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General introduction

The immune system is designed to respond rapidly to potential harmful stimuli. An acute stress 
signal induces systemic inflammation, and can be either infectious in origin such as sepsis; or 
sterile such as trauma, surgery and burns. Regardless of the etiology, the systemic inflammatory 
responses to these different stresses are remarkably similar.1 To study this acute inflammatory 
response in more detail, research has predominantly relied on animal models. However, 
translating animal immunology to human disease has proven to be challenging, especially in 
this field.1;2 Still, the systemic inflammatory response remains an important clinical challenge. 
For example, in the clinical setting of intensive care, cardiac surgery is well known to induce 
an acute systemic inflammatory response. Therefore, elective cardiac surgery also creates an 
opportunity to study the inflammatory response in human in detail, from its initiation through 
the peak of inflammation up to recovery. 
 Pediatric cardiac surgery profoundly affects the immune response. While surgical 
intervention is often life saving, it also brings along risks by triggering the immune system. 
Children needing repair of a congenital heart disease are usually young, which is an additional 
risk factor. Although at birth the human immune system is complete with all the components 
present, it still needs further development and expansion.3 Not surprisingly, it has been 
shown that age is a considerable risk factor for developing adverse effects of the inflammatory 
response following cardiac surgery.4;5 In the past decades much research has been performed 
to characterize this inflammatory response. In the immediate peri-operative period both local 
and systemic inflammation is initiated. Leukocytes responsible for this response increase in the 
circulation alongside a myriad of stress proteins such as complement, cytokines and chemokines 
(Table 1). Subsequently, therapies have been pursued to reduce these instigators of a harmful 
inflammatory response, with varying success6. Like every biological system, the inflammatory 
cascade includes an endogenous feedback mechanism. This endogenous inhibitory response is 
far less well understood. Understanding how the inflammatory response is kept in control after 
surgery could aid therapies for when inflammation runs out of control. While inflammation 
following cardiac surgery can be harmful, in itself it is an appropriate response to inflicted harm 
and essential for the healing process after surgery, if kept in control. Thus, understanding the 
feedback mechanisms of this inflammatory response can also shed light further afield. Lessons 
can be learnt for immunological disorders where the immune system responds inappropriately 
to harmless stimuli, such as allergy and autoimmunity. 

The first part of this thesis investigates the acute inflammatory response in children following 
cardiac surgery. The second part of this thesis describes the long-term effects of cardiac surgery 
in a select group of patients requiring neonatal thymectomy. 
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Table 1. Indicators of inflammatory response following pediatric cardiac surgery.

 Increased Decreased References

Cellular factors

Neutrophils Elastase

Myeloperoxidase

CD11b, CD18

CXCR1,2

4;107-110

Monocytes TLR2/4

CD11b, CD16, CD18

HLA-DR

LPS-response

111-114

Lymphocytes Apoptosis

Treg numbers

Response to mitogens

Cytokine production

Treg function

115-118

Soluble factors

Complement C3a, C5a, C5b-9 4;119-123

Chemokines MCP-1 RANTES, ICAM-1, 

sE-selectin

123;124

Cytokines IL-10, IL1-RA, 

IL-1b, TNFa

IL-5, IL-6, sIL6R 

IL-8 

4;14;120;125-129

1. Pediatric cardiac surgery

Congenital heart disease (CHD) occurs in 6–13 of every 1000 livebirths.7 Approximately one 
quarter of these children will require surgical or catheter intervention in the first year of life. 
CHD account for over 30% of birth defect related deaths and are responsible for more deaths 
than any other type of malformation.8;9 CHD range from simple defects requiring no treatment, 
to heart defects necessitating multiple operations or ultimately heart transplantation. Over the 
past decades improvement in antenatal screening and treatment options has reduced mortality 
significantly. Recently published post-operative mortality figures range from 0.6% to 18.4% 
depending on the type of procedure.10 Besides immediate post-operative risks, children with 
CHD also are at increased risk later in life including developmental disorder or delay.11;12 Hence, 
these patients remain a group at risk for morbidity and mortality at clinical presentation and 
later in life. Surgical intervention being on the one hand essential and lifesaving, also contributes 
to this risk. Through combined efforts from anesthesia, surgery, cardiology, intensive care 
and other subspecialties, surgery is being performed on more complex defects in younger 
patients. These advances in surgical options also increase the challenges for the post-operative 
management. One of the endogenous factors complicating post-operative recovery is the 
inflammatory response. Although still not completely understood, this leads to morbidity due 
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to either hyper-inflammation resulting in increased vascular permeability and ultimately organ 
damage, or on the other hand of the spectrum temporary immune deficiency, with subsequent 
risk of infections. Finding an appropriate balance between the two without compromising 
the healing process is a great challenge for the post-operative management of these complex 
patients.

2. Clinical significance of post-operative inflammatory response

Patients requiring cardiac surgery will be exposed to multiple triggers to which their immune 
system responds. The net result of these responses is characterized as the post-operative 
inflammatory response. Clinical outcome depends on the severity of each trigger and the extent 
to which the immune system responds. Regardless of the type of operation, all patients will 
be affected by anesthesia, surgical tissue injury, mechanical ventilation and some degree of 
ischemia-reperfusion and lipopolysaccharide (LPS) translocation from the intestines (Figure 
1). Most pediatric procedures furthermore depend on cardiopulmonary bypass (CPB) with the 
use of an extracorporeal system to enable systemic perfusion while the heart is operated on. 
Pre-operative conditions such as hypoxemia or heart failure trigger the immune system before 
any iatrogenic event occurs.13-15 And finally, once the patient returns from the operating theatre 
to recover on the Pediatric Intensive Care Unit (PICU), ongoing triggers include mechanical 
ventilation and secondary infection16. As the immune system responds to each trigger, the 
culmination of these triggers can prevent recovery. 

Figure 1. Peri-operative triggers of inflammation in pediatric cardiac surgery.
(LPS: lipopolysaccharide)
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The inflammatory response can affect multiple organ systems. The basis to most morbidity is 
the effect on the endothelium, subsequent increase of permeability and leukocyte recruitment. 
Activated endothelium attracts leukocytes and loses its integrity resulting in increased vascular 
permeability. The subsequent vascular leak results in multi organ edema. The lungs are 
particularly prone to ischemia-reperfusion injury17. The resultant pulmonary edema results 
in reduced gas-exchange and subsequent morbidity. Following CPB leukocytes accumulate in 
the heart, contributing to a local inflammatory response and reduced function.18 A reduced 
cardiac output after surgery, low cardiac output syndrome (LCOS), necessitates frequent use of 
inotropic support and fluid resuscitation.
 Fluid retention post cardiac surgery, resulting from increased need for fluid resuscitation 
and increased vascular permeability, prolongs duration of ventilation and length of stay.19 Acute 
kidney injury (AKI) and brain injury following cardiopulmonary bypass are well-recognized 
co-morbidities in the immediate post-operative period20 especially in infants. Overall, multiple 
organs are affected by the inflammatory response due to cardiac surgery and contributes to 
post-operative morbidity and mortality.

3. Regulation of inflammation

It is obligatory for the immune system to respond rapidly to potential harmful stimuli, whether 
infectious, tissue injury or otherwise. Likewise, the same immune cells need to be tightly 
controlled and inhibited when no longer needed, to prevent collateral damage. Therefore, 
inflammation is a highly orchestrated response to tissue injury. Key to minimizing inflammatory 
damage is trafficking and localizing leukocytes to the injured tissue. At the required site, these 
leukocytes can switch on their pro-inflammatory gene pathways and produce inflammatory 
mediators. Uncontrolled production of inflammatory mediators, or production at the wrong 
site, can have detrimental effects. Therefore, endogenous mechanisms are available to keep 
the inflammatory response in check, and permit resolution of the inflammatory response. 
Understanding these control mechanisms has attracted much attention over the past decade. 
Insufficient control of inflammation is the hallmark of many diseases including autoimmunity, 
atherosclerosis, allergy, obesity and probably many more. The common characteristic of these 
clinical conditions is unresolved inflammatio.21 Although the immune system is triggered 
through different mechanisms, the available points of control will be very similar. Thus, 
understanding endogenous resolution of the inflammatory response following surgery may 
also help understand human disease where resolution fails. 
 Control mechanisms are available at each level, from intracellular molecular feedback 
pathways, through anti-inflammatory proteins to highly specific regulatory leukocytes. Without 
giving a full overview of every known regulatory mechanism, some key mechanisms that 
influence the inflammatory response are described below. Section 3.1 describes the molecular 
pathways of importance in initiating inflammation through Toll like receptors (TLR) and 
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cytokine receptors. In addition their main negative feedback mechanisms are discussed. Next, 
in section 3.2 the function of the key anti-inflammatory cytokine IL-10 is discussed in order 
to highlight its importance for endogenous immune regulation. Finally, FOXP3+ regulatory T 
cells (Treg) are introduced in section 3.3 as regulators of inflammation including phenotypical 
characteristics, function for immune homeostasis and development in humans. 

3.1 Intracellular control of inflammation
Regulation of gene expression is an important control mechanism in inflammation. Exposure of 
cells to stress elicits a coordinated expression of stress-genes, which affect cell survival, apoptosis 
and cell-differentiation.22 Subsequent post-transcriptional and finally translational regulation 
defines the outcome at protein level. Translation of specific mRNA is tightly controlled to 
prevent unwanted proteins and save energy expenditure.23 Next, a summary is given of points 
of control in significant molecular pathways of importance for inflammation following cardiac 
surgery. To remain within the scope of this thesis, only those pathways are described briefly 
which are referred to in Chapter 3 of this thesis. Primarily, the pro-inflammatory signaling 
cascade downstream of TLR4 resulting in NFkB activation is described alongside its endogenous 
feedback pathways. Then, the Jak family tyrosine kinases (JAK) / signal transducer and activator 
of transcription (STAT) pathway that is responsible for transmitting extracellular cytokine 
signals to the nucleus and the Suppressor of Cytokine Signaling (SOCS) is described. These 
signaling pathways with their main feedback pathways are illustrated in Figure 2. 

TLR-MyD88 dependent pathway
The key transcription factor of inflammation is NFkB with a wide range of effects, both pro- and 
anti-inflammatory. As NFkB is present in the cell in an inactive form, it does not need new 
protein synthesis and therefore is a rapid first responder to harmful stimuli. NFkB is activated by 
many different stimuli.24 The key activation step of the NFkB cascade is recognition of danger-
associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs) 
by pattern recognition receptors (PRR). The best-described trans-membrane PRR is the family 
of Toll like receptors (TLR). In non-infectious inflammation so called DAMPs initiate the 
immune response following tissue damage. Examples of DAMPs include intracellular proteins 
(e.g. heat shock proteins, HMGB1), ATP and uric acid. Their infectious counterpart PAMPs, 
are small molecular motifs conserved within a class of microbes (LPS being the prototypic 
example). Recognition by TLR or other PRRs on the cellular surface leads to activation of NFkB 
through the myeloid differentiation factor 88 (MyD88) / interleukin-1 receptor-associated 
kinases (IRAK) dependent signaling pathway.25 Following activation through the MyD88/IRAK 
pathway, IkB kinase (IKK) is released, which leads to degradation of IkB from the NFkB/IkB 
complex. Inactive NFkB is sequestered in the cytoplasm by its inhibitor IkB and degradation 
of IkB by IKK results in activation of NFkB. Once the NFkB complex is freed from IkB, it 
enters the nucleus where it can turn on the expression of genes with a binding site to NFkB, 
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including genes essential for inflammation (mediating synthesis of IL-1, IL-6, IL-8, TNFa, etc), 
cell survival and apoptosis. Simultaneously, NFkB activates its own inhibitor IkB, as a negative 
feedback. Additionally TLR activation leads to activation of responsive genes through the 
mitogen-activated protein kinase (MAPK) pathway. Multiple negative regulators exist of both 
NFkB and MAPK pathways including SOCS, IRAK-M and others (Figure 2). 

JAK-STAT dependent pathway
The JAK-STAT pathway is used by many cytokine receptors to rapidly transmit extracellular 
signals to the nucleus.26 The pleiotrophic cytokine IL-6 for instance is crucial in the acute-phase 
response to injury.27 Signaling downstream of IL-6 results in activation of JAK, phosphorylates 
STAT3, which dimerizes and is translocated to the nucleus to activate transcription of genes 
containing STAT3 response elements. STAT3, which acts downstream of both IL-6 and IL-10 
signaling, plays a crucial role in many cellular processes including cell survival and apoptosis.28 
STAT3 knockout mice exemplify the crucial role of STAT3 in systemic inflammation. 
Namely, such STAT3 knockout mice exhibit diminished recovery from endotoxic shock and 
hyperresponsiveness of certain LPS inducible genes.29 
 
SOCS signaling
The family of SOCS proteins are important negative regulators of cytokine signaling. SOCS3 for 
example is strongly induced by IL-10, and suppresses the action of proinflammaotry cytokines 
such as IL-6 and TNFα.30 In addition, proinflammatory cytokines induce SOCS3, thus acting 
as a negative feedback loop of these cytokines. The inhibitory function of SOCS results from 
binding to the activation loop of JAKs and suppression of their kinase activity.31 Through 
inhibiting JAK-STAT signaling, SOCS acts as a negative regulator of a wide range of cytokines. 
In addition SOCS also inhibits JAK-independent pathways including IRAK-NFkB pathway.32 
Thus SOCS acts as an important negative feedback for several inflammatory signaling pathways 
(Figure 2).
 The immune system needs to respond promptly to extracellular signals. Following activation 
of the specific receptors (e.g. through cytokines or DAMPs/PAMPs) an intracellular signaling 
pathway leads to expression of inflammatory genes. To turn off the inflammatory response in 
time and limit collateral damage, multiple intracellular negative feedback mechanisms exist 
which can interact at different sites in the signaling chain. 
 
3.2 Anti-inflammatory cytokine IL-10 
In controlling the degree and duration of the inflammatory response IL-10 plays a key role. 
It selectively blocks expression of pro-inflammatory genes, while simultaneously enhancing 
expression of anti-inflammatory molecules.33 A wide range of cells (of both the innate and 
adaptive immune system) produce IL-10; including macrophages, monocytes, and all T cells.
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Figure 2. Feedback mechanisms of major signaling cascades of inflammation. The cell surface has 
multiple receptors available to engage in signals from outside the cell surface. Danger-associated 
molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) mediate the 
induction of inflammation through recognition by Toll like receptors (TLR). MyD88 and Toll interleukin 
1 receptor adaptor protein (TIRAP) couples TLR and Interleukin-1 receptor-associated kinases (IRAK1-
4) that leads to activation of NFkB by dissociating and degradation of its inhibitory protein IkB. The 
activated NFkB is then translocated into the nucleus where it binds to specific sequences of DNA, 
ultimately leading to transcription of proteins responsible for inflammation (and cell survival (e.g. 
IL-1, IL-6, IL-8, TNFα). Stimulation through TLR also leads to activation of p38 / mitogen-activated 
protein kinases (MAPK) and subsequent activation of transcription factors (such as AP-1). IL-10 exerts 
its effect through its receptor IL-10R. The main signaling pathway downstream of this receptor is the 
JAK-STAT system. Engagement of the Jak family tyrosine kinases JAK1 and TYK2 with respectively 
IL10-R1 and IL10R2 induces tyrosine phosporylation and activation of signal transducer and activator 
of transcription 3 (STAT3). STAT3 dimerizes and translocates to the nucleus. In addition IL10R activation 
also leads to activation of MAPK pathway. The pleiotrophic cytokine IL-6 binds to its receptor which 
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also predominantly relies on JAK-STAT signaling to activate transcription of genes. At multiple sites 
in these signaling cascades inhibitory molecules interact, limiting further activation. The main 
negative feedback molecules include signaling of suppressor of cytokine signaling (SOCS), IRAK-M, Src 
homology region 2 domain-containing phosphatase-1 (SHP-1) and A20.

IL-10 exerts its function through binding to its receptor (IL-10R). IL-10R is composed of two 
subunits that are a member of the interferon receptor family.34 While IL-10R2 is constitutively 
expressed on most tissues and cells, IL-10R1 needs upregulation to render cells responsive to IL-
10.35 Like many cytokines, JAK-STAT pathway plays an obligatory role in IL-10 signaling.36 One 
of the main effects of activation of the IL-10 signaling pathway is transcription of SOCS3.37;38 
IL-10 induced SOCS3 provides a negative feedback regulation of IL-10 signaling itself but also 
contributes to IL-10 inhibition of inflammation by inhibiting pro-inflammatory cytokines 
(Figure 2). Another important anti-inflammatory property of IL-10 is the induction of IL-1 
receptor antagonist (IL-1ra), which competes with IL-1 for binding to its receptor without 
activating its downstream signaling cascade. IL-10 enhances LPS-induced IL-1ra expression 
through binding of STAT3 to the IL-1ra promoter.39 In this manner IL-10 directly abrogates 
the pro-inflammatory effects of IL-1. Beyond exerting its function through the JAK-STAT 
pathway, IL-10 inhibits other pro-inflammatory pathways. NFkB is inhibited on different levels, 
including inhibiting degradation of IkB and inhibiting NFkB DNA binding activity.40 
 The overall effect of IL-10 is inhibition of both myeloid and lymphoid cells. IL-10 potently 
inhibits monocyte / macrophage production of most proinflammatory cytokines (IL-6, TNFα, 
IL-1, IL-18 etc.), but also of IL-10 itself. In addition IL-10 inhibits production of chemokines 
(MCP-1, IL-8, MIP, etc) and prostaglandin E2.33 IL-10 also downregulates macrophage 
expression of TLR, while increasing the expression of receptors required for scavenging such as 
CD16 (FcγRIIIa), CD64 (FcγRI) and CD163.41 Likewise, IL-10 inhibits cytokine and chemokine 
production by neutrophils and suppresses microbicidal activity. CD4+ T cell proliferation and 
cytokine production is strongly inhibited by IL-10. In contrast, IL-10 stimulates CD8+ T cells 
in recruitment, proliferation and cytotoxicity.42 
 As a result, collectively, IL-10 limits the duration of inflammation and contributes to 
clearance of harmful stimuli by enhanced phagocytosis. The protective effects of IL-10 have 
been illustrated in models of severe inflammation. Endogenous IL-10 confers significant 
protection from the harmful effects of LPS challenge in mice.43 Likewise, IL-10 protects mice 
from different forms of lethal sepsis including streptococcal B infection and cecal ligation, and 
non-infectious systemic inflammation such as ischemia reperfusion and burns.44-47 
 In conclusion, the main action of IL-10 is to inhibit pro-inflammatory responses from both 
innate and adaptive immunity. By regulating and repressing the expression of pro-inflammatory 
cytokines during the resolution phase, IL-10 reduces tissue damage caused by these cytokines as 
illustrated in a model of cardiac ischemia-reperfusion injury.48 Overall, IL-10 is a key mediator 
in controlling the degree and duration of the inflammatory response. 
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3.3 FOXP3+ Regulatory T cells 
FOXP3+ Regulatory T cells (Treg) are a population of highly suppressive T cells which modulate 
the inflammatory response. Treg play an essential role in immune homeostasis, as disruption 
in their development or function results in autoimmunity and inflammatory diseases.49 The 
most definitive marker for Treg is FOXP3, which is essential for its development and function.50 
FOXP3, a forkhead transcription factor, is considered a lineage specific transcription factor of 
Treg as genetic mutation of Foxp3 leads to deficiency in Treg resulting in severe autoimmunity 
in both humans and mice.50;51 In addition, forced expression of FOXP3 converts naive T cells 
towards a Treg phenotype with similar suppressive function as true Treg.52 However, the 
significance of FOXP3 expression has been complicated by the knowledge that CD4+FOXP3-, 
non-suppressive T cells can transiently express FOXP3 after activation without conferring a 
regulatory phenotype.53;54

 Treg exert their suppressive function through different mechanisms, though their main 
effector function remains controversial. Different studies have shown their methods of action 
to be contact-dependent,55;56 production of anti-inflammatory cytokines such as TGFb57 and 
IL-10,58 and competition for survival cytokines.59;60 Treg inhibit effector T cell proliferation, 
cytokine production and cytotoxicity. Furthermore, Treg suppress antigen presenting cells, 
including monocytes and macrophages.61 Treg not only suppress the adaptive immune system, 
but also have strong inhibitory effects on innate immune mechanisms.62-64 
 Over the past two decades ontogeny and mechanisms of suppression of Treg has been studied 
in great depth by means of experimental studies. Despite the obvious advantages of in vitro and 
animal models, there have been shown to be clear differences between experimental and human 
in vivo immunology.65-67 Therefore, great care should be taken when translating experimental 
data to clinical human immunology and much work remains to be done to understand the full 
scope of Treg in human disease.
 From the time that Treg were first discovered in mice, it was evident that they were produced 
by the thymus as a functionally distinct subpopulation of T cells.68 Neonatal thymectomy in 
certain mouse strains resulted in severe autoimmune diseases due to removal of suppressive 
Treg, while transfer of these cells prevented autoimmune development.69 These natural thymic 
derived Treg (nTreg) are generated in the thymus through major histocompatibility complex 
(MHC) class II-dependent T cell receptor (TCR) interaction, resulting in high avidity selection. 
Only those T cells that recognize self-ligands strongly (but below the apoptosis threshold) 
induce FOXP3 expression. However, FOXP3 expression alone is not sufficient for reliably 
delineating functional Treg cells. It has been shown that besides expressing FOXP3, nTreg 
also have specific demethylated DNA sites. These demethylated DNA sites (such as CNS2) are 
generally of importance for Treg function and contribute strongly to the stability of the Treg 
cell lineage.70 The specific DNA demethylation patterns occur in the thymus and generally 
remain highly stable throughout the Treg cell’s life, regardless of stimulation. Thus, Treg specific 
demethylated DNA sites, combined with Foxp3 expression, are reliable markers for nTreg.71 
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 While beyond doubt FOXP3+ Treg arise as a distinct lineage in the thymus, there is evidence 
that part of the peripherally circulating FOXP3+ Treg in human developed from non-Treg cells. 
These induced Treg (iTreg) express similar Treg specific molecules such as FOXP3, cytotoxic T 
lymphocyte antigen-4 (CTLA-4), glucocorticoid-induced tumor necrosis factor receptor-related 
protein (GITR) and IL-2 receptor (CD25). Evidence of their existence comes from adoptive 
transfer of CD25- naive T cells into lymphopenic mice. In subsequent homeostatic proliferation 
of the donor (non-Treg) T cells, some T cells become CD25+CTLA-4+GITR+ T cells expressing 
FOXP3+ and acquire suppressive activity.72 Furthermore, numerous studies have reported on 
the induction of human FOXP3+ Treg cells from non-Treg in vitro using different protocols.73;74

 In human the peripheral FOXP3+ T cell population can be divided into different 
subsets, with different proposed origin and function.75 Based on the expression of FOXP3 
and CD45RO (or CD45RA), FOXP3+ cells can be separated into three subsets. The Treg 
subsets with functional suppressive capacity (CD45RA+RO-FOXP3lowCD4+ resting Treg and 
CD45RA-RO+FOXP3highCD4+ active Treg) and a non-suppressive population (CD45RA-
RO+FOXP3lowCD4+ non-Treg). The active Treg population (CD45RA-FOXP3high) is proposed 
to originate from the resting Treg population, although may also be induced from FOXP- 
conventional T cells.76 
 So far, limited studies on the dynamics of the FOXP3+Treg population in human are 
available due to difficulty in distinguishing the separate populations from each other. The 
proposed origin of Treg in human is thus through thymopoiesis (natural thymic derived Treg) 
and peripheral induction (peripherally induced Treg). Their relative contribution in controlling 
immune homeostasis has not been completely elucidated. So far, it is assumed that both have a 
unique role in immune homeostasis.77 Natural thymic derived Treg being essential for peripheral 
self-tolerance, while peripherally induced Treg are important in tolerance to non-pathogenic 
foreign antigens (such as intestinal microbiota).78;79 Thus, an important question remains; how 
is the human Treg population maintained throughout life and during stimulation by different 
causes? 

4. The thymus and thymectomy

T cell immunity depends on circulating T cell numbers and diversity of available TCR to 
respond adequately to encountered antigens. During maturation of the T-cell pool the number 
of T cells increases, paralleling the expanding body volume they have to patrol. T cells are 
produced through two mechanisms; thymopoiesis and proliferative expansion of post-thymic 
cells (Figure 3A). Thymic output generates diversity of the pool and proliferation achieves 
optimal clonal size of each specific TCR.80 In the developing neonatal immune system, influx of 
new T cells from the thymus is essential to reassure that T cell diversity is not contracted due to 
increased clonal size.81 TCR repertoire is generated in the thymus by ad random combinations 
of different gene segments leading to a diverse set of TCR-α and -β segments. Pairing of different 
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TCR-α and -β segments further enhances TCR diversity. Ultimately the TCR-αβ diversity of 
human naive T-cells is estimated at 2.5 x 107.80 
 The thymus is essential for the initial establishment of the peripheral T cell pool. In 
human it develops early in fetal life, being responsible for the outgrowth of the peripheral T 
cell population in both fetal and postnatal life. The thymus gradually atrophies after the age 
of approximately one year at the rate of 1–3% per year.82 Regardless of involution, the thymus 
continues to serve as the site of T cell maturation and production throughout adulthood83 while 
it largely degenerates into fatty tissue in the elderly.84 Also, despite the decrease in thymus output 
during life, naive T cell numbers remain relatively stable during adult life.85 In childhood, both 
thymopoiesis and peripheral proliferation contribute to the establishment and maintenance of 
the naive T cell compartment.86 In adult life, in contrast to mice, the human naive T cell pool 
is predominantly maintained through peripheral proliferation and increased longevity of naive 
T cells.65;87 However, in conditions of T cell depletion, the thymus is capable of re-establishing 
its role in contributing to reconstituting the T cell compartment. Thymic output is increased 
and rejuvenates the T cell repertoire after autologous stem cell transplant in adult MS patients88 
and patients treated for breast cancer.89 Following antiretroviral treatment for HIV-1 infection 
the thymus contributes substantially in both young and adult patients to recover naive T cell 
count.83;90

 Loss of thymopoiesis can result in a progressive decline in naive T cells (Figure 3). Insufficient 
circulating naive T cells may influence the capacity to mount immune responses to novel 
antigens. A study in aging primates showed that loss of naive T cells results in replacement with 
oligoclonal memory populations. The subsequent constricted TCR repertoire results in limited 
antigen responses.91 Likewise, lymphopenic patients following bone marrow transplantation 
show a reduced vaccination response and the resistance to opportunistic infections correlates to 
naive T cell numbers.92 Restoration of the TCR repertoire can only come from thymic rebound.93 
 Some genetic disorders, such as Di George anomaly, Down syndrome, and Wiskott-Aldrich 
syndrome, are known to present with thymic aplasia or hypoplasia. Di George anomaly 
is associated with a deletion of chromosome 22q11.2 in 80% of patients, and characterized 
by conotruncal cardiac defects, hypoparathyroidism, dysmorphic facial features and thymic 
hypoplasia or athymia.94 A small proportion of Di George patients are born with a complete 
absence of thymus. The majority however display thymic hypoplasia, which presents with a 
relatively preserved T cell function, although reduced proportion of recent thymic emigrants, 
naive T cells and Treg.95 The resultant lymphopenia is associated with an accelerated homeostatic 
proliferation resulting in reduced TCR diversity.96 While complete Di George is fatal, partial Di 
George is associated with heterogeneous levels of immunodeficiency ranging from profound 
life-threatening immune deficiency to normal immunity. Interestingly, thymic transplantation 
seems a promising alternative for patients with limited thymic function.97
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Figure 3. Maintenance of the T cell population. 

(A) The T cell population is maintained by two sources; thymopoiesis and peripheral proliferation. 
Diversity of the T cell repertoire depends on thymopoiesis, while peripheral proliferation maintains 
clonal size. 
(B) Loss of thymopoiesis results in oligoclonality if the T cell numbers are to be maintained by increased 
peripheral proliferation

In human, removal of the thymus occurs for different reasons in both children and adults. 
Therapeutically, thymectomy is an accepted treatment for patients with myasthenia gravis. 
The precise mechanism of action of thymectomy is unknown, although possible explanations 
include the removal of the source of continued antigen stimulation, removal of Acetyl Choline 
Receptor antibody-secreting B-cells, and immunomodulation.98 It has been shown that 
thymectomy at an adult age does not alter the composition of the T cell population while 
thymic output declines. Naive T cell numbers remain stable while thymic output decreases, 
suggesting that peripheral naive T cell proliferation and perhaps longevity are responsible for 
maintenance of the naive T cell compartment.99;100 In pediatric cardiac surgery, thymectomy 
is performed to gain an unrestricted view of the operation site. Especially in neonates, where 
the thymus is comparatively large, surgical procedures involving the large vessels necessitate 
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complete removal of the thymus. Several studies have studied the effect of neonatal thymectomy 
on the developing immune system. Most studies evaluated the consequences of thymectomy 
in the first years after the procedure. Neonatal thymectomy results in reduced CD4+ and CD8+ 

T cells, already in the first year following thymectomy, but is sustained almost two decades 
thereafter.101-104 As expected, especially the naive T cell population was affected.102;105 This 
suggests that removal of the thymus early in life may affect the naive T cell compartment, and 
that the naive T cell compartment cannot be fully restored. In the first decade after neonatal 
thymectomy no obvious clinical immune dysfunction is observed. However, several studies do 
show signs of functional abnormalities due to reduced naive T cells. Neonatally thymectomized 
children show reduced response to a new antigen (tick-borne encephalitis vaccine).105 Another 
study revealed marked immunological alterations in young adults who were thymectomized 
within the first two weeks of life. These alterations indicate premature signs of immune aging 
with reduced naive T cells, accumulation of oligoclonal memory T cell populations and 
increased markers of inflammation.106 
 Thus, while neonatal thymectomy is a necessary procedure in some cardiac procedures, the 
immunological consequences are not fully understood. Although these patients appear to have 
no clinical signs of immune deficiency in the first decades of life, there are clear observations of 
immunosenescence that may have consequences later in life. As cardiac procedures involving 
neonatal thymectomy are becoming more successful, and patients are surviving beyond the first 
decades of life, it is essential that the full consequences of thymectomy be better understood. 
In addition this patient group enables detailed human studies of the role of the thymus for 
maintaining different T cell subsets including naive T cells and Treg. 

5. Outline of this thesis

This thesis describes the impact of pediatric cardiac surgery on the immune system. Cardiac 
surgery can affect the immune system in multiple ways. In the immediate post-operative period 
an inflammatory response is initiated. In some patients the immune system is directly affected 
because of the need to remove the thymus during the surgical procedure. Both effects of cardiac 
surgery tip the balance of the immune system, which requires regulating mechanisms to return 
to a healthy homeostasis.
 In the first part of this thesis we focus on the acute systemic inflammatory response 
following pediatric cardiac surgery with an emphasis on activation and regulation of both 
monocytes and T cells. Chapter two gives an overview of the inflammatory response to pediatric 
cardiac surgery, the clinical implications and strategies employed to limit the debilitating effects 
of post-operative inflammation in children. Chapter three describes an endogenous negative 
feedback mechanism in monocytes during the inflammatory response after pediatric cardiac 
surgery. Here, the possible pathways are explored that could explain the hypo-responsiveness 
of monocytes to TLR-mediated activation. Chapter four scrutinizes Treg in the immediate 
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postoperative period following pediatric cardiac surgery. Treg dynamics during systemic 
inflammation are described alongside the role of soluble factors in plasma on their suppressive 
capacity. 
 The second part of this thesis focuses on the effect of neonatal thymectomy on the homeostasis 
of Tcell populations. Chapter five illustrates the plasticity of the human Treg population after 
neonatal thymectomy. In particular the homeostatic dynamics of two distinct subpopulations 
of Treg are studied. In Chapter six the short and long-term effects of neonatal thymectomy on 
the naive CD4 T cell compartment are illustrated up to 30 years after thymectomy. 
 In the summary and discussion section in Chapter seven the results of the previous chapters 
are discussed. The results of endogenous feedback during inflammation are interpreted with 
the current knowledge of systemic inflammation after not only cardiac surgery but also sepsis. 
Secondly, the effect of neonatal thymectomy for T cell homeostasis and potential clinical effects 
after thymectomy is discussed. Finally the potential of studying induced inflammation due to 
pediatric cardiac surgery is explored.
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Abstract

Many congenital heart defects require corrective surgery. Due to technical advances, cardiac 
surgery is increasingly being performed on younger children, involving more complex 
procedures. The sum of surgical damage, anesthesia, contact with foreign surfaces of the 
cardiopulmonary bypass circuit, ischemia-reperfusion and others, results in activation of the 
immune system. An activated immune system is essential for recovery; however, exaggeration 
can lead to either hyper-inflammation resulting in increased vascular permeability and organ 
damage or to hypo-inflammation and immune paralysis with ensuing risk of infection. Which 
children are prone to develop an unfavorable immunological response is not completely 
understood. This review discusses the possible activators of the inflammatory response due 
to cardiac surgery in children. Furthermore, the different immune components that initiate 
and regulate this response are highlighted. Finally, a summary is given of therapies previously 
examined or currently being used to control the immune response after surgery.
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1. Introduction

Congenital heart disease (CHD) occurs in 9 of every 1000 livebirths,1 which amounts to about 
1250 new cases per year in the Netherlands. Approximately one quarter of these children will 
require surgical or catheter intervention in the first year of life. Survival of patients with CHD 
has improved significantly since surgical repair became available over 50 years ago. Instead of 
a mortality of 75% during infancy following the natural course, over 95% of children with a 
CHD now reach adulthood.2 Due to improved antenatal screening and treatment options many 
patients follow a relatively uncomplicated recovery and can be discharged home within days of 
the surgical procedure. However, all patients remain at risk of serious morbidity and mortality. 
Recently published post-operative mortality figures range from 0.6% to 18.4% depending on 
the type of procedure.3 Thus, these patients remain a group at risk for morbidity and mortality 
at clinical presentation and later in life. Through combined efforts from anesthesia, surgery, 
cardiology, intensive care and other subspecialties, surgery is being performed on more complex 
defects in younger patients. These advances in surgical options enhance the challenges in post-
operative care. Surgical intervention being on the one hand essential and lifesaving, it also 
contributes to this risk. One of the endogenous factors complicating post-operative recovery is 
the inflammatory response. Although still not completely understood, this leads to morbidity 
due to either hyper-inflammation resulting in increased vascular permeability and ultimately 
organ damage, or on the other hand of the spectrum hypo-inflammation with subsequent risk of 
infections. Finding an appropriate balance between the two without compromising the healing 
process is a great challenge for the post-operative management of these complex patients.

2. Events leading to immune activation

Immunological sequelae of congenital heart surgery results from a cascade of events, which 
to some extent, all lead to immune activation. The extent of post-operative inflammation has 
been attributed to pre-operative clinical condition, intra-operative factors and post-operative 
events (Table 1). Over the past decades much effort has been put into improving peri-operative 
management to minimize immune activation, which will be discussed below.

Table 1. Events leading to immune activation after pediatric cardiac surgery.

Pre-operative Intra-operative Post-operative

Genetic predisposition

Cyanosis

Clinical condition

Anesthesia

Cardiopulmonary bypass

Surgical injury

Ischemia / reperfusion injury

Mechanical ventilation

Nosocomial infection



34 | Chapter 2

2.1 Anesthesia
In the process of corrective heart surgery the first iatrogenic stimulant triggering the immune 
system will often be induction with anesthetic agents. Despite inducing inflammation, anesthesia 
can also have both direct and indirect protective effects on the immune system. Multiple efforts 
exist in employing agents necessary for inducing and maintaining anesthesia, which also have a 
protective effect during the surgical procedure. The best understood cardio-protective effect of 
anesthesia is based on diminishing oxygen demand by reducing contractility and metabolism 
and hereby protecting the myocardium and other organs during ischemia and reperfusion.4;5 
However, besides a direct effect in cardio-protection by diminishing metabolism, there is also 
increasing evidence of an indirect pre-conditioning effect.6;7 Pre-conditioning, first described 
by Murry in 1986, is a technique in which mild stress (e.g. ischemia) leads to resistance of 
tissue to a subsequent ischemic insult8. Although pre-conditioning has been shown to improve 
basic indices (pulmonary and cardiac function) following pediatric cardiac surgery,9;10 a 
recently performed large RCT by McCrindle, et al. showed no clinical benefit in length of stay 
or morbidity.. 

2.2 Cardiopulmonary bypass
Cardiopulmonary bypass (CPB) has increased surgical possibilities significantly by enabling 
to maintain perfusion while operating on a non-beating heart. Selective perfusion during 
some procedures (such as antegrade cerebral perfusion during aortic arch reconstruction) has 
further improved outcome.12 However, contact of circulating blood components with foreign 
material has major effects on both coagulation and immune activation. The role of CPB in 
initiating an inflammatory response has been well studied in adults comparing on-pump with 
off-pump coronary artery bypass graft (CABG) surgery. The release of cytokines, but also 
organ dysfunction is clearly diminished in CABG surgery without the use of CPB (off-pump) 
compared to surgery with CPB (on-pump).13 CPB induces a recognizable transcriptional 
response with pro-inflammatory elements being more or less balanced by protective elements.14 
We and others have described the inflammatory response following pediatric cardiac surgery 
with use of CPB.15-18 Various improvements in extracorporeal perfusion have reduced activation 
of the inflammatory cascade (Table 2). Some advances benefitted clinical indices, such as 
pulsatile perfusion can improve organ perfusion19;20 and heparin coated circuits can improve 
pulmonary function,21 while others (eg leukocyte depletion) failed to show a significant clinical 
benefit.22

2.3 Surgical injury 
Surgical tissue injury elicits an immune response both locally and systemically. While the 
inflammatory response due to tissue injury has potential side effects, the response in itself is 
essential to wound healing and starts as soon as damage occurs.23 In damaged tissue necrotic 
cells will activate the NF-kB pathway leading to a local inflammatory response.24 Furthermore, 
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injury leads to expression of chemokines resulting in recruitment of neutrophils.25 Besides 
initiating a local response, surgical trauma also profoundly affects the systemic immune system, 
including both innate and adaptive immune responses.26;27 While surgery has been shown to 
cause an innate host response with increased levels of circulating cytokines a more regulatory 
effect of the adaptive immune system also occurs. Circulating monocytes and T cells have been 
shown to be suppressed through a shift of Th1 to Th2 balance, which may explain why injured 
patients have an increased susceptibility to secondary infections.28 

Table 2. Interventions to control inflammation due to cardiac surgery. 

Intervention Immunological effect Clinical effect References

Technical

Pulsatile pump Reduced inflammation Increased organ perfusion (P) 19;20

Heparin coated circuit Reduced inflammation Improved pulmonary function (P) 127;128

Hypothermia Minor / no cytokine differences No effect (P) 129;130

Leukocyte depletion Reduced neutrophils adhesion 

markers

No effect (P) 22;131

Modified ultrafiltration Removal of cytokines, 

endotoxin

Increased postoperative 

perfusion and hematocrit, no 

effect on outcome (P)

132;133

Washed transfused  

blood products

Reduced IL-6:IL-10 ratio Reduced number of  

transfusions (P), reduced 

infections (A)

134;135

Ischemic pre-conditioning Pre-operatively increased, 

post-operatively attenuated 

cytokine release

Reduced inotrope score, 

improved pulmonary  

function, no improved  

clinical outcome (P)

9-11

Pharmacological

Corticosteroids Reduced pro-inflammatory 

cytokines, cardiac inflammation

No significant benefit for  

low-risk patients (P)

108;110; 

113;136

Aprotinin Reduced inflammation  

(factor XII, bradykinin, C5a, NO)

Reduced blood loss (P),  

severe adverse events (A)

137;138

Insuline  

(tight glycemic control)

Reduced pro-inflammatory 

cytokines

Conflicting results: no benefit 

and; reduced LOS and infections 

(P)

124-126

Sivelestat Reduced circulating 

neutrophils and CRP

Improved pulmonary and  

cardiac indices (P)

122;123;139

A: adult, P: pediatric, NO: Nitric Oxide, LOS: length of stay, CRP: C-reactive protein
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2.4 Ischemia / reperfusion injury
Despite the advantage of cardiopulmonary bypass, a majority of surgical procedures involve 
a period of myocardial ischemia. Reduced supply of oxygen and nutrients leads to tissue 
injury by intracellular accumulation of harmful metabolites and depletion of vital metabolites. 
Disruption of membrane ionic pumps results in further intracellular imbalance with fall in 
ATP and accumulation of calcium and lactate. While reperfusion on the one hand leads to 
restoration of oxygen and nutrient supply alongside excretion of harmful metabolites, it can 
also lead to additional injury. Reperfusion injury is the result of accumulation of intracellular 
calcium together with formation of reactive oxygen species (ROS). Following ischemia-
reperfusion, injury can further accelerate due to attracted activated immune cells migrating 
across the vascular wall initiating an inflammatory response. Depending on the duration of 
cardiac hypoxia, damage may occur due to ischemia and subsequent reperfusion leading to 
ventricular fibrillation, reduced myocardial contractility (myocardial stunning and loss of 
intracellular proteins) and trigger inflammation.29;30 Besides injury to the myocardium after 
cardioplegia, other tissues are also prone to ischemia-reperfusion injury, contributing to a 
systemic inflammatory response. Particularly the lungs are susceptible to ischemia-reperfusion 
injury resulting in post-operative pulmonary edema and reduced gas-exchange.31 Post-ischemic 
reperfusion of the lungs causes upregulation of adhesion molecules in the pulmonary vasculature 
resulting in neutrophil sequestration and subsequent tissue injury through production of 
oxygen-derived free radicals. Continuing pulmonary perfusion during CPB can diminish post-
operative lung injury.32;33 Furthermore intestinal ischemia-reperfusion injury leads to reduced 
barrier function and subsequently transmigration of gut bacterial reagents like endotoxin.34 
Finally, ischemia-reperfusion probably contributes to post-operative acute kidney failure.35 
Overall, ischemia-reperfusion injury can lead to significant injury in tissues throughout the 
body. Some surgical interventions require a period of circulatory arrest and hypothermia with 
or without selective cerebral perfusion. While hypothermia is aimed to protect the tissue by 
minimizing metabolism, the ideal degree of hypothermia is still debated.36 Also, the effect of 
hypothermia on the inflammatory response is not clear, with contrasting studies showing deep 
hypothermia resulting in both reduced and increased inflammation.37-39

3. The inflammatory cascade

The net result of above mentioned triggers is a potent inflammatory reaction. The inflammatory 
response is initiated both on a local and systemic level, summarized in figure 1a and b. Damaged 
cells release cell content, while stimulated cells activate specific intracellular cascades and release 
proteins (e.g. cytokines), which in turn activate other immune cells. The release of immune 
mediators can be either specific and controlled or uncontrolled, i.e. release of intracellular 
content (e.g. RNA) from lysed cells. Neutrophils are attracted to stressed tissues through 
locally released chemokines, such as IL-8. After adhering to the endothelium, neutrophils 
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migrate to the extravascular space and impair the endothelial barrier function, resulting in 
fluid extravasation.40 Oxidative stress results in release of ROS by primarily neutrophils, which 
are activated by systemic factors and locally through damaged myocardium and endothelium. 
Following activation of neutrophils an augmented immune response is initiated through release 
of a multitude of cytokines and chemokines. These messenger proteins have a direct effect on 
all leukocytes besides other tissues including endothelium elsewhere in the body. Both pro- 
and anti-inflammatory cytokines are released following cardiac surgery in a more or less time 
dependent pattern.41;42 The severity of tissue damage is to some extent correlated to circulating 
levels of cytokines.43 However, systemically circulating inflammatory mediators may not reflect 
the ongoing inflammatory response at a local level. 
 Over the past decades different concepts of the ensuing inflammatory response have 
developed. Opposing effects of the same response have been divided into an early systemic 
inflammatory response syndrome (SIRS) with a hyper activated immune state (Figure 1a) versus 
a late compensatory anti-inflammatory response (Figure 1b). Although helpful in recognizing 
the opposing consequences of an overwhelming inflammatory response, some studies have 
questioned the time related aspect of this paradigm.44 Furthermore, comparing a few major 
pro-inflammatory mediators versus anti-inflammatory mediators without taking into account 
the vast network of known and unknown mediators, interacting simultaneously, may be an 
oversimplification. More likely there is a multifaceted response with both pro-inflammatory 
and anti-inflammatory components acting at the same time (Figure 2).45 The subsequent clinical 
effect probably depends more on localization, presence of pathogens or repetitive injury, than 
the sum of pro- and anti-inflammatory mediators.

3.1 Pediatric inflammatory response to injury
The inflammatory response to injury in children is functionally age-specific. Compared to 
adults, children may be relatively spared from multiple organ failure and are more at risk of 
developing infections due to debilitated immune function.46;47 Although predisposing factors 
for developing organ failure in children are not well understood, young age and chronic illness 
have been recognized as important risk factors.48 The distinct pattern of organ dysfunction 
in young children may well be due to major changes in developing organs with a different 
susceptibility to inflammatory damage. 
 At birth the innate immune system shows decreased complement, macrophage and 
phagocyte function compared to adulthood.49 Besides clear shortcomings in innate immune 
components the adaptive immune system also needs further maturation.50;51 Although mature 
function can be elicited under some circumstances, neonatal immune responses are often 
dampened or non-protective. This may explain the decreased hyper-inflammatory response 
and increased risk of developing secondary infections following major surgery. Infections after 
cardiac surgery in children remain a frequent complication occurring in up to 30% of cases.52;53 
Both exogenous and endogenous factors play a role in the increased risk of infection after cardiac 
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surgery. Important exogenous factors include hygiene, use of intravascular devices, duration 
and complexity of surgery, length of stay on PICU and delayed sternum closure. Endogenous 
factors determining outcome after major injury like cardiac surgery include age and immature 
immune system and genetic variables.

Figure 1a. Initiation of local and systemic inflammation. Local tissue damage initiates an inflammatory 
response through release of signals that attract and stimulate the immune system. Damaged cells 
release intracellular components such as ribonucleic acid (RNA) and heat shock proteins (HSP), which 
are strongly immunogenic through activation of toll like receptors (TLR). Chemokines released by 
eg stressed myocardium attract leukocytes to transmigrate from the circulation to the damaged 
tissue. Recruited neutrophils release reactive oxygen species (ROS) and proteolytic enzymes to digest 
damaged tissue. Local inflammatory cells stimulate the response by releasing pro-inflammatory 
cytokines. Systemically available endotoxin (translocated from the gut) activates monocytes through 
binding with TLR. Circulating cytokines such as TNFa, IL-1β and IL-6 further activate the systemic 
inflammatory response. Local hypoxemia also induces inflammation through activation of hypoxia-
inducible transcription factor (HIF), which in turn results in production of nitric oxide (NO). NO is besides 
a strong vasodilator also important in regulation of the inflammatory response. Likewise endothelial 
adenosine deaminase (ADA) regulates vascular permeability by regulating the bioavailability of 
adenosine. The net result of above actions can have clinical relevance such as edema, hypotension, 
coagulopathy, and finally end organ failure. Cell types: Th = (CD4) Helper T-cell, Tc = (CD8) Cytotoxic 
T-cell, M = Monocyte, N = Neutrophil.
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Figure 1b. Resolution of local and systemic inflammation. Inflammation is strictly controlled on both 
a local and a systemic level. Activated tissue produces the potent anti-inflammatory cytokine IL-10. 
Angiogenesis is stimulated by released vascular endothelial growth factor (VEGF) to promote wound 
healing and revascularisation. Tissue damage is removed effectively by macrophages, which in turn 
dampen further inflammatory damage through production of IL-10. Regulation of the inflammatory 
response is controlled by regulatory T cells, which act both through cell-cell contact and production 
of anti-inflammatory cytokines. Cell types: Th = (CD4) Helper T-cell, Treg = Regulatory T-cell, M = 
Monocyte, MΦ = Macrophage, N = Neutrophil.

3.2 myocardium
Patients with congenital heart anomalies with associated mechanical stress show activation 
of inflammatory pathways in cardiomyocytes.54 Tissue injury and oxidative stress can further 
cause initiation of an inflammatory response with subsequent postoperative complications.55 
Ischemia-reperfusion injury due to corrective surgery stimulates myocardium to produce ROS 
and cytokines such as IL-6 and IL-8.56 Besides initiating a local inflammatory reaction, the heart 
also produces anti-inflammatory mediators such as IL-10.57 Cytokines can have a local effect 
on the cardiomyocyte but also influence the inflammatory reaction systemically when released 
into the circulation. Pro-inflammatory cytokines generally have a negative inotropic effect on 
the heart through production of nitric oxide (NO) ultimately leading to low cardiac output 
syndrome.58 While locally initiated inflammation correlates with myocardial damage and 
systemic augmented inflammatory response, the process in itself is necessary and essentially 
advantageous for wound healing of necrosis.59
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Figure 2. Inflammatory response following cardiac surgery characterized by circulating cytokines 
and leukocytes (adapted with permission from de Jong et al, Cell Stress Chaperones 2009). Multiple 
triggers during cardiac surgery result in a rapid release of pro-inflammatory cytokines activating 
multiple immune components. Simultaneously, anti-inflammatory cytokines are released that 
counterbalance the inflammatory response. Leukocytes are an important source of cytokines of both 
sides of the inflammatory balance. Depending on which side of the inflammatory balance dominates, 
the net result can be either a hyper-inflammatory or a hypo-inflammatory response with subsequent 
clinical signs.

3.3 Endothelium
Endothelium has a strategic position in the initiation and continuation of both local and 
systemic inflammation. At the interface between blood and tissues, endothelial cells control 
tissue perfusion besides guiding inflammatory cells to areas in need of defense or repair. Cardiac 
surgery with use of cardiopulmonary bypass initiates endothelial activation.60 The endothelial 
response depends on specific tissue needs and adapts to local stress. Inflammation and oxidative 
stress, such as that induced by surgical trauma, disrupts endothelial homeostasis, thereby 
decreasing the bioavailability of NO.61 This predisposes blood vessels to vasoconstriction, 
leukocyte adhesion and thrombosis. Coagulation is tightly controlled with an important role 
for endothelial cells that counteract coagulation by providing tissue factor and thrombin 
inhibitors and receptors for protein C activation. Activated protein C results in anti-thrombotic 
and anti-inflammatory effects.62 Upon stress endothelial cells are activated through the NFκB 
pathway and initiate a local inflammatory response by recruiting leukocytes to the damaged 
tissue. Leukocyte recruitment by endothelium is a complex mechanism of rolling, adhesion 
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and transmigration.6 Local hypoxia influences the inflammatory response strongly by having 
an effect on the integrity of the vessel wall and mobilizing leukocytes to the extravascular space. 
An important regulator of permeability is adenosine, which is under tight control of adenosine 
deaminase (ADA). During hypoxia ADA is induced, inhibiting extracellular levels of adenosine 
and hereby controlling vascular leak and inflammation.64 Altered endothelial integrity due to 
inflammation can result in unfavorable clinical outcome including thrombosis, edema and 
hypotension. 

3.4 Neutrophils
The archetypical scavengers of the immune response are polymorphic neutrophils, which 
actively seek and ingest damaged tissue and pathogens. Activation of neutrophils primarily 
occurs by components of both the complement and contact systems. Exposure to activated 
complement results in activation of neutrophils within seconds.65 Activation during surgery 
involves increased expression of adhesion molecules of the integrin family such as CD11/
CD18.66 Upon activation neutrophils release granules, which contain cytotoxic enzymes, 
products for matrix degradation and mediators for attracting and activating other components 
of inflammation. The clinical consequence of activated neutrophils after CPB includes increased 
vascular permeability, interstitial edema, thrombosis, and local cell necrosis.67 Impaired 
cardiovascular function after cardiac surgery correlates with neutrophil activation and is most 
prominent in children with a cyanotic heart lesion and those with a long CPB time.68

3.5 monocytes
Monocytes play an important role in initiating and maintaining an inflammatory response. Upon 
activation of pattern recognition receptors monocytes produce pro- and anti-inflammatory 
cytokines besides stimulating T cells by presenting antigens through the MHC complex on 
their surface.69 Furthermore, circulating monocytes enter the tissue and replenish the tissue 
macrophage populations and hereby contribute to local inflammation and tissue remodeling 
and repair.70 Following surgery or major trauma peripheral monocytes show significant changes 
in surface biomarkers. Changes in HLA-DR expression and CX3CR1 have been observed 
during systemic inflammation.71;72 HLA-DR is part of the MHC-II complex and is expressed on 
the surface of professional antigen presenting cells. Reduced monocytic HLA-DR expression 
is associated with post-traumatic immunoparalysis with reduced endotoxin induced cytokine 
production.73 Despite some disagreement in its predictive value,73;74 there is general consensus 
that during systemic inflammation HLA-DR expression on monocytes is reduced and is 
associated with clinical severity while a recovery of low monocyte HLA-DR expression parallels 
clinical improvement.71;75;76 This anti-inflammatory phase is also characterized by a reduced 
toll-like receptor (TLR) responsiveness of monocytes.77;78 Recently we found a crucial role for 
the STAT3 signaling pathway in the suppressed production of TNFa by monocytes in response 
to endotoxin after pediatric cardiac surgery.79 These findings suggest a specific monocyte 
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reprogramming during the post-operative course, instead of a general immune suppression. 
Thus, monocytes are key players in the inflammatory response after cardiac surgery and 
are actively reprogrammed during the direct post-operative phase resulting in a suppressed 
responsiveness to TLR stimulation.

3.6 T- lymphocytes
T lymphocytes are central players in the cell mediated immunity. Different subsets exert either 
stimulatory or inhibitory functions in the inflammatory response. Following activation CD4 
T helper cells facilitate the inflammatory response by secreting pro- and anti-inflammatory 
cytokines. The Treg subset expressing FOXP3 has been shown to be a potent inhibitor of various 
leukocytes. Since Riddle and Berenbaum in 1967 described that the lymphocyte responsiveness 
is diminished in the postoperative period,80 it has been well established that injury impairs 
the adaptive immune system, including reduced T cell proliferation to polyclonal and antigen-
specific stimulation.81;82 In cardiac surgery T cells may become activated by sheer stress of 
the cardiopulmonary bypass,83 effect of anesthesia84 and TLR activation by both exogenous 
(endotoxin, peptidoglycan85;86) and endogenous (heat shock proteins77;87) ligands, which are 
released due to the procedure. In various inflammatory conditions FOXP3+ Treg cells have 
been shown to be crucial regulators of the inflammatory response. We previously reported 
that during the inflammatory response after pediatric cardiac surgery Treg lose suppressive 
potential.18 In pathological inflammatory responses to injury however it has been shown that 
Treg are an important contributor to post injury immune suppression.88 Hence, reduced Treg 
suppression after surgery may well be a normal response, enabling active inflammation. In the 
event of prolonged Treg activation, inflammation is inhibited, resulting in immune paralysis, 
posing a risk of secondary infections.

3.7 Cytokines
As a derivative of systemic inflammation circulating cytokine levels are frequently studied. 
These proteins circulate after release by activated immune cells and tissue under stress, 
and represent the crosstalk between the various immune components. Roughly, cytokines 
are divided in pro- and anti-inflammatory, although the effect of the same cytokine can be 
opposite depending on the context. Prototypical pro-inflammatory cytokines include TNFα, 
IL-1β, IL-6 and IL-8 while IL-4, IL-10 and TGFβ are known inhibitors of inflammation. We 
and others have characterized the systemic inflammatory response ensuing pediatric surgery 
by measuring multiple circulating cytokines.42;54;79;89 The immune response to cardiac surgery 
is a dynamic inflammatory balance, which is initially predominantly hyper-inflammatory in 
nature and is followed by a hypo-inflammatory phase (Figure 2). These phases however are not 
separate entities and vastly overlap in time with from the start rapid production of both pro- 
and anti-inflammatory mediators. The hypo-inflammatory phase renders innate and antigen 
specific immune cells hypo-responsive, hence this phase is also referred to as immunoparalysis. 
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Importantly however, the response varies from one organ to another; the inflammatory 
response is strictly compartmentalized.90 Systemically circulating leukocytes could be hypo-
reactive, while at the same time leukocytes from inflamed tissue are activated and fully capable 
to respond to ex-vivo activation. While tissue inflammation can result in organ damage, 
immune paralysis puts a patient at risk of developing nosocomial infections.91 A natural balance 
exists between pro- and anti-inflammatory mediators, both locally and systemically. Therefore, 
pharmacological therapies based on interpretation of circulating cytokines may well be contra-
productive for other compartments. 

3.8 Complement system
The complement system is an essential part of the early innate immune response. A multistep 
activation cascade through cleavage of different inactive precursors results in chemotaxis of 
leukocytes, opsonization and finally lysis of pathogens. Activation of the complement system 
during CPB was evident through the early studies by Chenoweth and Kirklin.92 Activation 
occurs through both the alternative pathway (exposure of blood to the extra corporeal circuit, 
reperfusion of ischemic tissue, endotoxin) and the classic pathway (protamine).93 Complement 
activation, predominantly through the alternative pathway,94 has a role in postoperative organ 
dysfunction.95 Especially in younger infants and prolonged bypass time complement activation 
contributes to morbidity.96 The effects of complement-specific inhibitors have demonstrated 
the role of complement in the inflammatory response to cardiac surgery. TP10, a soluble 
complement receptor type 1, showed reduced complement activation in infants and adults, 
resulting in decreased vascular leak97 and ischemia.98 In an experimental model of neonatal CPB, 
Complement factor 1 esterase inhibitor (C1-inh) improved pulmonary and cardiac function.99 
In infants supplementation of C1-inh resulted in decreased activation of complement cascade 
and reduced capillary leak.100 Complement activation occurs during CPB and contributes to 
morbidity in predominantly younger infants and prolonged bypass time.96 However, thus far no 
intervention in inhibiting the complement cascade during CPB has improved clinical outcome 
in children significantly.

4. Efforts to control inflammation

Numerous attempts have been made to control the immediate inflammatory response following 
cardiac surgery.101 A list of interventions to diminish the inflammatory response due to cardiac 
surgery in children is summarized in Table 2. Early on in the development of artificial surfaces 
for the CPB, heparin coated circuits were developed to inhibit thrombosis. Since then however, 
heparin coated circuits have also been recognized for the improved biocompatibility with the 
immune system. Heparin coated CPB circuits minimize immune activation by inhibiting direct 
contact, complement and neutrophil activation,102;103 reduction of released cytokines21 and less 
hemostatic activation.104 Many studies have been published on the effect of removing leukocytes 
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from the circulation in order to inhibit the inflammatory response following cardiac surgery. 
Different leukocyte depleting filters within the CPB circuit have shown to effectively remove 
leukocytes from the circulation. Despite removal of leukocytes however, there is insufficient 
evidence that in a general patient population leukocyte depletion improves outcome.105

 The longest relied on pharmacological agent to control inflammation in cardiac surgery 
must be corticosteroids. In both adult and pediatric cardiac surgery corticosteroids have 
been used for decades, despite limited data actually suggesting a positive effect on outcome. 
Many fundamental studies have shown a protective effect on myocardial and pulmonary 
cell integrity,106 reduction of endothelial adhesion molecules and hereby reducing neutrophil 
mediated injury.107 Also reduced levels of circulating complement and cytokine levels have 
been shown.105;108;109 Although several studies could show a clear anti-inflammatory effect of 
corticosteroids given before cardiac surgery,110;111 the value for diminishing clinical morbidity 
is less clear. Recently published meta-analyses focusing on both adult and pediatric corrective 
cardiac surgery separately concluded that there is insufficient evidence to propagate the 
universal use of corticosteroids in these patients.112;113 Whether specific high-risk patient groups 
such as neonates and infants with complex congenital heart defects may benefit from the anti-
inflammatory effects of corticosteroids remains a subject of debate. A retrospective study of 
high-risk cardiac surgery in neonates concluded a beneficial association between inta- plus 
pre-operative steroid and outcome (shorter duration of mechanical ventilation and hospital 
stay without increased risk of infection).114

 The serine protease inhibitor aprotinin derives its anti-inflammatory effect from inhibiting the 
contact system. It inhibits trypsin, chymotrypsin, plasmin, kalikrein, elastase and thrombin,115;116 
and consequently decreased levels of pro-inflammatory cytokines circulate.117 Besides these 
ex-vivo effects, several studies also suggest an overall decrease in mortality alongside reduced 
signs of reperfusion injury and improved bleeding due to platelet preservation.118 However, a 
large well conducted study in adult patients by Mangano, et al. reports severe safety concerns 
(end-organ damage and long-term mortality) for the use of aprotinin and subsequently safer 
anti-fibrinolytic alternatives are preferred.119

 Recently, clinical trials have been conducted with the neutrophil elastase inhibitor 
sivelestat. Sivelestat reduces neutrophil elastase, IL-6 and IL-8 and reduces acute lung injury 
in adult cardiac surgery with CPB.120;121 Furthermore it has been shown to improve pulmonary 
and cardiac function in children following cardiac surgery.122;123 These first studies show 
promising results, with reduced inflammatory mediators in some studies alongside improved 
clinical indices. However, due to the size of these trials and the uncomplicated post-operative 
course there was no difference in morbidity (such as length of stay or duration of mechanical 
ventilation) or mortality.
 Tight glycemic control in critically ill patients is an important post-operative management 
and may reduce the risk of secondary infection and general inflammation. A first large trial, 
with predominantly children following cardiac surgery showed reductions in mortality, length 
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of stay and rate of infection.124 While a study from the same research group on tight glycemic 
control following neonatal cardiac surgery also shows cardio-protective effects together with 
reduced circulating pro-inflammatory cytokines, there were also concerns because of a high 
rate of hypoglycemia.125 A recent study with infants after cardiac surgery showed, despite safely 
achieving normoglycemia, no improvement in infections, mortality or several organ specific 
end points.126 Thus far, tight glycemic control in this patient population has generally not been 
implemented in routine protocols due to risk of hypoglycemia and insufficient proof of clinical 
benefit.
 Overall, numerous attempts to control inflammation due to cardiac surgery have mainly 
focused on inhibiting the inflammatory response. Though reducing activation of the immune 
system (e.g. improved CPB circuits) has had a positive effect on outcome, actively inhibiting 
inflammation has thus far shown limited clinical benefit.

6. Conclusion

Inflammation following cardiac surgery is necessary for wound healing but also inflicts damage 
through systemic inflammation or by falling short when confronted with pathogens. As a 
rule, also in the case of post-operative inflammation; ‘what goes up must come down’. In a 
natural course of inflammation the immune system is well equipped for regaining equilibrium. 
However, excessive responses, either hyper- or hypo-inflammatory, will have deleterious effect. 
Numerous therapeutic attempts to control inflammation have shown variable clinical success. 
Before initiating further trials in this field it is mandatory to identify which patient is most 
likely to benefit. Since the first attempts to control inflammation, peri-operative management 
has improved substantially resulting in less inflammation and lower post-operative morbidity. 
On the other hand, procedures have become more complex and are performed in younger 
patients. Bearing in mind that inflammation after major surgery is an essential part of recovery, 
outcome may be improved in those patients that are at risk to develop unbridled inflammation 
and subsequent damage. Ongoing knowledge in how to fine-tune the immune system is crucial 
in finding the appropriate therapy in this select patient group.
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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 associated 
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) factors.1-3 Monocytes are important players in systemic inflammation and the 
main producers of pro- and anti-inflammatory cytokines upon activation of innate pattern 
recognition receptors.4 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 CD11b.8 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-β.9-12 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 unclear.13 
 The anti-inflammatory phase in systemic inflammation is associated with a reduced TLR 
responsiveness of monocytes.14;15 Monocytes respond to LPS stimulation through association 
of LPS/LPS-binding protein (LBP) with CD14 and TLR4,16;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 a reduced availability of TLR ligands (i.e. free LPS), by upregulation 
of circulating LBP18 or lipoproteins.19 Alternative explanations include the downregulation of 
TLR4 and the resulting inhibition of downstream signaling cascades,20;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-10.15 
 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 shown.24 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 
for IL-10/STAT3 signaling for the effects of anti-inflammatory plasma on monocytes ex vivo.
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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) 
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 marked 
increases of biomarkers that have been associated with a deleterious course in human systemic 
inflammation,25 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 (Fiure 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 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 
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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 released in the 
circulation 4 h after open heart surgery strongly suppressed LPS-induced TNF-α but not IL-6 
synthesis by monocytes.

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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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%) represented as mean ± SEM. *P<0.05, 
**P<0.001 vs. control (ANOVA). (E) Percentages of IL-6 producing monocytes as in D. Mean ± SEM. 
**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 
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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 No-dexamethasone patient). Isotype control: mouse IgG1. Data represented as mean ± 
SEM, unless otherwise indicated.

 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 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 monocytes.26 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 
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increased p38 MAPK phosphorylation in the presence of suppressive 4 h post-surgery plasma 
(Figure 3B). IκB-α negatively regulates NF-κB by sequestering this transcription factor in the 
cytosol.27 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.

Table 1. Patient characteristics. 

Dexamethasone No-Dexamethasone P-value

Age (mo)

Male / female

VSD

ASD

AVSD

Aortic valvuloplasty

Extracardiac conduit

CoA

Duration of CPB (min)

Duration of ACC (min)

PICU stay (days)

12 ± 34

19 / 15

16

12

2

2

1

1

52 ± 28

32 ± 20

2 ± 1.2

7 ± 6

1 / 3

3

1

49 ± 29

42 ± 17

1 ± 0

0.14

0.82

0.26

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). 

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-10,29 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. 
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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 monocytes in the presence of 24 h (control) or 4 h post-surgery plasma. Tubulin: 
loading control. Mean ± SEM (n=4). *P<0.05 vs. 0 min (ANOVA).

 IL-10 activates the JAK1/STAT3 pathway by signaling through the IL-10 receptor (IL-
10R) in mononuclear cells.30;31 This IL-10R/STAT3 signaling axis results in the upregulation of 
various anti-inflammatory proteins that can inhibit pro-inflammatory cytokine synthesis.32;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 dimers.34 After 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 it 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 monocytes 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 stay.35;36 Previous studies identified both phenotypic cellular changes such 
as HLA-DR expressed on monocytes5 and soluble factors including IL-1015;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)-M,38 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 inflammation.40;41 Currently, there is limited information on the role of STAT3 
in anti-inflammatory feedback on innate immune cells during human (sterile) systemic 
inflammation.42;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 production.44 On-pump cardiac 
surgery has been shown to induce the release of cytokines (IL-6, IL-10) associated with JAK1/
STAT3 signaling,9;15;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, respectively.46;47 These apparent paradoxical inputs are differentially regulated by suppressor 
of cytokine signaling (SOCS)3.32 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 
transcripts.48;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 
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mechanisms used by STAT3 to selectively regulate TNF-α synthesis in human monocytes. 
Besides an important 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 injury,50;51 with a major role for IL-6 in the induction of 
this pathway.52 Thus, our results add another feature to the multifaceted properties of STAT3 
signaling in different cell types to promote tissue homeostasis after cardiac surgery.

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 monocytes 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.



64 | Chapter 3

 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 however 
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 
followed 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 of 2 or less.54 Patients that had signs of infection or a documented immunodeficiency were 
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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 
previously.24 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 morfine 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 and 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 described.55 In some assays, pooled human 
AB plasma from healthy volunteers (Sanquin Blood Bank, Utrecht, The Netherlands) was used 
as control plasma.

Antibodies
Fluorescently labelled 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. 
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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-wells plate (Costar®) for 4 h at 37°C, 5% CO2 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-wells plate at 2 x 106 cells/mL in RPMI-1640 supplemented 
with 2 mmol/L glutamine, 100 U/mL penicillin/streptomycin (Gibco BRL, Invitrogen) and 10% 
(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 2 x 106 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 spinned (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 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 published.24 

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 described.56 

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 
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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

Regulatory T cells are crucial in controlling inflammation. Although the transcription factor 
FOXP3 is the most applicable phenotype marker of Tregs, it does not indisputably characterize 
suppressive function during T cell activation in vitro. A question that remains is: what is 
the functionality of FOXP3+ T cells during inflammation in vivo. We studied FOXP3+ T 
cells in a human model of acute inflammation due to cardiac surgery. Twenty-five children 
who underwent cardiac surgery for correction of a septum defect were included. Following 
surgery we observed a transient systemic inflammatory response accompanied by an increased 
proportion of CD25bright T cells with sustained Treg phenotype. During this transient immune 
activation, both the percentage of CD4+FOXP3+ cells and the level of expression of FOXP3 
in the CD4+CD25brightCD127low population increased. While Tregs remained present during 
systemic inflammation and continued to be anergic, the capacity to suppress effector T cells was 
reduced. The reduced suppressive state of Tregs could be induced in vitro by plasma obtained 
during the peak of inflammation after surgery. These data show that inflammation inhibits Treg 
function through soluble factors present in plasma. These results underscore the functional role 
of FOXP3+ Tregs during inflammation in vivo. 
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Introduction

Regulatory T cells (Treg) have an important role in the maintenance of immune tolerance in 
both mice and humans. Besides a central role in autoimmunity and transplantation medicine, 
these cells have left their mark as regulators of inflammation such as in tumor immunology, 
allergy and infectious diseases. While the functionality of Tregs is indisputable in animal models, 
defining their in vivo role in human is problematic. For example, most markers associated with 
Tregs have been shown to be upregulated after in vitro T cell activation without necessarily 
qualifying the cells as suppressive Tregs. Therefore, measurement of Tregs in human disease is 
generally biased when conducted during inflammation. 
 In the following study we describe the functionality of CD4+CD25+FOXP3+ T cells during 
the systemic inflammatory response in children undergoing cardiac surgery. Cardiac surgery 
with the use of cardiopulmonary bypass (CPB) induces a systemic inflammatory response.1-4 
Factors involved in triggering an immune response include anesthesia, surgical trauma and 
contact of immune competent cells with surface of extra-corporeal circuit. In uncomplicated 
cases, this is a temporary event. Depending on the preoperative clinical state and the extent 
of surgery, the pro-inflammatory response will be more or less effectively counteracted by an 
anti-inflammatory response. The balance between pro- and anti-inflammation is critical in 
determining clinical outcome.5 Systemic inflammation after elective cardiac surgery therefore 
creates an opportunity to study in detail the activation of T cells directly ex vivo as the whole 
immune response can be scrutinized, from before triggering the immune system, through the 
peak of inflammation up to recovery. Moreover, samples can easily be obtained from the site of 
inflammation (systemic) in a human system. This study scrutinizes the induction of a human 
systemic inflammatory response and the subsequent functional ability of the FOXP3+ T cell 
population.

Results

Patients and the ensuing systemic inflammatory response after cardiac surgery
Twenty-five patients who underwent surgical intervention for congenital VSD or ASD were 
included. Because these patients typically had a rapid recovery, with a short postoperative 
inflammatory response, we considered them ideal for monitoring the temporary systemic 
inflammatory response and subsequent restoration of immune homeostasis following cardiac 
surgery. Their median age was 40 weeks (range 7 weeks to 6 years). All patients recovered 
uneventfully following surgery and could be discharged from the pediatric intensive care unit 
within an average of 2 days. Patient characteristics are summarized in Table 1. 
 In response to the surgical insult, indeed all patients underwent a period of systemic 
inflammation. Clinically this could typically be observed with a rise in temperature after 
surgery alongside an increase of C-reactive protein. Furthermore both cellular and cytokine 
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characteristics of systemic inflammation were measured in obtained blood samples after 
surgery. Monocytes were released into the circulation soon after surgery, while the lymphocyte 
count decreased immediately after surgery with lowest numbers 4 hours post-operatively. Pro-
inflammatory cytokines IL6 and IL8 were rapidly released systemically and returned back to 
baseline levels 48 hours after surgery (Table 2). TNFa and IL2, however, were less affected by 
the procedure. Thus, pediatric cardiac surgery is a suitable model for transient inflammation in 
vivo, characterized by clinical features which are accompanied by rapid and transient changes 
in immune activation parameters.

Table 1. Patient characteristics.

Median (range)

Diagnosis (ASD/VSD)

Sex (male/female)

Age (weeks)

CPB duration (minutes)

ACC duration (minutes)

IC stay (days)

15/10

12/13

40 (7 – 349)

48 (21 – 113)

28 (7 – 80)

2 (1 – 3)

ASD: atrial septum defect, VSD: ventricular septum defect, CPB: cardiopulmonary bypass, ACC: aortic cross clamping,IC: 
intensive care

Table 2. Systemic inflammation in response to cardiac surgery in children.

Pre-surgery End CPB 4 h 24 h 48 h

Leukocytes (106/ml)

Lymphocytes (106/ml)

Monocytes (106/ml)

IL6 (pg/ml)

IL8 (pg/ml)

TNFa (pg/ml)

IL2 (pg/ml)

CRP (mg/l)

6.9 ± 1.8

4.0 ± 1.7

0.5 ± 0.2

92 ± 170

11 ± 14

25 ± 35

1.3 ± 1.2

5.0 ± 0

6.9 ± 4.6

2.5 ± 1.3 *

0.2 ± 0.2 **

123 ± 202

27 ± 23 *

16 ± 29

2.1 ± 1.6

5.0 ± 0

12 ± 3.3 **

1.4 ± 0.45 *

0.8 ± 0.4 *

240 ± 335 *

70 ± 38 *

46 ± 47

1.0 ± 0.5

5.0 ± 0

15 ± 3.7 **

3.5 ± 1.6

2.0 ± 0.9 **

108 ± 175

13 ± 10

13 ± 26

0.8 ± 0.3

50 ± 28 **

14 ± 4.0 **

4.5 ± 2.0

1.0 ± 0.5 **

111 ± 174

15 ± 11

25 ± 33

0.5 ± 0.1

46 ± 23 **

Cell count following cardiac surgery. Leukocyte, lymphocyte and monocyte count in million cells per ml. CPB: cardiopulmonary 
bypass, CRP: C-reactive protein. Data are represented as mean ± SD. Significance compared to before surgery is indicated 
by *P<0.05, **P<0.001.

Activation of T lymphocytes with sustained Treg characteristics
With the observation of a rapid decrease in circulating lymphocytes, we considered how this 
reflected the composition of lymphocyte subsets in particular with regard to Tregs. After surgery 
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CD4+ T helper cells temporarily decreased (median CD4+ lymphocyte count was before, 24 hours 
and 48 hours after surgery 2.19, 1.53 and 1.88 x10*9/L respectively, Figure 1A and supporting 
information Figure 1). The CD4+ T cell population became activated as is typified by increased 
expression of CD25 (Figure 1B, P<0.001). Percentage of CD69+CD4+ T cells remained low 
(supporting information Figure 2). While total CD4+ T cells decreased, CD4+CD25+ numbers 
remained stable (median CD4+CD25+ T cells before, 24 hours and 48 hours after surgery 0.14, 
0.19 and 0.19 x10*9/L respectively, n.s.). A comparable increase was observed in CD4+ T cells 
with high expression of CD25 (CD4+CD25bright) (Figure 1C). CD4+CD25bright T cells contain 
FOXP3+ Tregs; therefore we characterized the FOXP3 content in this population during the 
inflammatory response. CD4+ cells were sorted by FACS based on low, intermediate and bright 
CD25 surface expression, after which FOXP3 mRNA expression was determined (Figure 1D). 
Twenty-four hours after surgery, FOXP3 mRNA expression per cell showed a moderate though 
not significant increase in both CD25 expressing cell populations, indicating that the increased 
percentage of CD25+ cells during the activated immune state contain at least similar levels 
of FOXP3 mRNA compared with before surgery. Besides a stable FOXP3 mRNA expression, 
these cells also continued to express high levels of both GITR and CTLA-4, proteins associated 
with Treg function (Figure 1E and F). Twenty-four hours after surgery, CD4+ T cells with the 
brightest expression of CD25, moderately upregulated GITR compared with before surgery. 
 Taken together, these results indicate activation of T cells during the transient inflammatory 
response ensuing cardiac surgery. Furthermore, the relative proportion of CD4+CD25bright T 
cells also increased, which continued to have phenotypic characteristics of Tregs. 

Induction of CD4+FOXP3+ T cells 24 hours after cardiac surgery
Subsequently, we determined if the systemic inflammatory response indeed influenced the 
composition of FOXP3+ Tregs in the circulation. To quantify CD4+FOXP3+ cell kinetics we 
analyzed this cell population during the observation period by flowcytometry. The proportion 
CD25+FOXP3+ cells within CD4+ population increased from 4.48% before surgery to 6.74% 24 
hours after surgery (P<0.01), and returned back to 4.70% on the second day postoperatively 
(Figure 2A). Besides an increase in proportion of FOXP3+ cells, mean intensity of FOXP3 
expression increased significantly in CD4+CD25+CD127low population 24 hours after surgery, 
P<0.01 (FOXP3 MFI of CD4+CD25+CD127low population was before surgery, 24 hours and 48 
hours after surgery; 10.8, 14.2 and 12.5 respectively, Fiure 2C). Furthermore, as localization 
of FOXP3 protein could influence activity of Tregs we examined FOXP3 localization by 
confocal microscopy 24 hours after surgery in the same CD4+CD25 populations (Figure 
2D). FOXP3 was typically localized in the nucleus, as expected. CD4+CD25bright population 
showed predominantly FOXP3 positive cells, while CD4+CD25- population lacked FOXP3+ 

cells. Circulating CD4+FOXP3+ cell numbers remained statistically stable after surgery, while 
the total CD4+ T cell population decreased in numbers (CD4+FOXP3+ cells before surgery, 
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Figure 1. CD4+ T cell phenotype before 24 and 48 hours after surgery. (A) CD4+ T cell count; (B) 
percentage CD25+ and; (C) CD25bright T cells within CD4+ population. Data are represented as dot plots 
with median (n=25). (D) FOXP3 mRNA expression pre-surgery (black bars) and 24 hours after surgery 
(grey bars) in CD4CD25-, CD4CD25intermediate (CD25i) and CD4CD25bright (CD25b) populations. 
The number between brackets ( ) shows the sample size per population. Mean values represent 
expression of FOXP3 compared to B2M as percentage of tetanus stimulated control. (E) Expression of 
glucocorticoid-induced tumor necrosis factor receptor (GITR) (n=13) and; (F) Cytotoxic T-Lymphocyte 
Antigen 4 (CTLA-4) (n=13) in CD25- (white bars), CD25intermediate (grey bars) and CD25bright (black bars) 
CD4+ T cells. Significance compared to before surgery calculated by Wilcoxon test is indicated by 
*=P<0.05, **=P<0.001. 



77Systemic inflammation inhibits Treg function | 

4

Figure 2. Kinetics of FOXP3 expression during systemic inflammation. (A) Percentage of FOXP3+ cells 
before surgery compared to 24 h and 48 h after surgery. (B) Number of circulating CD4+FOXP3+ cells 
in million cells per mL. (C) Mean fluorescent intensity of FOXP3 expression of CD4+CD25+ population. 
(D) Representative FOXP3 expression pattern in sorted CD25 populations of one patient, 24 h 
after surgery (CD25-, CD25int, CD25bright). FOXP3-Alexa488 and TO-PRO-3 iodide as nuclear staining 
were pseudo-colored in green and red, respectively. Images were recorded with a 100x objective. 
Significance compared to before surgery calculated by the Wilcoxon test is indicated **=P<0.001, ns 
= not significant.

24 hours and 48 hours after surgery; 0.12, 0.11 and 0.14 x 10*9 cells per L respectively, n.s., 
Figure 2B). Thus overall, within 24 hours after cardiac surgery the composition of the CD4 T 
cell population changed transiently in favor of FOXP3+ cells. Not only did the ratio FOXP3+ cells 
within the CD4+ T cell population change, on a per cell basis FOXP3 expression increased in the 
population which typically contain Tregs. 

Highest expression of proliferation marker Ki67 in CD4+FOXP3+ T cells
The question arose as to which mechanisms could explain the different kinetics between CD4+ 

cells and CD4+FOXP3+ cells. While the first decreased rapidly from the circulation during the 
inflammatory response following surgery, the Tregs remained stable in numbers and increased 
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significantly in percentage of CD4+ T cells (Figure 2A and B). For this purpose, we analyzed 
Ki67 expression in both total CD4+ and CD4+FOXP3+ population. Ki67 is a protein important 
for cell division and is only expressed in proliferating cells. The percentage of Ki67+ cells 
was substantially higher in CD4+FOXP3+ cells compared to total CD4+ cell population at all 
time points. In all patients, CD4+ T cells showed a higher division rate 24 hours after surgery 
(CD4+Ki67+ median before surgery and post-operative day one: 2.7% versus 7.8%, Figure 3A, 
P<0.001 ). The same pattern could be seen in CD4+FOXP3+ cells (CD4+FOXP3+Ki67+ median 
before surgery and post-operative day one: 16% versus 40%, Figure 3B, P<0.001). Notably, 
the FOXP3+ ratio in proliferating CD4+ T cells remained constant during the inflammatory 
response (median ± SD before surgery, 24 hours and 48 hours after surgery 18.2 ± 4.2, 21.4 ± 6.3 
and 21.3 ± 7.5, respectively). These findings indicate that proliferation increased in all CD4+ T 
cells 24 hours after cardiac surgery, with highest proliferative activity in the CD4+FOXP3+ cells.

Figure 3. Kinetics of Ki67+ cells representing proportion of proliferating cells of (A) CD4+ and (B) FOXP3+ 
population before, 24h and 48h after surgery. Each dot represents one patient; horizontal bar shows 
the median value. Significance compared to before surgery calculated by the Wilcoxon test is indicated 
**=P<0.001.

FOXP3+ Tregs after surgery are anergic but less suppressive
In human, FOXP3 expression does not always indicate regulatory capacity. True FOXP3 
Tregs are anergic in vitro to TCR stimulation and suppress effector T cell (Teff) proliferation. 
We determined the proliferative capacity of 5 x 103 Teffs (CD4+CD25-) and 5 x 103 Tregs 
(CD4+CD25+CD127low) after TCR stimulation with anti-CD3 and compared these before and 
24 hours after surgery. The determined FOXP3+ Treg population was equally anergic 24 h after 
surgery as before surgery with approximately 3% proliferation compared to Teffs at the same 
time point (Figure 4A). Next, we determined suppressive potential of the FOXP3+ Tregs at both 
time points, before and after surgery. Five thousand Teffs were co-cultured with or without 
equal numbers of Tregs from before and 24 h after surgery in the presence of plate bound 
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Figure 4. Functional characteristics after TCR stimulation of Teffs (CD4+CD25-) and Tregs 
(CD4+CD25+CD127low) before and after surgery. Isolated PBMCs obtained immediately before cardiac 
surgery (pre) and 24 h after surgery (post) were sorted by flowcytometry. In total, 5 x 103 sorted cells 
were stimulated for 96 h with platebound anti-CD3 in the presence of 25 x 103 irradiated T cell-depleted 
cells (APC) from one time point. The final 16 h 3H-TdR was added and proliferation was measured by 
3H incorporation. (A) Proliferation of Teffs and Tregs from before or 24 h after surgery in counts per 
minute (CPM), mean ± SEM of 7 representative patients. (B) Suppressive capacity of Tregs from before 
compared to 24 h after surgery. In total, 5 x 103 Teffs were co-cultured with 5 x 103 Tregs. The results 
shown represent the mean ± SEM of 7 representative patients with proliferation of the Teffs alone 
(either pre or 24 h after surgery) set at 100%. Difference between Tregs before and 24 h after surgery 
was compared using the Wilcoxon matched pair test. (C/D) Proliferation of 5 x 104 PBMCs alone and in 
co-culture with increasing ratio of Tregs (1:50-1:2). (C) Upper and lower panels illustrate CFSE dilution 
histogram of PBMCs in co-culture with Tregs from before and 24 h after surgery respectively. The mean 
percentage of divided cells of three experiments is shown in the left upper corner of each histogram. 
(D) Bar graph representing mean ± SEM of percentage suppression by Tregs from before (light grey) 
and 24 h after surgery (dark grey), n=3.
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anti-CD3 and 25.000 irradiated antigen-presenting cells from before surgery. Tregs from before 
surgery could clearly suppress proliferation of Teffs (55% and 54% suppression of Teffs obtained 
before and 24 hours after surgery, respectively), while Tregs from 24 h after surgery showed 
diminished potential to suppress both T effector populations (28% and 17% suppression of 
Teffs obtained before and 24 h after surgery, respectively, Figure 4B and supporting information 
Figure 3). To further substantiate the functionality of Tregs before and after surgery, CFSE 
dilution assays were performed on PBMCs in co-culture with increasing ratio of Tregs. 
Consistent with the 3H-thymidine assays, Tregs from before surgery were potent suppressors of 
TCR-induced division of T cells in a dose-dependent manner. Tregs obtained 24 h after surgery, 
however, were less suppressive (Figure 4C and D). In conclusion, the increased population of 
FOXP3+ T cells due to cardiac surgery had a diminished capacity to suppress T effector cell 
proliferation, whereas these FOXP3+ T cells were intrinsically unable to proliferate upon TCR 
stimulation in vitro, and thus remained anergic. 

Role of inflammatory milieu on Treg activity
As Tregs were inhibited in their suppressive activity due to cardiac surgery, we sought the 
mechanism behind the diminished effectiveness of Tregs. Cardiac surgery clearly evoked an 
inflammatory response with the release of multiple cytokines. As a putative mechanism of 
inhibiting the Tregs, we investigated the role of serum as inflammatory milieu after cardiac 
surgery. Therefore, we studied the effect of adding serum obtained from patients after cardiac 
surgery on the suppressive activity of Tregs from healthy subjects in a suppression assay. 
Co-culture with 20% serum obtained 4 h after surgery inhibited the suppressive activity of 
Tregs (76% and 33% suppression when comparing AB serum versus serum obtained 4 h post 
surgery). Twenty-four hours after surgery, when cytokine levels had returned to baseline 
values, suppression was equal or increased compared to healthy control serum (Figure 5A). 
As IL-6 showed the clearest increase 4 h after surgery and it has been described that this 
pro-inflammatory cytokine can inhibit Tregs, we subsequently investigated the role of IL-6. 
Adding plasma 4 h after surgery again clearly inhibited suppression, while adding IL-6 blocking 
antibodies showed no reversal of this plasma effect (Figure 5B), indicating no prominent role 
for IL-6 in the inhibiting effect of plasma.
 The above-described observations clearly illustrate that Tregs are strongly influenced by the 
milieu in which these cells are to conduct their suppressive effect. 
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Figure 5. (A) Effect of postoperative plasma on suppressive capacity of Tregs. Sorted CD4+CD25+CD127low 

T cells (Tregs) from healthy subjects were co-cultured with 20% healthy AB serum (HC) or 20% serum 
obtained 4 h and 24 h after surgery. After 96 h culture with platebound anti-CD3 in the presence 
of 25 x 103 irradiated T cell-depleted cells (APCs), proliferation was estimated by 3H incorporation. 
Depicted is the percentage of suppression by 10 x 103 Tregs added to 10 x 103 Teffs compared to Teffs 
alone. The results shown represent the mean ± SEM of eight plasma co-culture experiments. Difference 
between HC serum and 4 h or 24 h serum was compared using the Mann-Whitney U test, *P<0.05. (B) 
The role of IL-6 on the inhibitory effect of post-surgery plasma on the suppressive capacity of healthy 
Tregs. This experiment was performed as above with or without the addition of blocking antibodies 
for IL-6 or the appropriate isotype. The boxplot represents eight experiments. Significant difference 
compared to 4 h plasma alone was calculated by Wilcoxon matched pair test, *P<0.05. 

Discussion

This study scrutinized the functionality of FOXP3+ Tregs during transient inflammation in 
children who underwent cardiac surgery. While on the one hand CD4+ cells became activated, 
alongside a release of pro-inflammatory cytokines IL-6 and IL-8 and changes in cell count of 
all leukocytes in the circulation, the frequency of CD4+FOXP3+ cells increased significantly. 
Just like true Tregs, the FOXP3+ Treg population after surgery remained anergic. However, 
these cells were less capable of suppressing CD4+CD25- T effector cells after TCR stimulation 
in vitro. Inflammatory serum obtained after cardiac surgery strongly inhibits the suppressive 
effectiveness of healthy Tregs. 
 Numerous studies have reported on the induction of FOXP3+ cells from non-Tregs in vitro.6;7 
Furthermore, mechanisms important for induction of Treg in vivo have been demonstrated 
in rodents.8;9 While observational studies of FOXP3+ T cells in various human clinical states 
abound, the relevance of these cells is not always easy to ascertain. There are, however, 
strong indications that Tregs play a role in most inflammatory states. Numerous studies 
have clearly shown associations in autoimmune disease,10-14 chronic infection,15-19 cancer20;21 
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and transplantation.22;23 Although some studies have been able to show correlations between 
numbers of Tregs and clinical outcome, it proves to be hard to show a direct link between the 
appearance or function of Tregs and disease.24-27 One of the problems is that in the presence 
of inflammation, Tregs always appear with a diverse set of other inflammatory cells. Above 
all, these are not easily distinguished from each other, while different populations may have 
opposing functions. To distinguish true Tregs from activated T cells functional assays in vitro 
are mandatory.
 We used pediatric cardiac surgery as a model of healthy, transient inflammation. Pediatric 
cardiac surgery has been described to provoke a systemic inflammation with consequences for 
various immunological cascades including monocytes and cytokines.28;29 This model enabled us 
to collect samples from the site of inflammation and study the activation and regulation of the 
CD4+ T cell compartment. Furthermore, the immune system could be monitored in a single 
patient over time, from before initiation to subsidence of the inflammatory response.
 Although patients differed in both pre-surgery and post-operative cell numbers and 
expression of various proteins, virtually all patients followed the same trend during the 
systemic inflammatory response after surgery. Therefore, the observations during the aftermath 
of the surgical procedure are likely a general phenomenon during a systemic inflammatory 
response. The observed ‘cytokine storm’ will drive the systemic nature of the inflammation and 
hereby contribute in activating T cells. Furthermore, T cells may become activated by sheer 
stress of the CPB,30 effect of anesthesia31 and toll-like receptor activation by both exogenous 
(lipopolysaccharide, peptidoglycan32;33) and endogenous (heat shock proteins34-36) ligands 
which are released due to the procedure. 
 The observed loss of suppressive capacity of the Treg population may be explained through 
various mechanisms. First, the increase of FOXP3+ T cells could be the result of a differential 
distribution of FOXP3+ and FOXP3- T cells. Either effector FOXP3- T cells are more prone to 
migrate into the tissues or FOXP3+ T cells are more rapidly mobilized into the circulation during 
an inflammatory response. Several migratory characteristics have been identified to be specific 
for Tregs.37;38 However, this phenomenon can not explain the increased expression of FOXP3 
per cell. Second, the increase of FOXP3+ T cells could be due to preferential proliferation. While 
our data confirms that the FOXP3+ T cell population has the highest percentage of proliferating 
Ki67+ cells, the time period of 24 h would seem too short to explain any substantial increase 
in cell numbers. Finally, the observed altered composition of FOXP3+ Tregs in the circulation 
could be due to de novo induction of FOXP3 in formerly FOXP3- T cells. This would also 
explain the observed diminished suppressive capacity of the Treg population as a whole. It has 
been shown in vitro that proliferating T cells temporarily upregulate FOXP3 without acquiring 
suppressive function.39 
 While we observed a unanimous increase in frequency of Tregs, total cell numbers 
remained stable during the inflammatory response. Therefore, the observed functional changes 
could also be attributed to suppressed Treg population as a whole. The inflammatory milieu 
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could influence the Treg suppressive capacity. Indeed, this has recently been demonstrated for 
IL-6, which is abundantly available after surgery, which prevents suppression by Tregs.40 We 
were, however, not able to show a role for IL-6 in this setting, as blocking antibodies to IL-6 
showed no concluding effect. Although it seems likely that cytokines are contributing factors in 
regulating Tregs, we cannot exclude other soluble factors. For example, medication could play a 
role, although there is little difference between prescribed medication 4 h and 24 h after surgery. 
 Interestingly, the FOXP3+ cells remained anergic in vitro, like true Tregs. This implies that 
the induced FOXP3 is functional on the level of the cell itself, without acquiring additional 
characteristics of a true Tregs with suppressive capacity. Although Tregs are thought to be anergic 
in vitro, their anergic state can be overcome in the presence of pro-inflammatory cytokines IL-1 
and IL-6, cytokines that are increased in plasma after surgery. More so, it was recently shown 
that Tregs are actually the first T cells to respond to IL-2 in an immune response.41 Within 6-12 
h, Tregs are activated and proliferate. In our patients, we were not able to measure significant 
levels of IL-2 in plasma; however, it is likely that IL-2 does play an important role on the local 
cell level. In a healthy situation, in vivo, Tregs have been shown to be the population with the 
fastest turnover rate.42 Indeed, we found expression of proliferation marker Ki67 to be highest 
in the CD4+FOXP3+ population, both before and during the inflammatory response. 
 Consequently, modulation of Tregs in various inflammatory diseases is of interest. 
However, without a proper understanding of how these cells can be induced and subsequently 
function during an inflammatory response in vivo, proposed interventions in human can have 
deleterious consequences.43 Up to date, several in vitro protocols have been developed to induce 
FOXP3 in human cells in vitro. TCR activation of CD4+CD25- T cells induces FOXP3+ T cells 
with regulatory activity.7;44;45 Several studies have found that increased expression of FOXP3 
after in vitro stimulation corresponds to increased suppressive potential.6;46 We found that 
although FOXP3 levels increased in CD4+CD25+CD127low population during the systemic 
inflammatory response, this did not render these cells more potent suppressors, but rather less. 
This observation underlines the need to be cautious to extrapolate in vitro studies with Tregs to 
in vivo situations. Besides the issue of level of FOXP3 expression, duration of expression may be 
an important facet determining the function of induced Tregs. The reduced effectiveness of the 
induced FOXP3 T cells may be time-dependent as earlier in vitro studies report that continuous 
levels of FOXP3 are required to convert naive T cells into Tregs with full effectiveness.6 In this 
setting of systemic inflammation, 24 hours seems to be too short to procure the full molecular 
and transcriptional changes necessary for suppression. On the other hand, it does seem 
to be sufficient to inhibit the cell from dividing after TCR stimulation in vitro. Accordingly, 
FOXP3 may act as an intrinsic regulator during inflammation, preventing collateral damage by 
temporarily silencing activated T cells. 
 In conclusion, during systemic inflammation due to cardiac surgery in children FOXP3+ T 
cells loose suppressive capacity. While these cells are anergic to TCR stimulation, the transiently 
increased expressed FOXP3 is not capable of taking on a suppressive function. Furthermore, 
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the inflammatory milieu in which Tregs exert their action after cardiac surgery inhibits their 
suppressive activity. This study illustrates the functionality of FOXP3+ T cells in a human model 
of inflammation and underlines the requirement of more human in vivo systems to understand 
the properties and potential of induced FOXP3+ Tregs in human disease.

materials and methods

Patient selection
Children admitted to our hospital for surgical repair of either a ventricular septum defect (VSD) 
or an atrial septum defect (ASD) were enrolled in this study. Patients were excluded from the 
study if at the time of admission they had received steroids within two weeks before surgery, 
had signs of infection or had a documented immunodeficiency. Informed consent was obtained 
from the parents of children participating in the study. The medical ethics committee approved 
this study (METC 03/049-K, UMC Utrecht, The Netherlands). 

Surgical and anesthesiological procedures
General anesthesia was always implemented using a standard technique involving high dose 
sufentanil, midazolam, pancuronium, dopamine and milrinone. All patients were given a single 
dose of dexamethason 1 mg/kg after induction of anesthesia. 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. All patients were treated by the same surgical team.

Blood sampling
Blood samples were obtained from a central venous catheter at the following time points; 
immediately after insertion during anesthetic induction (T1), at the end of the cardiopulmonary 
bypass (T2) and at 4 hours (T3), 24 hours (T4) and 48 hours after surgery (T5). At these time 
points, total white blood cell count, lymphocyte count, and monocyte count were determined. 
Sample volumes were adjusted to patient’s body weight with a maximum for all samples 
combined of 10% of circulating volume. Due to limited amount of blood volume obtainable 
from the often young patients, not all assays could be performed on all 25 patients.

Cell isolation and flowcytometry 
Mononuclear cells were isolated from heparinized blood samples (T1, T4 and T5) using Ficoll 
Isopaque density gradient centrifugation (Amersham Pharmacia Biotech, Uppsala, Sweden). 
Peripheral blood mononuclear cells were washed in FACS buffer (PBS containing 2% FCS and 
0.1% sodium azide), adjusted to 4.0 x 106 cells/ml in FACS buffer and blocked with normal 
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mouse serum. The cells were incubated in 50 µl FACS buffer containing the appropriately 
diluted Fitc, PE, PercP or APC labeled antibodies against human CD3, CD4, CD25, CD69, 
CD127, or glucocorticoid induced tumor-necrosis-factor receptor (GITR). For cytoplasmatic 
staining of cytotoxic T lymphocyte antigen 4 (CTLA-4) and Ki-67 the cells were first surface 
stained, then fixed in Cytofix/Cytoperm (20 min., 4ºC) and washed twice in Perm/Wash 
solution (Cytofix/perm kit, BD Biosciences, San Jose, CA, USA), followed by incubation with 
the appropriate antibody. Intranuclear staining of FOXP3 was performed after fixation and 
permeabilisation according to the manufacturer’s protocol and subsequently incubated with the 
appropriate antibody. Antibodies against CD4 (clone SK3), CD25 (2A3), CD69 (L78), CD127 
(hIL-7R-M21) and CTLA-4 (BN13) were obtained from BD Bioscience, GITR (110416) from 
R&D (Minneapolis, MN, USA) and Ki67 (MIB-1) from Immunotech (Marseilles, France), 
FOXP3 (PCH101) from eBioscience (San Diego, CA, USA). Finally, stained mononuclear cells 
were washed twice in FACS buffer and run on a FACS Calibur (BD Biosciences). CellQuestPro 
software (BD Biosciences) was used for analyses. The gates for the different populations were 
set for the sample prior to surgery and kept identical for the following samples (supporting 
information Figure I A).

multiplex immunoassay
From plasma obtained at five timepoints (immediately before and after surgery, 4 hours, 24 hours 
and 48 hours after surgery), IL6 and IL8 levels were determined by multiplex immunoassay as 
previously described.47;48

mRNA analysis by quantitative PCR
According to the intensity of CD25 expression, CD4+CD25bright, CD4+CD25intermediate and 
CD4+CD25- T cells were isolated from samples before surgery and 24 hours after surgery. The 
gates for these three populations were kept identical at both time points. Isolation of total RNA 
and quantification of FOXP3 mRNA was performed as previously described.11 

Confocal fluorescent imaging
Forty million isolated peripheral blood mononuclear cells were stained for CD4 and CD25 as 
described above. Cells were fixated and stained for FOXP3 Alexa-488 (PCH101) according to 
manufacturer’s instructions (eBioscience). The cell sample was sorted by FACS in the three 
appropriate populations according to the intensity of CD25 expression. Sorted cells were 
applied on a Poly-L-lysine pre-coated coverslip and incubated with the biochemical nuclear 
marker TO-PRO-3 iodide (Invitrogen, Carlsbad, CA, USA). After washing the coverslips twice 
in FACS buffer, they were applied onto slides and left to dry overnight. Fluorescence was imaged 
with Leica TCS SP confocal microscope equipped with an Argon / HeNe laser for double 
fluorescence at 488 nm and 633 nm. Confocal images were recorded with a 100x objective and 
processed with Leica Confocal software. Higher magnification images were composed digitally. 
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Alexa 488 and TO-PRO-3 iodide were pseudo-colored in green and red, respectively. Gain and 
offset settings were identical for the three sorted slides.

Functional Treg Assay
Suppression assays were performed to ascertain the functional ability of the identified regulatory 
T cells. Isolated mononuclear cells were divided by magnetic separation (MACS) into CD3 
positive and negative populations (>90% purity). Per well 25.000 irradiated (3500 Rad) CD3 
negative cells were used as antigen presenting cells (APC). CD3 positive cells were sorted on 
a FACS Aria (BD bioscience) according to expression of CD4, CD25 and CD127 in to effector 
(Teff) and Treg populations (supporting information Figure 1B). Teffs were identified by 
positive expression of CD4 and negative expression of CD25. Treg cells were sorted by positive 
expression of CD4 and CD25 and low expression of CD127. Cells were incubated for 96 hours 
in 37 C, 5% CO2 and stimulated with platebound anti-CD3 (OKT03, 1 ug/ml, eBioscience). For 
the final 16 hours tritium thymidine (3H) was added. The proliferation of Teffs and Tregs alone 
was determined by 3H incorporation. Suppressive capacity of Tregs was assessed in co-culture 
conditions with equal amounts of Teffs and Tregs. The subsequent proliferation of Teffs in the 
presence of Tregs was related to the proliferation of Teffs alone. An average value from triplicate 
wells per condition was set off against medium value.
 To further substantiate the functionality of Tregs before and after surgery CFSE dilution 
assay was performed on three patients using different ratio of Tregs to PBMC. 5 x 104 PBMC 
from before surgery were labeled with CFSE according to protocol.49 Cells were cultured 
as described before with platebound anti-CD3 with different ratios of sorted Tregs from 
both before and 24 hours after surgery. Division of PBMC was determined after 96 hours by 
analyzing CFSE dilution by means of FACS analysis.

Treg suppression assay in co-culture with inflammatory plasma
In order to evaluate the role of soluble factors present during the inflammatory response on 
Treg functionality a standardized suppression assay was performed in the presence of patient 
plasma. Teffs (10.000 cells) and Tregs (10.000 cells) were sorted from healthy subjects and co-
cultured with 20% heat inactivated AB serum (Sanquin Blood Bank, Utrecht, The Netherlands) 
and 20% plasma obtained from patients 4 hours and 24 hours after surgery. Cells were incubated 
for 96 hours in 37 C, 5% CO2 and stimulated with platebound anti-CD3 (OKT03, 1 ug/ml, 
eBioscience). For the final 16 hours tritium thymidine (3H) was added. The proliferation of Teffs 
and Tregs alone was determined by 3H incorporation. To investigate the effect of IL6 we added 
IL6 neutralizing antibodies (MQ2-13A5, BD Biosciences) and the appropriate rat IgG1 isotype 
control (50ng/ml). 
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Statistical analysis 
Basic descriptive statistics were used to describe the patient population. Data involving 2 
time points within one population were compared using the Wilcoxon matched pair test. For 
differences in median between two independent groups the Mann-Whitney U test was used 
to test for significance. Significance was accepted at p < 0.05 indicated in the graphs by * or 
P<0.001 indicated by **.
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Supporting information

Figure 1. Gating strategies for FACS analysis and sorting. For the sake of comparison gating regions 
are copied between the different samples of the same patient. 
(A) Gating strategies for figure 1 A, B, C, Figure 2 A, Figure 3 A, B. 
(B) Gating strategy for sorting Treg (CD4+CD25+CD127-) and Teff (CD4+CD25-) for suppression assays 
with 3H-thymidine incorporation (Figure 4 A, B and 5) and CFSE dilution assay (Figure 4 C). 
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Figure 2. CD69 expression of CD4+ lymphocytes before and after surgery. Data are presented as dot 
plots with median. Significance was calculated by the Wilcoxon matched pair test.

Figure 3. Functional characteristics after TCR stimulation of Teff (CD4+CD25-) and Treg 
(CD4+CD25+CD127low) before and after surgery. Isolated PBMC obtained immediately before cardiac 
surgery (pre) and 24 h hours after surgery (post) were sorted by flowcytometry. 5 x 103 sorted cells were 
stimulated for 96 h with platebound anti-CD3 in the presence of 25 x 103 irradiated T cell depleted cells 
(APC) from one timepoint. The final 16 hours 3H-TdR was added and proliferation was measured by 3H 
incorporation. 3H-thymidine suppression assay illustrating absolute counts per minute per condition. 
The results depicted represent the mean ± SEM from triplicate conditions of 1 representative patient.
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Capsule Summary

Neonatal thymectomy during cardiac surgery results in an increased percentage of circulating 
FOXP3+ Treg through compensatory peripheral proliferation. However, the composition of 
FOXP3+ Treg subsets is altered, which may affect immune regulation later in life.

Keywords: Regulatory T cells, FOXP3, thymectomy, homeostasis, children
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Introduction, Results and Discussion

FOXP3 expressing CD4+ regulatory T-cells (Treg) are important in the maintenance of self-
tolerance and immune homeostasis. There are two possible origins for Treg1: 1) thymus-derived 
natural Treg (nTreg) and 2) peripherally induced Treg (iTreg). Although both Treg populations 
express similar phenotypic proteins, it has been proposed that they exert different functions 
in maintaining immune homeostasis. While nTreg have been shown to be essential in self-
tolerance, iTreg may be important in tolerance to non-pathogenic foreign antigens.2 Disturbing 
the production of either Treg population may affect immune regulation later in life. Recently 
it has been shown for example that alterations at neonatal age in thymic Treg maturation 
affect clinical outcome.3 It was demonstrated that in atopic children, thymic Treg function is 
significantly delayed early on in life. However, further data on human Treg development early 
in life are scarce. 
 The functional Treg population contains two distinct populations, a naive CD45RA+RO-
FOXP3low fraction and an activated/memory CD45RA-RO+FOXP3high fraction, both equally 
capable of suppressive activity.4 Though both subpopulations are true Treg, they have distinct 
differentiation dynamics. We hypothesized that Treg population dynamics would be affected in 
patients that undergo neonatal thymectomy during cardiac surgery. Previously we showed the 
effect of neonatal thymectomy on long-term restoration of the naive T-cell compartment.5 In 
the present study we evaluated the dynamics of distinct Treg subpopulations in the first 3 years 
following neonatal thymectomy. 
 Twenty-six children with a median age of 11.4 months (range 2.5 – 34.7 months) were 
included who were previously thymectomized during the correction of a cardiac defect (table 
E1, see Online Repository (OR)). The study was approved by the medical ethical committee 
of the University Medical Centre Utrecht (METC 05-041 and 06-149) and written informed 
consent was obtained. Thymectomy was performed within the first month of life (10.0 ± 9.0 
days) in all participants. At the time of blood sampling all children showed no sign of infection 
or immune dysregulation. For full information on the study population and flow cytometry 
staining protocols, see method section in OR.
 First, we determined the impact of thymectomy on the total, peripheral CD4+ T-cell 
population. Following thymectomy, absolute CD4 counts dropped significantly compared 
to healthy infants (Figure 1A & E1A). Similarly, total FOXP3+CD4+ T-cell numbers were 
significantly lower in thymectomized patients compared to healthy age-matched controls 
(Figure 1B & E1B). At a young age, CD31+ (PECAM-1) T-cells represent recent thymic 
emigrants.6 Compatible with a loss of thymic production of Treg, thymectomized patients 
showed a significantly lower percentage of CD31+FOXP3+ T cells compared to age-matched 
controls (Figure 1C). Taken together, neonatal thymectomy results in a loss of thymus-derived 
Treg and a reduced number of circulating Treg. 
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Figure 1. CD4+ and FOXP3+ T cell dynamics and expression of CD31 and Ki67 after thymectomy. 
(A) CD4+ T cell count; (B) FOXP3+CD4+ Treg cell count; (C) Percentage of CD31+ (FOXP3+) Treg cells; 
(D) Percentage FOXP3+ (CD4+) cells; (E) Percentage of FOXP3- and FOXP3+ T cells in cell cycle (Ki67+) 
in thymectomized subjects (TX) (▲) and age matched controls (HC) (). Horizontal line represents 
median value per group, *P<0.05, **P<0.001.

 Interestingly, after thymectomy the percentage of FOXP3+CD4+ T-cells was increased 
compared to controls (Figure 1D & E1C). Therefore we investigated if there was an increase in 
peripheral proliferation to compensate for the loss of thymic output. Compared to the FOXP3-
CD4+ population, the FOXP3+CD4+ Treg population had a higher proportion of proliferation 
marker Ki67+ cells, with a significant increase following thymectomy (Figure 1E). Thus, these 
data suggest that there is a compensatory, selective expansion of Treg leading to an increased 
percentage of Foxp3+CD4+ T-cells.
 Next we studied the dynamics of two distinct Treg subpopulations; gating of the FOXP3+ 

fractions is illustrated in Figures E2 and E3 (OR). The naive subpopulation CD45RO-FOXP3low 
(Fr. I) and the memory population with the highest FOXP3 expression CD45RO+FOXP3high 
(Fr. II) have been shown to be “true” Treg, whereas the memory population with low FOXP3 
expression (Fr. III) are non-suppressive4. We observed that the percentage of FOXP3 cells 
expressing the naive CD45 isoform (Fr. I) remained stable, whereas both memory fractions 
increased significantly in thymectomizd patients (Figure 2A). The relative increase in the 
heterogeneous and non-suppressive CD45RO+FOXP3low population (Fr. III) may be a 
reflection of activation-induced transient upregulation of FOXP3, as has been shown in vitro.7 
Absolute numbers of both “true” Treg fractions decreased marginally, though not significantly 
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(Figure 2B). While cell numbers of CD45RO-FOXP3low Treg (Fr. I) were within the range 
of healthy controls, the majority of patients had low numbers (Figure 2B). Thus, neonatal 
thymectomy affects the composition of the Treg population.

Figure 2. FOXP3+ subpopulation dynamics after thymectomy. (A) Percentage of the three FOXP3+ 

subpopulations within CD4 T cell population; (B) Cell count of the two FOXP3+ Treg populations in 
healthy controls (HC) () and thymectomized patients (TX) (▲), and ratio of fraction ii : i; (C) Expression 
of Ki67 per FOXP3+ Treg population. n.s. no significant difference, *P<0.05, **P<0.001.
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When we examined the proliferation of the two “true” Treg subpopulations, a clear hierarchy 
was observed with a 10-fold higher percentage of Ki67 expressing cells in CD45RO+FOXP3high 
(Fr. II) compared to the naive CD45RO-FOXP3low Treg population in both thymectomized and 
healthy individuals. Following thymectomy, an increase in proliferation of both subpopulations 
was found compared to the healthy controls, reaching statistical significance in the naive Treg 
fraction (Fr. I) (Figure 2C). Together, these data suggest that peripheral proliferation of both 
naive and activated Treg compensated for the loss of thymic output, resulting in maintenance 
and increase of percentages of naive Treg and activated Treg populations respectively (Figure 
2A). Although it is most likely that increased expansion of the activated Treg population is 
responsible for maintaining numbers of activated Treg in these thymectomized children 
(Figure 2B), we cannot exclude the possibility of additional increased conversion of naive Treg 
to activated CD45RO+FOXP3high Treg.4 In a subgroup of patients naive CD45RO-FOXP3low 
Treg were low despite increased proliferation, which appeared most prominent in the children 
above 6 months of age (Figure E4). A shift in the balance between naive and memory Treg has 
been associated with several pathological conditions. Reduced naive Treg with a compensatory 
increase in memory Treg has been associated with multiple sclerosis8 and sarcoidosis,4 while an 
increase in naive Treg, albeit with impaired suppressive function, has been observed in active 
systemic lupus erythematosus.4;9 Thus, removal of the thymus in the first month of life may 
affect immune regulation later in life. Overall, it is prudent to spare thymic tissue in patients 
requiring congenital heart surgery when technically possible.
 This study demonstrates the specific homeostatic control of two distinct FOXP3+ Treg 
populations. Peripheral proliferation of Treg cells counteracted the effect of loss of thymopoiesis, 
which illustrates the relative plasticity of the human immune system. However, changes in 
composition of the Treg population do warrant further investigation in the long-term functional 
effects of neonatal thymectomy following cardiac surgery.

methods

Study population and blood specimens
Twenty-six patients were included in this study that all had undergone complete thymectomy 
at neonatal age during surgical correction for a congenital heart defect at the children’s heart 
center, University Medical Center Utrecht, The Netherlands. The thymus is routinely removed 
during surgery involving the major vessels, such as transposition of the great arteries, hypoplastic 
heart syndrome, and hypoplastic aortic arch due to its anatomical obstruction in relation to the 
heart. A healthy, age-matched, control group was included from both patients admitted for 
correction of a heart defect which did not necessitate removal of the thymus such as ventricular 
septum defects (n=9) and healthy children who visited the University Medical Center Utrecht 
to undergo elective urologic or plastic surgery (n=8). All included patients were considered 
immunologically healthy because they did not have a recent history of infectious disease or a 
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hematologic or immunologic disorder. Patients with a known syndrome or genetic disorder 
were excluded (e.g. 22q11 deletion, trisomy 21). Characteristics of the 26 included patients 
and healthy controls are depicted in Table 1. As cell counts were not available for all samples, 
absolute numbers of cell populations are not shown for all study subjects. 

Cell preparation and flow cytometry
Peripheral blood mononuclear cells were isolated from heparinized blood samples using the Ficoll 
Isopaque density gradient centrifugation (Amersham Pharmacia Biotech, Uppsala, Sweden), 
and viably frozen and stored in liquid nitrogen until further processing. Characterization of the 
T-cell compartment was performed on thawed cryopreserved peripheral blood mononuclear 
cells that were washed in FACS buffer (PBS containing 2% FCS and 0.1% sodium azide) and 
blocked with normal mouse and rat serum. The cells were incubated in 50 microliter FACS buffer 
containing the appropriately diluted antibodies against human CD3, CD4, CD45RO and CD31. 
For intracellular staining of Ki-67 and FOXP3, the cells were first surface stained, followed 
by fixation and permeabilization according to the manufacturer’s protocol. Antibodies against 
CD4 (clone SK3), CD31 (WM59) were obtained from BD Bioscience, CD45RO (UCHL1) from 
Caltag, Ki67 (MIB-1) from Immunotech, FOXP3 (PCH101) from eBioscience. Finally, stained 
mononuclear cells were washed twice in FACS buffer and run on a LSRII and analyzed by 
FACSDiva software (BD Biosciences). The gates for the different populations were kept identical 
for each experiment containing both thymectomized patients and healthy controls. 

Statistics
To analyze the quantitative differences between thymectomized patients and healthy age-
matched controls only data from after thymectomy was included. Statistical significance 
between the two groups was assessed using the Mann-Whitney U test for unpaired data, and 
chi-squared test for dichotomous data. Statistical difference is indicated with * for P<0.05 and 
** for P<0.001.
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Supporting information (Online respository)

Table E1. Study population characteristics.

Thymectomy Control P value

Number of subjects

Age (months)

Age at TX (days)

Female : Male

26

11.4 ± 10.9

10.0 ± 9.0

9 : 17

17

10.8 ± 12.6

-

6 : 11

0.62

0.96

Figure E1. FOXP3 percentages and counts in the first years after neonatal thymectomy. (A) Absolute 
CD4+ T cell counts per microliter of blood; (B); FOXP3+CD4+ Treg cell counts per microliter of blood (C) 
Percentage FOXP3+ cells in CD4+ T cell populations. ▲ represents values after thymectomy;  samples 
taken just prior to thymectomy and  healthy controls. Lines connect longitudinal samples. 

Figure E2. Gating strategy of subpopulations FOXP3+ T cells. FOXP3+ subpopulations after gating 
for CD4+ lymphocytes. Fraction I; CD45RO-FOXP3low, fraction II; CD45RO+FOXP3high, fraction III; 
CD45RO+FOXP3low.
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Figure E3. CD45RO-Foxp3+ T cells represent CD45RA+Foxp3+ T cells. (A) Dot plot of CD45RO (memory) 
and CD45RA (naive) expression on CD3+CD4+ T cells. (B) Dot plot of CD45RO and CD45RA expression 
on CD3+CD4+Foxp3 (Treg) cells. (C) Expression of CD45RA+ in CD45RO-FOXP3+ subpopulation. Healthy 
control group (HC, n=7) thymectomized patients (TX, n=8). Data represented as mean percentage ± 
SD.

Figure E4. Subgroup analysis of naive and memory Treg populations in 0 – 6 months and >6 
months old subjects. (A) CD45RO-FOXP3low naive Treg and (B) CD45RO+FOXP3high memory 
Treg cell numbers in the subgroups <6 months and >6 months of age in healthy controls (HC) and 
thymectomized patients (TX). Data represented as median, 25% and 75% percentile boxes and range. 
*P<0.05 
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Abstract

Thymectomy during early childhood is generally thought to have serious consequences for the 
establishment of the T-cell compartment. In the present study, we investigated the composition 
of the T-cell pool in the first 3 decades after thymectomy during infancy due to cardiac surgery. 
In the first 5 years after thymectomy, naive and total CD4+ and CD8+ T-cell numbers in the blood 
and T-cell receptor excision circle (TREC) levels in CD4+ T cells were significantly lower than 
in healthy age-matched controls. In the first years after thymectomy, plasma IL-7 levels were 
significantly elevated and peripheral T-cell proliferation levels were increased ~ 2-fold. From 5 
years after thymectomy onward, naive CD4+ and CD8+ T-cell counts and TRECs were within 
the normal range. Because TREC levels are expected to decline continuously in the absence of 
thymic output, we investigated whether normalization of the naive T-cell pool could be due 
to regeneration of thymic tissue. In the majority of individuals who had been thymectomized 
during infancy, thymic tissue could indeed be identified on magnetic resonance imaging scans. 
Whereas thymectomy has severe effects on the establishment of the naive T-cell compartment 
during early childhood, our data suggest that functional regrowth of thymic tissue can limit its 
effects in subsequent years.
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Introduction

The thymus is essential for the establishment of the peripheral T-cell population during 
childhood. Although the perivascular space in the thymus is progressively replaced by fat and 
thymic naive T-cell production declines significantly with age, even in adulthood the thymus 
has been shown to be able to produce new naive T cells.1-8 There is a lot of controversy, however, 
as to what extent thymic output contributes to naive T-cell maintenance during adulthood. 
Based on T-cell receptor excision circle (TREC), the by-products of V(D)J recombination in the 
thymus, data from healthy adults, we have recently estimated that in young adults, approximately 
10% of the naive T-cell pool was originally formed by the thymus, while the remaining 90% 
was produced through peripheral T-cell proliferation (Den Braber et al. submitted). Also 
in childhood, peripheral T-cell proliferation plays an important role in the establishment of 
the naive T-cell compartment.9-11 Nevertheless, the thymus is thought to be crucial in T-cell 
generation, especially at younger ages, since it is the only source of T-cell diversity.
 Thymectomy is an accepted treatment for patients with myasthenia gravis (MG). It was 
previously shown that thymectomy of adult MG patients did not affect the absolute number of 
T cells in the peripheral blood, whereas it could lead to reduced numbers of TREC-containing 
T cells.12;13 These data suggested that maintenance of the naive T-cell compartment during 
adulthood does not heavily rely on thymic output. It is important to realize, however, that 
insights obtained from thymectomy in MG patients may be confounded by the autoimmune 
features of the disease and/or by the immunosuppressive treatment that patients receive. 
 Because of the crucial role of the thymus in the establishment of the peripheral T-cell 
compartment in early life, several studies have investigated the effect of thymectomy at an early 
age on the developing immune system.14-18 In pediatric cardiac surgery, thymectomy is performed 
to gain an unrestricted view of the operation site. Especially in neonates, in whom the thymus is 
relatively large, surgical procedures involving the large vessels necessitate complete removal of 
the thymus. Thymectomy at an early age has been shown to result in reduced CD4+ and CD8+ 
T-cell numbers, largely due to reduced naive T-cell counts, in the first years after thymectomy. 
These changes in the T-cell pool at an early age occur without obvious clinical consequences,14;19;20 
although diminished responses to tick-borne encephalitis have been reported.18 The long-term 
effects of thymectomy during early childhood on the composition of the T-cell compartment 
are less unequivocal. Whereas some thymectomized individuals showed reduced total and naive 
CD4+ and CD8+ T-cell counts15;21;22 and clear signs of premature immunosenescence22 in the 
second and third decades of life, many other thymectomized individuals have peripheral T-cell 
pools comparable to those of age-matched healthy controls.15;22 It remains to be elucidated how 
the T-cell pool can be maintained after removal of the thymus during early childhood. Increased 
understanding of the mechanisms involved in T-cell maintenance could help us understand 
why disparities in the T-cell compartment after thymectomy during early childhood persist in 
some patients but not in others. 
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In the present study, we investigated both the short-term and long-term effects of thymectomy 
during infancy on the establishment and maintenance of the naive T-cell compartment in 39 
patients who were thymectomized between 2 months to 31 years previously. By measuring 
T-cell subsets, Ki67 expression levels, IL-7 levels in plasma, and TRECs, we investigated the 
mechanisms by which the naive T-cell pool is maintained after removal of the thymus during 
infancy. 

materials and methods

Study population and blood specimens
Thirty-nine patients, who had undergone complete thymectomy during infancy because of 
surgery to treat a congenital heart defect at the Wilhelmina Children’s Hospital, University 
Medical Center Utrecht, Utrecht, The Netherlands, were included in this study. Surgery 
involving the major vessels, such as transposition of the great arteries (TGA), hypoplastic left 
heart syndrome (HLHS), and hypoplastic aortic arch with or without coarctation of the aorta 
routinely necessitates thymectomy. The age at which these patients were thymectomized ranged 
from 0.0 to 1.5 years (median age: 0.03 years). Blood samples were taken prior to thymectomy 
if feasible, and during clinical follow-up, ranging from 2 months to 31 years after thymectomy. 
Exclusion criteria were clinical signs of infection at time of blood draw and the presence of a 
syndrome or genetic disorder (e.g. 22q11 deletion). Characteristics of the 39 thymectomized 
participants are shown in Table 1. 
 In addition to the above study group, we retrospectively evaluated magnetic resonance 
imaging (MRI) scans from another 24 patients who underwent complete thymectomy during 
infancy because of an arterial switch operation for a TGA. The age at which these patients were 
thymectomized ranged from 0.0 to 1.5 years (median age: 0.03 years). 
 A healthy control group consisted of 102 age-matched healthy children, aged 0.1 – 18.0 
years, who visited the University Medical Center Utrecht to undergo elective urologic or plastic 
surgery. The children were considered immunologically healthy because they did not have a 
history of infectious diseases or a hematologic or immunologic disorder. Adult blood samples 
were collected from 52 healthy volunteers, aged 21.0 – 39.7 years. 
 The study was approved by the medical ethical committee of the University Medical Center 
Utrecht and written informed consent was obtained from all study participants or their legal 
guardians in agreement with the Helsinki Declaration of 1975, revised in 1983.

visualization of thymic tissue after thymectomy
To determine whether the thymus remained absent after thymectomy, the presence of thymic 
tissue in patients was evaluated during follow-up. Fourteen of the 39 patients underwent 
a secondary operation as part of a multistage procedure during which the surgical team 
determined the macroscopic presence or absence of thymic tissue. For 8 patients who did not 
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require additional surgery, presence of the thymus after thymectomy was evaluated by MRI; 
in total, 14 MRI scans were performed in this group (Table 1). In addition, we retrospectively 
evaluated 34 MRI scans from another 24 patients who all underwent thymectomy during 
infancy for an arterial switch operation for a TGA, for the presence of thymic tissue. The 
presence or absence of thymic tissue on MRI scans was evaluated by an experienced pediatric 
radiologist. If present, the size of the thymic mass was quantified as either normal or smaller 
than expected for the age of the patient.23;24 

Cell preparation and flow cytometry
PBMCs were obtained by Ficoll-Paque density gradient centrifugation, and viably frozen and 
stored in liquid nitrogen until further processing. Characterization of the T-cell compartment 
was performed on thawed cryopreserved PBMCs, which were incubated with mAb to CD4-
Pacific Blue, CD8-AmCyan, CD8-PerCP-Cy5.5, CD27-APC, CD45RO-PE (Becton Dickinson), 
CD3-Pacific Blue, CD4-APC-AF750, CD8-APC-AF750, CD45RO-PE-Cy7 (eBioscience). 
Within the CD4+ and CD8+ T-cell compartment, naive (CD27+CD45RO-) and memory 
(CD45RO+) subsets were identified.25 To determine T-cell proliferation levels, thawed PBMCs 
were stained intracellularly with Ki67-FITC (Dako) after fixation and permeabilization with 
Cytofix/CytopermTM and Perm/WashTM according to manufacturer’s instructions (Becton 
Dickinson). After washing with PBS, cells were analyzed on an LSRII and analyzed by FACSDiva 
version 6.1.3 software (Becton Dickinson).
 Absolute lymphocyte numbers were determined with a Cell-Dyn SapphireTM Hematology 
Analyzer (Abbott Diagnostics, Hoofddorp, The Netherlands) and were used to calculate 
absolute numbers of signal joint T-cell receptor excision circles (TRECs), total T-cell counts 
and cell numbers within the different T-cell subsets. 

mACS cell separation 
To measure the total number of TRECs and TREC content of CD4+ T cells, these subsets were 
purified from thawed PBMCs by magnetic-bead separation using the MiniMACS multisort kit 
according to manufacturer’s instructions (Miltenyi Biotec Inc). Purity of MACS-sorted CD4+ 
T cells was >90%.

TREC analysis
DNA was isolated using the NucleoSpin Blood QuickPure kit according to manufacturer’s 
instructions (Macherey-Nachel). TREC numbers were quantified by real-time PCR, as 
described previously.26;27 The TREC content per T cell was calculated by dividing the TREC 
content by 150.000 (assuming that 1µg DNA corresponds to 150.000 T cells).
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Table1. Patient and sample characteristics

Patient Sex Heart defect Age at TX, y Age at blood draw, y Age at MRI, y (results)‡

T01* m TGA 0.0 0.2

T02 m HLHS 0.0 0.3†

T03* m HRHS 0.3 0.5† 3.4 4.5†

T04 f HLHS 0.0 0.6 2.0†

T05 m PA 0.0 0.7†

T06 m CoA 0.3 0.9

T07 m TGA 0.1 1.0

T08* f PA 0.0 1.3

T09 m TGA 0.0 1.9†

T10* m TGA 0.0 1.9

T11 m TGA 0.1 2.0

T12 f HLHS 0.0 2.0†

T13 m TGA 0.0 2.1†

T14 m HLHS 0.0 2.1†

T15* m TGA 0.0 2.3

T16 f HLHS 0.0 2.4†

T17 m CoA 0.1 2.5†

T18* m TGA 0.1 2.9

T19 f AoH 0.0 3.6†

T20 f TvA 0.6 6.7†

T21 m TGA 0.0 7.6

T22 f TGA 0.0 8.0

T23 m TvA 0.1 8.6†

T24 m TGA 0.0 10.4

T25 f TGA 0.0 10.7 10.6(– )

T26 m TGA 0.1 12.4†

T27 m TGA 0.0 12.8

T28 m TGA 0.0 15.6

T29 m TGA 0.0 18.2 19.3(+)

T30 m TGA 0.0 18.6 3.9(s) 7.7(s) 16.5(+) 18.2(+)

T31 m TGA 0.2 20.7

T32 m TGA 0.0 21.8

T33 m TGA 0.0 23.1 18.9(+) 21.6(+) 22.9(+)

T34 m TGA 0.0 23.9 19.7( –) 22.3(– )

T35 m TGA 0.0 24.1

T36 f TGA 0.6 24.7 21.2(+)

T37 m TGA 0.6 25.1 22.3(+)

T38 f TGA 1.1 31.5 28.8(+)

T39 f TGA 1.5 32.9

HLHS indicates hypoplastic left heart syndrome; HRHS: hypoplastic right heart syndrome; PA: pulmonary atresia; CoA: aortic 
coarctation; AoH: aortic hypoplasia; TvA: tricuspid valve atresia; and TX: thymectomy. *Patients for whom a sample was 
collected prior to thymectomy. †Samples collected just prior to a secondary operation. During none of these operations 
could thymic tissue be observed macroscopically. ‡For MRI results, (-) indicates no thymic tissue on MRI; (s), thymus visible 
on MRI, but small for the age of the individual; and (+), thymus visible on MRI and normal for the age of the individual.
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Plasma IL-7 levels
IL-7 in heparinized plasma from patients after thymectomy and age-matched healthy controls 
was determined by multiplex immunoassay as described previously.28 
 
Statistics
To assess quantitative differences between thymectomized individuals and healthy controls 
while taking into account age-related changes in various immunologic parameters, the study 
group and the control group were separated into 2 age-matched groups. The first group 
contained individuals younger than 5 years of age, and consisted of 19 individuals (mean age, 
1.9 ± 1.1 years; range, 0.2 – 4.5 years) who had been thymectomized at an age between 0.0 and 
0.3 years, and 48 healthy controls (mean age, 1.8 ± 1.3 years; range, 0.1 – 4.6 years). The second 
group contained individuals older than 5 years of age, and consisted of 17 individuals (mean age, 
16.6 ± 7.6 years; range, 6.7-31.5 years) who had been thymectomized at an age between 0.0 and 
1.5 years, and 50 healthy controls (mean age, 14.3 ± 6.4 years; range, 5.1 – 35.0 years). Differences 
in T-cell (subset) counts and percentages, IL-7 levels in plasma, average TREC contents, TREC 
numbers per microliter of blood, and Ki67 expression levels in naive CD4+ and CD8+ T cells 
were assessed using the Mann-Whitney U test for unpaired data. Correlation between IL-7 
levels in plasma and the percentage of Ki67+ cells in the naive CD4+ T-cell compartment was 
determined by the non-parametric Spearman’s rank correlation coefficient (as denoted by rs). 
To avoid any biases from dependent data in our analyses, of patients for whom longitudinal data 
were available, only the last data point was included in the statistical analyses, unless indicated 
otherwise. Differences were considered to be statistically significant when P<0.05.

Results 

Impact of thymectomy during infancy on the CD4+ and CD8+ T-cell compartments 
We studied the composition of the CD4+ and CD8+ T-cell compartments of 39 individuals who 
were thymectomized between 2 months and 31 years previously (Table 1). All participants 
underwent a complete thymectomy for surgery to treat a congenital heart defect at 0.0 – 1.5 
years of age (median age, 0.03 years); 30 of the 39 individuals where younger than 1 month of 
age when the thymus was removed. None of the thymectomized individuals had any history of 
symptomatic infections nor did any develop opportunistic infections during follow-up.
 First we determined the early impact of thymectomy on the constitution of the lymphocyte 
population. Blood samples before thymectomy (median age: 0.03 years) were available from 
6 individuals, and showed that total, naive and memory CD4+ and CD8+ T cell counts per 
microliter of blood were similar to those of age-matched controls (Figure 1). Cross-sectional 
data showed that in the first 5 years after thymectomy, CD4+ and CD8+ T-cell counts had 
significantly declined to levels below those of age-matched controls (P<0.001 and P<0.001 
respectively, Figure 1A-B), which was mainly due to a rapid decline of naive CD4+ (P<0.001) 
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and CD8+ (P<0.001) T-cell numbers (Figure 1A-B). In contrast, memory CD4+ (P=0.12) 
and CD8+ (P=0.06) T-cell counts per microliter of blood had increased to a similar extent as 
observed for healthy age-matched controls. As a result, the percentages of naive cells in the 
CD4+ and CD8+ T-cell pools of thymectomized individuals were significantly lower than 
healthy control values (P<0.001 and P=0.014, respectively, Figure 1C). Total CD4+ and CD8+ 

T-cell counts were similarly affected in the first 5 years after thymectomy because CD4:CD8 
ratios in thymectomized individuals were comparable to those in healthy controls (P=0.23; data 
not shown). The effects on the constitution of the CD4+ and CD8+ T-cell compartments in the 
first 5 years after thymectomy were confirmed in the individuals for whom longitudinal data 
were available (Figure 1). 
 Despite the clear impact of thymectomy on naive and total CD4+ and CD8+ T-cell 
numbers during the first years of life, from 5 years after thymectomy onward, the majority of 
thymectomized individuals had normal total, naive and memory CD4+ and CD8+ T-cell numbers 
in the blood (P>0.15 Figure 1A-B). Even the percentages of naive cells in the CD4+ and CD8+ 
T-cell pools, which were so clearly affected in the first 5 years after thymectomy, normalized in 
the long term (P=0.46 and P=0.41, respectively; Figure 1C). In addition, CD4:CD8 ratios were 
comparable to healthy control values (P=0.19; data not shown).

Effect of thymectomy on naive T-cell proliferation levels 
Since IL-7 is known to be essential for the survival and homeostatic proliferation of naive 
T cells, and because its availability has been shown to be inversely related to the size of the 
naive T-cell population,29,30 we hypothesized that increased IL-7 levels in the first years after 
thymectomy might contribute to restoration of the naive T-cell compartment in the long term. 
In the present study, the level of IL-7 in plasma from thymectomized children in the first 2.5 
years after thymectomy was indeed significantly higher (P=0.012) than in healthy age-matched 
controls (Figure 2A). In agreement with previous findings,16,30 the IL-7 levels in thymectomized 
children were inversely correlated with naive CD4+ T-cell numbers (rs=- 0.73, P=0.01; Figure 
2B). 
 To investigate whether elevated levels of IL-7 in thymectomized individuals are correlated 
with increased levels of peripheral T-cell proliferation, we measured the fraction of naive CD4+ 
and CD8+ T cells expressing the proliferation marker Ki67 in the first 5 years after thymectomy. 
Despite the clear depletion of the naive T-cell pool and increased plasma levels of IL-7 during 
the first years after thymectomy, median naive CD4+ and CD8+ T-cell proliferation levels were 
significantly (P=0.03 and P=0.01, respectively) but not drastically elevated compared with 
healthy controls (Figure 2C-D). There was no significant correlation between the percentage of 
Ki67+ expressing naive CD4+ T cells and plasma IL-7 levels (rs=-0.03, P=0.94; data not shown).
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Figure 1. T-cell counts and percentages of naive T-cell subsets. (A) Total, naive and memory CD4+ T 
cell numbers in counts per µl blood. (B) Total, naive and memory CD8+ T cell numbers in counts per µl 
blood. (C) Percentage of naive CD4+ and naive CD8+ T cells. Filled triangles (▲) represent values after 
thymectomy, open triangles () represent samples taken just prior to thymectomy and open circles 
() represent healthy controls. Lines connect longitudinal samples (n=7).
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Figure 2. Plasma IL-7 levels, Ki67 expression and TRECs after thymectomy during infancy. (A) 
Plasma IL-7 levels in the first 2.5 years post-thymectomy (TX, n=14) compared to age-matched healthy 
controls (HC, n=16). Asterisk denotes statistical significance; horizontal line represents median value 
for each group. (B) Correlation between plasma IL-7 levels and the number of naive CD4+ T cells per 
µl blood in thymectomized individuals during the first 2.5 years post-thymectomy (n=11). (C) The 
percentage of proliferating (Ki67+) cells in the naive CD4+ and (D) naive CD8+ T-cell populations in the 
first 5 years following thymectomy compared to healthy age-matched control values. Lines connect 
longitudinal samples. (E) The percentage of proliferating (Ki67+) cells (median value + standard 
deviation) in the naive CD4+ and naive CD8+ T-cell populations in thymectomized individuals from 
5 years post-thymectomy onward (n=9) compared to age-matched healthy controls (n=47). (F) The 
average TREC content of CD4+ T cells, and (G) the total number of CD4+ T-cell TRECs per µl blood in 
thymectomized individuals and healthy controls as a function of age. Filled triangles (▲) represent 
values after thymectomy, open triangles () represent samples taken just prior to thymectomy and 
open circles () represent healthy controls. Lines connect longitudinal samples.
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In the long term, when naive T-cell numbers had been restored to normal levels despite 
thymectomy during infancy, the percentages of proliferating naive CD4+ and CD8+ T cells 
in individuals who had been thymectomized were no longer elevated (P=0.60 and P=0.52, 
respectively; Figure 2E). 

Changes in TRECs after thymectomy
To investigate whether the eventual restoration of the T-cell pool after thymectomy was (in part) 
due to de novo T-cell production, we measured TRECs, the by-products of V(D)J rearrangement 
that are uniquely formed during T-cell development, in CD4+ T cells of thymectomized children 
and age-matched healthy controls. Changes in the total number of TRECs per microliter of 
blood reflect changes in de novo T-cell production or in T-cell death rates. Conversely, the 
average number of TRECs per T cell (the so-called TREC content) is also strongly affected by 
peripheral T-cell division.27

 In thymectomized individuals, total CD4+ T-cell TREC numbers per microliter of blood 
had declined more rapidly (P<0.001) during the first 5 years after thymectomy than in healthy 
age-matched controls (Figure 2F). Such an accelerated decline was to be expected, because in 
the absence of new cells from the thymus, total TREC numbers per microliter of blood decrease 
with every cell that dies.31 Nevertheless, we observed that total CD4+ T-cell TREC numbers per 
microliter of blood normalized in the long term (P=0.66), and showed no further significant 
decline from 5 years after thymectomy onward (P=0.72, Figure 2F). Similarly, the average TREC 
content of CD4+ T cells in thymectomized individuals had declined faster in the first 5 years 
after thymectomy than in healthy age-matched controls (P<0.001; Figure 2G). This accelerated 
decline of TREC contents was to be expected, not only because T-cell proliferation levels in 
thymectomized individuals were somewhat higher than in healthy controls (Figure 2C-D), but 
also because in the absence of de novo T-cell production, TREC contents are diluted whenever a 
cell divides in the periphery.31 Remarkably, from 5 years after thymectomy onward, we observed 
no further significant decrease in CD4+ T-cell TREC contents in thymectomized individuals 
(P=0.72), such that CD4+ T-cell TREC contents of thymectomized individuals became similar 
to age-matched healthy control values (P=0.80; Figure 2G). These data suggest that after an 
initial large impact of thymectomy during early childhood, the T-cell compartment restored 
through production of new TREC-containing naive T cells.

Recurrence of thymic tissue long term after thymectomy
We investigated whether regrowth of thymic tissue could have been responsible for the 
generation of new TREC-containing naive T cells by analyzing MRI scans of the chest (Figure 
3). These scans had been performed for clinical reasons in 8 patients from our study group 
(median age, 19.5 years; range, 3.9 – 28.8 years). Thymic tissue could be identified on scans 
from 6 of the 8 patients (Table 1). To further substantiate this finding, MRI scans from an 
additional group of 24 patients thymectomized during an arterial switch operation (median age 
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at thymectomy, 0.03 years) were assessed to determine the presence of thymic tissue (median 
age, 9.6 years; range, 4.0 – 28.0 years). Combined with the MRI scans of the study group, a total 
of 48 scans from 32 patients were available. In 4 of the 32 patients, no thymic tissue could be 
observed. From one of these patients, a second scan was available, made 2.5 years later, which 
still showed no evidence of thymic tissue. In 7 individuals, thymic tissue was present but smaller 
than expected for the age of the individual. In one of these patients, the thymus size remained 
small on subsequent scans, whereas 5 of these patients eventually reached a normal thymus 
sizes on subsequent scans. In 26 individuals, thymic tissue eventually reached a size comparable 
to age-matched healthy controls (Figure 4). Whenever thymic tissue could be identified on an 
MRI scan, any follow-up scans from the same individual always reconfirmed the evidence for 
thymic tissue. Whenever the size of the thymic tissue had become normal for the age of the 
individual, the thymus size on follow-up scans always remained normal.

Figure 3. Visualisation of thymic tissue in thymectomized individuals. (A) MRI of a patient (T25) 10.6 
years post-thymectomy with no evidence of thymic tissue. (B) MRI of a patient (T30) 16.5 years after 
neonatal thymectomy showing thymic tissue (*). 

 We also investigated whether thymic tissue could already be identified at younger ages 
during secondary surgical procedures. In none of the 14 individuals who underwent a secondary 
operation (at a median age of 2.1 years) could the surgical team observe thymic tissue at the site 
of operation (Table 1). 
 These data suggest that slow regrowth of thymic tissue was responsible for the eventual 
normalization of the initially strongly affected peripheral T-cell compartments of individuals 
thymectomized during infancy. 
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Figure 4. Presence of thymic tissue on MRI scans of patients thymectomized during infancy. 
Summary of MRI scans of 32 patients (study group: 8 patients, and additional group: 24 patients) 
after surgery for a CHD. Open circles represent MRI scans with no evidence of thymic tissue. Grey dots 
represent scans with evidence of thymic tissue, but small for the age of the individual. Filled circles 
represent MRI scans with evidence of thymic tissue of similar size as healthy age-matched controls. 
Lines connect consecutive scans of the same patient (n=7). Only 42 of the 48 MRI scans that were made 
are plotted in this figure; once an MRI scan of a patient showed thymic tissue of normal size for the age 
of the individual, any follow-up MRI scans (which consistently reconfirmed the normalization of thymic 
tissue) were not plotted in this figure. 

Discussion

Thymectomy at an early age is frequently performed during surgical correction of congenital 
heart defects. Several studies have shown that in the first years after thymectomy at an early age, 
the composition of the T-cell compartment is dramatically affected.14-18 The long-term effects 
of thymectomy at an early age are much less unequivocal, however, and aberrations in size 
and composition of the T-cell compartment have been reported in some patients but not in 
others.15;21;22 In the present study, we investogated the mechanisms responsible for the long-
term restoration of the T-cell compartment after thymectomy during infancy. In agreement 
with earlier reports, we found that in the first years after thymectomy, T-cell numbers were 
severely reduced compared to healthy age-matched controls, with naive T-cell counts affected 
most severely. From 5 years after thymectomy onward, however, the T-cell compartment in 
most individuals had a normal size and composition. 
 We investigated whether increased survival or proliferation of naive T cells contributed to 
the normalization of the T-cell compartment. It was previously shown that IL-7 positively affects 
naive T-cell survival and proliferation in mice.32;33 Although a potential role for IL-7 in naive 
T-cell homeostasis has been observed,30;34;35 its effect on naive T-cell survival and proliferation in 
humans remains unclear. The negative correlation that we found between naive T-cell numbers 
and IL-7 levels in plasma in the first 2.5 years after thymectomy is in agreement with previous 
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observations in lymphopenic settings,16;30 suggesting reduced consumption of IL-7 when naive 
T-cell numbers are low. Naive T-cell proliferation levels (as measured by Ki67-expression) were 
approximately 2-fold increased in the first years after thymectomy, suggesting that increased 
T-cell proliferation may contribute to the maintenance of the T-cell compartment after 
thymectomy. Remarkably, the elevated IL-7 levels shortly after thymectomy were not correlated 
with naive T-cell proliferation levels. We cannot exclude the possibility that the increased IL-7 
levels in the first years after thymectomy nevertheless contributed to the restoration of the CD4+ 
T-cell pool by increasing the survival of naive T cells. 
 Our TREC data strongly suggested that the eventual restoration of the T-cell pool after 
thymectomy during infancy was to a large extent due to de novo T-cell generation. The average 
TREC content of CD4+ T cells and total CD4+ T-cell TREC numbers per microliter of blood, 
which were clearly affected in the first 5 years after thymectomy, were found to be normal at 
later ages. In the absence of de novo T-cell production, TREC contents and total TREC numbers 
per microliter of blood are expected to continuously decline because of T-cell proliferation and 
T-cell death, respectively. The observed lack of decline in total CD4+ T-cell TREC numbers 
per microliter of blood could in principle be explained by an extremely low death rate of CD4+ 
T cells in thymectomized individuals. The absence of further TREC content dilution from 5 
years after thymectomy onward would imply, however, that CD4+ T-cells should also have 
stopped proliferating. The most likely explanation for our TREC findings is therefore that newly 
generated TREC-containing cells had been produced. In agreement with this, the majority of 
MRI scans available from individuals thymectomized during infancy showed evidence for 
thymic tissue as early as 4 years after thymectomy. Thymic tissue could never be observed 
during secondary surgeries. Since 11 of the 14 children who underwent a secondary surgery 
were under 4 years of age, the regrowing thymus in these children may have been too small or 
not visually accessible to be identified. Although the presence of thymic tissue on MRI scans 
does not imply that the tissue is capable of thymopoiesis, in combination with our TREC data 
and the normalization of the T-cell compartment in the long term, the most likely explanation 
for our findings is that renewed thymopoiesis was responsible for the long-term recovery of the 
T-cell compartment after thymectomy during infancy.
 Although some studies have suggested enlargement of thymic mass after cessation of 
chemotherapy or following stem-cell transplantation,3;36 to the best of our knowledge, formation 
of thymic tissue at the anatomical location of the thymus after its complete removal has not been 
reported previously. Recent studies in mice, however, have shown the potential of postnatal 
epithelial progenitor cells to generate functional thymic lobules.37 If sufficient numbers of such 
progenitor cells are left behind during thymectomy, then these cells might be responsible for the 
regrowth of functionally competent thymic tissue in subsequent years. A likely reason why other 
studies did not find evidence for the de novo formation of thymic tissue after thymectomy is 
that previous studies have mainly used radiography to identify thymic tissue.21;22 It has recently 
been shown that whereas thymic tissue should be identifiable during the first 2 decades of life 
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on MRI or computed tomography imaging in healthy individuals, identification by thoracic 
radiography is unreliable after the age of 3 years.24

 The eventual restoration of the peripheral T-cell compartment that we observed in almost 
all participants is in agreement with previous studies reporting normal size, composition and 
functionality of the T-cell compartment in the second and third decade after thymectomy 
during early childhood in the majority of individuals.15;22 However, the latter studies also 
showed that in some thymectomized individuals normalization did not occur. Moreover, a 
recent study reported that thymectomy resulted in diminished naive T-cell counts and naive 
T-cell TREC contents well into the third decade of life.21 We can only speculate on the cause 
of these differences. A clear difference between the latter and the current study is the age at 
which the children were thymectomized. Whereas almost all patients (87%) included in our 
study were thymectomized within the first 4 months of life, and all before the age of 1.5 years 
(mean age at thymectomy, 0.16 years), the patients included in the study of Prelog et al were 
thymectomized at an average age of 2.6 years. Similarly, the patients with no residual thymus 
and decreased TREC contents in the study by Halnon et al were either monitored in the first 5 
years after thymectomy (similar to our study) or had been thymectomized beyond the age of 
4 years. It is tempting to speculate that the regenerating capabilities of the thymus may be age 
dependent and that the long-term effects of removal of thymic tissue in the first months of life 
may (rather surprisingly) be less dramatic than the long-term effects of thymectomy during 
later childhood. However, further studies, including analyses of T-cell repertoire diversity, are 
needed to confirm this proposition.
 In summary, we have shown that whereas thymectomy during early childhood clearly 
affected the T-cell compartment during the first 5 years after thymectomy, such deviations 
from age-matched controls were not observed during later life. Because the normalization 
of the T-cell pool coincided with de novo T-cell production, as suggested by TREC data and 
by recurrence of thymic tissue on MRI scans, the most likely explanation for our data is that 
thymic regeneration was responsible for the long-term restoration of the T-cell compartment. 
Evidence that thymectomy early in life can lead to exacerbations in the T-cell compartment 
in cytomegalovirus-seropositive individuals22 suggests that, despite the apparent ability of the 
T-cell compartment to recover from removal of the thymus during infancy, it may nevertheless 
be desirable to spare as much thymic tissue during cardiac surgery as possible.
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SUmmARy

The immune system is a dynamic system that is designed to respond rapidly to potential 
harmful stimuli. Following activation tight control mechanisms are in place to avoid collateral 
damage. Cardiac surgery is well known to induce an acute systemic inflammatory response and 
therefore, elective cardiac surgery creates an opportunity to study the inflammatory response 
in human in detail, from its initiation through the peak of inflammation up to recovery. So to 
restore the dynamic immunological equilibrium; ‘What goes up must come down’. 
 In this thesis we illustrate how the immune system of children responds to two different 
aspects of pediatric cardiac surgery, both known to disturb the immunological equilibrium. In 
the first part of this thesis the immediate inflammatory response due to surgery is investigated 
with an emphasis on endogenous feedback mechanisms. In the second part of this thesis we 
investigate how the developing immune system copes with total thymectomy due to neonatal 
cardiac surgery.

Pediatric cardiac surgery induces an inflammatory response which contributes to outcome
Cardiac surgery is a major iatrogenic inducer of the immune system. Chapter 2 gives an overview 
of the main activators of the inflammatory response following pediatric cardiac surgery. In the 
past decades surgical techniques and peri-operative management have improved substantially, 
which reduces immune activation. However, pre-operative clinical condition, the period in 
theatre that involves surgical tissue damage and cardiopulmonary bypass (CPB) amongst others, 
and the recovery period on pediatric intensive care unit (PICU), all continue to activate the 
immune system. Immune activation can potentially lead to morbidity due to increased vascular 
permeability and ultimately organ damage and to temporary immune deficiency. Finding the 
appropriate balance between these two, without compromising wound healing is the great 
challenge in the peri-operative care of these children. Pharmacological efforts to control the 
inflammatory response have overall been disappointing. Priority in enabling to manipulate this 
response is a thorough understanding of the post-operative inflammatory response. Herewith 
one needs to take into account that children may respond differently compared to adults. 

Unraveling the mechanism behind monocyte unresponsiveness following cardiac surgery
A well-known phenomenon during systemic inflammation is a diminished responsiveness 
of monocytes to toll like receptor (TLR) stimulation. In Chapter 3 we studied monocyte 
unresponsiveness following pediatric cardiac surgery, in particular whether this was due to 
tolerance to TLR stimulation, or due to active inhibition. We demonstrate that pediatric cardiac 
surgery with the use of CPB initiates a controlled systemic inflammatory response characterized 
by a cytokine storm, monocytosis and transient monocyte activation. The responsiveness 
of monocytes to TLR-mediated activation is diminished in the postoperative course. We 
demonstrate an important role for STAT3 in the plasma-mediated inhibition of LPS-induced 
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TNF-α production by monocytes. Plasma samples obtained 4 hours after surgery potently 
inhibit LPS-induced intracellular monocyte TNF-α synthesis, as compared to healthy control 
plasma and autologous plasma samples obtained 24 hours post surgery. This suppressed TNF-α 
production is not caused by attenuation of signaling pathways downstream of TLR. Rather, active 
inhibition through IL-10 / STAT3 pathway appears to be essential in the reduced monocyte 
responsiveness. Accordingly, pre-treatment of patient monocytes with a cell-permeable STAT3 
inhibitor peptide largely restores LPS-induced TNF-α production in the presence of suppressive 
plasma. Altogether, our findings suggest that STAT3 plays a crucial role in the regulation of 
TNF-α synthesis by human monocytes in the course of systemic inflammation in vivo.

Functional ability of FOXP3+ Treg during transient systemic inflammation
FOXP3+ Treg are important regulators of inflammation, with effects on both adaptive and innate 
immune components. Their best-described function is maintaining peripheral tolerance. In 
Chapter 4 we studied the Treg population during the transient inflammatory response following 
pediatric cardiac surgery. Twenty-four hours after surgery the proportion of FOXP3+ T cells 
increase compared to the overall T cell population. Also, FOXP3+ T cells contain the highest 
percentage of proliferating cells. This population has phenotypic characteristics of true Treg 
with high expression of CD25, CTLA-4 and GITR and remain anergic to in vitro T cell receptor 
(TCR) stimulation. However, their capacity to suppress effector T cells is markedly reduced. 
Again, plasma factors appear to play a significant role, as post-operative plasma clearly inhibits 
the suppressive capacity of ‘healthy’ Treg. Therefore, FOXP3 appears to be rapidly induced 
during systemic inflammation and may be important in regulating the systemic inflammatory 
response following cardiac surgery.

Neonatal thymectomy results in altered composition of Treg population despite 
compensatory peripheral proliferation
In neonatal cardiac surgery total thymectomy is commonly required to gain unrestrictive access 
of the operating site. However, the thymus is essential for the establishment and maintenance of 
T cells. Treg, a subpopulation of T cells essential for immune homeostasis, can originate from 
two possible sources and are hence divided into; thymus derived natural Treg and peripherally 
induced Treg. Peripherally circulating Treg can be functionally divided into different subsets 
based on expression of FOXP3 and CD45 isoforms. In Chapter 5 we explored the impact of 
neonatal thymectomy on these selected Treg subpopulations in the first three years of life. 
Following thymectomy total FOXP3+ Treg are reduced with a significantly lower number 
recently emigrated from the thymus (CD31+FOXP3+ T cells). Total numbers of memory Treg 
(CD45RO+FOXP3high) remain stable, whereas naive Treg numbers decrease in patients older 
than 6 months of age. Reduced circulating numbers of naive Treg are compensated for by 
increased peripheral proliferation of Treg. While this illustrates the relative plasticity of the 
human immune system, one wonders whether a different composition of the Treg population 
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could have functional effects for immune tolerance later in life. Overall, peripheral proliferation 
of circulating Treg counteracts the effect of loss of thymopoiesis. The resulting altered 
composition of the Treg population needs further investigation.

Naive T cell compartment is affected in the first years following neonatal thymectomy, but 
reestablishes later in life alongside thymus regeneration
Several studies have previously shown that a total thymectomy in neonatal cardiac surgery 
affects the T cell compartment at an early age, without obvious clinical consequences. In 
Chapter 6 we investigated the impact of neonatal thymectomy on the naive T cell compartment 
in the first 3 decades of life. Similar to previous reports we show that in the first 5 years following 
thymectomy T cell numbers are decreased, with naive T cells being most severely affected. 
T cell receptor excision circles (TREC), a direct measurement of thymic output) content of 
CD4+ T cells was found to be significantly lower in the first years of life. In the first years after 
thymectomy, when the T cell numbers is reduced, compensatory measures are recognizable. 
Plasma IL-7 concentration is increased, which may contribute to the restoration of the CD4+ 

T cell population. However, proliferation of naive T cells is only marginally increased. After 
approximately 10 years following thymectomy the T cell compartment resembles healthy, not 
thymectomized controls. T cell numbers return to normal levels and we found evidence of 
renewed thymopoiesis (normalization of TREC content of CD4+ T cells). The de novo T cell 
production coincides with recurrence of thymic tissue on MRI, suggesting that normalization 
of the T cell compartment could be due to regeneration of functional thymus. Thus, the T 
cell compartment is able to recover from neonatal thymectomy through thymic regeneration. 
However, there is insufficient evidence to state that thymectomy at an early age does not have 
functional long term effects on the immune system which warrants further investigation. 
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GENERAL DISCUSSION

Pediatric cardiac surgery
Congenital heart disease affects a significant proportion of newborns, with a prevalence of 
6 – 13 per 1000 live births.1 This approximates 1250 new cases per year in the Netherlands. 
One quarter of these cases will require surgical or cardiac catheter intervention in the first 
year of life.2 Recovery following pediatric cardiac surgery requires intensive treatment on a 
pediatric intensive care. Due to improved antenatal screening and treatment options many 
patients follow a relatively uncomplicated recovery and can be discharged home within days of 
the surgical procedure. However, all patients remain at risk of serious morbidity and mortality. 
While innovative treatment options have improved outcome to many congenital heart defects 
in the last decades, it has also resulted to surgery being performed on more complex defects 
in very young patients. These advances in surgical options enhance the challenges in post-
operative care. Hence, increased surgical options, parallel an ethical responsibility in offering 
intense curative or palliative treatment to the appropriate patients.3;4 Advanced treatment 
options with high peri-operative risk of severe morbidity or mortality necessitate very careful 
patient selection. While pre-operative risk factors can be taken into account when identifying 
which patient is at risk of prolonged recovery time and risk of morbidity, unexpected events 
occurring intra-operatively and post-operatively also contribute to subsequent risk.5 

Defining the inflammatory response following pediatric cardiac surgery
Regardless of the type of surgical procedure, the age of the patient, or length of CPB, every cardiac 
surgical procedure will initiate an inflammatory response. As discussed in chapter 2, immune 
activation results from a peri-operative multi hit model of triggers including anesthesia, surgical 
tissue injury, ischemia-reperfusion, CPB and mechanical ventilation. The accumulation of these 
insults results in a systemic inflammatory response. Severe systemic inflammation or systemic 
inflammatory response syndrome (SIRS) is associated with hemodynamic instability and organ 
failure and occurs in up to 10% of adult patients following cardiac surgery.6 Numerous studies 
illustrate a systemic inflammatory response following pediatric cardiac surgery.7-14 This systemic 
inflammatory response can result in hemodynamic instability, impaired function of multiple 
organs and early morbidity.15 Hemodynamic instability may cause variable systemic blood 
pressures, dysrhythmias, edema, poor urine output, and decreased perfusion. If persistent, such 
instability can lead to a low cardiac output syndrome (LCOS) state with poor oxygen delivery, 
as manifested by low mixed venous oxygen saturation, elevated serum lactate, and metabolic 
acidosis. LCOS is associated with early postoperative morbidity and mortality.16;17 
 While initially most emphasis of the inflammatory response was on the pro-inflammatory 
mediators and the possible damaging effects, the counter anti-inflammatory component of this 
response is nowadays also recognized for contributing to post-operative morbidity. This has lead 
to the concept of a dual response, with initially a hyper-inflammatory phase followed by a hypo-
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inflammatory phase, or immune paralysis.18;19 This bimodal response is further recognized in 
clinical translation of these events. Typically, clinical phenomena resulting from an unbalanced 
inflammatory response in the direction of hyper-inflammation (increased vascular permeability 
with hypotension and organ failure) occur early on in the post-operative period. On the other 
hand, effects of immune deactivation (secondary infections) become clinically apparent after 
several days post-operatively. 
 While categorizing the inflammatory response into a pro- and anti-inflammatory phase has 
guided research into looking at both aspects of the response,20 there remain inconsistencies with 
this concept. Looking at release of various types of cytokines, it is apparent that there is no clear-
cut chronological division in release of pro- followed by anti-inflammatory mediators. Based 
on our and other’s work, IL-10 (both mRNA and protein) for instance appears very rapidly 
following the surgical insult alongside the release of typical pro-inflammatory cytokines such as 
TNFa and IL-6.8;10;21-24

 In addition, laboratory signs of immune dysfunction appear already early on following 
surgery. For example, decreased monocyte responsiveness to TLR stimulation occurs as early 
as 4 hours after surgery.22 One might speculate that the typical infectious complications seen 
following cardiac surgery need time to manifest and that the anti-inflammatory sequelae 
leading to increased infectious risk occur already quite soon after surgery. In terms of the 
inflammatory balance, numerous immediate negative feedback mechanisms are available to 
keep the inflammatory response in control. Activation of intracellular inflammatory signaling 
cascades results in translation of pro-inflammatory proteins, and simultaneous release of 
negative feedback mediators to shut this cascade down (such as STAT3 and SOCS3). Therefore, 
the bimodal clinical response may not be as distinct on a cellular level. Both the pro- and anti-
inflammatory sides of a response act promptly and continue throughout the inflammatory 
response. 
 Inflammation is primarily triggered by tissue damage, while beyond the site of cellular stress 
activated cells should be inhibited (Figure 1). The concept of tissues guiding the inflammatory 
response, rather than immune cells themselves goes back to the danger theory by Matzinger.25 
This model of how the immune system is triggered, suggests that the immune system responds 
to danger signals from tissues, rather than recognition of ‘non-self ’ pathogens. The problem in 
systemic inflammation is that multiple tissues beyond the surgical site can send and maintain 
ongoing danger signals. Differential exposure of danger signals by tissues may explain why 
some tissues are more susceptible to inflammatory damage than others. This is further 
substantiated by the knowledge that compartmentalized expression of pro-inflammatory 
gene programs determines different local effects during systemic inflammation.26 During 
SIRS specific pro-inflammatory genes are switched on in the lungs while these same genes are 
actively silenced in systemically circulating leukocytes.27;28 Thus, organ damage can occur due 
to exaggerated inflammation, while simultaneously, systemically circulating leukocytes may be 
hypo-responsive to subsequent invading pathogens. 
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Figure 1. Differential local and systemic inflammation. Inflammation is triggered by local tissue 
damage through release of damage-associated molecular patterns (DAMPs). Processed antigen 
(Ag) can be presented to T cells to further enhance the inflammatory response. Local release of pro-
inflammatory cytokines can inhibit Treg cells to maintain the inflammatory response. Ideally, beyond 
the site of tissue damage, inflammatory cells need to be suppressed to prevent systemic inflammation 
with potential collateral damage. Possible means of immune regulation include 1) transient up-
regulation of FOXP3 in conventional T cells to inhibit proliferation; 2) proliferation of functional Treg to 
actively suppress unwanted inflammation; 3) inhibition of monocytes to respond to Toll like receptor 
(TLR) stimulation with HLA-DR down-regulation. The down-side of this immune regulation however is 
systemic hypo-responsiveness to pathogens.

 Prompt activation of feedback mechanisms not only occurs in the innate immune system. 
We show in this thesis that T cells also respond rapidly to cardiac surgery. An increased 
percentage of T cells expressed FOXP3 24 hours after surgery, and subsequently return to pre-
operative levels. The remaining question to be answered is whether the observed FOXP3+ T 
cells are true Treg, with reduced suppressive action due to inflammatory milieu,29 or that the 
population of FOXP3+ T cells consisted of a mixture of true Treg and conventional T cells which 
transiently expressed FOXP3, without acquiring suppressive capacity (Figure 1).
 If indeed there is an increase in Treg following cardiac surgery, one can speculate that during 
inflammation, Treg act to limit collateral damage. It has been shown that Treg are actually the 
first T cells (within hours of priming) to respond to IL-2.30 By being first-responders, Treg can 
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potentially prevent excessive activation of other effector immune cells. In a recent mouse study 
by Jia et al, Treg are protective in a mouse model of induced systemic inflammation.31 They 
report that depletion of Treg prior to an induced SIRS profoundly increases lung tissue injury 
and mortality. However, the exact role of Treg in infectious SIRS remains controversial. While 
other studies also report improved survival in septic mice following adoptive transfer of Treg,32 
other studies show the opposite. Two mouse studies of induced sepsis through cecal ligation 
show an association between increased Treg numbers and immune deficiency during SIRS. 
Furthermore, depletion of Treg restores bacterial clearance and improves survival.33;34 
 Alternatively, the increased FOXP3 T cells following cardiac surgery may not be an increase 
in true Treg, but a transient expression of FOXP3 in conventional T cells. The population 
with Treg phenotype is less suppressive, suggesting that the population may be enhanced 
with non-Treg cells. These cells are however anergic, like true Treg and this may illustrate an 
intrinsic regulation mechanism for conventional T cells. While transient expression of FOXP3 
(without acquiring suppressive function) in conventional T cells has been illustrated before, its 
function remains unclear.35;36 Recently McMurchy, et al illustrated that FOXP3 expression acts 
as an intrinsic regulator for conventional T cells and may prevent unwanted proliferation and 
cytokine production.37 As such, FOXP3 expression during the inflammatory response following 
surgery may act as a regulator to minimize activation of potentially harmful conventional T 
cells. Subsequently, this may also contribute to immune dysfunction in these children post-
operatively.
 Overall, the immune system responds to inflammatory stress with activation of both pro- 
and anti-inflammatory pathways simultaneously. Resultant clinical outcome probably does not 
rely on simply the ratio between the two, but more likely can both be hampered by excessive pro-
inflammation with subsequent edema, hypotension and organ failure, and immune deficiency 
resulting in infection (or both simultaneously). Thus, treatment options solely intended to non-
specifically inhibit either side of the inflammatory response could have dangerous side effects. 

Lessons to be learnt for systemic inflammation?
In the past decade much insight has been gained in understanding the inflammatory response 
following pediatric cardiac surgery. Due to technical advances, tissue damage and immune 
activation has been reduced, resulting in improved outcome. Nevertheless, there are still 
patients whose post-operative recovery is hampered by excessive inflammation. 
 The single most relied on pharmacological entity to inhibit the inflammatory response 
following cardiac surgery is corticosteroid. Corticosteroids have been shown to effectively 
reduce the pro-inflammatory response.38-41 While hypothetically a useful agent to limit the 
potential damaging effects of the inflammatory response, accumulating evidence suggests that 
for most pediatric patients peri-operative corticosteroid exposure has limited added benefit 
and is independently associated with poor outcome including post-operative infections.42;43 In 
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adults also no immediate benefit could be proven on outcome, but interestingly was associated 
with reduced post-operative infection rate and length of stay.44;45 
 Lessons learnt from research on controlling inflammation following cardiac surgery may 
well initiate new insight on excessive inflammation due to major trauma, surgery, infections 
or burns. In the past numerous attempts have been made to try to control inflammation 
during sepsis. Upon recognition of the correlation between levels of certain cytokines and 
outcome, anti-inflammatory agents were developed, inhibiting specific pro-inflammatory 
cytokines (e.g. TNFa, IL-1 antagonists46-48). Similarly, attempts have been undertaken to block 
TLR activation by endotoxin with antibodies against endotoxin49 and more recently the TLR4 
antagonist eritoran.50 The most recent, strongly debated, anti-inflammatory agent to treat sepsis 
is recombinant human activated protein C (rhAPC). Developed from in-vitro studies, through 
promising animal studies, large human trials however remained controversial for a decade.51;52 
Finally the drug drotrecogin was withdrawn from the market in 2011 following reports it showed 
insufficient efficacy in both adult or pediatric sepsis.53;54 The overall conclusion of numerous 
large trials on inhibiting specific pro-inflammatory cytokines turns out to be disappointing. No 
trial showed any improvement in outcome and some even resulted in increased mortality. 
 The anti-inflammatory component of the immune response has also been recognized to 
correlate to clinical outcome. High levels of IL-10 are found in both septic and post-operative 
patients with typically a reduced monocyte response to endotoxin.22;55;56 Circulating monocytes 
in systemic inflammation show reduced expression of HLA-DR, which is also correlated to 
subsequent morbidity.57-59 Furthermore, increased numbers of potent anti-inflammatory T cells 
(FOXP3+ Treg) are found during systemic inflammation.60 Further evidence that not only the 
pro-inflammatory response may be detrimental in systemic inflammation was shown in post-
mortem studies of deceased septic patients. Patients, both adult and pediatric, who succumbed 
to sepsis show loss of both innate and adaptive immune cells.61-63 Taken together, effectively using 
immunomodulatory therapy for systemic inflammation depends on which side of the immune 
response is detrimental and thus needs to be tackled. This is probably highly patient specific 
and time dependent. Acknowledging the diverse nature of an ensuing inflammatory response 
has resulted in the first promising animal studies on blocking the anti-inflammatory side of 
the response. Specific antibodies against negative co-stimulatory molecules (Programmed cell 
Death protein-1 (PD-1) and Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4)) improve survival 
when administered at the appropriate time in the sequence of inflammation.64;65 Moreover, new 
studies are investigating to restore the loss of immune effector cells during sepsis. In a murine 
sepsis model rhIL-7 restores lymphocyte effector function and improves survival.66 
 Currently, limited evidence based treatment options are available to manipulate the human 
inflammatory response successfully during sepsis. The prevailing negative outcome of human 
trials following promising experimental models of an agent has raised concerns over the 
applicability of animal studies for human use. Indeed, a recent transcriptome analysis of mouse 
models versus human sepsis indicates very poor correlation between the pathophysiology of 
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septic shock in mice and humans.67 This could explain why nearly 150 drugs tested in human 
sepsis failed to replicate the encouraging results from mouse studies. Moreover, the study by 
Seok, et al.67 also reveals that human acute inflammatory responses from different etiologies 
result in very similar genomic responses. Thus, although the triggers resulting to infectious and 
non-infectious inflammation e.g. surgery and sepsis are very different, the resulting response 
is remarkably similar. This would implicate that the way forward to new treatment strategies 
for sepsis should more strongly rely on translation of human studies from other fields of 
inflammation, rather than animal studies. 
 Studying sepsis is complicated by the fact that the initial trigger has already occurred, and 
at the time of presentation an overwhelming inflammatory response is ongoing. In the case 
of cardiac surgery, the trigger is exactly timed (initiation of surgery) and patients are under 
close monitoring during the whole successive recovery period. So, although research of the 
inflammatory response following pediatric cardiac surgery can probably benefit a select group 
of cardiac patients, this knowledge can also be translated to the benefit of other patients suffering 
from severe inflammation, including sepsis. 

Neonatal thymectomy, so what?
Removing the thymus, the primary gland for development of new T cells, occurs routinely 
at a young age during cardiac surgery to gain access to the large vessels. Although this has 
caught the attention of several immunology research groups, it remains controversial whether 
neonatal thymectomy causes any immune disorders later in life. From a surgical point of view 
thymectomy in these procedures is a necessity, enabling life-saving surgical correction of 
congenital heart diseases. Furthermore thymectomy in these patients has been performed for 
decades with no obvious clinical concerns.
 Numerous studies demonstrate reduced T cell numbers, most notably naive T cells, in the 
first years following neonatal thymectomy.68-72 Despite these changes, in vitro immune responses 
to exposed antigen remain intact.69;73 The study by Prelog et al was the first to indicate that loss 
of thymopoiesis at a young age can result in decreased immunity.74 They report diminished IgG 
responses to tick-borne encephalitis vaccination, most notably in patients thymectomized at a 
young age. 
 Although the human adaptive immune system is remarkably competent at birth,75 it still 
requires further maturation and is unable to mount significant and lasting T cell dependent 
antibody responses to vaccines.76 The presence of large numbers of recent thymic emigrants 
(RTE) in neonates has been implicated in their vulnerability to infections due to the impaired 
effector function of RTE.77 Since neonatal thymectomy results in a relative sparing of memory 
T cells compared to RTE, this could (counter-intuitively) limit the risk of infections during 
lymphopenia following thymectomy.
 Also beyond the first decade after neonatal thymectomy, alterations in T cell numbers have 
been described. While a subgroup of patients continue to show low T cell numbers, clearly 
not all patients older than ten years have low T cell numbers after thymectomy. Our study 
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on the long term effects of neonatal thymectomy would concur with previous studies and 
suggest that in the majority of patients, T cell numbers return to normal levels and the thymus 
regenerates.78;79 Age of thymectomy is possibly important in determining whether thymus 
regeneration occurs. In the study of Prelog, et al.,80 showing long term reduced T cell numbers 
and reduced T cell receptor excision circles (TREC), thymectomy occurred significantly later 
(mean 2.6 years) than in our study. One can speculate that the capacity of thymus to regenerate 
is age-dependent and (unexpectedly) limited to the first months after birth. Alternatively, 
regrowth of thymus may simply depend on how much thymus remains following thymectomy, 
i.e. surgical thoroughness. In any case, also in our study we found two 10-year-old individuals, 
with low CD4+ numbers in combination with decreased levels of thymic output, suggesting that 
not in all cases the thymus is able to regenerate adequately following neonatal thymectomy. 
 Patients in which no or insufficient return of thymopoiesis occurs would need close follow-
up to investigate the clinical impact. In healthy aging adults, maintenance of naive T cells 
appears to rely predominantly on increased peripheral proliferation and prolonged survival.81-83 
However, in conditions of T cell depletion such as following bone marrow transplantation or 
HIV infection, the thymus remains important for reconstituting the T cell compartment in 
both children and adults.84-86 Following thymectomy, T cell numbers are decreased, so one can 
expect that without regeneration through thymopoiesis, T cell immunity will be affected. If the 
circulating T cell population is not replenished through thymopoiesis, the T cell repertoire is 
at risk of oligoclonality (Figure 2B). This occurs in the elderly, which has been associated with 
decreased immunity.87;88 It has been speculated that reduced TCR diversity can be compensated 
for by increased cross-reactivity, possibly leading to increased auto-immunity.89;90 
 While T cell numbers generally return to normal levels after the first decade following 
neonatal thymectomy, a subgroup of young patients (median age 22 years) in the study by Sauce 
et al exhibit altered T cell profiles usually seen in the elderly.79 They reveal that a multiple hit 
on the naive T cell repertoire through Cytomegalovirus infection plus loss of thymopoiesis 
results in oligoclonality, together with increased inflammatory markers. These immunological 
changes, seen 20 years after thymectomy, resemble deficiencies seen in the elderly. This raises 
concerns about whether neonatal thymectomy can indeed be compensated for with peripheral 
proliferation and thymic regeneration in all patients. Thus after neonatal thymectomy some 
patients show signs of immunosenescence early in life, which can result in increased risk of 
infections as seen in the elderly.

Treg subpopulations depend on thymopoiesis for a balanced maintenance 
In chapter 5 we studied the effect of neonatal thymectomy on the maintenance of the Treg 
population. The general consensus is that two sets of Treg are required to achieve a healthy 
immunological homeostasis; de novo derived Treg through thymopoiesis (nTreg) and 
peripherally induced Treg (iTreg). nTreg are thought to maintain peripheral self-tolerance, 
while iTreg are induced in response to foreign antigens to regulate non-pathogenic tolerance.91;92 
However, the mainstay of evidence for peripherally induced Treg comes from experimental 
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settings. In vitro experiments show that under specific circumstances FOXP3+ can be induced 
in human naive FOXP3- T cells and render them suppressive.93;94 In mice, naive T cells can 
be converted in vivo to functional Treg through presentation of antigen in subimmunogenic 
conditions95 or upon adoptive transfer into lymphopenic hosts96. Besides the possibility of 
peripheral induction of FOXP+ Treg from FOXP3- naive T cells, thymic derived Treg can also 
convert to an effector (non-Treg) phenotype following transfer into lymphopenic recipients and 
during ex vivo stimulation with inflammatory cytokines.97;98 Apart from FOXP3 expression, 
epigenetic changes appear to be critical for the stability of Treg cell lineage. In particular hypo-
methylation of specific DNA sites determines the fate of FOXP3+ T cells.99 Thus, FOXP3 is 
indispensible but not sufficient for conferring and maintaining Treg function and phenotype. 
 While FOXP3+ Treg undoubtedly play an essential role in maintaining immune homeostasis 
in humans, distinguishing nTreg from iTreg in vivo, based on phenotypic markers remains a 
challenge. So, the overall contribution of iTreg to the total pool of peripheral Treg in human 
under basal and inflammatory conditions remains under debate (Figure 2). Human FOXP3+ 
T cells can be phenotypically divided into different functional subsets as was elegantly 
described by Miyara et al.100 They report two functionally suppressive Treg populations; resting 
Treg (FOXP3lowCD45RA+RO-) and activated Treg (FOXP3highCD45RA-RO+) with distinct 
properties (Figure 2). In aged donors the resting Treg decrease, whereas activated Treg increase, 
which corresponds to our data following thymectomy where resting Treg numbers decrease 
significantly 6 months after thymectomy. Interestingly, their results suggest that in adults the 
majority of resting Treg originate from the thymus. In addition, tracing clonotypes of each 
Treg cell fraction show that activated Treg predominantly derive from resting Treg and that 
conversion of FOXP3-CD4+ T cells to FOXP3+ Treg can only contribute for a minor part, if 
any, to the total Treg population. The maintenance of the pool of activated Treg depends on 
a constant development of proliferating cells from the resting Treg pool, balanced by death 
of activated Treg following suppression. These observations have important implications for 
thymectomized individuals. This would suggest that the Treg pool following thymectomy 
depends on the thymic derived Treg pool at the time of thymectomy, which from a resting state 
continuously replenishes the activated Treg pool (Figure 2). Interestingly, up to 90% of naive 
T cells in adults have been estimated to rely on peripheral proliferation rather than thymic 
output.81 This would imply that the Treg population depends more on thymus output than naive 
T cells.
 Taken together, neonatal thymectomy reduces naive T cell numbers in the first years of life. 
Although this has not been associated with increased risk of infections, antibody responses are 
reduced to some vaccinations. Limited data is available on the longer term effects of neonatal 
thymectomy and needs further follow-up. In the majority of patients the thymus probably 
regenerates and continues to replenish the T cell pool. However, in a small subgroup of patients 
this does not occur. Therefore, sparing thymic tissue during pediatric cardiac surgery should be 
advised.
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Figure 2. Differentiation and maintenance of human Treg and conventional T cells. (A) FOXP3+ 
Treg cells depart from the thymus as resting Treg (rTreg) cells expressing CD31+, CD45RO-, CD25+, 
and low levels of FOXP3. Upon peripheral Ag encounter, rTreg cells proliferate, upregulate CD45RO, 
CD25 and FOXP3 and become activated Treg (aTreg) cells. aTreg cells are short lived and rapidly die 
after activation and suppression. Naive conventional T cells depart from the thymus expressing CD31+, 
CD45RO-, CD25- and FOXP3-. After Ag stimulation naive T cells upregulate CD45RO+ and CD25+, but 
remain FOXP3- to become effector memory conventional T cells. It remains uncertain whether human 
Treg cells are induced from conventional T cells in vivo, and if so, to what degree these induced Treg 
cells contribute to the maintenance of the total Treg population. Dotplot illustrates rTreg and aTreg 
expression of FOXP3 and CD45RO. (B) The maintenance of both Treg and conventional T cells depends 
on thymopoiesis for a polyclonal output of naive cells and peripheral proliferation to achieve adequate 
clonal size. With loss of thymopoiesis (after thymectomy) proliferation of all T cells is increased to 
maintain cell numbers. However, the naive compartment of Treg and conventional T cells can not be 
maintained and ultimately TCR diversity is affected 
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Future directions

In this thesis we show that studying the immune system of children following cardiac surgery 
can aid our understanding of inflammation. In addition, follow-up of patients after thymectomy 
can improve our knowledge of how the immune system maintains homeostasis throughout life. 
Though answering some questions, this research also raises new questions that require further 
investigation.
 The present research regarding regulation of the inflammatory response after pediatric 
cardiac surgery was performed in children with a favorable recovery course. To truly understand 
how this knowledge can benefit patients, the next step will be to study the inflammatory 
response of patients with an excessive response. Clinical parameters may then be associated with 
functional immunological tests to guide which part of the inflammatory response may benefit 
from intervention. Subsequently, it will be worthwhile to compare these results with other 
clinical manifestations of systemic inflammation, such as sepsis and burns. Of importance for 
future translation to potential pharmacological interventions will be to understand what occurs 
in different compartments over time. Local sites of inflammation (such as the myocardium and 
pulmonary tissue) will likely illustrate a different response compared to what can be measured 
systemically. Unraveling these different responses sequentially after cardiac surgery can help our 
understanding why children are affected with organ failure while simultaneously show systemic 
signs of immune unresponsiveness. In addition this can guide research in how to target these 
different responses without exaggerating the opposing inflammatory response. Though studying 
the inflammatory response in different compartments will be challenging in patients, it may 
prove crucial to successfully manipulate the inflammatory response without causing additional 
harm. Existing research that looks into local and systemic inflammation in a PICU population 
includes studies on inflammatory response due to mechanical ventilation. Here local alveolar 
inflammation can be compared to systemically circulating inflammation by sampling blood and 
alveolar lavage simultaneously. Overall, immunological research in different patient groups in 
an intensive care setting can work synergistically to an understanding of harmful inflammation 
and how to guide potential treatment options successfully.
 Previous work by others and our studies presented in this thesis underline the need to 
continue research on the impact of neonatal thymectomy in human. Although, limited data 
is available on clinical abnormalities, there is sufficient evidence that thymectomy affects the 
immune system in all children in the first years of life and some patients into adulthood. All 
patients need to be followed up clinically with an emphasis on possible immune senescence. 
New research should be aimed in particular at those patients showing no recovery of thymic 
output. These patients should be particularly scrutinized for immunological changes later in 
life connected with oligoclonality and reduced naive Treg. With new techniques a wide range of 
autoimmune dysregulation can be studied including TCR repertoires and (auto)antibodies. As 
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long as it remains unclear what risks total neonatal thymectomy inflict on patients, preservation 
of thymus, where technical possible, must be advocated. 
 This thesis illustrates the plasticity of the immune system and its robustness in regaining 
a balance despite the impact of pediatric cardiac surgery. Hence, Newton’s law: “What goes up 
must come down” also applies to the immune system.
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Regulatie van het afweersysteem na kinderhartchirurgie
De taak van het afweersysteem is om snel te reageren op potentieel schadelijke stimuli. Na 
activering van het afweersysteem wordt een afweerreactie nauwkeurig gecontroleerd om 
schadelijke bijwerkingen te voorkomen. Hartchirurgie is een sterke stimulans voor het 
optreden van een acute systemische afweerreactie en is daardoor uitermate geschikt om deze 
afweerreactie in mensen in detail te bestuderen. Na activering van het afweersysteem door de 
ingreep, kan de afweerreactie bestudeerd worden van de eerste verschijnselen van ontsteking 
totdat deze weer is uitgedoofd. Bij een gezonde afweer zal het afweersysteem na verloop van tijd 
weer in een natuurlijke balans terugkeren. 
 Dit proefschrift bestudeert hoe het afweersysteem van kinderen reageert op een tweetal 
aspecten van kinderhartchirurgie. Het eerste deel van dit proefschrift beschrijft de acute 
afweerreactie welke optreed na hartchirurgie waarbij er gericht wordt gekeken naar een aantal 
intrinsieke regelmechanismen die van belang zijn dat deze afweerreactie niet uit de hand loopt. 
In het tweede deel van dit proefschrift wordt het effect bestudeerd van het verwijderen van de 
zwezerik, of thymus (thymectomie), ten tijde van de hartoperatie op het zich ontwikkelende 
afweersysteem.

De afweerreactie ten gevolge van hartchirurgie bij kinderen beïnvloedt het post-operatieve 
herstel
Zoals eerder beschreven, veroorzaakt een hartoperatie een afweerreactie. Hoofdstuk 2 geeft 
een overzicht van de belangrijkste prikkels van de afweerreactie na kinderhartchirurgie. In de 
afgelopen decennia zijn chirurgische technieken en peri-operatieve behandelmogelijkheden 
sterk verbeterd, met als gevolg minder activatie van het afweersysteem. Desondanks treedt 
er een onvermijdelijke postoperatieve afweerreactie op tijdens de operatie en gedurende de 
postoperatieve herstel periode op de kinderintensive care. Dit komt door een combinatie van 
de pre-operatieve klinische conditie van een patiënt en intra-operatieve stimulansen zoals 
chirurgische weefselschade en het gebruik van de hartlongmachine. Deze postoperatieve 
afweerreactie kan leiden tot complicaties als gevolg van een te sterke, ongecontroleerde afweer-
reactie. Een ongecontroleerde ontstekingsreactie kan bij een te sterk geactiveerd afweersysteem 
resulteren in toegenomen vaatpermeabiliteit en orgaanfalen, of bij het tekort schieten van de 
afweer een risico op infecties. De uitdaging in de postoperatieve behandeling is vervolgens 
het vinden van de juiste balans in het beïnvloeden van het afweersysteem, zonder het herstel 
nadelig te beïnvloeden. Tot op heden zijn er weinig medicamenteuze behandelingen succesvol 
gebleken om de uitersten van de postoperatieve afweerreactie gunstig te beïnvloeden. Een 
goed inzicht in de postoperatieve afweerreactie is cruciaal voor het succesvol ontwikkelen van 
nieuwe behandelmogelijkheden. Hierbij is het van belang te onderkennen dat het afweersysteem 
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bij kinderen waarschijnlijk niet identiek is als bij volwassenen. Hier dient dan ook specifiek 
onderzoek naar te gebeuren.

verminderde reactiviteit van monocyten na hartchirurgie
Een bekend fenomeen tijdens een systemische afweerreactie is een verminderde reactiviteit van 
monocyten op mogelijke schadelijke prikkels. Deze schadelijke prikkels worden herkent door 
specifieke receptoren op de celwand, toll like receptoren (TLR). In hoofdstuk 3 bestuderen 
we de verminderde reactiviteit van monocyten na kinderhartchirurgie. We waren met name 
geïnteresseerd of dit als gevolg van tolerantie voor TLR stimulatie was of door actieve remming. 
In dit hoofdstuk tonen wij aan dat kinderhartchirurgie, waarbij de hartlongmachine gebruikt 
wordt, een gecontroleerde systemische afweerreactie veroorzaakt. Deze afweerreactie wordt 
gekarakteriseerd door het vrijkomen van cytokinen en een toename in het aantal circulerende 
geactiveerde monocyten. Deze monocyten reageren gedurende enkele uren na de operatie 
minder op stimulatie via TLR. Wij lieten zien dat dit niet het gevolg van tolerantie is, maar 
door actieve remming, waarbij de transcriptiefactor STAT3 een cruciale rol speelt. Plasma van 
patiënten vier uur na de operatie remde krachtig het vermogen van monocyten om TNF-α 
(een belangrijk cytokine om een afweerreactie te initiëren) te produceren na stimulatie met 
lipopolysacchariden (LPS, een onderdeel van de celwand van bacteriën). Deze verminderde 
TNF-α productie is niet het gevolg van een verminderde TLR activatie aangezien de 
signaleringscascade direct na de TLR nog functioneerd. Actieve remming door IL-10 / STAT3 
blijkt fundamenteel te zijn voor de verminderde monocyten reactie. Dit wordt bevestigd doordat 
toevoeging van STAT3 remmers aan het plasma, de reactiviteit van monocyten kan herstellen. 
Samengevat laten onze bevindingen zien dat STAT3 een belangrijke rol speelt in de regulatie 
van menselijke monocyten tijdens een systemische afweerreactie in vivo en mogelijkheden 
biedt om medicamenteus in te grijpen in een ongecontroleerde afweerreactie.

Functionaliteit van FOXP3+ Treg tijdens systemische inflammatie
FOXP3+ regulatoire T cellen (Treg) zijn belangrijke regelaars van inflammatie. Zij hebben een 
sterk regulerende rol in zowel het aangeboren (aspecifieke) afweersysteem als het verworven 
(specifieke) afweersysteem. In de afgelopen decennia hebben Treg met name faam verworven 
door hun functie in perifere tolerantie. In hoofdstuk 4 wordt hun rol gedurende de afweerreactie 
na kinderhartchirurgie beschreven. De proportie FOXP3+ T cellen stijgt vierentwintig uur na 
de operatie ten opzichte van de algemene T cel populatie. Daarnaast heeft de FOXP3+ T cel 
populatie het hoogste percentage delende cellen. De beschreven populatie beschikt over alle 
kenmerken van echte Treg met hoge expressie van specifieke receptoren (CD25, CTLA-4 en 
GITR) en zijn niet in staat te delen na in vitro T cel receptor (TCR) stimulatie. Ondanks deze 
klassieke kenmerken van echte Treg is deze populatie FOXP3+ T cellen na hartchirurgie minder 
in staat om hun fundamentele taak uit te oefenen, namelijk het remmen van delende effector 
T cellen. Plasma factoren blijken ook hierin een belangrijke rol te spelen, aangezien plasma 
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afgenomen van patiënten 4 uur na de operatie, gezonde Treg remt in hun functie. Concluderend 
wordt FOXP3 snel geïnduceerd tijdens een systemische afweerreactie en is hierdoor van belang 
voor de endogene regulatie van de afweerreactie na kinderhartchirurgie.

De samenstelling van de Treg populatie verandert na thymectomie op neonatale leeftijd 
ondanks tekenen van compensatoire perifere celdeling 
Thymectomie op jonge leeftijd is soms vereist tijdens neonatale hartchirurgie om toegang te 
verschaffen tot het operatiegebied. De thymus is echter cruciaal voor de ontwikkeling van het 
immuunsysteem op jonge leeftijd, maar ook voor het onderhoud van een gezond immuunsysteem 
later. Treg zijn een subpopulatie T cellen van belang voor homeostase van het afweersysteem. 
Deze populatie T cellen kunnen geproduceerd worden door twee verschillende mechanismen. 
Treg kunnen geproduceerd worden in de thymus of perifeer door inductie uit andere T 
cellen. Perifeer circulerende Treg kunnen onderverdeeld worden in functioneel verschillende 
subpopulaties op basis van expressie van de eiwitten FOXP3 en CD45. In hoofdstuk 5 wordt 
het effect bestudeerd van neonatale thymectomie op deze verschillende Treg subpopulaties. Na 
thymectomie is het aantal FOXP3+ Treg cellen in de circulatie verminderd met een significant 
lager aantal Treg die kortgeleden uit de thymus gemigreerd zijn (CD31+FOXP3+ T cellen). Het 
totale aantal memory Treg (CD45RO+FOXP3high) blijft stabiel, terwijl de naïeve Treg populatie 
(CD45RO-FOXP3low) in patiënten ouder dan 6 maanden significant verlaagd is ten opzichte van 
leeftijdsgenoten. Dit laat zien dat het afweersysteem in staat is om het verlies van de thymus tot 
op zekere hoogte te compenseren, maar dat de samenstelling van de Treg populatie uiteindelijk 
verandert. Het is belangrijk om het effect hiervan op de functionaliteit van het afweersysteem 
te bestuderen, in het bijzonder voor tolerantie later in het leven. Concluderend laat deze studie 
zien dat perifere proliferatie van Treg cellen voor een deel het verlies van functionele thymus 
opvangt. Wat het effect is van een veranderde samenstelling van deze populatie (relatief minder 
naïeve Treg ten opzichte van memory Treg), voor de functionaliteit later in het leven verdient 
verder onderzoek.

De naïeve T cel populatie is in de eerste jaren na neonatale thymectomie aangedaan, maar 
herstelt later in het leven met tekenen van thymus regeneratie
Verschillende studies laten zien dat thymectomie op jonge leeftijd ten tijde van een hartoperatie 
significante effecten heeft voor de zich ontwikkelende T cel populatie, zonder evidente klinische 
verschijnselen. In hoofdstuk 6 wordt het effect van neonatale thymectomie bestudeerd op de 
naïeve T cel populatie in de eerste 30 jaar van het leven. Overeenkomstig met eerdere studies 
laten we zien dat in de eerste vijf jaar na neonatale thymectomie het aantal circulerende T cellen 
sterk verminderd is, met het grootste effect op de naïeve T cel populatie. T cell receptor excision 
circles (TRECs), een maat voor T cel productie door de thymus, is sterk verlaagd in CD4+ T 
cellen in de eerste jaren na thymectomie. Naast een verminderde productie van T cellen door 
de thymus zijn er echter ook compensatie mechanismen meetbaar. De plasma concentratie 
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van IL-7, een cytokine belangrijk voor T cel homeostase, is verhoogd, wat mogelijk bijdraagt 
aan het herstel van de CD4+ T cel populatie. Desondanks is het aantal perifeer delende T cellen 
marginaal verhoogd en onvoldoende om het verlies aan thymus geproduceerde T cellen te 
compenseren. Ongeveer tien jaar na neonatale thymectomie zijn de aantallen T cellen weer 
vergelijkbaar met die van gezonde personen die geen thymectomie hebben ondergaan. Tevens 
zijn er tekenen van regeneratie van thymus weefsel, met normalisering van de aantallen TREC+ 

T cellen. Gelijktijdig met normalisatie van het aantal naïeve T cellen en TREC+ T cellen wordt 
op MRI beelden teruggroei van thymus gezien. Dit suggereert dat de teruggroei van de thymus 
fundamenteel is voor de normalisatie van de T cel populatie vanaf 10 jaar na thymectomie. 
 Samengevat betekent dit dat de T cel populatie in staat is te herstellen door regeneratie 
van thymus weefsel. Van belang is nu om te onderzoeken of de periode direct na thymectomie 
(wanneer er onvoldoende thymus gegenereerde T cellen zijn), een effect heeft op de 
functionaliteit van het afweersysteem later in het leven. Voordat dit goed onderzocht is lijkt 
het verstandig om, indien mogelijk, deze patiënten groep te opereren met een thymus sparende 
techniek.
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ABBREvIATIONS 

ACC  aortic crossclamping
ADA  adenosine deaminase
AKI  acute kidney injury
AoH  aortic hypoplasia
ASD  atrial septum defect
ATP  adenosine triphosphate
aTreg  activated Treg
AVSD  atrioventricular septum defect
CABG  coronary artery bypass graft
C1inh  complement factor 1 esterase inhibitor
CD  cluster of differentiation
CHD  congenital heart disease
CNS2  conserved noncoding sequence 2
CoA  coarctation aorta
CPB  cardiopulmonary bypass
CRP  C-reactive protein
CTLA-4  cytotoxic T lymphocyte antigen-4
DAMPs  danger-associated molecular pattern
DNA  deoxyribonucleic acid
FACS  fluorescence-activated cell sorting
FOXP3  forkhead box P3
GITR  glucocorticoid-induced tumor necrosis factor receptor-related protein
HIF  hypoxia-inducible transcription factor
HIV  human immunodeficiency virus
HLA-DR  human leukocyte antigen DR
HLHS  hypoplastic left heart syndrome
HRHS  hypoplastic right heart syndrome
HSP  heat shock protein
ICAM-1  intercellular adhesion molecule-1
IKK  IkB kinase
IL  interleukin
IL1ra  interleukin-1 receptor antagonist
IFNg  interferon g
IRAK interleukin-1 receptor-associated kinase
iTreg  peripherally induced Treg
JAK  jak family tyrosine kinase
LCOS  low cardiac output syndrome 
LOS  length of stay
LPS lipopolysaccharide = endotoxin
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MAPK  mitogen-activated protein kinase
MCP  monocyte chemotactic protein
MG  myasthenia gravis
MFI  mean fluorescence intensity
MHC  major histocompatibility complex
MIP  macrophage inflammatory protein
MRI  magnetic resonance imaging
MS  multiple sclerosis
MyD88  myeloid differentiation factor 88
NFkB  nuclear factor kappa-B
NO  nitric oxide
nTreg  natural thymic derived Treg
PA  pulmonary atresia
PAMPs  pathogen-associated molecular pattern
PBMC  peripheral blood mononuclear cells
PCR  polymerase chain reaction
PD-1  programmed cell death receptor-1
PECAM-1  platelet endothelial cell adhesion molecule = CD31
PICU  pediatric intensive care unit
PRR  pattern recognition receptor
RANTES  regulated on activation, normal T cell expressed and secreted
RCT  randomized controlled trial
RNA  ribonucleic acid
ROS  reactive oxygen species
rTreg  resting Treg
SHP-1  Src homology region 2 domain-containing phosphatase-1
SIRS  systemic inflammatory response syndrome
SOCS  suppressor of cytokine signalling
STAT  signal transducer and activator of transcription
TCR  t cell receptor
Teff  effector T cell
TGA  transposition of the great arteries
TGFb transforming growth factor b
TIRAP  toll-interleukin 1 receptor domain-containing adaptor protein
TLR  toll like receptor
TNFa  tumor necrosis factor a
TREC  T cell receptor excision circle
Treg  regulatory T cell
TVA  tricuspid valve atresia
TX  thymectomy
TYK2  tyrosine kinase 2
VEGF  vascular endothelial growth factor
VSD  ventricular septum defect
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DANKWOORD

Dit proefschrift is het resultaat van bijna 10 jaar succesvolle samenwerking met een groot aantal 
mensen en verschillende afdelingen. Het initiële onderzoeksidee, de patiënten inclusie en 
sample afnames in het kinderhartcentrum, de uitvoering van de experimenten in verschillende 
laboratoria maar voornamelijk het ‘Prakkenlab’, analyse van data en de uiteindelijke 
totstandkoming van dit manuscript, waren alleen mogelijk dankzij onuitputtelijke inzet van 
velen. Ik wil iedereen voor hun inzet hartelijk bedanken. In de volgende paragraaf wil ik een 
aantal personen in het bijzonder bedanken. 

Dit onderzoek was niet mogelijk geweest zonder de medewerking van ruim 150 patiënten en 
hun ouders. Onze informed consent gesprekken moesten vaak op een zeer ongelukkig moment 
gebeuren, bijvoorbeeld wanneer ouders zich aan het voorbereiden waren op de hartoperatie 
van hun kind de volgende dag. Veel dank aan alle patiënten en ouders die het vertrouwen in ons 
als onderzoeksteam hadden om dit onderzoek mogelijk te maken.

Beste Berent en Koos, jullie waren vanaf het begin verantwoordelijk om mij op te leiden 
als onderzoeker en dit proefschrift tot een goed einde te brengen. The best journey answers 
questions you didn’t know exist. Berent, jij bent degene die me heeft aangezet om me te blijven 
verwonderen over het immuunsysteem. Hoewel bij jou het credo ‘publish or perish’ nooit 
vooropstaat, moest ik uiteindelijk toch gaan focussen op die publicaties! Al veel promovendi 
zijn mij voorgegaan en nog velen zullen volgen. Jij maakt een promotieonderzoek voor een 
ieder een zeer persoonlijke periode, waarbij je het mogelijk maakt om iedereen de ruimte te 
geven om op zijn eigen mannier een promotietraject tot een goed einde te brengen. In zekere 
zin berust de samenwerking in jouw lab zich op de ‘Gestalt filosofie’, waarbij het geheel meer 
is dan de som van de losse onderdelen. Hoewel het lab over de tijd flink gegroeid is, heb je dit 
toch weten te behouden. Ik ben er trots op dat ik bij jou mag promoveren. Koos, ik kan me 
nog goed herinneren dat wij onze eerste gesprekken voerden welke uiteindelijk leidden tot dit 
promotie onderzoek. Ik heb grote waardering voor hoe jij je steeds weer voor dit onderzoek 
hebt ingezet en over de jaren hebt uitgebreid met onderzoekers en onderzoekslijnen. Ik was 
volgens mij jouw eerste promovendus, en heb het denk ik ook het langste weten te rekken. 
Tijdens deze periode heb ik je leren kennen als een zeer toegewijde onderzoeksleider. Naast je 
voortdurende motivatie in het onderzoek ben je ook altijd op de hoogte van het persoonlijke 
leven van iedereen met wie je samenwerkt. Nu we ook klinische collega’s worden zie ik genoeg 
mogelijkheden voor de toekomst om deze samenwerking te continueren. Spoedig een lamsbout 
op Britse bodem proberen?
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All men dream, but not equally. Those who dream by night, in the dusty recesses of their minds, 
awake in the day to find that it was vanity. But the dreamers of the day are dangerous men, for they 
may act their dreams with open eyes to make it reality (T.E. Lawrence).

Mijn dank gaat uit naar de beoordelingscommissie; Prof. van Dijk, Prof. Hack, Dr. van 
Rossum, Prof. van Vught, Prof. Wulffraat. Ik kijk uit naar onze gedachtenwisseling op 11 
december.

Over de jaren hebben een aantal personen belangeloos zeer waardevolle kennis gedeeld. Prof. 
Jan Kimpen, Prof. Wietse Kuis, Prof. Hans van Vught en Marianne Boes wil ik hier in het 
bijzonder noemen voor die momenten dat ik even vanuit een totaal andere invalshoek naar 
mijn onderzoek kon kijken of voor persoonlijk advies kon aankloppen.

Dan veel dank aan mijn directe onderzoeksmaatjes. Lieve Selma, wat bijzonder dat 
we deze promotie periode samen kunnen afsluiten! Je hebt me gelukkig net voor laten 
gaan, aangezien ik ook enkele jaren eerder begon. Na eerst twee en een half jaar alleen het 
onderzoek vertegenwoordigd te hebben op OK, de PICU en het lab, kwam jij als zeer welkome 
onderzoekspartner. De sterkte van ons team zat misschien wel met name in hoe we elkaar 
kunnen aanvullen. Ons team beperkte zich echter niet alleen tot de kamer naast Koos, maar 
gelukkig stond jij ook altijd open voor een dieper gesprek in Kafé België, met of zonder een 
schaakbord als afleiding. Met je kritische blik en analytisch vermogen mag iedere radiologie 
vakgroep zich gelukkig prijzen. 

Beste Theo, ik ben blij dat jij naast me wilt staan tijdens mijn verdediging. Onze samenwerking 
begon toen jij student was en er een klik bestond in het filosoferen over hoe het immuunsysteem 
werkt. Na een periode in San Diego kwam je terug om je eigen onderzoeksproject te organiseren 
en konden we nog altijd veel samenwerken met verschillende projecten. Ik ben blij dat je dat 
mooie pandje aan de Oudegracht hebt kunnen overnemen om een mooie traditie voort te 
zetten. Hopelijk wordt er nog altijd tot laat aan de keukentafel gefilosofeerd over immunologie 
en andere minder essentiële zaken van het leven. Ik kijk uit naar de afronding van jouw 
proefschrift.

Lieve Femke, in de tijd dat Berent steeds meer promovendi ging begeleiden kwam jij als 
welkome aanvulling in de groep. Sinds onze eerste ontmoeting op een congres, heb ik altijd 
makkelijk ideeën met je kunnen delen en van gedachten kunnen wisselen. Jij weet op een altijd 
charmante wijze precies de zere punten van een stuk te verwoorden, zonder schroom me op de 
juiste weg te helpen. Hopelijk kan ik blijven tappen uit je kennis.
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Beste Ruud, na je eerste schreden in translationeel onderzoek vanuit de PICU naar het lab, liet 
je zien waar je kracht zit. Als student hield je mijn onderzoek draaiende toen ik in Eindhoven 
kindergeneeskunde leerde. Zonder veel ondersteuning had je in no time de nodige fijne lab 
technieken weten te beheersen en ons stuk een flinke boost weten te geven. Je gaat het vast nog 
ver schoppen in de wetenschap, ik kijk uit naar het vervolg na je tijd in de VS.

Het Prakken lab is een ruim begrip, dat niet zomaar in enkele woorden te vangen is. Waar te 
beginnen met dankbetuigingen? In de jaren dat ik voor korte of langere tijd in dit instituut 
me begaf heb ik veel bijzondere personen mogen ontmoeten. Mijn ‘Prakken-periode’ begon 
met Wilco, Mark, Ismé en Bas. Wilco, jij hielp me met het aanleren en vervolgens begeleiden 
van experimenten als een verstrooide professor, maar altijd op het cruciale moment heb jij de 
wijsheid in pacht waarom iets niet werkt. Mark, gedurende de 10 jaar dat ik in en uit het lab 
kwam was jij mijn rots in de branding. De groep veranderde steeds en soms kwam ik in het lab 
zonder ook maar iemand te kennen, waar jij dan altijd in de buurt was om even te checken hoe 
dingen ook al weer geregeld worden. Daarnaast heb ik mogen genieten van je indrukwekkende 
kookkunsten, waar ik jaloers op ben. Ismé, ongetwijfeld ben jij mijn eerste leermeester geweest 
in het lab-werk. Uren heb ik naast je gezeten en samen gepipetteerd, kweken ingezet, en gefacsd. 
Misschien op dat moment nog niet zo onderkend, werd dat de basis voor dit proefschrift. Bas, 
het eerste artikel samen geschreven met prachtig resultaat… na ontelbare keren opnieuw 
submitten. Jouw energie en optimisme in het werk is een voorbeeld voor velen. In de vervolg 
periode in het ‘Prakken-lab’ verdienen een aantal personen nog extra aandacht. Joost, in het 
onderzoek was jij vaak mijn soul-mate. Dingen waar we samen van konden genieten, met name 
de meer filosofische kant van immunologie, nu nog de ‘zakelijke’ afronding! Met jouw gevoel 
voor humor kom je nog ver. Sytze, hoewel we in het lab weinig immunologische overeenkomsten 
hadden, heb ik altijd je kennis bewonderd. Als buitenmens staan we dichter bij elkaar. Blijf je 
verwonderen over de wereld. Berber, in het lab hebben we elkaar vaak net misgelopen. Nu we 
PIC collega’s zijn wordt het wellicht tijd om ook met onderzoek meer overeenkomsten te vinden 
en uit te werken. Benieuwd welke PICU jij komt versterken, mazzelaars!

Vervolgens heb ik het voorrecht gehad om met een aantal zeer gedreven studenten te mogen 
werken. In order of appearance: Judith, Eva, Marten, Theo, Ruud en Mieke, allen op hun 
eigen mannier van onschatbare waarde belangrijk voor dit onderzoek en fijne gesprekpartners 
om over het immuunsysteem te verwonderen. En dan zijn er nog veel onderzoekers uit het 
Prakken-lab waar ik meer of minder mee gewerkt heb, maar een ieder hartelijk wil bedanken 
voor de altijd goede sfeer: Annick, Annemarie, Arash, Ellen, Evelien, Eveline, Eva, Gijs, 
Henk, Huib, Jeffrey, Jenny, Jorg, Lianne, Lieke, Lise, Maja, Mariska, Marloes, Pleun, Sanne, 
Sarah, Sylvia, Yvonne. Over de jaren heb ik veel bijzondere personen mogen ontmoeten, en 
is de kans aanwezig dat ik iemand ten onrechte vergeet. Last but not least in dit rijtje; Erica en 
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Angela, bewakers van Berent’s agenda en alwetend hoe dingen geregeld moeten worden. Veel 
dank dat jullie mijn vele vragen steeds weer wilden beantwoorden.

Behalve de hulp die ik heb mogen krijgen uit mijn eigen lab, heb ik kunnen putten uit kennis 
van een heel aantal onderzoekers uit andere groepen. In het bijzonder van belang voor de 
totstandkoming van dit proefschrift wil ik noemen: Kiki, José en Rogier samen een prachtig 
hoofdstuk mogen schrijven dank zij de input van jullie invalshoek in de immunologie. Veel 
dank voor de praktische hulp uit diverse labs: Ger, Gerrit, Koos, Pirko, Sigrid.

Beste Joke, veel dank om in deze gehele periode altijd beschikbaar te zijn om een aantal 
onmogelijke agenda’s te coördineren voor een bespreking. Jij was voor mij, waar ik je dan ook 
vandaan mailde het aanspreekpunt om dingen voor elkaar te krijgen, van onschatbare waarde!

Pelikaan, wat een bijzondere afdeling zijn jullie. Ik ben er ingelijfd als student, vervolgens 
onderzoeker en uiteindelijk als arts-assistent. Voor mijn onderzoek zijn jullie cruciaal geweest. 
Soms kritisch ten opzichte van bloedafnames, meestal geïnteresseerd in wat er vervolgens 
met het bloed gebeurt. Jullie zijn een groep verpleegkundigen met veel kennis en primair 
verantwoordelijk voor de zorg van de kinderen die op de intensive care liggen. Veel dank 
voor jullie medewerking en ik hoop op termijn dat dit soort onderzoek ingebed wordt in de 
patiëntenzorg op jullie afdeling. 

OK team. Mijn dank gaat uit naar het chirurgisch team, Prof. Hitchcock, Jola Evens en later 
Prof. Haas en Prof. Schoof. Dat wij deze patiënten hebben kunnen includeren is grotendeels 
door het groot vertrouwen dat de ouders in jullie hebben. Tijdens de ingreep konden de vele 
bloedafnames alleen gebeuren door de medewerking van anesthesisten (Ton, Nigel, Bart, Erik, 
Alex) en perfusionisten. En dan in het bijzonder wil ik Frank hier noemen voor zijn nooit 
aflatende behulpzaamheid. 

Dank ook voor de klinische ondersteuning op de poli’s en afdeling Leeuw. Mijn dank gaat uit 
naar de gehele afdeling kindercardiologie waarbij vooral Gertjan Sieswerda vanaf de ‘overkant’ 
de follow-up TGA patiënten in de gaten hield en Rutger-Jan Nievelstein van essentiële waarde 
was voor de interpretatie van vele MRI scans.

PICU Bristol; the final stretch of finishing my PhD thesis coincided with my start as a PIC 
fellow in Bristol. I look forward to come back after my anaesthetic detour in Gloucester. In 
particular i want to thank Pat Weir for helping me get started in Bristol PICU life. Then, Prof. 
Andy Wolf, a great pleasure to be able to finish this scientific moment with you as an opponent! 
I look forward to discuss matters from this thesis with your sharp mind! When I see an adult on 
a bicyle I do not despair of the human race (H.G. Wells).
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Deze gehele promotie periode was voor mij alleen mogelijk dankzij de nodige afleiding 
en continue ondersteuning van familie en vrienden. Vrienden, om over andere zaken dan 
onderzoek te praten en van avonturen te dromen; Bertho, Herman, Joost, Peter, Timme, Tjerk 
en Wouter, met jullie is het leuker. The mountain is high, the ocean wide, and that which does not 
kill us makes us stronger (F. Nietzsche).

What would I do without my family? Thanks to Rowan, Bryony, Toby, James and Rosemary 
for being my siblings and being considerate over the years. While moving across the channel 
has not improved the possibility of catching up regularly, I’m glad to know this will not change 
our feeling for each other, being family. I’m proud of every single one of you, following your 
own destination! Family, that slippery word, a star to every wandering bark, and everyone sailing 
under a different sky (Mark Haddon).
Extended family, Marijke, Jos, Nienke, Mirjam and Niels, and of course all the kids making the 
family gatherings even more fun and bustling; Emily Rose, Eleonora, Heather, Mathew Owen, 
Louise Emma and recently Oliver, thanks for all being there.

Dank ook aan Theo, Annie, Noud en Robert. Het boekje is af, fijn om samen te kunnen delen 
en op naar meer mooie gelegenheden om samen te vieren!

A special thanks to Dad and Mum for always supporting me, regardless of where this has 
brought me and too often further afield. Therefore, this thesis is dedicated to you. Although I 
keep telling myself that after this I will have more time to spend with family and friends, you 
probably know too well that this is life. You have equipped me very well to keep searching the 
horizon for new adventures and challenges. Alas, this does not always bring me closer to you, I 
love you very much. I don’t know where I’m going but I’m on my way (C. Sandburg).

Ellen, lieverd, jij hebt als geen ander mijn hoogte en dieptepunten als onderzoeker moeten 
doorstaan. Ik ben heel trots op hoe jij steeds je eigen carrière pad weet te bepalen en flexibel 
genoeg bent om samen, waar dan ook op deze wereld, een mooi leven op te bouwen. Benieuwd 
wat volgend jaar in petto heeft! Met al dat prachtige landschap in onze directe omgeving kijk 
ik er naar uit om onze vrije momenten in plaats van achter een computer te spenderen, op 
ontdekking te gaan, op avontuur. Never a dull moment. 
The longing for Africa, once contracted, is an incurable condition which like malaria recurs again 
and again (Peter Matthiessen).
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I keep six honest serving-men
(They taught me all I knew);

Their names are What and Why and When
And How and Where and Who,
I send them over land and sea,

I send them east and west;
But after they have worked for me,

I give them all a rest.

I let them rest from nine till five,
For I am busy then,

As well as breakfast, lunch and tea,
For they are hungry men:

But different folk have different views;
I know a person small-

She keeps ten million serving-men,
Who get no rest at all!

She sends ‘em abroad on her own affairs,
From the second she opens her eyes-

One million Hows, two million Wheres,
And seven million Whys!

The Elephant’s Child, Rudyard Kipling
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De wereld is mijn vaderland, de wetenschap mijn religie 

(C. Huygens)
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