
treated with control or PTP1B siRNA and transfected with control or TRPV1 plasmid. Cells were then stimulated 
with EGF (1 ng/ml) and analyzed by Western blotting. Representative results of 2 independent experiments. (E) 
HCT116 cells were transfected with empty vector, WT PTP1B (PTP435), or PTP1B C-terminal truncation mutants 
(PTP370 and PTP377). Cells were stimulated with EGF (1 ng/ml) and analyzed by Western blotting. Representative 
results of 3 independent experiments. (F) PTP1B expression in intestinal organoids, shown by confocal fluorescent 
microscopy. (G) Expression of PTP1B in murine small intestinal tissue sections. Immunostaining for PTP1B and 
detection with DAB (brown) was followed by counterstaining with hematoxylin. (H) Q-PCR analysis of villus 
(V1 and V2) and crypt (C) fractions for Trpv1 and Ptpn1, showing enrichment in the latter. Values are expressed 
relative to the V1 fraction. Mean ± SEM (n = 3 per group). *P < 0.05, ANOVA. Scale bars: 100 μm.

regulated tyrosine kinase substrate (Hrs)39. TRPV1-mediated Ca2+ influx and subsequent calpain 

activation should therefore also affect HrsY334 phosphorylation, the major phosphorylated 

tyrosine residue in response to EGF40. Indeed, we found that overexpression of TRPV1 resulted in 

suppression of HrsY334 phosphorylation upon EGF stimulation (Supplemental Figure 6F). Finally, 

to confirm that calpain-mediated cleavage of PTP1B between amino acid residues 360–380 

enhances its intrinsic phosphatase activity38, we transfected HCT116 cells with PTP1B WT (PTP435) 

or C-terminal truncated mutants (PTP370 and PTP377). Expression of PTP1B truncation mutants 

(Supplemental Figure 6G) resulted in reduced EGF-induced phospho-EGFRY1068 levels (Figure 

5E). Together, these data support a functional role between TRPV1 and PTP1B and suggest that 

both are essential components of a negative regulatory loop of EGFR in IECs.
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Figure 6. EGFR and TRPV1 are part of a homeostatic circuit. (A) EGFR triggering induced TRPV1-mediated Ca2+ 
influx. CHO cells did not show Ca2+ influxes in response to EGF (100 ng/ml; green bars) when only EGFR or TRPV1 
was expressed (n = 43 and 42, respectively). ATP (10 μM; red bars) served as a positive control. (B) CHO cells 
expressing both EGFR and TRPV1 showed [Ca2+]

cyt
 increases in response to EGF stimulations, which was prevented 

by addition of exogenous PIP
2
 (n = 50 and 52, respectively). (C) HEK293 cells did not show EGF-induced Ca2+ 

responses in the presence of only EGFR or TRPV1 (n = 50 per condition). (D) HEK293 cells showed [Ca2+]
cyt

 increases 
in response to EGF when EGFR and TRPV1 were coexpressed, which was prevented by PLCG1 knockdown (n = 50 
and 52, respectively). HEK293 cells were transfected with control or PLCG1 siRNA, together with EGFR and TRPV1 
expression plasmids. Ca2+ imaging was performed at day 3 after transfection. Mean ± SEM from individual [Ca2+]

cyt
 

measurements of Fura-2 AM–loaded cells, representative of 2 (B and D) or 3 (A and C) independent experiments.

Functional PTP1B activity was previously reported to mediate differential responses to ligand-

induced activation versus transactivation of the EGFR in IEC lines41. However, the expression 

pattern of PTP1B in primary IECs is unknown. We found expression of PTP1B in budding crypts 

in small intestinal organoids and confirmed this in primary tissues by immunohistochemistry 

(Figure 5, F and G). We then characterized PTP1B expression along the crypt-villus axis by 

Q-PCR. IEC fractionation showed that TRPV1 and PTP1B were relatively enriched in the crypt 

compartment (Figure 5H). The IEC fractionation was validated by showing enrichment for the 

ISC marker Lgr5, the Paneth cell marker Mmp7, Egfr, and the EGFR target gene Egr1 in the crypt 

fraction, with decreasing expression of the mature enterocyte marker Slc26a3 (Supplemental 

Figure 6H). Collectively, these data are suggestive of an intrinsic, negative regulatory pathway 

through TRPV1 via Ca2+/calpain and PTP1B on EGFR signaling in the intestinal crypt.

EGFR and TRPV1 are part of a homeostatic molecular circuit 
The activity of certain TRP channels can be potentiated by phospholipase C–coupled (PLC-

coupled) receptor tyrosine kinases15. One of the proposed models of TRP activation is the release 

from its tonic inhibition by membrane lipids, such as phosphatidylinositol-4,5-bisphosphate (PIP
2
). 

Hydrolysis of PIP
2
 in the plasma membrane, for example by PLC-coupled receptors, would thereby 
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reduce the threshold for TRPV1 activation42,43. As ligand-induced triggering of EGFR results in rapid 

PLCγ1-mediated PIP
2
 hydrolysis in the plasma membrane44, we hypothesized that EGFR activation 

might therefore facilitate TRPV1 gating. To test this hypothesis, we transfected cells with EGFR and/

or TRPV1 and measured intracellular [Ca2+] after EGF stimulation. We found that expression of EGFR 

or TRPV1 alone did not result in EGF-induced [Ca2+]
cyt

 increases in CHO or HEK293 cells (Figure 6, A 

and C). However, coexpression of EGFR and TRPV1 resulted in EGF-induced Ca2+ responses in both 

cell types (Figure 6, B and D). This functional coupling between EGFR and TRPV1 was abrogated by 

addition of exogenous PIP
2
 or by PLCG1 knockdown (Figure 6, B and D). Knockdown of PLCγ1 was 

validated by Western blotting (Supplemental Figure 7A). Together, these data support a model 

in which EGFR activation results in PLC-mediated TRPV1 triggering, followed by intracellular Ca2+ 

mobilization and activation of calpain and PTP1B. PTP1B subsequently dephosphorylates EGFR, 

thereby completing the negative feedback loop (Supplemental Figure 7B).

TRPV1 signaling inhibits the development of intestinal neoplasia 
EGFR signaling accelerates the development of neoplasia in mice genetically susceptible 

to intestinal adenoma formation (i.e., ApcMin/+ mice; ref. 45). Given these tumor-promoting 

properties of EGFR signaling and the data presented above, we hypothesized that genetic 

deletion of Trpv1 would promote the development of intestinal neoplasia. As predicted, ApcMin/+ 

mice crossed with Trpv1–/– mice developed significantly more tumors in the intestinal tract, in 

accordance with recent data46, an effect that was prevented by gefitinib treatment (Figure 7, A 

and B). This was associated with increased morbidity in ApcMin/+ Trpv1–/– versus ApcMin/+ mice, as 

shown by decreased levels of blood hemoglobin (HgB) as well as reduced lifespan (Figure 7, C 

and D). We observed increased constitutive EGFRY1068 phosphorylation and elevated expression 

of the proliferation marker PCNA in IECs from ApcMin/+ Trpv1–/– mice, which was reversed by 

gefitinib treatment (Figure 7E). The epithelial hyperproliferation in ApcMin/+ Trpv1–/– versus 

ApcMin/+ mice was confirmed by Ki67 staining (Figure 7F). Furthermore, deletion of Trpv1 resulted 

in significantly increased expression levels of the EGFR-regulated oncogenes c-Fos and c-Myc on 

the ApcMin/+ background, without affecting the Wnt target Axin2 (Figure 7G and Supplemental 

Figure 8, A and B). These findings support the concept that increased constitutive EGFR signaling 

in ApcMin/+ Trpv1–/– mice predisposed this strain to develop more intestinal neoplasia.

Given the potential role of TRPV1-expressing sensory neurons in the regulation of intestinal 

tumorigenesis, we also evaluated the phenotype of ApcMin/+ mice that underwent systemic ablation 

of TRPV1+ neurons. ApcMin/+ mice were treated with the ultrapotent TRPV1 agonist resiniferatoxin 

(RTX) during the neonatal period47. Ocular challenge with capsaicin (eye wipe test) confirmed 

systemic TRPV1+ sensory neuron ablation. In contrast to mice with global deletion of Trpv1, the 

RTX-treated mice showed a slight survival benefit, whereas intestinal tumor counts and HgB levels 

were comparable to those of ApcMin/+ mice (Supplemental Figure 8, C and D). Thus, these results 

indirectly substantiate the tumor-suppressive role of epithelial TRPV1 in the intestines.

Finally, administration of the dietary TRPV1 agonist capsaicin, mixed at 0.01% (w/w) with 

chow, significantly increased the survival of ApcMin/+ mice, an effect that was TRPV1 dependent 
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Figure 7. TRPV1 signaling inhibits intestinal neoplasia development. (A) Increased tumor burden in ApcMin/+ 
Trpv1–/– mice. Shown are representative examples of small intestinal polyps (asterisks) in untreated and gefitinib-
treated ApcMin/+ and ApcMin/+ Trpv1–/– mice. Scale bar: 4 mm. (B) 10-week-old ApcMin/+ and ApcMin/+ Trpv1–/– mice 
were treated with gefitinib (50 mg/kg/d) until 20 weeks, and polyps (>1 mm) were counted. n = 12 (untreated 
ApcMin/+), 9 (gefitinib-treated ApcMin/+ and untreated ApcMin/+ Trpv1–/–), 7 (gefitinib-treated ApcMin/+ Trpv1–/–). (C) 
HgB levels at 20 weeks. (D) Survival curves of ApcMin/+ and ApcMin/+ Trpv1–/– mice, treated with normal chow (n = 16 
and 24, respectively) or capsaicin (Cap; n = 11 and 5, respectively). ###P = 0.0004, ApcMin/+ capsaicin vs. ApcMin/+; ***P 
= 0.0003, ApcMin/+ Trpv1–/– vs. ApcMin/+; P = NS, ApcMin/+ Trpv1–/– vs. ApcMin/+ Trpv1–/– capsaicin; *P = 0.019, ApcMin/+ 
Trpv1–/– capsaicin vs. ApcMin/+, log-rank test. (E) Increased p-EGFRY1068 and PCNA levels in ApcMin/+ Trpv1–/– colon 
crypts was reversed by gefitinib treatment, as in Figure 2B. (F) Increased IEC proliferation in ApcMin/+ Trpv1–/– mice. 
Scale bar: 100 μm. (G) Expression of EGFR- and Wnt-regulated genes in IEC lysates from 15-week-old ApcMin/+ and 
ApcMin/+ Trpv1–/– mice (n = 9 and 5, respectively). Mean ± SEM, expressed relative to ApcMin/+. *P < 0.05, t test. (H) 
ApcMin/+ mice were treated with regular chow (n = 16; different cohort from D), chow mixed with 300 ppm celecoxib 
(n = 9), or celecoxib plus capsaicin (n = 12). **P < 0.001, celecoxib vs. control; ***P < 0.0001, celecoxib+capsaicin vs. 
control; ###P = 0.0002, celecoxib+capsaicin vs. celecoxib, log-rank test. (I) Polyp counts and (J) HgB levels at 20 
weeks. *P < 0.05, **P < 0.001, ***P < 0.0001 vs. control or as indicated, ANOVA (B, C, I, and J).

(median survival, ApcMin/+ fed regular diet, 23.2 weeks; ApcMin/+ fed capsaicin diet, 31.5 weeks; 

ApcMin/+ Trpv1–/– fed regular diet, 20 weeks; ApcMin/+ Trpv1–/– fed capsaicin diet, 19.5 weeks; 

Figure 7D). This survival benefit was comparable to that achieved with the COX-2 inhibitor 

celecoxib (Figure 7H), an effective drug for the chemoprevention of CRC48. In this setting, one 

of the proposed mechanisms of COX-2 inhibitors is suppression of EGFR transactivation via 
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the COX product prostaglandin E
2

49. Importantly, dietary treatment of ApcMin/+ mice with both 

TRPV1 agonist and COX-2 inhibitor further prolonged survival, lowered intestinal tumor burden, 

and reduced tumor-related morbidity (Figure 7, H–J). Median survival of ApcMin/+ mice treated 

with regular diet, celecoxib diet, and celecoxib plus capsaicin diet was 22, 29, and 45.2 weeks, 

respectively. Taken together, these data suggest that TRPV1 activation restrains EGFR signaling 

in the intestinal crypt and thereby minimizes the risk of neoplasia development.

DISCUSSION
Here we propose that TRPV1 plays an indispensable role in the intestinal epithelium as an 

intrinsic regulator of growth factor receptor signaling, cell proliferation, and tumorigenesis. In 

this context, epithelial TRPV1 may be activated independently from its classical agonists: heat, 

capsaicin, lipid mediators, oxidative agents, and low pH50–52. Our results suggest a different 

mode of activation of TRPV1, by PLCγ-mediated depletion of PIP
2
, a tonic negative regulator 

of TRPV1, after receptor tyrosine kinase activation42,43. This proposed PLCγ-PIP
2
-TRPV1 signaling 

axis was initially inferred from the observation that activation of TrkA sensitizes TRPV1 to 

physical or chemical stimuli53. More recently, others showed that activation of another receptor 

tyrosine kinase, c-Met, evoked TRPV1 channel activity in hepatocytes54. Our present findings 

are consistent with a model in which receptor tyrosine kinases functionally interact with TRPV1. 

Moreover, our data suggest that the physiological role of TRPV1 in the intestinal epithelium is 

to restrain EGFR signaling. This negative feedback downstream of TRPV1 is dependent on the 

intracellular actions of Ca2+/calpain and a phosphatase (PTP1B), regulates the proliferation rate 

of IECs, and suppresses intestinal tumorigenesis. The proposed molecular pathway and its in 

vivo relevance are summarized in Figure 8.

Incidentally, we also found the TRPV5 Ca2+ channel to be capable of suppressing ligand-

induced EGFR activation (Supplemental Figure 4E). TRPV5 is potentiated by PIP
2
, in contrast 

to TRPV155, suggestive of a distinct mechanistic link between TRPV5 and EGFR that remains 

to be elucidated (Supplemental Figure 9). The highly selective TRPV5 Ca2+ channel has been 

described to be involved in transcellular absorption of Ca2+ in the intestines, osteoclastic Ca2+ 

resorption of bone tissue, as well as active Ca2+ reabsorption in the kidneys56. Thus, TRPV5 

also exerts many extraintestinal effects in the regulation of Ca2+ homeostasis. A functional 

relationship with the EGFR pathway, such as that previously described for the Mg2+ channel 

TRPM6 in distal convoluted tubule cells of the kidney56,57, has not been reported for TRPV5. 

Needless to say, the association between TRPV5 and the EGFR needs to be further addressed. 

Furthermore, given the high expression levels of TRPV5 in IECs, the potential physiological 

role of TRPV5 with regard to EGFR signaling should be directly compared with that of TRPV1 to 

evaluate whether mechanistic differences exist between these TRP channels.

The dynamic events within the intestinal crypt include proproliferative signals from the 

crypt base (i.e., Wnt and Notch) that are counteracted by negative regulatory signals at the 

crypt-villus junction8. EGFR signaling represents a third pathway that promotes cellular growth 

and the development of colorectal neoplasia58. To prevent sporadic tumorigenesis, EGFR 
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Figure 8. Proposed model for EGFR-TRPV1 crosstalk in IECs. TRPV1 and PTP1B are part of a homeostatic signaling 
circuit that restrains EGFR-induced epithelial cell proliferation. EGFR kinase activity mediates proproliferative 
and thus protumorigenic effects in IECs (dashed red arrows). TRPV1 and PTP1B are predominantly expressed 
in the crypt compartment that contains TA cells (dark blue cells) with active EGFR signaling. Ligand-induced 
autophosphorylation of the EGFR results in PLC activation, which cleaves PIP

2
, a tonic inhibitor of TRPV1, into 

diacylglycerol (DAG) and inositol triphosphate (IP
3
; green arrows). This results in TRPV1 triggering and Ca2+ influx, 

which activates calpain and subsequently PTP1B. PTP1B then dephosphorylates EGFR (blue lines). This coupling 
between EGFR and TRPV1 exerts negative feedback on growth factor receptor signaling, inhibits crypt progenitor 
cell (dark blue cells) turnover, and hence reduces the risk of intestinal neoplasia development (red cells). +4 ISC, 
ISC at +4 position; CBCC, crypt-based columnar stem cell.

activation is coupled to the prompt initiation of cell-intrinsic inhibitory mechanisms, including 

dephosphorylation by PTPs, receptor endocytosis, and the transcriptional upregulation of a 

variety of inhibitors59. An example of the latter is the pan-ErbB inhibitor Lrig1, which promotes 

EGFR degradation60. Importantly, Lrig1 was recently shown to be a physiological regulator 

of EGFR signaling in the intestinal crypt32. Genetic deletion of Lrig1 not only leads to crypt 

expansion, but also unleashes the oncogenic potential of IECs61, analogous to the increased 

rate of adenoma formation we observed in Trpv1–/– mice on the ApcMin/+ background (Figure 7, 

A and B). We propose that both TRPV1 and Lrig1 are part of intrinsic feedback loops that restrain 

the proproliferative effects of EGFR in the intestinal epithelium, albeit with different operational 

modes. Whereas TRPV1 uses a PTP to downregulate EGFR activity (Figure 5, B–E), Lrig1 regulates 

EGFR degradation60. Furthermore, Lrig1 expression is restricted to the intestinal stem cell 

population32, whereas our data suggested a more diffuse expression pattern of TRPV1 in intestinal 

crypts (Figure 1, D and I). Thus, these 2 regulatory systems appear to act in a nonredundant 

fashion in the intestinal epithelium to suppress neoplasia development.

Our dissection of the intracellular components that negatively regulate EGFR activation 

downstream of TRPV1 outlined a requirement for the Ca2+/calpain signaling axis and identified 
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PTP1B as a key target of this pathway. PTP1B is a prototypical, nonreceptor PTP that directly 

interacts with the EGFR and dephosphorylates Tyr residues upon receptor activation62,63. 

This interaction occurs after endocytosis of the EGFR39,64, thus regulating its activity mostly 

downstream of receptor ligation. Our data suggest an additional pathway via TRPV1 and Ca2+/

calpain, which enhances PTP1B activity upon EGFR-TRPV1 triggering. Importantly, the effects 

of TRPV1 on EGFRY1068 phosphorylation were recapitulated by expression of PTP1B C-terminal 

truncation mutants (Figure 5E), further supporting the calpain-PTP1B connection. A recent 

publication showed that metastasis-associated phosphatase of regenerating liver-3 (PRL-3) 

exerts protumorigenic effects in CRC by transcriptional downregulation of PTP1B65. These data 

and ours are consistent with the proposed tumor-suppressive function of PTP1B in CRC. Indeed, 

PTP1B has been suggested to negatively regulate cell growth, prevent cellular transformation, 

strengthen cell-cell adhesions, promote apoptosis, and inhibit lymphomagenesis37,66,67. 

However, PTP1B may also have protumorigenic effects by upregulating Ras-MAPK signaling, by 

directly activating the proto-oncogene c-Src37,68, and by promoting ErbB2-driven oncogenesis 

of mammary epithelial cells68,69. Thus, PTP1B appears to have paradoxical effects on ErbB1/EGFR 

and ErbB2-associated tumorigenesis. Since both pathways play a role in the pathogenesis of 

CRC58, further studies on the role of PTP1B in intestinal tumorigenesis are warranted. Clinical 

use of PTP1B inhibitors was proposed for the prevention and/or treatment of insulin and leptin 

resistance70, as well as breast cancer71. However, this strategy must be approached with caution, 

as it could potentially promote the development of hematopoietic or intestinal neoplasia.

The role of TRPV1 as a tumor suppressor in the intestines is remarkable, as most TRP channels 

have been assigned oncogenic properties (including TRPC, TRPV, and TRPM family members; ref. 

72), although the associated mechanistic aspects are largely unknown. A recent report by The 

Cancer Genome Atlas (TCGA) Network identified abundant somatic mutations in genes encoding 

calpains (CAPN1–CAPN13), PTP1B (PTPN1), TRPV1, and other TRP channels, demonstrating their 

importance in the pathogenesis of CRC73. TRPV1 has been previously associated with regulation 

of EGFR signaling in the context of skin carcinogenesis74. Our data differ from these findings 

in that we did not find any evidence for TRPV1-mediated EGFR degradation in IECs. We also 

identified an inverse correlation between EGFRTyr1068 phosphorylation and TRPV1 expression. 

Thus, TRPV1 appears to mediate disparate effects, even in analogous epithelial tissues. This is also 

demonstrated by the recent finding that triggering of one of its close family members, TRPV3, 

actually promotes EGFR signaling in epithelial cells of the skin. This effect involves enhanced 

Ca2+-dependent production and release of EGFR ligands21. Although its expression is very low 

in IECs, TRPV3 also promoted EGFR signaling in our experimental system (Supplemental Figure 

4C). However, the physiological mechanism of TRPV1 or TRPV3 channel gating in keratinocytes 

remains unclear. Finally, a protective role for TRPV1-mediated neurogenic inflammation was 

recently proposed in the etiology of colorectal tumorigenesis46. Our data suggest that systemic 

(neonatal) ablation of TRPV1+ sensory neurons did not phenocopy the increased tumorigenesis 

observed in ApcMin/+ Trpv1–/– mice (Figure 7, A–D, and Supplemental Figure 8, C and D). These 

data led us to propose a model whereby epithelial TRPV1 signaling regulates the EGFR pathway 

and its associated protumorigenic effects in the intestines (Figure 8).
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In conclusion, our data suggest that TRPV1 senses and regulates cell proliferation in the 

intestinal epithelium. Mechanistically, we identified a novel pathway downstream of TRPV1 

through Ca2+/calpain and PTP1B that regulates cell growth signaling and affects IEC homeostasis 

and tumorigenesis. Our data also suggested that TRPV1 triggering by dietary administration 

of capsaicin suppressed intestinal tumorigenesis. Based on these results, we propose that 

the administration of TRPV1 agonists in combination with a COX-2 inhibitor may prevent the 

adenoma-to-carcinoma sequence in humans.

METHODS
Reagents. Recombinant mEGF for in vitro and in vivo stimulations was purchased from 

PeproTech. DMSO, DTT, ATP, capsaicin (≥95% purity, from Capsicum sp.), and Na
3
VO

4
 were 

purchased from Sigma-Aldrich. Gefitinib, resiniferatoxin, and celecoxib were obtained from LC 

Labs. EDTA and G418 (Geneticin) were obtained from Invitrogen. Puromycin was obtained from 

InvivoGen. PIP
2
 was purchased from Echelon (catalog no. P-4508). BCTC, W-7, and FK506 were 

obtained from Tocris. ALLM and the selective PTP1B inhibitor Compound 3 [3-(3,5-dibromo-

4-hydroxy-benzoyl)-2-ethyl-benzofuran-6-sulfonicacid-(4-(thiazol-2-ylsulfamyl)-phenyl)-

amide; ref. 75] were obtained from Calbiochem. Alexa Fluor 488–conjugated wheat germ 

agglutinin, Alexa Fluor 546–conjugated phalloidin, and Alexa Fluor 488–conjugated secondary 

antibodies for immunostainings were obtained from Molecular Probes.

Antibodies. Anti–phospho-EGFR (Y992, Y1045, S1046/S1047, and Y1068), anti-EGFR, anti–phospho-

ERK1/2 (T202/Y204), anti-ERK1/2, anti-PCNA, anti-MMP7, anti-PTP1B (for Western blotting), 

anti-synaptophysin, and anti-PLCγ1 antibodies were from Cell Signaling Technologies; anti–β-

actin antibody was from Sigma-Aldrich; anti-Ki67 was from Abcam; and anti-occludin was from 

Neomarkers. Anti-PTP1B antibody for immunohistochemistry was obtained from Epitomics. Anti-

TRPV1 antibody (P-19) and corresponding blocking peptide for Western blotting and flow cytometry 

were obtained from Santa Cruz Biotechnology Inc. Anti-TRPV1 antibody for immunofluorescent 

stainings was obtained from Alomone Labs (catalog no. ACC-030). Anti–phospho-Hrs (Y334) 

antibody was provided by S. Urbé (University of Liverpool, Liverpool, United Kingdom; ref. 40).

Cell culture, in vitro assays, and transfections. HCT116, HEK293, IEC-6, and CMT-93 cells 

were cultured in high-glucose DMEM (Mediatech); HCA-7 cells were cultured in low-

glucose DMEM. Culture medium was supplemented with 4 mM glutamine, 10% fetal calf 

serum, 50 U/ml penicillin, and 50 μg/ml streptomycin. The rTRPV1 (pcDNA3) and mTRPV3 

(pcDNA5) plasmids, CHOK1 cell line, and stable CHOTRPV1 transgenic cell line were provided 

by A. Patapoutian (Scripps Research Institute, La Jolla, California, USA). CHOTRPV1 cells were 

maintained in G418-containing selection medium. The WT-EGFR (pLWERNL) plasmid was 

provided by F. Furnari (UCSD, La Jolla, California, USA), the mTRPV4-FLAG (pcDNA3) plasmid 

was provided by G. Walz (University Hospital Freiburg, Freiburg, Germany), and the rbTRPV5 

(pEGFP-N3) plasmid was provided by C.-L. Huang (UT Southwestern, Dallas, Texas, USA). 

Plasmids containing HA-tagged human full-length PTP1B (pJ3H-PTP435) and C-terminal 
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truncation mutants pJ3H-PTP370 (aa 1–370) and pJ3H-PTP377 (aa 1–377) were donated by J. 

Chernoff (Fox Chase Cancer Center, Philadelphia, Pennsylvania, USA). CHO and HCT116 cells 

were transfected with WT-EGFR and/or TRPV1, TRPV3, TRPV4, TRPV5, or PTP1B plasmids (1–3 

μg DNA per 106 cells) with Nucleofector (Amaxa), as previously described76. Cells were serum-

starved 2–4 hours before EGF stimulation (1–10 ng/ml, as indicated). In some conditions, cells 

were pretreated for 1 hour with W-7 (10 μM), FK506 (1–10 μM), Na
3
VO

4
 (10 μM), Compound 

3 (10 μM), ALLM (10 μM), or DMSO. MTT assay (Sigma-Aldrich) was performed according to 

the manufacturer’s instructions. Knockdown in HCT116 and HEK293 cells was performed with 

Nucleofector. TRPV1 shRNA consisted of a pool of 3 independent, target-specific shRNAs: sc-

36826-SHA (GATCCGAAGACCTGTCTGCTGAAATTCAAGAGATTTCAGCAGACAGGTCTTCTTTTT)  

and corresponding siRNA sequences (sc-36826A) (sense, GAAGACCUGUCUGCUGAAATT;  

antisense, UUUCAGCAGACAGGUCUUCTT), sc-36826-SHB (GATCCCGAGCATGTACAATGAGATT 

TCAAGAGAATCTCATTGTACATGCTCGTTTTT) and corresponding siRNA sequences (sc-36826B) 

(sense, CGAGCAUGUACAAUGAGAUTT; antisense, AUCUCAUUGUACAUGCUCGTT), and sc-

36826-SHC (GATCCCGCATCTTCTACTTCAACTTTCAAGAGAAGTTGAAGTAGAAGATGCGTTTTT) 

and corresponding siRNA sequences (sc-36826C) (sense, CGCAUCUUCUACUUCAACUTT; 

antisense, AGUUGAAGUAGAAGAUGCGTT). TRPV1 siRNA consisted of a pool of 3 different 

siRNA duplexes: sc-36826A, sc-36826B, and sc-36826C. PTP1B siRNA consisted of a pool of 3 

different siRNA duplexes: sc-36328A (sense, CUUCCGUUGAUAUCAAGAATT; antisense, UUC 

UUGAUAUCAACGGAAGTT), sc-36328B (sense, GCAUGACCUGAUCAUUACATT; antisense, UGU 

AAUGAUCAGGUCAUGCTT), and sc-36328C (sense, CUCCGCCAUUCCAAGUCAATT; antisense,  

UUGACUUGGAAUGGCGGAGTT). PLCG1 siRNA consisted of a pool of 4 different siRNA duplexes: 

sc-29452A (sense, CAAACCCUAUGCCAACUUUTT; antisense, AAAGUUGGCAUAGGGUUUGTT), 

sc-29452B (sense, GCAAGAAGUUCCUUCAGUATT; antisense, UACUGAAGGAACUUCUUGCTT),  

sc-29452C (sense, ACAGAGCAGUGCCUUUGAATT; antisense, UUCAAAGGCACUGCUCUGUTT), 

and sc-29452D (sense, CAAACCUACUGCCCACAUUTT; antisense, AAUGUGGGCAGUAGGUU 

UGTT). shRNA and siRNA sequences were purchased from Santa Cruz. Nontargeting control 

shRNA lentiviral particles (copGFP Control Lentiviral Particles; Santa Cruz) or control siRNA 

(nontargeting siRNA #2; Dharmacon) were used as controls. Knockdown with shRNA was 

followed by puromycin selection and functional validation.

Mice and in vivo intervention studies. To conditionally overexpress TRPV1 in IECs in mice, the 

ROSA-stopflox-TRPV1-IRES-ECFP strain31 was crossed to Villin-Cre mice. ApcMin/+ Trpv1–/– mice 

were generated by crossing ApcMin/+ mice with Trpv1–/– mice26. Follow-up and health monitoring 

of ApcMin/+ mice was performed as previously published7. All mouse strains were on the C57BL/6J 

background and obtained from The Jackson Laboratory. Gefitinib, reconstituted in DMSO, was 

delivered by gavage in 0.05% (hydroxypropyl)methylcellulose and 0.02% Tween 80 vehicle at 

50 mg/kg according to the indicated dosing schedules. For dietary studies, C57BL/6J mice were 

fed standard laboratory chow or chow mixed with 0.01% (w/w) capsaicin ad libitum77 for the 

indicated time periods. ApcMin/+ and ApcMin/+ Trpv1–/– mice received normal chow (control) or 

chow plus 0.01% (w/w) capsaicin ad libitum starting at 8 weeks of age and were followed for 

survival studies or until they reached 20 weeks of age. Other cohorts of ApcMin/+ mice received 
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low-dose celecoxib (300 ppm) mixed with chow78, with or without 0.01% (w/w) capsaicin ad 

libitum. Chow was prepared freshly every week. For neonatal TRPV1+ sensory neuron ablation, 

ApcMin/+ mice were treated with resiniferatoxin (50 μg/kg s.c.) on days 1, 2, and 7 after birth. 

Validation of systemic TRPV1+ neuronal ablation was performed with the eye wipe test by ocular 

challenge with 0.01% (w/v) capsaicin in saline47.

Intestinal organoid culture and immunofluorescent staining. Mouse intestinal organoids were 

generated from small intestines, following published protocols23. Organoids were maintained 

in ENR (EGF, Noggin, RspoI) medium, which consisted of Advanced DMEM/F12 Reduced Serum 

Medium (Invitrogen) supplemented with 2 mM GlutaMAX, 10 mM HEPES, 100 U/ml penicillin 

and 100 μg/ml streptomycin, and B27 and N2 supplements (Invitrogen) with 50 ng/ml mEGF 

(Invitrogen), 100 ng/ml mNoggin (PeproTech), and 10% (v/v) RspoI conditioned medium. 

RspoI conditioned medium was generated using the 293T-HA-RspoI-Fc cell line (provided by 

C. Kuo, Stanford University, Stanford, California, USA). Matrigel (GFR) was obtained from BD 

Biosciences. WT and Trpv1–/– organoids at similar developmental stages in parallel cultures were 

compared in the analyses. For EGF starvation experiments, EGF was removed from the culture 

medium 2 days after passing, for a period of 48 hours before analysis. For immunofluorescent 

stainings, organoids were grown in Matrigel and stained in 8-well chamber slides (Nunc). 

Immunofluorescent stainings were performed using anti-TRPV1 (Alomone Labs), anti-MMP7 

(Cell Signaling), anti-Ki67 (Abcam), or anti-PTP1B (Epitomics) primary Abs. Briefly, fixed 

organoids in Matrigel were stained with primary Abs (1:100 dilution) and detected with Alexa 

Fluor 488–conjugated anti-Rb secondary antibody (1:500 dilution). After counterstaining 

with Alexa Fluor 546–conjugated phalloidin and DAPI, organoids were analyzed by confocal 

fluorescence microscopy. Staining with Alexa Fluor 488–conjugated wheat germ agglutinin 

and Alexa Fluor 546–conjugated phalloidin were performed according to the manufacturer’s 

instructions. For Q-PCR analysis, organoids were extracted from Matrigel using BD Cell 

Recovery Solution following the manufacturer’s instructions.

Ca2+ imaging. Ca2+ imaging was performed as previously described28,29. Briefly, for imaging with 

cell lines (CHO, HEK293, or HCT116), cells were grown on coverslips and loaded with 5 μM Fura-2 

AM (Invitrogen) dissolved in 0.01% Pluronic F-127 (Invitrogen) plus 0.1% DMSO in physiological 

salt solution (140 mM Na+, 5 mM K+, 2 mM Ca2+, 147 mM Cl–, 10 mM HEPES, and 10 mM glucose, pH 

7.4) at room temperature (20°C) for 1 hour. Cells were then washed for 0.5 hours, mounted in a 

perfusion chamber on a Nikon microscope stage, and perfused with PSS. After obtaining baseline 

measurements at room temperature, cells were then stimulated with capsaicin, heated PSS (up to 

40°C), or EGF (100 ng/ml). ATP (10 μM) was used as a positive control for [Ca2+]
cyt

 measurements. 

In some conditions, cells were pretreated with either the TRPV1 antagonist BCTC (1–10 μM) or PIP
2
 

(30 μM) for 30 minutes. For Ca2+ imaging with intestinal organoids, organoids generated from WT 

and Trpv1–/– mice were passed and seeded 1 day before imaging. On the day of analysis, organoids 

were recovered from Matrigel, stained with 5 μM Fura-2 AM (1 hour), washed, attached on BD 

Cell-Tek–coated coverslips, and stimulated with capsaicin (30 μM). Data are shown as mean ± SEM 

from individual [Ca2+]
cyt

 measurements based on recordings of F
340/380 nm

 ratios.
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IEC isolation and ex vivo stimulation. Colons or small intestines were opened longitudinally, 

and feces were removed without scraping. Intestines were then washed in PBS (1 mM DTT) 

on ice. Intestines were minced into 3- to 5-mm pieces and incubated in HBSS (5 mM EDTA, 

10 mM HEPES, and 0.5 mM DTT) in conical 50-ml tubes for 1 hour at 37°C. Intestinal pieces 

were then vigorously shaken (15 seconds) to detach crypts. The supernatants containing IECs 

were separated from larger pieces of nonepithelial tissue and spun. Pellets were washed in PBS, 

resuspended in lysis buffer, and stored at –80°C until protein or RNA analysis. IEC fractionation 

was performed following published protocols79. Briefly, small intestines from WT mice were 

fractionated in 2 villus fractions (from distal to proximal along the crypt-villus axis) and 1 crypt 

fraction. For ex vivo stimulation of IECs, colons were cut open longitudinally and washed in PBS 

on ice. They were cut in halves and stimulated with or without EGF (50 ng/ml) for 15 minutes 

(37°C). Immediately after EGF stimulation, IEC isolation was performed (all steps on ice), and 

crypts were lysed in total cell lysis buffer for Western blot analysis.

Flow cytometry. TRPV1 antibodies were preincubated with 10-fold excess of blocking peptide 

or PBS. Cells were then stained with anti-TRPV1 (diluted 1:100) or goat IgG for 1 hour at 4°C. 

Primary goat anti-TRPV1 Abs were detected with rabbit anti-goat secondary Abs (Alexa Fluor 488 

conjugate). Cells were run on a BD FACSCalibur flow cytometer or Accuri C6 (BD Biosciences).

Immunohistochemistry. Immunohistochemistry was performed as described previously7, 

with minor modifications. Briefly, 4- to 6-μm paraffin sections from murine ileums or colons 

were incubated with anti-Ki67, anti-MMP7, anti–phospho-EGFR, or anti-PTP1B antibodies 

overnight. Abs were detected with biotinylated secondary Abs, HRP-streptavidin conjugates 

(Jackson), and visualized with DAB (Vector Laboratories). Counterstaining was performed with 

Hematoxylin 560 (Surgipath). The Alcian Blue–P.A.S. Stain kit was obtained from American 

MasterTech, and stainings were performed according to the manufacturer’s instructions. The 

NanoZoomer 2.0-HT (Hamamatsu) slide scanner and NanoZoomer Digital Pathology software 

was used for histological analyses. Image analysis was performed with ImageJ (version 1.47) 

with the Colour Deconvolution or ImmunoRatio plugin (version 1.0c).

Q-PCR and gel electrophoresis. RNA isolation was performed with the RNeasy Mini Kit or Micro 

Kit (Qiagen), and cDNA synthesis was performed with the qScript cDNA superMix kit (Quanta 

Biosciences) or the RT~ First Strand Kit (Qiagen). Q-PCR was performed on the AB7300 Real-Time 

PCR System (Applied Biosytems) using PerfeCta SYBR Green FastMix (Quanta Biosciences) or a 

Roche Lightcycler 480 using SYBR Green qPCR Master Mix (SaBiosciences/Qiagen). The custom-

designed oligonucleotide sequences (IDT Technologies) used for Q-PCR are summarized in 

Supplemental Tables 1 and 2. Ptpn1 (NM_011201), Ptpn2 (NM_001127177, NM_008977), Ptpn6 

(NM_001077705, NM_013545), Ptprf (NM_011213), and Ptprs (NM_001252453, NM_001252455, 

NM_001252456, NM_011218) primer sets were obtained from SABiosciences/Qiagen. PCR 

products were run on 2% agarose gels and visualized with SYBR Safe DNA (Invitrogen).

Statistics. Data are presented as mean ± SD or mean ± SEM, as indicated. Unpaired, 2-tailed 

Student’s t test was used for statistical analyses to compare 2 data sets with normal distribution, 
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with the exception of Figure 4, C and F (1-tailed Student’s t test); Mann-Whitney U test was used 

for nonparametric data; ANOVA was used to compare multiple data sets; and log-rank analysis was 

applied for survival curves (GraphPad Prism 5.0). A P value less than 0.05 was considered significant.

Study approval. All experimental procedures involving mice were reviewed and approved by 

the UCSD Institutional Animal Care and Use Committee (IACUC; animal protocol no. S02240).
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Supplemental Figure 1. Functional TRPV1 expression in IEC and intestinal organoids. (A) PCR products generated 
with primers specific for Trpv1-6 and Gapdh (housekeeping gene) after 30 cycles of amplification, corresponding to 
Q-PCR results presented Figure 1A. The mRNA was isolated from primary IEC samples and used for cDNA synthesis. 
(B) PCR products after 30 cycles of amplification of mRNA obtained from small intestinal organoids, corresponding 
to Figure 1B. (C) Expression of Trpv1 transcripts in intestinal organoids and freshly isolated IEC, respectively, derived 
from WT and Trpv1–/– mice. Cldn6 (claudin-6), an epithelial cell marker. Gapdh, housekeeping gene. (D) Expression of 
TRPV1 mRNA in human colorectal cancer cell lines (HCT116 and HCA-7) and rodent cell lines (rat small intestinal cell line, 
IEC-6; murine colorectal cancer cell line, CMT-93). Positive control: homogenates from mouse hippocampus (CNS). 
(E) Validation of anti-TRPV1 Abs for Western blotting with cell lysates from CHOK1 and TRPV1 overexpressing CHOTRPV1 
cells. β-Actin: loading control. (F) Single cell suspensions of CHOK1 and CHOTRPV1 cells were stained with anti-TRPV1 Abs 
(red lines) and detected with rabbit anti-goat AF488 conjugate Abs (flow cytometry). IgG control: goat IgG (black 
lines). (G) Validation of functional TRPV1 activity recordings. CHOTRPV1 cells were loaded with 5 μM Fura-2 AM and [Ca2+]

cyt
 were measured in single cells during perfusion with PSS at room temperature (20 ˚C). Left panel: Stimulation with 

1 nM capsaicin induced rapid [Ca2+]
cyt

 elevations. Right panel: Pretreatment of CHOTRPV1 cells with TRPV1 antagonist 
BCTC (1 μM) prevented [Ca2+]

cyt
 elevations induced by capsaicin (1 nM), but not ATP (10 μM). Mean ± SEM (n=52 for each 

condition). (H) Functional TRPV1 channel activity in the HCT116 cell line. Fura-2 loaded HCT116 cells were stimulated 
with increasing concentrations of capsaicin, resulting in dose-dependent [Ca2+]

cyt
 increases (left panel). These 

capsaicin-induced Ca2+ responses were attenuated by pretreatment with TRPV1 antagonist BCTC (10 μM) (right panel).
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Supplemental Figure 2. Functional effects of TRPV1 in IEC biology. (A) Gross crypt-villus architecture, goblet 
cell and Paneth cell differentiation were unaffected in small intestines of Trpv1–/– mice. PAS staining (top panels) 
and immunostaining for matrix metalloprotease 7 MMP7 (bottom panels), respectively. (B) Numbers of goblet 
cells and Paneth cells were similar in Trpv1–/– and WT intestinal organoids. Immunostaining of fixed organoids 
in Matrigel with AF488 conjugated wheat germ agglutinin (WGA) (top panels) or anti-MMP7 Abs (bottom 
panels), Phalloidin AF546 and DAPI and imaged by confocal fluorescent microscopy. (C) Capsaicin treatment 
inhibited ligand-induced EGFRTyr1068 phosphorylation. WT mice were pretreated with regular chow or capsaicin 
0.01% (w/w) mixed in chow for 2 days and then treated with EGF (2 μg, i.p.) for 0 or 15 min. IEC lysates were 
analyzed by Western blotting. (D) WT mice received dietary capsaicin 0.01% (w/w) in chow or control chow for 
4 weeks. Tissues were harvested and Ki67 staining with DAB detection of colon tissues was performed. Shown 
are representative pictures of colons used for Ki67 quantification. (E) Quantification of Ki67 positive cells of mice 
treated with dietary capsaicin or control diet (n=3 mice/group). (F) WT mice were treated with vehicle (EtOH), 
low dose capsaicin (0.3 mg/kg/day) or high dose capsaicin (3.0 mg/kg/day) for 5 consecutive days by gavage. 
Small intestinal tissues were harvested on day 5. Intestinal sections were stained with Alcian blue (counterstaining 
with nuclear fast red; top panels), or with anti-MMP7 Abs (counterstaining with hematoxylin; bottom panels). 
(G) Quantification of the area stained for mucin (Alcian blue) with ImageJ by using the Colour Deconvolution 
plugin (n=3 mice/group). (H) Quantification of the area immunostained for MMP7 by immunohistochemistry 
with DAB (n=3 mice/group). Data are mean ± SEM. *P<0.05 (t-test). Scale bars = 100 μm. 
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Supplemental Figure 3. Analysis of transgenic TRPV1IEC mice. (A) Validation of conditional TRPV1 overexpression 
by PCR. Small intestinal and colonic IEC were harvested from TRPV1fl/fl and TRPV1IEC (Cre positive) mice, together 
with spinal cord homogenates. PCR was performed for Cre, Trpv1, a neuronal cell marker (Nefl; Neurofilament), an 
epithelial cell marker (Slc26a3), and housekeeping gene Gapdh. The results showed endogenous expression of Trpv1 
in all tissues analyzed (TRPV1fl/fl), whereas overexpression was only found in IEC lysates from Cre positive (TRPV1IEC) 
mice. (B) Validation of conditional TRPV1 overexpression by Western blotting. Protein samples (IEC and spinal cord 
homogenates) were prepared for IB. Membranes were probed for TRPV1, a neuronal marker (Synaptophysin), an 
IEC marker (Occludin) and loading control β-Actin. TRPV1 overexpression was found only in IEC in Cre positive 
(TRPV1IEC) mice. (C) Reduced IEC proliferation in colons from TRPV1IEC mice. Representative pictures of Ki67+ cells 
in colon sections of TRPV1fl/fl and TRPV1IEC mice are shown. (D) Quantification of Ki67+ cells in colons of TRPV1fl/fl and 
TRPV1IEC mice, respectively. Data are shown as mean ± SEM (n=3). (E) RNA from colonic IEC isolated from TRPV1fl/fl 
and TRPV1IEC mice were used for Q-PCR analysis for the expression of a proliferation marker, Mki67, normalized to 
Gapdh. Data are shown as mean ± SEM (n=3). (F) Reduced expression of a proliferation marker, Mki67, and EGFR 
target genes, c-Fos, c-Jun and Egr1 in intestinal organoids generated from TRPV1IEC mice. RNA from organoids was 
used for Q-PCR analysis, expression data was normalized to Gapdh. Mean ± SD (n=2). (G) Reduced staining intensity 
for p-EGFRY1068 in TRPV1IEC compared to TRPV1fl/fl organoids. Scale bar = 100 μm. *P<0.05 (t-test) in D, E and F.
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Supplemental Figure 4. Functional association between TRPV1 and EGFR signaling in vitro. (A) TRPV1 inhibits 
ligand-induced EGFRY1068 phosphorylation. CHOK1 cells were transfected with empty vector, wt-EGFR, or wt-EGFR 
+ TRPV1. Cells were then stimulated with 10 ng/mL EGF for indicated times, followed by Western blot analysis of 
total cell lysates. (B) Detailed time course of EGF-stimulated HCT116 cells transfected with empty vector or TRPV1. 
Total cell lysates were analyzed for multiple EGFR phospho-sites including Y992, Y1045, S1046/S1047, and Y1068 
by Western blotting. TRPV1 overexpression suppressed Y992, Y1045, and Y1068 phosphorylation, whereas it 
potentiated phosphorylation of S1046/S1047. The S1046/S1047 residues are known to be phosphorylated by Ca2+/
calmodulin-dependent kinase II (CaMKII), suggesting activation of CaMKII by TRPV1 under these experimental 
conditions. Representative results of three independent experiments are shown. (C) Transfection of HCT116 cells 
with empty vector, TRPV3, or TRPV4-FLAG plasmids. Three days after transfection, cells were stimulated with EGF 
(1 ng/mL) and total cell lysates were analyzed by Western blotting for indicated proteins. (D) HCT116 cells were 
transfected with empty vector or TRPV5-GFP construct and analyzed by widefield fluorescent microscopy on day 
3. (E) Mock or TRPV5-GFP transfected HCT116 cells were stimulated with EGF (1 ng/mL) followed by Western blot 
analysis of total cell lysates. Results are representative of three independent experiments.
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Supplemental Figure 5. Physiological effects of TRPV1 signaling in intestinal organoids. (A) Enhanced TA zone 
in Trpv1–/– crypts in intestinal organoids. WT and Trpv1–/– organoids, as shown in Figure 4E (cropped, dotted lines), 
were generated from small intestines and cultured under similar conditions. Ki67 staining was performed 3 days 
after passing, together with Phalloidin AF546 and DAPI. Scale bars = 100 μm. (B) Ki67 staining of WT and Trpv1–/– 
organoids at the same growth stage by immunohistochemistry with DAB (brown) and hematoxylin counterstaining. 
Representative examples are shown. (C) Quantification of Ki67+ cells (%) relative to hematoxylin staining nuclei with 
ImageJ (ImmunoRatio plugin). Mean ± SEM (n=7). *P<0.05 (t-test). (D) Proliferation in EGF-starved WT and Trpv1–/– 
organoids similar to those shown in Figure 4, G and H at lower magnification. Scale bars = 100 μm. 
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Supplemental Figure 6. Identification of PTP1B activity as a downstream effector mechanism of TRPV1. (A) 
Validation of the CaM inhibitor, W-7, as a blocker of the downstream CaMKII pathway. HCT116 cells were pretreated 
with 0 or 10 μM W-7 for 1 hour. Cells were then stimulated with 5 μM ionomycin for 0, 10, or 30 min. Total cell 
lysates were analyzed by Western blotting for p-CaMKII, total CaMKII, and β-actin. W-7 pretreatment efficaciously 
inhibited constitutive and ionomycin-induced CaMKII phosphorylation. (B) Calmodulin (CaM) does not play a 
role in TRPV1-mediated effects on EGFR signaling. HCT116 cells were transfected with control or TRPV1 plasmid, 
followed by stimulation with EGF (1 ng/mL) for indicated times. CHOK1 and CHOTRPV1 cells were transfected with 
control or wt-EGFR plasmid, followed by EGF stimulation as indicated. Pre-treatment with 10 μM W-7 (1 hour) 
before stimulation failed to reverse TRPV1-mediated inhibition of EGFR signaling in both HCT116 (left panel) and 
CHO cells (right panel). (C) Validation of FK506 as a potent inhibitor of the Ser phosphatase activity of calcineurin 
in HCT116 cells. Cells were pretreated with 0, 1, or 10 μM FK506 (1 hour), followed by stimulation with or without 
5 μM ionomycin (30 min). Total cell lysates were analyzed for calcineurin target, NFAT1, by using antibodies that 
recognize total and phosphorylated NFAT1. (D) Calcineurin inhibitor, FK506 (10 μM), did not reverse the inhibition 
of EGFR phosphorylation by TRPV1. The same experimental approach was applied with HCT116 and CHO cells, 
respectively, as in B. (E) Quantification of expression levels of PTP candidates in WT versus Trpv1–/– colon crypts 
by Q-PCR, normalized for Gapdh. Results are shown as mean ± SEM. (F) Dephosphorylation of PTP1B target Hrs in 
TRPV1 overexpressing cells. HCT116 cells were transfected with empty vector or TRPV1 plasmid. Two days later, cells 
were stimulated with EGF (1 ng/mL) for indicated time periods, followed by Western blot analysis with antibodies 
directed to phospho-EGFRY1068, total EGFR, phospho-HrsY334, or β-actin. (G) Transfection of HCT116 cells with empty 
vector, WT PTP1B (PTP435), or PTP1B truncation mutants (PTP370, PTP377). Total cell lysates were analyzed by IB with 
anti-HA tag mAbs. (H) Validation of IEC fractionation. Q-PCR analysis showed enrichment for Lgr5, Mmp7, and 
Egr1 in the crypt fraction (normalized for Gapdh). Conversely, mature enterocyte marker Slc26a3 (a chloride anion 
exchanger) expression was relatively enriched in villus fractions. Data are mean ± SEM (n=3/group).
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Supplemental Figure 7. Functional association between TRPV1 and EGFR signaling pathways. (A) Validation of 
PLCγ1 knockdown in control and PLCG1 siRNA transfected cells by Western blotting. (B) Model for the triggering 
of TRPV1 by EGFR, as explained in text. DAG, diacylglycerol; IP

3
, inositol trisphosphate; PIP

2
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Supplemental Figure 8. TRPV1 deficiency on the ApcMin/+ background. (A) Enhanced expression of c-Fos 
mRNA in mice with hetero- or homozygous deletion of Trpv1 on the Min background as determined by PCR. 
(B) Increased expression of c-Fos in ApcMin/+ Trpv1+/– (wt/ko) and ApcMin/+ Trpv1–/– (ko/ko), compared to ApcMin/+ 
Trpv1+/+ (wt/wt) mice. Q-PCR was performed with IEC lysates from age-matched mice and data were normalized 
for Gapdh. (C) Systemic ablation of TRPV1+ sensory neurons in ApcMin/+ mice did not recapitulate the phenotype 
of ApcMin/+ Trpv1–/– mice. ApcMin/+ mice were treated with 50 μg/kg resiniferatoxin (RTX) s.c. on day 1, 2, and 7 
after birth. Ablation of TRPV1+ neurons was validated by a negative eye wipe test by ocular challenge with 0.01% 
(w/v) capsaicin in saline between 6-8 weeks. The cohort of ApcMin/+ mice (n=16) is the same as shown in Figure 7D 
for direct comparison with ApcMin/+ RTX mice (n=11). Median survivals of ApcMin/+ (control) and ApcMin/+ RTX mice 
were 23.2 and 24 weeks, respectively. *P=0.0397 (Log-rank test). (D) Left panel: Polyp counts (>1 mm) of ApcMin/+ 
(control) and ApcMin/+ RTX mice (n=12 and n=11, respectively). Control cohort is the same as shown in Figure 7B. 
Right panel: Hemoglobin levels of control and RTX-treated ApcMin/+ mice (n=10 and n=18, respectively) at 20 
weeks. Control cohort is the same as shown in Figure 7C.
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Supplemental Figure 9. TRPV1 vs. TRPV5 in the regulation of the EGFR. The proposed mechanism of TRPV1-
mediated feedback on EGFR signaling, which is initiated by PLCγ activation and PIP

2
 depletion. This mechanism is 

likely distinct from that mediated by TRPV5.

245



Supplemental Table 1: Mouse primers. 

Gene Official full name Accession No. Sequence 5’-3’

Axin2 axin2 NM_015732.4 CAGTGAGCTGGTTGTCACCT 
CTGAGCTGCTCCTTGAAGTG

c-Fos FBJ osteosarcoma oncogene NM_010234.2 ACCATGATGTTCTCGGGTTTC 
GCTGGTGGAGATGGCTGTCAC  

c-Jun Jun oncogene NM_010591 GCAGAAAGTCATGAACCACG
GCAACCAGTCAAGTTCTCAAG  

c-Myc myelocytomatosis oncogene NM_001177353.1 
NM_010849.4

TGGTGTCTGTGGAGAAGAGGCAAA 
TTGGCAGCTGGATAGTCCTTCCT

Cldn6 claudin 6 NM_018777.4 GGATGTCCTGTGTGGTTCAG 
AGGACAATGAGGAGGGTGAC 

Egr1 early growth response 1 NM_007913 GTGTGCCCTCAGTAGCTTC 
GACATCAATTGCATCTCGGC 

Fosl2 (Fra-2) fos-like antigen 2 NM_008037.4 CGGGAACTTTGACACCTCG 
TGATGGCGTTGATTGTGGG

Gapdh glyceraldehyde-3-phosphate dehydrogenase NM_008084 TCAACAGCAACTCCCACTCTT 
ACCCTGTTGCTGTAGCCGTAT  

Lgr5 leucine rich repeat containing G protein 
coupled receptor 5

NM_010195.2 TGAGCGGGACCTTGAAGATTTCCT 
AGCCAGCTACCAAATAGGTGCTCA

Mki67 antigen identified by monoclonal antibody Ki 67 NM_001081117.2 TGCCCGACCCTACAAAATG 
GAGCCTGTATCACTCATCTGC  

Mmp7 matrix metallopeptidase 7 NM_010810 AACACTCTAGGTCATGCCTTCGCA 
AGACCCAGAGAGTGGCCAAATTCA

Nefl neurofilament, light polypeptide NM_010910 GGCCTTGGACATCGAGATTG 
TCTGCAAGCCACTGTAAGC  

Ocln occludin NM_008756.2 TCCACACTCAAGGTCAGAGG 
CAATGGCCTACTCCTCCAAT

Slc26a3 solute carrier family 26, member 3 NM_021353.3 AGGGAATGCTGATGCAGTTTGCTG 
AGTTGAAATGCTACACTTGCCGCC

Trpv1 transient receptor potential cation channel, 
subfamily V, member 1

NM_001001445 AGCTGCAGCGAGCCATCACCA 
ATCCTTGCCGTCCGGCGTGA  

Trpv2 transient receptor potential cation channel, 
subfamily V, member 2

NM_011706 CCAGCCATTCCCTCATCAAAA
AAGTACCACAGCTGGCCCAGTA  

Trpv3 transient receptor potential cation channel, 
subfamily V, member 3

NM_145099 TGAAAGAAGGCATTGCCATTT
GAAACCAGGCATCTGACAGGAT  

Trpv4 transient receptor potential cation channel, 
subfamily V, member 4

NM_022017 TCACCTTCGTGCTCCTGTTG 
AGATGTGCTTGCTCTCCTTG

Trpv5 transient receptor potential cation channel, 
subfamily V, member 5

NM_001007572 CGTTGGTTCTTACGGGTTGAAC 
GTTTGGAGAACCACAGAGCCTCTA  

Trpv6 transient receptor potential cation channel, 
subfamily V, member 6

NM_022413 ATCCGCCGCTATGCACA 
AGTTTTTCTCCTGAATCTTTTTCCA  
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Supplemental Table 2: Other primers. 

Gene Accession No. Sequence 5’-3’

hGAPDH NM_002046.3 ACCAAATCCGTTGACTCCGAC 
TTCGACAGTCAGCCGCATCT

hTRPV1 NM_080704.3  
NM_018727.5  
NM_080706.3  
NM_080705.3

TGGATGGCTTGCCTCCCTTTA 
ACTGTAGCTGTCCACAAACAG

CRE B449974.1 TCCATATTGGCAGAAGGAA 
CAGCTACACCAGAGACGGAA  
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ABSTRACT
TRP channels are associated with the development and progression of cancer but their precise 

molecular roles in these processes are unclear. Recently, we showed that the transient receptor 

potential cation channel, subfamily V, member 1 (TRPV1) ion channel is part of a negative feedback loop 

downstream of epidermal growth factor receptor signaling that suppresses intestinal tumorigenesis.
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AUTOCOMMENTARY
The hallmarks of cancer include sustained proliferative signaling, evasion of growth suppressors, 

acquired resistance to cell death, and the acquisition of invasive and metastatic properties. It has 

also been established in recent years that the ‘tumor microenvironment’, which consists of stromal 

cells and their associated extracellular matrix, hematopoietic cells, and neurons, among others, 

is essential for the malignant transformation of epithelial cells.1 Recent evidence suggests that 

members of the transient receptor potential (TRP) family of ion channels contribute to many of the 

aforementioned cellular and molecular events. The mammalian TRP channel family consists of at 

least 28 members, divided into 6 subfamilies based on amino acid sequence homology: canonical 

(TRPC; 7 members), vanilloid (TRPV; 6 members), melastatin (TRPM; 8 members), ankyrin (TRPA; 

1 member), polycystin (TRPP; 3 members), and mucolipin (TRPML; 3 members). All TRP channels 

are permeable to cations, with the permeability ratio of calcium relative to sodium (P
Ca

/P
Na

) 

typically ranging between 0.3 and 10 (exceptions are the TRPV5 and TRPV6 channels with P
Ca

/P
Na

 

of ~100). Thus, TRP channel activation generally results in an increased concentration of cytosolic 

free Ca2+ leading to various Ca2+-mediated, cell type-specific, and context-dependent responses. 

However, the molecular mechanisms of TRP channel activation in the context of cancer and their 

downstream consequences are largely unknown.2,3 TRP channels are expressed by excitable cells 

(neurons) and non-excitable cells (e.g., epithelial, hematopoietic and stromal cells). Studies 

on the cellular effects of TRP channel activation in the context of tumor cell transformation 

have mostly focused on the pro-tumorigenic effects of downstream Ca2+-dependent effector 

pathways. We recently proposed a non-redundant role for the TRPV1 ion channel in the regulation 

of epidermal growth factor receptor (EGFR) signaling in the intestinal epithelium through Ca2+/

calpain-mediated phosphatase activity, which acts to prevent tumorigenesis.4

TRPV1 is considered to be the founding member of the TRPV channel subfamily, with its 

prototypical agonists being exogenous stimuli such as capsaicin (the pungent component 

of chili pepper), heat (>43°C), and acidity (pH < 6.0), in addition to various endogenous 

agonists such as anandamide and certain lipoxygenase products. Furthermore, TRPV1 gating 

is regulated by various endogenous modulators, including bradykinin, protease-activated 

receptor 2 (PAR2) agonists, adenosine triphosphate (ATP) and receptor tyrosine kinase 

activity. The polymodal (i.e., chemico-physical) sensory properties of TRPV1 and its ubiquitous 

expression in multiple cell types underline the multifaceted contribution of TRPV1 signaling to 

tissue homeostasis5 and tumorigenesis.6 In order to understand the role of the TRPV1 channel 

in intestinal neoplasia development, it is necessary to define its full expression profile in the 

gut. The distal gastrointestinal tract is densely innervated by extrinsic, primary afferent TRPV1+ 

sensory neurons.7 This has led to a broad interest in the role of neurogenic inflammation, 

mediated by a variety of pre-stored neuropeptides that are released upon TRPV1 triggering. 

In the context of colorectal cancer, Vinuesa et al.8 suggested an immunoregulatory role for 

TRPV1 in the gut which affects the activity of inflammatory cells in the intestinal mucosa, thus, 

changing the tumor microenvironment. The authors reported that TRPV1+ sensory neurons 

release neuropeptides such as vasoactive intestinal peptide (VIP) and pituitary adenylate 
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cyclase–activating peptide (PACAP),8 two known modulators of immune cell functions.9 In 

addition, Trpv1–/– mice showed an enhanced release of the cytokines interleukin-6 (IL-6) and 

IL-11, in addition to an increased activity of the pro-tumorigenic signal transducer and activator 

of transcription 3 (STAT3) and nuclear factor kappaB (NF-κB) signaling pathways in colonic 

lysates. Altogether, these data suggested that TRPV1 regulates neurogenic inflammation, 

which alters the intestinal microenvironment (neuroimmune-epithelial crosstalk), resulting 

in a reduced release of pro-inflammatory cytokines with a concomitant decreased risk of 

STAT3 and/or NF-κB-driven epithelial tumorigenesis.8 However, the pro-proliferative effects 

of pro-inflammatory neuropeptides, such as substance P or calcitonin gene-related peptide 

(CGRP) that commonly co-localize with TRPV1+ afferents in the gut, remain unclear. The 

underlying molecular mechanisms (e.g., the activity of proliferative versus antiapoptotic 

signaling pathways) in intestinal epithelial cells in the context of TRPV1-mediated neurogenic 

inflammation should therefore be studied in more detail. 

In addition to this neurogenic component, intrinsic TRPV1 expression in intestinal epithelial 

cells is likely to directly affect growth factor receptor signaling and tumor formation. We recently 

demonstrated the functional expression of TRPV1 in intestinal epithelial cells.4 We also found that 

TRPV1 can be activated downstream of EGFR in epithelial cells.4 EGFR is a prototypical receptor 

tyrosine kinase, as well as a phospholipase C (PLC)-coupled receptor. Thus, EGFR activation 

leads to autophosphorylation of its intracellular tail, followed by PLC-mediated hydrolysis of the 

membrane lipid phosphatidylinositol-4,5-bisphosphate (PIP
2
). Since PIP

2
 has been postulated as a 

tonic inhibitor of TRPV1 gating, EGFR activation thereby results in potentiation of TRPV1 channel 

activity.10 Indeed, our experimental data suggested functional coupling between the EGFR and 

TRPV1, via PLC-mediated PIP
2
 hydrolysis, in intestinal epithelial cells. Finally, we demonstrated 

that upon activation in epithelial cells, TRPV1 exerts a negative regulatory effect on EGFR activity 

that requires Ca2+/calpain and protein tyrosine phosphatase, non-receptor type 1 (PTPN1, which 

encodes the PTP1B protein) activity.4 This model represents a novel way of regulating receptor 

tyrosine kinase activity through the potentiation of a TRP channel and its associated Ca2+ influx, 

followed by downstream PTP activity, which then feeds back to the same receptor. This negative 

feedback loop is likely to act promptly (i.e., within seconds), significantly faster than either 

proteasomal or lysosomal degradation of the EGFR, or de novo transcriptional induction of 

negative EGFR regulators. Hence, we propose that this TRPV1-dependent negative feedback is 

able to quickly and dynamically fine-tune EGFR-mediated proliferative responses. Conversely, 

the absence of TRPV1 signaling results in hyperactivation of EGFR-mediated growth factor 

pathways, an increased basal rate of proliferation, and an enhanced risk of sporadic neoplasia 

development in the intestinal epithelium in genetically susceptible hosts (Apcmin/+ mice).

The expression of TRPV1 in both sensory neurons and epithelial cells in the gut complicates 

the interpretation of its role in tumor development and progression. However, both findings 

confirm a tumor suppressor role for TRPV1 in intestinal neoplasia development, albeit through 

different mechanisms, as summarized in Figure 1. These data suggest a therapeutic potential of 

TRPV1 agonists in colorectal cancer prevention, as we presented in a murine model,4 which may 

be addressed in future clinical studies. Finally, this overview does not account for potential cellular 
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effects of TRPV1 signaling in hematopoietic or stromal cells, which could further affect the intestinal 

tumor microenvironment. Thus, despite these recent advances, the pleiotropic cellular effects of 

TRPV1 in gut tumorigenesis are only emerging and future studies may shed more light on this topic.
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Figure 1. TRPV1-mediated regulation of proliferation and tumorigenesis. TRPV1 may play a role in the regulation 
of intestinal tumorigenesis on multiple levels. First, cell-intrinsic activation of TRPV1 in intestinal epithelial cells 
is potentiated by EGFR signaling. This results in activation of PLCG1 and hydrolysis of the membrane lipid PIP

2
, 

followed by Ca2+ influx due to opening of the TRPV1 ion channel. Concomitantly, a negative feedback loop is 
initiated through Ca2+/calpain and PTP1B, which then reverses EGFR phosphorylation thereby suppressing 
its oncogenic and proproliferative downstream effector pathways. The latter include STAT3, ERK1/2, and PI3K 
pathways, among others. Second, TRPV1 signaling in sensory neurons that innervate the gut results in the release 
of immunoregulatory neuropeptides, e.g., VIP and PACAP. These suppress release of the proinflammatory and 
proproliferative cytokines IL-6 and IL-11 by inflammatory and stromal cells, respectively, which are associated 
with the triggering of oncogenic pathways such as STAT3 and NF-kB in intestinal epithelial cells. The dotted line 
between the gp130 co-receptor and NF-kB shows that a direct correlation between these pathways is not clear. 
Both epithelial and neuronal TRPV1 signaling could potentially be modulated by the dietary or pharmacological 
administration of TRPV1 agonists (e.g., capsaicin) to ‘hijack’ its tumor-suppressive effects in the intestinal tissue 
microenvironment. EGFR, epidermal growth factor receptor; ERK1/2, extracellular signal-regulated kinase 
1/2; IL, interleukin; NF-kB, nuclear factor kappa B; PACAP, pituitary adenylate cyclase-activating peptide; PI3K, 
phosphatidylinositol 3-kinase; PIP

2
, phosphatidylinositol-4,5-bisphosphate; PLCG1, phospholipase C, gamma 1; 

PTP1B, protein tyrosine phosphatase, nonreceptor type 1; STAT3, signal transducer and activator of transcription 
3; TRPV1, transient receptor potential cation channel, subfamily V, member 1; VIP, vasoactive peptide.

253



REFERENCES
1 Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: 

the next generation. Cell 144, 646-674 (2011).

2 Wu, L. J., Sweet, T. B. & Clapham, D. E. International 
Union of Basic and Clinical Pharmacology. LXXVI. 
Current progress in the mammalian TRP ion 
channel family. Pharmacol. Rev. 62, 381-404 (2010).

3 Nilius, B., Owsianik, G., Voets, T. & Peters, J. A. 
Transient receptor potential cation channels in 
disease. Physiol. Rev. 87, 165-217 (2007).

4 de Jong, P. R. et al. Ion channel TRPV1-dependent 
activation of PTP1B suppresses EGFR-associated 
intestinal tumorigenesis. J. Clin. Invest. 124, 3793-
3806 (2014).

5 Fernandes, E. S., Fernandes, M. A. & Keeble, J. E. The 
functions of TRPA1 and TRPV1: moving away from 
sensory nerves. Br. J. Pharmacol. 166, 510-521 (2012).

6 Shapovalov, G., Lehen’kyi, V., Skryma, R. & 
Prevarskaya, N. TRP channels in cell survival and 

cell death in normal and transformed cells. Cell 
Calcium 50, 295-302 (2011).

7 Matsumoto, K. et al. Distribution of transient 
receptor potential vanilloid 1 channel-expressing 
nerve fibers in mouse rectal and colonic enteric 
nervous system: relationship to peptidergic and 
nitrergic neurons. Neuroscience 172, 518-534 (2011).

8 Vinuesa, A. G. et al. Vanilloid receptor-1 regulates 
neurogenic inflammation in colon and protects mice 
from colon cancer. Cancer Res. 72, 1705-1716 (2012).

9 Ganea, D. & Delgado, M. Vasoactive intestinal 
peptide (VIP) and pituitary adenylate cyclase-
activating polypeptide (PACAP) as modulators of 
both innate and adaptive immunity. Crit. Rev. Oral 
Biol. Med. 13, 229-237 (2002).

10 Chuang, H. H. et al. Bradykinin and nerve growth 
factor release the capsaicin receptor from PtdIns(4,5)
P2-mediated inhibition. Nature 411, 957-962 (2001).

254





11



STAT3: AN ANTI-INVASIVE FACTOR  
IN COLORECTAL CANCER?

Petrus R. de Jong1, Ji-Hun Mo2, Alexandra R. Harris1, Jongdae Lee1 and Eyal Raz1

1Department of Medicine, University of California, San Diego, 9500 Gilman Dr. MC 0663, La Jolla, CA, USA;  
2Department of Otorhinolaryngology, Dankook University College of Medicine,  

16-5 Anseo-dong, Cheonan, Chungcheongnam-do 330-715, Korea

Cancers (Basel) 6, 1394-1407 (2014)



ABSTRACT
Signal Transducer and Activator of Transcription 3 (STAT3) is activated in a majority of cancers, 

and promotes tumorigenesis and even metastasis through transcriptional activation of its target 

genes. Recently, we discovered that STAT3 suppresses epithelial-to-mesenchymal transition (EMT) 

and thus metastasis in a mouse model of colorectal cancer (CRC), while it did not affect the overall 

tumor burden. Furthermore, we found that STAT3 in intestinal epithelial cells (IEC) suppresses EMT 

by regulating stability of an EMT inducer, SNAI-1 (Snail-1). Here, STAT3 functions as an adaptor rather 

than a transcription factor in the post-translational modification of SNAI-1. In this review, we discuss 

the unexpected and contradictory role of STAT3 in metastasis of CRC and its clinical implications.
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COLORECTAL CANCER (CRC)
CRC is the second most frequent cancer, after lung cancer, that leads to death in the US and 

Europe1. The development of sporadic human CRC is driven by the accumulation of somatic 

mutations in oncogenes (gain-of-function) and/or tumor-suppressor genes (loss-of-function), 

as well as epigenetic changes. Three etiological subtypes of genomic instability in CRC have 

been described, including chromosomal instability (CIN), microsatellite instability (MSI), and its 

related phenomenon known as the CpG island methylator phenotype (CIMP).

CIN is the most common cause of CRC (80%–85%) and is associated with a poor prognosis2. 

CIN in CRC is characterized by chromosomal rearrangements (unbalanced translocation, deletion) 

and abnormality in chromosome numbers (gain or loss of whole chromosomes)3. Additionally, 

CIN is caused by somatic mutations in genes that regulate the mitotic spindle checkpoint, DNA 

replication checkpoints, DNA damage checkpoints, chromosome metabolism, or centrosome 

function2,4. The CIN phenotype is used to measure intercellular heterogeneity in chromosome 

number and describe cancers with aneuploidy, polyploidy, or loss of heterozygosity (LOH)5. Gain 

or loss of the chromosomal copy number contributes to development and/or progression of 

cancer via inactivation of tumor suppressor genes, activation of oncogenes, or change in gene 

dosage (increasing or decreasing expression of these genes)6. In fact, copy number alterations 

seem to be the major mechanism for transcriptional deregulation of cancer genes in CRC7.

Loss of function of mismatch-repair (MMR) genes (MLH1, MSH2, MSH6, and PMS2) is 

responsible for the epiphenomenon of MSI, which is associated with mutations in tumor-

suppressor genes. CIMP involves epigenetic silencing of tumor suppressor genes, such 

as MLH1, due to aberrant DNA methylation (promoter hypomethylation of oncogenes or 

hypermethylation of tumor suppressor genes). This oncogenic mechanism shows overlap with 

MSI in CRC subgroups8. MSI occurs in ~15% of CRC patients, and MSI+ CRC has a better prognosis 

when compared with CIN− or MSI− CRC. Approximately 20% of CRC patients are CIMP+.

Whereas MSI+ CIMP+ CRC confers a better prognosis for CRC, patients with MSI− CIMP+ CRC 

have a worse prognosis9. Recently, De Sousa e Melo et al.10 confirmed the existence of multiple CRC 

subtypes by gene expression profiling. They identified three categories, including colon cancer 

subtypes that correspond to the CIN+ or MSI/CIMP+ class, respectively. In addition, they identified 

a third subclass that was characterized by hallmarks of epithelial-mesenchymal transition (EMT), 

shared features with sessile serrated adenoma, and conferred a poor prognosis in CRC10. Sadanandam 

et al. proposed an alternative classification system based on gene expression profiling of primary 

CRC tumors11. These novel CRC subtypes included enterocyte, goblet-like, transit-amplifying, 

inflammatory, and stem-like tumor cells, correlating with their colon-crypt location, Wnt activity, 

and response to adjuvant or metastatic treatment11. In addition to their prognostic features, a higher 

resolution of CRC subtypes allows for better stratification of CRC patients in clinical trials, and may 

better predict their response to targeted therapy. Importantly, despite all these novel insights, the 

molecular events that lead to tumor invasion and metastasis are still largely unknown.

With regard to oncogenic pathways, CIN is associated with inactivating mutations in the 

APC (adenomatous polyposis coli) gene or, to a lesser extent, gain-of-function mutations in 
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the CTNNB1 (β-catenin) gene. These mutations result in the formation of an early adenoma. 

This is followed by the adenoma-to-carcinoma transition (in CIN) through sequential genetic 

mutations in oncogenes (e.g., KRAS, PIK3CA, PTEN, or EGFR/ERBB family members) and/or 

tumor suppressor genes (e.g., TP53, SMAD4, BAX)12,13. While germline mutations in the APC 

gene are responsible for familial adenomatous polyposis (FAP), somatic mutations in APC occur 

in ~90% of sporadic colorectal tumors. These mutations in APC lead to unrestricted activation 

of β-catenin, which in turn activates many genes responsible for tumorigenesis, such as MYC. 

In fact, an integrated genetic analysis by The Cancer Genome Atlas (TCGA) Network showed 

that nearly 100% of CRC tumors showed changes in transcriptional targets of MYC13.

Most of CRC-related mortality is due to metastasis, which develops in at least 50% of CRC 

patients, and the majority of metastatic tumors are not surgically resectable14. Thus, it is critical to 

understand the mechanisms underlying CRC metastasis. The most widely used animal model of 

CRC is the Apcmin/+ mouse strain in which multiple intestinal neoplasia (min) spontaneously develop, 

mostly in the small intestine. Adenomas in this model generally do not progress to adenocarcinomas. 

Nonetheless, this model has been an important tool to understand tumorigenesis and metastasis 

of CRC. We made a conditional deletion of STAT3 in IEC of these mice (Apcmin/+/Stat3IEC-KO mice) 

to investigate the role of STAT3 in CRC and found an anti-carcinogenic role for STAT315, which was 

unexpected given a plethora of literature supporting the pro-oncogenic role of STAT3. Musteanu 

et al. also reported this anti-invasive role for STAT316. Together, these data suggest that STAT3 

suppresses malignant transformation of adenomas in the Apcmin/+ mouse strain.

STAT3 Signaling and Its Role in Cancers
STAT3 plays an essential role in a variety of physiological functions, including development, 

proliferation, and immune defense17-20. STAT3 is phosphorylated on a tyrosine residue (Tyr-705) 

by an upstream kinase, JAK2 (Janus kinase 2). In addition to phosphorylation at Tyr-705, STAT3 is 

phosphorylated at Ser-727 and acetylated at Lys-68521, which is thought to be required for its full 

transcriptional activity. The phosphorylated protein forms either a homodimer or a heterodimer 

with other STAT proteins, then translocates to the nucleus and transcribes target genes. However, 

STAT3 can also regulate expression of certain target genes (e.g., RANTES, IL-6, IL-8, Met, and M-Ras) 

in a phosphorylation-independent manner22,23. Several non-transcriptional functions of STAT3 have 

also been reported. STAT3 functions as an adaptor protein, connecting IFNAR1 (interferon α receptor 

1) and the p85 regulatory subunit of PI3K (phosphoinositide 3-kinase)24, and it inhibits stathmin that 

depolymerizes microtubules25. Activated STAT3, through interaction with phosphorylated paxillin 

and focal adhesion kinase (FAK), was shown to promote ovarian cancer cell invasiveness26.

Numerous in vitro and in vivo studies indicate that STAT3 promotes tumorigenesis of a 

variety of cancers, thus it is generally recognized as an oncogene. STAT3 is activated in 70% of all 

solid and hematological tumors27,28, and it was found activated in 72% of colorectal carcinomas 

but only in 18% of colorectal adenomas29. Furthermore, p-STAT3 expression is associated with 

a poor prognosis in CRC, independent of MSI, CIMP, BRAF, or KRAS mutation status30. STAT3 

is rarely mutated in cancer cells but rather activated by upstream signals, such as receptor 

260



STAT3 SIGNALING IN COLORECTAL CANCER

1

2

3

4

5

6

7

8

9

10

11

12

13

&

tyrosine kinses (RTKs), mutated JAKs, or oncogenic cellular tyrosine kinases (CTKs), such as 

Src. Recently, somatic mutations in the SH2 dimerization and activation domain of STAT3 were 

discovered in 40% of patients with large granular lymphocytic leukemia, and these mutations 

were associated with enhanced phosphorylation of STAT3 and its localization in the nucleus31.

STAT3 in Intestinal Epithelial Cells (IEC) Promotes Cell Survival 
and Epithelial Barrier Function
Membranes of IEC, like any epithelium, are polarized with tight junctions as the boundary. The 

apical membrane, facing the lumen, expresses distinctive proteins (e.g., digestive enzymes, 

nutrient transporters) in IEC. Conversely, proteins in the basolateral membrane resemble those in 

other unpolarized cell types32. This is achieved by complex and coordinated protein sorting and 

targeting machinery33. We have shown that TLR9 is expressed in both the apical and basolateral 

membranes, but only apical TLR9 generates a response that suppresses the inflammatory responses 

of basolateral TLRs, including TLR3, TLR5, and TLR932. This was surprising for three main reasons. 

First, since TLR9 is expressed in endosomes of immune cells, our data indicate that localization of 

TLR9 is not determined by its primary sequence. Second, it indicates that different downstream 

effectors of the same receptor (TLR9) are utilized depending on the location of the receptor. 

Whether this is unique to TLR9 remains to be seen. Third, when IEC lose polarity (by culturing on a 

plastic surface), TLR9 signaling mainly resembles that of the basolateral TLR9 (inflammatory). We 

suspect that intracellular signaling cascades in IEC could be altered under pathological conditions 

where polarity is disrupted (e.g., inflammation or cancer). Recently, we found such an example: 

interferon α (IFNα) activates STAT3 preferentially in polarized IEC, while it activates both STAT1 

and STAT3 to the same extent in unpolarized IEC (Figure 1A). STAT1 is rapidly degraded by the 

proteasome upon IFNα stimulation in polarized IEC, which can be rescued by blockade of the 

proteasome (Figure 1B). Regulation of STAT1 signaling by polarization in IEC resulted in a distinctive 

pattern of gene expression upon IFNα stimulation (Figure 1C): more inflammatory genes, such as 

IRF-1 and STAT1, were induced in unpolarized IEC, whereas anti-apoptotic genes, such as Bcl-2, 

were induced in polarized IEC. SLIM, a ubiquitin ligase of STAT134, was also induced by IFNα in 

polarized IEC, which is consistent with the result that STAT1 is degraded by the proteasome under 

this condition. Thus, from these results and other evidence in the literature, it was expected that 

STAT3 in IEC should promote tumorigenesis by preventing apoptosis.

However, we also found that STAT3 promotes polarization of IEC, measured by trans-

epithelial electrical resistance (TER), and reduces trans-epithelial permeability, a measure of 

barrier function (Figure 2). Since carcinomas typically lose polarity before metastasis, our data 

also suggest that STAT3 might inhibit EMT and thus metastasis of CRC.

STAT3 Does Not Affect Intestinal Tumor Initiation
Contrary to the expectation that STAT3 would be a major driver of tumorigenesis but consistent 

with the data by Musteanu et al.16, we found that STAT3 in IEC plays only a minor role in tumor 

initiation in the Apcmin/+ model. However, both groups observed a dramatic increase in tumor 
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Figure 1. STAT3 is preferentially activated by IFNα, while STAT1 is degraded by the proteasome in polarized 
IEC. (A) Polarized or unpolarized HCA-7 cells were stimulated with IFNα (10 ng/mL) for the indicated time period 
and the indicated proteins were measured by immunoblotting. (B) Polarized HCA-7 cells were stimulated with 
IFNα (10 ng/mL) for the indicated time period in the absence or presence of MG132 (10 μM) and the indicated 
proteins were measured by immunoblotting. To detect ubiquitination of STAT1, STAT1 was immunoprecipitated 
and blotted with anti-ubiquitin antibody. (C) Polarity-dependent gene activation by IFNα in IECs. Polarized (P) or 
unpolarized (UP) HCA-7 cells were stimulated with IFNα (10 ng/mL) for 1 hr and the induction of indicated genes 
by IFNα was measured by qPCR. The data represent one of two independent experiments with similar results.

invasion of Apcmin/+ tumors in the intestines upon deletion of Stat3 in IEC in vivo. It must be noted 

that some of our observations in the Apcmin/+/Stat3IEC-KO strain differ from those reported by 

Musteanu et al16. Whereas they observed a slight reduction in tumor multiplicity at a late stage, we 

found that the number of adenomas in the small and large intestine did not significantly change 

in Apcmin/+/Stat3IEC-KO mice15. Furthermore, they observed an increased rate of IEC proliferation 

and nuclear translocation of β-catenin in tumors of Apcmin/+/Stat3IEC-KO mice16, whereas we 

found no differences in these parameters15. Interestingly, Musteanu et al. observed increased 
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p-STAT3 levels in Apcmin/+ adenomas16, and we found that total STAT3 expression in adenomas 

was substantially higher than that in normal IEC (unpublished data). These data both suggest 

that STAT3 is highly activated in tumor cells, since STAT3 activates its own transcription35. In the 

Apcmin/+ model, β-catenin is the driver of tumorigenesis and STAT3 has been directly implicated 

in the activation of β-catenin. For example, the expression of a dominant negative (DN)-STAT3 

or pharmacological inhibition of JAK/STAT3 signaling induced translocation of β-catenin from 

the nucleus to the cytoplasm. This resulted in reduced transcriptional activity of β-catenin and 

inhibition of cell proliferation36. In contrast, Musteanu et al. proposed that STAT3IEC-KO resulted 

in down-regulation of the cell adhesion protein, CEACAM1, with a concomitant increase in 

nuclear β-catenin16. However, we did not observe this change in localization of β-catenin and 

therefore propose an alternative model in which STAT3 negatively regulates EMT.

It is important to note that STAT3 is essential for tumorigenesis in the colitis-associated 

cancer (CAC) model in mice38,39. This model employs a carcinogen (azoxymethane) to induce 

mutagenesis, which is followed by repeated administration of DSS (dextran sulfate sodium) to 

induce chronic colitis40. Metastasis in this model is still dependent on mutations in the β-catenin 

gene41. Although dysfunctional APC can affect molecules other than β-catenin, β-catenin 

is essential for intestinal tumorigenesis. How does STAT3 play such a contradictory role in 

sporadic versus colitis-induced CRC? We found that STAT3-deficient IEC are highly sensitive to 

DSS-induced death (unpublished data in Stat3IEC-KO mice), as reported by Grivennikov et al.38. It 

is possible that potential STAT3-deficient cancer cells in this model may not have survived the 

repeated DSS treatments in the CAC model. The Apcmin/+ model is not driven by the carcinogenic 

effects of inflammation or any other chemical interventions. Thus, the effect of epithelial STAT3 

signaling on tumor initiation is likely very different in sporadic CRC versus CAC.

STAT3 Suppresses Adenoma to Adenocarcinoma Transition
While tumorigenesis was only minimally affected by deletion of STAT3, tumors in Apcmin/+/Stat3IEC-KO 

mice invaded deeply into the mucosal stroma, submucosa, and muscle, indicating that STAT3 

suppresses metastasis15,16. Epithelial-to-mesenchymal transition (EMT) is an integral process of 

metastasis and generally considered a prerequisite42-45. Epithelial cells are tightly interlocked with 

each other by junctional complexes, including tight junctions (TJ) and adherens junctions (Figure 

1). Loss of junctional proteins such as E-cadherin, an adherens junction protein, is a hallmark of 

EMT and metastasis in many cancers46-48. Cancer cells that acquired a mesenchymal phenotype 

express prototypical mesenchymal proteins, such as vimentin and fibronectin, as well as various 

metalloproteinases. STAT3 is reportedly involved in IL-6-induced EMT in head and neck tumor 

metastasis49, and promotes metastasis of melanoma to the brain by induction of the extracellular 

matrix-degrading metalloproteinases, including MMP-2 and MMP-950.

In contrast, we found that STAT3 plays an opposite role in the Apcmin/+ model. Intestinal 

adenomas in Apcmin/+ mice did not show down-regulation of E-cadherin, while there was a 

remarkable down-regulation of the TJ protein, CLDN-3 (claudin-3) when compared to normal 

IEC51. Furthermore, expression of CLDN-3 and CLDN-5 in tumor cells was markedly decreased 
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in tumor cells of Apcmin/+/Stat3IEC-KO mice compared with those in Apcmin/+ mice; there was no 

difference in E-cadherin or occludin levels. More importantly, all tumors in Apcmin/+/Stat3IEC-KO 

mice expressed high levels of vimentin and, in some tumors, fibronectin, whereas those 

in Apcmin/+ mice rarely expressed either15. Results showing the loss of TJ proteins51 and slight 

elevation of vimentin52 suggest that a low grade of EMT is initiated in Apcmin/+ mice and indicate 

that STAT3 deletion can accelerate this process. As discussed above, Musteanu et al. proposed 

that STAT3 impairs invasion of IEC tumors via the cell adhesion molecule, CEACAM116. Therefore, 

STAT3 appears to be intimately involved in cell adhesion of IEC and other epithelial cell types.

Expression of activated STAT3 in colon cancer cells (HT-29 or CoGa-1) induced 

metalloproteinases MMP1, MMP3, MMP7, and MMP9, which were demonstrated to aid invasiveness 

of these cells53. Our data showed that, while MMP9 and MMP15 (MT2-MMP) expression in tumor 

cells was negligible in both Apcmin/+ and Apcmin/+/Stat3IEC-KO mice, MMP7 expression in tumor cells 

was significantly lower in Apcmin/+/Stat3IEC-KO mice. These data indicate that MMP7, MMP9, and 

MMP15 are not likely to contribute to tumor invasion in these mice. However, MMP14 (MT1-MMP) 

expression in tumor cells was highly elevated in Apcmin/+/Stat3IEC-KO mice but undetectable in 

Apcmin/+ mice. Since MMP14 is particularly efficient in hydrolyzing basement membranes54,55, it 

may be involved in tumor invasion in Apcmin/+/Stat3IEC-KO mice. Furthermore, overexpression of 

the MT1-MMP gene is reported as a useful predictor of outcome in patients with CRC56. Several 

MT1-MMP inhibitors are under development for cancer therapy57.

STAT3 Inhibits Tumor Invasion via Regulation of an EMT Inducer 
SNAI-1
EMT is induced by a group of transcription repressors, including SNAI-1, Slug, Zeb-1, Zeb-2, Twist, 

E47, and KLF. These factors directly or indirectly repress transcription of E-cadherin and other 

junction proteins, including claudins and desmosomes, thereby facilitating EMT42-45. Among 

the tested EMT inducers, only SNAI-1 was significantly elevated in tumors of Apcmin/+/Stat3IEC-

KO mice15. Silencing STAT3 in a few human CRC cell lines also induced expression of SNAI-1 but 

not other EMT inducers, while overexpression of STAT3-WT suppressed SNAI-1 expression. 

STAT3 knockdown significantly increased the invasiveness of a CRC cell line, HCT116, which was 

completely dependent on SNAI-115. Our data are directly contradictory to a previous study in 

which STAT3 reportedly increased the invasiveness of HT-29 or CoGa-153. HCT116 cells are APCWT, 

whereas both HT-29 and CoGa-1 cell lines carry APC mutations. This suggests that the suppression 

of EMT by STAT3 is not dependent on constitutive activation of Wnt signaling. Furthermore, 

Xiong et al. reported that STAT3 mediates down-regulation of E-cadherin through Zeb-1, thereby 

promoting EMT and the invasive properties of CRC58, which is also contradictory to our findings. 

Their observations were mainly done in human CRC lines SW1116 and LoVo58, which were derived 

from a primary tumor and metastasized CRC, respectively, and carry APC mutations. Finally, 

another report suggested that STAT3 inhibition negatively regulated the migratory and invasive 

properties of HCT116 cells59. Differential in vitro conditions may cause STAT3 to have opposite 

effects on EMT, even within the same cell line, an issue that remains to be clarified. The tumor 
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microenvironment, which is lost in CRC cell line cultures, dictates the metastatic capacity of 

disseminated CRC cells in vivo. In this regard, the GP130/STAT3 signaling axis has been shown 

to contribute to CRC metastasis60. Thus, STAT3 displays both pro- and anti-metastatic effects in 

CRC, the outcome of which may be determined by the tumor microenvironment.

STAT3 Coordinates SNAI-1 Stability as a Molecular Adaptor
Unexpectedly, STAT3 deletion or knockdown in IEC did not significantly affect the transcription of 

SNAI15, indicating that STAT3 regulates SNAI-1 at a post-transcriptional level. SNAI in a CRC cell line 

was constitutively ubiquitinated and degraded by proteasomes. STAT3 knockdown increased the 

level of SNAI-1 but diminished the level of SNAI ubiquitination15, indicating that STAT3 facilitates 

ubiquitination of SNAI-1. Phosphorylation of SNAI-1 by GSK3β at two different sites regulates the 

fate of SNAI-1 during EMT: phosphorylation of the first motif induces ubiquitination of SNAI-1, 

whereas phosphorylation of the second motif controls its subcellular localization61. As expected, 

we found that pharmacological inhibition or knockdown of GSK3β elevated the SNAI-1 level 

in a CRC cell line15. STAT3 and GSK3β co-immunoprecipitated, but expression of STAT3 protein 

was not affected by GSK3β or vice versa. However, whether STAT3 has to be phosphorylated to 

interact with GSK3β is still to be determined. STAT3 knockdown elevated phosphorylation on 

Ser9 of GSK3β, which inhibits its kinase activity62. GSK3β is also involved in activation of β-catenin, 

but GSK3α can compensate for the absence of GSK3β63. This may explain why there were no 

changes in β-catenin levels. Ectopic expression of a constitutively active GSK3β mutant in a CRC 

cell line not only reversed the SNAI-1 induction but also abrogated the invasiveness caused by 

STAT3 depletion15. In summary, these results demonstrate that STAT3 acts as a molecular adaptor 

to regulate GSK3β activity, and thus SNAI-1 expression and EMT (Figure 3). It is not clear how 

STAT3 regulates GSK3β activity, but it may be by acting as a bridge between GSK3β and SNAI-1 

to facilitate phosphorylation. In addition, whether the interaction among these three proteins 

occurs in the cytoplasm or nucleus needs to be investigated.

Clinical Implications
Because of the vast amount of literature supporting the oncogenic role of STAT3, several approaches 

to inhibit STAT3 activity have been developed for potential clinical trials. These include inhibitors of 

upstream molecules, such as IL-664 or JAK265,66, and direct inhibition of STAT3 with a STAT3 decoy 

oligonucleotide67 or siRNA68. While the outcome of these clinical trials should tell us whether STAT3 

inhibition is truly efficacious, caution is warranted for CRC trials with direct STAT3 inhibition.

If our model is correct, we should expect adverse effects of direct inhibition of STAT3 in CRC, 

while targeting upstream molecules such as IL-6 or JAK2 is more complicated, as many targets other 

than STAT3 could be influenced by these approaches. Another possibility is that the outcome of direct 

inhibition of STAT3 in CRC is dependent on the underlying genetic or epigenetic background. This 

becomes increasingly complex when considering the role of STAT3 in non-tumor cells in metastasis 

(i.e., the tumor microenvironment), as cancer drugs rarely discriminate normal cells from tumor cells. 

Only further investigations and the outcomes of clinical trials may provide more clarity.
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Figure 3. STAT3 suppresses EMT by promoting GSK3β-mediated phosphorylation and proteasomal degradation 
of SNAI-1 in IEC. STAT3 inhibits phosphorylation of GSK3β (active), which phosphorylates SNAI-1, leading to 
ubiquitination and degradation. Consequently, epithelial cell markers, such as claudins, are upregulated and 
mesenchymal markers, such as vimentin and fibronectin, are down-regulated. When STAT3 is deleted from IEC, 
unknown environmental cue(s) induce phosphorylation of GSK3β (inactive), most likely via the Akt pathway, 
leading to accumulation of SNAI and EMT.

Conclusions
Our data and the data from Musteanu et al. suggest that STAT3 can act as an anti-invasive factor 

under certain conditions15,16. The potential anti-EMT and anti-invasive role of STAT3 warrants rigorous 

follow-up studies, considering the depth of literature supporting its role as a strong promoter of 

tumorigenesis and eventual metastasis. Ongoing and future clinical trials on CRC with an agent 

directly inhibiting STAT3 activity should provide more insight into this paradoxical function of STAT3.

ACKNOWLEDGEMENTS
This work was supported by a grant of the Crohn’s and Colitis Foundation of America (CCFA) 

and NIH AI095623 to Eyal Raz.

267



AUTHOR INFORMATION
Author Contributions
Ji-Hun Mo and Jongdae Lee performed the experiments and Petrus R. de Jong, Alexandra R. 

Harris, Jongdae Lee and Eyal Raz wrote the manuscript.

Conflicts of Interest
The authors declare no conflicts of interest.

268



STAT3 SIGNALING IN COLORECTAL CANCER

1

2

3

4

5

6

7

8

9

10

11

12

13

&

REFERENCES
1 Jemal, A.; Center, M.M.; DeSantis, C.; Ward, E.M. 

Global patterns of cancer incidence and mortality 
rates and trends. Cancer Epidemiol. Biomark. 
Prev. 2010, 19, 1893–1907. 

2 Grady, W.M.; Carethers, J.M. Genomic and 
epigenetic instability in colorectal cancer 
pathogenesis. Gastroenterology 2008, 135, 1079–
1099. 

3 Rajagopalan, H.; Nowak, M.A.; Vogelstein, 
B.; Lengauer, C. The significance of unstable 
chromosomes in colorectal cancer. Nat. Rev. 
Cancer 2003, 3, 695–701. 

4 Pino, M.S.; Chung, D.C. The chromosomal instability 
pathway in colon cancer. Gastroenterology 2010, 
138, 2059–2072. 

5 Lengauer, C.; Kinzler, K.W.; Vogelstein, B. Genetic 
instability in colorectal cancers. Nature 1997, 386, 
623–627. 

6 Fensterer, H.; Radlwimmer, B.; Strater, J.; Buchholz, 
M.; Aust, D.E.; Julie, C.; Radvanyi, F.; Nordlinger, B.; 
Belluco, C.; van Cutsem, E.; et al. Matrix-comparative 
genomic hybridization from multicenter formalin-
fixed paraffin-embedded colorectal cancer tissue 
blocks. BMC Cancer 2007, 7, 58. 

7 Knutsen, T.; Padilla-Nash, H.M.; Wangsa, D.; 
Barenboim-Stapleton, L.; Camps, J.; McNeil, N.; 
Difilippantonio, M.J.; Ried, T. Definitive molecular 
cytogenetic characterization of 15 colorectal 
cancer cell lines. Genes Chromosom. Cancer 
2010, 49, 204–223. 

8 Markowitz, S.D.; Bertagnolli, M.M. Molecular 
origins of cancer: Molecular basis of colorectal 
cancer. N. Engl. J. Med. 2009, 361, 2449–2460. 

9 Walther, A.; Johnstone, E.; Swanton, C.; Midgley, 
R.; Tomlinson, I.; Kerr, D. Genetic prognostic and 
predictive markers in colorectal cancer. Nat. Rev. 
Cancer 2009, 9, 489–499.

10 De Sousa, E.M.F.; Wang, X.; Jansen, M.; Fessler, 
E.; Trinh, A.; de Rooij, L.P.; de Jong, J.H.; de Boer, 
O.J.; van Leersum, R.; Bijlsma, M.F.; et al. Poor-
prognosis colon cancer is defined by a molecularly 
distinct subtype and develops from serrated 
precursor lesions. Nat. Med. 2013, 19, 614–618. 

11 Sadanandam, A.; Lyssiotis, C.A.; Homicsko, K.; 
Collisson, E.A.; Gibb, W.J.; Wullschleger, S.; Ostos, 
L.C.; Lannon, W.A.; Grotzinger, C.; Del Rio, M.; et 
al. A colorectal cancer classification system that 
associates cellular phenotype and responses to 
therapy. Nat. Med. 2013, 19, 619–625. 

12 Fearon, E.R.; Vogelstein, B. A genetic model for 
colorectal tumorigenesis. Cell 1990, 61, 759–767. 

13 Atlas, N. Comprehensive molecular characterization 
of human colon and rectal cancer. Nature 2012, 487, 
330–337. 

14 Van Cutsem, E.; Nordlinger, B.; Cervantes, A.; 
Group, E.G.W. Advanced colorectal cancer: ESMO 
Clinical Practice Guidelines for treatment. Ann. 
Oncol. 2010, 21, v93–v97. 

15 Lee, J.; Kim, J.C.; Lee, S.E.; Quinley, C.; Kim, H.; 
Herdman, S.; Corr, M.; Raz, E. Signal transducer 
and activator of transcription 3 (STAT3) protein 
suppresses adenoma-to-carcinoma transition 
in Apcmin/+ mice via regulation of Snail-1 (SNAI) 
protein stability. J. Biol. Chem. 2012, 287, 18182–18189. 

16 Musteanu, M.; Blaas, L.; Mair, M.; Schlederer, M.; 
Bilban, M.; Tauber, S.; Esterbauer, H.; Mueller, M.; 
Casanova, E.; Kenner, L.; et al. Stat3 is a negative 
regulator of intestinal tumor progression in Apc(Min) 
mice. Gastroenterology 2010, 138, 1003–1011. 

17 Akira, S. Roles of STAT3 defined by tissue-specific 
gene targeting. Oncogene 2000, 19, 2607–2611. 
18. Kane, A.; Deenick, E.K.; Ma, C.S.; Cook, M.C.; 
Uzel, G.; Tangye, S.G. STAT3 is a central regulator 
of lymphocyte differentiation and function. Curr. 
Opin. Immunol. 2014, 28C, 49–57. 

18 Kamran, M.Z.; Patil, P.; Gude, R.P. Role of STAT3 
in cancer metastasis and translational advances. 
BioMed Res. Int. 2013, 2013, 421821. 

19 Rebe, C.; Vegran, F.; Berger, H.; Ghiringhelli, 
F. STAT3 activation: A key factor in tumor 
immunoescape. Jak-stat 2013, 2, e23010.

20 Yuan, Z.L.; Guan, Y.J.; Chatterjee, D.; Chin, 
Y.E. Stat3 dimerization regulated by reversible 
acetylation of a single lysine residue. Science 
2005, 307, 269–273. 

21 Yang, J.; Chatterjee-Kishore, M.; Staugaitis, S.M.; 
Nguyen, H.; Schlessinger, K.; Levy, D.E.; Stark, 
G.R. Novel roles of unphosphorylated STAT3 
in oncogenesis and transcriptional regulation. 
Cancer Res. 2005, 65, 939–947. 

22 Yang, J.; Liao, X.; Agarwal, M.K.; Barnes, L.; 
Auron, P.E.; Stark, G.R. Unphosphorylated STAT3 
accumulates in response to IL-6 and activates 
transcription by binding to NF-κb. Genes Dev. 
2007, 21, 1396–1408. 

23 Pfeffer, L.M.; Mullersman, J.E.; Pfeffer, S.R.; 
Murti, A.; Shi, W.; Yang, C.H. STAT3 as an adapter 
to couple phosphatidylinositol 3-kinase to the 

269



IFNAR1 chain of the type I interferon receptor. 
Science 1997, 276, 1418–1420. 

24 Ng, D.C.; Lin, B.H.; Lim, C.P.; Huang, G.; Zhang, 
T.; Poli, V.; Cao, X. Stat3 regulates microtubules 
by antagonizing the depolymerization activity of 
stathmin. J. Cell Biol. 2006, 172, 245–257.

25 Silver, D.L.; Naora, H.; Liu, J.; Cheng, W.; Montell, 
D.J. Activated signal transducer and activator 
of transcription (STAT) 3: Localization in focal 
adhesions and function in ovarian cancer cell 
motility. Cancer Res. 2004, 64, 3550–3558. 

26 Frank, D.A. STAT3 as a central mediator of 
neoplastic cellular transformation. Cancer Lett. 
2007, 251, 199–210. 

27 Bar-Natan, M.; Nelson, E.A.; Xiang, M.; Frank, D.A. 
STAT signaling in the pathogenesis and treatment 
of myeloid malignancies. JAK-STAT 2012, 1, 55–64. 

28 Kusaba, T.; Nakayama, T.; Yamazumi, K.; Yakata, Y.; 
Yoshizaki, A.; Nagayasu, T.; Sekine, I. Expression of 
p-STAT3 in human colorectal adenocarcinoma and 
adenoma; correlation with clinicopathological 
factors. J. Clin. Pathol. 2005, 58, 833–838. 

29 Morikawa, T.; Baba, Y.; Yamauchi, M.; Kuchiba, A.; 
Nosho, K.; Shima, K.; Tanaka, N.; Huttenhower, C.; 
Frank, D.A.; Fuchs, C.S.; et al. STAT3 expression, 
molecular features, inflammation patterns, and 
prognosis in a database of 724 colorectal cancers. 
Clin. Cancer Res. 2011, 17, 1452–1462. 

30 Koskela, H.L.; Eldfors, S.; Ellonen, P.; van Adrichem, 
A.J.; Kuusanmaki, H.; Andersson, E.I.; Lagstrom, S.; 
Clemente, M.J.; Olson, T.; Jalkanen, S.E.; et al. Somatic 
STAT3 mutations in large granular lymphocytic 
leukemia. N. Engl. J. Med. 2012, 366, 1905–1913. 

31 Lee, J.; Mo, J.H.; Katakura, K.; Alkalay, I.; Rucker, A.N.; 
Liu, Y.T.; Lee, H.K.; Shen, C.; Cojocaru, G.; Shenouda, 
S.; et al. Maintenance of colonic homeostasis 
by distinctive apical TLR9 signalling in intestinal 
epithelial cells. Nat. Cell Biol. 2006, 8, 1327–1336. 

32 Mellman, I.; Nelson, W.J. Coordinated protein 
sorting, targeting and distribution in polarized 
cells. Nat. Rev. Mol. Cell Biol. 2008, 9, 833–845. 

33 Tanaka, T.; Soriano, M.A.; Grusby, M.J. SLIM is a 
nuclear ubiquitin E3 ligase that negatively regulates 
STAT signaling. Immunity 2005, 22, 729–736. 

34 Jarnicki, A.; Putoczki, T.; Ernst, M. Stat3: Linking 
inflammation to epithelial cancer—More than a 
“gut” feeling? Cell Div. 2010, 5, 14. 

35 Kawada, M.; Seno, H.; Uenoyama, Y.; Sawabu, 
T.; Kanda, N.; Fukui, H.; Shimahara, Y.; Chiba, T. 
Signal transducers and activators of transcription 
3 activation is involved in nuclear accumulation 

of beta-catenin in colorectal cancer. Cancer Res. 
2006, 66, 2913–2917. 

36 Lee, S.H.; Hu, L.L.; Gonzalez-Navajas, J.; Seo, G.S.; 
Shen, C.; Brick, J.; Herdman, S.; Varki, N.; Corr, 
M.; Lee, J.; et al. ERK activation drives intestinal 
tumorigenesis in Apc(min/+) mice. Nat. Med. 
2010, 16, 665–670.

37 Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, 
G.Y.; Vallabhapurapu, S.; Scheller, J.; Rose-John, S.; 
Cheroutre, H.; Eckmann, L.; et al. IL-6 and Stat3 are 
required for survival of intestinal epithelial cells 
and development of colitis-associated cancer. 
Cancer Cell 2009, 15, 103–113. 

38 Liang, J.; Nagahashi, M.; Kim, E.Y.; Harikumar, K.B.; 
Yamada, A.; Huang, W.C.; Hait, N.C.; Allegood, 
J.C.; Price, M.M.; Avni, D.; et al. Sphingosine-1-
phosphate links persistent STAT3 activation, chronic 
intestinal inflammation, and development of colitis-
associated cancer. Cancer Cell 2013, 23, 107–120. 

39 Clapper, M.L.; Cooper, H.S.; Chang, W.C. 
Dextran sulfate sodium-induced colitis-
associated neoplasia: A promising model for the 
development of chemopreventive interventions. 
Acta Pharmacol. Sin. 2007, 28, 1450–1459.

40 Takahashi, M.; Nakatsugi, S.; Sugimura, T.; 
Wakabayashi, K. Frequent mutations of the beta-
catenin gene in mouse colon tumors induced by 
azoxymethane. Carcinogenesis 2000, 21, 1117–1120. 

41 Peinado, H.; Olmeda, D.; Cano, A. Snail, Zeb and 
bHLH factors in tumour progression: An alliance 
against the epithelial phenotype? Nat. Rev. 
Cancer 2007, 7, 415–428. 

42 Guo, F.; Parker Kerrigan, B.C.; Yang, D.; Hu, L.; 
Shmulevich, I.; Sood, A.K.; Xue, F.; Zhang, W. Post-
transcriptional regulatory network of epithelial-
to-mesenchymal and mesenchymal-to-epithelial 
transitions. J. Hematol. Oncol. 2014, 7, 481–488. 

43 Tam, W.L.; Weinberg, R.A. The epigenetics of 
epithelial-mesenchymal plasticity in cancer. Nat. 
Med. 2013, 19, 1438–1449. 

44 Nieto, M.A. Epithelial plasticity: A common theme 
in embryonic and cancer cells. Science 2013, 342, 
1234850. 

45 Oka, H.; Shiozaki, H.; Kobayashi, K.; Inoue, 
M.; Tahara, H.; Kobayashi, T.; Takatsuka, Y.; 
Matsuyoshi, N.; Hirano, S.; Takeichi, M.; et al. 
Expression of E-cadherin cell adhesion molecules 
in human breast cancer tissues and its relationship 
to metastasis. Cancer Res. 1993, 53, 1696–1701. 

46 Schipper, J.H.; Frixen, U.H.; Behrens, J.; Unger, A.; 
Jahnke, K.; Birchmeier, W. E-cadherin expression 
in squamous cell carcinomas of head and neck: 

270



STAT3 SIGNALING IN COLORECTAL CANCER

1

2

3

4

5

6

7

8

9

10

11

12

13

&

Inverse correlation with tumor dedifferentiation 
and lymph node metastasis. Cancer Res. 1991, 51, 
6328–6337. 

47 Umbas, R.; Isaacs, W.B.; Bringuier, P.P.; Schaafsma, 
H.E.; Karthaus, H.F.; Oosterhof, G.O.; Debruyne, 
F.M.; Schalken, J.A. Decreased E-cadherin 
expression is associated with poor prognosis in 
patients with prostate cancer. Cancer Res. 1994, 
54, 3929–3933. 

48 Yadav, A.; Kumar, B.; Datta, J.; Teknos, T.N.; Kumar, 
P. IL-6 promotes head and neck tumor metastasis 
by inducing epithelial-mesenchymal transition 
via the JAK-STAT3-SNAIL signaling pathway. Mol. 
Cancer Res. 2011, 9, 1658–1667. 

49 Xie, T.X.; Huang, F.J.; Aldape, K.D.; Kang, S.H.; Liu, 
M.; Gershenwald, J.E.; Xie, K.; Sawaya, R.; Huang, S. 
Activation of Stat3 in human melanoma promotes 
brain metastasis. Cancer Res. 2006, 66, 3188–3196.

50 Lee, J.; Mo, J.H.; Raz, E. Department of Medicine, 
University of California, San Diego, CA, USA. 
Unpublished data, 2014. 

51 Chen, X.; Halberg, R.B.; Burch, R.P.; Dove, W.F. 
Intestinal adenomagenesis involves core molecular 
signatures of the epithelial-mesenchymal 
transition. J. Mol. Histol. 2008, 39, 283–294. 

52 Tsareva, S.A.; Moriggl, R.; Corvinus, F.M.; 
Wiederanders, B.; Schutz, A.; Kovacic, B.; Friedrich, 
K. Signal transducer and activator of transcription 
3 activation promotes invasive growth of colon 
carcinomas through matrix metalloproteinase 
induction. Neoplasia 2007, 9, 279–291. 

53 Ota, I.; Li, X.Y.; Hu, Y.; Weiss, S.J. Induction of a 
MT1-MMP and MT2-MMP-dependent basement 
membrane transmigration program in cancer 
cells by Snail1. Proc. Natl. Acad. Sci. USA 2009, 106, 
20318–20323. 

54 Hotary, K.B.; Allen, E.D.; Brooks, P.C.; Datta, N.S.; 
Long, M.W.; Weiss, S.J. Membrane type I matrix 
metalloproteinase usurps tumor growth control 
imposed by the three-dimensional extracellular 
matrix. Cell 2003, 114, 33–45.

55 Kanazawa, A.; Oshima, T.; Yoshihara, K.; Tamura, 
S.; Yamada, T.; Inagaki, D.; Sato, T.; Yamamoto, N.; 
Shiozawa, M.; Morinaga, S.; et al. Relation of MT1-
MMP gene expression to outcomes in colorectal 
cancer. J. Surg. Oncol. 2010, 102, 571–575. 

56 Zucker, S.; Cao, J. Selective matrix metalloproteinase 
(MMP) inhibitors in cancer therapy: Ready for 
prime time? Cancer Biol. Ther. 2009, 8, 2371–2373. 

57 Xiong, H.; Hong, J.; Du, W.; Lin, Y.W.; Ren, L.L.; 
Wang, Y.C.; Su, W.Y.; Wang, J.L.; Cui, Y.; Wang, 
Z.H.; et al. Roles of STAT3 and ZEB1 proteins 

in E-cadherin down-regulation and human 
colorectal cancer epithelial-mesenchymal 
transition. J. Biol. Chem. 2012, 287, 5819–5832. 

58 Zhou, C.; Tong, Y.; Wawrowsky, K.; Melmed, S. 
PTTG acts as a STAT3 target gene for colorectal 
cancer cell growth and motility. Oncogene 2014, 
33, 851–861. 

59 Calon, A.; Espinet, E.; Palomo-Ponce, S.; Tauriello, 
D.V.; Iglesias, M.; Cespedes, M.V.; Sevillano, M.; 
Nadal, C.; Jung, P.; Zhang, X.H.; et al. Dependency 
of colorectal cancer on a TGF-beta-driven 
program in stromal cells for metastasis initiation. 
Cancer Cell 2012, 22, 571–584. 

60 Zhou, B.P.; Deng, J.; Xia, W.; Xu, J.; Li, Y.M.; Gunduz, 
M.; Hung, M.C. Dual regulation of Snail by GSK-
3beta-mediated phosphorylation in control of 
epithelial-mesenchymal transition. Nat. Cell Biol. 
2004, 6, 931–940. 

61 Cross, D.A.; Alessi, D.R.; Cohen, P.; Andjelkovich, 
M.; Hemmings, B.A. Inhibition of glycogen 
synthase kinase-3 by insulin mediated by protein 
kinase B. Nature 1995, 378, 785–789. 

62 Doble, B.W.; Patel, S.; Wood, G.A.; Kockeritz, L.K.; 
Woodgett, J.R. Functional redundancy of GSK-3α 
and GSK-3β in Wnt/beta-catenin signaling shown 
by using an allelic series of embryonic stem cell 
lines. Dev. Cell 2007, 12, 957–971. 

63 Waldner, M.J.; Foersch, S.; Neurath, M.F. 
Interleukin-6—A key regulator of colorectal cancer 
development. Int. J. Biol. Sci. 2012, 8, 1248–1253. 

64 Senft, C.; Priester, M.; Polacin, M.; Schroder, K.; Seifert, 
V.; Kogel, D.; Weissenberger, J. Inhibition of the JAK-2/
STAT3 signaling pathway impedes the migratory and 
invasive potential of human glioblastoma cells. J. 
Neuro-Oncol. 2011, 101, 393–403. 

65 Sai, K.; Wang, S.; Balasubramaniyan, V.; Conrad, 
C.; Lang, F.F.; Aldape, K.; Szymanski, S.; Fokt, 
I.; Dasgupta, A.; Madden, T.; et al. Induction of 
cell-cycle arrest and apoptosis in glioblastoma 
stem-like cells by WP1193, a novel small molecule 
inhibitor of the JAK2/STAT3 pathway. J. Neuro-
Oncol. 2012, 107, 487–501. 

66 Sen, M.; Thomas, S.M.; Kim, S.; Yeh, J.I.; Ferris, 
R.L.; Johnson, J.T.; Duvvuri, U.; Lee, J.; Sahu, N.; 
Joyce, S.; et al. First-in-human trial of a STAT3 
decoy oligonucleotide in head and neck tumors: 
Implications for cancer therapy. Cancer Discov. 
2012, 2, 694–705.

67 Li, G.H.; Wei, H.; Chen, Z.T.; Lv, S.Q.; Yin, C.L.; 
Wang, D.L. STAT3 silencing with lentivirus inhibits 
growth and induces apoptosis and differentiation 
of U251 cells. J. Neuro-Oncol. 2009, 91, 165–174.

271



12



ERK5 SIGNALING RESCUES INTESTINAL 
EPITHELIAL TURNOVER AND TUMOR CELL 

PROLIFERATION UPON ERK1/2 ABROGATION

Petrus R. de Jong1,2*, Koji Taniguchi3,4,5*, Alexandra Harris1, Naoki Takahashi1,6, 

 Jen Duong1, Maripat Corr1, Michael Karin3,4 and Eyal Raz1.

* These authors contributed equally to the work

1Department of Medicine, University of California, San Diego (UCSD), La Jolla, CA, USA;  
2Current affiliation: Sanford-Burnham Medical Research Institute,  

NCI-Designated Cancer Center, La Jolla, CA, USA;  

3Laboratory of Gene Regulation and Signal Transduction, UCSD, La Jolla, CA, USA;  
4Departments of Pharmacology and Pathology, UCSD, La Jolla, CA, USA;  

5Department of Microbiology and Immunology, Keio University School of Medicine, Tokyo, Japan; 
6Division of Oral Science for Health Promotion,  

Niigata University Graduate School of Medical and Dental Sciences, Niigata, Japan.

In revision



ABSTRACT
The ERK1/2 MAPK signaling module is crucial for the integration of extracellular cues that induce 

physiological proliferation and differentiation of epithelial lineages, and is an established 

oncogenic driver, particularly in the intestinal epithelium. However, the redundancy of the 

ERK1/2 module relative to other signaling pathways in intestinal epithelial cells and colorectal 

cancer is unclear. Here we show that the loss-of-function of Erk1/2 in intestinal epithelial cells 

results in loss of nutrient absorption, aberrant epithelial cell migration and abnormal secretory 

cell differentiation in mice. Despite these overt defects, intestinal epithelial cell proliferation 

is unperturbed or even enhanced in Erk1/2ΔIEC mice, implying compensatory mechanisms. We 

found that genetic deletion of Erk1/2, or pharmacological targeting of upstream MEK1/2, results 

in supraphysiological activity of the ERK5 pathway, but not of other MAPK family members. 

Furthermore, targeting both the ERK1/2 and ERK5 signaling pathways results in a more effective 

suppression of cell proliferation in murine wild-type and Apc-deficient intestinal organoids, 

whereas oncogenic KRAS signaling sensitizes intestinal epithelial cells to ERK5 inhibition. 

These results suggest that ERK5 provides a common bypass route in intestinal epithelial cells 

upon abrogation of ERK1/2 signaling, which rescues cell proliferation. Thus, inhibition of ERK5 

signaling may provide a novel approach to targeted therapy in colorectal cancer.
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INTRODUCTION
The extracellular signal-regulated kinases 1 and 2 (ERK1/2) are part of the classical family of 

mammalian mitogen-activated protein kinases (MAPKs), which also include three c-Jun amino-

terminal kinases (JNK1/2/3), four p38 isoforms, and its lesser known counterpart, ERK5. The 

serine/threonine kinases ERK1 (MAPK3, also known as p44 MAPK) and ERK2 (MAPK1, also known 

as p42 MAPK) show 83% amino acid identity, are ubiquitously expressed and typically activated 

by growth factors and phorbol esters, whereas the p38 and JNK pathways are mainly activated 

by inflammatory cytokines and stress1. MAPKs are involved in regulation of mitosis, gene 

expression, cell metabolism, cell motility, and apoptosis. ERK1/2 are activated by MEK1 and 

MEK2, which themselves are activated by Raf-1, A-Raf or B-Raf1,2. Ras proteins (K-Ras, H-Ras or 

N-Ras) are small GTPases that can be activated by receptor tyrosine kinases (RTKs) or G-protein 

coupled receptors (GPCRs), which recruit Raf proteins to the plasma membrane where they are 

activated. Together, these modules constitute the Ras-Raf-MEK-ERK pathway3. 

Activation of ERK1/2 results in their nuclear translocation where they can phosphorylate a 

variety of nuclear targets such as Elk-1, c-Fos and c-Myc1, in addition to p90 ribosomal S6 kinases 

(p90RSKs) and mitogen and stress-activated kinases, MSK1/2. The full repertoire of substrates 

for ERK1/2 consists of at least 160 cellular proteins4. These proteins are typically involved in 

regulation of cell proliferation – more specifically, G1/S-phase cell cycle progression − and 

differentiation. However, their cellular effects are context-dependent and determined by the 

spatial and temporal dynamics of ERK1/2 activity5, which are highly regulated by scaffolding 

proteins and phosphatases3,6,7. 

Despite vast literature on the role of ERK1/2 in cell proliferation, the absolute requirement of 

this signaling module in rapidly dividing tissues relative to other signaling pathways is unknown. 

The small intestinal epithelium is particularly suitable to address this question given the short 

(4-8 days) and dynamic life-cycle of intestinal epithelial cells (IECs). Lgr5+ intestinal stem cells 

at the intestinal crypt base produce transient amplifying cells, which then undergo a number 

of proliferative cycles before terminal differentiation into absorptive enterocytes at the crypt-

villus border. Enterocytes then migrate to the villus tip where they undergo anoikis and are shed 

into the gut lumen8. All of these cellular events are tightly coordinated by the Wnt, Notch, bone 

morphogenetic protein (BMP), and Hedgehog pathways9, whereas the roles of ERK1/2 remain to 

be charted. In the intestines, the ERK1/2 pathway is likely activated by autocrine and paracrine 

factors, downstream of RTKs such as epidermal growth factor receptor (EGFR)10, and by exogenous 

microbial-derived substrates that signal through the Toll-like receptor (TLR)/MyD88 pathway11.

To study the effects of ERK1/2 in the adult intestinal epithelium, we generated mice with a 

conditional (IEC-specific) and tamoxifen-inducible deletion of Erk2 on the Erk1−/− background, 

which completely abrogates this pathway. We show that the ERK1/2 signaling module, 

surprisingly, is dispensable for IEC proliferation. Genetic deletion of Erk1/2 in primary IEC or 

treatment of colorectal cancer cell lines with MEK1/2 inhibitors resulted in compensatory 

activation of the ERK5 pathway. Compensatory signaling by ERK5 suggests a potential rescue 

pathway that has clinical implications for targeted therapy in colorectal cancer.
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RESULTS
Generation of inducible and conditional Erk2 knockout mice on 
the Erk1−/− background
Erk1−/− mice are viable and fertile12, whereas the Erk2−/− genotype is associated with embryonic 

lethality13. We generated compound genetically engineered Erk1−/−;Erk2fl/fl;Vil-CreERT2 mice by 

crossing the Erk1−/−;Erk2fl/f 13 and Vil-CreERT2 strains14. In these mice, treatment with tamoxifen 

(Supplementary Fig. 1a) induces IEC-specific deletion of Erk2 in Erk1−/−;Erk2fl/fl;Vil-CreERT2 

(referred to hereafter as “ΔIEC”) but not Erk1−/−;Erk2fl/fl (“fl/fl”) mice. The specificity of Erk2 

ablation after tamoxifen treatment was demonstrated by genotyping and immunoblotting using 

lysates of IEC and other tissues (Supplementary Fig. 1b, c). Immunofluorescent staining of small 

intestine and colon confirmed IEC-specific deletion of ERK1/2; ERK-positive immunoreactivity 

was observed only in lamina propria cells and intraepithelial lymphocytes (Fig. 1a).

ERK1/2ΔIEC causes wasting disease associated with enterocyte 
dysfunction
After tamoxifen treatment, ΔIEC mice developed a moribund phenotype between 8 to 10 days 

of follow-up, whereas their fl/fl littermates remained healthy (Supplementary Fig. 2a). This 

coincided with clinical signs of malabsorption, including progressive body weight loss and 

100% lethality of ΔIEC mice within two weeks of follow-up (Fig. 1b, c). Necropsy was performed 

at day 10 of follow-up of tamoxifen-treated ΔIEC mice and their fl/fl littermates to evaluate the 

underlying pathology. ΔIEC mice showed luminal distension of the small intestines and loss 

of abdominal fat, as well as a trend for shortening of the small intestine and colon (Fig. 1d, 

e and Supplementary Fig. 2b, c). Serum analysis at day 10 revealed that ΔIEC mice suffered 

from hypoalbuminemia, hypoglycemia, hypocalcemia and decreased alkaline phosphatase 

levels when compared with fl/fl littermates (Fig. 1f-h and Supplementary Fig. 2d, e). Together 

with steatorrhea (Supplementary Fig. 2f), these findings are indicative of malabsorption. ΔIEC 

mice also showed lymphocytopenia and increased levels of fecal albumin (Supplementary 

Fig. 2g, h), consistent with a protein-losing enteropathy. These observations suggest a loss of 

absorptive surface in the small intestines and/or severe intestinal pathology. Of note, normal 

serum levels of critical electrolytes, such as Na+, K+ and PO
4

-, were maintained in ΔIEC mice 

(Supplementary Fig. 2i). In addition, serum levels of lipids (triglycerides, cholesterol) were 

normal or even increased in ΔIEC mice (Supplementary Fig. 2j). This hyperlipidemia may be 

associated with loss of gut barrier function15, which also occurred in ΔIEC mice (Supplementary 

Fig. 2k), leading to lipid accumulation in the intestinal lamina propria (Supplementary Fig. 3a). 

Histological analysis showed that the crypt-villus morphology was severely perturbed in ΔIEC 

mice. This included signs of crypt elongation and villus shortening, more severely in the ileum 

compared to the jejunum and duodenum, respectively (Fig. 1i). Notably, at the most severely affected 

sites in the ileum, there was dilation of lacteals in villi, also known as intestinal lymphangiectasia (Fig. 

1i and Supplementary Fig. 3b), consistent with protein-losing enteropathy. Even though alkaline 

276



ERK5 RESCUES ERK1/2 ABROGATION IN THE GUT

1

2

3

4

5

6

7

8

9

10

11

12

13

&

Figure 1. Wasting disease associated with malabsorption in Erk1/2ΔIEC mice. a, Immunofluorescent staining of 
paraffin-embedded sections from small intestine or colon taken from Erk1−/−;Erk2fl/fl (“fl/fl”) and Erk1−/−;Erk2fl/

fl;CreERT2 (“ΔIEC”) mice for an IEC marker, Claudin-1 (green), and ERK1/2 (red). Nuclear counter staining with 
Hoechst (blue). b, Body weight changes of fl/fl and ΔIEC mice after 5 consecutive treatments with tamoxifen (1 
mg/day). *P<0.05, **P<0.001 by ANOVA. c, Survival of fl/fl and ΔIEC mice after tamoxifen treatment (Kaplan-Meier). 
d, Macroscopic appearance of the small intestine and abdominal fat pads (indicated by arrows) in fl/fl and ΔIEC 
mice on day 10 of follow-up. Arrowheads indicate intestinal distension. e, Weight of the epididymal fat of fl/fl and 
ΔIEC mice at day 10 of follow-up. f-h, Analysis of serum samples from fl/fl and ΔIEC mice. Albumin and globulin 
levels (f), glucose levels (g), and calcium levels (h) are shown. i, Crypt and villus architecture in the small intestine 
of fl/fl and ΔIEC mice. Lymphangiectasia marked by (*) was only observed in ΔIEC mice. Hematoxylin & eosin (H&E) 
staining. j, Alkaline phosphatase (AP) staining of ileum sections from fl/fl and ΔIEC mice. Arrowheads indicate the 
crypt-villus junction. k, Electron microcope (EM) analysis of the brush border of absorptive enterocytes at 25000× 
magnification. Data are presented as box-and-whiskers plots (e) or mean ± s.e.m. (b, f-h). *P<0.05 and **P<0.001 by 
Student’s t test (e-h). Scale bars represent 1 cm (d), 100 μm (i, j), 50 μm (a) or 0.5 μm (k).
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phosphatase staining did not show differences by confocal fluorescence microscopy (Fig. 1j and 

Supplementary Fig. 3c), detailed analysis of the brush border on enterocytes by electron microscopy 

revealed that microvilli of ΔIEC mice were short, thick and non-uniform (Fig. 1k), a hallmark of defective 

enterocyte differentiation. Together, these observations indicate a malabsorption and protein-losing 
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Figure 2. Abnormal IEC migration and secretory cell differentiation in Erk1/2ΔIEC mice. a-g, Comparison 
of ileum sections from fl/fl and ΔIEC mice 10 days after initiation of tamoxifen treatment. Representative 
examples from BrdU pulse-chase labeling experiments (2, 24 and 48 hr) with ileum sections (a). Notably, small 
intestinal sections without the aforementioned typical villous atrophy observed in ΔIEC mice were selected 
for analysis. Position of BrdU positive cells along the crypt-villus axis at 2 (green), 24 (blue) or 48 hr (red) after 
injection (b). Results are mean ± s.e.m. of 10 crypts (n=2/group). Immunohistochemical staining for Alcian blue 
(c), and MMP7 (d). Immunofluorescent staining for MMP7 at low magnification to show crypts and villi (e), and 
at high magnification to show MMP7+ staining cells in the crypt base (f). Detection of Cryptdin transcripts by 
in situ hybridization (g). Counter staining with nuclear red. h, i, Ileum sections from fl/fl and ΔIEC mice 10 days 
after tamoxifen treatment were visualized by transmission electron microscopy (TEM). Ultrastructural features 
of secretory epithelial cells at the crypt base at 2500× magnification (h). Higher magnification of Paneth cells 
in the crypt at 6300× magnification (i). IC, intermediate cell. PC, Paneth cell. Scale bars represent 100 μm (a, 
c-e), 10 μm (f), 5 μm (h) or 2 μm (i). 
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enteropathy phenotype, resulting in rapid lethality of ΔIEC mice. These data suggest an essential role 

for the ERK1/2 signaling module in the orchestration of normal crypt-villus architecture, maintenance 

of the gut barrier, and full enterocyte maturation in the small intestine. 

ERK1/2ΔIEC results in migration and secretory cell differentiation 
defects
We hypothesized that the intestinal architectural derangement in ΔIEC mice might be explained 

by a migration defect upon loss of epithelial ERK1/2 signaling. Consistent with this, we observed 

retention of alkaline phosphatase (AP) positive IECs in small intestinal crypts in ΔIEC mice, 

whereas AP immunoreactivity is normally not observed distal to the crypt-villus junction (Fig. 1j 

and Supplementary Fig. 4a). BrdU pulse-chase experiments demonstrated a dramatic reduction 

in the migratory rate of epithelial cells in ΔIEC mice compared with fl/fl littermates (Fig. 2a, b). 

This defect appeared to involve mostly migration in the villous compartment, which was observed 

>24 hr after BrdU labeling. Differentiation and maturation of epithelial cells from the secretory 
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Figure 3. Abrogation of ERK1/2IEC results in enhanced ERK5 signaling. a, b, Ki67 staining of paraffin-embedded 
ileum sections from fl/fl and ΔIEC mice, 10 days after tamoxifen treatment. Sections were analyzed by confocal 
fluorescent imaging, scale bar represents 100 μm (a). Enumeration of the number of Ki67 positive cells per crypt 
(b). Data are mean ± s.e.m. of 10 crypts (n=3/group). **P<0.001 (Student’s t test). c, Immunoblotting for indicated 
proteins with IEC lysates isolated from fl/fl and ΔIEC mice as in a. d, Immunoblotting for indicated proteins with 
IEC lysates as in a. e, HCT116 cells were treated with the specific MEK1/2 inhibitor, PD0325901, for 0, 1, 2, 4 or 6 hr 
and analyzed by immunoblotting for indicated proteins. f, HCT116 cells were treated with PD0325901 (0, 1, 10 and 
100 nM) for 6 hr and analyzed by immunoblotting for indicated proteins. As control, some cells were co-treated 
with the specific ERK5 inhibitor, XMD8-92 (10 μM). g, DLD-1 cells were treated as in f, and cell lysates analyzed by 
immunoblotting. All data are representative of 2-3 experiments.
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lineage – most prominently goblet and Paneth cells – are directly correlated with their position 

along the crypt-villus axis. The long-lived Paneth cells make antimicrobial peptides and provide a 

stem cell niche at the crypt base; goblet cells produce mucus. Less abundant secretory cell types 

include enteroendocrine cells that release a variety of hormones, and Tuft cells that produce 

eicosanoids16. These secretory cells, with the exception of Paneth cells, follow the migration 

pattern of absorptive enterocytes and share their fate at the villus tip. Indeed, we observed 

reduced numbers and an irregular distribution of Alcian blue-positive staining goblet cells in 

the small intestine of ΔIEC mice when compared with fl/fl littermates (Fig. 2c, Supplementary 

Fig. 4b-d). Paneth cells, which can be identified by positive staining for the granule protein 

matrilysin (also known as matrix metalloproteinase 7, MMP7), displayed more dramatic changes. 

Paneth cells in ΔIEC mice were mislocalized along the crypt-villus axis, showed reduced granule 

contents, and had smaller secretory granules that were heterogeneous in size and found outside 

the apical cytoplasm (Fig. 2d-f). MMP7+ cells in the small intestine of ΔIEC mice also showed a 

more rounded morphology rather than their regular wedge-like shape in fl/fl control littermates, 

even though they expressed the prototypical Paneth cell marker Cryptdin (Fig. 2f, g). Alcian blue/

MMP7 double staining showed an increased number of cells expressing the Paneth cell marker, 

with a relative loss of mucin positive cells (Supplementary Fig. 4c, d). We hypothesized that these 

observations might be explained by a differentiation block in the secretory lineage, resulting in 

the accumulation of immature “intermediate” cells – a precursor cell type that is normally only 

rarely found in the lateral wall of the crypt base17. We did not observe any intermediate cells in ileal 

sections from fl/fl mice, which showed the typical electron microscopic features of mature goblet 

and Paneth cells, respectively (Fig. 2h, i and Supplementary Fig. 4e). In contrast, intermediate 

cells were evident in ileal sections from ΔIEC littermates (Fig. 2h, i), with their goblet cells showing 

larger electrodense cores, and conversely, Paneth cells displaying smaller cores and increased 

amounts of free ribosomes in the cytoplasm (Supplementary Fig. 4f). These data suggest that 

ERK1/2 signaling is critical for the migration of IEC along the crypt-villus axis, in addition to the full 

differentiation and maturation of IEC from the secretory cell lineage. 

Abrogation of ERK1/2 signaling results in upregulation of ERK5 
signaling
Despite the well-established role of MAPK ERK1/2 signaling in cell cycle progression, there were 

no signs of epithelial cell hypoproliferation in ΔIEC mice. In fact, we observed crypt hyperplasia 

and an increased number of Ki67+ cells in the ileum (Fig. 3a, b and Supplementary Fig. 5a) and 

to a lesser degree in the colon (Supplementary Fig. 5b, c) of ΔIEC mice compared with fl/fl 

littermates. This was associated with increased expression of the proliferation marker PCNA and 

cell cycle-associated protein cyclin D1 (Fig. 3c). Upregulation of cyclin D1 promotes progression 

through the G
1
/S-phase, thus indicating that upon genetic ablation of ERK1/2, cell cycling in the 

intestinal epithelium remains intact. We hypothesized that an alternative MAPK pathway may 

compensate for the loss of ERK1/2 signaling to drive the hyperproliferative phenotype of ΔIEC 

mice. We did not observe compensatory upregulation of p38 or JNK phosphorylation upon ERK1/2 
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Figure 4. ERK5 signaling is required for the proliferation of Erk1/2ΔIEC organoids. a, b, Small intestinal organoids 
generated from naïve ΔIEC mice were treated with EtOH or tamoxifen (0.5 μM) for two consecutive days. 
Organoids were stained for ERK1/2 on day 5 after initiation of treatment and analyzed by confocal fluorescent 
imaging (a). Counter staining for F-actin (phalloidin-AF546). Immunoblotting with intestinal organoid lysates for 
indicated proteins (b). c-f, Intestinal organoids were treated with EtOH or tamoxifen (0.5 μM) in combination with 
DMSO or XMD8-92 (10 μM), respectively, and analyzed on day 5. Ki67 staining and confocal fluorescent imaging 
(c). Analysis of RNA samples by Q-PCR (n=2-3/group) for Mki67 (d), c-Fos (e), Lgr5 and Mmp7 (f). Data are mean 
± s.e.m. *P<0.05, **P<0.01 versus control (EtOH) or as indicated, by ANOVA. Scale bars represent 100 μm (a, c).
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abrogation (Fig. 3d). In contrast, whereas constitutive levels of phospho-ERK5 were undetectable 

in fl/fl mice, ERK1/2 abrogation resulted in a marked increase of ERK5 phosphorylation (Fig. 3d). 

Loss of constitutive phosphorylation of p90RSK confirmed sustained abrogation of signaling 

downstream of the ERK1/2 module in ΔIEC mice, despite the concomitant ERK5 activation (Fig. 

3d). To further study the interactions between the ERK1/2 and ERK5 pathways, we used human 

colorectal cancer (CRC) cell lines HCT116 and DLD-1 that harbor heterozygous KRASG13D mutations. 

Treatment of HCT116 cells with the specific MEK1/2 inhibitor, PD0325901, resulted in upregulation 

of p-ERK5 levels in a time- and dose-dependent manner (Fig. 3e, f), suggesting compensatory 

ERK5 activation upon inhibition of the ERK1/2 pathway. Specificity of p-ERK5 immunoblotting was 

demonstrated by reversal of the signal by co-treatment with a specific ERK5 inhibitor, XMD8-92 

(Fig. 3f). Similar results were achieved with the DLD-1 cell line (Fig. 3g). 

Redundant signaling by ERK1/2 and ERK5 in intestinal organoids
We addressed the role of the ERK1/2 versus ERK5 signaling modules on cell proliferation in primary 

IEC cultures. To exclude any indirect effects by stromal, hematopoietic or neuronal cells on IECs, 

we employed the small intestinal organoid culture system18. Intestinal organoids were generated 

from untreated ΔIEC mice and, after purification and several passages, treated with ethanol or 

tamoxifen for two consecutive days in vitro. This protocol resulted in rapid and robust (>98%) 

knockout of Erk2 transcripts in tamoxifen treated organoids (Fig. 4a, b and Supplementary 

Fig. 6a-c). Genetic ablation of Erk1/2 did not interfere with crypt budding or cell proliferation 

in intestinal organoids, analogous to our observations in vivo, but resulted in morphological 

changes (Supplementary Fig. 6a, d), possibly related to migration and differentiation defects. 

We evaluated the requirement for ERK5 signaling in Erk1/2ΔIEC organoids for cell proliferation. 

Treatment with tamoxifen or with ERK5 inhibitor, XMD8-92, alone did not prevent organoid 

growth, whereas co-treatment resulted in disappearance of budding crypts and a marked loss of 

expression of proliferation marker Ki67 (Fig. 4c, d and Supplementary Fig. 6f). Genetic deletion 

of Erk2 was confirmed by Q-PCR analysis (Supplementary Fig. 6e). Expression of the ERK1/2 

target gene c-Fos was abrogated by tamoxifen treatment but increased upon ERK5 inhibition, 

suggesting compensatory upregulation; this was abolished upon co-treatment (Fig. 4e). 

Furthermore, targeting ERK1/2 and ERK5 together inhibited expression of the intestinal stem 

cell marker, Lgr5, and the Paneth cell marker, Mmp7 (Fig. 4f). Both cell types are crucial for the 

regenerative potential of the intestinal crypt. These data suggest that ERK1/2 and ERK5 act as 

redundant signaling pathways to maintain the self-renewal capacity of the intestinal epithelium.

In order to confirm these findings in IEC with genetic deletion of Erk5, intestinal organoids 

were generated from Erk5fl/fl mice19,20. Established organoid lines were then transduced with 

CreERT2 encoding retrovirus, followed by puromycin selection. Tamoxifen treatment of these 

transduced intestinal organoids resulted in ~50% reduction of Erk5 mRNA levels (Fig. 5c). We 

found that tamoxifen-induced reduction of Erk5 expression in combination with PD0325901 

treatment was more efficient in abrogating cell proliferation when compared to either 

condition alone (Fig. 5a-d), in accordance with the aforementioned data. 
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generated from Erk5fl/fl mice and transduced with CreERT2 pMSCV retrovirus. Organoids were then treated with 
EtOH or tamoxifen (0.5 μM), together with DMSO or PD0325901 (100 nM) for 2 days. Organoids were analyzed 
on day 5 of culture and imaged by confocal microscopy; scale bar represents 100 μm (a). Morphology of EtOH or 
tamoxifen treated Erk5fl/fl organoids after transduction with CreERT2 retrovirus, with or without co-treatment with 
PD0325901, visualized by live-cell brightfield microscopy (b). Analysis of Erk5 (c), and Mki67 (d) transcript levels 
in organoids after treatment, measured by Q-PCR and normalized to 18S rRNA (n=2-3/group). Data are mean ± 
s.e.m. *P<0.05, **P<0.01 versus control (EtOH) or as indicated, by ANOVA. 
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Figure 6. Co-targeting MEK1/2 and ERK5 pathways inhibits tumor cell growth. a, HCT116 cells were plated at 
0.5×103 cells/well and cultured in the presence of DMSO, PD0325901 (100 nM), XMD8-92 (10 μM) or PD0325901 
(100 nM) + XMD8-92 (10 μM). MTT assay was performed on four consecutive days. Results are normalized to 
cell densities on day 1 (n=4/condition). b, HCT116 cells were treated with pharmacological inhibitors as in a, 
stained with propidium iodide 24 hr later and analyzed by flow cytometry. Cells in S-phase, G2 or M-phase in 
each experimental condition were quantified (n=3/condition). c, d, Intestinal organoids generated from Apc−/− 
mice were treated with DMSO, PD0325901 (20 nM), XMD8-92 (10 μM) or PD0325901 (20 nM) + XMD8-92 (10 
μM) for 5 days. Organoids were visualized by live-cell brightfield microscopy at the end of treatment (c), and 
analyzed by Q-PCR (n=3/condition) for expression of Mki67, c-Myc, Fra1 and c-Fos transcripts (d). e, f, Intestinal 
organoids generated from Apc−/− mice were transduced with KRASG12V lentivirus, and treated with MAPK inhibitors 
as in c. The resultant Apc−/−;KRASG12V organoids were analyzed by live-cell brightfield microscopy (e) and Q-PCR 
(n=3/condition) for expression of Mki67, c-Myc, Fra1 and c-Fos transcripts (f). All data are mean ± s.e.m. *P<0.05, 
**P<0.001 versus DMSO, ¶ P<0.01 for PD0325901 versus PD+XMD, # P<0.01 for XMD8-92 versus PD0325901, by 
ANOVA (a, b). *P<0.05, **P<0.001 versus DMSO or as indicated, by ANOVA (d, f).
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Targeting ERK1/2 and ERK5 more effectively inhibits tumor cell 
proliferation
Given the functional redundancy between the ERK1/2 and ERK5 pathways in IEC, we next 

evaluated the effects of targeted inhibition of both signaling modules on tumor cell proliferation. 

In a 2D growth model, we found that treatment of the colorectal cancer cell line, HCT116, with the 

MEK1/2 inhibitor, PD0325901, was more effective in suppressing cell proliferation in combination 

with ERK5 inhibitor, XMD8-92, compared with DMSO or either treatment alone (Fig. 6a). Similar 

results were achieved by measuring cells in S/G2/M-phase by propidium iodide labeling after 

treatment with DMSO, MEK1/2 inhibitor alone, ERK5 inhibitor alone, or the combination of both 

inhibitors, respectively (Fig. 6b, Supplementary Fig. 7a). We then used a 3D growth model with 

intestinal organoids generated from Apcfl/fl mice21, that were transduced with Adeno-Cre in 

vitro (referred to hereafter as “Apc−/−”). Intestinal organoids with a somatic deletion of tumor 

suppressor APC display upregulated Wnt signaling activity, which results in a rounded, cyst-like 

morphology, distinct from wild-type organoids22 (Supplementary Fig. 7b). We have previously 

shown that ERK1/2 signaling is required for Wnt-driven adenoma formation in vivo11. In line with 

this, PD0325901 treatment inhibited organoid growth and the expression of Mki67 and oncogenes 

c-Myc and Fra1, which was also observed with XMD8-92 treatment, with the combination treatment 

being superior to either treatment alone (Fig. 6c, d). Synergistic, specific or antagonistic effects 

of the MAPK inhibitors were observed on the expression of stem cell markers Lgr5 and Ascl2, 

Paneth cell marker Mmp7, and immediate-early gene Egr1, respectively (Supplementary Fig. 7c). 

Confirmation of on-target effects of the inhibitors was confirmed by analysis of c-Fos expression 

and immunoblotting for MAPK proteins (Fig. 6d, Supplementary Fig. 7d). Notably, we observed 

that ERK5 protein levels were increased upon long-term MEK1/2 inhibitor treatment, whereas ERK5 

inhibitor treatment resulted in reduced ERK5 protein levels (Supplementary Fig. 7d), suggesting 

antagonistic interactions between the two MAPK modules. Suppression of total ERK5 levels by 

long-term treatment with XMD8-92 was also observed in multiple CRC lines (Supplementary Fig. 

7e). Together, these data suggest that ERK1/2 and ERK5 are major transducers of extracellular 

mitogenic signals, even in a sterile environment. 

Next we assessed the effects of MAPK inhibitors on the growth of Apc−/− organoids that are 

forced to express mutant KRASG12V by lentiviral transduction. These organoids showed marked 

morphological differences compared with both wild-type and Apc−/− organoids (Supplementary 

Fig. 7b), suggesting abnormal cellular homeostasis, reminiscent of oncogenic KRAS signaling in 

human CRC. Treatment with MAPK inhibitors showed that only the combination of MEK1/2 and 

ERK5 inhibitors reversed the typical morphological changes induced by oncogenic KRAS on 

the Apc−/− background (Fig. 6e). Interestingly, treatment with ERK5 inhibitor was superior over 

MEK1/2 inhibitor with regard to suppression of proliferation and expression of the oncogene 

c-Myc, stem cell markers Lgr5 and Ascl2, and Paneth cell marker Mmp7 (Fig. 6f, Supplementary 

Fig. 7f), suggesting differential effects of abrogating MEK1/2 vs. ERK5 signaling depending on 

KRAS activity in 3D growth. The direct effects of MEK1/2 and ERK5 inhibition were validated by 

evaluation of c-Fos expression and immunoblotting for MAPK proteins (Fig. 6f, Supplementary 
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Fig. 7g). Thus, these data suggest that pharmacological abrogation of ERK5 can be exploited 

to target Wnt-driven intestinal tumor cell proliferation, and may be superior over MEK1/2 

inhibitors in CRC tumors depending on KRAS mutation status.

DISCUSSION
Here we show that ERK1/2 signaling in mouse intestinal epithelium is dispensable for cell 

proliferation, although it resulted in abnormal differentiation of enterocytes, wasting disease, and 

ultimately lethality (Fig. 1). Consistent with these findings, ERK1/2 were shown to be associated 

with the enterocyte brush border and activated upon RTK stimulation or feeding23, or electrical 

field stimulation in polarized epithelium24. This seems at odds with literature that suggests that 

maintained ERK1/2 signaling precludes enterocyte differentiation25,26. A possible explanation for 

this discrepancy could be that cycling IEC in the TA zone of the crypt require relatively high levels 

of active ERK1/2 − which is readily blocked by pharmacological intervention − whereas a transition 

to low level ERK1/2 activity in IEC migrating into the villus compartment promotes the absorptive 

enterocyte differentiation program, which is only perturbed upon complete genetic deletion of 

Erk1/2. Little is known about the role of ERK1/2 signaling in the life cycle of secretory cells in the 

gut. Migration and differentiation are functionally intertwined in the intestines, as demonstrated 

by the immature phenotype of mislocalized Paneth cells observed in ΔIEC mice (Fig. 2). Critical 

to epithelial cell migration is proper cytoskeleton reorganization mediated by the small GTPases 

of the Rho family, cell polarization regulated by Cdc42, and dynamic adhesion through cell-

matrix and cell-cell interaction via integrin/FAK/Src signaling27. The ERK1/2 module is used as a 

downstream effector of many of these pathways in the intestine, including Rho GTPases28, FAK29, 

and Src30, and has been suggested to promote cell motility29,31. RTK signaling also contributes to 

cell migration, for example, Eph-Ephrin receptor interactions are crucial for correct positioning of 

Paneth cells32. Ephrin receptor-induced epithelial cell migration has been shown to be mediated 

by Src and ERK1/2 activation33,34, which may explain the Paneth cell mislocalization observed in 

ΔIEC mice. In summary, the ERK1/2 module is indispensable for full maturation of both absorptive 

enterocytes and the secretory lineage (Supplementary Fig. 8a), confirming its crucial role in the 

integration of cellular cues required for determination of epithelial cell fate. 

An unexpected finding was the redundancy of ERK1 and ERK2 in the gut with regard to cell 

proliferation, which was compensated by ERK5 signaling. Genetic targeting of ERK1/2 in vitro 

previously showed that Erk2 knockdown is more effective than Erk1 knockdown in suppressing 

cell proliferation, although this may be related to higher expression levels of the former35. The 

effect of gene dosage was demonstrated in vivo by the observations that, while Erk1−/− mice 

are viable12 and Erk2−/− mice die in utero13, Erk2+/− mice are only viable when at least one copy 

of Erk1 is present. However, mice heterozygous (+/−) for both Erk1 and Erk2 alleles were born 

at lower than Mendelian ratio35. Deletion of Erk1/2 in adult skin tissue resulted in hypoplasia, 

which was associated with G2/M cell cycle arrest, without notable differentiation defects of 

keratinocytes36. These data differ from our observations in the intestines, which might be 

explained by incomplete and transient siRNA-mediated knockdown of ERK1/2 in primary 
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keratinocyte cultures36, compared to more efficient genomic deletion of Erk1 and Erk2 that is 

typically achieved by the Villin-Cre-ERT2 system14, possibly resulting in different outcomes.

Both ERK1/2 and ERK5 have been described to promote cell cycle progression, although 

they have different upstream signaling partners, MEK1/2 and MEK5, respectively1. Furthermore, 

ERK2 and ERK5 proteins share only about 66% sequence identity, and MEK5 is phosphorylated 

by MEKK2/3, which can also activate the p38 and JNK pathways37. The ERK5 pathway is classically 

activated by stress stimuli, in addition to mitogens; thus, it shares features of both the ERK1/2, and 

p38 and JNK pathways, respectively38. ERK5 induces expression of cyclin D139,40, and suppresses 

expression of cyclin dependent kinase (CDK) inhibitors41, thereby promoting G1/S-phase cell 

cycle progression. Importantly, the role of ERK5 in IEC differentiation and intestinal homeostasis is 

currently unknown. Knockout of Erk1/2 in IEC induced activity of ERK5, which was not detectable 

in naïve mice (Fig. 3). These data suggest that the ERK1/2 and ERK5 modules may share proximal 

signaling components. Although it was originally suggested that ERK5 signaling is independent 

of Ras42, other groups established that Ras, either through physiological signaling43, or by its 

oncogenic activity44,45, activates the MEK5-ERK5 signaling axis. Thus, rewiring of signaling networks 

downstream of RTK-Ras could explain the supraphysiological activity of ERK5 upon conditional 

deletion of Erk1/2 in the intestines. In fact, it has been shown that ERK1/2 signaling mediates 

negative feedback on ERK5 activity46, possibly through transcriptional activation of dual specificity 

phosphatases (DUSPs)47. Alternatively, ERK1/2-induced FOS-like antigen 1 (Fra-1) may negatively 

regulate MEK548. These data suggest that ERK5 is a default bypass route downstream of RTK-Ras 

and activated upon loss of ERK1/2-mediated repression, thereby ensuring the transduction of 

mitogenic signals to the nucleus (Supplementary Fig. 8b). Consistent with this concept, we found 

that ERK5 inhibition induces atrophy of Erk1/2−/− intestinal organoids (Fig. 4). In addition, important 

downstream transcriptional targets of ERK5 and ERK1/2 overlap, such as immediate-early gene 

Fra1 and oncogene c-Myc, whereas c-Fos and Egr1 were specifically induced by ERK1/2 (Fig. 6 and 

Supplementary Fig. 7). Specificity of ERK1/2 over ERK5 and other MAPK family members for the 

activation of c-Fos has been previously described49, demonstrating their differential biological 

output despite the shared ability to transduce potent mitogenic signals. 

Our findings may be relevant for the use of MAPK inhibitors in the treatment of colorectal 

cancer. Targeted therapy typically results in feedback activation of upstream players of the targeted 

kinase, which are then able to reactivate the same pathway, or utilize bypass signaling routes50. For 

example, upon activation, ERK1/2 phosphorylates EGFR, son of sevenless (SOS)51, and Raf52, thereby 

terminating upstream signaling activity. Knockout of Erk1/2 eliminates this negative feedback. 

Our data suggest that ERK5 is a putative resistance pathway in the context of targeted treatment 

with MEK1/2 or ERK1/2 inhibitors (Supplementary Fig. 8b). Importantly, whereas both treatment 

with the MEK1/2 and ERK5 inhibitor suppressed tumor growth in murine Apc−/− organoids, only 

the latter was able to inhibit the proliferation of Apc−/−;KRASG12V organoids (Fig. 6), which are more 

representative of human CRC. In line with this, suppression of ERK5 expression by forced expression 

of miR-143/145 inhibited intestinal adenoma formation in the ApcMin/+ model53, and activated MEK5 

correlated with more invasive CRC in human54. ERK5 has been previously reported to mediate 

resistance to cytotoxic chemotherapy-induced apoptosis55. The highly specific and bioavailable 
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ERK5 inhibitor, XMD8-92, has shown antitumor effects in multiple preclinical cancer models by 

inhibiting tumor angiogenesis, metastasis and chemo-resistance56. Furthermore, ERK5 inhibition 

does not induce feedback activation of upstream or parallel signaling pathways56. In conclusion, 

the ERK1/2 and ERK5 MAPK modules display a high degree of signaling plasticity in the intestinal 

epithelium, which has implications for targeted treatment of colorectal cancer. 

METHODS
Reagents. Tamoxifen, safflower oil, DL-dithiothreitol (DTT), DMSO and fluorescein 

isothiocyanate (FITC)-Dextran (FD-4) were purchased from Sigma. EDTA was obtained from 

Invitrogen. MEK1/2 inhibitor PD0325901 was obtained from Stemgent. ERK5 inhibitor XMD8-92 

was obtained from Santa Cruz Biotechnology.

Antibodies. Anti-β-catenin (9562), anti-cyclin D1 (2922), anti-phospho-ERK1/2 (T202/Y204; 

D13.14.4E), anti-ERK1/2 (137F5), anti-ERK5 (D23E9), anti-phospho-JNK (T183/Y185; 81E11), 

anti-JNK (9252), anti-MMP7 (3801), anti-phospho-p38 (T180/Y182; D3F9), anti-p38 (9212), anti-

phospho-p90RSK (T359/S363; 9344), anti-p90RSK1/2/3 (9347) and anti-PCNA (PC10) antibodies 

were obtained from Cell Signaling Technologies. Anti–β-actin antibody (AC-74) and anti-α-

Tubulin (T9026) came from Sigma, Alexa Fluor 488-conjugated claudin-1 (2H10D10) antibody 

from Invitrogen, anti-phospho-ERK5 (T218/Y220; 07-507) antibody from Millipore, anti-Ki67 

(GTX16667) antibody from Genetex, and anti-LYVE1 (ab33682) antibody from Abcam, anti-

mucin 2 (H-300) antibody and anti-ERK2 (C-14) antibody from Santa Cruz.

Cell culture, in vitro assays, and MTT. HCT116, DLD-1, Caco2, HT-29 and SW480 cell lines 

were cultured in high-glucose DMEM (Mediatech), supplemented with 4 mM glutamine, 50 

U/ml penicillin, 50 μg/ml streptomycin (all from Invitrogen) and 10% fetal calf serum. In some 

experiments, cells were pre-treated with PD0325901, XMD8-92 or DMSO (control) before Western 

blotting or cell viability assays. MTT assays were performed according to the manufacturer’s 

instructions (Sigma). In short, HCT116 cells were plated at 0.5×103 cells/well (triplicate) in a 

96-well plate (Corning) and MTT assays were performed on four consecutive days.

Mice. Eight-to-twelve-week-old mice bred in the animal facility of the Stein Clinical Research 

building at the University of California, San Diego were used for all experiments, except 

for Erk5fl/fl mice that were solely used for the generation of ex vivo intestinal organoids. To 

generate the Erk1−/−;Erk2fl/fl;Vil-CreERT2 mouse strain, Erk1−/−;Erk2fl/fl mice (a gift of Dr. S. Hedrick, 

UCSD) 13 were intercrossed with Vil-CreERT2 mice that express the CRE transgene under control 

of the IEC-specific Villin promoter which is inducible by tamoxifen14. Genotyping of the Erk1 

and Erk2 genes, as well as the CRE transgene, with gDNA obtained from intestinal epithelial 

cells, skin and spleen tissue was used to confirm the genotype of the mice. Erk1−/−;Erk2fl/

fl;Vil-CreERT2 mice were fertile and viable, and did not shown any overt phenotype without 

tamoxifen treatment. In order to induce recombination of the Erk2 gene (deletion of exon 

3) in IEC, mice were treated with tamoxifen (1 mg/mouse/day) dissolved in safflower oil for 5 
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consecutive days by oral gavage. Erk5fl/fl mice were generated by Dr. C. Tournier (University 

of Manchester, Manchester, UK)19,20, and transferred from Dr. Z. Xia’s laboratory (University of 

Washington, Seattle, WA). Gut barrier assays were performed with FITC-Dextran or by fecal 

albumin measurements with the Mouse Albumin ELISA kit (Bethyl Laboratories), as previously 

described57. All experimental procedures were conducted in accordance with the University of 

California, San Diego institutional guidelines for Animal Care and Use (IACUC).

Mouse blood analysis. Analysis of blood chemistry from blood plasma (albumin, globulin, total 

protein, liver enzymes, glucose, electrolytes, lipid spectrum) and hematological parameters 

(white blood cell, neutrophil, monocyte, red blood cell and platelets counts, hemoglobin) from 

EDTA blood were performed by the STAT Veterinary Lab, San Diego, CA. 

Intestinal epithelial cell (IEC) isolation. IEC isolation was performed as previously described58. 

Briefly, intestines were washed three times in PBS with 1 mM dithiothreitol, followed by 

incubation in HBSS with 5 mM EDTA and 0.5 mM dithiothreitol, and harvesting of epithelial cells. 

RNA extraction and Q-PCR. For the preparation of RNA samples from murine IEC, cell 

lysates were prepared with RLT buffer after IEC isolation procedures, and stored at -80°C 

until extraction. For RNA isolation from small intestinal organoid cultures, purified IEC were 

recovered from Matrigel using the BD Cell Recovery Solution following the manufacturer’s 

instructions and cell lysates were prepared with RLT buffer. RNA extraction was performed with 

the RNeasy Mini Kit (Qiagen), followed by cDNA synthesis with the qScript cDNA superMix kit 

(Quanta Biosciences). Q-PCR was performed on the AB7300 Real-Time PCR System (Applied 

Biosystems) using PerfeCta SYBR Green FastMix (Quanta Biosciences). Oligonucleotide 

sequences for Q-PCR were custom designed with NCBI Primer-BLAST and synthesized by IDT 

Technologies (see Supplementary Table 1). For selected experiments, PCR products were run 

in TAE buffer on 2% agarose gels and visualized with SYBR Safe DNA (Invitrogen).

Intestinal organoid culture. Small intestinal organoids were generated following published 

protocols18, and as previously described58. Briefly, intestinal organoids were grown in Advanced 

DMEM/F12 Reduced Serum Medium supplemented with 2 mM Glutamax, 10 mM HEPES, 100 U/

ml penicillin and 100 μg/ml streptomycin, B27 and N2 supplements, 50 ng/ml mEGF (all from 

Invitrogen), 100 ng/ml mNoggin (PeproTech), and 10% (v/v) RspoI conditioned medium from 

293T-HA-RspoI-Fc cells (kindly provided by Dr. C. Kuo, Stanford University). Matrigel (GFR) 

came from BD Biosciences. For experiments with Erk5−/− intestinal organoids, small intestines 

were harvested from Erk5fl/fl mice19,20, and stable organoid lines were generated. These were 

then transduced with Cre-ERT2 retrovirus (Addgene plasmid 22776)59 with a selectable marker 

(puromycin) following published protocols60. After transduction and puromycin selection, 

organoids were used for experiments with tamoxifen and/or PD0325901 treatment. For 

experiments with Apc−/− intestinal organoids, small intestines were harvested from Apcfl/

fl mice21, and stable organoid lines were generated. To delete the floxed Apc alleles, these 

organoids were infected with Adeno-Cre virus as previously described61. For experiments with 

Apc−/−;KRASG12V intestinal organoids, Apc−/− intestinal organoids were transduced with KRASG12V 
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lentivirus (Addgene plasmid 35633)62 with a selectable marker (hygromycin) following published 

protocols63. After transduction and selection, Apc−/− and Apc−/−;KRASG12V intestinal organoids 

were used for experiments with PD0325901 and/or XMD8-92 treatment.

Immunohistochemistry and in situ hybridization (ISH). Immunohistochemistry was 

performed as described previously58. Briefly, 4- to 6-μm paraffin sections from murine small 

or large intestinal tissues were incubated with optimized dilutions of anti-Ki67 or anti-MMP7 

antibodies (overnight, 4°C), followed by detection with biotinylated secondary Abs (1 hr at 

room temperature) and horseradish peroxidase-streptavidin conjugates (Jackson; 30 min at 

room temperature), followed by addition of 3,3’-diaminobenzidine (DAB; Vector Laboratories). 

Counterstaining was performed with Hematoxylin 560 (Surgipath). Alcian Blue (American 

MasterTech) and alkaline phosphatase (Vector Laboratories) stainings were performed 

according to the manufacturer’s instructions. Oil red O stainings were performed by treating 

paraffin sections with 60% isopropanol, followed by staining with Oil red O for 15 min, followed 

by rinsing with 60% isopropanol and hematoxylin counterstaining. For BrdU pulse-chase 

experiments, mice were injected with BrdU (2 mg i.p.) at 2, 24 or 48 h before analysis. The 

BrdU In-Situ Detection Kit (BD) was used for detection of BrdU-labelled cells according to 

the manufacturer’s instructions. Quantification of BrdU+ cells along the crypt-villus axis was 

performed following published methods11,64. ISH was performed to detect Cryptdin-1 expression 

to visualize Paneth cells in small intestinal sections, as previously described65,66. 

Immunofluorescent (IF) staining and confocal microscopy. IF staining and confocal imaging 

was performed as described previously58,67,68, by using Alexa Fluor (AF) 488 conjugated primary 

antibodies with or without AF 546–conjugated phalloidin and Hoechst 33258 (Invitrogen) 

counterstaining. In some cases, AF 488–conjugated secondary antibodies were used for 

visualization of the primary target (Molecular Probes). For immunofluorescent stainings of 

intestinal organoids, the cells were fixed in Matrigel, followed by incubation with optimized 

dilutions of primary Abs and detection with AF488–conjugated secondary antibody. 

Fluorescence images were acquired using a 20× air or 63× oil-immersion objectives on a 

confocal laser-scanning microscope (Olympus IX81).

Flow cytometry. FACS analysis of intestinal epithelial cells was performed as described 

previously11,67,68. Propidium iodide (PI) stainings were performed with the FxCycleTM PI/RNase 

Staining Solution (Molecular Probes) following the manufacturer’s instructions. Samples were 

run on a BD AccuriTM C6 flow cytometer.

Transmission electron microscopy (TEM). TEM was performed by using a Zeiss EM10C 

electron microscope with a Gatan 785 11 megapixel digital camera at the Microimaging Core 

Facility (VA San Diego Healthcare Systems Hospital). Mouse small intestinal samples were fixed 

with 2% paraformaldehyde with 2.5% glutaraldehyde, embedded in epoxy 812 and sectioned 

with a Reichert Ultracut ultramicrotome for placement on TEM grids.

Statistical analysis. Data are represented as mean ± s.e.m. P values are stated in the figure legends; a 

P value <0.05 was considered significant. Unpaired Student’s t test was used for statistical analyses to 
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compare two data sets with normal distribution, Mann-Whitney U test was used for nonparametric 

data, analysis of variance was used to compare multiple data sets, log-rank analysis was applied for 

survival curves. All statistical tests were performed with Prism 5.0 (GraphPad, La Jolla, CA). 
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Supplementary Figure 1. Validation of genetically engineered Erk1−/−;Erk2fl/fl;Vil-CreERT2 mice. a, Erk1−/−;Erk2fl/fl or 
Erk1−/−;Erk2fl/fl;Vil-CreERT2 mice received 5 consecutive treatments with vehicle or tamoxifen (1 mg/day by gavage) 
and were killed at day 10. b, Genotyping of Erk1 and Erk2 in various tissues from WT or Erk1−/−;Erk2fl/fl;Vil-CreERT2 

mice treated with vehicle or tamoxifen. c, Erk1−/−;Erk2fl/fl mice with or without transgene (Vil-CreERT2) were treated 
as in a. Immunoblotting for indicated proteins with lysates of IECs (isolated from duodenum, ileum or colon) or 
splenocytes. β-catenin, an IEC marker. β-actin, a loading control. 
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Supplementary Figure 2. Intestinal and metabolic consequences in Erk1/2ΔIEC mice. Comparisons between fl/fl 
and ΔIEC mice littermates performed at day 10 of follow-up after tamoxifen treatment. a, Moribund phenotype 
of ΔIEC mice compared with fl/fl littermates. Representative examples are shown. b, Macroscopic appearance 
of the small intestine and colon. Sites of macroscopic bleeding in the ileum and colon are indicated by arrows. 
c, Length of the small intestine. d, e, Serum was analyzed for: total protein levels (d), and alkaline phosphatase 
(ALP) levels (e). f, Fecal smears stained with Oil red O (representative examples from each group). g, Lymphocyte 
counts in peripheral blood samples. h, Albumin levels measured in stool samples. i, Elektrolyte levels measured 
in serum. j, Triglyceride and cholesterol levels measured in serum. k, Gut barrier assay by oral administration of 
FITC-Dextran (FD-4) and measurement of FD-4 in peripheral blood. Data are represented as box-and-whiskers 
plots (c, g-h, k), or scatter plots with mean ± s.e.m. (d-e, i-j). *P<0.05 and **P<0.001 by Student’s t test.
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Supplementary Figure 3. Intestinal abnormalities in Erk1/2ΔIEC mice. a, Lipid staining with Oil red O of paraffin-
embedded sections from small intestine prepared from fl/fl and ΔIEC mice. Counter staining with hematoxylin. 
Representative examples are shown. b, Immunofluorescent staining of paraffin-embedded sections from the 
small intestine for lymphatic vessel endothelial hyaluronan receptor lymph marker (LYVE-1) and an IEC marker, 
Claudin-1. Ileum tissues were prepared from fl/fl and ΔIEC mice; representative examples are shown. c, Alkaline 
phosphatase staining of ileum sections from fl/fl and ΔIEC mice. Scale bars represent 100 μm (a-c). 
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Supplementary Figure 4. Abnormal secretory cell differentiation in Erk1/2ΔIEC mice. Comparisons between fl/
fl and ΔIEC mice littermates performed at day 10 of follow-up after tamoxifen treatment. a, Alkaline phosphatase 
staining of paraffin-embedded ileum sections. Representative results are shown. b, Immunofluorescent staining 
of paraffin-embedded ileum sections for Muc2. Analysis by fluorescence microscopy. c, Immunohistochemical 
staining of ileum sections with Alcian blue and anti-MMP7 antibodies, detected with DAB (brown). Open arrowheads 
indicate MMP7 positive cells at the crypt base; closed arrowheads indicate the most proximal Alcian blue positive 
staining cells along the crypt-villus axis. d, Enumeration of goblet and Paneth cells by semi-quantitative, blinded 
scoring in ileum sections from fl/fl and ΔIEC mice (n=3 for each condition). Data are mean ± s.e.m. *P<0.05 by 
Student’s t test. e, Top panels: visualization of cells residing in the crypt bottom in fl/fl mice by using transmission 
electron microscopy (TEM). Crypt outlines are indicated by dashed lines in top two panels (4000× and 3150× 
magnification, respectively). Bottom panels: high magnification images of a typical goblet (GC) and Paneth cell 
(PC) found in fl/fl mice. Dashed lines indicate granules, arrowheads indicate typical electrodense cores observed 
in mature cells (20000× magnification, TEM). f, Representative examples of the abnormal features of goblet cells 
and Paneth cells, respectively, typically found in ΔIEC mice. Scale bars represent 100 μm (a-c), or as indicated (e-f).

Supplementary Figure 5. Erk1/2ΔIEC mice display a hyperproliferative phenotype. a, Immunohistochemical 
staining with paraffin-embedded ileum sections from fl/fl and ΔIEC mice, 10 days after tamoxifen treatment, for 
Ki67. Counter staining with hematoxylin. b, Immunofluorescent staining with paraffin-embedded colon sections 
from fl/fl and ΔIEC mice, as in a, for Ki67. c, Enumeration of the number of Ki67 positive cells in the colons of fl/fl 
and ΔIEC mice, respectively. Data are mean ± s.e.m. *P<0.05 by Student’s t test. Scale bars represent 100 μm (a, b). 
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Supplementary Figure 6. Genetic deletion of Erk1/2 in intestinal organoids w/wo ERK5 inhibition. a, Full images 
of intestinal organoids generated from ΔIEC mice and treated with EtOH or tamoxifen (0.5 μM ), as shown in Fig. 
4a. Scale bar represents 100 μm. b, c, Analysis of Erk2 transcript levels in ΔIEC organoids after EtOH or tamoxifen 
(0.5 μM) treatment. PCR products were visualized by gel electrophoresis together with Gapdh (b). Quantification 
of Erk2 expression in fl/fl and ΔIEC organoids by Q-PCR, normalized for Gapdh (c). d, Budding, growth and 
morphological characteristics of fl/fl and ΔIEC organoids after ex vivo treatment with EtOH or tamoxifen (0.5 μM) 
on day 1 and 2. e, f, ΔIEC organoids were treated with EtOH or tamoxifen (0.5 μM), with or without co-treatment 
with the ERK5 inhibitor, XMD8-92 (10 μM), respectively. Treatment was started 2 days after organoid passing for 
2 consecutive days. Organoids were analyzed on day 5 of culture. Analysis of Erk2 transcript expression by Q-PCR 
(n=2-3/group) with organoid lysates (e). Data are mean ± s.e.m. **P<0.01 versus control (EtOH) or as indicated, by 
ANOVA. Intestinal organoids with or without co-treatment were imaged by live-cell brightfield microscopy (f). 
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Supplementary Figure 7. Dual inhibition of ERK1/2 and ERK5 pathways inhibits intestinal tumor proliferation. 
a, Representative examples of propidium iodide staining of HCT116 cells after treatment with DMSO, PD0325901 
(100 nM), XMD8-92 (10 μM) or PD0325901 (100 nM) + XMD8-92 (10 μM), as in Fig. 6b. Cell were analyzed by flow 
cytometry. b, Left two panels: Morphological characteristics of small intestinal organoids generated from wild-type 
mice, or Apcfl/fl mice and transduced ex vivo with Adeno-Cre (Apc−/−), respectively. Right panel: Morphological 
features of Apc−/− organoids that were transduced with KRASG12V expressing lentivirus ex vivo. Organoids were 
visualized by live-cell brightfield microscopy on day 5 after passage. c, d, Intestinal organoids generated from 
Apc−/− mice were treated with DMSO, PD0325901 (20 nM), XMD8-92 (10 μM) or PD0325901 (20 nM) + XMD8-92 (10 
μM) for 5 days. Organoid cell lysates were analyzed by Q-PCR (n=3/condition) for intestinal stem cell markers, Lgr5 
and Ascl2, the Paneth cell marker, Mmp7, and the immediate-early gene, Egr1 (c). Protein samples were analyzed 
by immunoblotting for indicated proteins (d). e, Immunoblotting of protein samples isolated from CRC lines 
Caco2, DLD-1, HCT116, HT-29 and SW480 after treatment with DMSO or XMD8-92 (10 μM) for 3 days. f, g, Intestinal 
organoids generated from Apc−/− mice were transduced with KRASG12V expressing lentivirus, and treated with DMSO, 
PD0325901 (20 nM), XMD8-92 (10 μM) or PD0325901 (20 nM) + XMD8-92 (10 μM) for 5 days. Organoid cell lysates 
were analyzed by Q-PCR (n=3/condition) as in c (f), whereas protein samples were analyzed by immunoblotting 
for indicated proteins (g). Data are mean ± s.e.m. *P<0.05, **P<0.001 versus DMSO or as indicated, by ANOVA (c, f).
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Supplementary Figure 8. Model of the relative roles of ERK1/2 and ERK5 in intestinal homeostasis and 
tumorigenesis. a, When the ERK1/2 pathway is intact, extracellular cues that are transduced via RTKs or GPCRs 
activate Ras under physiological conditions, or alternatively, Ras is constitutively active in colorectal cancer 
(RasΔ*), which preferentially activates the Raf-MEK1/2-ERK1/2 module. The nuclear and transcriptional targets of 
ERK1/2 are crucial for enterocyte and secretory cell differentiation, IEC migration, as well as cell proliferation under 
homeostatic or oncogenic conditions. Importantly, ERK1/2 activation also results in the activation of negative 
feedback mechanism, which suppresses its upstream kinases (e.g. RTKs, SOS, Raf) and activates dual specificity 
phosphatases (DUSPs), resulting in the silencing of the ERK5 module. b, Upon abrogation of MEK1/2 or genetic 
knockout of Erk1/2, the lack of negative feedback mechanisms (i.e., feedback activation) results in upregulation 
of the Ras-Raf-MEK5-ERK5 module which maintains cell proliferation under physiological conditions, or results in 
continued tumor cell proliferation in colorectal cancer, respectively. However, the lack of activation of ERK1/2-
specific targets results in differentiation and migration defects of intestinal epithelial cells under physiological 
conditions, resulting in malabsorption, wasting disease and mortality. Compensatory upregulation of the ERK5 
pathway can be reversed by targeted treatment with its specific inhibitor, XMD8-92.

RTK 

  

GPCR 

Ras 

Raf 

MEK1/2 

ERK1/2 

ERK1/2 

MEK5 

ERK5 

Activation 

Cell 
cycle 

Ras * 

Enterocyte 
differentiation 

Secretory cell 
differentiation 

IEC migration 
IEC proliferation 

Intestinal    
  epithelial  
    cell 

a 

b 

Grb2 
SOS 

Negative feedback 

Raf 

MEK1/2 

Erk1/2  

MEK5 

ERK5 

Cell 
cycle 

Ras * 

Enterocyte 
differentiation 

Secretory cell 
differentiation 

Grb2 
SOS 

PD0325901 

ERK5 

ERK1/2 transcriptional 
targets 

ERK5 transcriptional 
target 

Ras * Oncogenic Ras mutant 

IEC migration IEC proliferation 

Tumor cell growth 

Tumor cell growth 

Ras 

DUSP 

XMD8-92 

302



ERK5 RESCUES ERK1/2 ABROGATION IN THE GUT

1

2

3

4

5

6

7

8

9

10

11

12

13

&

Supplementary Table 1. Primer sequences.

Gene Accession number(s) Sequence 5’-3’

18S rRNA X00686.1 TTGACGGAAGGGCACCACCAG 
GCACCACCACCCACGGAATCG

Ascl2 NM_008554 CCGGAGCATGGAAGCACACCTTG
AGGACTCCCTAGGGCACGCG

c-Fos NM_010234.2 ACCATGATGTTCTCGGGTTTC 
GCTGGTGGAGATGGCTGTCAC

c-Myc NM_001177353.1 
NM_010849.4

TGGTGTCTGTGGAGAAGAGGCAAA
TTGGCAGCTGGATAGTCCTTCCTT

Egr1 NM_007913 GTGTGCCCTCAGTAGCTTC
GACATCAATTGCATCTCGGC

Fra1 (Fosl1) NM_010235.2 CCCTACCGAACATCCAGC
TTGGCACAAGGTGGAACT

Gapdh NM_001289726.1 
NM_008084.3

TCAACAGCAACTCCCACTCTT 
ACCCTGTTGCTGTAGCCGTAT

Lgr5 NM_010195.2 TGAGCGGGACCTTGAAGATTTCCT 
AGCCAGCTACCAAATAGGTGCTCA

Mapk1 (Erk2) NM_011949.3  
NM_001038663.1

TGCGCTTCAGACATGAGAAC 
TGAGGTGCTGTGTCTTCAAG

Mapk7 (Erk5) NM_011841.2  
NM_001291033.1 
NM_001291034.1 
NM_001291035.1  
NM_001291036.1

TCAAAGCTGCCCTGCTCAAG 
TCTCTTCTCGTTCTCGCTGG

Mmp7 NM_010810.4 AACACTCTAGGTCATGCCTTCGCA 
AGACCCAGAGAGTGGCCAAA

Mki67 NM_001081117.2 TGCCCGACCCTACAAAATG 
GAGCCTGTATCACTCATCTGC
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PART I. REGULATION OF INFLAMMATION  
IN THE STERILE COMPARTMENT
Inflammatory events are differentially regulated depending on the biological context. For example, 

the activation of pattern recognition receptors (PRR) on immune cells in a sterile environment 

results in the potent induction of inflammatory responses. In contrast, similar stimuli in non-

sterile tissues are unable to do so. This is the case for immune cells residing near body surfaces 

that harbor vast microbial communities, such as the gut1,2. This is the basis for immune tolerance. 

It is associated with constitutive activation of immunoregulatory mechanisms, including the 

phenomenon known as endotoxin tolerance3. This implies that cells in the peripheral blood, 

i.e. sterile circulation, are a suitable model to study the kinetics and mechanisms of immune 

regulation as they are part of our non-tolerant immune apparatus. We have previously shown 

this for innate4 and adaptive immune systems5 in the course of cardiac surgery. This human 

model provides a unique opportunity to sample cells and plasma components in different phases 

of systemic inflammation in patients with a healthy immune system, as reviewed in chapter 2. 

Here we proposed a hypothetical model of compartmentalized immune regulation in local 

versus systemic inflammation mediated by an endogenous alarmin, Hsp70. Findings in our 

cardiac surgery studies do not require extrapolation from mice to man and are therefore of high 

translational value. The suitability of rodent models, particularly in the research field of systemic 

inflammation and sepsis, has been recently challenged6. Indeed, a detailed comparison of the 

murine versus human immune system displays major differences7. Although the report by Seok 

et al. has raised considerable controversy and certainly did not disqualify research performed 

in experimental models8-11, it succeeded in pointing out that human is the best model to study 

human disease. To paraphrase Nobel Laureate Sydney Brenner: we should at the very least “study 

humans in a dish”; our in vivo human model abides to this concept.

We describe in chapter 3 how plasma components, which are part of the ‘cytokine storm’ 

in systemic inflammation, negatively regulate the response of peripheral monocytes to Toll-like 

receptor (TLR) signals. For this study, we recruited pediatric patients with simple cardiac defects 

with or without pre-operative administration of dexamethasone. All patients showed remarkably 

similar inflammatory kinetics, including transient increases in neutrophils, monocytes and 

cytokines (e.g. IL-6, IL-8, TNF-a and IL-10). Interestingly, we did not find any evidence for 

endotoxin tolerance by monocytes in the peripheral blood mononuclear cell (PBMC) population 

after stimulation with lipopolysaccharide (LPS) in the absence of patient plasma. In contrast, 

pro-inflammatory cytokine production by monocytes after LPS stimulation was blunted in whole 

blood or plasma isolated after surgery, suggesting that post-operative plasma components 

mediate suppression of monocyte activation. Thus, an immunosuppressive environment 

is created in the circulation after surgery. Although the pre-operative administration of 

corticosteroids enhanced the general anti-inflammatory qualities of patient plasma, this was 

independent of the rapid induction of endogenous, immunosuppressive plasma mediators post-

surgery. Treatment with patient plasma did not affect signaling pathways downstream of TLR. 

Rather, neutralizing extracellular IL-10 or blocking intracellular STAT3 reversed the suppressive 
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properties of post-operative plasma. Together, these data suggest that the IL-10/STAT3 signaling 

axis is a crucial mechanism to prevent overactivity and exhaustion of circulating innate immune 

cells in the course of systemic inflammation (Figure 1). This is an example of intrinsic adaptation 

of human monocytes to powerful immune stimuli in a clinical context.

From sepsis to cardiac surgery
Critically ill patients often have clinical symptoms of a systemic inflammatory response 

syndrome, in some cases with the presence of an infection in the bloodstream (sepsis). 

The lack of causative treatment, the often rapid clinical deterioration and failure to clear 

infections due to defective innate and adaptive immune responses leads to a high mortality 

of patients with severe sepsis or septic shock12,13. This is often related to a progression to multi-

organ dysfunction syndrome (MODS) at the most severe end of the spectrum14. In clinical 

practice, this has led to the establishment of early, goal-directed treatment (EGDT). EGDT is 

aimed to optimize circulatory parameters (central venous pressure, central venous oxygen 

saturation, mean arterial pressure) through prompt fluid resuscitation, blood transfusion and 

the administration of vasopressors and inotropes15. Despite successes more than a decade 

ago, this approach did not improve survival in (early) severe sepsis in more recent trials when 

compared to standard ICU care16,17. Thus, the mortality in severe sepsis is still too high: between 

30-40%13. Novel ideas and treatment modalities are needed to improve the outcome of these 

patients. The inflammation associated with on pump cardiac surgery can generate clues on 

the dysregulation of the inflammatory balance that occurs in sepsis. It must be noted that an 

infectious component is lacking in the latter, which is an important factor in the pathogenesis 

of sepsis and therefore a limitation of our human model. 

Figure 1. The rapid release of cytokines during pediatric open heart surgery. The anti-inflammatory cytokine 
IL-10 dominates the cytokine storm after on pump cardiac surgery. Post-operative plasma samples have dramatic 
immunosuppressive effects on human monocytes in functional assays, which was blocked by neutralization of 
IL-10 or inhibition of intracellular STAT3.
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Modulation of systemic inflammation: past, present and future
The therapeutic approach in open heart surgery to limit systemic inflammation traditionally 

involved the use of corticosteroids18,19, or aprotinin20,21, but both drugs lack clinical efficacy 

and are associated with adverse events. Alternative approaches include methods of 

manipulating cells and plasma during surgery, such as auto-transfusion after blood processing, 

hemofiltration, leukocyte filtration or technical improvements of the extracorporeal circuit. 

Other experimental pharmacological approaches include agents with anti-coagulant and 

anti-inflammatory properties (heparin, antithrombin-III, aspirin), inotropic agents with anti-

inflammatory effects (phosphodiesterase-III inhibitors, dopexamine), ketamine, calcitriol, 

angiotensin converting enzyme inhibitors, H
2
 antagonists or anti-C5a monoclonal antibodies. 

However, none of these approaches have produced unambiguous, satisfactory results in 

pediatric cardiac surgery populations22. Accordingly, clinical trials with activated protein 

C23,24, antithrombin25-27, or calcitriol28, heretofore the most promising interventions for sepsis, 

proved to be unsuccessful. Thus, novel insights in the pathogenesis and dysregulation of 

systemic inflammatory responses may lead to novel, first-in-class treatment modalities for the 

prevention or treatment of the inflammatory dysregulation associated with sepsis. 

We showed that STAT3 is an important integrator of anti-inflammatory stimuli in human 

monocytes. STAT3 is rapidly activated in inflammatory cells29-31, and various organs (e.g. liver, 

heart)32-35, during systemic inflammation. The capability of STAT3 to inhibit LPS-induced TNF-a 

production is correlated with upstream signaling through JAK1 and the intracellular IL-10 

receptor α chain36. The negative regulatory effect of IL-10/STAT3 signaling appears to be 

transient compared to negative regulators such as IRAK-M37, consistent with the lack of long-

lasting immunosuppression we observed after cardiac surgery. Furthermore, the regulatory 

effects of IL-10/STAT3 signaling is achieved through selective suppression of pro-inflammatory 

transcripts, not by general immune suppression38. Approaches to promote STAT3 activity could 

suppress inflammatory activity, whereas STAT3 inhibitors may potentially reverse a prolonged 

state of immunoparalysis. The former would be useful in the early (pro-inflammatory) phase, 

whereas the latter would be relevant for the chronic (anti-inflammatory) phase in sepsis. 

Thus, timing is everything. It must be noted though that despite promising data in preclinical 

models, IL-10 failed in clinical trials to treat inflammatory disorders such as Crohn’s disease39. 

Furthermore, the administration of high doses of IL-10 can induce pro-inflammatory effects in 

human40. These data suggest that other methods of altering this signaling axis may be required 

to modulate the immune suppression in patients at risk. Manipulation of the JAK/STAT3 pathway 

is most likely more potent than conventional pharmacological agents such as steroids41, with 

less anticipated side effects. The effects of STAT3-activating cytokine IL-6, which is a prognostic 

biomarker in sepsis42,43, should also be taken into account in this context. For example, data 

from animal models support that inhibiting JAK2, a signal transducer downstream of IL-6 and 

upstream of STAT3, protects against the deleterious effects of the hyperinflammatory response 

in sepsis44,45. Finally, promising immunomodulatory interventions in the field that require further 

clinical testing include the administration of serine protease inhibitors such as ulinastatin46-48, 

blockade of IL-1749, abrogation of high-mobility group box 1 protein (HMGB1)50, or targeting of 
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hypoxia inducible factor (HIF)-1α51. Restoration of (adaptive) immune responses – i.e. reversal 

of immunoparalysis – is another important goal in sepsis. The administration of recombinant 

IFN-γ52, IL-7, IL-15 or granulocyte-macrophage colony stimulating factor (GM-CSF) as well as 

anti-PD-1 immunotherapy may reverse the immunoparalysis that complicates the natural 

course of sepsis53. This could potentially reduce the risk of nosocomial infections in sepsis. The 

modulatory pathways from the past, present and future are summarized in Figure 2.

The (ir)rationale for corticosteroids during cardiac surgery
Finally, a direct translational implication of our findings is the lack of a rationale for the administration 

of corticosteroids in patients undergoing on pump cardiac surgery. The release of anti-

inflammatory IL-10 and its strong effects on the inhibition of TLR-induced cytokine production by 

innate immune cells is not affected by steroid treatment. Thus, the endogenous anti-inflammatory 

response induced by open heart surgery may be potent enough to prevent uncontrolled systemic 

inflammation, thereby making the administration of corticosteroids redundant. Older studies stated 

that corticosteroids suppress the release of pro-inflammatory cytokines in open heart surgery, 

such as TNF-a and IL-654. Others also reported a decrease in inflammatory cytokines (TNF-a, IL-6, 

C3a) and even an improved clinical outcome due to pre-operative steroid administration55, as well 

as cardioprotective effects56,57. A more recent retrospective analysis found a correlation between 
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Figure 2. Modulatory pathways in systemic inflammation, sepsis or septic shock. Potential pathways that upon 
abrogation might exert beneficial effects on inflammation and clinical outcome are shown in RED on the left. 
Pathways in GREEN on the right represent immuno-stimulatory interventions that could potentially reverse the 
prolonged immunoparalysis in systemic inflammation or sepsis. The strategies in BLACK show past approaches 
that generally have failed in clinical trials.
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steroid use and shorter duration of hospital and ICU stay, and improved pulmonary outcome in 

high risk pediatric patients that underwent open heart surgery58. A recent randomized clinical 

study showed that in pediatric patients that underwent surgical correction of Fallot’s tetralogy, the 

use of corticosteroids resulted in a reduced risk of bacteremia albeit there was an increased risk of 

hyperglycemia59. Enhanced blood glucose levels as a result of steroid administration during neonatal 

cardiac surgery were also reported in another clinical trial. In this study, significantly lower cytokine 

levels (IL-6, IL-8, IL-10) were measured in the corticosteroid group, although this was not correlated 

with a favorable outcome compared to the placebo group60. In contrast, others reported a worsened 

pulmonary status due to steroid administration prior to on pump cardiac surgery61. A conclusion 

from these studies could be that neither plasma cytokine levels nor bacteremia are predictive for 

clinical outcome. Needless to say, the use of steroids in pediatric cardiac surgery is still controversial, 

although comprehensive meta-analyses and large multi-center analyses did not provide evidence 

for clinical efficacy in either pediatric patients19,62, or adults63-65. Together with our data – which 

suggest that endogenous anti-inflammatory responses are sufficient to prevent hyperinflammation 

after surgery – this argues against a clinical benefit of steroids. Given the aforementioned adverse 

effects of these drugs, the ‘first, do no harm’ precept therefore implies that omitting steroids in the 

clinical management of infants that undergo open heart surgery is warranted. 

PART II. REGULATION OF NON-STERILE 
INFLAMMATION IN THE GUT
The systemic circulation and the gut are, immunologically speaking, very different organs. Despite 

their differences, there is considerable crosstalk between these systems, as summarized in chapter 

4. In contrast to splenic leukocytes, the intestinal microenvironment is characterized by tolerant 

immune responses. The failure of immune homeostasis in the gut can result in inflammatory bowel 

disease (IBD) in subjects with a genetic predisposition66-68. The protective role of signaling by PRR 

in colitis, including members of the TLR and NOD families, has been established in recent years69,70. 

In contrast, the mechanistic role of members of the transient receptor potential (TRP) cation 

channel family has remained elusive, though they are widely expressed in the gastrointestinal 

tract71,72. This field started off by the observation that the expression of transient receptor 

potential cation channel, subfamily V, member 1 (TRPV1) was increased on sensory neurons in 

colons of IBD patients73. Indeed, the expression of TRPV1 on mucosal fibers in the colonic mucosa 

and submucosa has been well documented74-76. Despite these recent advances, the consequence 

of TRP channel gating in the context of colitis, as well as their putative role in non-neuronal cells77, 

is unclear. These topics were addressed in this thesis and discussed below.

In chapter 5, we demonstrated a role for the TRPM8 (melastatin 8) channel in regulating 

innate immune responses via the immunoregulatory peptide, calcitonin gene-related peptide 

(CGRP). We found an increased susceptibility of Trpm8−/− mice to acute dextran sodium sulphate 

(DSS) induced colitis. This was associated with hyperinflammatory TLR responses of dendritic cells 

isolated from Trpm8−/− mice. This was not due to intrinsic TRPM8 signaling in immune cells. Rather, 
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we found expression of TRPM8 on mucosal neurons in the colon, which was increased in colitis. 

These TRPM8+ neuronal fibers co-expressed CGRP, a neuropeptide with potent anti-inflammatory 

properties. The expression of this neuropeptide was increased in Trpm8−/− mice, suggesting that 

channel activity by TRPM8 is required for the release of CGRP in the colonic mucosa. Our findings 

led to a hypothetical model in which the activation of TRPM8 after colonic injury, possibly due 

to potentiation of the channel by endogenous lysophospholipids, results in the local release of 

CGRP. This regulatory systems dampens the production of pro-inflammatory cytokines by innate 

immune cells in the colonic mucosa, thereby promoting a return to homeostasis. 

Although TRPM8 function was associated with mucosal neurons, we describe in chapters 6 

and 7 that TRPV1 signaling in lymphocytes plays an important role in chronic colitis. We found that 

triggering of the T-cell receptor (TCR) on CD4+ T-cells induced TRPV1-mediated Ca2+ influx. This was 

linked to Lck-mediated phosphorylation of TRPV1, downstream of TCR-activation, which potentiates 

channel opening. TRPV1 in T-cells functions as a non-store operated Ca2+ channel, and was required 

for the full activation of nuclear factor of activated T-cells (NFAT) and pro-inflammatory cytokine 

production after TCR triggering. The latter was demonstrated with CD4+ T-cells from mouse and 

human. Furthermore, deficiency for TRPV1 resulted in a reduced response to antigen-specific TCR 

stimulation. Accordingly, Trpv1−/− T-cells failed to induce colitis in the adoptive transfer model. These 

data demonstrate a cell-intrinsic role for TRPV1 in CD4+ T-cells in which TRPV1-mediated Ca2+ influx is 

required for the full activation of colitogenic properties of these cells.

Whereas TRPV1 can be considered as a pro-inflammatory channel, we describe an anti-

inflammatory role for TRPA1 in CD4+ T-cells in chapter 8. The phenotype of Trpa1−/− mice, with 

regard to the generation of T-cell responses and susceptibility to colitis, was the opposite of that 

of Trpv1−/− mice. For example, TRPA1 deficiency accelerated the development of spontaneous 

colitis in the Il10−/− model, coinciding with enhanced levels of pro-inflammatory cytokines in 

CD4+ T-cells isolated from the colon. Furthermore, adoptively transferred naïve T-cells from 

Trpa1−/− mice induced an exacerbated colitis compared to wildtype controls. Mechanistically, 

this was associated with cell-intrinsic signaling by TRPA1 in CD4+ T-cells. We found that Trpa1−/− 

T-cells showed enhanced activity of the TRPV1 channel, increased TCR-induced Ca2+ influx, 

enhanced production of T
h
1 cytokines and hyperactive antigen-specific CD4+ T-cell responses. 

These findings led to a model in which TRPV1 mediated Ca2+ influx results in TRPA1 gating, which 

subsequently inhibits further pro-inflammatory activity of the former TRP channel. Thus, TRPA1 

acts as an intrinsic immune regulator in CD4+ T-cells. 

Collectively, our in findings assign new roles to TRP channels in the regulation of inflammation 

in either acute (TRPM8) or chronic colitis (TRPV1 and TRPA1). Whereas the former is associated 

with TRP signaling in mucosal neurons, the latter described cell-intrinsic functions in adaptive 

immune cells. A pro-inflammatory role for TRPV1 has been previously demonstrated in the 

acute DSS colitis model by various groups, which was associated with neuronal signaling78-83, a 

concept known as neurogenic inflammation84,85. Complementary to this, we provide evidence in 

chapter 5 for a mechanism of negative feedback in acute intestinal inflammation by a neurogenic 

TRPM8-CGRP axis (summarized in Figure 3). Neuronal networks in the mucosa are unique in 

the sense that they can deliver pro- and/or anti-inflammatory mediators directly at the site of 
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Figure 3. Regulation of intestinal inflammation by TRPM8-CGRP signaling. TRPM8 is expressed by mucosal fibers 
that innervate the submucosa and mucosa of the gut. Upon tissue damage, these fibers are activated and release 
CGRP in the tissue microenvironment. CGRP exerts immunosuppressive effects on innate immune cells, such as 
dendritic cells, macrophages and neutrophils in the lamina propria.

damage where these neurons are triggered85. The rapid activation of TRP channels on sensory 

neurons results in the release of pre-stored neuropeptides. These include substance P, which 

is mainly pro-inflammatory in the colon86-88, and CGRP, which is mainly anti-inflammatory88-90. 

These neuropeptides have direct functional effects on inflammatory and epithelial cells91.

Mucosal fibers that express polymodal receptors – such as TRPV1, TRPA1, or both – are 

generally associated with pro-inflammatory neuropeptides and the exacerbation of colitic 

responses92. In this homeostatic neuronal circuit, TRPM8+ neurons appear to be crucial for the 

timely delivery of anti-inflammatory signals to suppress innate immune responses in the colon. 

TRPM8+ afferent fibers were described in multiple layers of the colonic mucosa, where they 

colocalized with CGRP93,94. Here they were reported to be involved in visceral pain perception. 

The direct association between pain receptor signaling and inflammation is the central theme 

of neurogenic inflammation and also demonstrates the rapid kinetics of this system. 

Mint receptor: from Mouse to Man

The first theme uncovered in our studies is that the prompt release of potent anti-inflammatory 

mediators – in this case by sensory neurons – appears to be essential for inflammatory 

homeostasis. This is analogous to the rapid release of immunosuppressive plasma in 

systemic inflammation, as previously discussed. TRPM8 channel activation upon intestinal 
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damage is likely due to potentiation of the channel by endogenous lipid mediators that are 

rapidly produced in inflammation through the enzymatic activity of phospholipase A
2
 (PLA

2
), 

including lysophospholipids and polyunsaturated fatty acids (PUFAs)95. The etiological role of 

the proposed TRPM8-CGRP signaling axis still needs to be validated in human IBD; the only 

data on this topic has been generated in experimental models. Translation of these findings 

to human may bring us one step closer to the development of a novel treatment modality 

for colitis. There are several anecdotal reports on the anti-inflammatory effects of natural 

agonists of TRPM8 such as mint on human immune cells96, or on its clinical efficacy for the 

treatment of intestinal symptoms97,98. However, systematic studies in human are still lacking. 

We were not able to prevent acute colitis by the administration of natural agonists of TRPM8 

(data not shown), albeit some groups reported positive effects94,99. The development of novel, 

ultrapotent TRPM8 agonists with better pharmokinetic properties100 would be required for a 

successful immunomodulatory approach that exploits the anti-inflammatory properties of this 

channel for human IBD. After additional improvements of such agonists by medicinal chemistry 

approaches, proof-of-concept in human should be the next step.

TRP and T-cell function
A second theme of immune modulation by TRP channels in colitis is the cell-intrinsic signaling 

by TRPV1 and TRPA1 in CD4+ T-cells, as demonstrated in chapters 6-8. The expression of several 

members of the TRP family in T-lymphocytes has been reported in the past decade, such as TRPC1101, 

TRPC3102,103, TRPC6104, TRPM2105,106, TRPM4107, TRPM7108, TRPV5 and TRPV6109. Although these channels 

are not specific for Ca2+, their biological role has been mostly described as ligand-gated or receptor-

activated channels that utilize Ca2+ as an ionotropic messenger. TRP channels work in concert 

with other Ca2+ channels in lymphocytes, such as the Ca2+ release-activated Ca2+ (CRAC) channel, 

voltage-gated Ca2+ channels (Ca
v
) and P2X purinoreceptor channels, in addition to magnesium 

(TRPM7), potassium (K
v
1.3, K

Ca
3.1), zinc and chloride channels. Broadly speaking, Ca2+ channels are 

either involved in store-operated Ca2+ entry (SOCE), or mediate non-SOCE functions. Within the 

TRP channel family, the role of TRPM2 and TRPM4 has been the most well studied110, in contrast to 

other family members. Here we showed a role for TRPV1 as a non-SOCE channel in T-cells, with 

its associated Ca2+ influx resulting in enhanced TCR-activating signals. TRPV1 is required for full 

activation of CD4+ T-cells, including the production of pro-inflammatory cytokines such as IFN-γ, 

IL-2, IL-4, IL-10, IL17A and TNF-a. In contrast, TRPA1 inhibited TRPV1-mediated Ca2+ influx and thereby 

antagonized the pro-inflammatory function of the vanilloid receptor (Figure 4).

By amplifying quantitative TCR input, TRPV1 signaling in lymphocytes contributes to the 

colitogenic properties of these cells in susceptible hosts. This was readily demonstrated by using 

Trpv1−/− mice in T-cell stimulation assays (in vitro) and colitis models (in vivo). Treatment with 

specific TRPV1 antagonists such as SB-366791111, was able to confirm the role of TRPV1 signaling in 

CD4+ T-cells in electrophysiological studies. This compound also inhibited cytokine production 

upon polyclonal TCR activation in mouse and human. Furthermore, SB-366791 administration 

prevented colitogenic responses in the Il10−/− model. However, this compound as well as other 
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Figure 4. Regulation of CD4+ T-cell reactivity by TRP channels. TRPV1 is activated upon T-cell receptor (TCR) 
triggering. The TRPV1 channel thereby enhances Ca2+ influx in activated T-cells. This results in the potent 
activation of nuclear factor of activated T-cells (NFAT) and nuclear factor kappaB (NF-κB), which results in the full 
blown production of pro-inflammatory cytokines such as IL-2, IFN-γ and TNF-α. Ca2+ influx most likely activates 
the TRPA1 channel, which negatively regulates TRPV1 activity. This hypothetical model illustrates both activation 
and negative regulation of T-cell reactivity by TRP channels.

TRPV1 antagonists tested generally showed poor efficacy for the treatment of active colitis in 

experimental models (data not shown). This might be related to the mode of activation of TRPV1 

in CD4+ T-cells, which was suggested to be caused by Lck-mediated phosphorylation of the 

channel which potentiates TRPV1 channel opening. Most pharmacodynamic studies of putative 

TRPV1 antagonists typically evaluated other modalities of this channel for evaluation of their 

potency, such as the inhibition of channel activation by capsaicin, low pH or heat112,113. Thus, 

their reported efficacy might not be relevant for suppression of endogenous TRPV1 gating in 

T-cells. The availability of novel antagonists may lead to the identification of compounds with 

higher potency to block endogenous TRPV1 channel activation after TCR triggering, thereby 

providing a potential novel immunomodulatory approach. Recently developed compounds 

with overall favorable safety and tolerability profiles, including JNJ-38893777114, JNJ-39729209115, 

PAC-14028116, ABT-102117, A-1165442118 or V116517119, may be more promising in this regard. In 

addition, the anti-inflammatory properties of TRPA1 in CD4+ T-cells could potentially be 

exploited to downregulate TRPV1-mediated activity in these cells.
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PART III. REGULATORY MECHANISMS IN 
INTESTINAL CANCER
Tumorigenesis in the intestines is driven by multiple pro-proliferative pathways, including the 

Wnt/β-catenin pathway120, the epidermal growth factor receptor (EGFR) pathway, RAS and its 

associated downstream pathways RAF-MEK-ERK and PI3K/Akt121. Not surprisingly, these signaling 

pathways are regulated on multiple levels and composed of several intrinsic negative feedback 

loops. Mutagenic changes of negative regulators such as loss-of-function of APC, or gain-of-

function of oncogenes such as KRAS or BRAF will result in abnormal homeostasis and ultimately 

lead to the development of colorectal cancer (CRC). Our understanding of the regulation of 

mitogenic signals in the intestines is still incomplete and one of the topics of this thesis.

In chapters 9 and 10 we describe a novel regulatory mechanism of EGFR signaling in 

intestinal epithelial cells (IECs) that involves the TRPV1 cation channel. First, we identified 

functional expression of TRPV1 in IEC. We then observed increased constitutive EGFR activity in 

IEC isolated from Trpv1−/− mice. TRPV1 overexpression in IEC resulted in inhibition of constitutive 

and ligand-induced EGFR phosphorylation. These data suggested functional crosstalk between 

EGFR and TRPV1 in the intestinal epithelium. We identified that negative feedback by TRPV1 

on EGFR requires intracellular Ca2+, which activates a cysteine protease (calpain) which in turn 

promotes activity of a cytosolic protein tyrosine phosphatase, PTP1B. The deletion of Trpv1 on 

the ApcMin/+ background enhanced intestinal tumor formation, which is in line with a tumor 

suppressor role for TRPV1 as a negative regulator of EGFR signaling (Figure 5). The anti-tumor 

role of TRPV1 in the intestinal epithelium is surprising given the literature that suggest a 

predominantly oncogenic role for TRP channels in epithelia122. 

EGFR 

TRPV1 
Tumor 
growth  

Micro 
adenoma 

Figure 5. Regulation of cell proliferation and adenoma formation by TRPV1. EGFR is a pro-proliferative signaling 
pathway in the intestinal epithelium and required for the formation of intestinal (micro-)adenoma. The activation 
of EGFR in IEC results in potentiation of the TRPV1 channel via phospholipase C gamma (PLCγ1), which induces Ca2+ 
influx and activation of calpain. This in turn results in the post-translational cleavage and activation of a protein 
tyrosine phosphatase (PTP1B). Activated PTP1B controls EGFR phosphorylation, thereby completing an intrinsic 
negative feedback loop. These events are most likely relevant in the early stages of intestinal neoplasia development.
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TRP channels that enhance Ca2+ influx including TRPC1, TRPV1, TRPV2, TRPM7 and TRPM8 

are generally considered to promote malignant transformation, with the exception of TRPM1. 

Proposed molecular mechanisms underlying the malignant effects of TRP channels include: 

Ca2+-dependent phosphorylation of contractile proteins, Ca2+/calmodulin-dependent protein 

kinase II (CaMKII)-mediated phosphorylation of focal adhesion kinase (FAK), Ca2+/calpain-

mediated FAK cleavage and Ca2+-mediated actin assembly123. The most well-described example 

within the TRP family is the TRPM7 channel which is permeable to Ca2+ and Mg+. TRPM7 mediates 

stretched-activated Ca2+ influx and its expression in cancer cells is correlated with increased 

migration and metastasis124. The specificity of activated downstream effector mechanisms 

most likely determines the biological consequences of TRP channel signaling. In case of TRPV1 

in the intestinal epithelium, its main Ca2+ effector appears to be calpain, which then promotes 

PTP activity through a previously described mechanism125,126, which in turn negatively regulates 

EGFR. In contrast, others have suggested that the full activation of EGFR signaling requires TRP 

channel mediated Ca2+ influx, such as TRPV3 in the skin127, and TRPC1 in lung128. Mechanistically, 

this was related to Ca2+-mediated release of EGFR ligands127, and STIM1-dependent Ca2+ release 

from the endoplasmic reticulum128, respectively. Together with our results, these data show that 

the relation between TRP channel signaling and mitogenic and/or pro-tumorigenic pathways is 

tissue-specific and context-dependent. The intruiging observation that TRP channel signaling 

can both promote and suppress EGFR signaling illustrates the pleitropic effects of Ca2+-dependent 

effector mechanisms in epithelial cells. At the same time, this complicates their suitability as a 

drug target in cancer. The roles of other TRP channel family members known to be expressed in 

epithelial tissues in the pathogenesis and progression of cancer still remains to be chartered. Thus, 

the relationship between TRP function and cancer has to be validated in multiple experimental 

models and in human. Only then could pharmacological approaches to modulate TRP channel 

function potentially be exploited for therapeutic purposes in the field of oncology129.

An even more complex role was attributed to the STAT3 signaling axis in cancer. As discussed 

in chapter 11, STAT3 is generally considered to be an oncogenic pathway in cancer and activated 

in more than 70% of tumors, including CRC. STAT3 is rarely mutated (i.e. gain-of-function) in 

CRC130. This signal transducer is more likely to be activated via cytokine receptors (gp130), 

receptor tyrosine kinases (EGFR), or non-receptor tyrosine kinases (Src)131. In CRC, activation 

of STAT3 is associated with the JAK-STAT3 pathway downstream of gp130 in response to IL-6 

and IL-11 family members132. IL-6 is produced in an autocrine manner by IECs, but this cytokine 

can also be derived from hematopoetic cells in the tumor microenvironment133. Signaling 

through STAT3 is considered to be an important pro-proliferative pathway in IEC, both under 

physiological conditions as well as in cancer132. Surprisingly, we identified that STAT3 suppressed 

malignant transformation in the ApcMin/+ model134, which was independently confirmed 

by Musteanu et al135. STAT3 contributes to intestinal adenoma formation by transducing 

pro-proliferative signals in IECs. In contrast, at a more advanced stage in the adenoma-to-

carcinoma sequence STAT3 signaling inhibits epithelial-to-mesenchymal transition (EMT), 

which is required to obtain invasive and metastatic properties of CRC cells (Figure 6). This was 

demonstrated by the presence of highly invasive intestinal tumors in ApcMin/+/Stat3ΔIEC mice, 
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Figure 6. Regulation of tumorigenesis by STAT3. STAT3 appears to play a bimodal role in intestinal neoplasia 
development. STAT3 activity, induced by cytokines (via gp130 signaling), non-receptor tyrosine kinases (e.g. 
Src) or receptor tyrosine kinases (RTK), promotes tumor cell growth early in the evolution of oncogenesis. At 
later stages in the adenoma-to-carcinoma sequence, STAT3 negatively regulates epithelial-to-mesenchymal 
transition which prevents malignant transformation (invasion and metastasis).

with local metastases in lymph nodes, which were never observed in ApcMin/+ mice. These 

tumors showed downregulation of epithelial tight-junction molecules, including claudin-3 

and claudin-5, with upregulation of mesenchymal markers such as vimentin and fibronectin. 

Mechanistically, STAT3 facilitated GSK3β-mediated degradation of SNAI-1 which is an important 

driver of EMT. Thus, in the absence of STAT3, SNAI-1 is upregulated leading to increased EMT 

in CRC cells. These findings have important clinical implications for cancer treatment. Various 

pharmacological approaches to inhibit STAT3 are already being tested in clinical trials, such 

as first-in-class STAT3 decoy oligonucleotides136, or small molecule inhibitors including OPB-

31121137-139, and OPB-51602140,141. Whether such agents would also interfere with the proposed 

adaptor function of STAT3 in the suppression of EMT in CRC needs to be determined. In 

conclusion, the anti-invasive and anti-metastatic molecular actions of STAT3 urge caution for 

treating advanced CRC patients with these novel STAT3 inhibitors. 

STAT3 has an important immunomodulatory role in systemic inflammation, as discussed 

in part one of the thesis. Here we encountered STAT3 yet again, this time as a crucial negative 

regulator of malignant transformation in CRC. Thus, STAT3 appears to be an important switch 

in both immune and cancer cells. In the former, the transcriptional program controlled by 

STAT3 mediated the transformation of monocytes from a mainly pro-inflammatory to an anti-

inflammatory (i.e. tolerant) phenotype. In cancer, the post-translational activities of STAT3 
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prevented epithelial-to-mesenchymal transition of IECs. In both cases, STAT3 activity was a 

major factor in the determination of cellular function or identity. 

Novel treatment modalities in cancer include targeted treatment of signaling pathways to 

break the ‘oncogene addiction’ of tumor cells. A major pathway that has been pharmacologically 

targeted is the RAS-RAF-MEK-ERK pathway, as many CRC cases harbor mutually exclusive gain-

of-function mutations in either KRAS (30%) or BRAF (10%)142,143. Since oncogenic RAS has proven 

to be an undruggable target so far144, the main focus has been on inhibitors of MEK1/2145, and 

more recently, ERK1/2146,147. In chapter 12 we describe the consequences of genetic deletion 

of Erk1/2 in IECs. We found that a number of crucial physiological processes were disturbed, 

including enterocyte function (nutrient absorption), epithelial cell migration and secretory 

cell differentiation and maturation. However, the pro-proliferative role of ERK1/2 was readily 

replaced by the ERK5 signaling pathway, resulting in hyperproliferation of IECs in Erk1/2ΔIEC 

mice in vivo and a maintained cell proliferation in Erk1/2ΔIEC intestinal organoids ex vivo. These 

data suggested activation of a novel compensatory pathway provided by ERK5 that rescues 

cell proliferation upon ERK1/2 abrogation. In line with this, we found that pharmacological 

targeting of both MEK1/2 and ERK5 was more effective in the suppression of cancer cell lines 

or Apc−/− intestinal organoids. Finally, intestinal organoids that expressed oncogenic KRASG12V 

were more sensitive to an ERK5 inhibitor than a MEK1/2 inhibitor. 

The targeted knockout of ERK1/2 is expected to lead to upregulation of proximal 

signaling hubs through a mechanism known as ‘feedback activation’. This is due to the lack of 

phosphorylation by ERK1/2 of upstream partners that are part of the RTK-RAS-RAF axis, including 

EGFR, son of sevenless (SOS) and C-Raf. In addition, ERK1/2 induces negative regulators such as 

dual-specificity phosphatases (DUSPs) and Sprouty proteins148. This is an important mechanism 

of acquired resistance to targeted therapy, including MEK1/2 inhibitors149. Supraphysiological 

activation of ERK5 has not been previously described as a resistance mechanism in the context 

of ERK1/2 module suppression. This mechanism most likely does not require mutagenesis, 

given the rapid upregulation of ERK5 activity we observed in Erk1/2ΔIEC mice. Acquired 

resistance to BRAFV600E inhibitors usually restores constitutive ERK1/2 phosphorylation, which 

in case of Erk1/2 knockout is impossible. Thus, our genetic approach using Erk1/2ΔIEC mice 

revealed a possible bypass signaling route represented by the ERK5 pathway. The translational 

implications of these findings were demonstrated by using pharmacological inhibitors of 

MEK1/2 and ERK5, respectively, which synergistically suppressed proliferation of CRC cells with 

upregulated Wnt and/or ERK1/2 activity. Recently, it has been suggested that inhibition of more 

downstream pathways, such as ERK1/2 rather than MEK1/2 or BRAF, might treat, prevent or 

delay resistance to targeted kinase inhibitors, with a reduced chance of activation of bypass 

signaling routes150. The discovery of potent ERK5 inhibitors151-154, with XMD8-92 already vetted in 

various preclinical cancer models151,155-157, may provide new treatment options for CRC patients 

with activation of the RTK-RAS-RAF signaling axis. Especially for patients that are refractory 

to EGFR or MEK1/2 inhibitors. Importantly, XMD8-92 treatment does not result in feedback 

activation of upstream signaling partners151, which suggests that this compound is less likely to 

induce resistance to therapy. Given that a pathogenic role for ERK5 in the etiology of CRC has 
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already been established158,159, inhibition of this pathway in preclinical models of CRC should be 

further evaluated to provide proof-of-concept in human. 

Turning up/down the heat in inflammation and cancer
The work presented in this thesis provides several examples of how pro-inflammatory or 

pro-proliferative signals are balanced out by complementary pathways under physiological 

conditions. For example, in chapter 3 a signaling network is described in which the pro-

inflammatory cytokine storm induced by pediatric open heart surgery is restrained by IL-10. This 

immunoregulatory cytokine is induced together with pro-inflammatory mediators, in order 

to rapidly achieve tolerant responses by circulating monocytes. Another example is provided 

in the intestines (chapter 5). During intestinal inflammation, anti-inflammatory signals are 

provided via neuropeptide CGRP that is released by TRPM8+ mucosal fibers that innervate the 

colon. This provides an immunosuppressive environment that counterbalances the multitude 

of pro-inflammatory signals mediated by cytokines and other neuropeptides. Other examples 

are CD4+ T-lymphocytes in which the TRPV1 channel amplifies T-cell receptor signaling via the 

influx of Ca2+ ions (chapters 6 and 7). At the same time these molecular events induce activation 

of the TRPA1 channel in CD4+ T-lymphocytes, which in turn negatively regulates TRPV1 signaling 

(chapter 8). This system with intrinsic roles for TRP channels represents closed loops of positive 

and negative regulation, respectively, in adaptive immune cells. Similar negative feedback 

loops are required to prevent intestinal tumorigenesis. For example, as described in chapters 

9 and 10, the TRPV1 channel promptly regulates the activity of the pro-proliferative receptor 

tyrosine kinase EGFR. Together, these data demonstrate novel mechanisms that are constantly 

operating to: 1) maintain the barrier function in epithelial tissues whilst minimizing the risk of 

neoplasia development, and; 2) maintain homeostasis of the immune system.
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SCIENTIFIC ABSTRACT

SCIENTIFIC ABSTRACT
Homeostasis in mammalian tissues is achieved by the complex orchestration of activatory 

and inhibitory signals. These signals control the balanced turnover and functional properties 

of epithelial and immune cells which ensures protection of host cells against exogenous and 

endogenous dangers. Part of this balancing act are signaling pathways that can be activated 

rapidly and transiently (such as in systemic inflammation) or constitutively on the background 

(such as anti-proliferative pathways in the gut). 

We investigated the anti-inflammatory response in the sterile circulation in the context of 

systemic inflammation caused by open heart surgery. We established that post-operative patient 

plasma represents an immunosuppressive environment for monocytes. This was mediated by 

an interleukin (IL)-10/STAT3 signaling axis and disappeared after the first post-operative day. 

Thus, on pump cardiac surgery induced a rapid but transient immunoregulatory response. This 

response was found to be independent of the administration of corticosteroids, which argues 

against the use of these drugs for this type of surgery given their wide range of adverse effects.

In contrast to the circulation, the intestinal tract bears a heavy microbial load. Thus, the 

mucosal immune system of the gut is generally tolerant to microbial immunostimulants. 

Nevertheless, a breach of the gut barrier imposes a major challenge to the intestinal 

homeostasis. We found that neuronal fibers in the intestinal wall that express transient receptor 

potential, melastatin 8 (TRPM8) promptly released calcitonin gene related peptide (CGRP) 

upon instigation of acute colitis. This immunoregulatory neuropeptide then inhibited the 

release of pro-inflammatory cytokines by innate immune cells. In this system, a rapid neuronal 

feedback loop prevents overactivity by potentially harmful inflammatory cells. Other members 

of the TRP family also play a role in the regulation of intestinal inflammation. We established 

that TRP vanilloid 1 (TRPV1) was activated in CD4+ T-cells upon T-cell receptor triggering, and 

contributed to non-store operated calcium (Ca2+) influx. This TRPV1-mediated Ca2+-influx is 

required for the full activation and colitogenic properties of CD4+ T-cells. In contrast, the TRP 

ankyrin 1 (TRPA1) channel counteracts TRPV1 function and thereby mediated anti-inflammatory 

effects in T-cell mediated colitis. Thus, our work suggested that TRP channel family members 

can provide either pro- or anti-inflammatory effects in the context of intestinal inflammation. 

Finally, novel signaling pathways were uncovered in the context of intestinal neoplasia 

development. We found that TRPV1 is part of a negative feedback loop downstream of the 

epidermal growth factor receptor (EGFR). This system provides constitutive inhibition of the 

EGFR to prevent oncogenic transformation of intestinal epithelial cells. On the other hand, we 

established that abrogation of extracellular signal regulated kinases 1 and 2 (ERK1/2) resulted in 

prompt activation of ERK5. ERK5 thereby provides a ‘bypass’ route for epithelial cells to maintain 

cell proliferation, which suggests a novel tumor resistance pathway. 

Together, our findings demonstrate regulatory pathways that either prevent overactivity 

of inflammatory signaling pathways (IL-10, CGRP and TRPA1), ensure full activation of immune 

stimulatory signals (TRPV1 in T-cells), maintain pro-proliferative signals (ERK5), or mediate 

constitutive negative feedback on growth factor signaling (TRPV1 in the intestine).
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NEDERLANDSE SAMENVATTING  
(voor niet-wetenschappers)

Ons menselijk lichaam bestaat uit meerdere systemen om ons te beschermen tegen fysieke, 

chemische en biologische gevaren. Het eerste systeem is de ondoordringbare laag van cellen 

van huid, maag-darm stelsel, longen en blaas, ook wel ‘epitheel’ genoemd. Het tweede systeem 

wordt gevormd door afweercellen die binnen enkele minuten tot uren geactiveerd kunnen 

worden, ook wel het aangeboren immuunsysteem genoemd. Het derde systeem omvat 

afweercellen die specifieke afweerreacties kunnen opwekken tegen virussen of bacterie�n, 

ook wel het verworven immuunsysteem genoemd. In dit proefschrift hebben we bestudeerd 

hoe deze beschermingsmechanismen van epitheel en afweercellen worden geactiveerd 

en vervolgens weer worden afgeremd. Wanneer deze mechanismen falen kan dit leiden tot 

onvoldoende afweer tegen ziekteverwekkers. Een overmatige activiteit van afweercellen 

zorgt juist voor ongecontroleerde ontstekingsverschijnselen, wat kan leiden tot  onbedoelde 

schade aan organen. Dit is de oorzaak van zogenaamde ‘autoimmuunziekten’ zoals reuma 

(in de gewrichten), suikerziekte (alvleesklier), ziekte van Crohn, colitis ulcerosa (chronische 

darmontstekingen) of multiple sclerose. Ook epitheelcellen moeten in balans worden 

gehouden. Wanneer er onvoldoende nieuwe cellen worden aangemaakt kan dit leiden tot het 

falen van de barrie�refunctie van de huid of darm, waardoor bacterie�n of virussen vrij spel hebben. 

Aan de andere kant, wanneer epitheelcellen juist teveel actief zijn (overmatig delen) kan dit 

uiteindelijk leiden tot kanker. In een gezond lichaam moeten alle voorgenoemde processen 

precies in balans zijn. Hiervoor zijn achter de schermen vele moleculaire mechanismen 

verantwoordelijk, welke op het juiste moment de juiste cellen moeten activeren en daarna ook 

weer afremmen. Enkele van deze regulatiemechanismen worden in dit proefschrift beschreven. 

In deel 1 van het proefschrift hebben we onderzocht hoe ontstekingsreacties in kinderen die 

openhartoperaties ondergaan worden afgeremd. Tijdens dit type operatie vindt er een snelle 

ontregeling plaats waardoor een storm van afweeractiverende stoffen in het bloed vrijkomt, zoals 

beschreven in hoofdstuk 2. Verrassend genoeg worden deze ontstekingsreacties in het bloed ook 

weer snel afgeremd. Wij hebben gevonden dat een lichaamseigen afweeronderdrukkende stof 

(interleukine-10) hiervoor grotendeels verantwoordelijk is, wat wordt beschreven in hoofdstuk 

3. We beschrijven ook hoe dit effect in bloedmonsters van deze patie�nten precies tot stand komt. 

Onze studie toont aan dat het gebruik van afweeronderdrukkende medicatie (corticosteroiden), 

welke veel al nadelige bijwerkingen hebben, overbodig blijkt te zijn voor het afremmen van 

ontstekingsverschijnselen voor dit type operatie. Een van de oorzaken van de snelle ontregeling 

van het afweersysteem wordt veroorzaakt door het weglekken van bacterie�le stoffen vanuit de 

darm naar het bloed. Dit komt doordat de barrie�refunctie van de darm tijdens operaties faalt. Deze 

relatie tussen de darm en ontstekingsverschijnselen in het bloed is samengevat in hoofdstuk 4. 

De darm is een belangrijke leerschool voor ons afweersysteem. Gezien de grote hoeveelheid 

bacterie�n in de darm, die essentieel zijn voor de spijsvertering, is het afremmen van 

ontstekingsverschijnselen vanuit dit orgaan extra belangrijk. In deel 2 van dit proefschrift 
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hebben we onderzocht hoe dit precies in zijn werk gaat. Een netwerk van zenuwcellen in de 

darmwand blijkt betrokken te zijn bij het voorkomen van overmatige ontstekingsactiviteit. We 

hebben hierbij ontdekt dat bepaalde typen zenuwcellen een signaalstof (neuropeptide CGRP) 

afgeven die ontstekingen lokaal onderdrukt. Wanneer deze zenuwcellen niet functioneren 

of wanneer deze neuropeptide ontbreekt is er sprake van een toename van schadelijke 

darmontstekingen in proefdieren, zoals beschreven in hoofdstuk 5. We hebben verder gekeken 

naar mechanismen in de darm waarmee afweercellen activerende en remmende signalen 

in balans brengen. We vonden daarbij dat zogenaamde ‘pijnreceptoren’ die oorspronkelijk 

zijn ontdekt in het zenuwstelsel, ook op afweercellen direct actief zijn. Sommige van deze 

pijnreceptoren zijn belangrijke activators van het afweersysteem, zoals TRPV1, beschreven in 

hoofdstuk 6 en 7. TRPV1 kan ook worden geactiveerd door hoge temperaturen, blootstelling 

aan chilipepers of een hoge zuurgraad. Andere pijnreceptoren werken juist remmend op het 

afweersysteem, zoals TRPA1, welke wordt geactiveerd door prikkelende kruiden (wasabi, ui) of 

koude temperaturen, zoals beschreven in hoofdstuk 8.

Tenslotte wordt in deel 3 van het proefschrift besproken hoe signalen die de groei van 

darmepitheelcellen aansturen, in balans worden gehouden. De binnenbekleding van de darm wordt 

elke vijf dagen vernieuwd. We hebben ontdekt dat de eerder genoemde pijnreceptor (TRPV1) ook 

actief is in dit celtype. In de darmcellen heeft TRPV1 de onmisbare functie om een receptor af te 

remmen die betrokken is bij het doorgeven van groeisignalen. Hiermee wordt het risico op het 

ontstaan van tumoren afgeremd, wat wordt besproken in hoofdstuk 9 en 10. In sommige gevallen 

hebben eiwitten die betrokken zijn bij het doorgeven van groeisignalen een dubbele functie. Zo 

lijkt het signaalmolecuul STAT3 de groei van vroege darmtumoren te stimuleren. Echter, in meer 

ontwikkelde darmtumoren remt ditzelfde eiwit bepaalde processen die tumoren nodig hebben om 

kwaadaardig (kanker) te worden, zoals beschreven in hoofdstuk 11. In dit geval wordt dus de balans 

aangebracht door hetzelfde eiwit. Een belangrijke les hierbij is dat door het afremmen van STAT3 

met experimentele medicatie vroege darmtumoren mogelijk kwaadaardiger kunnen worden. In 

andere gevallen zijn meerdere signaalmoleculen betrokken bij het doorgeven van groeisignalen. 

We hebben bijvoorbeeld ontdekt dat de rol van belangrijke signaalmoleculen genaamd ERK1 en 

ERK2 gedeeltelijk kan worden overgenomen door een familielid, ERK5, beschreven in hoofdstuk 12. 

Het laatstgenoemde eiwit zorgt ervoor dat darmepitheelcellen zonder ERK1/2 blijven delen, zodat 

de barrie�refunctie van de darm niet faalt. Aangezien sommige medicijnen voor de behandeling 

van darmkanker werken door ERK1/2 te blokkeren, levert dit nieuwe inzichten op wat betreft de 

moleculaire processen hoe kankercellen therapie-resistent kunnen worden. 

Samengevat presenteren we in dit proefschrift mechanismen die afweer- en/of kankercellen 

stimuleren dan wel afremmen. Onze bevindingen illustreren de zeer gevoelige balans die 

nodig is voor een gezond afweersysteem. Ook de continue aanmaak en vervanging van de 

binnenbekleding van de darm is gereguleerd om het risico van de groei van darmtumoren 

te minimaliseren. Deze nieuwe inzichten zijn belangrijk om nieuwe vormen van therapie te 

kunnen ontwerpen, om de kans van slagen van bepaalde medicatie voor aandoeningen beter 

te kunnen voorspellen, en tenslotte om mogelijke bijwerkingen beter te kunnen begrijpen. 
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Beste Berent, Prof. Prakken. Je bent inderdaad een promotor in woord en daad. Het was altijd 

mooi om te zien hoe jouw ideeën en filosofieën zoveel handen en voeten kregen in de praktijk. Ik 

ben zeer vereerd dat ik bij sommige hiervan een rol heb kunnen spelen. Je centrale uitgangspunt 

bij het onderzoek in het WKZ is dat het – ongeacht het onderwerp – een translationeel 

karakter moet hebben. Dit spreekt boekdelen over je liefde voor de kindergeneeskunde als 

vak en de pediatrische patiënt in het bijzonder. Mooie papers produceren is leuk, maar als deze 

zonder enige klinische relevantie zijn dan heeft dat uiteindelijk zeer weinig betekenis in ons 

vakgebied. Dat is een belangrijke les die ik altijd met mij mee zal dragen. In het Prakken lab 

heb ik altijd een gezonde competitie ervaren die het beste uit iedere onderzoeker haalde. Je 

verdiepingsgesprekken waren echt uniek waarmee we diep in een onderwerp konden graven 

en belangrijke beslissingen konden nemen. Ik mis dat stiekem wel. Berent, op een dag had 

je een voorstel: zou je niet eens een jaartje onderzoek in San Diego willen doen? Dat jaartje 

onderzoek is nog steeds going strong. Ondanks de grote afstand en je drukte heb ik altijd je 

steun ervaren in praktische zaken die geregeld moesten worden als ook je positieve vibe. En 

gelukkig kon je altijd tijd vrij maken in je schema als ik in Nederland was. Het is voor jonge 

onderzoekers erg belangrijk dat er iemand is die altijd vertrouwen uitstraalt, en dat deed jij. Ik 

hoop dat we nog lang blijven samenwerken op het gebied van translational medicine!

Beste Koos, Dr. Jansen. Het onderzoek naar de regulatie van systemische inflammatie was je 

geesteskind. Ik was er altijd van onder de indruk hoe je van elk theoretisch en praktisch aspect 

op de hoogte was. Onze wetenschappelijke vraagstellingen waren een directe afspiegeling van 

klinische problemen uit de PICU. Relevantie was daarom altijd helder en een goede motivatie 

geweest. Het duurde even voordat er wat continuïteit in het onderzoek zat, maar we hadden 

in ieder geval een mooie start met ons Hsp70 review! En op gegeven moment zijn de research 

papers ook gaan lopen. Na mijn overstap naar San Diego was het nog niet volledig duidelijk 

voor hoe lang dat zou zijn; de intentie was om mijn PhD in Utrecht af te maken. Op dat gebied 

heb je altijd veel geduld gehad. In ieder geval hebben we tot op de dag van vandaag samen 

verder geschreven aan papers! Elk bezoek aan Nederland betekende voor mij een automatische 

afspraak met jou waarbij we vaste tradities (de ‘verplichte’ bitterballen), uitstekende diners en 

veel goede gesprekken hebben overgehouden. Je bent van mentor langzaam aan een ‘oude’ 

(knipoog) vriend geworden. Ook de periode dat Joshua in het WKZ lag en Marja nauw betrokken 

was bij zijn zorg ligt ons nog vers in het geheugen. We hebben sindsdien veel kunnen delen; 

hopelijk hebben we nog veel mijlpalen en bitterballen voor de boeg!   

Beste Femke, Dr. Van Wijk. Je was een echte steunpilaar en mijn co-promotor! Jij kan als geen 

ander uitleggen waarom een experiment zinnig danwel onzinnig is. Daar heb ik ontzettend veel 

van geleerd. Het leuke is ook dat jij al in San Diego zat toen ik mijn avontuur bij UCSD begon. We 

hebben dan ook met Stefan nog veel goede gesprekken gehad in Californië. Ik vond het ook heel 

leuk om jullie 2 boys een beetje op te zien groeien. Zeer goed om te zien dat je belangrijke beurzen 

hebt binnengehaald om je eigen lab verder te kunnen realiseren. Dat is meer dan welverdiend!
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Dear Eyal, Prof. Eyal Raz. You took me on as a postdoc in your lab even though I had minimal 

experience, very little knowledge of mucosal immunology or mouse models. But you had 

confidence in my abilities; I still appreciate that. We ventured out in the field of neurogenic 

inflammation and ion channels and had to deal with lots of hurdles in this new area. At the end 

of the road, we were able to publish our findings in respectable journals despite a scoop or two. 

We always did ‘agree to disagree’. Most of my research, writing and presentation skills I picked 

up in your lab. The members of the Raz lab were a very warm group that took me in. I really 

enjoyed the diversity within your group and I have made many friends for life. In addition to 

all the scientific endeavours, we had many in-depth discussions on non-science topics. There 

were many great luncheons. Indeed, food was an important theme in the lab. My first meeting 

with you in San Diego was dinner at Spicy City and, befittingly, we had our last official lunch at 

this same (Sichuan) restaurant. I hope we will return here a few more times in the future. 

I have worked with so many great fellow-postdocs, students, staff and other collaborators in 

the Raz lab. It probably started with you Samuel, my brudda. When Eyal said a French postdoc 

was coming to the lab I was a little bit cautious - but we were besties from the start. We worked 

together on many TRP projects and as you said once, despite a few setbacks, it’s been a ‘good 

TRiP!’. We could share our misery, but also celebrate our (small) victories together. We didn’t 

need a lot of words to understand each other. We established the unofficial ‘lab meeting’ on 

Fridays, did some crocodile hunting in Miami, explored the Keyes, and whatnot. Unfortunately, 

all good things come to an end … we had to go our own ways and I wish you all the best in all 

your endeavours in the future. Let’s do a biotech startup one day on the Mesa! Naoki-san, we 

were a bonafide Tac-team on the TRPM8 project and everything else that happened in the lab. 

It has been a great honor to work with you. You were a true blotting machine and top-surgeon 

during our vivisections. I always felt we were very much alike, even though we come from 

different cultural backgrounds. I wish you all the best with your career in dentistry in Japan. I 

am also glad you finally appreciate the strong, dark brews (Moonlight Porter!) in SD. I hope we 

can meet again in San Diego, Niigata or any other place in the world to toast on those good ol’ 

days! Jihyung, you came a few years later in the lab. You were quickly involved in our calcium 

channel adventures and you learned all the necessary techniques to supplement our papers. 

Without your efforts, none of them would have become reality. We also shared a lot of good 

times in and outside the lab. I really enjoyed your Korean cuisine during lunch time. We did our 

‘lab meetings’ on Fridays (and other days), in addition to Christmas and birthday parties. You 

often brought a delicious cake without prior notification!  Birthday parties from the boys are 

not what they used to be without your surprise cakes. Let’s keep hanging out! Yukari-san, you 

worked with Sam on the T-cell papers. I think you missed Japan a lot, but I think the weather in 

San Diego made up for it. I hope your career as a dentist will be flourishing. P.S.: the pictures of 

your wedding in Japan were beautiful! José, you were the most senior postdoc in the lab when 

I arrived at UCSD. You had a lot of experience and taught most postdocs the secrets of mucosal 

immunology, both in vitro and in vivo. Your projects resulted in highly cited papers and were an 

inspiration. The very first citation of this thesis refers to one of your recent papers. You are also 

a great example of character – I still appreciate it that you didn’t rub it in too much when Spain 
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(5PA1N) beat Holland in a terrible 2010 WC final. You are now running your own lab in Alicante; 

I’m sure you will do great discoveries in the future. Xiang-Li, you shared a lot of your practical 

knowledge with everyone. You were able to balance out being a mother with your postdoctoral 

work, which was impressive. After you finished your work at UCSD, you successfully continued 

your career in medicine in NY. All the best with your medical practice and your family! 

So many many many students have helped me with my work. In chronological order, Masha, 

you were the first student that worked on the TRP project; you went on to pursue your DDS 

dream; good luck! Amy, you were a very trustworthy student. I still haven’t finished Heart of 

Darkness, but one day I will. Perhaps one day you will take a break from the clinic and return to 

the lab for a little bit. I think you would make a good physician-scientist. Mike. Where to start. 

First things first, I didn’t know there was a microbrewery scene in San Diego but you corrected 

that. We already visited a respectable number of venues in the area. We almost always reached 

concensus over the quality of the brews – we should one day serve as jurors at the SDBW. 

Labwise, you were always able to help out at the odd hours. You showed great professional 

development during your time in the lab. You went on to work at a local biofuel company that 

later was bought by DSM. See, you can’t escape the Dutch. Jimmy, you came from a finance 

background and wanted to change your career towards a medical profile. I think you made 

an excellent choice and you are the right man for that job! You are a very conscientious 

and responsible worker. We enjoyed our trips to the beach with Finn. He and Josh were real 

California buddies. You got accepted at a medical school in Chicago – deservedly – and moved 

with Kate and Finn to the Windy City. Let’s keep in touch! Jen(nifer), you became good friends 

in the lab with everyone. I also really enjoyed your presence in the lab. You babysitted Josh a lot 

(and Mike too). I don’t trust my boys with just anyone but we didn’t have to think twice about it 

when you guys were around. You guys brought one of Josh’s first big boy reading book (Curious 

George, the Red edition) which soon became his favorite - and now it is Sammy’s favorite book 

too! I wish you the best of luck with your medical career; you will be an excellent physician one 

day. You joined Tulane University, but I hope you will come back to San Diego soon. Ali, you 

were my only (and best :) master student. Your main focus was the ERK project. With your help 

we made it into a nice story with important implications for the colorectal cancer field. You 

were vital for all the intestinal organoid culture work we did. It is very exciting that you chose 

to stay in science and are now working to obtain your PhD at UVA. I am sure you will do more 

important discoveries. It sounds like you really found your way in your new life in Virginia; enjoy 

the seasons. Don’t forget to keep in touch with your old lab family! Alan, last but not least. 

Thanks a lot for your work on the TRPM8 paper; it got published! I wish you all the best for your 

future. Sam’s long-term students were Keith (music festivals!), Lior, Tim (children’s surprise 

eggs from Hong Kong!) and Tiffany. Christine, you also worked a little bit on TRP channels; 

kudos! Good luck with your adventures in San Francisco. Then there were many students that 

were already in the lab when I first arrived at UCSD and since then have moved on. You guys 

have helped me start up and feel comfortable in a new environment: Jason, Hyeri, Jonathan G, 

Kim, Jonathan B and Joanna, among others. Jongdae, you were the senior scientist in the lab 

with an encyclopedic knowledge of all things immunoblotting. Thanks so much for your help in 
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my projects and we ultimately co-authored a number of papers that I am proud of. Finally, Scott 

you have been involved in the projects from start to finish. As one of the few locals, it was always 

very nice to have an insider around. You did a lot of ground work in the vivarium. Whenever 

reagents or mice needed to be ordered, you took care of it without delay. You have seen many 

different generations of postdocs in the lab; I hope you will remember me with a smile. 

From the Karin lab, I have learned a lot from you Sergei. You always had good advice – both practical 

and conceptual. You published high-profile papers in the field and now you run your own lab at Fox 

Chase Cancer Center. I am glad we still run into each other like at AACR meetings. Koji, we have 

worked closely together on the ERK project; now we are near the finish line! Your lab productivity 

and general work ethics are staggering. I am also honored to have played a role in your YAP project. 

It has been a pleasure and honor to work with you; best of luck in your future career in Japan.

Many people at UCSD have been great collaborators. Prof. Maripat Corr, you have been a long 

standing collaborator of the Raz lab. You have created the most difficult mouse strains for us and 

helped me to understand some basics of mouse genetics. The genotyping power of your lab was 

impressive and always accurate. You have had many helpers including Patty (go Padres!), Lisa (I hope 

your new career is going strong), and Melissa (so glad you helped us with the final experiments).

Prof. Nissi Varki, I have learned a lot about histology and (mouse) pathology from you. The 

histology Core was crucial for our work, including all the ground work done by Steve. Steve-0 

man; good luck with your future (medical?) career! Liwen, you were a real professional and always 

willing to go the extra mile on our projects. I hope we can catch up again one of these days. 

Other collaborators include Prof. Lars Eckmann; thank you for your insights, advice and 

practical knowledge in mucosal immunology. Dr. Hui Dong, your calcium expertise was 

essential for most of our projects. From the La Jolla Institute of Allergy and Immunology 

(LIAI), Dr. Nunzio Bottini and Stephanie Stanford, you guys helped us to identify the critical 

phosphatase that was associated with TRPV1 function. Prof. Yaron Niv, thank you for all your 

insights on the histopathology of human CRC. 

For the TRPM8 project, I am happy we could team up with genuine experts in the field. Prof. Ashley 

Blackshaw, you were enthusiastic about the role of this ion channel in colitis from the start. That really 

helped jumpstart our transatlantic collaboration. Madusha Peiris, you were crucial in getting things 

organized, streamlined, stained, analyzed and everything else for that matter. Thanks so much! 

Goed, weer terug naar Utrecht. Ik begin met m’n oud-collegae van het Jansen team. Als eerste, 

Alvin, ik begon als student op jouw project en we hebben uiteindelijk meerdere papers samen 

gepubliceerd. Helaas heb ik gezien mijn verblijf in San Diego je promotie moeten missen; veel 

succes in Bristol op de IC! Selma, ik herinner nog goed dat jij begon in het team. Je hebt aan 

de klinische kant geweldige dingen bereikt met mooie papers als bekroning. Ik wens je alle 

goeds in je toekomstige carrière. Theo, we hebben elkaar zonder opzet vaak ontlopen. Zat jij in 

Utrecht, was ik in San Diego, en vice versa. Maar omdat je op gegeven moment weer in Utrecht 

zat kon je wel helpen om onze PLoS One paper af te maken. Succes straks met je promotie!
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Uit het Prakken lab komen veel namen. Beste Mark, jij was een van de eerste in het lab die mij 

de echte kneepjes van het vak leerde. Waar ik alles kon vinden, waar het ook weer heen moest, 

hoe het niet moest; alles. Met oneindig veel geduld en droge humor. Je bent je gewicht in goud 

waard. Bas, jij was ook een van het eerste uur in mijn beleving. Ik heb veel geleerd van jou in en 

rond het lab. Ik heb zeer veel respect hoe jij alles kon combineren (kliniek, lab, familie) met altijd 

120% tomeloze energie. Sytze, jouw akoestische en poëtische kwaliteiten zijn wereldberoemd 

in Utrecht. Yvonne, jij bracht altijd gezelligheid. Ellen, jij was echt een pipetteerkanon. Jij kwam 

ook naar UCSD en nu doen we af en toe nog borreltjes in San Diego! Wilco, Jenny en Mariska: 

jullie waren onmisbare hulp in het lab voor zoveel praktische dingen, teveel om op te noemen. 

Verder ben ik dankbaar voor alle input en gezelligheid van anderen zoals Annemarie, Annick, 

Arjan, Eva, Eveline, Isme, Joost, Lianne, Maja, Marloes, Sanne, Sarah, Robert en nog veel 

meer. Tenslotte wil ik ook Angela, Erica, Heleen en Mirjam bedanken voor jullie belangrijke 

werk achter de schermen van begin tot eind.

Prof. Paul Coffer, veel dank voor het meedenken met m’n laatste experimenten in Utrecht. 

Je bent ook voorzitter van de beoordelingscommissie van mijn proefschrift, waarvan akte. 

Jeffrey, jij dacht mee met mijn experimenten met monocyten en hoe deze in begrijpelijke 

blots te vertalen. Jouw CFTR werk is de wereld over gegaan en je hebt het organoid model 

omgezet in een voor CF patiënten relevante test. Dat is echt een geweldige prestatie waarop 

iedereen in het UMCU trots kan zijn. Jorg, jij wist mij te vertellen waar de temed stond, hoe 

je in een handomdraai DNA transfecties kan doen en wat al niet. Jij bent een bonk positieve 

energie en een superproductieve, multi-getalenteerde onderzoeker. Ook jij kwam op gegeven 

moment naar San Diego en we hebben veel uurtjes doorgebracht in Rock bottom. Jullie Stan 

werd geboren, net als Sammy, in San Diego. Veel sterkte met de lange weg die jullie nog voor 

de boeg hebben met jullie mooie mannetje en gezin, jongen.   

Henk Schipper, wij waren al snel maatjes. Jij was een rijzende ster in het WKZ en helaas heb ik 

niet daarvan veel kunnen meemaken aangezien ik al snel naar San Diego vertrok. Je zette wel 

de toon in Utrecht met jouw mooie JCI paper. Je bent inmiddels volop bezig met je ambities 

in de kindergeneeskunde; ik kan mij geen betere kinderarts bedenken! Veel dank dat je mijn 

paranimf wil zijn. Je hebt immers ook nog een mooi gezin om naar om te kijken, naast je 

opleiding en onderzoek, druk zat allemaal. Ik kijk al uit naar de plechtigheid!

Prof. Garth Powis, you took me into your group at Sanford Burnham Prebys Medical Discovery 

Institute to further advance my skills and knowledge in the field of cancer research. We already 

generated some interesting data on tumor-stroma crosstalk. Furthermore, the drug development 

project we are running is producing some exciting leads for first-in-class cancer therapeutics. 

Friends and family outside the work place, thanks for all the visits to the beach, barbeques, brewery 

sessions, camping trips and more. To mention just a few, David you moved back to Boston way 

too quickly after our arrival. San Diego hasn’t been the same ever since, but fortunately we have 

hooked up in SD, Miami and Boston ever since. Joel we have a strong tradition of Wednesday 

night cigar sessions which helped me to maintain (more or less) my sanity. 
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Pa en Ma, jullie hebben mij altijd gesteund tijdens mijn opleidingen en ons vertrek naar San Diego. 

Dat is natuurlijk niet altijd makkelijk geweest, aangezien de kleinkids bepaald niet meer om de hoek 

wonen. Gelukkig konden we regelmatig Nederland bezoeken en is Skype nooit ver weg. Pa, ik vind 

het een grote eer dat je mijn paranimf wil zijn. Ook veel dank aan mijn grote broer AJ, kleine broer 

Ben en grote zus Else voor jullie interesse en steun de afgelopen jaren. Super dat jullie met je gezin 

(ALFP&V) of tijdens jullie honeymoon (B&A) op bezoek zijn geweest in sunny San Diego!

 Lieve Josh, jij was en bent zo’n bijzonder mannetje. Ik weet dat jij soms wel baalde dat ik druk in 

het lab was. Of in de avonden/weekenden druk in de weer was achter de computer om papers 

te schrijven of om dit verrekte boekje af te maken. Maar extra veel naar het strand en voetballen 

deze zomer! Lieve Sammy, jij blijft ons elke dag weer verrassen met je unieke ontdekkingstocht 

in de wereld. Ook al zo’n lekker ventje! We gaan nog veel van je genieten. Lieve Dorinda, je 

hebt me gesteund door dik en dun. Dat betekent veel voor mij. Waar we ook zullen wonen en 

welke avontuur we nog aangaan, ik hoop dat we nog lang als gezin samen zullen zijn.
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Petrus Rudolf (Ruud) de Jong was born on April 15th, 1981 in Ameide, The Netherlands. In 1999 

he completed secondary education (VWO) and started his study Biomedical Sciences at 

Utrecht University, The Netherlands. In 2004 he was selected for SUMMA (Selective Utrecht 

Medical Master), a clinical program at the University Medical Center Utrecht (UMCU) for 

students with a bachelor in life sciences. He obtained his medical degree in 2008 (cum laude) 

and subsequently his masters degree in Biomedical Sciences in 2009 (cum laude) at Utrecht 

University. He performed translational research in the lab of Prof. Berent Prakken (Dept. of 
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studies. There he studied gut physiology, mucosal immunology and intestinal tumorigenesis 

in mouse models of human disease. This transition was sponsored by various scholarships, 
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Pepper and Halt: Spicy Chemical May Inhibit Gut Tumors 
August 01, 2014

Researchers at the University of California, San Diego School of Medicine report that dietary 

capsaicin – the active ingredient in chili peppers – produces chronic activation of a receptor 

on cells lining the intestines of mice, triggering a reaction that ultimately reduces the risk of 

colorectal tumors.

The findings are published in the August 1, 2014 issue of The Journal of Clinical Investigation.

The receptor or ion channel, called TRPV1, was originally discovered in sensory neurons, 

where it acts as a sentinel for heat, acidity and spicy chemicals in the environment. “These are 

all potentially harmful stimuli to cells,” said Eyal Raz, MD, professor of Medicine and senior 

author of the study. “Thus, TRPV1 was quickly described as a molecular ‘pain receptor.’ This can 

be considered to be its conventional function, which all takes place in the nervous system.”

But Raz and colleagues have found that TPRV1 is also expressed by epithelial cells of 

the intestines, where it is activated by epidermal growth factor receptor or EGFR. EGFR is 

an important driver of cell proliferation in the intestines, whose epithelial lining is replaced 

approximately every four to six days.

“A basic level of EGFR activity is required to maintain the normal cell turnover in the gut,” said 

Petrus de Jong, MD, first author of the study. “However, if EGFR signaling is left unrestrained, 

the risk of sporadic tumor development increases.”

The scientists discovered that TRPV1, once activated by the EGFR, initiates a direct 

negative feedback on the EGFR, dampening the latter to reduce the risk of unwanted growth 

and intestinal tumor development. They found that mice genetically modified to be TRPV1-

deficient suffered higher-than-normal rates of intestinal tumor growths.

“These results showed us that epithelial TRPV1 normally works as a tumor suppressor in the 

intestines,” said de Jong. In addition, molecular studies of human colorectal cancer samples 

recently uncovered multiple mutations in the TRPV1 gene, though Raz noted that currently 

there is no direct evidence that TRPV1 deficiency is a risk factor for colorectal cancer in humans.

“A direct association between TRPV1 function and human colorectal cancer should be 

addressed in future clinical studies,” he said.

But if such proves to be the case, the current study suggests one potential remedy might be 

spicy capsaicin, which acts as an irritant in mammals, generating a burning sensation in contact 

with tissue. Capsaicin is already broadly used as an analgesic in topical ointments, where its 

properties as an irritant overwhelm nerves, rendering them unable to report pain for extended 

periods of time. It’s also the active ingredient in pepper spray.

The researchers fed capsaicin to mice genetically prone to developing multiple tumors in 

the gastrointestinal tract. The treatment resulted in a reduced tumor burden and extended the 

lifespans of the mice by more than 30 percent. The treatment was even more effective when 

combined with celecoxib, a COX-2 non-steroidal anti-inflammatory drug already approved for 

treating some forms of arthritis and pain.
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“Our data suggest that individuals at high risk of developing recurrent intestinal tumors 

may benefit from chronic TRPV1 activation,” said Raz. “We have provided proof-of-principle.”

Co-authors include Petrus R. de Jong, UCSD Department of Medicine and University 

Medical Center Utrecht, The Netherlands; Naoki Takahashi, UCSD Department of Medicine 

and Niigata University Graduate School of Medical and Dental Sciences, Japan; Alexandra R. 

Harris, Jihyung Lee, Samuel Bertin, James Jeffries, Michael Jung, Jen Duong, Amy I. Triano, 

Jongdae Lee, David S. Herdman, Hui Dong, Lars Eckmann and Maripat Corr, UCSD Department 

of Medicine; Yaron Niv, Rabin Medical Center and Tel Aviv University, Israel; Koji Taniguchi, 

UCSD Department of Medicine and Keio University School of Medicine, Japan; Chang-Whan 

Kim, UCSD Department of Medicine and Catholic University of Korea; Stephanie M Stanford  

and Nunzio Bottini, La Jolla Institute for Allergy and Immunology.

This research was supported, in part, by the Crohn’s and Colitis Foundation of America, the 

Prins Bernhard Cultural Foundation, the Scholten-Cordes Foundation, the Dr. Hendrik Muller 

Vaderlandsch Foundation, the Japan Society for the Promotion of Science, the European 

Molecular Biology Organization, the Juvenile Diabetes Research Foundation, the Strategic 

Young Researcher Overseas Visits Program for Accelerating Brain Circulation, the Broad 

Medical Foundation and the National Institutes of Health (grants AI095623 and DK35108).

# # #

https://health.ucsd.edu/news/releases/Pages/2014-08-01-capsaicin-and-gut-tumors.aspx 
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SCIENTISTS DISCOVER PAIN RECEPTOR ON T-CELLS

Scientists Discover Pain Receptor on T-Cells
October 05, 2014

Researchers at University of California, San Diego School of Medicine have discovered that 

T-cells – a type of white blood cell that learns to recognize and attack microbial pathogens – 

are activated by a pain receptor.

The study, reported online Oct. 5 in Nature Immunology, shows that the receptor helps 

regulate intestinal inflammation in mice and that its activity can be manipulated, offering a 

potential new target for treating certain autoimmune disorders, such as Crohn’s disease and 

possibly multiple sclerosis. 

“We have a new way to regulate T-cell activation and potentially better control immune-

mediated diseases,” said senior author Eyal Raz, MD, professor of medicine.

The receptor, called a TRPV1 channel, has a well-recognized role on nerve cells that help 

regulate body temperature and alert the brain to heat and pain. It is also sometimes called the 

capsaicin receptor because of its role in producing the sensation of heat from chili peppers.

The study is the first to show that these channels are also present on T-cells, where they are 

involved in gating the influx of calcium ions into cells – a process that is required for T-cell activation.

“Our study breaks the current dogma in which certain ion channels called CRAC are the 

only players involved in calcium entry required for T-cell function,” said lead author Samuel 

Bertin, a postdoctoral researcher in the Raz laboratory. “Understanding the physical structures 

that enable calcium influx is critical to understanding the body’s immune response.”

T-cells are targeted by the HIV virus and their destruction is why people with AIDS have 

compromised immune function. Certain vaccines also exploit T-cells by harnessing their ability 

to recognize antigens and trigger the production of antibodies, conferring disease resistance. 

Allergies, in contrast, may occur when T-cells recognize harmless substances as pathogenic.

TRPV1 channels appear to offer a way to manipulate T-cell response as needed for health. 

Specifically, in in vitro experiments researchers showed that T-cell inflammatory responses 

could be reduced by knocking down the gene that encodes for the protein that comprises the 

TRPV1 channel. Overexpression of this gene was shown to lead to a surge in T-cell activation, 

which in human health may contribute to autoimmune diseases. T-cells also responded to 

pharmaceutical agents that block or activate the TRPV1 channel.

An inflammatory response and damage to the intenstinal wall (left) could be prevented by injecting TRPV1-
deficient T-cells (right). Credit: Nature Immunulogy, Bertin et al.
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In experiments with mice models, researchers were able to reduce colitis with a TRPV1-

blocker, initially developed as a new painkiller. One of the promising discoveries is that colitis in 

mice could be treated with much lower doses than what is needed to dull pain. “This suggests 

we could potentially treat some autoimmune diseases with doses that would not affect people’s 

protective pain response,” Raz said.

Co-authors include Petrus Rudolf de Jong, Jihyung Lee, Keith To, Lior Abramson, Timothy 

Yu, Tiffany Han, Ranim Touma, Xiangli Li, José M. González-Navajas, Scott Herdman, Maripat 

Corr, Hui Dong, and Alessandra Franco, UC San Diego; Yukari Aoki-Nonaka, UC San Diego and 

Niigata University Graduate School of Medical and Dental Sciences, Japan; Lilian L. Nohara, 

Hongjian Xu, Shawna R. Stanwood and Wilfred A. Jefferies, University of British Columbia; Sonal 

Srikanth and Yousang Gwack, UCLA; and Guo Fu, The Scripps Research Institute.

This study was funded, in part, by National Institutes of Health (U01 AI095623, P01 DK35108 

and P30 NS047101), The Broad Foundation, Crohn’s and Colitis Foundation of America, 

Canadian Institutes of Health Research, Fulbright Association, Philippe Foundation Inc. and 

Japan Society for the Promotion of Science. 

# # #

http://health.ucsd.edu/news/releases/Pages/2014-10-05-t-cells-and-pain-receptors.aspx 
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