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Introduction, Scope and Outline

Autoimmune diseases

Autoimmune diseases (AID) are a heterogeneous group of disorders with a wide variability of clinical 

manifestations1 and severity2. Combined they affect approximately 5-8% of the world population1;3. 

The etiology of AID is multifactorial4-6. First, genetic susceptibility is an important determinant shown 

by familial clustering and twin studies. It is presumed that not a single, but multiple polymorphisms 

combined contribute to disease development. These polymorphisms may cause altered lymphocyte 

biology; presumably regulatory functions are affected and/or lymphocytes are more prone to be 

activated in the periphery. Second are environmental triggers that are necessary for the initiation or 

augmentation of lymphocytes that recognize self-antigens. Together these factors lead to loss of 

tolerance and initiation of autoimmunity. The main concept of AID is that T and B cells recognize self-

antigens and initiate a cell- or humoral mediated inflammation with tissue and/or vascular damage.

Conventional medical AID treatment consists of overall suppression of the immune system mediated 

by Non Steroidal Anti-inflammatory Drugs (NSAIDs), corticosteroids or immunomodulators such 

as methotrexate and azathioprine7. Corticosteroids are mostly used for the treatment of systemic 

symptoms of autoimmune diseases and disease flares. Although immunomodulators target AID more 

effectively than NSAIDs and corticosteroids, the exact working mechanisms are largely unknown. The 

downside of these drugs, especially corticosteroids are the substantial side effects8-14. In the 1990’s, so-

called biologicals were introduced in AID that specifically target central components in inflammation 

rather than affecting many areas of the immune system. Moreover, certain biologicals, for instance anti-

TNFα α, are used for multiple AID15, while others like Vedoluzimab, an α4 β7 integrin antibody, are used for 

the treatment of specific AID, namely inflammatory bowel diseases16;17;18.

Biologicals had a major impact on the treatment of conventional treatment-resistant patients19-21. 

Nevertheless, a group of patients remains that does not respond to biologicals or becomes 

unresponsive after initial improvement. For example, 60-80% of Crohn’s disease patients respond to 

anti-TNFα treatment, but only 30% of these patients are in clinical remission one year after treatment22. 

For rheumatoid arthritis, 33% of the patients do not respond to anti-TNF treatments, and 50% of the 

patients stop treatment due to adverse effects or lack of efficacy23. Etanercept, a soluble TNF receptor, 

has shown to be efficient and safe for juvenile idiopathic arthritis (JIA). However 40% of the patients with 

systemic JIA do not respond and need an alternative treatment24. For these patients with refractory AID, 

autologous hematopoietic stem cell transplantation (aHSCT) can be a last resort treatment that can 

induce long-term drug-free disease remission as long as their systemic disease is not too advanced25;26. 

It has been suggested that aHSCT is able to reset the immune system leading to renewed immune 

tolerance.

Since 1995, aHSCT has been performed in AID such as Crohn’s disease (CD)27;28, juvenile dermatomyositis 

(JDM)29, juvenile idiopatic arthritis (JIA)25;30, multiple sclerosis (MS)31;32, rheumatoid arthritis (RA)33;34, 

systemic lupus erythematosus (SLE)35;36, systemic sclerosis (SS)37;38 and Type I diabetes mellitus (TI 

DM)39;40, Table 1. For several of these AID, it has been reported that aHSCT was able to induce long-

term, drug free disease remission. For instance, in JIA and SLE disease remission was still observed 8 

years post transplantation41;42 and 5 years post aHSCT in CD27. 

Rational of this thesis

Exploring the immunological mechanisms that occur during aHSCT will help to understand the 

processes that are involved in the restoration of the immune balance. Moreover, fundamental insights 

into underlying mechanisms facilitate the development of new therapies that aim to restore immune 

tolerance without toxic side effects.
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Introduction, Scope and Outline

In this thesis, we investigated the immunological dynamics that occur during aHSCT used for the 

treatment of refractory AID and therapeutic options for optimizing stem cell transplantations. Innate 

and adaptive immunity both play a role during recovery after aHSCT. Here, we mainly explored CD4+ 

T cell phenomena, part of the adaptive immune system, that appear to play a significant role during 

AID development as well as during the restoration of the immune balance post transplantation. In 

this introduction, I will provide a general overview of aHSCT, T cell reconstitution and regulatory T cell 

mechanisms.

Hematopoietic stem cell transplantation

Hematopoietic stem cell transplantation (HSCT) encompasses three phases: 1) stem cell mobilization 

and isolation, 2) conditioning of the immune system for the depletion of immune cells, either lympho- 

and myeloablative, lymphoablative with myelosuppression or lymphoablative alone and 3) infusion of 

the stem cell graft. Protocols for treating therapeutic-refractory AID with HSCT are based on insights 

obtained from animal models and case studies. Studies in rodent strains that are either susceptible 

or resistant to AID development show that disease progression depends on the strain origin of the 

bone marrow cells43. With this knowledge, the therapeutic option to treat experimental AID with bone 

marrow transplantation has been explored more in depth in several animal models44-46. In addition, 

case studies have described patients that initially received allogeneic stem cell transplantation to treat 

a hematopoietic malignancy, also showed clinical responses of AID symptoms. Since, a few large 

studies have been performed to investigate the efficacy of aHSCT in refractory AID. Table 1 describes 

the clinical results of the two largest studies performed per AID. For example, in Crohn’s disease, all 

24 included patients showed disease improvement post aHSCT. 53% of the patients that had to restart 

medical therapy experienced a second medication-free period27. In SLE, 44 from the 48 patients 

entered disease remission post aHSCT35. The time of entering remission varied between 1 and 29 

months post aHSCT, mostly due to the high-dose corticosteroids that had to be withdrawn with a slow 

pace. In a large trial that included 99 patients with MS, only one patient did not show any response 

after reduced-intensity condition and aHSCT31.  Lastly, 128 SS patients were included in a randomized 

multicenter trial to compare aHSCT (71 patients) versus monthly high dose immunosuppression (57 

patients). In the first year post treatment, aHSCT resulted in higher treatment related mortality events, 

but thereafter aHSCT led to significant event-free survival benefit. As shown by these studies, aHSCT is 

able to induce clinical improvement and sometimes even disease remission in refractory AID patients. 

We want to explore the mechanisms that occur during aHSCT and that are important for initiating 

disease remission. This knowledge may help designing new therapies that are less toxic, but maintain 

similar efficacy.

In an allogeneic HSCT setting, the stem cell graft is derived from a person that is genetically not identical. 

The term autologous HSCT defines that the stem cell graft is derived from the patient’s own bone 

marrow. Unfortunately, conditioning regimens are associated with side effects that present themselves 

either immediately, for example (lethal) infections25, or appear after several years as secondary AID47;48 

and malignancies49. In addition, allogeneic stem cell transplantation has an increased risk for morbidity 

and mortality due to the possible development of graft versus host disease (GvHD). As most AID are not 

associated with high mortality, the treatment of therapy-resistant AID patients with a life-threatening 

therapy is considered to be a high price. Therefore, the preferred alternative is to treat AID patients 

with autologous HSCT (aHSCT)50;51.  Nevertheless, the treatment related mortality (TRM) reported over 

the first aHSCT studies was still high, i.e. around 12-17%52. However, over the years the TRM decreased 

for all aHSCT treated AID, most likely due to the increased knowledge about aHSCT and protocol 

adjustments53. In addition, more insight is obtained about the clinical characteristics of patients that are 
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likely to benefit from aHSCT and patients that do not. For instance, advanced organ involvement that is 

unlikely to benefit from the eliminated autoimmune reactions has become a frequently used criterion 

to exclude patients from aHSCT. Therefore, patients eligible for aHSCT should have a disease state that 

is still reversible and thus are likely to benefit from the treatment. Furthermore, prolonged inflammation 

and multiple different medical treatments that since the implementation of biologicals can be very 

long-lasting, may negatively influence stem cell fitness, leading to a less favorable outcome.

The genetic background of the immune system remains the same after aHSCT. Therefore it can be 

speculated that when patients undergo similar environmental triggers, they may re-develop AID for a 

second time. Intriguingly, despite the fact that patients experience a disease relapse, most patients do 

respond to medical treatment again for which they were refractory pre transplantation, suggesting that 

aHSCT induces some sort of lasting immune modulation. In some severe cases, such as patients with 

refractory life-threatening autoimmune cytopenia; patients that failed aHSCT; or when time runs out, 

allogeneic HSCT is considered despite the chance of GvHD development54;55. During allogeneic HSCT, 

genetically different stem cells are infused from a presumably healthy immune system56. Therefore it 

may be speculated that this may be the only definite cure for severe AID. However, AID treated patients 

with allogeneic HSCT have also shown to experience disease relapses56. 

The rationale behind HSCT is that after profound immune depletion that includes the auto-reactive T 

and B cells, a new and naïve immune system is reconstituted from the stem cell graft and re-establishes 

immune tolerance. Exactly how the transplantation rewires an uncontrolled immune system is still 

unknown. Below we discuss a few of the factors that may play a role in this process.

Conditioning

It is not clear which ‘uncontrollable’ cells need to be depleted and which ones are important to keep for 

disease remission post aHSCT. In addition, there is uncertainty whether myeloablative conditioning is 

essential for the engraftment of infused stem cells or that lymphoablative conditioning alone is enough 

and infusion of a stem cell graft is unnecessary. Animal studies57, case studies and theoretical models 

have suggested that high intensity conditioning that is accompanied with myeloablative depletion is 

necessary to deplete all immune (including auto-reactive) cells53. Depletion of immune cells will also 

lead to the elimination of the inflammatoir environment. In case of myeloablative depletion, stem cell 

infusion is necessary to rescue hematopoiesis and thus the reconstitution of a new immune system. 

Non-myeloablative conditioning, that introduces less space for the stem cell graft to home to, has 

been proposed as an alternative to myoablation, because this procedure improves the tolerability and 

safety in patients58. Non-myoablative conditioning could therefore represent a valid therapeutic option 

during early stages of refractory AID59. Both conditioning regimens have shown to induce disease 

remission27;37;60. However, a retrospective analysis demonstrated that high-intensity regimen was 

associated with less disease progression over time, but also caused more side effects as compared to 

milder conditioning regimen50.

Despite high-intensity conditioning regimens, not all T cells are depleted. Mostly CD8+ T cells, but also 

CD4+ T cells, can survive conditioning regimens as identical unique T cell receptors can be detected 

before and after aHSCT61. Auto-reactive T cells that survive conditioning may be a potential threat for 

the restoration of the immune balance. To optimize future conditioning regimens, it is important that 

the role and functionality of these surviving auto-reactive T cells are characterized during immune 

reconstitutions. 
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Introduction, Scope and Outline

Infusion of a stem cell graft

Since hematopoietic progenitor cells reside in the bone marrow, the bone marrow itself can be used as 

source for the stem cell graft. However, hematopoietic progenitor cells also circulate in the blood which 

makes them susceptible for collection with apheresis, especially after their number in the blood can 

be increased (mobilization) using hematopoietic stem cell growth factors such as granulocyte-colony 

stimulating factor (G-CSF). Apheresis is the preferred way to collect a graft. First, it is straightforward 

to obtain the stem cells. Second, it is easy to manipulate the graft and third, peripheral progenitor cells 

ensure rapid reconstitution of neutropenia thereby decreasing the chance for infections62. Sometimes 

an improvement of the clinical AID symptoms is observed after stem cell mobilization, leading to a 

delay or even cancellation of the transplantation28;63. 

During stem cell apheresis, T cells are simultaneously isolated from the blood and therefore also 

present in the graft. To prevent infusion of potentially auto-reactive T cells, grafts can be manipulated. 

This is done by the selection of only CD34+ peripheral blood progenitor cells or by T cell depletion. 

Several studies investigated the clinical outcomes of manipulated versus non-manipulated grafts. Up 

till now, no major differences are found between the used grafts33;64. Furthermore, it is demonstrated 

that T cells present in the graft do not expand after infusion65. Therefore, the European Group for Blood 

and Marrow Transplantation reported that currently not enough data is available to support routine 

use of graft manipulation54. In addition, graft manipulation protocols for JIA patients were adjusted 

because of the high incidence of lethal macrophage activation syndrome (MAS) that developed post 

aHSCT most likely as a result of T cell depletion. After the addition of T cells to the graft no more MAS 

incidences have been reported41.

It has been argued that conditioning by itself is enough for the induction of disease remission, implying 

that graft infusion is unnecessary for the restoration of immune tolerance. However, several studies 

have shown that clinical remission persists after reconstitution of immune cells, demonstrating that 

disease remission is not only conditioning dependent66. Moreover, a randomized trial has shown that 

aHSCT is superior compared to monthly treatment with high dose immunosuppressive therapy for 

early staged diffuse systemic sclerosis37. aHSCT treated patients experience more treatment related 

mortality events during the first year post treatment, but they have a better long-term outcome. 

Although aHSCT gives better results than high-dose immunosuppressive therapy, no comparison was 

made between different conditioning regimen without graft infusion. More fundamental insight in T cell 

reconstitution is necessary to help fundament this discussion.

After myoablative conditioning, reconstitution of immune cells starts after infusion of the stem cell 

graft. Within the first months post transplantation, neutrophils and platelets are found to recover in 

the periphery67-70. quickly followed by NK cells71 and dendritic cells72. B cell reconstitution is reported 

between 2 months and one year post transplantation41;42;71. Also for T cells a wide-variability in recovery 

times have been reported. This also differs between children and adults, where children are generally 

faster. It is commonly assumed that CD8+ T cells recover first, followed by the CD4+ T cells. Therefore, 

the CD4+/CD8+ T cell ratio changes over time post aHSCT. γδ T cells in allogeneic settings are reported 

to recover quicker than conventional αβ T cells73, but their role in the reconstitution post aHSCT has 

not been fully investigated yet. How the conventional T cell compartment precisely develops post 

transplantation is unknown. However the generation of a naïve thymus-derived T cell compartment 

has shown to be associated with disease remission66;74. 
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Reconstitution CD4+ T cells after profound immune depletion

Two mechanisms are involved in the generation of the CD4+ and CD8+ T cell compartment after 

profound immune depletion; lymphopenia-induced proliferation (LIP) and thymopoiesis. LIP causes 

clonal expansion of the available T cells that are present in the periphery and thymopoiesis generates 

new, naïve T cells with unique T cell receptors. In the following paragraphs, both mechanisms are 

described. 

Lymphopenia-induced proliferation

After aHSCT, the first phase responsible for CD4+ and CD8+ T cell reconstitution is lymphopenia-induced 

proliferation (LIP). T cells present in a lymphopenic milieu react to lymphoablated ‘empty’ space. During 

normal homeostasis, naïve T cell survival depends among others on cytokines interleukin 7 (IL7), IL15 

and low affinity interactions with major histocompatibility complexes (MHCs) that express self-antigens 

(self-antigen/MHC) for which they have to compete with other naïve T cells75;76.

In a lymphopenic environment, IL7 is present in relatively high amounts due to the low T cell numbers. 

IL7 drives proliferation of naïve T cells after binding with self-antigen/MHC77. Unlike naïve T cells, 

memory CD4+ and CD8+ T cells are thought not to require MHC interactions during this stage, only 

IL7 and IL15 as proliferative stimuli. Furthermore, during lymphopenia the memory T cell population 

increases in size since they proliferate faster than naïve T cells78.

Important, since only a few unique T cells survive myoablative conditioning, clonal expansion will 

increase the absolute number of T cells. This is supported by TCR sequencing that showed that the 

T cell receptor (TCR) diversity as measured by the number of unique TCRs divided over the absolute 

number of T cells, is decreased post aHSCT, suggesting that there is skewing towards oligoclonality 

due to the proliferation of a small number of survivingT cells post aHSCT66;79.

Self-antigens are instrumental for the activation of naïve T cells. During lymphopenia it is possible 

that self-aggressive T cells are activated to proliferate, because their activation threshold is lower 

than normal. Therefore, it is believed that LIP enhances auto-reactivity and possibly auto-immunity as 

well. The development of a second AID is not uncommon after aHSCT and similar observations are 

made after treatment of AID by inducing lymphocyte depletion28;48;80. Moreover, since myoablative 

conditioning cannot deplete all original T cells and some of these T cells are re-infused with the graft, 

it is not unlikely that these auto-reactive T cells re-emerge after aHSCT. As one might speculate that 

these cells are vigorously stimulated after conditioning they are a potential threat for the restoration of 

immune tolerance. Lastly, auto-reactive T cells might also be responsible for disease relapses that can 

occur several years post aHSCT81;82. 

In summary, immediately after aHSCT, the lymphocyte-depleted environment is mostly filled by clonal 

expansion of memory T cells (LIP), which causes skewing of the TCR repertoire towards oligoclonality. 

The generation of new, naïve T cells by thymopoiesis reduces the TCR skewing and expands the 

variability within the TCR repertoire. Important, it is likely that auto-reactive T cells are present within 

the population of expanding T cells. 

Thymopoiesis

New and naïve CD4+ T cells develop in the thymus. The maturation of precursor cells into naïve T 

cells takes more time than the expansion of existing T cells by LIP. More specifically, thymus output 

starts 3-5 months after aHSCT71. Therefore, immediately after aHSCT the generation of T cells is mainly 
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accomplished by LIP. Over time the T cell compartment is complemented by the production of new 

naïve T cells by thymopoiesis. The thymus is the only organ that produces naïve T cells with unique T cell 

receptors, thereby being responsible for the establishment of a highly diverse TCR repertoire. Several 

clinical studies of different AID demonstrated that disease remission after aHSCT is associated with 

increased thymus activation42;66;83;84, including renewal of a polyclonal T cell receptor repertoire66;79;84 

and reduced size of the central memory T cell compartment66. Normally, the thymus has its maximal 

output during childhood, after which it declines during aging. As a result, the generation of naïve T 

cells with unique TCRs declines in elderly patients and may cause a problem for disease remission 

after aHSCT in these older patients. In line with these predictions, low thymus output is associated with 

disease relapses in two small patient studies of JIA and SLE83;85. 

Naïve T cells

In general, naïve T cells have not encountered their specific antigen yet. Successful interaction leads 

to differentiation of the naïve T cell into memory/effector T cells. The cell surface marker CD31 can be 

used to distinguish between new naïve T cells that just left the thymus (being CD31+, also known as 

recent thymic emigrants, RTEs) and naive T cells that became proliferative in the periphery following 

low-antigen recognition (CD31low, or central). Although CD31 is down-regulated after TCR engagement, 

it remains expressed by naïve T cells after cytokine driven proliferation86. Therefore, it is not a very 

specific marker for thymus-derived T cells. PTK7 is another marker used to determine whether naïve 

T cells are thymus-derived87, but PTK7 abundance is difficult to detect88. Alternatively, T cell excision 

circles (TREC) can be measured to investigate the percentage of RTEs in the T cell compartment. 

TRECs are most abundant in new RTEs and decline in number by each cell division89. 

Since naïve T cells have not undergone clonal expansion their number directly contributes to the 

diversity of the TCR repertoire in the T cell population. Naïve T cells are also known to produce IL2 after 

a-specific stimulation90 and express unique calcium mobilization patterns91. Recently, IL8 production 

by these cells has been demonstrated to be important for immune defense early in life92. 

In short, both LIP and thymopoiesis play a central role in T cell reconstitution. On average, it can take 1 

to 3 years before the CD4+ T cell compartment is completely normalized after aHSCT93. 

Regulation

Regulatory T cells

Several mechanisms ensure tolerance maintenance in the periphery. Positive and negative selection in 

the thymus selects T cells that recognize self-antigen/MHC with low affinity. Cells with no affinity (not 

functional) or too much affinity (high risk to induce auto-immunity) are deleted. Nevertheless, some 

T cells survive this selection and will enter the periphery. Regulatory T cells (Treg) play an important 

role in maintaining tolerance in the periphery and are important for immune homeostasis, auto-

immunity and inflammation. Several subtypes of Treg have been described, such as the periphery 

induced regulatory T1 (Tr1) cells94, T helper 3 cells (Th3)95 and FOXP3 expressing Treg (transcription 

factor forkhead box 3 P3 (FOXP3 in human, Foxp3 in mice). Currently, Treg are commonly described 

as CD4+CD25highFoxp3positive T cells. The research in this thesis focused on the Foxp3 expressing Treg96. 

Several animal studies have shown the importance of Treg in AID development. In multiple models, 

depleting Treg with CD25 antibodies caused AID97-99. In addition, transferring additional Treg into AID 

susceptible animals led to diminished AID development100. 
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Foxp3 is a distinctive marker for regulatory T cells that is important for its development, maintenance 

and function101. Human patients and mice with mutations in the FOXP3 gene develop severe multi-

organ auto-immunity called IPEX (Immunodysregulation, polyendocrinopathy, enteropathy, X-linked 

syndrome) 102. Many attempts have been made to investigate Treg numbers and their function in AID, 

but this led to conflicting data103; 104. For example, the number of Treg in RA is reported differently, 

ranging from normal to increased. These obtained differences could be due to the use of different 

Treg identification markers. 

Naturally occurring Treg (nTreg) are generated in the thymus, nowadays they are referred to as thymus-

derived Treg (tTreg)105. In the periphery, naïve T cells may start to express Foxp3 after activation by LIP, 

after encountering antigens and commensal microbiota or due to inflammation106-109. These cells are 

then referred to as peripherally-derived Treg (pTreg). Human FOXP3+ Treg can be generated in vitro 

(iTreg) but these might not always be functional110;111. Therefore, FOXP3 expression by human T cells 

does not represent functional stable cells. Epigenetic changes within a specific region of the Foxp3 

locus, the Treg specific demethylation region (TSDR), can influence Foxp3 expression. Stable functional 

tTreg have relatively large demethylated TSDR as compared to pTreg. Unfortunately, this assay is 

technically challenging since many cells are required112 and iTreg are shown to efficiently demethylate 

the TSDR if given enough time113. There is no straightforward procedure to distinguish tTreg from pTreg 

by marker expression. Helios and Neuropilin 1 (Nrp-1) have been proposed to differentiate between the 

two. However, currently it is believed that Helios can be expressed by both and marks activated and 

proliferative Treg114. Nrp-1 on the other hand cannot be detected in human Treg115. Despite the inability 

to distinguish based on markers, an assumption can be made of the contribution of tTreg versus 

pTreg to the total Treg population, since tTreg increase the diversity of unique T cell receptor (TCR) 

repertoires while pTreg are derived from pre-existing activated T cells. By comparing the number of 

unique TCR sequences within the Treg population of healthy adult controls revealed that the TCR 

diversity within Treg equals naïve T cells, suggesting that during homeostasis the majority of Tregs are 

generated in the thymus (i.e. tTreg)116-118.

Treg are thought to be important for the restoration of the immune balance post aHSCT. In an 

experimental autoimmune encephalitis (EAE) animal model of MS, pseudo-autologous bone marrow 

transplantation led to an increase of CD4+CD25bright T cells with Foxp3 mRNA expression119;120. The addition 

of purified Treg to bone marrow grafts in collagen-induced arthritis led to an enhanced improvement 

of arthritis scores100. Furthermore, depletion of CD25+ Treg in pseudo-autologous bone marrow grafts 

leads to abolishment of the induced disease remission in proteoglycan (PG) induced arthritis (PGIA) 

mouse model121. There is only limited patient data available about Treg during aHSCT42;83;122;123. Several 

studies did not measure FOXP3 expression while others were unable to determine Treg numbers pre 

aHSCT. However, the limited data that is present indicates that Treg numbers increase after successful 

transplantation. 

In conclusion, regulatory T cells are thought to play an important role in restoring the immune balance 

after profound lymphocyte depletion and infusion of autologous stem cells. The reconstitution 

mechanisms that may contribute in the restoration of the Treg compartment post aHSCT are described 

in Figure 1. However, still a lot is unknown about the restoration of the Treg compartment, for instance 

whether the infused stem cell graft plays a role in Treg reconstitution or whether Treg present post 

aHSCT are thymus-derived or originate from proliferated cells? In addition, it is unknown how the 

course of a disease is influenced when the thymus is unable to generate output post transplantation.
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Figure 1. Overview Treg reconstitution after profound immune depletion and aHSCT.

Clonal expansion TCR diversity
TCR overlap 
Treg and Teff?

Lymphopenia
induced proliferation
Cytokine driven:
    -IL2?
    -IL7
    -IL15

Thymopoiesis Induced in periphery
- MHC or cytokine 

driven?

Total Treg compartment

Treg

Treg

Treg
Treg

Treg

Treg

nTreg pTreg

APC

Naive

CLP

tTreg

pTreg

tTreg

nTreg

pTreg

pTreg

tTreg

pTreg

Figure 1. Overview Treg reconstitution after profound immune depletion and aHSCT.
After profound immune depletion and stem cell infusion the regulatory T cell compartment reconstitutes via 3 
different pathways. I) Directly after aHSCT (blue dashed box), Treg that are present in the periphery, either survived 
conditioning or were infused with the graft, will expand by lymphopenia induced proliferation (LIP). Treg do not 
need MHC-activation, but proliferative cytokines IL2 (?) and IL7. Expansion of existing Treg will not lead to increased 
diversity of the T cell receptor (TCR) repertoire. II) Several months after aHSCT, the thymus starts producing Treg 
(tTreg) from common lymphoid progenitor cells (CLP) (purple dashed box). All these cells individually underwent 
TCR recombination, thus every tTreg has a unique TCR leading to a highly diverse TCR repertoire in the total Treg 
compartment (red dashed box). At all times, CD4+ naïve T cells can be activated in the periphery after encountering 
a specific antigen and develop into peripherally induced Treg (pTreg), however it remains unknown how often this 
happens (light green dashed box). It is expected that this kind of expansion will lead to TCR overlap between CD4+ 
naïve T cells and Treg.

Effector T cells

IFNγ and IL17 are pro-inflammatory cytokines that play an important role in the induction and 

continuation of several AID124-128. Innate and adaptive immune cells are shown to produce these 

pro-inflammatory cytokines. Among others, Th1, CD8+ T, NK and NKT cells are responsible for IFNγα 

production. Th17 cells are the first cells that have been discovered to secrete IL17; later on mast cells, 

macrophages, neutrophils and innate lymphoid cells were also shown to be able to produce IL17. As 

T cells play an important role in the development of AID, it is thought that among these cells, Th1 and 

Th17 cells are present that produce efficient amounts of pro-inflammatory cytokines. Stimulation of 

total peripheral blood mononuclear cells (PBMC’s) post aHSCT with known disease-antigens causes 

less induction of IFNγ+ CD4+ T cells in SLE, and leads to decreased IL17 production in supernatants of 

MS treated patients42;129. The induction of tolerant T cells and cytokine profiles by aHSCT may either be 

the result of auto-reactive T cell re-modulation or because of the improved regulatory mechanisms 

post transplantation. In MS similar numbers of IFNγ+CD4+ T cells are present after auto-reactive T cell 

stimulation with disease-antigens as before aHSCT. Yet, IL17+CD4+ T cells and IFNγ+/IL17+CD4+ T cells 

are reduced, suggesting a shift in the Th1/Th17 balance130. mRNA analysis pre- and post aHSCT of heat 

shock protein (HSP)-60 auto-reactive T cells in JIA has revealed that reconstituted auto-reactive T cells 

express more tolerance features because GATA-3 and IL10 mRNA expression were increased and IFNγγ 

mRNA expression was decreased. Altogether this proposes that aHSCT induces tolerizing changes in 

auto-reactive T cells. 
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Figure 2. Experimental set up of induced arthritis mouse model
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Figure 2. Experimental set up of induced arthritis mouse model
Proteoglycan (PG) induced arthritis (PGIA) is induced by two injections (-5 and -2 weeks) containing human PG and 
adjuvant dimethyl dioctadecyl ammonium bromide (DDA). Two weeks after the last PG/DDA injection (Time = 0), 
bone marrow transplantation is performed by lethal conditioning (7.5Gy total body irradiation (TBI)), followed by 
infusion of 2x106 pseudo-autologous bone marrow cells with the difference of one congenic marker. An example of 
a representative arthritis score over time is depicted as a solid line. During the reconstitution phase, analyses were 
performed on multiple time points by isolating samples.

During aHSCT most CD4+ T cells are renewed and replaced by new naïve T cells, since most unique 

TCR sequences do not re-emerge post transplantation as determined by TCR sequencing. However, 

TCR sequences of pre aHSCT existing CD8+ T cells are retraceable post aHSCT, suggesting that these 

cells survive conditioning and expand post transplantation. Auto-reactive T cells might be present 

within these expanding T cell populations and may threaten the restored immune tolerance. However, 

it could well be that post aHSCT regulatory functions are now able to inhibit auto-reactive T cells or that 

these cells are re-modulated during the reconstitution.

Complete understanding of the exact mechanisms that cause tolerance induction of auto-reactive 

cells, the specific depletion of auto-reactive T cells and improved regulatory mechanisms will allow the 

optimization of aHSCT and the development of new effective therapies.

Investigating aHSCT using an experimental model system

To explore the influence of aHSCT on the CD4+ T cell compartment in humans is practically very 

challenging and is accompanied with severe limitations. For example, it is not possible to distinguish 

between T cells that survived conditioning (host T cells) and graft-derived T cells (donor T cells) as 

these are genetically identical. As an alternative, experimental animal models can be used to investigate 

these regulatory mechanisms in depth. Mouse strains with identical genetic backgrounds are available 

with the exception of only one different congenic marker that facilitates the discrimination between 

host or graft origin (presence or absence of that single congenic marker). In this thesis we used bone 

marrow cells of such animal strains to apply congenic-autologous bone marrow transplantations in 

the proteoglycan (PG) induced arthritis (PGIA) mouse model. The rationale behind the choice for this 

model is reviewed in chapter 2. The transfer of bone marrow cells with a different congenic marker 
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allowed us to investigate the origin of T cell reconstitution in more detail. For instance we determined 

the role of myeloablative conditioning regimen on the survival and functionality of host T cells and 

graft-derived T cells over time post transplantation. Furthermore, regulatory T cells were added to 

grafts as an initial therapeutic approach to improve the clinical outcome post congenic-autologous 

bone marrow transplantation (Figure 2). 

Scope and outline of this thesis

In this thesis, we explore the immunological dynamics in AID that occur during aHSCT to understand 

the mechanisms that are important for disease remission and to optimize current therapies.

In chapter 2 we review literature concerning autologous stem cell transplantation for the treatment of 

refractory juvenile idiopathic arthritis. Chapter 3 describes how congenic bone marrow transplantation 

(BMT) leads to disease improvement in a proteoglycan induced arthritis (PGIA) mouse model by 

renewal and remodeling of the CD4+ effector T cell compartment. Subsequently, Treg dynamics after 

BMT in the PGIA mouse model are explored in chapter 4 where we demonstrate the establishment 

of a functional donor-derived Treg compartment post BMT. These experimental observations were 

clinically translated in patient-derived samples from aHSCT treated humans by TCR β chain sequencing. 

This revealed that the clonal Treg repertoire is renewed with a unique, thymus-derived TCR repertoire 

post aHSCT. Furthermore, the addition of Treg to the bone marrow graft in experimental arthritis 

did not improve clinical outcome, instead a delay in the establishment of the donor-derived T cell 

compartment was observed. In chapter 5, the immunological mechanisms of aHSCT were investigated 

by the measurement of three juvenile dermatomyositis disease (JDM)-associated cytokines prior and 

post aHSCT. A slow but steady reduction of all three cytokines was observed after successful treatment. 

Chapter 6 describes the first immunological research results that are observed for the treatment of 

refractory Crohn’s disease with aHSCT. In chapter 7 we investigated T cell reconstitution after neonatal 

thymectomy, which showed an altered phenotype and function of naive T cells. Lastly, the findings 

described in this thesis are discussed in chapter 8 and translated for future studies on the underlying 

immunological mechanisms of aHSCT for the treatment of refractory autoimmune diseases.
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Abstract

Juvenile idiopathic arthritis (JIA) is one of the most frequent autoimmune diseases in childhood and 

is characterized by chronic inflammation of the synovial fluid in joints. Several drugs are available for 

the treatment of JIA, including various biological agents that interfere with critical cytokine pathways. 

Though very effective in suppressing disease activity, none of these drugs can cure the disease 

and induce a lasting medication free remission. A small proportion of JIA patients will become or are 

unresponsive to any form of medical treatment. For these severely ill patients autologous bone marrow 

transplantation (aBMT) is a last resort treatment. aBMT is remarkably effective in suppressing disease 

activity, with beneficial outcome reported in around 70% of these previously refractory patients. 

Moreover aBMT is the only treatment that can induce a lasting medication-free-disease remission 

in these patients. In the very long term (after 7 years of remission) however, some disease relapses 

are observed, with the disease returning in a less severe form compared to prior aBMT. The exact 

mechanism of how aBMT is inducing this lasting disease remission is still largely unknown, but data 

from both animal models and humans suggest a prominent role for regulatory T cells.

In this review we reviewed the current views of the cellular mechanisms that lay beneath disease 

induction of JIA and the disease remission caused by aBMT therapy. 
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Introduction Juvenile Idiopathic Arthritis (JIA)

Juvenile idiopathic arthritis (JIA) is one of the most frequent rheumatic diseases in childhood1, with 

an incidence ranging from 7.8 per 100,000 to 86 per 100,000 children2,3. The prevalence is higher in 

Caucasians versus Afro-American and Asian populations4. As in many other autoimmune diseases, 

mostly girls are affected with female:male ratio ranging from 2:1 to 3:1, depending on the age of unset5.

JIA is characterized by chronic, systemic inflammation which targets the synovial fluid in one or more 

joints in an often relapsing-remitting course. The exact definition employed by the International League 

of Associations for Rheumatology (ILAR) is that the disease starts before the age of 16 years with 

symptoms (arthritis) lasting for six weeks or longer. Typical symptoms are stiffness, pain, swelling and 

limited movement of the joint, while systemic complaints can be growth retardation, anorexia, weight 

loss, joint and bone deformations and psychosocial morbidity. 

Several forms of JIA are known, the most severe forms being polyarticular JIA, in which the inflammation 

is present in several joints and systemic JIA. The latter form of JIA, also named Still’s disease, has 

distinct systemic clinical pattern features such as a spiking fever, hepatosplenomegaly and a rash. 

About 30-40% of the children with JIA will develop one of these two severe forms of disease. 

Several drugs are available for the treatment of JIA. First choice drugs are non-steroidal anti-

inflammatory drugs (NSAID’s), but this is never adequate for the treatment of these severe forms of JIA. 

In addition immunosuppressive and so-called disease modifying drugs (DMD) such as corticosteroids 

(for systemic JIA) and methotrexate are given to children who do not respond on NSAID’s. These 

drugs suppress and/or modulate the immune system and can - especially in the case of steroids - 

have serious side effects such as excessive weight gain, osteoporosis and increased susceptibility to 

infections. 5-10% of the patients with a severe form of JIA are unresponsive to NSAID’s, corticosteroids 

and methotrexate. For this group, biologicals, such as anti-interleukin 1, anti-interleukin 6 or anti-TNFα 
have had a major positive impact on the treatment of these children. Especially biological agents 

targeting TNFα  have proven to be very effective in suppressing disease activity in polyarticular JIA. The 

major disadvantage of current available drugs in JIA and in virtually all human autoimmune diseases 

is that they do not cure the disease. When the agent is withdrawn the disease comes back. Thus, 

the often immune suppressive agents need to be administered continuously to suppress symptoms, 

which obviously increase the risks of major side effects. Indeed despite the overall excellent safety 

of DMDs and biologicals in JIA, an increasing number of side effects is been reported after long term 

treatment6.

Despite the major improvement thanks to the introduction of the biologicals some children with JIA will 

remain or become completely unresponsive to any form of conventional treatment. For JIA patients 

with the most severe forms of arthritis and who do not respond to any of the above described medical 

treatments, autologous bone marrow transplantation (aBMT) is given as a last resort treatment with 

remarkable good results as will be discussed here. Moreover, surprisingly aBMT is the only treatment 

which can induce a lasting disease remission without medication, and thus seemingly is capable of 

actual restoring the immune balance.

Here we review the current view on the cellular basis of aBMT therapy in arthritis and discuss their 

possible implications for future therapies. 
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The immune balance in autoimmunity: Tregs and Th17 cells

To understand the mechanisms that may underlie the immune tolerance in JIA after aBMT, it is essential 

to understand mechanisms that play a role in determining the immune balance in health and disease. It 

is now clear that so-called regulatory T cells (Tregs), defined by CD4 and FOXP3 expression are central 

key players in immune regulation. In patients as well as in experimental models of autoimmune diseases 

it has been demonstrated that Tregs play important roles in limiting autoimmunity and promoting 

disease recoveries7-9. Tregs can be divided in two subtypes: naturally occurred Tregs (nTregs) and 

induced in the periphery Tregs (iTregs). nTregs emerge during T cell development in the thymus and 

account for 5-10% of all CD4+ T helper cells10.  nTregs suppress the proliferation of CD4+CD25- effector 

T cells through cell-cell contact or by producing interleukin (IL)-10 and Transforming Growth Factor 

Beta (TGF-β). Different phenotypic markers have been used to define nTregs. They constitutively co-

express CD4, the α -chain of the IL-2 receptor chain CD25, cytotoxic T lymphocyte associated antigen 

4 (CTLA-4) and glucocorticoid-induced tumor necrosis factor receptor (GITR). However, the most used 

distinctive marker is the transcription factor FOXP3 (Foxp3 in mice), which also plays a key role in their 

development11. It has become clear that in humans FOXP3 is not only expressed by CD4+CD25+ Tregs 

but is also found on activated T effector cells, which makes their identification more difficult. iTregs 

develop after they encounter an antigen in the periphery. They can be divided in different subgroups 

namely Tr1, Th3 and induced or adaptive FOXP3+ T cells. These cells inhibit the proliferation of effector 

T cells by the production of IL-10 and TGF-β12-14, while for nTregs direct cell-cell contact or production 

of IL-10 and TGF-β can induce their suppressive capacity.

Recently, in humans three different subpopulations of Tregs have been found, which distinct in 

phenotype (Foxp3 and CD45RA expression) and suppressive function15.

Tregs expressing FOXP3 play a crucial role in the development of the peripheral immune system. 

Although the exact function of FOXP3 is still under much debate, it is clear that this transcription factor 

is crucial for their regulatory function. Mutations in the human gene encoding for FOXP3 resulted in 

a fatal autoimmune disease known as IPEX (immune dysregulation, polyendocrinopathy, enterpathy 

and X-linked)16. A spontaneous defect in mouse Foxp3 showed a comparable phenotype. Tregs 

probably play an important role in restraining autoimmunity and maintaining homeostasis throughout 

life, illustrated by the fact that acute depletion of Tregs in neonatal or adult mice resulting in fatal 

autoimmunity pathology17. The concept of Treg mediated immune tolerance is that Tregs have the 

capacity to counteract pro-inflammatory effector T cells that promote the chronic inflammation in 

autoimmunity. For a long time, it was assumed that T helper (Th) 1 cells were the most important 

effector T cells in autoimmunity. However, recent data point to an essential role of another Th subset, 

namely Th17 cells18. Named after their capacity to produce IL-17, Th17 are now considered to play an 

important role in disease induction as well as formation of tissue damage in experimental arthritis. 

Their presence has also been described recently in human arthritis, both RA19-21 and JIA22. Th17 cells 

can be recognized by the expression of transcription factor RORγt. Although their role in ongoing 

inflammation is indisputable, it is still not clear how the balance between anti-inflammatory Tregs and 

pro-inflammatory Th17 is kept under normal conditions and during a state of inflammation. To add to 

the confusion, it was recently shown that nTregs are able to switch to a Th17 phenotype by stimulation 

of a combination of cytokines such as IL-6 and TGF-β23,24 (Figure 1).

Although the immunopathogenesis of JIA is unknown, it is conceivable that the immune balance 

between Tregs and effector T cells is disrupted, leading to unrestrained pro-inflammatory cytokines 
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Figure 1: Schematic representation to show relationships between regulatory T cells, T helper 17 cells and 
effector T cells.
Naturally occurred Tregs and induced in the periphery Tregs come from the same precursor. Both cells inhibit the 
proliferation of effector T cells, which causes an inhibition of inflammation. nTregs are able to become IL-17 producing 
T cells, expressing RORαt. Till know it is unkown whether Th17 cells are capable to develop into Tregs.  

produced by effector T cells. aBMT preceded by total body irradiation and /or high dose chemotherapy, 

is thought to repair the balance between Tregs and effector T cells. Indeed there are indications that 

Foxp3+ Tregs play a role in resetting the immune system post aBMT in Experimental Autoimmune 

Enceohalomyelitis (EAE), a model for Multiple Sclerosis (MS) and in Systemic Lupus Erythematosus 

(SLE) patients7,25. How all this translates into the restoration of the immune balance in arthritis after 

aBMT will be discussed below.

The concept of autologous bone marrow transplantation 
(aBMT) for autoimmunity

As stated above, autologous bone marrow transplantation (aBMT) is used in patients with severe 

systemic or polyarticular JIA, who do not respond to conventional therapy. The treatment consists 

of intensive immune suppression through high dose chemotherapy and/or irradiation, followed by 

infusion of autologous bone marrow cells. The first concept of aBMT was that the severe immune 

suppression causing depletion of auto-aggressive effector and memory T cells, is responsible for the 

clearance of the systemic inflammation [7]. This however is not plausible, as previous severe immune 

suppressive therapies did not yield a lasting effect in these patients. Neither is it likely that the immune 

suppression before aBMT is capable of eliminating all potential auto-reactive and auto-aggressive T 

cells. Instead apparently, it is the infusion of the graft in a (temporary) non-inflammatory environment 

that is crucial for the establishment of a renewed immune balance. Paradoxically, the bone marrow 

cells are from the same patient and thus are bound to also contain potential auto-reactive T cells. In the 

earlier phases of aBMT in autoimmunity it was thought that the presence of auto-reactive lymphocytes 
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in the autologous graft could induce a rapid relapse of the autoimmune disease. Therefore, to 

minimize the risk of relapse in humans, mature T cells are depleted in the autologous grafts. Extensive 

T-cell depletion in the grafts however has others risks and complications, for example an increased 

susceptibility to infections. Moreover patients with the systemic form of JIA have a strongly increased 

risk of developing the potentially life threatening complication of macrophage activation syndrome 

(MAS)26. During MAS an unmanageable process of activation and proliferation of macrophages and T 

cells is initiated, resulting in an uncontrolled release of inflammatory cytokines. It turned out that the 

severe depletion of T cells in the initial protocols of aBMT in JIA lead to an increased incidence of MAS 

with even fatal consequences. This lead to an adaption of most protocols used resulting in less severe 

T cell depletion of the graft, which reduced the occurrence of MAS, without negatively affecting the 

outcome of aBMT. Thus it turned out that the presence T cells in the graft do not necessarily lead to an 

increase of disease activity after aBMT. Instead later studies have pointed out that T cells in the graft 

may be crucial for the restoration of the immune balance. 

 

Results of aBMT in JIA

The first successful aBMT in JIA was performed in 1997 in Wilhelmina Children’s Hospital, Utrecht27. 

Since then more then 52 cases are reported with aBMT in JIA patients. De Kleer28 and colleagues 

reported the results of aBMT with T cell depletion in 34 children which were followed up from 12 to 

60 months. To determine the outcome of aBMT, a standard set of variables for assessing the severity 

of JIA disease activity was used. Complete remission (without the use of drugs) was established in 18 

patients (53%), partial response in six patients (18%) and no response was seen in seven patients (21%). 

Three patients died of MAS, while two patients died of infections.  Both complications presumably 

are related to the T cell depletion from the graft which leaves the patient more vulnerable for both 

infections and MAS.

Long-term follow up data of a subset29 of these children followed over a median period of 80 

months, showed that 15 (68%) patients still experienced complete remission (8 patients) or significant 

improvement (7 patients). Five patients experienced a relapse of the disease, while in one of those 

patients the relapse did not occur until after seven years of remission following transplantation. During 

the follow up, two other patients who experienced a relapse of disease, died as a result of complications 

of EBV and Varicella Zoster Virus after restarting immunosuppressive drugs for the relapse.

The success of aBMT comes with a significant price in terms of side effects. Infections are often 

diagnosed in JIA patients after aBMT with over 70% of the children developing at least one infection. 

These complications are underscored by Wulffraat30 who summarized the results from JIA patients 

with aBMT treatments in The Netherlands. Three out of 19 (16%) patients died after aBMT: due to 

complications such as MAS (2) or liver insufficiency (1) likely induced by an infection with Epstein Barr 

virus (EBV). Especially infections caused by Varicella Zoster, EBV or Cytomegalie Virus were detected. 

Seven patients (37%) achieved a complete drug free remission, their follow up ranged from 48 to 108 

months. Three of the 19 (16%) patients had a partial response, ranging from 30-70% improvement.

 

A point of growing concern is the relapse some patients experience after a long period of disease 

remission. In the Dutch patient group a relapse of the disease occurred in six (32%) patients. Moreover, 

one patient experienced a relapse 9 years after long-term remission. This suggests that though 

remission induced by aBMT is very significant and long-lasting, it is not indefinite. Similar results were 

seen in a UK study that showed that out of 7 transplanted JIA patients between 2000 and 2007, 4 (57%) 
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patients have complete remission without the need of drugs. Two (29%) patients experienced a relapse 

in a year after aBMT and one (14%) patient died from disseminated Adenovirus reactivation31.

All these studies show that aBMT is capable of inducing disease remission, even up to seven to nine 

years. In addition, patients who experience a relapse of the disease have a form that responds better 

to medical treatment as the one they had prior to aBMT. Thus, if disease remission is not obtained, 

it will most likely lead to an improvement of the disease. These favourable results are reflected in a 

considerable improvement of catch up growth in the growth curve of patients with a disease remission. 

Despite this, patients often still do not reach their target height30. This could be due to the deformation of 

the joints caused by the arthritis which interferes with growth even after remission. Another explanation 

might be that all these patients received frequent and high dosages of corticosteroids, which is known 

to have a negative influence on growth. Brinkman et al describe that growth dysfunction caused by 

toxicity effects of the conditioning were not observed in the five patients followed in their study29. 

So far, aBMT is the only treatment which can induce a (temporary) cure for JIA patients, in other 

words a medication-free period of remission of all disease activity. Unfortunately, as discussed above, 

it has considerable side effects. In addition, the use of chemotherapy and irradiation can have late 

toxicity effects. Until now, no observations have been made from secondary malignancies caused by 

irradiation. Longer follow up periods need to be examined to draw any conclusions in the future. 

To develop improved treatments, it is important to understand the immunological mechanism 

underlying the initial disease as well to understand the immunobiology of the remission-relapse 

responses seen in JIA patients after aBMT treatment behind it.

The role of Tregs in the natural course of JIA and after aBMT 

As discussed above, Tregs play an important role in limiting autoimmune disease. To investigate their 

role in JIA, I. de Kleer30,32 studied differences in CD4+CD25+FOXP3+ Tregs during the clinical course 

of two types of JIA: persistent oligoarticular JIA (pers-OA JIA) and extended oligoarticular JIA (ext-OA 

JIA). Both diseases start in a similar fashion, with a limited (4 or less) joint involvement, but patients with 

ext-OA JIA progress into a poly-articular disease course with a far worse prognosis. De Kleer found 

that pers-OA JIA patients have significant higher amounts of CD4+CD25bright cells in peripheral blood 

compared to ext-OA JIA patients. This is of importance as in humans most FOXP3+Tregs reside in the 

CD4+CD25bright T cell population. Comparing CD4+CD25brightcells in synovial fluid showed equal amounts 

between the two groups, while CD4+CD25intcells were found to be more abundant in pers-OA JIA 

patients and thus also in synovial fluid CD4+CD25totalcells are more prominent in patients with a more 

favourable prognosis. This finding was confirmed in another study33 underscoring that presumably the 

presence of Tregs are involved in keeping inflammation limited to 4 or less joints in patients with pers-

OA JIA. 

The next obvious question was whether CD25+FOXP3+ Tregs also play a role in restoring the immune 

balance after aBMT and whether aBMT leads to a change in auto-reactive T cells that have survived 

conditioning pre-BMT. These questions were studied in 12 JIA patients undergoing aBMT7. Before 

aBMT, CD4+CD25bright cells were lower in JIA patients than in healthy controls and their levels increase 

significantly after aBMT therapy. The increase in CD4+CD25bright Tregs was based on both expansion of 

memory Tregs that probably had survived conditioning and new CD45RA+ Tregs from the thymus. In 
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addition, after aBMT auto-reactive T cells were shown to correspond more with a Th2 or regulatory 

phenotype based on cytokine production in contrast to a more pro-inflammatory phenotype before 

aBMT. Therefore aBMT may restore the immune balance in two ways. First by increasing the amount 

and the quality of regulatory T cells and secondly by changing the auto-reactive T cells into a more 

anti-inflammatory phenotype. To better understand the mechanisms that are responsible for these 

changes it is necessary to turn to an experimental model of arthritis. For that we used the model of 

proteoglycan induced arthritis. 

Mechanisms of aBMT: lessons from experimental models
 
Several models have been used to study aBMT, both in rats and in mice34,35. For the specific questions 

we wanted to answer, we turned to another widely used experimental model of arthritis, namely 

proteoglycan induced arthritis (PGIA)36,37. PGIA has a clinical, immunological and histopathological 

resemblance to human arthritis. In this model, arthritis is induced after two human proteoglycan 

injections in Balb/c mice, which induces a cross reaction between T cells and mouse proteoglycan. 

This leads to the development of a progressive polyarthritis with a relapsing and remitting course. 

Because of the relapsing remitting course the model is well suited for aBMT (Figure 2). 

A model for aBMT in PGIA was set up in such a fashion that it most closely resembles aBMT in JIA. 

First, a total body irradiation of 7.5 Gy depletes the cells of the immune system. This will be followed 

by an intravenous injection of 2x106 bone marrow cells from syngenic donor mice. During the course 

of arthritis induction and aBMT therapy, detailed arthritis scores are determined by the degree of 

swelling, redness and deformation of the paws. A total of 16 points, 4 points/paw can be scored. 

In this model, aBMT leads to significant clinical improvements, followed by a limited relapse and a 

stabilization phase with ultimately lower arthritis scores than prior aBMT38. Thus clinically it closely 

resembles the results of aBMT in JIA. The model allowed more in depth analysis of the immune 

reconstitution after aBMT and its role in establishing immune tolerance. 

After aBMT, as expected, the white blood cell count (WBC) decreased and returned to pre-BMT levels 

3 weeks later. The reconstitution of lymphocytes was more delayed, and especially the amount of 

CD3+, CD4+ and CD4+CD25+ T cells did not increase as fast as the total WBC count. Based on the 

above described observations made in JIA patients after aBMT further studies focused on the role of 

CD4+CD25+FOXP3+ Tregs for establishing immune tolerance after aBMT. 

The importance of CD4+CD25 Tregs in the PGIA model was first established with a different experiment, 

without performing aBMT. Mice that appeared resistant for the normal induction of arthritis with two 

human proteoglycan injections became susceptible to arthritis following depletion of their CD4+CD25+ 

T cells with a depleting anti-CD25 monoclonal antibody.  This observation ascertained the importance 

of CD4+CD25+ Tregs in PGIA. The next step was to study whether these cells also played a role in the 

clinical stabilization observed after aBMT. 

In the initial phase of clinical improvement, directly after aBMT, a relative increase of CD4+CD25+ T 

cells was observed. However these CD4+CD25+ T cells did not fit the phenotype of Tregs. That is, 

these CD4+CD25+ T cells proliferated in vitro, and did not express Foxp3, clearly suggesting that these 

cells were not capable in suppressing CD4+CD25- T effector cells. Later, during the stabilisation phase 
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Figure 2: Proteoglycan Induced arthritis
Two injections of PG with DDA intraperitoneal lead to a progressive polyarthritis with a relapsing and remitting course.

of arthritis a different pattern was observed. In this stage in which clinically a renewed balance is 

observed, CD4+CD25+ T cells did start to express Foxp3 and regained functionality as regulatory T 

cells, highlighted by their capacity to inhibit of effector T cells proliferation. 

Thus, similar to the earlier observations in JIA patients, also in PGIA CD4+CD25+Foxp3+ Tregs are 

important for establishing immune tolerance following aBMT. The next step will be to determine how 

these cells may interact with other cells involved in the immune balance after aBMT. It would especially 

be of interest to determine the effect of aBMT on IL-17 producing T cells, as many studies now suggest 

that IL-17 may play a role in the induction of autoimmunity. In addition it is also important to find out the 

origin of Treg cells that emerge after aBMT and their functional relationship with Th17 cells. The model 

of aBMT now allows a further dissection of the different aspects of the renewed immune balance after 

aBMT, and thus may help to better understand the immunological basis of its clinical efficacy. 

Conclusion/Discussion

Presently, aBMT is the only treatment for JIA patients that can cure the disease for a prolonged, but 

yet undetermined period of time. Even if disease relapses after aBMT, it is generally better treatable as 

prior to aBMT. Unfortunately, aBMT can have major side effects, such as infections and MAS. Several 

clinical studies have shown that the majority of JIA patients who underwent aBMT experienced great 

clinical benefit in the form of a complete or a partial remission27,28,31. Improving results of aBMT is of 

major importance and thus it is critical to learn more on the immunological mechanism. In JIA patients 

aBMT induces immunological self tolerance by tolerizing autoreactive T cells and by increasing Tregs 

to normal levels. Investigations in animal models showed that Tregs are important for protecting 

against the induction of disease and that indeed Tregs surface with suppressive function after aBMT. 

For the new development of interventions/therapies in the treatment of JIA, it is important to 

understand the immunological mechanism behind aBMT. In order to further unravel this, we need 

to know the origin of the T cells which restore the immune balance. Are these T cells from the graft 

responsible for the restoration of the immune balance? How are Tregs regulated? Do Th17 cells play a 

role in the regulation and are Th17 cells and Foxp3 T cells able to switch from one and another? These 

and other questions need to answered before the intriguing finding that aBMT can restore the balance 

and actually cure JIA, albeit temporarily, can be understood. The next challenge will be to translate this 

mechanism into a novel venue for targeted immune therapy in JIA that achieves a similar effect on the 

immune balance without requiring a full aBMT.
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Abstract

Objective

Autologous stem cell transplantation (ASCT) induces long-term drug-free disease remission in 

patients with juvenile idiopathic arthritis. This study was undertaken to further unravel the immunologic 

mechanisms underlying ASCT by using a mouse model of proteoglycan-induced arthritis (PGIA).

Methods

For initiation of PGIA, BALB/c mice received 2 intraperitoneal injections of human PG in a synthetic 

adjuvant on days 0 and 21. Five weeks after the first immunization, the mice were exposed to total body 

irradiation (7.5 Gy) and received (un)manipulated bone marrow (BM) grafts from mice with PGIA. Clinical 

scores, T cell reconstitution, (antigen-specific) T cell cytokine production, and intracellular cytokine 

expression were determined following autologous BM transplantation (ABMT).

Results

ABMT resulted in amelioration and stabilization of arthritis scores. BM grafts containing T cells and 

T cell–depleted grafts provided the same clinical benefit, with similar reductions in PG-induced T 

cell proliferation and the number of PG-specific autoantibodies. In vivo re-exposure to PG did not 

exacerbate disease. Following ABMT, basal levels of disease- associated pro-inflammatory cytokines 

(interferon-γ [IFNγ], interleukin-17 [IL-17], and tumor necrosis factor α [TNFα]) were reduced. In addition, 

re-stimulation of T cells with PG induced a strong reduction in disease-associated pro-inflammatory 

cytokine production. Finally, although the remaining host T cells displayed a pro-inflammatory 

phenotype following ABMT, IFNγ, IL-17 and TNFα production by the newly reconstituted donor-derived 

T cells was significantly lower.

Conclusion

Taken together, our data suggest that ABMT restores immune tolerance by renewal and modulation 

of the Teff cell compartment, leading to a strong reduction in pro-inflammatory (self antigen–specific) 

T cell cytokine production.
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Introduction

Juvenile idiopathic arthritis (JIA) and rheumatoid arthritis are autoimmune diseases that often lead to 

major disability. The introduction of biologic agents such as antitumor necrosis factor α (anti-TNFα) has 

been a major step forward in controlling disease symptoms. In general, however, these treatments 

cannot induce drug-free disease remission. Furthermore, some patients fail to respond to conventional 

treatment or become unresponsive to treatment over time. For severely ill patients with JIA, autologous 

stem cell transplantation (ASCT) has proven to be an effective last resort1,2. ASCT induces drug-free 

disease remission in a majority of patients during follow up of up to 80 months post transplantation3.

The drug-free disease remission achieved by the majority of patients undergoing ASCT suggests that 

ASCT can, at least temporarily, restore immune tolerance in JIA. However, the underlying mechanisms 

are largely unknown. Data from our previous study of patients with JIA suggested that both renewal 

of the Treg cell compartment and reprogramming of Teff cells may play a role4. Unfortunately, T cell 

reconstitution after ASCT in humans cannot be monitored, because residual T cells and autologous 

graft–derived T cells are not distinguishable. A better understanding of the mechanisms would greatly 

favor the development of new treatment strategies that aim at not only immune suppression but also 

restoring immune tolerance.

Although it remains to be elucidated what underlies the impressive success of ASCT, immune 

reconstitution after profound depletion appears to favor development of tolerance over pathogenic 

immunity. Immediately after reinfusion with ASCT, the lymphopenic environment induces selective 

expansion and activation of the few T cell clones present. These T cells either survived the conditioning 

regimen5 or may have been retransferred with the graft and are potentially auto-reactive. Therefore, 

lymphopenia-induced proliferation and activation of T cells may pose a risk of loss of self-tolerance 

early after ASCT. During this period, the presence of Treg cells may be essential to control T cell 

reconstitution and activation. At a later stage, the CD4+ T cell pool is further reconstituted by naive 

recent thymic emigrants, which is crucial for diversification of the T cell repertoire following ASCT6 

and may also play a role in the reestablishment of immune tolerance. Thus, the antigen specificity, 

differentiation, and function of the reconstituting T cells appear to be decisive for the efficacy of ASCT 

and warrant further investigation.

To elucidate this process, we developed an experimental model for ASCT in a mouse model of 

proteoglycan-induced arthritis (PGIA). PGIA is studied extensively, is clinically, immunologically, and 

histopathologically similar to human arthritis, and has a chronic relapsing–remitting course7,8. Using 

this model, we previously demonstrated a crucial role for Treg cells in the recovery phase after 

autologous bone marrow transplantation (ABMT)9. Here, we explore the influence of ABMT on the Teff 

cell compartment and demonstrate that ABMT-induced renewal of the T cell compartment leads to a 

strong reduction in pro-inflammatory (self antigen–specific) T cell responses.

Material and methods

Mice

Female retired breeder BALB/c mice were obtained from Charles River Deutschland. CBy.PL(B6)

Thy1a.ScrJ mice, ages 7–10 weeks, were obtained from The Jackson Laboratory and served as donors 
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for ABMT when indicated. The mice were maintained under standard conditions. After ABMT, recipient 

mice were housed under sterile conditions. All experiments were approved by the Animal Experiment 

Committee of the Faculty of Veterinary Medicine at Utrecht University.

Induction and assessment of arthritis

Arthritis was induced in BALB/c mice by 2 intraperitoneal injections of PG (400 μg) in 2 mg 

dimethyldioctadecylammonium bromide (DDA; Sigma Aldrich) 2 weeks and 5 weeks before bone 

marrow transplantation. PG was purified as described previously7,8. The onset and severity of arthritis 

were assessed 3 times each week using a visual scoring system, as described previously9. Briefly, 

the degree of joint swelling, redness, and deformation of each paw was scored on a scale of 0–4 to 

determine a total arthritis score (maximum possible score of 16 per mouse).

Treatment protocols

Two weeks after the second injection of PG in DDA, the recipient mice in which arthritis developed 

received a lethal dose (7.5 Gy) of total body irradiation. Next, ABMT was performed by intravenous 

injection of 2x106 BM cells obtained from syngeneic donor mice. Bone marrow was harvested by flushing 

the tibia and femur with Iscove’s modified Dulbecco’s medium including penicillin and streptomycin. 

BM cells (2x 106) were resuspended in 200μl 0.2% bovine serum albumin before intravenous injection 

into the tail vein. The mean percentage of T cells in BM grafts was 3.2%. For specific experiments, T 

cells were depleted from the BM graft using anti-mouse CD4 and anti-mouse CD8 MACS MicroBeads 

(Miltenyi Biotec). The T cell–depleted BM cells contained 0.67% (CD3+) T cells (data not shown).

Approximately 4–5 weeks after ABMT was performed untreated arthritic mice and those that received 

un-manipulated grafts were given a booster dose of PG (400μg administered intraperitoneally). The 

clinical response in these mice was compared with that in untreated arthritic mice and those that 

received un-manipulated grafts but were given an intra- peritoneal injection of phosphate buffered 

saline (PBS) instead of PG.

In vitro assays

T cell proliferation

Seven weeks following ABMT, spleens and axial lymph nodes were harvested. Cells (2x105/well) were 

cultured in Iscove’s modified Dul- becco’s medium for 120 hours in the absence or presence of 10μg/

ml PG. During the last 16–18 hours of culture, 1 μCi 3H-thymidine
 
(Amersham) was added to each well. 

Proliferative responses were calculated as the median 3H-thymidine
 
incorporation (counts per minute) 

of triplicate wells.

Cytokine production

One, three, and seven weeks after ABMT, spleen cells (2x105) were cultured in culture medium for 96 

hours in the presence of 10μg/ml PG or 1μg/ml soluble anti-CD3 (clone 145-2C11; BD PharMingen). 

Cytokine profiles were measured using a Mouse Cytokine Multiplex Kit (Bio-Rad) according to the 

manufacturer’s instruction.

Flow cytometry and IgG1 enzyme-linked immunosorbent assay

For flow cytometric analysis, spleen, lymph node, and synovial fluid cells were stained for T cell 

receptor β (TCRβ), CD90.1, Ki-67 (BD PharMingen), CD4, CD90.2, FoxP3 (eBioscience), CD45RB, and 

CD44 (BioLegend). For IgG1 enzyme linked immunosorbent assay, plates were coated with PG (0.5μg/

well) and blocked with 1.5% milk in PBS. Sera were added at a 1:100,000 dilution, and PG-specific 

antibodies were determined using peroxidase-conjugated rat anti-mouse IgG1 monoclonal antibody 
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(clone X56; 1:1000). Serum antibody levels were calculated relative to mouse serum immunoglobulin 

fractions in the pooled sera of control mice.

Intracellular cytokine production

Seven weeks after ABMT, spleen and lymph node cells (5x105) were cultured with phorbol myristate 

acetate (25 ng/ml) and ionomycin (500 ng/ml; Calbiochem) for 5–6 hours. After 1 hour, GolgiStop (BD 

Biosciences) was added to the cultures. Cells were stained for anti-mouse TCRβ, CD4, CD90.1, TNFα, 

interleukin-17 (IL-17) (all from BD PharMingen), and interferon-γ (IFNγ) antibodies (eBioscience).

Statistical analysis

The Mann-Whitney U test was used to determine differences between untreated and ABMT- treated 

mice with PGIA. To achieve normal distribution for cytokine data, logarithmic transformation was 

performed be- fore applying the Mann-Whitney U test. Wilcoxon’s matched pairs signed rank test 

was performed to determine significant differences between host cells and donor cells. All data are 

presented as the mean ± SEM. P values less than 0.05 were considered significant.

Results

Decreased disease activity using T cell–depleted or un-manipulated BM grafts for ABMT

Because the results of clinical studies have suggested that the presence of low numbers of potentially 

self-reactive memory T cells in an infused stem cell graft may pose a risk of disease relapse, we 

performed ABMT using T cell depleted BM grafts and un-manipulated BM grafts. Both treatments 

resulted in a decrease in arthritis scores, which remained low compared with the scores of untreated 

mice with PGIA until the end of the observation period (Figure 1A). The area under the arthritis score 

curve was also significantly lower in both BMT treatment groups (T cell depleted and un-manipulated 

grafts) compared with untreated mice with PGIA (Figure 1A).

To determine whether T cell depletion of the graft led to a difference in PG-specific responses, spleen 

and lymph node cells were re-stimulated with PG. After in vitro exposure to PG, proliferation was 

reduced in both treatment groups compared with the untreated control group (Figure 1B). In addition, 

the reductions in PG-specific IgG1 antibody levels following ABMT were similar in mice that received 

unmanipulated grafts and those that received CD4+ T cell–depleted grafts (Figure 1C), suggesting 

that the presence of low numbers of T cells in the graft does not influence treatment outcome. Next, 

to determine persistence of tolerance to the disease antigen, a booster dose of PG was administered 

intraperitoneally to ABMT-treated and control mice with PGIA, 10 weeks after the first injection of PG in 

DDA. In control mice with PGIA, in vivo re-exposure to PG resulted in increased arthritis scores, whereas 

arthritis scores in ABMT-treated mice remained stable (Figure 1D), indicating that ABMT induces in vivo 

tolerance.

Effect of ABMT on basal levels of antigen- specific T cell production of IFNγ, IL-17 and TNFα
Following ABMT, the number of CD4+ T cells was clearly reduced, and cells with a memory phenotype 

predominated (Figure 2A). The antigen specificity, differentiation, and function of reconstituting T cells 

are likely decisive for the efficacy of ABMT in autoimmune diseases. In untreated control mice, basal 

levels of IFN αγ, IL-17 and TNF αα were observed after culturing spleen cells without any stimulus (Figure 

2B). After stimulation with PG, the production of IFNγα, IL-17 and TNFα almost doubled in the cell cultures 

of untreated mice (Figure 2C). In contrast, splenocytes from mice that underwent ABMT did not show 
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Figure 1. Reduction and stabilization of proteoglycan-induced arthritis (PGIA) after autologous bone marrow 
transplantation (ABMT). 
A, Left, Arthritis scores after ABMT. Arthritis scores were set to 100%, and the subsequent clinical effect was expressed 
as a percentage of the score at the time of transplantation. Results are representative of 2 separate experiments. 
Right, Area under the arthritis score curve. Values are the mean ± SEM (8 PGIA (control), 5 PGIA/T cell–depleted grafts, 
and 5 PGIA/unmanipulated grafts). * = P < 0.05 by Mann-Whitney U test. B, T cell proliferation after PG stimulation, as 
determined by 3H-thymidine incorporation. Values are the mean ± SEM (2 PGIA, 3 PGIA/T cell–depleted grafts, and 4 
PGIA/unmanipulated grafts). C, Levels of PG-specific IgG1 antibodies after ABMT, as determined by enzyme-linked 
immunosorbent assay. Values are the mean ± SEM (n = 5–8 PGIA, 4 PGIA/CD4+ T cell–depleted grafts, and 2–5 PGIA/
unmanipulated grafts). D, Arthritis scores after administration of a booster dose of PG 4–5 weeks following ABMT. 
Arthritis scores were set to 100%, and values are the percent increase from the day after administration of the boost 
(n = 3 PGIA and 3 PGIA/unmanipulated grafts). LN = lymph node.
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Reduction of antigen-specific T cell pro-inflammatory cytokine production post aBMT.
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Figure 2. Reduced antigen-specific T cell production of pro-inflammatory cytokines following ABMT. 
A, Left, Percentages of CD4+ T cells following ABMT. Values are the mean ± SEM (control, n = 11; week 1, n = 5; week 3, n 
= 7; week 7, n = 9). Right, Percentages of memory CD4+ T cells following ABMT. Values are the mean ± SEM (control, n = 
11; week 1, n = 1; week 3, n = 5; week 7, n = 6). B–D, T cell–specific cytokine production. Spleen cells were harvested 1, 3, 
and 7 weeks after ABMT with un-manipulated BM. The cells were cultured in medium alone (B) or in the presence of 
PG (10μg/ml) (C) or anti-CD3 (1 μg/ml) (D) for 96 hours. The supernatants were collected and analyzed for interferon-γ  
(IFNγα), interleukin-17 (IL-17), and tumor necrosis factor α (TNFαα) production. Mice with PGIA (control) were killed at 
different time points, and the data for these mice were pooled (n = 17–19). For mice with PGIA that underwent ABMT, n 
= 3 at week 1; n = 4 at week 3; and n = 6 at week 7. Values are the mean ± SEM on a log2 scale and are representative 
of pooled data from 2 separate experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus control, by Mann-Whitney 
U test. See Figure 1 for other definitions.
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IFNγ, IL-17 and TNFα production when cultured in medium alone. In addition, no production of IFNγ, 

IL-17 or TNFα could be measured following culture with PG. This absence of PG-induced production 

of pro-inflammatory cytokines was observed 1, 3, and 7 weeks following ABMT, suggesting long-term 

suppression of PG-specific T cell responses. The lack of cytokine production by splenocytes derived 

from mice treated with ABMT was not the result of a general impairment in cytokine production by 

these T cells, because nonspecific anti-CD3 stimulation induced similar levels of IFNγ IL-17 and TNFα 
in the control and ABMT groups (Figure 2D). Taken together, these results show that ABMT leads to a 

less inflammatory environment and a strong reduction in self-antigen induced cytokine production.

Characteristics of the donor-derived CD4+ T cell compartment and the host CD4+ T cell compartment. 

As shown in Figure 2, the (antigen-specific) production of pro-inflammatory cytokines was reduced 

after ABMT. This could be attributable to a different environment created by conditioning but also by 

the renewal of the Teff cell population. By using un-manipulated BM with a congenic T cell marker 

(CD90.1), we were able to investigate the effect of ABMT on changes in the CD4+ T cell compartment. 

Seven weeks after ABMT, the majority of CD4+ T cells present in spleen and lymph nodes were donor 

derived, and these donor cells showed increased proliferation compared with the remaining host cells 

(Figure 3A). Importantly, donor derived CD4+ T cells were also observed locally, in the synovial fluid of 

ABMT-treated mice (Figure 3B). As expected, the majority of donor T cells were naive, whereas most 

host CD4+ T cells showed a memory phenotype (Figure 3C). The percentages of host CD4+ T cells 

producing IFNγ, IL-17 or TNFα were significantly higher compared with the percentages of donor T 

cells, in both spleen and lymph nodes, confirming the less-activated status of donor-derived T cells 

(Figure 3D). Similar results were obtained using CD4+ T cell-depleted grafts (results not shown).

Taken together, these data demonstrate that ABMT induces renewal of the CD4+ T cell compartment 

by BM graft–derived T cells that display a more naive and less inflammatory phenotype and also home 

to the site of inflammation.

Discussion

Autologous stem cell transplantation induces stable remission in a substantial portion of patients with 

severe JIA1. Understanding the working mechanisms of ASCT in autoimmune diseases may help in the 

development of new therapies that result in the same outcome but with less toxic side effects.

One of the original hypotheses for the success of ASCT in autoimmune disease is that ASCT eradicates 

auto-aggressive T cell populations. Although conditioning ablates the T cell repertoire to a large extent, 

elimination is never complete, and there is a reasonable risk that auto-aggressive T cells will persist. In 

addition, memory T cells will also be infused with the autologous stem cell graft. In peripheral blood 

stem cell mobilized grafts, the number of T cells is 10-fold higher than the number in conventional BM 

grafts, but the T cells have a more naive phenotype10. Here, we show in a mouse model of PGIA that 

the use of un-manipulated BM gives the same clinical results as T cell–depleted BM; this suggests 

that T cells present in the BM graft have a minimal effect on the clinical course of PGIA following 

ABMT. Recently, Snowden et al reported that none of the European Group for Blood and Marrow 

Transplantation registry outcome analyses to date support ex vivo depletion strategies11. Consistent 

with this observation, more intense T cell depletion has also been associated with a higher rate of 

tolerance failure and the development of secondary autoimmune disease following ASCT12.
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Figure 3. Delemarre et al.

Naive donor derived CD4+ T cell compartment produces less disease-associated 

cytokines compared to residual host derived T cells. 

Figure 3. Disease-associated cytokines produced by naive donor-derived CD4+ T cells and residual host-derived 
T cells. 
A, Left, Percentages of T cell receptor β (TCRβ)+CD4+CD90.2+ (host) cells and TCRβ+CD4+CD90.1+ (donor) cells in 
spleen and LNs 7 weeks after ABMT (unmanipulated graft). Values are the mean ± SEM (n = 6). Right, Percentages of 
control, host, and donor Ki-67+TCRβ+CD4+ T cells (control, n = 4; PGIA + ABMT, n = 6). B, Left, Fluorescence-activated 
cell sorting analysis with gating for TCRβ+CD4+ synovial fluid cells. Host T cells are CD90.1CD90.2 double positive, 
donor T cells are CD90.1+. Right, Percentages of host and donor CD4+ T cells in synovial fluid. Values are the mean ± 
SEM (n = 2). C, Percentages of host and donor naive (CD45RBhighCD44lowFoxP3+) CD4+ T cells in spleen (n = 6) and 
LNs (n = 3). Values are the mean ± SEM (spleen, n = 6; LNs, n = 3). D, Intracellular cytokine staining for interferon-γ (IFNγα), 
interleukin-17 (IL-17), and tumor necrosis factor α (TNFα) in splenocytes (top; n = 6–9) and LN cells (bottom; n = 3–7). 
Pooled data from 2 separate experiments are shown. * = P < 0.05; ** = P < 0.01, by Wilcoxon matched pairs signed rank 
test. See Figure 1 for other definitions.
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Auto-reactive T cells that survive conditioning represent another risk factor for the loss of self-

tolerance following ASCT, especially in the setting of autoimmunity. Our results using a PGIA model 

of syngeneic BMT now demonstrate that remaining host CD4+ T cells proliferate vigorously early after 

ABMT and display a pro-inflammatory phenotype characterized by the production of IFNγ, IL-17, and 

TNFα. Because the development of PGIA is dependent on both IFNγ and IL-17 production13,14, these 

results suggest a relatively high risk of loss of tolerance and relapse of arthritis shortly after ABMT. 

Consistent with this, in our multicenter study of ASCT in patients with JIA, 90% of disease relapses 

occurred within 9 months after ASCT4. However, our data also show that despite the presence of these 

pro-inflammatory host CD4+ T cells, basal pro-inflammatory cytokine production and self antigen–

specific cytokine responses are strongly reduced immediately after ABMT. In addition, the risk of early 

relapses may also be controlled by the presence and expansion of Treg cells, as shown in a previous 

study9. Taken together, these results show that shortly after ASCT, there is a very delicate balance 

between lymphopenia-induced immune cell expansion and activation versus immune suppression 

and immune regulation that will determine the clinical outcome and early relapses.

Following the early reconstitution period, pro-inflammatory host T cells are thought to be steadily 

replaced by T cells derived from the autologous graft. In patients with JIA who underwent ASCT, it 

was suggested that renewal of the T cell compartment induces auto-reactive T cells with a more 

regulatory phenotype4. In our mouse model of PGIA, the “donor” cells indeed displayed a more naive 

and less inflammatory phenotype compared with the “host” cells, despite the enormous expansion 

of the number of donor cells. Furthermore, auto-aggressive T cell responses remained low during 

the 7-week follow up period after BMT. Taken together, our data indicate that ABMT resets the 

immunologic clock by renewing the functional CD4+ T cell compartment.

Restoration of immune tolerance is still considered the Holy Grail for the treatment of autoimmune 

diseases. ASCT is the only treatment that can lead to a sustained restoration of the immune balance 

in patients with severe autoimmune disease. Understanding the immunologic mechanisms of ASCT 

will help us develop new therapies that have the same clinical outcome but with less toxic side effects.
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Abstract

Autologous hematopoietic stem cell transplantation (HSCT) is increasingly considered for patients with 

severe autoimmune diseases whose prognosis is poor with standard treatments. Regulatory T cells 

(Treg) are thought to be important for disease remission after HSCT. Eliciting the role of donor and 

host Treg in autologous HSCT is however not possible in humans due to autologous nature of the 

intervention. Therefore, we investigated their role during immune reconstitution and re-establishment 

of immune tolerance and their therapeutic potential following congenic bone marrow transplantation 

(BMT) in a proteoglycan-induced arthritis (PGIA) mouse model. In addition, we determined Treg T cell 

receptor CDR3 diversity before and after HSCT in patients with juvenile idiopathic arthritis and juvenile 

dermatomyositis. In the PGIA BMT model, after an initial predominance of host Treg, graft-derived Treg 

started dominating and displayed a more stable phenotype with better suppressive capacity. Patient 

samples revealed a striking lack of diversity of the Treg repertoire  before HSCT. This ameliorated after 

HSCT confirming reset of the Treg compartment following HSCT. In the mouse model a therapeutic 

approach was initiated by infusing extra Foxp3GFP+Treg during BMT. Infusion of Foxp3GFP+Treg did not 

elicit additional clinical improvement but conversely delayed reconstitution of the graft-derived T cell 

compartment. 

These data indicate that HSCT-mediated amelioration of autoimmune disease involves renewal of the 

Treg pool. In addition, infusion of extra Treg during BMT results in a delayed reconstitution of T-cell 

compartments. Treg therapy may therefore hamper development of long-term tolerance and should 

therefore be approached with caution in the clinical autologous setting.
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Introduction

Even in the era of biologicals, some patients with autoimmune diseases remain therapy refractory. For 

these severely ill patients, autologous hematopoietic stem cell transplantation (HSCT) has shown to 

be the only treatment able to induce long-term drug- and symptom-free remission 1-5. As stem cell 

therapy is not expected to be a mainstream treatment, studies to explore how stem cell therapy resets 

the immune balance are pivotal. Insights in this mechanism may yield new therapeutic options that 

achieve the same goal (disease and medication free remission, but with reduced toxicity).

The general concept of autologous HSCT for AID is that immune reconstitution after profound 

lymphodepletion and immune suppression leads to restoration of the immune balance and regain of 

immune tolerance 6. How the procedure is exactly rewiring a faulty immune system is still unknown. 

For example, it is not clear which cells must be destroyed prior to transplantation, nor is it known 

which ones keep disease under control afterward 7. Immediately after re-infusion through HSCT, the 

lymphopenic environment induces selective expansion and activation of the few (potentially auto-

reactive) T cell clones that have survived the conditioning regimen or may have been retransferred 

with the graft 8. Therefore lymphopenia-induced proliferation and activation of T cells may pose a risk 

of loss of self-tolerance early after HSCT. The second phase of T cell reconstitution starts when T cells 

develop in the thymus and naive T cells are introduced in the periphery 9, contributing to the resetting 

of the immune system 8. In humans, CD4+ T cell receptor (TCR) sequencing has confirmed selective 

expansion of several TCR clones directly after treatment, followed by broadening of the total TCR 

repertoire during follow up due to thymus output 10;11. During both reconstitution phases regulatory T 

cells (Treg) may be essential to control T cell reconstitution and activation but little is known about the 

renewal of the Treg compartment.

Treg are thought to be important players for disease remission in autologous HSCT-treated AID, 

especially in the lymphopenic reconstitution phase when the delicate immune balance has to be re-

established 12;13. In children with refractory JIA it has been shown that prior to HSCT Treg blood levels 

are decreased, while after HSCT, Treg levels are comparable to healthy controls 14-16. Furthermore, 

we have shown in an experimental arthritis model that depletion of Treg post congenic bone marrow 

transplantation (BMT) results in an improvement of arthritis scores, suggesting a pivotal early role for 

Treg for disease remission 17. 

Expansion of the Treg compartment following HSCT starts with lymphopenia induced proliferation 

followed by thymic output of stem cell derived Treg 13. What remains to be established is the relative 

contribution of stem cell graft-derived Treg versus conditioning-survived host Treg in controlling T 

cell activation and disease remission. This knowledge is of increasing importance regarding the recent 

introduction of less toxic non-myeloablative conditioning regimens that may limit the role of the graft 
7. We hypothesized that graft-derived Treg are the main contributors in the restoration of a functional 

Treg compartment following autologous HSCT. In the human transplantation setting it is impossible 

to study the relative contribution due to the autologous nature of the treatment. Here, we tested 

our hypothesis, distinguishing “host” and “donor” Treg dynamics and function following BMT in an 

experimental AID setting by using a congenic marker. To translate our findings to the human setting 

we performed Treg T cell receptor α chain sequencing in autoimmune patients undergoing autologous 

HSCT. In addition, we addressed whether infusion of additional Treg during BMT led to suppression of 

residual potentially harmful effector T cells.

ED-thesis-def.indd   51 1-2-2016   21:01:59



52

aSCT induces a renewed functional Treg com
partm

ent

24

Material and Methods

Mice 

CBy.PL(B6)-Thy1a.ScrJ (CD90.1, Jackson Laboratory) mice were used for bone marrow grafts or 

served as recipients when indicated. Foxp3-IRES-GFP mice (CD90.2) were obtained for the isolation 

of regulatory T cells (Treg). Female retired breeder Balb/c mice (CD90.2) were acquired from Charles 

River Laboratory and offspring of crossed CD90.1 and CD90.2 mice were bred in house. Both served as 

recipients. All mice are on a Balb/c background.

Mice were kept in the Utrecht University Animal Facility under regular conditions. After congenic 

bone marrow transplantation (BMT), recipient mice were accommodated under sterile conditions. All 

experiments were approved by the Animal Experiment Ethical Committee of the University of Utrecht. 

Induction and assessment of arthritis

Both have been described in detail earlier 18;19. In short, two and 5 weeks before BMT, arthritis 

was induced by two intraperitoneal injections of proteoglycan (PG) together with adjuvant 

dimethyldioctadecylammonium bromide (DDA). The onset and severity of arthritis were assessed 

three times a week in a blinded fashion by a visual scoring system 17.

Treatment protocols 

Congenic bone marrow transplantation

Two weeks after the second PG/DDA injection, mice were lethally irradiated (7.5 Gy). Within 6 hours of 

irradiation, mice were injected with 2x106 bone marrow (BM) cells. As the genetic background of  BM was 

identical except for the congenic T cell marker, the term congenic BMT is used throughout this paper.

Bone marrow suspension

BM was acquired by flushing the tibia and femur bones. BM cells were resuspended in 200 ml 0.2% 

bovine serum albumin before injection into the tail vein. The mean percentage of T cells present in BM 

was 2.05 ± 0.3% SD.

Infusion of extra Treg

After sacrificing Foxp3-IRES-GFP mice, spleens and joint-draining (inguinal and popliteal) lymph nodes 

(LN) were harvested. Cells were harvested by pushing them through a cell strainer after which CD4+ T 

cells were positively selected via magnetic cell sorting beads (L3T4, Miltenyi Biotec). Treg were stained 

and isolated as TCRβ+CD4+CD25+GFP+ T cells on a FACS Aria II (BD Biosciences). 

In vitro assays 

Flow cytometry

One, three, five and seven weeks after BMT thymus, spleen, blood and joint-draining LN cells were 

harvested when indicated. In addition, seven weeks post transplantation, synovial fluid was obtained 

by needle aspiration of the knee and ankle joints. Cells were stained with antibodies against TCR-β 
(clone H57-597), CD25 (clone PC61), CD90.1 (clone OX-7), Ki-67 (clone B56), CD45RB (clone 16A) and 

CD44 (clone IM7) (BD Biosciences, San Jose, CA, USA), CD4 (clone RM4-5), CD90.2 (clone 53-2.1), Foxp3 

(clone FJK-16a) (eBioscience, San Diego, CA, USA) 

To calculate absolute T cell numbers, BD Tru Count Beads were added just before the acquisition of 

the samples. Data were analyzed with FACS Diva (6.13, BD Biosciences).
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Foxp3 demethylation assay

Seven weeks after BMT, spleen-derived Treg were isolated with flow cytometry as TCRβ+CD4+CD25+ 

cells and distinguished for host cells (CD90.2+) or donor cells (CD90.1+). DNA from these cells was 

isolated using the DNeasy Blood & Tissue kit (Qiagen) and bisulfate converted applying the EpiTect 

Bisulfate kit (Qiagen Hilden) following the manufactures recommendations. Demethylation assay was 

performed by EPIONTIS GmbH (Berlin, Germany) 20.

Suppression assay

Seven weeks after BMT, spleen cells were harvested and enriched for CD4+ T cells by CD4 microbeads 

isolation. The negative fraction was used as antigen-presenting cells in the culture. Host and donor 

Treg were separated with flow cytometry. CFSE-labelled TCRβ+CD4+CD25- spleen cells from healthy 

Balb/c mice were used as effector T cells. Treg were added in different ratios to the effector T cells. 

Soluble anti-CD3 (µg/ml, clone 145-2c11, BD Pharmingen, San Diego) was used as stimulus. At day 

4, the proliferation of effector T cells was analyzed with flow cytometry. In Figure 5B, host and donor 

Treg originated from CD90.1 origin and Foxp3-IRES-GFP Treg expressed CD90.2. For the Foxp3 

demethylation, suppression and qPCR assays only a relatively small amount of material was available. 

Therefore, mice of the same groups were combined to obtain enough material for the assays. 

Real-time quantitative polymerase chain reaction (qPCR)

After RNA extraction from lysed host and donor Treg real-time qPCR was performed for Helios, 

Neuropillin-1, interleukin-10 and mGAPDH (primers see Table S1). Gene expression was calculated as 

CT ((2−dCT)*100) with mGAPDH as housekeeping gene.

Next generation T cell receptor β chain (TCR β)  sequencing analysis

Frozen PBMC’s from autologous HSCT treated patients with juvenile dermatomyositis (patients 1 

and 2) and juvenile idiopathic arthritis (patients 3 and 4) and four healthy controls were thawed. Treg 

(CD3CD4CD25highCD127low) and non-Treg (CD3CD4CD25low/mediumCD127medium/high) were sorted (obtained 

Treg between 9.700 and 48.500 cells and non-Treg between 190.000 and 1x106 cells) and frozen at 

-80°C.  On average, 74.1 % of the sorted patient Treg expressed FOXP3. 

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) for cell fractions >0.2x106 cells, the RNeasy 

Micro Kit (Qiagen) for fractions <0.2x106 cells following the instructions of the manufacturer. cDNA was 

synthesized using the  SMARTer™ RACE cDNA Amplification Kit (Clontech). Amplification of the TCR 

β VDJ  region was performed using previously described primers and amplification protocols 21. PCR 

products were analysed with a QIAxcel Advanced System (Qiagen). Upon successful amplification, end 

repair was performed with the ClaSeek Library Preparation Kit, Illumina compatible (Thermo Scientific). 

Subsequently, TruSeq Barcode adapters (Illumina) were ligated using the ClaSeek Ligation Mix 

(Thermo Scientific) according the recommendations of the manufacturer. Cleanup of the samples was 

performed with The Agencourt AMPure XP system (Beckman Coulter). Next generation sequencing 

was performed on an Illumina MiSeq system 500 (2x250bp) (Illumina). 

Sequencing data were analyzed with the MiTCR program 22. The MiTCR output file was used to 

calculated the Simpson’s Index (D), 
)1(
)1(

−

−
= ∑

NN
nn

D , in which n= total number of a specific TCR β VDJ 

sequence and N= the total number of all TCR α sequences. Data are presented by the Simpson’s Index 

of Diversity (Di), DDi −=1  . Di = 0 indicates no diversity, whereas Di = 1 represents maximal diversity.
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Multiplex assay 

Spleen cells were obtained seven weeks after transplantation. Supernatants of a 96-hour culture of 

2x105 spleen cells with the addition of 1µg/ml anti-CD3 were analyzed with a mouse cytokine multiplex 

kit (Biorad, CA, USA). Analysis was performed using the Bio-plex manager software v4.1 (Biorad). 

Statistical analysis

To identify differences between BMT-treated PGIA animals and untreated PGIA animals, the Mann-

Whitney U test was used. To achieve normal distribution for cytokine data, logarithmic transformation 

was performed before applying Mann-Whitney U test. Significant differences between host and donor 

cells were tested by using Wilcoxon matched-pairs signed rank test. All data are presented as the 

mean + SEM values (error bars). P values less than 0.05 were considered significant. Statistical analysis 

was performed using IBM SPSS Statistics Version 20.

Results
      

aBMT renews the Treg compartment with donor-derived Treg that directly home to the site of 

inflammation

To investigate the reconstitution of T cells after BMT, a congenic marker was used to distinguish host 

T cells (cells that survived conditioning, CD90.2+) from donor T cells (cells originating from the graft, 

CD90.1+). One week after BMT, most TCRβ+CD4+CD25+Foxp3+ Treg present in thymus and spleen were 

of host origin (Fig. 1A, left and middle graphs). During the reconstitution phase three weeks following 

transplantation, the thymus harboured more donor-derived Treg (50.3% ± 9.1 SEM) compared to the 

spleen (37.5% ± 4.8 SEM) and LN (38.6 ± 4.1 SEM, Fig. 1A). Seven weeks post BMT, the majority of Treg 

were of donor origin in all investigated organs (Fig. 1A). As expected, similar reconstitution dynamics 

in absolute number of donor-derived Treg was seen post-BMT, while host cells remained relatively 

stable over time (Fig. S1A). 

Comparable results were obtained for total CD4+ T cells (Fig. S1B and S1C). In thymus and spleen, host 

CD4+ T cells were most abundant directly after BMT. During reconstitution, the majority of donor CD4+ 

T cells was first detectable in the thymus, followed by spleen and LN in percentages and absolute 

numbers. It is important to realise that the absolute CD4+ T cell number is very low at 1 week post 

transplantation and increases over time.

To investigate if donor Treg could home to the site of inflammation, synovial fluid was obtained of knee 

and ankle joints. The majority of synovial fluid Treg was donor-derived (Fig. 1B).

These results indicate that BMT induces graft-derived renewal of the CD4+ T cell and Treg compartments 

through thymus-derived donor T cell reconstitution. Furthermore, donor-derived Treg home to the 

joint, the site of inflammation.
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Figure 1. Congenic BMT for arthritis renews the regulatory T cell compartment with 
donor-derived Treg

Figure 1. Congenic BMT for arthritis renews the regulatory T cell compartment with donor-derived Treg.  
Host T cells (black bar, CD90.2+) were distinguished from donor T cells (white bar, CD90.1+) using a different congenic 
marker. After transplantation, thymus, spleen and lymph nodes (LN) were analyzed at week 1, 3 and 7 for the 
presence of host and donor Treg (TCRβ+CD4+CD25+Foxp3+). Results shown are from two combined experiments. 
(A) Percentage of host and donor Treg. Thymus 1 week N=3, 3 weeks N=6, 7 weeks N=8, spleen 1 week N=2, 3 weeks 
N=6, 7 weeks N=8, LN 3 weeks N=6, 7 weeks N=8. (B) Host and donor Treg distribution in synovial fluid, 7 weeks post 
BMT, N=2. All results shown are in percentages (± SEM values). N.D.; not determined due to lack of cells.

Donor-derived Treg have a more naive and functional phenotype than host-derived Treg.

Next, we explored the Treg phenotype following BMT. Three weeks after BMT, the minority of 

both host- and donor-derived Treg expressed a naive phenotype (CD45RB+CD44-, Fig. 2A and S2A). 

Seven weeks post transplantation, the percentage of naive Treg increased in both host and donor 

compartments, with a slightly higher rise in the donor-derived population (Fig. 2A and S2A). Both Treg 

populations showed increased proliferation compared to Treg of PGIA control animals (Fig. 2B and 

S2B) and this increase was still observed for donor Treg 7 weeks after BMT. Furthermore, at seven 

weeks Ki-67 expression was significantly higher in donor Treg than host Treg.

Helios and Neuropilin-1 have been described as markers for thymic-derived Treg 23-25. The amount of 

Helios nor Neuropilin-1 mRNA expression, associated with thymic-derived Treg  (Fig. 2C left and right 

panels), did not differ between donor and host Treg. In terms of functionality, significantly increased 

IL-10 mRNA expression was seen in donor-derived Treg (Fig. 2D).

These data indicate that initially both donor Treg and host Treg expand vigorously after BMT. At a later 

stage, naive, donor-derived Treg develop with a possible suppressive phenotype. 
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Figure 2. Post congenic BMT, donor Treg show a naive, proliferative and anti-inflammatory phenotype.
Host (circles) and donor (squares) Treg (TCRβ+CD4+CD25+Foxp3+) were isolated from spleen and LN 3 and 7 weeks 
post BMT from BMT-treated mice with arthritis and PGIA controls (pooled data from 3 and 7 weeks). Each Treg set, 
circle and square joined together by the line in between derive from the same single mouse. Results shown are 
from two combined experiments. (A) Percentages host versus donor naive Treg (CD45RBhigh, CD44low). Spleen 
(left panel) PGIA control N=7, BMT-treated mice N=4 at 3 weeks and N=5 at 7 weeks post BMT. LN (right panel) PGIA 
control N=8, BMT-treated mice N=4 at 3 weeks, N=3 at 7 weeks. (B) Percentages host versus donor proliferative Treg 
(Ki-67+). Spleen (left panel) PGIA control N=3, BMT-treated mice N=4 at 3 weeks, N=5 at 7 weeks. LN (right panel) PGIA 
control N=3, BMT-treated animals N=4 at 7 weeks. (C) Host versus donor-derived spleen Treg from PGIA+BMT treated 
animals. 7 weeks after BMT, spleen Treg (TCRβ+CD4+CD25+) were sorted and relative mRNA expression of Helios (C, 
left panel, N=7, 10 mice) and Neuropillin-1 (C, right panel, N=7, 10 mice) was measured by qPCR. (D) Relative expression 
of anti-inflammatory cytokine marker IL-10 mRNA in spleen Treg (N=7, 10 mice). * indicates p-value <0.05 calculated 
using Wilcoxon rank test. N.D.; not determined due to lack of cells.
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Figure 3. Donor-derived Treg are stable and functional

Figure 3. Donor-derived Treg are stable and functional.
(A) Demethylation status of the Foxp3 gene (Treg specific demethylation region, TSDR) was analysed from spleen 
host and donor Treg (TCRβ+CD4+CD25+), isolated 7 weeks post BMT from PGIA control and BMT-treated animals. 
PGIA control N=4 mice pooled in 2 groups before measurement BMT-treated mice N=5 (3 PGIA-induced of which 2 
were pooled in 1 group, and 2 non-arthritic induced animals pooled into 1 group). (B) Left panel. Representative CFSE 
dilution histogram of suppressive capacity of FACSsorted host and donor Treg compared to proliferative capacity of 
effector T cells of healthy mice. Right panel. Summarized suppressive capacity of host and donor Treg after BMT at 
different Teff:Treg ratios 1:1, 2:1, 4:1 and 8:1. BMT-treated animals N=6 (4 PGIA-induced and 2 non-induced animals). 
Treg were paired before suppression assay. * indicates p-value <0.05, host compared versus donor calculated using 
Mann-Whitney U test.

Congenic BMT induces a stable and functional donor-derived Treg compartment

The demethylation status from the Treg-specific demethylated region (TSDR) 26, a highly conserved 

element within the first intron of the Foxp3 gene was investigated to asses stability of the Treg (Fig. 

3A). The level of Foxp3 TSDR demethylation of donor Treg was comparable to Treg of PGIA control 

mice. However, host-origin Treg showed less TSDR demethylation compared to donor-origin Treg, 

suggesting that donor Treg are more stable. 

Subsequently, the suppressive function of host and donor Treg was determined in a suppression assay. 

Donor-derived Treg were efficient in suppressing proliferation of effector T cells (Fig. 3B). Although 

host-derived Treg were also able to suppress effector T cell proliferation, a significant difference 

was observed in the suppressive function of donor versus host Treg, showing that donor Treg were 

superior suppressors (Fig. 3B). 

These results reveal that a stable and functional donor-derived Treg compartment is formed post 

BMT.
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Oligoclonal Treg receptor repertoire becomes more diverse after successful autologous HSCT in 

refractory autoimmune patients. 

To translate our findings on the renewal of the Treg compartment to the human setting we performed 

next generation TCRBV CDR3 sequencing of Treg and CD4+ non-Treg T cells in refractory autoimmune 

patients undergoing HSCT. Following HSCT, patients 1, 2 and 3 had accomplished disease remission 

without medication (longest follow up 12 years), whereas patient 4 experienced disease relapse 6 

months after transplantation (for patient characteristics see Table S2).

Here, strikingly, the number of unique Treg TCR sequences (n) and TCR diversity (Di) prior to HSCT 

found for patients 1-4 was extremely low ranging from n= 4 to 19 and Di= 0.114 to 0.687 (Fig. 4A and B) 

compared to healthy controls (HC, characteristics Table S3) with n=225-320 and mean DI= 0.983 (range 

0.978-0.988) (Fig. 4C). In addition, the non-Treg showed a higher number of unique TCR sequences 

and higher Di calculations (Fig. 4A and B). After HSCT, the number and diversity of Treg TCR sequences 

increased over time (patient 1, 2 and 3, Fig. 4A and B). The non-Treg compartments showed an increase 

in TCR sequences as well, although the Di increase was not as pronounced as in the Treg (Fig. 4B). In 

the patient with disease relapse (patient 4) the Treg TCR repertoire even increased in oligoclonality 

following transplantation (n=9, Di=0.071) (Fig. 4A and B). None of the predominant Treg and non-

Treg TCR sequences existing prior to transplantation were retraceable in the same population after 

treatment (cut off 2 reads per sequence). All together, we conclude that successful autologous HSCT 

leads to a renewed and more diverse Treg TCR repertoire. 

During bone marrow transplantation injected Foxp3GFP+ Treg are retraceable and remain functional 

over time in mice

Based on our findings in patients indicating the importance of renewal/diversification of the Treg 

compartment for disease remission after HSCT, we questioned if HSCT results could be improved by 

Treg infusion together with the graft for the suppression of pro-inflammatory residual effector T cells. 

To explore clinical improvement with the immediate presence of Treg after BMT, Foxp3GFP+ Treg were 

added in different numbers (250.000 or 500.000 cells) to the graft. 

Longitudinal blood punctures were performed to examine if the infused Foxp3GFP+ Treg were retraceable 

during the observation period. Three weeks post BMT, Foxp3GFP+ Treg comprised the majority of the 

total CD4+ T cell compartment. However, this prominence disappeared during the following weeks and 

did not differ between the two Foxp3GFP+ Treg treatment groups (Fig. 5A, left panel). The decrease in the 

percentage of Foxp3GFP+ Treg coincided with an increase of the donor-derived CD4+ T cell compartment 

(Fig. 5A middle and right panel). 

The Foxp3GFP+ Treg present at the end of the observation period remained functional as shown in the 

suppression assay (Fig. 5B). The suppressive capacity of the Foxp3GFP+ Treg was similar compared to 

total non-GFP+ Treg of the same mice and of regular transplanted animals. 

These results demonstrate that additional injected Foxp3GFP+ Treg survive, expand and remain 

functional. 
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Figure 4. Successful autologous HSCT leads to a renewed and more diverse Treg TCR repertoire
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Figure 4. Successful autologous HSCT leads to a renewed and more diverse Treg TCR repertoire.
(A) Treg and non-Treg from different blood collections of 4 HSCT-treated patients with refractory autoimmune 
disease were sorted. These cell samples were used for T cell receptor TCR β chain sequencing. Per patient each time 
point of blood sampling is shown. Per time point, two pie charts show the number and abundance of TCR sequences 
found for the Treg and non-Treg sorted from that cell sample. Colour overlap between different pie charts does 
not represent the same TCR sequence. N represents the number of different TCR sequences found per sample, Di 
indicates the sample’s diversity (0= no diversity, 1= maximal diversity). (B) For patients 1-4 the changes in Di prior to 
HSCT and during follow up is shown in graphs. (C) TCR β chain sequencing results of Treg derived from 4 healthy 
controls are shown in a similar fashion as in (A).
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Figure 5. Extra infused Foxp3GFP+ Treg at time of BMT are retraceable during follow-up 
and remain functional

Figure 5. Extra infused Foxp3GFP+ Treg at time of BMT are retraceable during follow-up and remain functional. 
Arthritic mice were treated with 2x106 congenic bone marrow cells (BMT). In addition, two treatment groups received 
250.000 or 500.000, GFP+ Treg in the bone marrow graft. Blood was analyzed 1, 3, 5 and 7 weeks after BMT. (A, 
Left panel) Percentages of additional infused Foxp3GFP+ Treg, (A, middle panel) percentages of host TCRβ α+CD4+ 
T cells and (A, right panel) percentages of donor TCRαβ+CD4+ T cells. PGIA+BMT N=4, PGIA+BMT+250k Treg N=5, 
PGIA+BMT+500k Treg N=5. (B) Suppression assay of Treg from PGIA+BMT treated mice (white bar), non-GFP Treg 
from PGIA+BMT+250k Treg treated mice (light gray), and Foxp3GFP+ Treg from BMT+250k Treg treated mice (dark 
gray). Treg were added in 1:2 and 1:10 ratios to healthy effector T cells. Treg were pooled per treatment group before 
adding to the effector T cells. PGIA+BMT N=2 mice, PGIA+BMT+250k Treg N=3.     

The addition of Foxp3GFP+ Treg to the graft does not improve clinical outcome, but decreases pro-

inflammatory cytokine production

Next, we questioned whether the addition of these Treg led to an improvement of the clinical outcome. 

The arthritis scores of mice treated with Foxp3GFP+ Treg did not differ compared to mice treated with a 

regular BMT (Fig. 6A). To evaluate the clinical effect during the entire observation period, the area under 

the curve was calculated (Fig. 6B). In both PGIA+BMT and PGIA+BMT+250k Foxp3GFP+ Treg treated 

groups, significant improvement in suppressing arthritis severity was seen compared to the untreated 

PGIA group. In the PGIA+BMT+500k Foxp3GFP+  Treg dosing group a similar improvement was seen, 

although not significant. 

Cytokine production of each treatment group was assessed by ex vivo stimulation of splenocytes. 

All BMT treated groups showed lower pro-inflammatory cytokine production compared to the PGIA 

group, which is in line with the clinical amelioration. In addition, both Foxp3GFP+ Treg treated groups 

demonstrated a tendency of decreased IFNγ and significantly decreased IL-17 compared to regular 

transplanted animals (Fig. 6C). For IL-10 and TNFa no difference was observed between the three BMT 

treatment groups.  

These data demonstrate that the addition of Foxp3GFP+ Treg to the graft did not lead to a better clinical 

outcome, despite reduced pro-inflammatory cytokine production in these groups.

ED-thesis-def.indd   60 1-2-2016   21:02:02



61

4
0 1 3 7

0

200

400

600
PGIA+BMT
PGIA+BMT+250k Tregs
PGIA+BMT+500k Tregs

PGIA

Weeks after BMT

Ar
th

rit
is

 s
co

re
 (%

)

A

0

2000

4000

6000

8000

Ar
ea

 u
nd

er
 c

ur
ve

B

C

*
*

P
G

IA

P
G

IA
+B

M
T

P
G

IA
+B

M
T+

25
0k

 T
re

g

P
G

IA
+B

M
T+

50
0k

 T
re

g

1

4

16

64

256

1024

4096 IFNγ

pg
/m

l

P
G

IA

P
G

IA
+B

M
T

P
G

IA
+B

M
T+

25
0k

 T
re

g

P
G

IA
+B

M
T+

50
0k

 T
re

g

1

4

16

64

256

1024

4096

16384
P

G
IA

P
G

IA
+B

M
T

P
G

IA
+B

M
T+

25
0k

 T
re

g

P
G

IA
+B

M
T+

50
0k

 T
re

g

1

4

16

64

256

1024

4096

P
G

IA

P
G

IA
+B

M
T

P
G

IA
+B

M
T+

25
0k

 T
re

g

P
G

IA
+B

M
T+

50
0k

 T
re

g
1

4

16

64IL-17 IL-10 αTNF

pg
/m

l

pg
/m

l

pg
/m

l

*

P
G

IA

P
G

IA
+B

M
T

P
G

IA
+B

M
T+

25
0k

 T
re

g

P
G

IA
+B

M
T+

50
0k

 T
re

g
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Figure 6. Additional Treg in the graft reduces T cell produced pro-inflammatory cytokines but does not lead to a 
better clinical outcome. 
(A) Arthritis scores after transplantation. Arthritis scores were set to 100% on the day of transplantation and the 
subsequent clinical effect was expressed as a percentage of the score at the time of transplantation. Mean arthritis 
scores are shown (+ SEM error bars). Data are representative for two individually performed experiments. (B) Area 
under the arthritis score curve during the 7 week follow-up. Mean AUC + SEM error bars are shown. PGIA (black 
bar, N=4), PGIA+BMT, (white bar, N=4), PGIA+BMT+250k Treg (gray bar, N=5), PGIA+BMT+500k Treg (dark gray bar, 
N=5). * indicates p-value <0.05 comparing to PGIA control group calculated using Mann-Whitney U test. (C) Spleen 
cells were isolated 7 weeks after BMT and cultured in culture medium with the addition of antiCD3 (1µg/ml) for 
96 hours. Supernatants were collected and analyzed with Multiplex Immuno Assay for IFNγα, IL-17, IL-10 and TNFα α 
production. PGIA N=4, PGIA+BMT N=4, PGIA+BMT+250k Treg N=5 and PGIA+BMT+500k Treg N=5. * indicates p-value 
<0.05 compared to PGIA+BMT using Mann Whitney U test. 
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Figure 7. Addition of extra Foxp3GFP+ Treg results in a reconstitution delay of donor BM-derived Treg

Figure 7. Addition of extra Foxp3GFP+ Treg results in a reconstitution delay of donor BM-derived Treg.
A and B. 7 weeks post BMT, blood and spleen cells were isolated and stained with congenic markers to distinguish 
extra injected Foxp3GFP+ Treg (grey bar), host (black bar) and donor (white bar) for CD4+ T cells (TCRβ α+CD4+) and Treg 
(TCRβ+CD4+CD25+Foxp3+). CD4+ T cell reconstitution in blood (A, left panel), CD4+ T cell reconstitution in spleen (A, 
right panel). Treg reconstitution in blood (B, left panel), Treg reconstitution in spleen (B, right panel). All figures show 
absolute numbers, ± SEM error bars. PGIA N=3, PGIA+BMT N=4, PGIA+BMT+250k Treg N=5 and PGIA+BMT+500k Treg 
N=5. * p<0.05 for donor cell compartment.

Infusion of extra Foxp3GFP+ Treg with the BMT graft causes a delay in donor-derived T cell and Treg 

reconstitution 

Treg are known to suppress T cell proliferation. Therefore, we hypothesized that the additional Treg 

present in the graft could also influence T cell reconstitution following BMT. Seven weeks post BMT, 

the total number of CD4+ T cells in blood and spleen of the PGIA+BMT+Foxp3GFP+ Treg treated groups 

was smaller compared to PGIA+BMT treated animals (Fig. 7A). Although the total number of Treg 

remained similar in the three different treatment groups (Fig. 7B), donor-derived Treg numbers were 

smaller in the Treg-treated groups, with a significant reduction in the 500k treated group (Fig. 7B). The 

delay in donor Treg reconstitution was already evident at 5 weeks post BMT (Fig. S3). 

Together these data indicate that the addition of Foxp3GFP+ Treg to the graft leads to a delay in donor-

derived CD4+ T cell and Treg reconstitution. 
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Discussion 

Autologous stem cell transplantation is the only treatment that can induce long-term drug free disease 

remission in refractory AID. Treg are thought to be important players for remission after HSCT. In the 

clinical setting, exploring immunological mechanisms that underlie disease remission is difficult as no 

distinction can be made between conditioning survivor cells and graft-derived cells. With the use 

of a congenic T cell marker and the PGIA model, we investigated “host” and “donor” Treg dynamics 

following congenic BMT. Here, the results indicate that BMT, in addition to renewal of the effector T 

cell compartment 8, also renews the Treg compartment with donor-derived Treg that were superior in 

function to the remaining host Treg. 

Most donor-derived Treg were initially found in the thymus, followed by the peripheral organs. In 

the first weeks after BMT, host Treg proliferation occurred with a decrease in naive Treg followed 

by an increase in naive donor-derived Treg. These observations suggest that in the current model 

donor-derived Treg originate from precursor cells that develop in the thymus and not by peripheral 

proliferation of donor-derived CD4+ T cells in the graft. To further explore this in humans, TCR β chain 

sequencing was performed in two JIA and two JDM autologous HSCT-treated patient samples. We 

found a remarkable Treg oligoclonality in these four patients before HSCT, which was not present 

in the non-Treg CD4+ T cell compartment or in Treg from healthy children. Limited data are available 

on clonal diversity of the TCR repertoire of Treg but in healthy individuals the CD4+FOXP3+ Treg 

repertoire seems as diverse as the CD4+ non-Treg repertoire 27-29. Our data are the first to show that 

chronic inflammation and Treg oligoclonality exist simultaneously, and to a much larger extent than 

the CD4+ non-Treg compartment. Whether this contributes to autoimmune inflammation or is caused 

by autoimmune inflammation or medical treatment remains to be investigated. The development of 

an improved suppressive Treg compartment post autologous HSCT is shown in humans 30 and here 

in mice. As this is accompanied with the increased diversity of the Treg repertoire one can speculate 

that Treg diversity is linked with suppressive function. We found no T cell receptor sequence overlap 

between pre-existing Treg and non-Treg versus post-treatment Treg and non-Treg samples. In addition 

there was a clear broadening of the Treg TCR repertoire following successful HSCT and induction 

of disease remission. Together this suggests that post HSCT there is a renewal and diversification 

of the naturally occurring thymic-derived Treg compartment. Muraro and colleagues have recently 

demonstrated renewal of the general CD4 TCR repertoire in MS patients undergoing HSCT. This was in 

contrast to CD8+ T cells, which showed expansion of existing TCRs 10. The TCR diversity of the non-Treg 

compartment also expanded after HSCT, although not as striking as the Treg compartment, indicating 

that the Treg compartment is more affected. In conclusion, thymic reconstitution of both CD4+ T cell 

and Treg compartments seem to play a pivotal role following HSCT. In JIA patients, 90% of the disease 

relapses is found in the first year post HSCT and this indeed correlates with the absence of thymus 

involvement in T cell reconstitution 15;31. Whether our data can be extrapolated to other (non)-juvenile 

autoimmune patients undergoing HSCT remains to be established. Recently, immune monitoring and 

biobanking of HSCT-treated AID patient sample guidelines have been published 32 that may make it 

possible to answer specific research questions that require unique patient samples.

It is known that lymphopenic conditions are able to reduce Foxp3 expression of Treg and thereby 

their suppressive function 33-36. In addition, host-derived Treg survived a strong conditioning regimen 

when present post BMT. These events may together lead to activated Treg that (temporarily) lose their 

suppressive function after transplantation. This could explain the functional difference between host 

and donor Treg. 
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Given the importance of the Treg compartment in preventing disease relapse following BMT 17, we 

initiated a therapeutic approach by infusing Treg at the time of BMT to control early Teff activation and 

to potentially improve clinical outcome. We show that despite a decreased pro-inflammatory T cell 

cytokine production, no additional clinical improvement was detected. Importantly, infusion of extra 

Treg resulted in a delayed donor-derived T cell and Treg reconstitution. This delayed donor naive CD4+ 

T cell/Treg reconstitution may abolish the potential beneficial effect of the additional Foxp3 Treg. Even 

though the total number of Treg were equal in all BMT treated groups after transplantation, it is likely 

that the extra-infused Treg will disappear after a certain period 37. Remaining Treg will then be essential 

for retaining disease remission and their numbers maybe insufficient due to delayed reconstitution 

induced by the infused Treg 38. Peripheral Treg have indeed recently been shown to inhibit their 

precursors in the thymus resulting in less Treg output by the thymus 39, suggesting that extra infused 

Treg may delay donor Treg reconstitution via inhibition of the thymic output. Together our data suggest 

that there is a delicate balance between the addition of Treg to the graft and optimizing reconstitution 

of the donor-derived T cell compartment. Murine and human studies have investigated Treg infusions 

to prevent graft versus host disease (GvHD) in the allogenic HSCT setting. These studies observed no T 

cell reconstitution delay and even showed enhanced T cell reconstitution post treatment 40;41. This may 

underline a difference between autologous and allogeneic hematopoietic stem cell transplantation. 

In summary, we here showed that BMT induces a functional and stable donor-derived Treg 

compartment in an experimental arthritis model. In addition, total Treg TCR repertoire renewal was 

observed after successful autologous HSCT in humans. With the renewed interest in HSCT due to the 

use of non-myeloablative conditioning 7, it is important to realize that replacing the immune system 

may be crucial for inducing and maintaining long-term immune tolerance. More knowledge about 

the immunological mechanisms that lead to renewed immune balance will help us adjust current 

treatment regimens and develop new approaches with similar outcome as HSCT but with less severe 

side effects. 
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Supplemental Figure 1. Absolute number of donor CD4+ T cells and Treg increase rapidly post BMT

Supplementary Figure 1. Absolute number of donor CD4+ T cells and Treg increase rapidly post aBMT. 
A, B and C. Arthritis was induced by two injections of PG in DDA, 5 and 2 weeks before aBMT. At week 0, Balb/c mice 
(CD90.2) received a lethal irradiation dose of 7.5 Gy followed by intravenous injection of 2x106 bone marrow cells from 
donor (CD90.1) mice. 1, 3 and 7 weeks after transplantation, thymus, spleen and LN were analyzed for the presence of 
host (CD90.2, black bar) and donor (CD90.1, white bar) CD4+ T cells (TCRβ+CD4+) and Treg (TCRβ+CD4+CD25+Foxp3+). 
Results shown are from two combined experiments. Data obtained from PGIA control mice on different timepoints 
are pooled. (A) Absolute number of host and donor Treg. PGIA N=8, Thymus 1 week N=3, 3 weeks N=6, 7 weeks N=8, 
spleen 1 week N=2, 3 weeks N=6, 7 weeks N=8, LN 3 weeks N=6, 7 weeks N=8. (B) Percentage of host and donor CD4+ 
T cells. Thymus 1 week N=3, 3 weeks N=7, 7 weeks N=8, spleen 1 week N=4, 3 weeks N=7, 7 weeks N=9, LN 3 weeks 
N=6, 7 weeks N=6. (C) Absolute number of host and donor CD4+ T cells. PGIA N=8, Thymus 1 week N=3, 3 weeks N=7, 
7 weeks N=8, spleen 1 week N=3, 3 weeks N=7, 7 weeks N=9, LN 3 weeks N=6, 7 weeks N=6. + SEM bars are shown.

Supplemental figures
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Supplemental Figure 2. Post BMT, donor Treg show a naive and proliferative phenotype
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Supplemental Figure 3. Donor Treg reconstitution is delayed in blood after the addition of extra 
GFP+ Treg in the graft

Supplementary Figure 3. Donor Treg reconstitution is delayed in blood after the addition of extra GFP+ Treg in 
the graft.
Arthritis was induced by two injections of PG in DDA 5 and 2 weeks before BMT. At week 0, CD90.1/CD90.2 Balb/c 
mice received a lethal irradiation dose of 7.5 Gy followed by 2x106 CD90.1 bone marrow cells (BMT) infusion. In 
addition two treatment groups received 250.000 or 500.000 CD90.2, Foxp3GFP+ Treg. Blood was drawn 3, 5 and 7 
weeks after BMT. Treg (TCRαβ+CD4+Foxp3+) were stained with congenic markers to distinguish host, donor and extra 
infused Treg. (left panel) Percentages of additional infused Foxp3GFP+ Treg, (middle panel) percentages of host Treg 
and (right panel) donor Treg of the total Treg population. PGIA+BMT (squares) N=4, PGIA+BMT+250k Treg (pointing-up 
triangles) N=5, PGIA+BMT+500k Treg (pointing-down triangles) N=5.

Supplementary Figure 2. Post BMT, donor Treg show a naïve and proliferative phenotype.
(A) Percentages host versus donor naive Treg (CD45RBhigh, CD44low) in bar grafts (mean + S.D.). Spleen (left panel) 
PGIA control N=7, BMT-treated mice N=4 at 3 weeks and N=5 at 7 weeks post BMT. LN (right panel) PGIA control N=8, 
BMT-treated mice N=4 at 3 weeks, N=3 at 7 weeks. (B) Percentages host versus donor proliferative Treg (Ki-67+) in bar 
grafts (mean + S.D.). Spleen (left panel) PGIA control N=3, BMT-treated mice N=4 at 3 weeks, N=5 at 7 weeks. LN (right 
panel) PGIA control N=3, BMT-treated animals N=4 at 7 weeks.
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Supplemental Table 1. Primer sequences

Demethylation-specific

Forward primer X:7161172-95:1

Reverse primer X:7161337-66:1

Hydrolysis probe X:7161251-80:1

Methylation-specific

Forwad primer X:7161176-95:1

Reverse primer X:7161336-60:1

Hydrolysis probe X:7161257-78:1

Helios

Forward primer 5'- TCA CAA CTA TCT CCA GAA TGT CAG C -3'

Reverse primer 5'- AGG CGG TAC ATG GTG ACT CAT -3'

Neuropillin-1

Forward primer 5'- GAC AAA TGT GGC GGG ACC ATA -3'

Reverse primer 5'- TGG ATT AGC CAT TCA CAC TTC TC-3'

Interleukin-10

Forward primer 5'- ACT CTT CAC CTG CTC CAC TG -3'

Reverse primer 5'- GCT ATG CTG CCT GCT CTT AC -3'

mGAPDH

Forward primer 5'- GCC TTC CGT GTT CCT ACC C -3'

Reverse primer 5'- TGC CTG CTT CAC CAC CTT C -3'
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Supplemental Table 2. Clinical characteristics of autologous HSCT-treated patients

Supplemental Table 3. Clinical information healthy controls

HC, healthy control; F, female; M, male

JDM, juvenile dermatomyositis; JIA, juvenile idiopathic arthritis; F, female; M, male; HSCT, autologous hematopoiet-
ic stem cell transplantation; IVIG, intravenous immunoglobulins; G-CSF, granulocyte colony stimulating factor; ATG, 
anti-thymocyte globulin

Patient 1 Patient 2 Patient 3 Patient 4

Disease diagnosis JDM JDM Systemic JIA Systemic JIA

Age at diagnosis (years) 8.8 6.8 7.5 1

Age of aSCT (years) 16.6 7.8 13.5 5.2

Gender F F F M

Disease duration to aSCT (years) 7.8 1 6 4,2

Follow up after aSCT (years) 3 6 12 1.5

Major organ involvement None None None None

Medication used before aSCT

Prednison (high dose) Received Received Received Received

Methylprednisolon (repeated pulses) Received Received Received Received

Methotrexate Received Received Received Received

Ciclosporin A Received Not received Received Received

Rituximab Received Received Not received Not received

IVIG Received Received Received Not received

Tacrolimus Received Received Not received Not received

Mycogenolate mofetil Received Not received Not received Not received

Hydroxychloroquine Received Not received Not received Not received

Etanercept (antiTNFα) Not received Not received Received Received

Stem cell mobilisation

Cyclophoshamide Received Received Not received Not received

G-CSF (filgrastim) for 5 days Received Received Not received Not received

Bone marrow aspiration Not received Not received Received Received

Conditioning

Cyclophoshamide Received Received Received Received

Fludarabin Received Received Received Not received

ATG Received Received Received Received

Low dose total body irradiation (4Gy) Not received Not received Not received Received

Stem cell transplantation

CD3 depletion Not done Done Done Done

CD19 depletion Not done Done Not done Not done

CD34+ selection Done Not done Not done Not done

Side effects of aSCT None None MAS Relapse after 
6 months

Current immunosuppressive treatment None None None

HC 1  HC 2 HC 3 HC 4

Age (years) 14,9 13,3 15,7 12,3

Gender F M F F
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Juvenile dermatomyositis (JDM) is a rare autoimmune disorder, affecting mainly muscles and skin. The 

mainstay of treatment is high dose corticosteroids, combined with other immunosuppressive drugs1. 

In about 30% of patients, the disease cannot be controlled despite multiple treatment interventions. 

Autologous stem cell transplantation (aSCT) has been reported as a last resort treatment in refractory 

patients with autoimmune diseases2. The main hypothesis for the underlying immunological 

mechanism is that aSCT resets the immune system and restores immune tolerance following profound 

lymphodepletion and immune suppression3.

Here, we report three patients with refractory JDM that received aSCT (Clinical information, table 1). 

A short-term follow-up with detailed clinical information (including imaging before and after aSCT, 

and immune reconstitution after aSCT) of two patients describing complete remission was reported 

previously4. The current follow-up of these patients is more than 5 years showing sustained remission. 

A third patient (#3) has a follow-up of nearly 3 years. Indication of aSCT for patient 3 was refractory 

muscle and skin inflammation comparable to the other two patients. Whole body MRI prior to aSCT 

confirmed active myositis. As muscle tests improved substantially after aSCT, MRI was not repeated 

post aSCT in this patient. Immune reconstitution was similar to those published4. In patient 3 myositis 

is controlled and the patient is without systemic treatment at the time of publication. However, skin 

disease persists including calcinosis and contractures. Interestingly, autoantibody levels decreased 

in those patients with excellent response to aSCT (patients 1 and 2), but remained stable for patient 3 

(table 1).

We have recently reported a typical proinflammatory protein plasma profile in patients with active 

JDM with three markers being highly correlated to disease activity: CXCL10, TNFR2 and Galectin-95. 

We measured these proteins before and at different time points after aSCT to determine kinetics and 

correlation to disease activity in the context of this intervention. Values of creatine kinase were not 

elevated in the weeks before aSCT and did not change after, indicating low correlation with actual 

disease activity. CXCL10, TNFR2 and Galectin-9 were elevated in the patients prior to the conditioning 

regimen, irrespective of maintenance treatment (Figure 1A). After aSCT, these three markers 

decreased over time in patients 1 and 2 with the most pronounced reduction in levels of Galectin-9 and 

CXCL10. These levels remained low, even after full reconstitution of the immune system. In parallel, 

clinical scores improved over time as shown in Figure 1B. Pre-existent severe calcinosis disappeared 

completely in patient 2 after aSCT 4 but is still persisting in patient 3. Importantly, only in this patient, 

CXCL10 and Galectin-9 levels remained elevated after aSCT.

In contrast to TNFR2, CXCL-10 and Galectin-9 are produced by immune and non-immune cells under 

inflammatory conditions6-9. As circulating immune cells are largely depleted during aSCT, our data 

suggest that CXCL10 and Galectin-9 are mainly produced by tissue cells or tissue infiltrating cells. 

Therefore, even during profound immunosuppression these markers may reveal ongoing disease 

activity in the tissues. This is also supported by the observation that CXCL10 and Galectin-9 levels 

dropped very gradually following aSCT in patients 1 and 2 and mirrored clinical disease improvement.

In conclusion these data demonstrate that aSCT can induce prolonged drug-free disease remission 

in refractory patients with JDM with regards to the myositis. Furthermore, we show that the pro-

inflammatory signature as measured by TNFR2, CXCL-10 and Galectin-9 leads to a differentiated 

response after aSCT, with a marked decrease in the two patients with inactive disease but 

persistent elevation in a patient with skin involvement. Further studies are needed to determine the 

immunopathogenic role of these proteins in JDM.
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Table 1 Clinical Characteristics of patients with JDM

*PhyGloVAS increased in this patient due to fatigue related to an autoimmune thyroiditis, MRI did not show any sign 
for myositis. †Weakly positive: 1/40–1/100, positive 1/100–1/1000 serum dilution. ALT, alanine transaminase; ANA, 
anti-nuclear antibodies; aSCT, autologous stem cell transplantation; AST, aspartate transaminase; CK, creatine kinase; 
CMAS, Childhood Myositis Assessment Scale; CRP, C reactive protein; ESR, erythrocyte sedimentation rate; G-CSF 
granulocyte colony stimulating factor; IVIG, intravenous immunoglobulins; JDM, juvenile dermatomyositis; LDH, 
lactate dehydrogenase; MMT, manual muscle testing; PhyGloVas, physician’s global assessment of the patient’s 
overall disease activity on a 100 mm visual analogue scale (0–100).

Patient 1 Patient 2 Patient 3

Age at diagnoses (years) 13,5 6,8 8,8

Age of aSCT (years) 16,3 7,8 16,6

Gender F F F

Duration of disease to aSCT (years) 2,8 1 7,8

Follow up after aSCT (years) 7 6 3

CMAS score (0-52), before aSCT (lowest measured) 13 (5) 11,5 (4) 38 (25)

MMT8 score (0-80), before aSCT or modified conditioning 36 19 52

PhyGloVAS score (0-100), before/after aSCT 40/10* 40/0 40/10

Major organ involvement absent absent absent

Autoantibodies before aSCT

ANA + + +

anti-SSA-52, anti-SSA-60, anti-SS-B, anti-Sm, anti-nRNP/Sm, anti-AMA-M2, anti-Centromere-B, anti-dsDNA 
Lineblot, anti-Histones, anti-Jo-1, anti-Nucleosomes, anti-PM-Scl, anti-Ribosomal-P, anti-Scl-70

- - -

Autoantibodies after aSCT

ANA weakly positive weakly positive +

anti-SSA-52, anti-SSA-60, anti-SS-B, anti-Sm, anti-nRNP/Sm, anti-AMA-M2, anti-Centromere-B, anti-dsDNA 
Lineblot, anti-Histones, anti-Jo-1, anti-Nucleosomes, anti-PM-Scl, anti-Ribosomal-P, anti-Scl-70

- - -

Medication used before aSCT:

Prednisone (high dose) received received received

Methylprednisone (repeated pulses) not received received received

Methotrexate received received received

Cyclosporine A received not received received

Rituximab received received received

IVIG received received received

Tacrolimus not received received received

Mycofenolaatmofetil not received not received received

Hydroxychloroquine not received not received received

Mesenchymal stem cell infusion received not received not received

Muscle enzymes: 2 weeks before aSCT

CK (U/L) 54 73 100

AST (IU/L) 33 34 43

ALT (IU/L) 22 17 28

LDH (IU/L) 229 359 513

Inflammation markers: 2 weeks before aSCT

CRP (mg/L) 0,06 16 <2

ESR (mm/h) not done 38 26

Stem cell mobilisation

Cyclophosphamide received received received

G-CSF (Filgrastim) for 5 days received received received

Conditioning

Cyclophosphamide (Endoxan) received received received

Fludarabin received received received

ATG received received received

Stem cell transplantation received received received

CD3/CD19 depletion done done not done

CD34+ selection not done not done done

Side effects of stem cell transplantation: short term effects as severe infections and organ toxicity 
related to chemotherapy, long term effects as malignancies or secondary autoimmunity

autoimmune 
hyperthyroidism

none none

Current immunosuppressive treatment none none none
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Figure 1 Protein levels and clinical scores over time in aSCT treated patients with juvenile dermatomyositis. 
(A) Levels of TNFR2, CXCL-10 and Gal-9 measured in serum (Patient 1) or plasma (Patients 2 and 3) by multiplex 
immunoassay as described previously. (5) In the same paper, cut-off levels for plasma values are described, cut-off 
values for serum are not yet described, but remission values were compared with those found in healthy adults 
(unpublished results). Evolution of protein profile over time shows decrease of all markers in patient 1, decrease of 
Gal-9 and CXCL10 in patient 2 and persisting high levels of Gal-9 and CXCL10 in patient 3. (B) Clinical scores and 
CK plasma levels. For patient 2, levels at 22 months after aSCT are comparable to those in patients in remission 
as described earlier. (5) CMAS, Childhood Myositis Assessment Scale; MMT, manual muscle testing; PhyGloVAS, 
physician’s global assessment of the patient’s overall disease activity on a 100 mm visual analogue scale; CK, creatine 
kinase; Gal-9, Galectin-9; aSCT, autologous stem cell transplantation.
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This is an open label, non-randomized, non-blinded, prospective study conducted in two centers: 

University Medical Centre Utrecht, Utrecht and Sint Antonius Hospital, Nieuwegein, the Netherlands. 

Drs. N. Mahmmod, dr. H. Fidder and dr. B. Oldenburg performed the set-up of this clinical study. 

Our goal is to investigate the immune reconstitution systemically (blood) and at the site of inflammation 

(gut) in patients with refractory Crohn’s disease that participate in this study and are treated with 

autologous hematopoietic stem cell transplantation (aHSCT) and relate this to clinical outcome.

Here, I will shortly discuss the clinical study and the preliminary reconstitution data.
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Introduction

Crohn’s disease (CD) is a chronic inflammation with a relapsing and remitting course that involves 

the entire gastrointestinal tract. The exact etiology and pathology are still unknown, although it has 

been shown that genetic predisposition, socio-economic and environmental factors contribute to 

the disease1;2. It is thought that immune responses against mucosal bacteria or unknown antigens 

(environmental, infective and or endogenous) induce a relapsing-remitting immune-mediated 

inflammation in the gut tract. 

General treatment consists of immunosuppressing and immune-modulating therapies. In severe cases 

or complications for example obstruction caused by a fibrotic stricture, inflamed gut can be surgically 

removed. However, since too much bowel extraction causes short bowel syndrome, surgical options 

are limited. Medical and surgery treatments do not cure the disease and approximately 10% of the 

patients are refractory, intolerant or become unresponsive to the administered drugs3;4. 

Autologous hematopoietic stem cell transplantation (aHSCT) is considered as treatment option for 

refractory patients with autoimmune diseases that have a poor prognosis with standard treatments5. 

Several case reports have shown a favorable outcome post aHSCT for patients with refractory CD6-8. 

As aHSCT seemed promising, a controlled trial (ASTIC) was set up to determine the clinical benefit of 

aHSCT versus stem cell mobilization for CD9, because both stem cell mobilisation and conditioning 

may already be beneficial for the severity of CD8;10;11. The preliminary results of this trial have been 

published and show that aHSCT is effective for some patients with refractory CD9. Six patients in the 

transplantation group experienced normalisation of the Crohn’s disease activity index that measures 

disease activity versus 1 patient in the mobilisation group9. Serious adverse events also occurred as 

one patient died post aHSCT and in both treatment groups infectious periods were common that 

required or prolonged hospital stays. 

The clinical study described below, is performed in patients that experience refractory Crohn’s disease 

with poor prognosis. This study has two main goals. The first is to explore the immune reconstitution 

after aHSCT at systemic level (blood) and at the site of inflammation (gut). The second is to perform a 

cost effectiveness analysis, which will not be described in this addendum. 

Material and Methods

Study design and patients selection

This is an open label, non-randomized, non-blinded, prospective study conducted in two centers. 

Patients with refractory CD are eligible for aHSCT if aged between 18 and 65 years, have active disease 

confirmed by typical radiological appearances and/or endoscopic appearances and histology at time 

of registration for the trial. Active disease is defined as Crohn’s disease activity index (CDAI)≥250 and ≥2 

of the following I) raised C-reactive protein (CRP), II) endoscopic evidence of active disease confirmed 

on histology, III) clear evidence of active small bowel CD on magnetic resonance enterography. Patients 

have to be treated with 3 different immunosuppressive agents (usually azathioprine, methotrexate 

and anti-tumor necrosis factor (TNF) agents) in addition to corticosteroids and have to experience ≥ 

1 exacerbation per year despite the use of thiopurines, methotrexate and/or infliximab/adalimumab 

maintenance therapy or clear demonstration of intolerance/toxicity to these drugs. Surgery cannot 

be performed due to the risk of short bowel syndrome of rapid relapse following surgery in the past.
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Exclusion criteria are severe co-morbidity in the form of I) renal: creatinine clearance < 40ml/min, II) 

cardiac: clinical evidence of refractory congestive heart failure, left ventricular ejection fraction< 45%, 

chronic atrial fibrillation requiring oral anticoagulation, uncontrolled ventricular arrhythmia, pericardial 

effusion with hemodynamic consequences as evaluated by an cardiologist, III) psychiatric disorders 

including active alcohol or drug abuse, currently or recent history of malignant disease (excluding 

non-melanoma skin cancer), IV) uncontrolled hypertension with resting systolic pressure > 140 and or 

resting diastolic blood pressure > 90mmHg despite at least 2 antihypertensive medications, V) other 

chronic disease causing significant organ failure and VI) CD symptoms predominantly caused by 

fibrotic structuring and not to be cured by immune manipulation in the opinion of the investigators or 

steering committee. Also pregnant or childbearing aged woman that are not willing to use birth control 

and patients with a history of tuberculosis, at risk of tuberculosis or when diagnosing tuberculosis tests 

are found positive by the investigators or steering committee are excluded.   

All patients provide written informed consent. Patient inclusion started May 2014. 

Conditioning and autologous hematopoietic stem cell transplantation

Peripheral blood stem cells (PBSC) are mobilized by the use of filgrastim, a granulocyte colony-

stimulating factor (G-CSF), 10µg/kg/day subcutaneously. Five or six days after G-CSF administration 

when CD34+ cells are present in peripheral blood, leukapheresis is performed for isolating PBSC’s. In 

case of mobilization failure, cyclophosphamide, a one-hour infusion of 1 gr/m2 five days prior to the 

G-CSF treatment is added.

Conditioning starts after confirmation that the stem cell graft contains 2x106 or more CD34+ cells/kg 

and includes cyclophosphamide, 50mg/kg/day intravenously for 4 consecutive days, days -4 to -1 

prior to aHSCT (day 0) with a total dose 200mg/kg and anti-thymocyte globulin (ATG) intravenously 

(total dose 8 mg/kg) from days -10 to -7 prior to aHSCT. The graft is given at least 48 hours after the last 

cyclophosphamide administration. 

Blood sampling, plasma and peripheral blood mononuclear cells (PBMC) isolation

Blood samples are drawn in sodiumheparine tubes at timepoints: pre-treatment, 1 month, 3 months, 6 

months, 1 year, 1,5 years and 2 years post treatment (Figure 1). For genetic analysis 3ml EDTA blood is 

taken pre-aHSCT and stored at -80grC for future experiments. Blood spins for 10 minutes, 1600rpm, 

after which plasma is collected and stored at -80grC. Subsequently, PBMC are isolated using Ficoll 

Isopaque density gradient centrifugation (GE Healthcare BioSciences AB) and are either used directly 

for flow cytometry (Table 1) or frozen at -150grC in freeze medium (RPMI 1640, 100 units/ml penicillin, 

100µg/ml streptomycin, 2mM L-Glutamine, 20% FCS and 10% DMSO) for future experiments.
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Figure 1. Experimental design

Figure 1. Experimental design
On fixed time points described by the time line, blood samples and gut biopsies are taken before and after 
transplantation, stated as autologous HSCT, from patients with severe CD. Pre-aHSCT blood and gut sampling 
includes before stem cell mobilization. (a)HSCT: (autologous) hematopoietic stem cell transplantation

Table 1. Flow cytometry stainings

Freshly isolated PBMC from the first 2 included patients were stained at different time-points with a broad panel of 
markers for immune reconstitution follow-up. Pre-liminary results can be found below.

Flow cytometry antibody mixes

Effector/ memory T cells CD3 CD4 CD8α CD45RO CD27 CD28 CCR7 TCRγδ

T cell helper subsets CD3 CD4 CD8α CD45RO CD27 CD161 CXCR3 CCR4 CXCR5 CCR6 CCR10

Regulatory T cells (Treg) CD3 CD4 CD25 CD45RO CD127 Foxp3 Ki-67

B cells CD3 CD10 CD19 CD21 CD27 CD38 IgM IgD IgG IgA

DC/ monocytes CD3 CD16 CD19 CD56 CD1c CD14 CD141 CD303 HLA-DR

NK/ NKT cells CD3 CD16 CD56 TCRVα24 TCRVβ11

Gut specific markers Treg (1) CD3 CD4 CD8α CD25 α4β7 Foxp3 CCR5 CCR9

Gut specific markers Treg (2) CD3 CD4 CD8α CD25 CD45RO Foxp3 CD31 CD103

Gut specific T cells CD3 CD4 CD8α CD8α α4β7 Foxp3 Ki-67 TCRγδ

Gut biopsy CD3 CD4 CD8α CD8α CD45RO Foxp3 Ki-67 TCRγδ
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Results and Discussion

Since the inclusion started, five patients have entered the study and have been transplanted. The first 

two patients are one-year post transplantation. One patient remains in remission, the other patient 

experienced disease relapse 9 months post-treatment confirmed by endoscopy. Below, preliminary 

results are shown of the patient with relapse. The follow up of the other patients is too short to state 

about the clinical condition post aHSCT. 

 

As expected, following aHSCT, T cell, B cell and NK cell numbers were strongly reduced. Although 

lymphocyte levels started to increase from 1 month after transplantation, levels were not yet restored 

9 months after aHSCT (Figure 2A)8;12;13. 

Measuring different T (CD4+, CD8+, CD4+CD25+FOXP3+ and CD3+αα+) and B (naïve, non-class switched and 

class switched) cells revealed that all subsets decreased in cell number post treatment (Figure 2B 

and D). At time of the relapse, none of the various T cells reached their cell number measured pre-

treatment (Figure 2B). Shortly after aHSCT T cells proliferated vigorously, which are probably mostly 

expanding T cells deriving from the stem cell graft14. Interestingly, Treg expressed relatively more Ki-67 

compared to the total CD4+ T cell compartment during the entire follow up (Figure 2C). This suggests 

that Treg expand more compared to different CD4+ T cells. In a different lymphopenic setting, after 

neonatal thymectomy, Treg expansion within the CD4+ T cell compartment is also observed15. Together, 

these data suggest that Treg are able to selectively expand within a lymphopenic environment. 

Exploring the B cells, we found that only naïve cells reached their pre-treatment cell number 9 months 

after aHSCT (Figure 2D). In addition, the composition of the B cell compartment changed from mostly 

class switched cells to naïve cells post transplantation8;13 (Figure 2E). 

Future plans to investigate the immune reconstitution post aHSCT comprise functional assays 

including suppressive function of repopulated Treg, and T cell subset differentiation. Moreover, we 

will measure the T cell receptor (TCR) repertoire of Treg and effector T cells pre and post treatment to 

investigate TCR diversity in refractory CD16. Furthermore, we will compare peripheral blood T cells with 

those derived from intestinal biopsies to address local re-population and differentiation of T cells. We 

hypothesize that tissue resident T cells may be responsible for relapses of disease and with single-cell 

RNA-sequencing we will perform fingerprinting of T cell subsets in the lamina propria and epithelium 

compartments of the gut from relapsing and non-relapsing patients and from inflamed and non-

inflamed parts of the gut. 

To conclude, we describe an ongoing prospective study that investigates changes that appear in the 

immune system in patients with refractory CD that undergo aHSCT. We showed that different immune 

cells (T, B and NK cells) started to reconstitute after transplantation and that aHSCT radically changes 

the adaptive immune system within the first year post treatment. 
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Figure 2. Lymphocyte reconstitution post aHSCT
Lymphocyte reconstitution measured by flow cytometry after isolation of peripheral blood mononuclear cells on 
different time points. (A) Absolute number of T, NK and B cell during follow up. (B) Absolute cell numbers of different 
T cell subsets. (C) Percentage of KI-67 expression by CD3+CD4+ T cells and CD3+CD4+CD25+FOXP3+ T cells. (D) Absolute 
cell numbers of different B cell subsets. B cells (CD3-CD19+), naïve B cells (CD3-CD19+IgD+CD27-), non-class switch B 
cells (CD3-CD19+IgD+CD27dim), class switched B cells CD3-CD19+IgD-CD27+). (E) Percentage naïve, non-class switch and 
class switch B cells within the total B cell compartment.
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Abstract

The generation of naive T cells is dependent on thymic output, but in adults the naive T cell pool is 

primarily maintained by peripheral proliferation. Naive T cells have long been regarded as relatively 

quiescent cells but recently it was shown that IL-8 production is a signatory effector function of naïve 

T cells, at least in newborns. How this functional signature relates to naïve T cell dynamics and aging is 

unknown. Using a unique cohort of children and adolescents who underwent neonatal thymectomy, we 

demonstrated that the naive CD4+ T cell compartment in healthy humans is functionally heterogeneous 

and that this functional diversity is lost after neonatal thymectomy. Thymic tissue regeneration later in 

life resulted in functional restoration of the naïve T cell compartment implicating functional regenerative 

capacity of the thymus. These data shed further light on functional differentiation within the naive T 

cell compartment and the importance of the thymus in human naive T cell homeostasis and (pre-

mature) aging. In addition, these new insights significantly impact and alter our current understanding 

for identifying “truly naïve” T cells and recent thymic emigrants. 
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Introduction

After egression from the thymus, naïve T cells continuously recirculate through the peripheral lymphoid 

tissues, surveying for their cognate antigen presented by dendritic cells. After priming, naïve T cells 

differentiate into effector/memory T cells that can be divided into subsets based on their phenotype 

and function1. The CD4+CD45RA+CCR7+ naïve T cell compartment has long been regarded as merely 

a source for the effector/memory T cell population without a specific effector function. Naïve CD4+ T 

cells indeed lack significant production of effector cytokines that define the different T helper subset 

signatures. However, it was recently shown that human naïve CD4+ T cells have the unique capability 

of producing large amounts of interleukin-8 (CXCL8), indicating that these cells do have a specific 

effector function, at least in newborns2. How this functional signature relates to naïve T cell dynamics 

and aging is unknown.

The thymus plays a central role in the generation and maintenance of naïve T cells early in life. After 

the first year of life, naïve T cell production in the thymus starts to decline, resulting in a very minimal 

production rate in healthy adults3-6. Even though the adult thymus is still able to produce new naïve 

T cells7,8, we and others have shown that in contrast to what is seen in mice, most of the naive T 

cell population in humans is maintained by homeostatic proliferation9,10. Due to increased homeostatic 

proliferation or decreased cell death, only a marginal decrease of the overall size of the naïve T cell 

pool is observed during aging11-15. Interestingly, new insights indicate that there are also temporal 

dynamics within the naïve CD4+ T cell pool. Differential expression of CD31 on naïve CD4+ T cells seems 

to distinguish between a CD31+ subset enriched in recent thymic emigrants (RTE) and a CD31- naïve 

subset that has most likely arisen after homeostatic proliferation of CD31+ naïve CD4+ T cells9,16,17. Indeed, 

the percentage of CD31+ cells in the naïve CD4+ T cell compartment decreases, while the percentage 

of CD31- naïve CD4+ T cells increases during healthy aging16-18. Although it is clear that both the thymus 

and homeostatic proliferation contribute to naïve T cell homeostasis, and that their relative contribution 

changes over time, it remains unknown what the functional consequences are of these changes in naïve 

T cell dynamics. Functional changes within the naïve T cell compartment may have major implications 

for vaccination and immune intervention strategies, especially in the very young and elderly. 

A unique model to study human naïve T cell dynamics and function is a group of patients that have 

undergone neonatal thymectomy during cardiac surgery. In these children, the proportion and 

number of both CD4+ and CD8+ T lymphocytes are significantly reduced, mainly affecting the naïve T 

cell population, which is not seen after a thymectomy later in life19-23. Furthermore, following neonatal 

thymectomy the T cell compartment composition and phenotype resembles that of an adult, which has 

been regarded as premature immune aging20 Interestingly, 5 to 10 years after neonatal thymectomy 

many of the thymectomized individuals show signs of thymic tissue regrowth and restoration of T cell 

numbers and TREC content, indicating an unexpected level of thymic tissue regenerative capacity23,24. 

It remains unknown, however, if this thymic tissue regeneration is functional and able to restore the 

affected naïve T cell compartment and reverse premature immune aging. 

We utilized the unique human model of neonatal thymectomy to study naïve T cell dynamics and 

the role of the thymus in early life, as well as the contribution of thymic regeneration in the functional 

restoration of the naïve T cell compartment. For this purpose a cohort of children early (1-5 years) after 

neonatal thymectomy as well as a cohort of children of at least 10 years post-neonatal thymectomy 

were investigated. Our data indicate that the naive CD4+ T cell compartment in healthy humans is 

functionally more heterogeneous than previously acknowledged and that this functional diversity is 
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Data is shown as median (±SD) for ‘age at of thymectomy’ in days and ‘age at blood sampling’ in years, Number 
(percentage) is shown for male gender

severely affected by neonatal thymectomy. Furthermore our data provide further support for the strong 

regenerative capacity of the thymus, leading to functional restoration of the naïve T cell compartment 

and reversal of premature aging after neonatal thymectomy. These data provide new insights in the 

naïve T cell compartment that changes the current concept for the identification of truly naïve T cells 

and recent thymic emigrants.

Materials and Methods

Study design and population

Patients who had undergone complete thymectomy within the first month of life because of surgery to 

treat 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, hypoplastic left heart syndrome, and hypoplastic arch with or without 

coarctation of the aorta routinely necessitates thymectomy. An overview of the study population is 

described in table 1. Blood samples were taken between 1 to 5 years (referred to as ‘young Tx’ or ‘Tx 

1-5yr’) and after 10 years (referred to as ‘older Tx’ or ‘Tx >10yr) of neonatal thymectomy since we have 

previously shown that the potential to regenerate thymic tissue occurs at approximately 5-10 years23. 

Patients showed no clinical signs of infection at time of inclusion nor had a syndrome or genetic disorder 

(e.g. 22q11 deletion, trisomy 21). A healthy age- and gender matched control group (HC) who underwent 

elective surgery were also included. The children were considered immunologically healthy because 

they did not have a history of infectious diseases or a hematologic or immunologic disorder. 

Visualization of thymic tissue after thymectomy

To determine whether the thymus remained absent >10 years after neonatal thymectomy, the presence 

of thymic tissue in patients was evaluated during follow-up. The presence or absence of thymic tissue 

on MRI scans was evaluated and scored by an experienced pediatric radiologist. 

Cell preparation and flow cytometry

PBMCs were isolated from heparinized blood samples by 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 PBMCs that were washed in fluorescence-activated cell sorting (FACS) buffer (PBS 

containing 2% FCS and 0.1% sodium azide) and blocked with normal mouse and rat serum. The cells 

were incubated in 25 μL FACS buffer containing the appropriately diluted antibodies. For intracellular 

staining of Ki-67, the cells were first surface stained, followed by fixation and permeabilization according 

to the manufacturer’s protocol. Antibodies against human CD8 (Sk-1), CD31 (WM59), CD28 (L293), CD27 

Young HC Young Tx Older HC Older Tx

Number of patients 19 17 11 26

Age at thymectomy (days) - 8 (7.93) - 7 (3.92)

Age at blood draw (years) 2.04 (1.00) 2.12 (1.16) 13.70 (1.48) 15.89 (4.16)

Gender (Male) 13 (68.4%) 11 (64.7%) 7 (63.6%) 17 (65.4%)
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(L128), FAS (CD95, clone:DX2), KI-67 (B56) were from BD Biosciences (San Jose, CA), from R&D systems 

(Minneapolis, MN), and CD3 (UCHT1), CD4 (RPA-T4), CD45RA (HI100), from Biolegend (San Diego, CA). 

Finally, stained mononuclear cells were washed twice in FACS buffer and run on an FACS Canto II and 

analyzed by using FlowJo software (Treestar). 

As cell counts and/or sufficient cells were not available for all samples due to the limited amount of 

blood allowed to be taken from children, some data points are not shown for all study subjects.

Calcium Flux

T cells were purified from fresh PBMCs by magnetic-bead separation using the biotin human 

T-lymphocyte enrichment cocktail (BD Imag, BD Biosciences) according to manufacturer’s instructions. 

Purity of MACS-sorted CD3+ T cells was >90%.

500.000 MACS-isolated T cells were incubated with in 0.2mg/ml Fluo-3, 0.4mg/ml Fura Red 

(Invitrogen, Carlsbad, CA) for 30 minutes at 37°C and during the last 10 minutes a combination of 

the FACS antibodies CD3 (OKT3, Biolegend), CD8 (SK1, BD Bioscience), CD45RO (UCHL1, Biolegend) 

was added. Cells were washed twice and resuspended in Hank’s balanced salt solution (HBSS) 

supplemented with fecal calf serum (FCS). Baseline cytosolic calcium levels were measured on a 

FACS Canto II flow cytometer. Next, 20ug/ml anti-IgG F(ab’)2 fragments (Jackson Immunoresearch, 

West Grove, PA) were added and calcium flux was measured for 4,5 minutes. Subsequently, 0.1mg/

ml ionomycin (Caliochem, San Diego, CA) was added. Calcium flux of CD4+ naïve T cells was assessed 

by gating on CD3+CD8-CD45RO- T cells, and of memory CD4+ T cells on CD3+CD8-CD45RA- T cells 

(CD45RA (HI100, Biolegend)), as binding of anti-IgG F(ab’)2 fragments on other fluorochromes other 

than CD3 could potentially interfere with the CD3-triggered calcium flux.

T cell stimulation

200.000 PBMC were stimulated with PMA (20ng/ml) and ionomycin (1µg/ml) for 5 hours at 37°C, 5% 

CO2 in culture medium (10% hAB-serum 1% penicillin, streptomycin and 1% L-glutamin). After 1 hour 

of culture Golgistop (BD) was added to the culture. 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 blocked with normal rat serum and incubated 

with the appropriate mAbs against IL-2 (MQ1-17H12, BD Biosciences) and IL-8 (BH0814, Biolegend) for 

intracellular cytokine staining.

In the case of measurement of IL-8 production in thymus (SP CD4+ Thymocytes, CD3highCD4+CD8-) 

and PBMC (CD31+CD45RA+CD8-CD4+CD3+ T cells), samples were gathered from the same neonate. 

Thymocytes were isolated via straining it through a mesh filter, followed by via Ficoll Isopaque density 

gradient centrifugation. PMA/ionomycin stimulation was performed as described above and on fresh 

isolated cells.

In vitro cytokine stimulation

CD31+ naïve T cells were FACSsorted (supplemental figure 6) and stained with Cell Tracer Violet 

(final concentration 2uM) for 7 minutes at 37°C. The reaction was stopped by adding 10x volume of 

cold, filtered 100% fetal calf serum (FCS). Cells were washed and plated at 50.000 T cells per well in 

culture medium. Followed by stimulation with 25ng/ml of recombinant human IL-6 (BD Pharmingen), 

IL-7 (ImmunoTools), IL-10 (ImmunoTools), IL-15 (ImmunoTools) and IFNγ (eBioscience) as previously 

described, for 6 days28. After cytokine stimulation, cells were washed and stimulated with PMA and 
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ionomycin as described in the ‘T cell stimulation’ paragraph to determine IL-8 and IFNα cytokine 

production. PTK7 (Miltenyi Biotec, 188B), and isotype staining (Miltenyi Biotec, S43.10) were performed 

to assess PTK7+ cells, in addition to CD3, CD4, CD31 and CD45RA.

RNA sequencing

PBMC from neonatally thymectomized children (1-5years of age, n=4) and age-matched controls 

(1-5years, n=3) were FACSsorted on CD31+ and CD31- naïve CD4+ T cells using the following mAbs; CD3 

(Clone OKT3, Biolegend), CD4 (Clone:RPA-T4, eBioscience), CD25 (Clone: BC96, Biolegend), CD45RA 

(HI100, Biolegend) CD45RO (Clone: UCHL1, Biolegend), CD31 (Clone WM59, Biolegend), CD127 (Clone: 

eBioRDR5, eBioscience), CCR7 (Clone:150503, R&D Systems). To ensure no contamination of regulatory 

T cells and Temra occurred, these were cells excluded, according to the gating strategy depicted in 

supplemental figure 6. Sorted cells were lysed in RLTplus buffer with (1%) beta mercaptoethanol.

Total RNA was purified from sorted CD31+ and CD31- naïve CD4+ T cells using the AllPrep DNA/RNA/

miRNA Universal kit (Qiagen) as according to manufacturer’s instructions. RNA was stored at -80°C until 

further processing. mRNA was isolated using the Poly(A) Beads (NEXTflex). Sequencing libraries were 

prepared using the Rapid Directional RNA-Seq Kit (NEXTflex) and sequenced on Illumina NextSeq500 

to produce single-end 75 base long reads (Utrecht DNA sequencing facility). Sequencing reads were 

mapped against the reference genome (hg19 assembly, NCBI37) using BWA39 package ( mem –t 7 

–c 100 –M –R ). Reads mapping to multiple locations were excluded from the analysis. The RPKM 

values and the raw read numbers were calculated using the rnaseq_countgeneread function from 

Cisgenome v240. 

Data analysis and statistics

Statistical significance between two groups was assessed using the Mann-Whitney U test for unpaired 

data and Wilcoxon signed rank test for paired data. Statistical difference is indicated with * for P<0.05. 

In the case of the cytokine stimulation of CD31+ naïve CD4+ T cells, Kruskall-Wallis test was performed 

(two-sided) and comparisons were considered significant at P<0.05 after Dunn’s multiple comparison 

test.

Differentially expressed genes were identified using the DESeq2 package with standard settings41. 

Genes with log2 fold change larger than 0.6, base Mean >10 and p-value adjusted < 0.05 (False 

Discovery Rate B&H) were considered as differentially expressed. In the correlation heatmap, the 

Pearson’s correlation was used as an index of similarity. Pathway enrichment analysis was clustered by 

ToppFun (https://toppgene.cchmc.org/enrichment.jsp)

Accession numbers

RNA sequencing data have been deposited into the NCBI GEO public database under accession 

number GEO: GSE72400

Study approval

The study was approved by the medical ethical committee of the University Medical Center Utrecht 

and written consent was obtained from all study participants or their legal guardians prior to inclusion 

to the study in agreement with Helsinki Declaration of 1975, revised in 1983.
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Figure 1.  Neonatal thymectomy results in lower naïve CD4+ T cell percentages and skewing towards a memory 
phenotype in the first years (1-5 years) of life
A) Blood lymphocyte count of CD3+, CD4+ and CD8+ T cells in healthy and neonatally thymectomized children 
for the age groups of 1-5years. B) Left panel, Percentage of naïve T cells (CD45RA+CCR7+) within the CD4+ T cell 
population, Right panel; Percentage of CD31 expressing cells among on CD45RA+CD4+ T cells. C) Percentages of 
central memory cells (Tcm, CD45RA-CCR7+), effector memory cells (Tem, CD45RA-CCR7-) and effector memory cells 
expressing CD45RA (Temra, CD45RA+CCR7-) in the CD4+ T cell pool. D) Percentage of Tscm (stem cell memory T cell, 
CD45RA+CCR7+CD28+CD27+FAS+) in the CD4+ T cell pool. E) Percentage of naïve T cells (CD45RA+CCR7+) within the 
CD8+ T cell population. F) Percentages of central memory cells (Tcm, CD45RA-CCR7+), effector memory cells (Tem, 
CD45RA-CCR7-) and effector memory cells expressing CD45RA (Temra, CD45RA+CCR7-) in the CD8+ T cell pool. Black 
circles (or black bar figure 1A), Young HC (n=8-14); Gray circles (gray bar figure 1A), Young Tx (n=10-15). Depicted mean 
(±SD), See also suppl figure 1.

Results

Neonatal thymectomy results in significantly reduced naïve CD4+ T cell percentages and numbers 

with a shift towards CD31- within the naïve compartment in the first years of life.

In line with our previous observations23 we observed a significant decrease in absolute CD3+, CD4+, and 

CD8+ T cell numbers in the first years after neonatal thymectomy (Tx 1-5yr) compared to healthy controls 

(HC) (Figure 1A). Within the CD4+ T cell compartment, the proportion of CD4+CD45RA+CCR7+ naïve T 

cells was significantly reduced after neonatal thymectomy (Figure 1B, left panel) and within the naïve T 

cell population the proportion of CD31+ cells was also significantly reduced compared to HC (Figure 1B, 

right panel). Concurrently, an increase in the fraction of both central (Tcm) and effector memory (Tem) 

CD4+ T cells was present (Figure 1C), while the percentage of more differentiated effector memory 

CD4+ T cells re-expressing CD45RA (Temra) was similar between the groups (Figure 1C). In absolute 

numbers both Tem and Tcm were comparable to those in HC while Temra were decreased (Figure 
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S1A). Interestingly, a relative increase in the recently described25 self-renewing stem cell memory T 

cells (Tscm) was noted after neonatal thymectomy (Figure 1D), although their absolute numbers were 

still lower compared to HC (Figure S1A). For the CD8 T cell compartment similar differences were 

noted (Figure 1E, 1F, and Figure S1B) Overall, neonatal thymectomy profoundly affected the naïve T 

cell compartment in numbers and composition and induced a memory skewed CD4+ and CD8+ T cell 

compartment. 

Thymic tissue regeneration occurs in the majority of children and results in restoration of naïve 

CD4+ T cell thymic output later in life. 

A decade or more after neonatal thymectomy (Tx >10yr) absolute CD4+ and CD8+ T cell numbers were 

no longer different from age-matched HC (23 Figure 2A). However, we observed a subgroup of Tx 

patients (open squares, n=7) with a very low percentage of CD31 expressing CD45RA+CCR7+ naïve CD4+ 

T cells in comparison to age-matched HC (Figure 2B), suggesting persistent low thymic output within 

this subgroup. Indeed, in this subgroup of patients lack of thymic tissue regeneration was evident 

based on MRI-scan evaluation (data not shown). The Tx children with low CD31 also had lower T cell 

counts (Figure S2A), a lower proportion of naïve CD4+ T cells (Figure 2C) a lower total naïve CD4+ T 

cell count (p<0.001, 27 and 192 x 10^6/L, median, Figure S2B) and an increased percentage of Tcm 

(Figure 2D) compared to the Tx individuals with higher percentages of CD31 expressing naïve CD4+ T 

cells. When only focusing on the subgroup of neonatally Tx children with higher CD31 percentages in 

their naïve T cell pool and age-matched young adolescents, no significant differences were noted for 

absolute T naïve and Tscm, Tcm and Tem CD4 numbers (Figure S2B), as well as the proportion of naïve 

T cells (Figure 2C), Tcm (Figure 2D), Tem (Figure 2E), and Tscm (Figure 2G) compared to age-matched 

HC. Similar data were obtained for CD8+ T cells, except for a proportional increase in CD8 Tem and no 

difference in CD8 Temra as seen for CD4+ T cells (Figure S2C, S2D). Thus, although functional thymic 

tissue regeneration and restoration of the naïve CD4+ T cell compartment after neonatal thymectomy 

occur in the majority of children in later life, a subgroup of Tx children show no signs of restoration of 

thymic output. 

Naïve T cell function is impaired after neonatal thymectomy, but is restored with thymic tissue 

regeneration in later life.

As the naïve CD4+ T cell compartment is greatly altered after neonatal thymectomy we next investigated 

functional characteristics of the remaining CD4+ naïve T cells. Following TCR triggering, naïve CD4+ T 

cells normally show strong calcium fluxes, higher than those found in memory T cells (26 and Figure 

S3A). When we compared calcium fluxes following CD3 engagement in naïve CD4+ T cells there was 

a striking significant decrease in the calcium flux in the cells derived from young Tx compared to 

HC (Figure 3A, left and right panel). Since there was no significant difference in peak calcium flux 

following addition of ionomcyin (Figure S3B) this difference could not be attributed to the differences 

in maximal fluxing capacity. To translate these findings of lower calcium fluxes to possible functional 

differences we measured ex vivo cytokine production by the naïve CD4+ T cells. It has been recently 

reported that naïve T cells from newborns are, in addition to IL-2 production, capable of producing 

vast amounts of IL-8. In analogy with newborns, we found significant IL-8 production restricted to the 

naïve CD45RA+CD4 T cells in young HC (Figure 3B). While there was no difference in IL-2 production 

(Figure 3C), naïve CD45RA+CD4+ T cells of young Tx showed a significant decrease in IL-8 production in 

comparison to age-matched HC (Figure 3D). Together these data indicate an altered function of naïve 

CD4+ T cells in the early years after neonatal thymectomy.
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Figure 2.  Thymic tissue regeneration results in restoration of the naive and effector T cell compartment later in 
life
A) Lymphocyte count of CD3+, CD4+ and CD8+ T cells in healthy and neonatally thymectomized children older 
than 10 years of age. B) Percentage of CD31 expression on CD45RA+CD4+ T cells. C) Percentage of naïve T cells 
(CD45RA+CCR7+) within the CD4+ T cell population. D) Percentage of central memory T cells (Tcm, CD45RA-CCR7+). E) 
Percentage of effector memory T cells (Tem, CD45RA-CCR7-). F) Percentage of effector memory expressing CD45RA 
(Temra, CD45RA+CCR7-). G) Percentage of Tscm (stem cell memory T cell, CD45RA+CCR7+CD28+CD27+FAS+) in CD4+ 
T cells. Black squares (or black bar), Older HC (n=10); Gray squares, Older Tx with high percentages of CD31 (n=17-19), 
gray squares or bars; Older Tx with low CD31 expression (n=7) gray open squares or grays bars. Depicted mean (±SD),  
*P<0.05, see also suppl figure 2.
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Figure 3. Naïve CD4+ T cells functionality is impaired after neonatal thymectomy in early life, but restores after 
thymic regeneration in later life.
A) Left panel, Calcium flux of CD4+ naïve T cells in young children (Young HC, n=4 black line, young Tx, n=6 gray line, 
mean +/-SD). Right panel, Area under the curve (AUC) of the calcium flux. B) Representative dotplot of IL-8 production 
in CD45RA+CD4+ T cell population of young HC. C) IL-2 production in naïve CD4+ T cells of young HC (n=15) and young 
Tx patients (n=10) after PMA/Ion stimulation. D) IL-8 production by naïve CD4+ T cell of young HC (n=19) and young Tx 
patients (n=15) PMA/Ion stimulation. E) Left panel, Calcium flux of CD4 naïve T cells of older HC and Tx children. Right 
panel, AUC of the calcium flux; (HC 1-5yr, n=5; High CD31,Tx >10yr, n=6; Low CD31, Tx >10yr, n=1). F) IL-8 production 
in naïve CD4+ T cells of older HC (n=10) and Tx patients (High CD31, n=17; Low CD31, n=7) PMA/Ion stimulation. Data 
depicted mean (±SD), See also suppl figure 3.

We next studied whether functionality of the naïve CD4+ T cell was regained with thymic tissue 

regeneration later in life. In the older Tx group (Tx >10yr), with higher CD31 percentages, we indeed 

observed restored calcium fluxes (Figure 3E) and IL-8 production of naïve T cells in the majority of 

children compared to age-matched healthy controls (Figure 3F). While IL-8 production decreased with 

age, the capability of naïve CD4+ T cells to produce IL-8 actually was higher in the older Tx group than in 

the young Tx group (p<0.000; 6.39% vs 1.46% median, respectively) supporting functional rejuvenation 

of the naïve T cell compartment. In patients with a persistence of low percentages of CD31 expressing 

CD4+ naïve T cells a lower calcium flux persistent (Figure 3E), as well as a decreased IL-8 production 

(Figure 3F). These data indicate that the thymus is not only necessary for maintaining naïve T cell 

numbers but also for functional restoration of the naïve T cell compartment.

Neonatal thymectomy induces the loss of IL-8 expression within the CD31+ naïve CD4+ T cell 

compartment  

The naïve T cell compartment can be divided based on CD31 expression. The CD31+ fraction is thought 

to be enriched for recent thymic emigrants and to represent the “true naïve” cells with little or no 

peripheral proliferative history16,17,27, but little is known about the functional differentiation between the 

CD31 positive and CD31 negative naïve CD4+ T cell subset. In young Tx children a significant  decrease 

in the percentage of CD31+ and an increase in the percentage of CD31- naïve CD4+ T cells in the CD4+ T 

cell compartment was observed compared to healthy children (Figure 4A). In young healthy children, 

expression of IL-8 by naïve CD4+ T cells was largely confined to the CD31+ naïve CD4+ T cell fraction 
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Figure 4. IL-8 production is enriched in the PTK7+ fraction of CD31+ naïve CD4+ T cells and lost after cell division.
A) Proportion of CD31+ and CD31- naïve CD4+ T cells in the CD4+ T cell compartment of HC 1-5yr (n=19) and Tx 1-5yr 
(n=15). B) expression of IL-8 by CD31+ and CD31- naïve CD4+ T cells of young HC (n=19) and Tx patients (n=15). C) 
expression of IL-8 by CD31+ and CD31- naïve CD4+ T cells of older HC (n=10) and older Tx patients separated on the 
basis of low (n=7) or high percentage of CD31+ (n=19). D) Paired IL-8 expression measurements by single positive (SP) 
CD3highCD4+CD8- thymocytes and blood CD31+ naive CD4+ T cells (PBMC) from the thymectomized neonates (n=3). E) 
IL-8 expression by PTK7+ (black dots) and PTK7- (gray dots) CD31+ naïve CD4+ T cells from young HC (n=5). F) PTK7 
expression after each cell division following cytokine stimulation of FACSsorted CD31+ naïve CD4+ T cells from older 
HC (n=6). G) IL-8 expression after each cell division following cytokine stimulation of FACSsorted CD31+ naïve CD4+ T 
cells from older HC (n=6). Data depicted mean (±SD), See also suppl figure 4 and 5.

(Figure 4B, black dots), and strongly reduced in both the CD31+ and CD31- naïve T cell compartment of 

young Tx children (Figure 4B). The loss of IL-8 in young Tx children was accompanied by an increase in 

IFNαγ expression (Figure S4). The CD31- naïve CD4+ T cell fraction had an overall higher IFNγα expression 

compared to the CD31+ fraction of both the Tx and HC group, but CD31+ naïve T cells of young Tx 

children had a significantly higher expression of IFNαγ compared to age-matched healthy controls 

(Figure S4). In older Tx patients, restoration of functional thymic tissue resulted in the restoration of 

IL-8 production by CD31+ naïve CD4+ T cells compared to healthy controls and was even higher than in 

young Tx, while in older Tx patients with low CD31+ naïve T cell numbers no such restoration was seen 

(Figure 4C). Together these data indicate that CD31+ naïve CD4+ T cells are the main producers of IL-8 

and that the production is dependent on (recent) thymic output. 
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To investigate the time-frame in which naïve T cells start to express IL-8 we analyzed IL-8 expression 

by single positive (SP) CD4+ thymocytes of neonates. We found very low expression of IL-8 in SP 

thymocytes compared to their peripheral naïve CD31+CD4+ T cell counterparts (Figure 4D), suggesting 

that IL-8 expression is initiated shortly after egress from the thymus or limited to the low number of 

cells that are about to exit. The expression of PTK7 on CD31+ naïve CD4+ T cells has been identified as 

a marker of recent thymic emigrants that have very recently left the thymus28. While these cells have 

been regarded as quiescent, we found a significant enrichment of IL-8 production within the PTK7-

positive fraction of peripheral CD31+ naïve CD4+ T cells (Figure 4E, Figure S5A), confirming the very early 

expression of IL-8. To further assess the correlation of IL-8 production by PTK7+ RTE, we stimulated 

CD31+ naïve T cells in vitro with a cocktail of cytokines that are known to decrease PTK7 expression28. 

With each cell division, a decrease of PTK7 expression was observed with a concomitant decrease 

in IL-8 production (Figure 4F, 4G, Figure S5B, S5C, and S5D) At the same time, expression of CD31 

remained stable after cytokine stimulation, with an increase in IFNγα expression per cell division (Figure 

S5E and S5F respectively). Overall, our data indicate that IL-8 production is predominantly enriched in 

the PTK7+ fraction of the CD31+ naïve T cell compartment and that this functional heterogeneity within 

the CD31+ naïve CD4+ T cell compartment is cell division related. 

CD31+ naïve CD4+ T cells of thymectomized children are distinct from those of healthy controls and 

resemble their CD31- naïve CD4+ T cell counterparts

To further assess any transcriptional differences between naïve T cells of healthy controls and 

thymectomized children we performed gene expression profiling by RNA sequencing. We analyzed 

the transcriptome of both FACSsorted CD31+ and CD31- naïve CD4+ T cells from thymectomized children 

(n=4, between 1 and 5 years after Tx) and age-matched healthy children (n=3)(Figure S6). Unsupervised 

cluster analysis showed that both CD31+ and CD31- naïve CD4+ T cell subsets of healthy children did not 

cluster with their counterparts in thymectomized children (Figure 5A). While within the group of young 

HC no specific clustering was noticed regarding both naïve T cell subsets, in young thymectomized 

children both the CD31+ and CD31- naïve subsets clustered together within the same patient (Figure 5A, 

5B). Thus CD31+ naïve T cells of thymectomized children now resembled their CD31- naïve counterparts, 

indicating loss of heterogeneity. However, both naïve subsets of thymectomized children were still 

distinct from the CD31+ and CD31- naïve T cell subsets of healthy controls and especially memory T 

cells of either the HC or Tx group (Figure 5B and data not shown respectively). This suggests that both 

naïve T cell subsets may undergo transcriptional changes after thymic removal leading to converging 

transcriptional profiles.

Transcript analyses resulted in 305 targets that significantly differed between CD31+ naïve CD4+ T 

cells of thymectomized and healthy children (Table S1). In contrast, only 2 other transcripts (MAF and 

FAM129C), next to CD31 (PECAM-1) were found to differ between CD31+ and CD31- naïve CD4 T cells 

of thymectomized children (Table S2), while 25 transcriptional differences were present in healthy 

controls (Table S3). This further demonstrates that after neonatal thymectomy CD31+ naïve CD4+ T cells 

resemble CD31- naïve CD4+ T cells despite expression of CD31. Pathway enrichment analysis showed 

several pathways that were all significantly different (Figure S7A) and all upregulated in the CD31+ 

naïve T cells of Tx children, including nucleotide metabolism, cytokine signaling, apoptosis and NF-

kappa B signaling, indicating a more activated and/or proliferated state of CD31+ naïve CD4+ T cells in 

thymectomized patients compared to healthy controls (Figure S7B). Together, these data indicate that 

there is transcriptional differentiation within the naïve CD4+ T cell compartment, which is lost following 

neonatal thymectomy.
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Figure 5. Functional differentiation within CD31+ naïve CD4+ T cells is lost after neonatal thymectomy
A) Correlation clustering of CD31+ and CD31- naïve CD4+ T cells of young HC (n=3) and young Tx (n=4), yellow indicating 
high positive correlation, while blue high negative correlation. B) Principal component analysis of CD31+ and CD31- 
naïve T cells of young HC (n=3) and young Tx (n=4). See also suppl figure 6 and 7, Suppl table 1,2 and 3).

Discussion 

Naïve CD4+ T cells are the source of the effector/memory T cell compartment and are considered 

relatively homogeneous as opposed to the effector/memory T cell population. To stay truly naïve, 

naïve T cells have to avoid differentiation and remain relatively quiescent. With human aging thymic 

output and naïve CD4+ T cell numbers decline but it has not been clear whether this is accompanied 

by (functional) differentiation of naïve T cells and loss of true naivety. By utilizing a unique cohort of 

neonatally thymectomized children we here demonstrate functional differentiation within the human 

naïve CD4+ T cell compartment, which is lost following neonatal thymectomy. In addition, functional 

thymic regeneration was seen in the majority of neonatally thymectomized patients and resulted in 

restoration of functional differentiation and rejuvenation of the naïve CD4+ T cell compartment. Overall, 

providing new insights in naïve T cell dynamics that result in the better identification of  “truly naïve” 

cells and recent thymic emigrants.

Heterogeneity within the naïve CD4+ T cell compartment was already established by the expression 

of CD3116,17. We now demonstrate further functional differentiation within CD31+ naïve CD4+ T cells on 

the basis of IL-8 production and its thymic dependence. IL-8 production was preferentially seen in the 

PTK7 fraction, but declined after loss of PTK7 due to cell division. While in mice maintenance of the 

peripheral naïve T cell compartment is primarily dependent on thymic output, human adults sustain 

naïve T cell numbers by peripheral proliferation9. Several studies have suggested that even in young, 

healthy children, a substantial proportion of naive T cells are derived from peripheral T cell renewal4,29. 

Thymic contribution might however be more prominent as initially thought as thymic regeneration 

restored naïve T cell numbers, naïve T cell function and phenotype while even a decade after neonatal 

thymectomy these remained altered and distinct from healthy controls in the absence of thymic 

regeneration. In either case, and most importantly, the thymus seems responsible for the functional 

differentiation of the naïve T cells. Therefore, this study highlights that pediatric naïve T cell function is 

not similar to that of adults and puts further constraints on the extrapolation of insights into naïve T cell 

function from children to adults and vice versa. 
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Throughout life, the peripheral T cell pool is maintained at a relatively constant size. As thymic export 

stops or diminishes, the maintaining peripheral T cell pool will proliferate, replenishing the peripheral 

space and gradually acquiring an effector/memory phenotype, as also seen in lymphopenic conditions 

and aging8,9,13,30. This slowly results in the loss of naïve T cells, and skewing towards the effector/

memory phenotype. After neonatal thymectomy, we detected an increase in proliferation of T cells as 

well as skewing towards a central memory (Tcm) and effector memory (Tem) phenotype, likely at the 

expense of naïve T cells. Of interest, an increased proportion of a newly reported T cell subset25, called 

T memory stem cells (Tscm), is seen after neonatal thymectomy. These Tscm are suggested to be 

long-lived and endowed with differentiation potential and self-renewal abilities, as they can generate 

effector/memory T cell subsets while preserving the original naïve-like phenotype25. Recent human 

in vivo analysis has suggested that relative Tscm frequencies do not vary much with age, but could 

increase to compensate for reduced naïve T cell output31. The increased Tscm compartment after 

neonatal thymectomy could therefore be compensatory for the reduced naïve T cell compartment 

and aid in the expansion of the Tcm and Tem compartments to normal levels. Its actual contribution is 

however uncertain as Tscm numbers are decreased in thymectomized children despite their increased 

proportion in CD4+ T cells.

During normal T cell activation, T cell antigen receptor (TCR) ligation results in rapid cytoskeletal 

rearrangements and a dramatic increase of intracellular calcium (Ca(2+)) concentration32. Thus, Ca(2+) 

signaling is essential for T cell activation and T cell-dependent immune responses. After neonatal 

thymectomy, a drastic decrease in calcium flux was seen. Not only the height of the flux was 

decreased, the calcium flux was also delayed in comparison to healthy controls. The potential for an 

adequate calcium flux was however not affected, as stimulation with ionomycin resulted in an equal 

maximum calcium peak. In addition, T cell activation dependent production of IL-2 was not diminished, 

demonstrating that despite an altered calcium flux response naïve T cells were still responsive. A 

delayed calcium flux response in naïve CD4+ T cells is not only apparent after neonatal thymectomy 

but also with increasing age26. This delay we observed was not due to an increased proportion of 

CD31- naïve T cells; even though these cells do show lower calcium flux compared to the total CD4 

naïve T cell population, their calcium response was not delayed (data not shown). Together these data 

indicate features reminiscent of premature aging and functional differentiation within the naïve T cell 

compartment after neonatal thymectomy.

Another indication of premature aging of the naïve T cell compartment was the loss of IL-8 production 

that we observed in naïve T cells of thymectomized children. IL-8 production has recently been revealed 

as a signature effector function of naïve/immature CD4+ T cells in newborns. We here showed that IL-8 

producing naïve T cells are also present in infants but decline with age, as documented for adults2. The 

almost complete loss of IL-8 and concomitant increase in IFNαγ production of naïve CD4+ T cells after 

neonatal thymectomy indicate a functionally altered naïve T cell compartment, resembling that of the 

adult immune system. While the production of IL-8 of CD31+ naïve CD4+ T cells was strongly dependent 

on thymic presence, SP CD4+ thymocytes barely produced any IL-8. When we further subdivided the 

CD31+ naïve population based on PTK7 expression we found an enrichment of IL-8 positive cells within 

the PTK7+CD31+ naïve RTE CD4+ T cells.  Together this suggests that there is a very small window of 

differentiation in which IL-8 expression is induced. The loss of IL-8 expression could be induced by a 

mixture of cytokines that also downregulates PTK728, while maintaining CD31 expression, indicating 

that non-antigen driven proliferation is sufficient to induce functional differentiation of recent thymic 

emigrants. 
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CD31 has been shown to identify a compartment enriched in recent thymic emigrants, whereas 

CD31- naïve T cells are thought to arise following homeostatic proliferation16,17. When comparing 

gene expression profiles of CD31+ naïve CD4+ T cells of both healthy and thymectomized children 

large differences were found (>200 genes differentially expressed), associated with pathways in 

T cell activation. More importantly, transcriptional analysis of CD31+ and CD31- naïve T cells from 

thymectomized children revealed an almost complete overlap between the two populations, which 

was not present in healthy children. This demonstrates that after neonatal thymectomy CD31+ T cells 

undergo differentiation towards CD31- cells without the loss of CD31. The phenomenon of partial 

differentiation of naïve T cells in aging has also been suggested based on differential expression 

of miRNAs (miR-181a, miR146a and miR-21)27 and CD25 expression on naïve CD4+ T cells33. Hence 

with neonatal thymectomy and with aging naïve T cells may acquire features of memory cells with 

maintenance of their naïve phenotype. This partial differentiation may have detrimental consequences 

because the naïve T cells seem to have lost what is essential for their function, while not fully having 

gained their new differentiation state.  In addition, this also greatly impacts our current understanding 

for identifying “truly naïve” T cells and recent thymic emigrants as CD31 can be maintained on naive T 

cells even though they resemble CD31- naïve T cells.

We have previously reported that for a majority of the children evidence of thymic tissue regeneration 

is observed after 5-10 years post-thymectomy23. We assessed thymic tissue regeneration and thymic 

output by MRI imaging and % CD31 in naïve CD4+ T cells measurements. In a previous cohort, a similar 

proportion of children showed regeneration of thymic tissue assessed by MRI-scan23. However, 

the presence of thymic tissue does not have to indicate a functional thymus and lack of thymic 

tissue cannot always be adequately determined. We therefore assessed functional thymic tissue 

regeneration primarily via CD31 measurement. In our cohort, all patients with lower CD31+ naïve T cells 

did not show any thymic tissue on MRI, while only a small portion of children with higher CD31 did not 

present evident thymic tissue on MRI. Thymic tissue regeneration, assessed by increased percentages 

of CD31+ naïve T cells was associated with phenotypical restoration of the naïve T cell compartment, 

as well as functional restoration of the calcium flux and neonatal effector cytokine production of IL-8.  

In a quarter of the children, no evidence for functional thymic tissue regeneration was detected after 

at least a decade. These children continued to have a disturbed phenotypical and functional naïve/

effector compartment, comparable to children in their first years post-thymectomy. The rejuvenation 

capacity of the thymus is an interesting option to explore and many interventions have tried to restore 

thymic function in the elderly or in a setting of hematopoietic stem cell transplantation. Although to 

date no interventions fully restore thymic function in the aging host, systemic administration of various 

cytokines and hormones or bone marrow transplantation have resulted in a degree of increased 

thymic activity and T cell output with age34-37. Why in some children thymic tissue regenerates and not 

in others is unclear and warrants further investigation. It has been hypothesized that the age at which 

the thymectomy is performed might play a role in the regenerative capability later in life, as some 

studies with children thymectomized at an average age of 2.6 years still reported diminished naive T 

cell counts and naive T cell TREC contents well into the third decade of life19,38. In the current cohort, all 

children were thymectomized within the first month of life, but resulted in a similar proportion (73%) of 

thymic regeneration as our previous cohort (81%) in which most children were thymectomized within 

the first 4 months of life23. Besides the age of thymectomy or possible differences in soluble factors 

stimulating thymic regeneration, the extent of minor thymic tissue remnants may be an important 

factor for tissue regeneration.  
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In conclusion, this study shows that the thymus has a key role in the phenotypical and functional 

maintenance of the naïve CD4+ T cell population and is able to functionally regenerate later in life. 

We propose that thymic tissue should be preserved as much as possible during cardiac surgery, 

as not all children regenerated thymic tissue. Additionally, these findings give further insight in the 

functional heterogeneity of naïve T cell compartment by identifying differential IL-8 production within 

the CD31+ naïve CD4+ T cell compartment and the dependence of this differentiation on thymopoiesis. 

This appreciation could aid us in better monitoring thymopoiesis and further understanding the 

mechanisms of naïve T cell homeostasis after for instance immune ablative therapy, as well as in aging. 
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Supplemental figure 1. Absolute cell count of naïve/memory compartment of CD4 and CD8 T cells in early years
Absolute cell number of naïve (CD45RA+CCR7+), Stem cell memory T cell (Tscm, CD45RA+CCR7+CD28+CD27+FAS+), 
central memory (Tcm, CD45RA-CCR7+), effector memory (Tem, CD45RA-CCR7-), and Temra (effector memory re-
expressing CD45RA, CD45RA+CCR7+) T cells respectively (young HC, n=9-10, black circles; young Tx, n=10, gray 
circles) A) For CD4 T cells, B) CD8 T cells. median shown. Statistical difference is indicated with * for P<0.05, Mann-
Whitney U test used.

Supplemental figures
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Supplemental figure 2. Thymic regeneration occurs in the majority of children and restores the naïve T cell 
compartment
A) Absolute cell number of CD3+, CD4+ and CD8+ T cells (lymphocytes x 10^9/L) in neonatally thymectomized 
children, aged 10 years or older, divided by high CD31 expression (gray squares, n=17) and low CD31 expression 
(open squares, n=7). B) Absolute cell number of naïve (CD45RA+CCR7+), Tscm (Stem cell memory T cell, 
CD45RA+CCR7+CD28+CD27+FAS+), central memory (Tcm, CD45RA-CCR7+), effector memory (Tem, CD45RA-CCR7-), 
and Temra (effector memory re-expressing CD45RA, CD45RA+CCR7+) for CD4+ T cells respectively. C) Absolute 
numbers of CD8 naïve, Tscm, Tem, Tcm and Temra respectively.  D) Percentages of CD8 naïve, Tscm, Tem, Tcm, 
Temra respectively. (HC>10yr, n=10, black squares; Tx>10yr, n=24, gray squares; Tx>10yr low CD31, open gray squares) 
Median depicted. Statistical difference is indicated with * for P<0.05, Mann-Whitney U test used.
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Supplemental figure 3. CD4+ naïve T cells of young thymectomized children show lower calcium flux and IL-8 
intensity, but have similar calcium flux capacity as healthy children.
A) Left panel, Calcium flux of HC>10yr (older HC) naïve CD4+ (black line, n=4) and CD4+ memory (gray line, n=4); Right 
panel, AUC of paired calcium flux of naïve and memory CD4+ T cells. B) Maximum calcium flux after stimulation with 
ionomycin (HC 1-5yr, n=4; Tx 1-5yr, n=6). Statistical difference is indicated with * for P<0.05, Mann-Whitney U test used. 

Supplemental figure 4. CD31- naïve CD4+ T cells have increased IFNγ production 
IFNα production of CD31+ and CD31- naïve CD4+ T cells in young healthy and thymectomized children. (HC 1-5yr, n=14, 
black circles; Tx1-5yr, n=15, gray circles). Statistical difference is indicated with * for P<0.05, Mann-Whitney U test used 
for unpaired data and Wilcoxon signed rank test for paired data
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Supplemental figure 5. Production of IL-8 by CD31+ naïve CD4+ is correlated to PTK7 
A) Representative histogram of IL-8 production in PTK7+ (black line) and PTK7- (gray) CD31+ naïve CD4+ T cells. 
Geo mean of PTK7 expression in IL-8 negative (gray) and IL-8 positive (black) CD31+ naïve CD4+ T cells (n=5; HC 
1-5yr). B) representative FACSplot of PTK7 expression of each cell division after cytokine stimulation. C) representative 
FACSplot of IL-8 expression of each cell division after cytokine stimulation. D) combined data set for corresponding 
percentages of IL-8 and PTK7 per patient and division (n=4; HC1-5yr) E) representative FACSplot of CD31 expression 
after cytokine stimulation per cell division. Right panel, summary of mean fluorescence intensity (MFI) of CD31 per 
cell division after cytokine stimulation (n=6; HC>10yr). F) left panel, representative FACSplot of IFNαγ expression 
after cytokine stimulation per cell division. Right panel, summary of IFNαγ percentage per cell division after cytokine 
stimulation (n=6; HC>10yr). Statistical difference is indicated with * for P<0.05, Wilcoxon signed rank test for paired data

Supplemental figure 6. Representative FACS gating strategy for sorting of CD31+ naive CD4+ T cells.
Single cell lymphocytes were gated on CD3+ and CD4+ expression (1st panel), followed by exclusion of CD25+CD127- 
(Treg) cells (non-Treg, 2nd panel), selection of CD31+CD45RA+ expression (3rd panel), and further exclusion of 
CD45RO+ and CCR7- T cells to exclude possible Temra or CD45RA+CD45RO+ double positive T cells contamination 
(non-Temra, 4th panel)
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Supplemental figure 7. Pathway enrichment analysis for CD31+ naïve T cells of Tx 1-5yr and HC 1-5yr.
A) Description of significant pathways that are differentially expressed between CD31+ naïve CD4+ T cells of Tx1-
5yr (n=4) and HC1-5yr (n=3). B) Description of pathways upregulated in CD31+ naïve CD4+ T cells of Tx1-5yr (n=4) in 
comparison to HC1-5yr (n=3). Significance determined by FDR (B&H) p-value.
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Supplemental table 1. Differential gene expression between CD31+ naïve CD4+ T cells of thymectomized and 
healthy children.

Gene name Refseq id     Base Mean log2FoldChange p-value p-value adjusted

GBP5 NM_001134486 1978,040041 2,37934647 3,31901E-18 2,94496E-14

BHLHE40 NM_003670 435,0652588 2,522295576 2,64317E-18 2,94496E-14

GBP5 NM_052942 2012,135246 2,358755368 1,37768E-17 8,14943E-14

EDA NM_001005609 72,89280168 2,862187447 6,69756E-16 2,3771E-12

EDA NM_001399 72,89280168 2,862187447 6,69756E-16 2,3771E-12

TOX NM_014729 172,1769054 -2,216897273 1,22234E-15 3,61527E-12

MYO15B NR_003587 2588,323744 -1,511958569 2,5154E-15 6,3769E-12

PTGER2 NM_000956 508,8306362 2,377058453 4,91551E-13 1,09038E-09

PREX1 NM_020820 1952,886091 1,688756899 8,57843E-13 1,69148E-09

AFF2 NM_002025 112,8215466 -2,40748195 5,09039E-12 9,03341E-09

RICS NM_001142685 475,3733472 -1,314923782 3,92632E-10 6,33423E-07

FAM101B NM_182705 2808,041541 -0,927702667 9,50437E-10 1,29742E-06

ISM1 NM_080826 98,61617992 2,163118812 8,83679E-10 1,29742E-06

SUSD4 NM_017982 656,10292 1,553012575 2,62934E-09 3,33287E-06

TIMP1 NM_003254 592,6183492 1,633836055 4,11067E-09 4,8632E-06

RICS NM_014715 459,7463145 -1,273561189 4,61642E-09 5,12019E-06

CACNA1I NM_021096 658,4877087 1,564584366 2,58998E-08 2,55344E-05

CACNA1I NM_001003406 658,4877087 1,564584366 2,58998E-08 2,55344E-05

HES4 NM_001142467 114,9469605 1,931528533 3,48062E-08 3,19725E-05

HES4 NM_021170 113,429251 1,928186694 3,60334E-08 3,19725E-05

PYHIN1 NM_198928 351,8613921 1,343790001 4,36155E-08 3,51818E-05

PYHIN1 NM_152501 351,8613921 1,343790001 4,36155E-08 3,51818E-05

PLXDC1 NM_020405 1249,201141 -1,598356793 8,56066E-08 6,60511E-05

RAB15 NM_198686 335,3830846 -1,227541695 1,0371E-07 7,37388E-05

SCRN1 NM_001145515 107,6206243 -1,794152408 1,03881E-07 7,37388E-05

TTC28 NM_001145418 215,0229678 -1,47211471 1,08174E-07 7,38329E-05

ENO1 NM_001428 5051,771479 1,071826567 1,70381E-07 0,000111985

HDGFRP3 NM_016073 162,2623951 1,523973369 2,62199E-07 0,000150096

STMN1 NM_203401 301,3859475 -1,252294653 2,60945E-07 0,000150096

STMN1 NM_005563 301,3859475 -1,252294653 2,60945E-07 0,000150096

STMN1 NM_203399 301,3859475 -1,252294653 2,60945E-07 0,000150096

SLC40A1 NM_014585 1234,282631 1,554877606 2,86228E-07 0,000158731

TRIM32 NM_001099679 151,1638134 -1,462662463 3,59059E-07 0,000187408

TRIM32 NM_012210 151,1638134 -1,462662463 3,59059E-07 0,000187408

EDARADD NM_080738 926,1020547 0,967357565 4,41268E-07 0,000211641

NPAS2 NM_002518 327,4822981 1,399747863 4,38705E-07 0,000211641

EDARADD NM_145861 926,1020547 0,967357565 4,41268E-07 0,000211641

GGT1 NM_001032364 173,1095945 1,396740036 4,7316E-07 0,000217893

TIMP2 NM_003255 170,749728 -1,582195639 4,78859E-07 0,000217893

GGT1 NM_013430 174,9784457 1,385499409 5,84562E-07 0,000230525

FLNB NM_001164317 2588,109475 -0,977002483 5,47648E-07 0,000230525

FLNB NM_001164318 2587,340095 -0,976336082 5,5911E-07 0,000230525

SNHG3 NR_002909 1319,250927 1,1382479 5,80958E-07 0,000230525

ED-thesis-def.indd   114 1-2-2016   21:02:11



115

7

FLNB NM_001457 2588,109475 -0,977002483 5,47648E-07 0,000230525

FLNB NM_001164319 2587,340095 -0,976336082 5,5911E-07 0,000230525

GGT1 NM_001032365 173,9472264 1,382079891 6,51955E-07 0,000241033

GZMK NM_002104 92,22733171 1,632718618 6,39043E-07 0,000241033

GGT1 NM_005265 173,9472264 1,382079891 6,51955E-07 0,000241033

MT2A NM_005953 462,9884953 1,599130697 7,23163E-07 0,000261903

TCF12 NM_207036 941,565647 -0,932246606 7,93308E-07 0,000265624

TCF12 NM_003205 941,565647 -0,932246606 7,93308E-07 0,000265624

TCF12 NM_207038 941,565647 -0,932246606 7,93308E-07 0,000265624

TCF12 NM_207037 941,565647 -0,932246606 7,93308E-07 0,000265624

FLJ40330 NR_015424 142,0931259 -1,710444569 8,61281E-07 0,000281208

STAT4 NM_003151 1101,766992 1,21969605 8,71544E-07 0,000281208

NIN NM_182946 1566,693386 -0,800818019 8,93085E-07 0,000283012

CYB561 NM_001915 99,12713612 1,630270478 1,00554E-06 0,000302446

CYB561 NM_001017917 99,12713612 1,630270478 1,00554E-06 0,000302446

CYB561 NM_001017916 99,23554395 1,630761861 1,00291E-06 0,000302446

ZC3H12D NM_207360 486,282156 1,519531165 1,13055E-06 0,000334379

NIN NM_016350 1555,669633 -0,795578742 1,20456E-06 0,000350428

LSR NM_205835 323,9206118 1,536895304 1,23148E-06 0,000352481

TCF12 NM_207040 803,195413 -0,916029342 1,29194E-06 0,000363916

LSR NM_205834 334,3300036 1,538269925 1,41593E-06 0,000388537

LSR NM_015925 332,2247869 1,536484756 1,42313E-06 0,000388537

SNHG5 NR_003038 564,1615501 1,359682498 1,57707E-06 0,00042404

ADAMTSL5 NM_213604 97,68699663 1,604673919 1,65242E-06 0,000437669

PYHIN1 NM_198930 305,1711624 1,184134637 1,88629E-06 0,000485132

PYHIN1 NM_198929 305,1711624 1,184134637 1,88629E-06 0,000485132

FXYD5 NR_028406 6646,067492 1,105075045 1,99153E-06 0,000504881

FXYD5 NM_001164605 6627,79209 1,105738795 2,04134E-06 0,000506879

SCRN1 NM_001145514 113,8348128 -1,631807087 2,05653E-06 0,000506879

FXYD5 NM_014164 6625,615957 1,104915841 2,11089E-06 0,000507271

FXYD5 NM_144779 6626,511216 1,104695475 2,1153E-06 0,000507271

IGF2R NM_000876 1946,143123 -0,955610797 2,33385E-06 0,000537878

SCRN1 NM_014766 113,5598049 -1,625417417 2,29672E-06 0,000537878

SCRN1 NM_001145513 113,4605218 -1,624754558 2,31514E-06 0,000537878

IFITM1 NM_003641 6231,804999 1,117478008 2,94191E-06 0,000669323

FAM195A NM_138418 181,3649494 1,332898942 3,37359E-06 0,000757818

NIN NM_182944 1547,828983 -0,801150328 3,58213E-06 0,000794606

LETMD1 NM_001024668 938,1264215 0,820807681 3,98676E-06 0,000873445

LETMD1 NM_015416 944,7864072 0,819123292 4,27019E-06 0,000924131

AOAH NM_001637 314,3436279 -1,513958692 4,32227E-06 0,000924132

CAPN2 NM_001748 1531,572198 1,009388871 4,52588E-06 0,000956146

CAPN2 NM_001146068 1484,873489 1,011027218 4,97574E-06 0,001038817

SH3PXD2A NM_014631 654,4324323 -0,959683476 5,24195E-06 0,00108167

SERTAD2 NM_014755 979,6436778 -0,760174029 5,79765E-06 0,001182587

DYNLT1 NM_006519 368,5529327 1,240590231 6,01473E-06 0,001212925

APP NM_001136129 683,3827412 -0,795983948 7,65354E-06 0,001526065
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GRIP1 NM_021150 145,7252269 1,259345555 8,0021E-06 0,001577836

HERC1 NM_003922 3927,834142 -0,804190618 8,62094E-06 0,001681179

OBSCN NM_052843 3541,649059 -1,116803006 8,9033E-06 0,00171737

SLFN13 NM_144682 461,0640531 0,96390521 9,1636E-06 0,001748572

CCDC59 NM_014167 439,046112 1,217445347 9,66053E-06 0,001823784

SOCS2 NM_003877 457,6408321 1,417880811 1,02186E-05 0,001908826

CA6 NM_001215 202,4438639 1,40325237 1,23101E-05 0,002275567

TOB1 NM_005749 1401,989616 0,820122329 1,29345E-05 0,002366352

APP NM_201414 714,1625049 -0,778417139 1,47894E-05 0,002678097

GSTK1 NM_001143681 2582,202001 0,788351954 1,53021E-05 0,002715516

TMPRSS3 NR_027348 52,25599357 1,524784671 1,5221E-05 0,002715516

MRC2 NM_006039 94,08695214 -1,372471155 1,90555E-05 0,003348106

EPHB6 NM_004445 1468,157264 -1,059512446 1,96894E-05 0,003425573

ACCN2 NM_020039 95,12254182 -1,518036124 2,03631E-05 0,003441553

ACCN2 NM_001095 95,12254182 -1,518036124 2,03631E-05 0,003441553

RNF157 NM_052916 2131,397587 0,997053057 2,00869E-05 0,003441553

TET1 NM_030625 129,6649284 -1,325266961 2,17071E-05 0,003634098

APP NM_001136130 737,9595181 -0,743367394 2,30355E-05 0,003820442

AK1 NM_000476 608,1892416 1,015770196 2,44242E-05 0,004013259

AKAP11 NM_016248 1380,793733 -0,975152209 2,47539E-05 0,004030117

TBK1 NM_013254 89,06053306 1,359423494 2,57832E-05 0,004159535

FAM113B NM_138371 4117,515264 0,841322789 2,88917E-05 0,004619033

GAPDH NM_002046 5945,556307 0,978083478 2,9891E-05 0,004694204

HIGD2A NM_138820 886,1170667 1,030391697 2,97574E-05 0,004694204

C8orf59 NM_001099673 304,3505756 1,055225693 3,23065E-05 0,00502904

GZMA NM_006144 132,4012161 1,442415838 3,57034E-05 0,005415326

GALNT6 NM_007210 172,5735932 -1,386896996 3,55162E-05 0,005415326

C8orf59 NM_001099672 306,013797 1,057885535 3,5128E-05 0,005415326

CAMSAP1L1 NM_203459 201,3519058 -1,251390931 3,74657E-05 0,005634457

LY86 NM_004271 61,255401 1,428773163 4,05315E-05 0,005655278

C5orf13 NM_001142480 176,7311366 -1,312641332 4,33403E-05 0,005655278

C5orf13 NM_001142478 176,2065692 -1,314515026 4,245E-05 0,005655278

ANKRD50 NM_020337 34,98261422 -1,407672105 3,90519E-05 0,005655278

C5orf13 NM_001142481 176,2065692 -1,314515026 4,245E-05 0,005655278

C5orf13 NM_001142475 176,2065692 -1,314515026 4,245E-05 0,005655278

GSTK1 NM_001143680 3291,852661 0,784176828 4,33091E-05 0,005655278

TYMP NM_001953 281,3841017 1,461539336 3,88121E-05 0,005655278

C5orf13 NM_001142477 176,2065692 -1,314515026 4,245E-05 0,005655278

C5orf13 NM_004772 176,2065692 -1,314515026 4,245E-05 0,005655278

C8orf59 NM_001099671 306,4415846 1,038669105 4,2249E-05 0,005655278

TYMP NM_001113755 281,7093252 1,461911452 3,86509E-05 0,005655278

C5orf13 NM_001142474 176,2065692 -1,314515026 4,245E-05 0,005655278

FOSL2 NM_005253 261,772875 1,421289692 4,20691E-05 0,005655278

C5orf13 NM_001142479 176,7311366 -1,312641332 4,33403E-05 0,005655278

C5orf13 NM_001142476 176,2065692 -1,314515026 4,245E-05 0,005655278

C5orf13 NM_001142483 176,7056239 -1,317977683 4,07552E-05 0,005655278
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C5orf13 NM_001142482 176,2065692 -1,314515026 4,245E-05 0,005655278

C8orf59 NM_001099670 307,9800423 1,043206872 4,47794E-05 0,005741563

SLC35F2 NM_017515 105,9821363 1,263906857 4,49722E-05 0,005741563

TYMP NM_001113756 283,4368711 1,448844332 4,45817E-05 0,005741563

APP NM_000484 768,7392818 -0,728365819 4,58782E-05 0,005815386

ETS1 NM_005238 27775,06212 -0,583754491 4,84558E-05 0,006098562

APP NM_201413 767,5745402 -0,725464777 4,96493E-05 0,006204763

ZBTB34 NM_001099270 192,23974 -1,041642058 5,12508E-05 0,006338

RELB NM_006509 434,8956767 1,161217185 5,14297E-05 0,006338

NHEDC2 NM_178833 171,2683093 1,08636314 5,23906E-05 0,006411886

PSME2 NM_002818 540,2612404 0,955208833 5,31564E-05 0,006422692

GSTK1 NM_015917 3364,610684 0,783559833 5,32027E-05 0,006422692

SNHG1 NR_003098 1866,221844 0,905086578 5,35931E-05 0,006426108

SUSD4 NM_001037175 154,4842007 1,33499541 5,84287E-05 0,006958896

ETS1 NM_001143820 26409,95751 -0,567351582 5,8841E-05 0,006961288

IRS1 NM_005544 227,5084219 -1,00432929 5,96524E-05 0,007010538

RCN3 NM_020650 136,5092201 -1,37526353 6,21042E-05 0,007250662

SARDH NM_001134707 290,4460156 -1,107212797 6,44734E-05 0,007429508

SARDH NM_007101 290,4460156 -1,107212797 6,44734E-05 0,007429508

VGLL4 NM_001128219 639,1082767 -0,965602542 6,90658E-05 0,007907367

ACTN1 NM_001130005 3536,091433 -0,752145737 6,98053E-05 0,007940797

GSTK1 NM_001143679 3587,043341 0,764657179 7,33883E-05 0,008242708

HMBOX1 NM_024567 244,4785586 -1,247524487 7,3357E-05 0,008242708

ETS1 NM_001162422 23372,23311 -0,549135151 7,51918E-05 0,008392162

IFITM2 NM_006435 2359,027335 0,886594183 7,59871E-05 0,008427924

YARS NM_003680 1214,028189 0,85585763 7,67056E-05 0,008454767

S100A4 NM_019554 658,7557339 1,17847194 7,96106E-05 0,008562241

PASK NM_015148 2370,564126 1,089597477 7,89663E-05 0,008562241

S100A4 NM_002961 658,7557339 1,17847194 7,96106E-05 0,008562241

ACTN1 NM_001130004 3613,203788 -0,747898057 7,94999E-05 0,008562241

CERKL NM_001160277 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NM_001030311 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NR_027690 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NM_001030313 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NM_001030312 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NM_201548 1017,664539 0,912143562 8,36694E-05 0,008632546

CERKL NR_027689 1017,664539 0,912143562 8,36694E-05 0,008632546

LDHA NM_001135239 1614,585576 0,796142351 8,59064E-05 0,008812115

REST NM_005612 473,2507283 -0,907261937 9,11163E-05 0,009292814

ACTN1 NM_001102 3578,015752 -0,738734255 9,27091E-05 0,00940123

RPLP1 NM_213725 7774,963237 0,985185238 9,328E-05 0,009405378

OXA1L NM_005015 2155,64519 0,760547357 9,42157E-05 0,009446055

RPLP1 NM_001003 7923,008704 0,9841819 9,53683E-05 0,009507895

ACVR1 NM_001111067 347,0646855 0,876424601 9,6995E-05 0,009562625

ACVR1 NM_001105 347,2185614 0,874867072 9,67864E-05 0,009562625

SLU7 NM_006425 866,5328479 0,784276544 9,8286E-05 0,009614101
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LDHA NR_028500 1729,858762 0,765631535 9,86006E-05 0,009614101

OBSCN NM_001098623 3814,562638 -1,016552209 0,000102199 0,009910531

SH3BGRL3 NM_031286 3405,481395 0,791991013 0,000109702 0,010580267

BCOR NM_001123383 725,3775247 -0,987696527 0,000118844 0,011400031

SRGN NM_002727 937,645626 1,079316389 0,000120461 0,011469259

BCOR NM_001123384 724,915897 -0,986512131 0,000120858 0,011469259

MTHFD2 NR_027405 164,969752 1,246454832 0,000122133 0,011528557

HMBOX1 NM_001135726 249,5751949 -1,218933109 0,000123086 0,011557033

BCOR NM_001123385 738,1414855 -0,990444542 0,000127723 0,011929308

BCOR NM_017745 727,8136831 -0,982290979 0,000130389 0,012114551

MTHFD2 NM_006636 164,7190824 1,241398965 0,00013361 0,012349224

RGS12 NM_002926 182,3793082 -1,159654263 0,000134982 0,012411329

NUAK2 NM_030952 837,8370942 -0,946369267 0,000137299 0,012559313

EIF2C3 NM_024852 271,3143058 -1,073484327 0,000138864 0,012637298

MDGA1 NM_153487 236,9166367 1,335174508 0,000141403 0,012802774

NFKBIZ NM_031419 2415,095712 0,85146429 0,000145598 0,013115675

IL16 NM_004513 7277,902554 -0,69493942 0,000149672 0,013280414

RAPGEF6 NM_001164390 607,0763698 -0,814875054 0,000149277 0,013280414

CHMP7 NM_152272 5496,188703 -0,602406198 0,00014857 0,013280414

SLCO3A1 NM_001145044 234,3899265 1,000237532 0,000151929 0,013413597

IL16 NM_172217 7285,833564 -0,692793012 0,000153163 0,013455626

FKBP11 NM_016594 279,9016362 1,135682948 0,000158496 0,01385554

NFKBIZ NM_001005474 2387,185018 0,849965536 0,000162988 0,014040724

MDFIC NM_001166345 1375,411607 0,746295185 0,000162669 0,014040724

MDFIC NM_199072 1375,411607 0,746295185 0,000162669 0,014040724

STXBP1 NM_001032221 101,1206868 1,335909085 0,000167776 0,014186085

STXBP1 NM_003165 101,1206868 1,335909085 0,000167776 0,014186085

LDHA NM_001165414 1814,91437 0,737276246 0,000165487 0,014186085

ISG15 NM_005101 710,3074121 1,1596122 0,000167873 0,014186085

LDHA NM_005566 1814,517023 0,735842838 0,000170702 0,014356807

CHD9 NM_025134 456,2863782 -0,910697989 0,000174715 0,014624943

CBL NM_005188 2328,795306 -0,77031814 0,000176138 0,014674886

RNF41 NM_005785 312,2634662 -0,830658288 0,000179012 0,014721161

RNF41 NM_194358 316,2693438 -0,819035481 0,000178554 0,014721161

ODC1 NM_002539 1242,87756 0,968799774 0,000179182 0,014721161

FLJ43663 NR_024153 336,7815284 1,029603068 0,000185046 0,015098287

B2M NM_004048 60639,43833 0,621281479 0,000185474 0,015098287

RNF41 NM_194359 311,4791033 -0,825589817 0,000189381 0,015345882

LGALS9 NM_002308 731,1947503 1,058056563 0,000194308 0,015673551

LDHA NM_001165416 1671,144308 0,736037298 0,000196564 0,015712734

C17orf49 NM_174893 928,8349423 0,903703368 0,000196056 0,015712734

ZC3H12A NM_025079 761,107114 1,135718775 0,000197801 0,015740706

IL21R NM_181078 802,2959279 -0,838468954 0,000200758 0,015758425

BCL9 NM_004326 549,1401067 -0,86758132 0,000199754 0,015758425

S100A10 NM_002966 740,2960277 1,035583278 0,000201447 0,015758425

C17orf49 NM_001142798 929,2965699 0,9015562 0,000201576 0,015758425
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MARCKSL1 NM_023009 1218,402742 -0,653569161 0,000202559 0,015765864

NR3C1 NM_001020825 685,7008301 -0,672160828 0,000209871 0,016263629

RWDD1 NM_001007464 331,2314132 0,899320005 0,00021632 0,01661823

TGFBR2 NM_003242 4863,139184 -0,678776107 0,000215693 0,01661823

CD40LG NM_000074 908,7654017 -0,751788884 0,00021818 0,016688906

RWDD1 NM_015952 312,8984504 0,922080467 0,000219735 0,016735718

LGALS9 NR_024043 720,3387643 1,050016113 0,000221976 0,016834115

OASL NM_198213 70,96066065 1,310731718 0,000225272 0,016948839

SNX6 NM_152233 1046,817395 0,621314963 0,000226354 0,016948839

SNX6 NM_021249 1046,817395 0,621314963 0,000226354 0,016948839

UPP1 NM_003364 830,0156851 0,925458428 0,000232263 0,0173182

CREM NM_182723 128,1976831 1,283778917 0,000239886 0,017437359

NBL1 NM_182744 128,1969642 1,307551924 0,000241722 0,017437359

CREM NM_182722 128,1976831 1,283778917 0,000239886 0,017437359

NBL1 NM_005380 128,1969642 1,307551924 0,000241722 0,017437359

CREM NM_182721 128,1976831 1,283778917 0,000239886 0,017437359

CREM NM_182717 127,2170317 1,285665094 0,000237969 0,017437359

CREM NM_182720 127,2170317 1,285665094 0,000237969 0,017437359

SBDS NM_016038 1420,502374 1,047267676 0,000236993 0,017437359

RWDD1 NM_016104 339,176348 0,917190642 0,000246531 0,017712304

YBX1 NM_004559 2559,7143 0,7152804 0,000247748 0,017727943

CHST2 NM_004267 341,2077044 -1,122452657 0,000249994 0,017784214

TLR2 NM_003264 102,839121 1,201337284 0,000250538 0,017784214

SULT1B1 NM_014465 117,5514701 -1,273971252 0,000253867 0,017948731

FRY NM_023037 277,9269909 -1,110080718 0,000256658 0,018074019

TJP3 NM_014428 118,8417186 1,289744393 0,000260431 0,018123959

NHP2 NM_017838 363,4150987 0,969951756 0,000259184 0,018123959

CLEC2B NM_005127 859,2726539 0,903059071 0,000259915 0,018123959

FBXO11 NM_012167 360,1786609 -0,898026202 0,000262138 0,018148481

TGFBR2 NM_001024847 4900,982886 -0,675173573 0,000263851 0,018148481

BCL11A NM_022893 73,08710532 -1,298604265 0,000263662 0,018148481

LGALS9 NM_009587 737,1500092 1,039715584 0,00026551 0,018192065

SYN1 NM_133499 37,23434696 1,248483762 0,000272028 0,018216636

SON NM_138927 5734,871859 -0,644093328 0,000271153 0,018216636

LSM7 NM_016199 498,3209418 1,075743251 0,000270486 0,018216636

SYN1 NM_006950 37,23434696 1,248483762 0,000272028 0,018216636

NME2P1 NR_001577 1020,592831 0,831647638 0,00026798 0,018216636

FLJ43663 NR_015431 450,2550492 0,961984784 0,000267632 0,018216636

PDE7A NM_002604 1498,352932 -0,717682518 0,000279203 0,018626859

KLF11 NM_003597 310,3425413 1,164327785 0,000281542 0,018642688

NCRNA00164 NR_027020 408,315051 1,172477321 0,000281331 0,018642688

UPP1 NM_181597 831,2488141 0,914969763 0,000284193 0,018748264

WHAMM NM_001080435 1409,541815 0,982883176 0,000287868 0,018837313

APOL3 NR_027834 1434,273872 0,71112825 0,000288048 0,018837313

DEGS1 NM_144780 467,6233656 0,865823091 0,000288727 0,018837313

ATF4 NM_182810 3004,340726 0,738385555 0,000290536 0,018885931
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APOL3 NR_027833 1452,130219 0,706988834 0,000291621 0,01888726

DCHS1 NM_003737 1151,628101 -1,085264534 0,000293666 0,018950544

MRPS21 NM_018997 595,9397414 0,794961385 0,000298498 0,019192556

VGLL4 NM_014667 603,5124751 -0,91238587 0,00030419 0,019487942

SON NM_032195 5101,30353 -0,626747471 0,000307977 0,019659571

CREM NM_182853 130,0135861 1,259266657 0,000309591 0,019691768

C7orf50 NM_001134396 305,3355452 1,010323803 0,000315526 0,019855768

C7orf50 NM_032350 305,3355452 1,010323803 0,000315526 0,019855768

C7orf50 NM_001134395 305,3355452 1,010323803 0,000315526 0,019855768

ZBP1 NM_030776 408,7584296 1,122148828 0,00031975 0,020006183

PRDX6 NM_004905 849,3462255 0,761145585 0,000321133 0,020006183

SIPA1L3 NM_015073 599,53547 -0,770997376 0,000321298 0,020006183

MRPS21 NM_031901 449,1726853 0,855464429 0,000326227 0,020224057

FOXO1 NM_002015 2794,691481 -0,624834066 0,000327077 0,020224057

RPLP0 NM_001002 21196,08406 0,834144636 0,000329638 0,020238899

ODZ1 NM_001163279 759,24552 -0,965438059 0,000333019 0,020238899

RPLP0 NM_053275 21201,51979 0,834137969 0,000330425 0,020238899

ODZ1 NM_001163278 759,24552 -0,965438059 0,000333019 0,020238899

ODZ1 NM_014253 759,24552 -0,965438059 0,000333019 0,020238899

LZTFL1 NM_020347 134,1132555 -1,067165818 0,000336945 0,020407617

ACVR2B NM_001106 444,9766971 -1,100228371 0,000340381 0,020481835

ZNF696 NM_030895 116,6159699 -1,111443289 0,00034083 0,020481835

MYBL1 NM_001080416 97,9570667 1,121263532 0,000341633 0,020481835

CD97 NM_001025160 3815,866752 0,557996962 0,000347672 0,020773691

MYBL1 NM_001144755 96,65617284 1,111388761 0,000353238 0,020965109

IL21R NM_021798 755,6386382 -0,812476021 0,000352091 0,020965109

OASL NM_003733 88,45559002 1,272232804 0,000354609 0,0209763

STRN NM_003162 340,0780341 -0,999518035 0,000369975 0,02178375

NFATC1 NM_172390 734,0562548 -0,747736693 0,000370714 0,02178375

CD97 NM_001784 3778,640462 0,558140262 0,000374003 0,021904502

DDB2 NM_000107 621,7708065 0,886031194 0,000377083 0,022012211

CCDC85B NM_006848 630,7091289 0,905978707 0,000381877 0,022025482

EIF5A NM_001970 2408,179625 0,88198602 0,000382275 0,022025482

EIF5A NM_001143761 2406,102454 0,882468153 0,000378841 0,022025482

EIF5A NM_001143760 2405,851784 0,882178178 0,000382192 0,022025482

ARHGAP26 NM_001135608 545,0039531 -0,682693963 0,000393259 0,022555506

ARHGAP26 NM_015071 546,0869155 -0,681149231 0,000395787 0,022555506

C8orf45 NM_173518 287,7828618 1,007730641 0,000396558 0,022555506

EIF5A NM_001143762 2411,472493 0,880384902 0,000394083 0,022555506

TSC22D2 NM_014779 426,5585516 -0,738198318 0,000410112 0,023061758

APOL3 NM_145641 1356,474186 0,709188308 0,000411956 0,023061758

APOL3 NM_145642 1356,474186 0,709188308 0,000411956 0,023061758

EIF2C3 NM_177422 234,2523043 -1,044059254 0,000409299 0,023061758

APOL3 NM_145640 1356,474186 0,709188308 0,000411956 0,023061758

CD97 NM_078481 3832,710664 0,54764407 0,000418031 0,023328223

STMN1 NM_001145454 138,5209508 -1,108137405 0,000421272 0,023435407
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SNRPG NM_003096 163,5752802 1,029861933 0,000425091 0,023573946

HMBS NM_000190 133,4778254 1,074336287 0,000437251 0,024172774

NME2 NM_001018139 1181,921348 0,832221074 0,000444354 0,024489126

ADAMTS10 NM_030957 780,8258932 -0,955011337 0,000448068 0,024617358

TNF NM_000594 73,31993699 1,234063752 0,000458231 0,025020841

HPCAL4 NM_016257 254,9275934 1,039430321 0,000458076 0,025020841

APPL1 NM_012096 557,928552 -0,705702282 0,000469687 0,025226943

NME2 NM_001018138 1180,964625 0,8302039 0,000471757 0,025226943

NME2 NM_001018137 1180,964625 0,8302039 0,000471757 0,025226943

ABHD2 NM_152924 834,7634571 -0,669728032 0,000471957 0,025226943

PELI1 NM_020651 956,0634982 0,97194392 0,00046452 0,025226943

ABHD2 NM_007011 835,0712089 -0,670586298 0,000465197 0,025226943

NME2 NM_002512 1181,172316 0,830045372 0,000471622 0,025226943

ATF4 NM_001675 3200,729243 0,697042004 0,000479461 0,025422216

SLCO3A1 NM_013272 310,8478903 0,883693474 0,00048134 0,025422216

GPR132 NM_013345 493,5530022 0,940929464 0,000478987 0,025422216

SCAI NM_173690 790,3116244 -0,888153327 0,000480779 0,025422216

APOL3 NR_027835 1402,094011 0,691643436 0,000494752 0,026053012

NRGN NM_001126181 137,4514077 1,238913776 0,00050269 0,026102752

VIPR1 NM_004624 1525,304707 0,696783263 0,000503051 0,026102752

NRGN NM_006176 137,4514077 1,238913776 0,00050269 0,026102752

PLSCR3 NM_020360 2629,136378 0,629762014 0,000497912 0,026102752

LOC100128731 NM_001134693 1425,154301 0,834181205 0,000500057 0,026102752

RARRES3 NM_004585 1042,847588 0,778481618 0,000505486 0,026137876

IL21R NM_181079 763,9763643 -0,788422355 0,000506674 0,026137876

CTSW NM_001335 404,6347723 1,087371087 0,000513202 0,026397927

EMP3 NM_001425 1561,378237 0,641558436 0,000521148 0,026510788

TTC16 NM_144965 288,0931874 1,098529367 0,000518333 0,026510788

SCAI NM_001144877 786,1647842 -0,883070759 0,000520156 0,026510788

GADD45B NM_015675 713,0845611 0,938168869 0,000521372 0,026510788

PLEKHG2 NM_022835 1287,733474 -0,768411262 0,000524575 0,026521687

ANKRD44 NM_153697 1201,939302 -0,770960181 0,000523831 0,026521687

LY6E NM_002346 2608,046425 0,981563008 0,000530411 0,026664817

LY6E NM_001127213 2608,046425 0,981563008 0,000530411 0,026664817

KLF13 NM_015995 6360,279601 -0,556697443 0,000534076 0,02677321

HMBS NM_001024382 130,9786636 1,076653136 0,00054278 0,027132885

RGS12 NM_198229 154,6446129 -1,084945721 0,000546312 0,027232749

LDOC1L NM_032287 231,3096551 -0,913624849 0,000550205 0,027347814

ZNF792 NM_175872 330,3403156 -0,854715144 0,000551703 0,027347814

FKBP11 NM_001143781 188,1689064 1,087583671 0,000579312 0,028636414

DRAP1 NM_006442 964,5697926 0,755538045 0,00059302 0,029232605

FAM13A NM_014883 1427,570065 1,221281392 0,000601183 0,029552894

MAN1A2 NM_006699 535,0284147 -0,811931562 0,000605016 0,029659172

BAT2L NM_013318 6677,583103 -0,533798103 0,000609149 0,029779507

NME1-NME2 NM_001018136 1282,107968 0,804772256 0,000616127 0,030037908

NDUFV2 NM_021074 309,8628253 0,816165163 0,000619416 0,030115476
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FAM13A NM_001015045 1438,058387 1,216955089 0,000629049 0,030500282

CD109 NM_133493 31,35566981 -1,13990647 0,000636853 0,030794509

GUK1 NM_001159390 1393,522185 0,825897905 0,000640876 0,030904832

C17orf49 NM_001142799 744,2769688 0,860183287 0,000643987 0,030970736

TAF4B NM_005640 399,2476744 0,748947488 0,000653451 0,031340921

EPSTI1 NM_001002264 337,1993653 1,107595913 0,000658397 0,031408387

EPSTI1 NM_033255 337,1993653 1,107595913 0,000658397 0,031408387

ZNF394 NM_032164 1465,376075 0,932771469 0,000668463 0,031803072

DPP4 NM_001935 1579,604329 0,758609634 0,000672732 0,03192058

VGLL4 NM_001128221 568,0812329 -0,86036115 0,00068079 0,032216814

UQCRFS1 NM_006003 657,6242838 0,803870984 0,000685844 0,032369668

IDI1 NM_004508 529,0366119 0,930083098 0,000691793 0,032563797

GUK1 NM_001159391 1395,717995 0,819965561 0,000697035 0,032723762

TTC39C NR_024232 177,0035455 1,008492476 0,000700598 0,032804258

NT5C3 NM_001002009 375,1954792 0,835812655 0,000715803 0,032823353

CBR3 NM_001236 40,59585636 1,198188544 0,00071094 0,032823353

MAN2C1 NM_006715 2622,252251 0,651107504 0,000704098 0,032823353

TP53TG1 NR_015381 140,6001582 1,135962134 0,000707342 0,032823353

CTDSP2 NM_005730 4956,890521 -0,511065082 0,000709236 0,032823353

SEL1L3 NM_015187 605,8326252 0,832692736 0,000714574 0,032823353

LBH NM_030915 3939,52675 -0,856746181 0,000710962 0,032823353

NT5C3 NR_029372 375,1954792 0,835812655 0,000715803 0,032823353

GBP2 NM_004120 2334,748292 0,686421112 0,000718816 0,032876587

ZBP1 NM_001160417 387,6474742 1,069014498 0,000733613 0,033467069

CSTB NM_000100 555,4480956 0,722576338 0,000736656 0,033519739

GTF3A NM_002097 2121,211653 0,6520203 0,000739942 0,033583168

FTH1 NM_002032 5170,770567 0,921196928 0,000749438 0,033927376

B4GALT3 NM_003779 957,8107247 0,571251369 0,000751421 0,033930559

IFITM3 NM_021034 1878,952147 0,922111995 0,000768772 0,034546968

MAPKAPK3 NM_004635 888,1820169 0,693141312 0,000768965 0,034546968

NT5C3 NM_016489 373,7233975 0,833952443 0,000772257 0,034607253

SLC39A8 NM_001135148 273,9211566 0,77934088 0,000776176 0,034695245

H1FX NM_006026 3189,234948 0,780426205 0,000784743 0,034990094

RAB25 NM_020387 81,06485687 1,18985279 0,000792117 0,035230326

CD109 NM_001159588 30,47506073 -1,11467013 0,000806051 0,03576044

MSH2 NM_000251 521,9995288 -0,873223219 0,000810566 0,035794988

NT5C3 NM_001166118 378,5749009 0,838105386 0,000810864 0,035794988

NR3C1 NM_001024094 1283,723151 -0,563412304 0,000825912 0,036189228

NR3C1 NM_000176 1283,723151 -0,563412304 0,000825912 0,036189228

CSDAP1 NR_027011 124,7626416 1,0880617 0,000822477 0,036189228

C19orf70 NM_205767 252,0464523 1,006241828 0,00082824 0,036201838

LTA NM_001159740 325,7819878 0,884603844 0,000830775 0,036223407

VGLL4 NM_001128220 568,2685188 -0,851523243 0,000833959 0,036273142

FNBP1 NM_015033 3663,171514 -0,530575764 0,000845949 0,036615164

TNFRSF10B NR_027140 826,6257348 0,696073184 0,000844154 0,036615164

PVT1 NR_003367 444,574841 0,838741695 0,000852469 0,036807596
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TNFRSF1B NM_001066 890,4045048 0,662064954 0,000854593 0,036809708

CLIC1 NM_001288 492,7564081 0,948831488 0,000864748 0,037156927

SYF2 NM_207170 615,8504957 0,785760242 0,000876846 0,037495221

ZBP1 NM_001160419 234,5956014 1,121801045 0,00087509 0,037495221

NR3C1 NM_001018076 1273,829336 -0,559460139 0,000883584 0,037692491

EMR4P NR_024075 295,8747302 -1,054010972 0,000894574 0,037978744

PPA2 NM_006903 180,0658756 0,854944264 0,000893533 0,037978744

HINT1 NR_024610 1443,863456 0,771017014 0,000901929 0,038199597

NR3C1 NM_001018074 1272,526891 -0,557385831 0,000911881 0,038529163

RPL39 NM_001000 1248,561715 0,884433736 0,000916782 0,038552623

EPPK1 NM_031308 464,1445459 -1,083921387 0,000916529 0,038552623

NR3C1 NM_001018075 1272,402128 -0,557120535 0,000919167 0,038561544

MAP1LC3A NM_181509 33,05510169 1,179556446 0,000923977 0,038619518

LDHA NM_001165415 1534,4828 0,694531828 0,000924901 0,038619518

NR3C1 NM_001018077 1276,046224 -0,558374651 0,000931214 0,038791849

GPRC5B NM_016235 168,8893982 1,154430998 0,000943399 0,039207385

LBXCOR1 NM_001031807 32,40230852 1,153264773 0,000949917 0,039268112

LOC388796 NR_015366 283,4898865 0,902924367 0,000951304 0,039268112

BTLA NM_181780 177,7732134 -1,060716362 0,000951498 0,039268112

CREM NM_183012 136,1916695 1,150016668 0,000955059 0,039323631

GUK1 NM_000858 1416,740853 0,791842947 0,000965633 0,039666942

CCNL1 NM_020307 3806,043732 0,631038251 0,000969533 0,039735161

OSGIN1 NM_013370 39,90208476 1,129089586 0,000975802 0,039756476

OSGIN1 NM_182980 39,90208476 1,129089586 0,000975802 0,039756476

PIK3CG NM_002649 390,0435139 -0,90896572 0,000976774 0,039756476

IL17RA NM_014339 1365,733895 -0,802797038 0,000980044 0,039765378

C10orf35 NM_145306 61,16907017 1,173950686 0,000981474 0,039765378

RAG1AP1 NM_001122839 375,5457759 0,895373088 0,000994908 0,040217855

TXNL1 NR_024546 502,2690702 0,64935429 0,00100317 0,040459652

TMPRSS3 NM_024022 56,43321987 1,166994464 0,001036824 0,041462573

ADCY9 NM_001116 167,9003048 0,893603497 0,001032484 0,041462573

TNFRSF10B NM_147187 860,6633829 0,684529852 0,001041319 0,041462573

UHMK1 NM_175866 494,7367795 -0,696259424 0,001039433 0,041462573

PELI2 NM_021255 239,6461225 -0,892754853 0,001042055 0,041462573

CREM NM_183011 140,6252512 1,123366741 0,00104166 0,041462573

NDUFA7 NM_005001 288,5639815 0,870049787 0,001053699 0,041832076

ARID1A NM_139135 3489,147349 -0,622532117 0,001064899 0,042110376

ANKK1 NM_178510 42,62541212 1,156763364 0,001065455 0,042110376

RAB4B NM_016154 520,2557628 0,693553054 0,00107375 0,042250057

GOLGA7B NM_001010917 620,7347217 0,646706596 0,001073559 0,042250057

TXNL1 NM_004786 478,3506488 0,623409726 0,001086928 0,042579753

ACVR1C NM_145259 96,86497923 1,102463073 0,0010869 0,042579753

NHP2 NM_001034833 262,1890872 1,007683534 0,001092449 0,042701755

SLC39A8 NM_022154 287,0913979 0,745097671 0,001117655 0,043590998

LOC388796 NR_027241 294,9068568 0,905772209 0,001122025 0,043665456

MAN2A1 NM_002372 921,7356462 -0,730079102 0,001127112 0,043767455
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CDGAP NM_020754 128,6751349 -1,016240035 0,001143619 0,044087525

BOLA2 NM_001031827 292,5013335 0,922776833 0,001145292 0,044087525

ZC3HAV1 NM_024625 2332,390213 -0,682771411 0,001143817 0,044087525

BOLA2B NM_001039182 292,5013335 0,922776833 0,001145292 0,044087525

RPS29 NM_001032 4891,632265 0,739222163 0,001150986 0,044210818

P2RY11 NM_002566 1138,248351 0,687805322 0,001154889 0,04426494

SEMA4D NM_001142287 2281,595983 -0,684336017 0,001166868 0,044614251

CREM NM_183013 138,9882239 1,128082 0,001169031 0,044614251

KIAA1432 NM_001135920 365,764454 -0,750373765 0,001182978 0,045030689

ERC1 NR_027946 576,995997 -0,692065327 0,001185018 0,045030689

ARID1A NM_006015 3858,379338 -0,6178251 0,0011999 0,045401773

RPL28 NM_000991 22931,56486 0,753603108 0,001197898 0,045401773

RPL28 NM_001136134 22939,6698 0,752980929 0,001209488 0,045667193

ZBTB44 NM_014155 1578,644569 -0,560770674 0,00122322 0,04608759

USP10 NM_005153 1052,388626 0,710197386 0,001237496 0,046526699

SYNE2 NM_182910 774,5629171 0,818733533 0,001244543 0,04669274

BCL3 NM_005178 354,5440348 1,037407442 0,001258702 0,046926331

LAMP3 NM_014398 209,1182523 1,146498569 0,001255564 0,046926331

RPL41 NM_001035267 560,307364 0,730904034 0,001256924 0,046926331

ZNF445 NM_181489 774,8494076 -0,881050497 0,00127452 0,047416418

RAG1AP1 NM_001122837 430,6746831 0,898379915 0,001278381 0,047460545

ODF3B NM_001014440 71,93566304 1,106635229 0,001282431 0,04751151

HCST NM_001007469 948,1195034 0,749409355 0,001298316 0,047800639

BTLA NM_001085357 159,3534868 -1,077210555 0,001297191 0,047800639

HCST NM_014266 948,1195034 0,749409355 0,001298316 0,047800639

ACVR1C NM_001111032 96,10612448 1,087165983 0,00131019 0,048137941

COX7A2 NR_029466 462,8377497 0,923868841 0,001320909 0,048342215

SSNA1 NM_003731 453,558072 0,790412205 0,001321198 0,048342215

TP53INP2 NM_021202 134,1046419 1,14221168 0,001332754 0,048664719

NFKBIA NM_020529 3855,164477 0,933619509 0,001337214 0,048727323

ACVR1C NM_001111031 95,99771666 1,084917479 0,001346419 0,048785901

LTA NM_000595 332,3858934 0,85378445 0,001342216 0,048785901

RPL41 NM_021104 552,9397256 0,731869887 0,001347069 0,048785901

CUX1 NM_181552 268,5809783 -0,941957539 0,001355725 0,048999398

RAG1AP1 NM_018845 458,1213697 0,880169862 0,001369771 0,049406414

ERC1 NR_027948 588,0891693 -0,686622356 0,001390635 0,049554623

THOC4 NM_005782 407,9711719 0,906931487 0,0013852 0,049554623

OSGIN1 NM_182981 39,80280161 1,085418016 0,001383675 0,049554623

RABGGTB NM_004582 586,7754402 0,632670703 0,00137681 0,049554623

ERC1 NM_178039 588,0891693 -0,686622356 0,001390635 0,049554623

MAP3K7IP2 NM_015093 4314,542157 0,616129153 0,001379985 0,049554623
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Gene name Refseq id     Base Mean log2FoldChange p-value p-value adjusted

PECAM1 NM_000442 283,2315153 1,819516026 3,32149E-17 7,66832 E-13

MAF NM_001031804 191,9047606 -1,228786924 7,9188E-09 9,14107 E-05

FAM129C NM_173544 71,36105381 1,105786384 9,52509E-08 0,000733019

MAF NM_005360 95,1271272 -0,963829333 8,05523E-06 0,046492799

Gene name Refseq id     Base Mean log2FoldChange p-value p-value adjusted

PECAM1 NM_000442 306,3161 2,757617 2,59E-30 4,83E-26

PYHIN1 NM_198928 321,9948 -1,25154 7,62E-09 3,56E-05

PYHIN1 NM_152501 321,9948 -1,25154 7,62E-09 3,56E-05

PASK NM_015148 1908,527 -1,02158 5,65E-09 3,56E-05

MAF NM_001031804 216,5755 -1,41174 1,07E-08 4,01E-05

TOX2 NM_001098797 143,0959 1,37556 2,42E-08 5,02E-05

TOX2 NM_001098798 142,5652 1,375594 2,41E-08 5,02E-05

TOX2 NM_001098796 143,0959 1,37556 2,42E-08 5,02E-05

TOX2 NM_032883 143,0959 1,37556 2,42E-08 5,02E-05

PLXND1 NM_015103 118,7822 1,315095 3,3E-08 5,45E-05

SYK NM_003177 91,11682 1,356338 3,97E-08 5,45E-05

SYK NR_024155 91,11682 1,356338 3,97E-08 5,45E-05

SYK NM_001135052 90,05545 1,35509 4,09E-08 5,45E-05

SYK NR_024156 90,05545 1,35509 4,09E-08 5,45E-05

FLJ40330 NR_015424 137,1594 1,302541 8,21E-08 0,000102

FAM101B NM_182705 2804,485 0,7369 1,04E-07 0,000121

GBP5 NM_001134486 753,3008 -1,11456 5,75E-07 0,000625

PREX1 NM_020820 1110,745 -0,95508 6,02E-07 0,000625

GBP5 NM_052942 782,047 -1,11936 6,78E-07 0,000666

PYHIN1 NM_198930 286,2576 -1,09223 1,29E-06 0,001148

PYHIN1 NM_198929 286,2576 -1,09223 1,29E-06 0,001148

GBP2 NM_004120 2011,085 -0,63903 2,78E-06 0,002356

IKZF2 NM_016260 477,5382 0,971923 7,65E-06 0,006209

CD8B NM_172099 55,08839 1,021324 8,43E-06 0,006294

CD8B NM_004931 55,08839 1,021324 8,43E-06 0,006294

MIAT NR_003491 247,0661 -1,08732 9,84E-06 0,007065

CD8B NM_172101 45,53193 0,999243 1,92E-05 0,013243

FRY NM_023037 279,3923 0,944624 2E-05 0,013336

FXYD5 NR_028406 4423,535 -0,62047 2,7E-05 0,014848

CD8B NM_172213 45,03796 0,981417 2,54E-05 0,014848

FXYD5 NM_001164605 4413,313 -0,62277 2,58E-05 0,014848

UHMK1 NM_175866 456,1406 0,752919 2,31E-05 0,014848

FXYD5 NM_014164 4413,345 -0,62274 2,59E-05 0,014848

FXYD5 NM_144779 4413,839 -0,6223 2,64E-05 0,014848

LRRN3 NM_018334 1216,823 0,738034 2,86E-05 0,015266

Supplemental table 2. Differential gene expression between CD31+ and CD31- naïve CD4+ T cells of 
thymectomized children

Supplemental table 3. Differential gene expression between CD31+ and CD31- naïve CD4+ T cells of healthy 
children
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LRRN3 NM_001099660 1247,583 0,741463 3,02E-05 0,015661

CD8B NM_172102 41,76651 0,951165 3,68E-05 0,018061

CAMK4 NM_001744 1321,337 0,710666 3,63E-05 0,018061

FCRL2 NM_030764 50,6392 0,892345 3,86E-05 0,018069

LRRN3 NM_001099658 1239,041 0,733237 3,87E-05 0,018069

F5 NM_000130 179,4492 -0,99834 4,54E-05 0,020664

LSR NM_205835 197,2851 -0,96837 4,8E-05 0,021348

LSR NM_015925 199,5957 -0,96051 5,63E-05 0,024426

LSR NM_205834 200,34 -0,95879 5,89E-05 0,024987

KCNA3 NM_002232 1474,57 0,686305 7,67E-05 0,031808

RHOH NM_004310 1512,377 0,608499 9,57E-05 0,038839   

ED-thesis-def.indd   126 1-2-2016   21:02:12



127

7

ED-thesis-def.indd   127 1-2-2016   21:02:12



ED-thesis-def.indd   128 1-2-2016   21:02:14



Discussion

8

ED-thesis-def.indd   129 1-2-2016   21:02:14



130

Discussion

28

In this thesis, we explored the immunological changes including CD4+ T cell dynamics and function after 

applying conditioning and infusion of congenic/autologous stem cells to understand the mechanisms 

that occur after autologous hematopoietic stem cell transplantation (aHSCT) that is able to induce 

disease remission when applied in autoimmune diseases (AID).    

Autologous HSCT for the treatment of autoimmune diseases

Autologous HSCT is considered for the treatment of refractory AID after failure of many medical 

treatments or when experiencing very progressive disease. It is able to induce long-term medication-

free disease remission in severely ill patients. The immunological mechanisms responsible for the 

restoration of the immune balance remain largely unknown. In this thesis, we focused on the role of 

CD4+ T(reg) cell dynamics in clinical improvement following aHSCT in mice and men. Insights in the 

immunological mechanisms and crucial aspects that underlie the success of aHSCT for autoimmune 

disease, may contribute to the development of new therapies with the same clinical outcome, but with 

less risks and side effects.  

The proteoglycan-induced arthritis (PGIA) model

Unlike in patients where the disease starts ‘spontaneously’ (i.e. at an uncontrolled moment in time), in 

the PGIA mouse model it is necessary to induce arthritis artificially by two injections of proteoglycan 

together with an adjuvant. The general concept of human autoimmune disease development is the 

combined action of environmental triggers and genetically susceptibility1-6. The mouse strain used in 

our studies are indeed prone to develop arthritis post PG/adjuvant injections as compared to other 

mouse strains7. PGIA has many clinical, histopathological and immunological resemblances to human 

rheumatoid arthritis (RA)8. Furthermore, this model has a relapsing-remitting disease course similar as 

arthritis in humans. However, differences between PGIA and RA are also described, such as different 

T helper cell subsets that drive the disease in mice versus men. Th1 and Th17 cells are thought to 

drive RA, whereas PGIA has been suggested to be Th1, but not Th17 dependent. In chapter 3 we 

showed auto-antigen specific IL-17 production, which was reduced following BMT suggesting that 

Th17 polarization towards auto-antigen does occur in the PGIA model. In PGIA, T cell migration to the 

joints seems to plays a less important role in the pathogenesis of arthritis than in RA9-11. The transfer of 

T cells and antigen-presenting cells from mice with PGIA into syngeneic severe combined immune-

deficient mice that resulted in PGIA has showed this. Most donor T cells were present in the draining 

lymph node and only a few donor T cells were identified in the inflamed joints10. Furthermore, it has 

been shown that after PGIA induction, T cells were less frequently recruited to the synovial venules 

compared to Gr-1+ granulocytes11. T cells are anyhow present in the inflamed joints of PGIA mice as 

demonstrated in chapter 4.

In summary, in this thesis we made use of the PGIA model for in-depth investigation of T cell 

mechanisms that are inaccessible to study in humans. Subsequently, we tried to extrapolate part of 

our results from the PGIA model to the patient setting.   

T cell reconstitution following aHSCT

To investigate T cell reconstitution after aHSCT and the role of conditioning-survived (host) T cells and 

graft-derived (donor) T cells, bone marrow was used with identical genetic background as the recipients 

with the exception of one congenic marker. Importantly, the marker difference made it possible to 

distinguish between host and donor T cells. Results obtained for effector T cells and regulatory T cells 

are summarized in Figure 1 and Table 1. These transplantations were performed with grafts containing 

bone marrow cells of healthy mice in which no arthritis was induced. Otherwise, in the clinic stem cells 
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are obtained from the patient itself. However, unlike the clinic, the number of auto-reactive T cells 

in the graft was probably less then when bone marrow cells of arthritic mice were used. However, 

we showed in chapter 3 that the use of grafts derived from diseased mice, both T cell depleted and 

unmanipulated, did not lead to different clinical outcomes, suggesting that T cells infused with the graft 

do not interfere with clinical outcome. As the genetic background was identical between diseased 

and healthy mice, it is believed that the use of either diseased or normal bone marrow will lead to 

similar results. However, the effect of the disease’s influence on bone marrow fitness is not shown 

here. The main goal of our research was to investigate the origin of T cell reconstitution post BMT. 

Directly post BMT, we showed that most T cells present were host-derived, indicating that the donor 
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Figure 1. Summary results of this thesis
In this thesis we focused on the reconstitution of the CD4+ T cell compartment after autologous hematopoietic 
stem cell transplantation (aHSCT). We showed that the T cell receptor (TCR) repertoire of Treg in juvenile idiopathic 
arthritis (JIA) and juvenile dermatomyositis (JDM) patients was very restricted prior to aHSCT compared to the non-
Treg compartment (1). Directly after transplantation, most CD4+ T cells present were cells that survived conditioning. 
However over time, the thymus started to generate naive CD4+ T cells that derived from the infused graft (2). Over 
time, the T cell compartment largely existed of donor-derived T cells. After transplantation, Treg were shown to 
have a renewed and restored TCR repertoire (3). Furthermore, graft-derived Treg were functional better suppressors 
compared with Treg that survived conditioning (4). In the effector T cell compartment was demonstrated that the 
cells that survived conditioning produced more pro-inflammatory cytokines after encountering the disease-antigen 
post transplantation compared to graft-derived T cells (5). Furthermore, disease-associated cytokines were shown 
to reduce slow and steady post aHSCT (6). At last, to improve the clinical outcome, additional Treg were infused 
simultaneously with the graft (7). This did not result in clinical improvement, instead a delay in the donor CD4+ T cell 
reconstitution was observed.
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T cells residing in the BM graft do not play a huge role in T cell reconstitution. This finding is supported 

by the fact that BMT induced a graft and thymus-derived T cell compartment. In patients, it is shown 

that T cells present in the graft are unlikely to survive reconstitution, because these graft T cells are 

not retraceable after aHSCT based on TCR sequencing12. Together, this suggests that T cells that are 

infused with the graft may not play an important role in T cell reconstitution post aHSCT. 

Disease-associated pro-inflammatory cytokines following aHSCT   

In chapter 3, we demonstrated that the majority of graft-derived effector T cells present after BMT 

produced less pro-inflammatory cytokines as compared to (host) T cells that survived conditioning 

(Figure 1 and Table 1). In addition, stimulation with disease-antigen did not induce pro-inflammatory 

cytokine production by the donor T cells, suggesting tolerance for this disease-antigen or absence 

of antigen-specific T cells. It is possible that the T cell reconstitution was not fully completed at the 

moment that we stimulated spleen cells to measure T cell responses against disease-antigens. 

However we did show that the T cells present were still able to produce pro-inflammatory cytokines 

after antiCD3 stimulation to comparable levels of untreated mice with PGIA. We revealed that graft-

derived T cells play an important role in the renewed and tolerant immune system that is associated 

with less inflammation post BMT. Two small patient studies have investigated T cell responses post 

aHSCT by quantifying disease-associated cytokine production. For systemic lupus erythematosus 

(SLE), it is shown that directly after aHSCT memory T cells do respond to viral antigens with IFNγα 

production, but not to auto-antigens13. In addition, the number of T cells producing IL17 is decreased 

after transplantation as compared to IFNγα producing T cells in multiple sclerosis (MS), suggesting a shift 

in the Th1/Th17 ratio14. Our data suggested that conditioning-surviving T cells are likely responsible for 

the production of pro-inflammatory cytokines post aHSCT (chapter 3). For the clinical setting, people 

have suggested to apply new protocols with reduced conditioning regimens. The use of these renewed 

regimens do not require the infusion of a stem cell graft. Based on our data, we would expect that 

these new regimens might give some problems. Less intensive conditioning will lead to less physical 

space that is available for the graft to home to. Moreover, without stem cell infusions, there are no 

stem cells to engraft in the limited space and able to lead the development of a tolerance donor T cell 

Table 1. Effector T cell and Treg phenotypes observed post autologous stem cell transplantation

Cell type Model Before 
transplantation

After transplantation

Effector T cell 

Phenotype PGIA mostly graft and thymus-derived

Pro-inflammatory cytokine 
production (IFNγ, TNFα, IL-17) 

PGIA conditioning survived T cells > graft-derived T cells

T cell receptor repertoire Human diverse diverse

Regulatory T cell

Phenotype PGIA mostly graft and thymus-derived

Suppressive function PGIA conditioning survived Treg < graft-derived Treg

TSDR PGIA conditioning survived Treg < graft-derived Treg

T cell receptor repertoire Human clonal diverse
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compartment. The host T cell compartment may be activated and expanding after conditioning posing 

a risk for the expansion of pro-inflammatory auto-reactive clones. It remains to be investigated how 

these new protocols will influence clinical results after aHSCT. 

Since conditioning depletes immune cells, it also affects the production of (pro-inflammatory) 

cytokines by these cells. In chapter 5 we measured the levels of three cytokines (CXCL10, TNFRII and 

galectin-9) after aHSCT that are associated with active JDM15. Originally, out of 45 proteins in plasma 

samples these three cytokines were identified to be associated with active JDM. Although all three 

cytokines are reported to be able to influence immune cells, their exact immunopathogenic role in 

JDM is still elusive15. Our results revealed that the plasma levels of these three cytokines did not decline 

directly after conditioning. Instead, the levels showed a slow and steady reduction after successful 

transplantation (Figure 1) and their decline correlated with improved clinical scores of the patients. 

This underscores the prolonged process of immune homeostasis re-establishment. In one patient that 

maintained skin symptoms after aHSCT CXCL10 and galectin-9 did not decline, suggesting that these 

cytokines are maybe involved in skin disease that is present in JDM. Immune cells are the major source 

for TNFRII production. In contrast, during inflammation CXCL1016 and galectin-917;18 are produced by 

both immune and non-immune cells. Most likely, conditioning affects circulating cells more than 

tissue -and infiltrated cells. Therefore, it can be suggested that CXCL10 and galectin-9 production 

are maintained by non-immune cells post transplantation and sustain a low inflammation after aHSCT. 

During follow up after aHSCT, the abundance of the three cytokines consistently declined, suggesting 

that immune cell reconstitution caused re-modulation or inactivation of the cells responsible for the 

production of these cytokines.    

Treg in aHSCT

Mice versus men 

Treg in mice and men, identified by Foxp3 expressing T cells, may represent different cell types. In 

mice, Foxp3 expression is a good phenotypic marker of Treg19 and this is associated with a suppressive 

function. In humans, FOXP3 is expressed by Treg, but can also be expressed by naïve T cells after T 

cell receptor (TCR) stimulation. These induced Treg may gain suppressive function20, but are also able 

to lose it, indicating that these cells are not stable Treg21. In chapter 4, we showed in the PGIA mouse 

model that the majority of Foxp3 expressing Treg present post BMT were graft- en thymus-derived 

and that these cells were superior in suppressing naive T cells as compared to host Treg (Figure 1 and 

Table 1). Unfortunately, the isolation of Treg to measure their suppressive capacity was not based on 

Foxp3 expression since this required cellular fixation that is practically incompatible with functional 

assays. 

In humans, the number of Treg can be measured post aHSCT by FOXP3 staining. However, during T 

cell reconstitution, many T cells are activated by LIP and this may induce FOXP3 expression in cells that 

do not have a suppressive function. Therefore, in order to study the functionality of the reconstituted 

Treg, it is essential to measure FOXP3 expression post transplantation, as well as their suppressive 

function to know if these Treg are able to suppress effector T cells that promote inflammation.

Treg numbers and function after aHSCT

As demonstrated in several experimental models22-24, Treg are thought to be important for the 

restoration of the immune balance post aHSCT. In addition, small patient studies have made the 

first attempts towards understanding the role of human Treg post aHSCT. Before FOXP3 became 

the commonly used marker for Treg, CD4+CD25bright T cells were used for the identification of Treg. 
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In samples of JIA and Crohn’s disease (CD) patients that were treated with aHSCT, an increase in 

CD4+CD25bright cells was observed after transplantation to comparable levels of healthy controls25;26. 

In addition, aHSCT treated patients with refractory CD also showed an increase in CD4+FOXP3+ T cells 

compared to pre-transplantation levels, but these levels were not compared to healthy controls27. 

Systemic lupus erythematosus (SLE) and multiple sclerosis (MS) aHSCT treated patients demonstrated 

comparable CD4+FOXP3+ T cells percentages as healthy controls, although pre-treatment samples 

were not available and tested13;28;29. In one pilot study with systemic sclerosis (SS) patients, the 

percentages of CD4+CD25brightFOXP3+ T cells were measured before and post transplantation and 

compared to healthy controls30. Treg numbers were reduced before aHSCT, but recovered two years 

after transplantation to levels comparable to healthy controls. Moreover, in this study the suppressive 

function of the reconstituted Treg were compared to the Treg present before transplantation and to 

Treg in healthy controls. Treg (sorted CD4+CD25highCD127low cells) from pre-transplantation samples 

were less efficient suppressors as compared to Treg of healthy controls, while Treg from post aHSCT 

time points were superior in suppression efficiency compared to healthy controls30. In agreement, our 

data obtained using the experimental mouse model of PGIA demonstrated that graft-derived Treg 

retain the most suppressive activity as compared to conditioning survived host Treg (chapter 4). One 

minor study investigated in Crohn’s disease the difference in Treg numbers between responders and 

partial-responders including one patient with relapse and showed that the number of Treg remained 

low in partial-responders25;27. This study suggests that Treg are indeed important for the restoration of 

immune balance, but larger patient cohorts are necessary to support these data.

Restoration of Treg T cell receptor diversity

One of our most striking findings demonstrated that the TCR repertoire of Treg present in juvenile 

patient samples before aHSCT seems oligoclonal (chapter 4). This was in sharp contrast to the 

highly polyclonal Treg TCR repertoire in healthy children, identical to the polyclonality that has been 

demonstrated in healthy adults31-33. In autoimmune diseases it is the general idea that naive T cells 

encounter self-antigens and respond by activation and proliferation. Multiplying their number leads 

to skewing of a specific TCR sequence that gains dominance within the population. These effects 

are shown for the CD4+ T cell compartment in RA and Crohn’s disease34-36 and for the CD8+ T cell 

compartment after viral infections37;38. We revealed reduced TCR diversity specifically in the Treg 

compartment and this TCR oligoclonality was not observed in the non-Treg compartment (Figure 

1 and Table 1). More importantly, we demonstrated that aHSCT was able to renew and restore the 

Treg TCR diversity, indicating that aHSCT is able to reset the immunological clock back to ‘normal’. 

It remains elusive whether this Treg oligoclonality represents a snapshot at the start of disease or 

whether it is the result of prolonged inflammation. There are multiple explanations discussable for 

this phenomenon such as 1) the thymus does not generate Treg 2) presented auto-antigens for T cell 

selection are skewed in the thymus, leading to Treg that leave the thymus with an oligoclonal TCR 

repertoire 3) Treg die more frequently than regular and the ones that are not affected are able to 

proliferate 4) Treg home into tissue or to the side of inflammation, leaving just a few clones behind in 

the periphery to expand. From each sample used for TCR sequencing, some cells were taken for FACS 

staining. These stainings showed that around 37% of the total Treg (CD4+CD25hiFOXP3+) were naïve 

(CD45RA+) in the pre-treatment samples (data not shown). Furthermore, even some CD45RA+/CD31+ 

Treg were observed, suggesting that the oligoclonal TCR repertoire is not only due to proliferation of 

memory T cells. To understand this better, the TCR repertoire between naïve and memory Treg could 

be measured in these refractory patients. 
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To learn more about the presence of TCR oligoclonality in AID, it would be interesting to measure 

the Treg TCR repertoire of patients early after diagnosis and during the course of the disease since 

medical treatments may also influence the TCR repertoire. For instance, steroids are known to be 

immunosuppressive by inhibiting T cell proliferation, but may also induce cell death of thymocytes and 

immature T lymphocytes39;40. Drugs as methotrexate, azathioprine and cyclophosphamide provoke cell 

cycle arrest in T cells41;42 thereby TCR repertoires may be affected if this occurs insufficient. Rapamycin is 

thought to affect activated T cells and to promote Treg in the periphery43;44. Biological alemtuzumab, an 

monoclonal antibody directed against CD52, leads to massive depletion of peripheral lymphocytes45. 

Since all these drugs have different working, it will be helpful to investigate each influence on the 

TCR repertoire by measuring it before, during and after treatments. Hopefully, this will provide insight 

whether similar phenomena occur during successful aHSCT. To learn if Treg present in blood have 

the same TCR repertoire as Treg at the site of inflammation, Treg from both compartments should be 

analyzed within one patient. At last, the TCR repertoires should be determined in patients that achieve 

disease remission to verify whether disease remission is correlated with a broad Treg TCR repertoire.

Recently, it has been shown in transgenic mice that Treg require a diverse repertoire to maintain 

intestinal homeostasis, which indeed indicates that a restricted TCR repertoire may affect their 

function46;47. More knowledge about fundamental immunological mechanisms such as Treg biology 

and the diversity of its TCR repertoire may provide new insights in physiology and pathology of the 

adaptive immune system.

We showed the existence of Treg oligoclonality in refractory JDM and sJIA, both diseases that occur 

in children. Since both autoimmune diseases have their own nature and pathogenesis, it may very well 

be that the clonality of their TCR repertoires are obtained via different mechanisms. Preliminary results 

from our lab show that blood-derived Treg of oligoarticular JIA (oJIA) patients have a more oligoclonal 

TCR repertoire than Treg present at the site of inflammation, in this case from synovial fluid (personal 

communication, G. Mijnheer). This suggests that also in oJIA the TCR repertoire of blood-derived Treg 

is affected. Since we measured TCR diversity in juvenile samples, it will be interesting to know whether 

similar Treg oligoclonalities are observed in adult patients with AID. At least one indication is given 

by Venken et al48. Here, TCR β chain sequencing was performed by RT–PCR of 23 candidate variants 

in naïve Treg (CD4+CD25highCD127lowCD45RA+) and memory Treg (CD4+CD25highCD127lowCD45RA-) of 8 

untreated MS patients. The patients were divided in early MS (experiencing the disease < 10 years) and 

chronic MS (>10 years). A skewing was observed towards a restricted TCR α chain gene usage in patients 

with early disease (n=4). Most patients (3 out of 4) with chronic disease showed a similar broad TCR β 
chain usage as the healthy controls. Thus, restriction of Treg TCR repertoires is observed in MS, as is 

seen in JIA and JDM, but may diversify over time. Unfortunately, the staging of MS progression was not 

described for these patients, which may have an impact on the Treg TCR repertoire. 

Together, these data indicate that a restricted TCR repertoire in Treg may occur in juvenile AID, as 

well as in adults. If the causes and consequences of a limited Treg repertoire are understood, we 

may improve our intervention strategies in the pathogenesis of AID.

Treg infusion during aHSCT 

In chapter 3 we showed that directly after BMT the T cell compartment was composed of T cells that 

survived conditioning and that produced high amounts of pro-inflammatory cytokines after stimulation 

with disease-antigen. In order to optimize BMT treatment, we hypothesized that addition of extra 

Treg to suppress cytokine production by these host T cells might lead to the amelioration of BMT 
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outcomes (Figure 1). In murine models and humans, Treg infusions during allogeneic transplantation 

of either freshly isolated or in vivo expanded Treg have been demonstrated to reduce acute and 

chronic GvHD49-53. Recently, it has been shown that exclusive Treg reconstitution is sufficient in such 

allogeneic settings to reduce GvHD54. Since Treg infusions have been shown to be well tolerated by 

patients, new trials have been initiated to investigate potential benefit of Treg infusion during solid 

organ transplantation55;56. In our experimental model system, despite the addition of extra Treg to the 

graft, it did not result in better clinical outcomes (chapter 4).  In contrast, it was associated with a delay 

in donor T cell reconstitution, causing reduced T cell numbers. T cell reconstitution is important for the 

prevention of infections which is the leading cause of transplant-related mortality post aHSCT57. Not a 

delay, but an enhanced T cell reconstitution is observed in patients treated with additional Treg a few 

days before allogeneic HSCT49;58. 

We observed reduced T cell pro-inflammatory cytokine productions in the BMT groups with additional 

infused Treg that probably modulate host T cells during aCD3 stimulation. However, the clinical 

outcome of these groups did not improve, potentially because of too few infused Treg numbers59. 

In addition, additional Treg were assumed to have a polyclonal TCR repertoire. The use of antigen-

specific T cells may be superior in suppressing autoimmune diseases as shown by others60;61. However, 

the use of antigen-specific Treg in the clinic is not possible, because the disease-antigen is unknown in 

many AID. Therefore, the use of antigen-specific Treg is not sufficiently proven for translation towards 

the clinic. Treg that are generated after induction with proteins that are known to be present at the site 

of inflammation for example heat shock proteins, are able to suppress experimental arthritis62. These 

proteins are also present in human AID63-65. Therefore these Treg may be an interesting option.

The additional Treg may be the cause of the delayed donor Treg reconstitution. IL2 is important for 

Treg development, survival and expansion during lymphopenia66-68.The extra-infused Treg may already 

have consumed all the available IL2 via the expressed IL-2 receptor alpha (CD25). Furthermore, it has 

been demonstrated that recirculating peripheral Treg inhibit Treg development of T cell precursors in 

the thymus by the inhibition of IL269. Together, these data suggest that IL2 consumption may be the 

reason for the reconstitution delay of graft-derived Treg. Therefore it can be proposed that IL2 should 

be administered when applying additional Treg therapy. Since IL2 low-dose administration has been 

shown to have positive effects on Treg fitness and homeostasis and not to activate other immune cells 

expressing CD25 in animal models, it has been investigated for clinical use. Low-dose IL2 treatment 

has been applied to induce Treg numbers and function in patients with autoimmune diseases or 

chronic GvHD70. The first clinical trials showed that IL2 administration could lead to partial response 

or disease stabilization. In our model, low-dose IL2 may be given after transplantation to stimulate the 

reconstitution of Treg. 

Donor T cell reconstitution seemed to be important for the re-establishment of the immune balance, 

because the effector T cells were tolerant to the disease-antigen and donor Treg were superior 

suppressors compared to host Treg. The additional infused Treg were able to suppress the production 

of pro-inflammatory by effector T cells (chapter 4). To acquire pro-inflammatory cytokine suppression 

directly post BMT and a donor-derived T cell compartment, it may be beneficial to give several 

additional Treg infusions post BMT. However, multiple Treg infusions may also lead to a prolonged 

donor T cell reconstitution delay. Altogether, this shows that there is a delicate balance between the 

infusion of additional Treg to suppress the T cells that survived conditioning and the induced delay of 

the donor T cell reconstitution.
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The role of the thymus during T cell reconstitution following aHSCT

For normal T cell homeostasis, thymus output is highest in youth and diminishes after puberty. However, 

in elderly thymus output is still measurable71. In chapter 4, our data implicated that thymus-derived 

T cells were important for the reconstitution of the CD4+ Treg compartment after transplantation in 

mice and children (Figure 1). We hypothesized that without a functional thymus there would be more 

peripherally-induced Treg, but wondered whether these Treg would be capable to prevent disease 

relapse. To investigate T cell reconstitution post BMT without thymus participation, we performed 

thymectomy in potential recipient mice after arthritis induction. Despite the fact that experienced co-

workers from the animal facility of Groningen University came to Utrecht to perform the procedure, 

most animals did not survive the thymectomy. Due to old age and thymic involution, the tissue was 

most likely too much intertwined with large blood vessels. We observed high mortality while trying 

to remove the thymus forcing us to abandon this project. It remains important to understand how the 

T cell compartment reconstitutes if the thymus is not able to generate naïve T cells, as this may be 

often the case in elderly patients and because the production of naïve T cells has been shown to be 

important for T cell reconstitution post autologous and allogeneic HSCT72-75. In children, the recovery 

of naïve T cells is correlated with thymic rebound, meaning that an increase of thymic cellularity and 

volume is observed76. Post aHSCT, it has been shown that thymic rebound is age-dependent77. For 

refractory AID, it is demonstrated that the increase of naïve T cells post aHSCT is associated with 

disease remission25;75. Therefore, if thymus function can be predicted before transplantation, this may 

help including patients that will benefit from the treatment and patients that will not.

It has been shown that Treg levels remain below normal range between 18 months till two years 

post allogeneic transplantation78;79. Less intensive conditioning is associated with a better short-

term reconstitution of Treg. Moreover, young patients (age< 25 years) turned out to have better 

Treg reconstitution than older patients (age >25 years), suggesting that thymus-derived Treg play 

an important role in Treg reconstitution after allogeneic HSCT. An important factor to consider with 

allogeneic transplantation is the development of acute GvHD, for which impaired CD4+ T cell and 

Treg reconstitution are high risk factors. One study described a thymectomized patient that received 

allogeneic HSCT. Subsequently, this patient generated low numbers of naïve and memory Treg after 

achieving 100% chimera of the donor, but did not end up developing GvHD probably among others 

due to sufficient Treg numbers80. This may support the idea that peripherally-induced Treg are present 

in humans and able to prevent disease. Unfortunately, the article did not describe any information 

about thymic regrowth in the thymectomized patient. As shown in this thesis (chapter 7), thymus tissue 

was able to grow back in several patients that were thymectomized in neonatal life and able to (partly) 

restore the naive T cell compartment.

IL8 production by thymus-derived naïve T cells

CD31 and PTK7 are used as markers to distinguish thymus-derived T cells. In general CD31+ CD4+ T cells 

are regarded as truly naïve cells that have not been proliferating although CD31 may not always be 

downregulated after proliferation81. In chapter 7, we showed that thymus-derived CD31+ naïve T cells 

produced IL8 and that its production rapidly diminished after cytokine-driven or TCR engagement-

induced proliferation. Down-regulation of IL8 also occurred in cells still expressing CD31 suggesting 

functional differentiation within the naïve CD4+ T cell compartment. In line with this, CD31+ naïve 

CD4+ T cells from thymectomized individuals showed functional differences compared to healthy 

control (HC) CD31+ counterparts in terms of TCR calcium flux and IL8 production (chapter 7). Since 

lymphopenia may induce the loss of IL8 production by CD4+ naïve T cells and perhaps a concurrent 

loss of “true naivety”, it would be interesting to follow IL8 production by the naïve T cell compartment 
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following aHSCT. Furthermore IL8 has been demonstrated to be important for immune protection 

in neonates82, and it is currently unknown whether IL8 production by naïve CD4+ T cells may have an 

immune protective function in lymphopenic conditions following aHSCT, especially in children. We 

were able to measure IL8 production before and post aHSCT in a few juvenile patient samples.  These 

preliminary data showed that the percentage of naïve CD4+ T cells producing IL8 was low before 

aHSCT and increased post aHSCT (data not shown). It will be interesting to explore if the naïve CD4+ T 

cell compartment present pre-aHSCT is influenced by inflammation resulting in less IL8 production. 

Moreover, if the increase of IL8 producing naïve CD4+ T cells post aHSCT is only due to increased 

thymus output or also due to less inflammation. More knowledge about the presence and the role 

of IL8 producing CD4+ T cells post aHSCT may help to evaluate the efficacy of the thymus and of the 

performed aHSCT during reconstitution. An increase in IL8+CD4+ T cells post aHSCT may indicate that 

the thymus generates truly naïve T cells and thereby creating a broad TCR repertoire.

aHSCT for the treatment of refractory Crohn’s disease

Since May 2014 a prospective study started in which patients with refractory Crohn’s disease are able 

to receive myelosuppressive conditioning followed by aHSCT in the university medical center Utrecht 

(UMCU) and Sint Antonius hospital, Nieuwegein (chapter 6). Only two case studies have reported 

patients with CD that received aHSCT with myeloablative conditioning. In both studies, the patients 

experienced long-term disease remission of 5 and 7 years83;84. Since non-myeloablative conditioning 

is shown to be effective in different AID, several trials have been performed using aHSCT with non-

myeloablative conditioning in refractory CD. The largest study describes 24 patients26. All 24 patients 

experienced disease remission post aHSCT defined by Crohn’s disease activity score (CDAI) <150. Nine 

patients were still in remission at the moment of publication defined as not restarting CD medication. 

In addition, eight of the 15 patients with disease relapse experienced a second medication-free period 

after restarting CD therapy. Non-myeloablative conditioning led here to a treatment-related mortality 

of 0. A second study reports 9 patients from which 5 patients achieved clinical (CDAI< 150) and 

endoscopic remission (mucosal healing defined by the absence of ulcers and active inflammation on 

histopathology) within 6 months post aHSCT. During follow up, 7 of the 9 patients experienced disease 

relapses for which they required medical treatment. Low-dose corticosteroids and conventional 

immunosuppressive therapy could control the disease activity in most patients. Also in this study, 

treatment-related mortality was 085. Both studies show that patients with refractory CD may profit from 

aHSCT.  

Immunological mechanisms of aHSCT in Crohn’s disease

In Crohn’s disease, the entire gastrointestinal tract may be affected. As shown above, clinical remission 

may be defined as CDAI<150, however mucosal healing is another important factor to predict stable 

remission and important end point of clinical trials86. Therefore it is also important to perform endoscopy 

to compare disease severity before and after aHSCT. Furthermore, because the gastrointestinal tract 

is the site of inflammation, it remains very interesting to investigate the immunological mechanisms 

occurring there before and after aHSCT. Fortunately, the collaboration between the gastrointestinal 

departments of the UMCU and Sint Antonius hospital and our lab makes it possible to investigate the 

immunological mechanisms occurring in these rare patients (chapter 6). We collect blood samples 

and intestine/colon biopsies from the patients for experiments. Exploring blood and tissue samples of 

the site of inflammation will give us more insight in the working mechanisms of aHSCT.

Since the inclusion of the study started in May 2014, five patients entered. The study was designed 

to recruit approximately 5 patients per year. It remains difficult to include patients that are eligible. 
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Reasons are that patients have not yet tried all possible medical treatments or patients experience 

disease complications from which they have to recover first. If a patient enters the study, the next 

step is the preparation prior to aHSCT. Patients need to see a dentist and future parents have to take 

precautions. These side-steps take longer then expected. At last, before aHSCT is performed, patients 

undergo endoscopy to investigate whether inflammation is present. Counterintuitive, not all Crohn’s 

disease patients have inflamed bowel at the time of investigation. Yet, inflammation in the gut needs to 

be observed before proceeding with aHSCT as this is one of the main detectable features of Crohn’s 

disease. Post transplantation, the extensiveness of inflammation will be monitored to observe whether 

aHSCT was able to achieve disease remission.

Future clinical perspectives

Timing of aHSCT treatment

Currently, aHSCT for refractory AID is not performed on a regular basis due to severe side effects and 

the generation of new alternative medical treatments. Therefore, patients with refractory AID undergo 

multiple medical treatments before aHSCT is seriously considered. Unfortunately, the longer the 

disease persists, the more damage is established and thereby reducing the chance to induce disease 

remission by the restoration of immune balance with aHSCT. Furthermore, multiple successive medical 

treatments may affect the fitness of the stem cell compartment in the bone marrow and thymus tissue, 

both important players for the generation of a new immune system post aHSCT. For most aHSCT 

clinical trials, the inclusion criteria include that patients have failed two or more biologicals before 

entering the study. In order to improve medical healthcare, it will be important to identify biomarkers 

that are able to predict drug response in patients with respect to biologicals. In addition, if the severity 

of the disease can be predicted on forehand, then aHSCT may be considered earlier for the patient. If 

time to consider aHSCT can be shortened, patients may even respond better to the treatment, because 

they are less affected by the disease and the different therapeutic treatments. 

Treatment of disease relapse post aHSCT

Although aHSCT is a very intensive treatment, the majority of patients experience disease relapses. 

Consequently, patients will again be exposed to medical treatments in order to reduce disease 

symptoms. Currently there is no general consensus how to treat these patients. In the past, it has 

been shown that patients can respond again to medications for which they had become resistant prior 

aHSCT. In general, patients that develop AID are treated according to a so-called ‘step up’ protocol. They 

first start with non-steroidal anti-inflammatory drugs, than immunomodulators and at last biologicals. 

However, for patients that already received aHSCT, most likely following therapy resistance, it may be 

argued not to restart from the bottom of the treatment ladder. Instead, it might be wise to treat the AID 

directly with biological as soon as disease symptoms return in order to prevent too much derailment 

of the immune balance. More fundamental and clinical research on refractory AID is necessary to gain 

more insight in the most optimal treatment options after aHSCT. 

Besides the fact that the optimum regime to treat disease relapse remains unknown, another important 

factor that determines treatment options is cost effectiveness. aHSCT for refractory AID treatment is 

often not directly covered by health insurance in the Netherlands. The main aim for the UMCU CD 

study is to determine cost effectiveness. Cost effectiveness can be demonstrated in different ways. 

For example by the comparison of two treatments in monetary units and their effectiveness (cost-

effectiveness analysis). Alternatively, quality of life considerations can be incorporated in the outcomes 

(cost-utility analysis)87. A cost effectiveness study of aHSCT for new onset Diabetes Mellitus Type 1 

(DMI) showed that aHSCT would be cost effective if the patients would benefit 3-8 years from the 
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treatment88. However mainstream treatment of DMI is not as expensive as therapies with biologicals. 

The general costs of a biological treatment for Crohn’s disease is on average €15.000-20.000/year89. 

It should be noted that DMI treatment (insulin) aims to ameliorate glucose levels and not to restore the 

autoimmune response that is responsible for the impaired glucose metabolism. Therefore aHSCT for 

DMI may be a treatment to restore the autoimmune disease, but if it fails, patients can be treated with 

insulin. For patients with a different AID, aHSCT is mostly used as a last treatment option, because other 

treatment options failed to work. 

Thus it is unknown which treatment should be given to patients that experience a disease relapse post 

aHSCT. If biologicals are given directly after disease relapse and do not relief disease symptoms, then 

almost no other well-working treatment options are available. Thus starting with a ‘step up’ protocol 

gives more treatment options then applying biologicals right away. In addition, the mechanisms 

that will occur while using biologicals post aHSCT are unknown. For example vedoluzimab, an anti-

α4β7-integrin90, prevents extravasation from T cells to the intestine. As T cells are thought to play a 

role in the inflammation of Crohn’s disease, the administration of vedoluzimab may give a favorable 

response post aHSCT. However, it may also interfere with the reconstitution of normal mucosal T cell 

homeostasis after aHSCT. Furthermore, it has been shown in mice that vedoluzimab also blocks the 

extravasation of Treg to the intestine91. This may result in less Treg at the site of inflammation, which 

might be a disadvantage. More knowledge about the immunological mechanisms that take place 

during aHSCT may help in determining the most optimal treatment regimen post aHSCT when disease 

relapses occur. 

Collaborations in the field

The European society for blood and marrow transplantation autoimmune diseases and immunobiology 

working parties established a consortium that published consensus guidelines90 to support research 

within the stem cell transplantation/autoimmune disease field. Consensus guidelines can be used 

to standardize experiments, thereby improving comparisons between studies of different research 

groups, institutes and countries. These kinds of consortia can be of great importance in research fields 

that deal with small patient numbers. While it will be nearly impossible to obtain sufficient research 

samples per research group/institute to answer research questions, a consortium can help retrieving 

enough rare and unique patient samples from different international institutes. In addition, it may also 

stimulate collaborations between research groups, which will lead to exchange of expertise. 

Conclusion and recommendations

Despite the availability of different medical treatments, aHSCT remains a treatment that is administered 

for therapy resistant AID. Currently, it is the only treatment that is able to induce long-term, drug- 

and symptom free remission. However, the exact mechanisms responsible for disease remission 

remain unknown. In this thesis, we investigated fundamental mechanisms underlying reconstitution 

after transplantation. With the use of the PGIA mouse model, we have revealed that the majority of T 

cells present post transplantation was graft-derived and generated via the thymus before entering the 

periphery. These donor T cells are able to home to the site of inflammation, are more tolerant to the 

disease-antigen and the Treg are functionally superior as compared to Treg that survived conditioning. 

In addition, in juvenile patient samples, we showed that the Treg TCR repertoire is renewed and 

restored post aHSCT, where the thymus is likely to play an important role in T cell reconstitution. To 

optimize the transplantation outcomes, additional Treg were infused with the graft. This did not result 

in clinical improvement, but in a delayed donor T cell reconstitution, suggesting that there is a delicate 

balance between suppression of Treg that survived conditioning and the generation of a new T cell 
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compartment. Furthermore, the level of disease-associated cytokines declines with a slow and steady 

pace after successful transplantation (results summarized in Figure 1). Therefore, conditioning alone 

might not be enough to induce complete disease remission.

We also investigated peripheral blood samples from patients that were thymectomized during 

neonatal life due to heart surgeries. Indirectly, these patients can be considered as a human model 

to study T cell reconstitution without a functional thymus. We observed that thymectomy in early life 

affects the naïve T cell compartment. However, in case thymus tissue is able to grow back later in life, 

these changes can be restored.

There are five important recommendations that follow from this thesis:

1. Reconstitution of naive CD4+ T cells, Treg levels and TCR diversity may be predictive for 

successful aHSCT.

2. High-dose conditioning treatment without graft infusion may lack the beneficial effects 

that are graft derived, such as renewal of non-inflammatory naïve and effector T cells and 

suppressive Treg. 

3. Addition of polyclonal Treg to the graft during aHSCT should be approached with caution 

in the clinic. 

4. Once the patient-specific response to medical treatment can be predicted with more 

accuracy, patients with a refractory form may benefit from an advanced therapy at earlier 

disease stages.

5. In order to maintain an optimal naïve T cell compartment, it is advised to avoid a full 

thymectomy in neonatal patients in case technically possible during cardiac surgery.

Future research should focus on 1) T cell reconstitution after the use of less intensive conditioning 

regimen in combination with infusion of a stem cell graft, since we have shown that the donor T 

cell play an important role in generating tolerance. 2) Uncover the underlying mechanisms that 

are responsible for limiting the Treg TCR repertoire in autoimmune diseases and how to prevent 

or recover this phenomenon without the use of aHSCT. 3) Study the affect of using additional Treg 

during aHSCT while taking into account that this may lead to a delay in the establishment of a 

donor T cell compartment. 4) Investigate the underlying mechanisms that influence the naïve T cell 

compartment in case the functional thymus is removed.

To conclude, new discoveries in fundamental immunology fuel the development and innovation of 

clinical strategies to treat patients.
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RESEARCH HIGHLIGHTS

THERAPY

HSCT—resetting immune tolerance by boosting 
TREG cell diversity

Immune tolerance can be restored with 
autologous haematopoietic stem cell 
transplantation (HSCT), but how this 

is achieved remains unclear. “Autologous 
HSCT is a last-resort treatment for patients 
with autoimmune diseases refractory to 
available therapies, and the only approach 
to date that can induce long-term, drug-
free remission in these patients,” states 
Femke van Wijk, the corresponding author 
of a new paper published in Blood. In this 
study, an increase in diversity of the T-cell 
receptor (TCR) repertoire of T regulatory 
(TREG) cells is shown to occur after 
HSCT—possibly a crucial mechanism for 
the re-establishment of immune tolerance.

“Although the underlying mechanisms 
[of successful HSCT therapies] are 
incompletely understood,” explains 
van Wijk, “we have previously shown that 
transplantation restores immune tolerance 
by renewal and modulation of the CD4+ 
T effector cell compartment in a mouse 
model, and that the presence of TREG cells 
after transplantation is crucial to prevent 
disease relapse.” With these previous 
findings in mind, van Wijk and colleagues 
analysed the TREG cell compartment in the 
proteoglycan-induced arthritis (PGIA) 
mouse model (in which arthritic disease is 
induced with two intraperitoneal injections 
of proteoglycan plus adjuvant) and in 
patients with juvenile idiopathic arthritis 
(JIA) or juvenile dermatomyositis (JDM) 
before and after HSCT.

The use of congenic markers enables 
the distinction between host and donor-
derived TREG cells differentiated after 
lethal irradiation and bone marrow 
transplantation in mice. Using this 
approach, the researchers confirmed that 
the donor-derived thymic output of TREG 
cells after bone marrow transplantation 
was progressively replaced with those 
originating from the graft; by 7 weeks 
post-transfer, this reconstitution 
was virtually complete. Analysis of a 

TREG cell-specific 
demethylated region 
in the Foxp3 
gene showed 
that donor-
derived TREG cells 
were more stable 
(higher demethylation) 
than host TREG cells. Furthermore, 
donor TREG cells had greater capacity to 
inhibit the proliferation of effector T cells 
than host TREG cells as assessed in in vitro 
suppression assays.

These findings prove that bone marrow 
transplantation in mice successfully 
replaced the host TREG cell population 
with TREG cells with increased stability 
and function. To extend this analysis to 
human patients, van Wijk and colleagues 
analysed peripheral blood TREG cells from 
two patients with JIA and two with JDM 
(before and after HSCT) and from four 
healthy controls. The sorted cells were then 
analysed by next-generation sequencing 
of the complementarity determining 
region 3 (CDR3) of TCRBV to assess 
TCR diversity. Before HSCT, the number 
of unique TREG cell TCR sequences was 
lower in patients than in controls (4–19 
versus 225–320), as was the estimate of 
TCR diversity (Simpson’s index of diversity 
0.114–0.687 versus 0.978–0.988). Notably, 
the number of unique TCRs and their 
diversity in TREG cells improved after 
HSCT, suggesting a successful renewal of 
the TREG cell compartment that correlated 
with the data from PGIA mice. These 
results could provide an explanation as to 
why most patients experience remission 
after HSCT.

Given the importance of TREG cells for 
the recovery of immune tolerance, the 
researchers then asked whether adding 
purified TREG cells to the stem cell inoculum 
could improve the ameliorating effect of 
HSCT further. To answer this question, 
Foxp3-expressing TREG cells (purified 

from mice in which Foxp3-
expressing cells also express GFP) were 
added to the graft before transplantation 
into PGIA mice. Whereas these additional 
TREG cells could be detected in the host after 
transfer and inhibited proinflammatory 
cytokine production, their inclusion 
in the graft did not lead to additional 
improvement in clinical outcome, as 
disease scores were equally decreased in 
both groups of transplant-treated PGIA 
mice in comparison with control PGIA 
mice (which did not receive a bone marrow 
transplant). Importantly, repopulation with 
donor bone-marrow-derived TREG cells was 
slower in PGIA mice that received bone 
marrow plus TREG cells compared with mice 
that received only bone marrow.

The renewal of the TREG cell pool 
seems paramount to the establishment of 
productive immune tolerance observed 
in patients treated with HSCT. According 
to van Wijk, work is now underway to 
determine the TREG cell TCR repertoire 
prior to and at different stages after 
transplantation in other autoimmune 
diseases. “We will not only look at 
circulating TREG cells but also at those 
derived from sites of inflammation such 
as the gut and the joint,” adds van Wijk.

João H. Duarte

Original article Delemarre, E. M. et al. Autologous stem 
cell transplantation benefits autoimmune patients through 
functional renewal and TCR diversification of the regulatory 
T cell compartment. Blood doi:10.1182/blood-2015-06-
649145
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Scientific abstract

Despite the implementation of biologicals for autoimmune disease (AID) treatments, some patients 

remain therapy refractory. For these patients, autologous hematopoietic stem cell transplantation (aHSCT) 

can be considered as an alternative therapeutic option. aHSCT is the only treatment that is able to induce 

disease remission. The general idea behind aHSCT to treat AID is that immune reconstitution in a less 

pro-inflammatory environment after profound depletion of the uncontrolled system leads to restoration 

of the immune balance and regain of immune tolerance. However, the underlying working mechanisms 

remain largely unknown. In addition, aHSCT is associated with major side effects and disease remission 

may not be ever lasting. However, patients that experience a disease relapse do respond again to 

previous ineffective therapies, suggesting that aHSCT remodulates the immune system.

 

Our goal was to investigate the immunological mechanisms that occur during aHSCT. More fundamental 

insights will facilitate the development of new therapies without toxic side effects.

Since it is impossible in patients to discriminate between T cells that derived from the infused graft or 

that survived conditioning (host T cells), we explored the reconstitution of the CD4+ T cell compartment 

after aHSCT in a proteoglycan induced arthritis (PGIA) mouse model. Therefore, we used congenic 

bone marrow transplantation (BMT) between mouse strains with a distinct congenic marker that allows 

discrimination between T cells that are graft or host-derived. This model showed that BMT induced a 

graft-derived CD4+ T cell compartment that developed in the thymus. Moreover, graft-derived effector 

CD4+ T cells were more tolerant compared to host effector T cells and graft-derived Treg were better 

suppressors than host Treg. 

In patient samples, we explored Treg renewal via T cell receptor (TCR) variable β chain (TCRVβ) 

spectratyping, demonstrating that before aHSCT the Treg TCR repertoire was oligoclonal. Importantly, 

successful aHSCT correlated with a renewed and diverse Treg repertoire, suggesting that Treg renewal 

is important for disease remission. As an initial therapeutic approach, additional Treg were infused with 

the graft in the PGIA model. However, this did not result in clinical improvement and even caused a 

donor T cell reconstitution delay. Therefore, we conclude that Treg therapy in an aHSCT setting should 

be approached with caution.

Furthermore, the expression patterns of three disease-associated cytokines were investigated after 

aHSCT in refractory juvenile dermatomyositis patients. Gradual reduction of cytokine levels were 

observed after successful aHSCT, suggesting that these cytokines are most likely not produced by 

conditioning depleted immune cells, but by tissue cells.

At last, the thymus is important for T cell reconstitution after aHSCT. Samples from young 

thymectomized patients served as a model to investigate T cell reconstitution when a thymus is 

absent. This demonstrated that thymus depletion leads to an altered naïve T cell phenotype.

In conclusion, the data described in this thesis indicate that clinical improvement of AID after aHSCT 

involves renewal of the CD4+ T cell compartment that is graft- and thymus-derived. Currently there 

is renewed interest in reducing conditioning regimes and the necessity of stem cell infusions. We 

propose that graft infusions are important for disease remission, while milder conditioning regimes 

may lead to less efficient engraftment. Future research should therefore focus on the importance of 

conditioning regimes in relation to engraftment efficiencies. This knowledge will help to develop new 

therapies without toxic side effects.  
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Nederlandse samenvatting

Immuun cellen zijn belangrijk voor de afweer tegen infecties en worden in gezonde situaties in 

bedwang gehouden door onder andere regulatoire T cellen. Als regulatoire T cellen (Treg) niet goed 

functioneren, kunnen immuun cellen zich per ongeluk gaan richten op lichaamseigen eiwitten en 

daartegen een ontsteking veroorzaken. Dit leidt tot het ontstaan van auto-immuun ziekten (AID). 

Een groot deel van de patiënten met AID kan goed worden behandeld, maar er bestaat een kleine 

groep patiënten die op geen enkele behandeling reageert, dan wel langzaam behandelingsresistent 

wordt. Voor deze (vaak ernstig zieke) patiënten kan een autologe bloedstamcel transplantatie (aHSCT) 

als behandelingsoptie worden overwogen. Autoloog betekent dat de stamcellen die toegediend 

worden van de patiënt zelf afkomstig zijn. aHSCT is de enige behandeling die kan leiden tot een 

langdurige medicijn- en klachtenvrije periode. Bovendien, indien de ziekte terugkomt reageert de 

patiënt op medicatie waar hij eerder resistent voor was.

Voor het toepassen van aHSCT worden medicijnen gegeven die ervoor zorgen dat stamcellen vanuit 

het beenmerg naar de bloedstroom verhuizen zodat ze geïsoleerd kunnen worden. Vervolgens 

krijgt de patiënt chemotherapeutische middelen toegediend die ervoor zorgen dat alle cellen van 

het ontspoorde immuun systeem worden verwijderd (conditionering), alvorens de patiënt zijn eigen 

stamcellen terug ontvangt (aHSCT). 

Waarschijnlijk leidt aHSCT tot genezing doordat een nieuw immuun systeem in een ontstekingsvrije 

omgeving opgebouwd kan worden nadat het ontspoorde immuun systeem verwijderd is. Echter, het 

is onbekend welke mechanismen hier precies een rol bij spelen.

In dit proefschrift hebben wij onder andere gekeken naar de hervorming van de regulatoire T cel 

populatie na aHSCT. Dit werd gedaan met behulp van een experimenteel artritis muismodel en 

met bloedmonsters van auto-immuun zieke patiënten die aHSCT hebben ondergaan. Wij hebben 

aangetoond dat aHSCT leidt tot het vernieuwen van de Treg populatie met goed functionerende 

cellen. Meer kennis over de immunologische mechanismen die optreden tijdens en na aHSCT, zal de 

ontwikkeling van minder toxische therapieën bevorderen. 
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Curriculum vitae

Eveline Marianne Delemarre was born on July 12th 1983 in 

Amsterdam. In June 2001, she received her VWO diploma 

after attending the VWO programme at Rijnlands Lyceum in 

Wassenaar. In that same year she started her medical training at 

Leiden University Medical Centre. After receiving her doctoral, 

she went for one year (April 2005 - April 2006) to Boston, 

USA to perform basic research in the laboratory of prof. Dr. R. 

Grand at the gastrointestinal department of Children’s Hospital, 

Harvard University. Here, she investigated the regulation of 

human lactase in the intestine using mouse genetics. During 

her spare time she met her future husband. 

Back in the Netherlands, she continued her medical study and started with medical rotations. She 

graduated with honors in June 2008 and after graduation, she directly started to work as a clinical 

doctor under the supervision of dr. F. Brus in Juliana Children’s hospital, The Hague.

In December 2008, she received an AGIKO fellowship from the Netherlands Organization for Scientific 

Research (NWO, ZonMW) to combine her residency with PhD training. Her paediatric residency was 

under the supervision of dr. J. Frenkel, Wilhelmina Children’s hospital, Utrecht. As part of her residency, 

she worked from January 2011 till July 2012 in Meander MC, Amersfoort under the supervision of dr. P. 

Hogeman. Recently she decided not to pursue a clinical career in paediatrics. 

Her PhD project started in 2009 under the supervision of prof. Dr. B. Prakken and dr. F. van Wijk in 

Wilhelmina Children’s hospital. Her research performed during her PhD is described in this thesis. 

Eveline is happily married to Hugo Snippert.
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Dankwoord

Het is nu echt zover... Het allerlaatste onderdeel van mijn proefschrift kan ik op papier gaan zetten. Zelfs 
de taarten voor de cover zijn gefotografeerd (en opgegeten). 
Ik heb een heel fijn promotietraject gehad, mede door alle mensen die mij begeleid en geholpen 
helpen tijdens deze periode. Graag wil ik iedereen bedanken die hierbij een rol heeft gespeeld. 

Berent, de eerste term die ik van je leerde is een BTAtje (Been To America). Je vroeg mij of ik alleen maar 
een BTAtje op mijn CV had staan of dat ik werkelijk ook iets had overgehouden aan mijn onderzoek 
in Boston. Sindsdien leer ik bij elk gesprek een nieuwe term of nieuwe kijk op het onderzoek/klinisch 
werk of leven. Bedankt voor de kans dat ik in het Prakkenlab mocht werken en voor de gesprekken, 
waarbij je het altijd voor elkaar krijgt om mij met een positief gevoel de kamer uit te laten gaan. Zelfs 
als muizen slechts enkele dagen voor de start van een proef nog uit Amerika binnengevlogen moeten 
worden. 

Femke, tijdens mijn tweede onderzoeksjaar kwam je terug uit San Diego. Berent had al veel over je 
verteld en het was leuk om je in het echt te ontmoeten. Je bent erg toegankelijk, gaf mij samen met 
Theo het vertrouwen voor de experimenten in het lab en we konden als er wat was, snel overleggen. 
Doordat ik meerdere perioden in de kliniek zat, was mijn onderzoeksperiode over een langere tijd 
uitgesmeerd. Gedurende die tijd heb ik de Van Wijk groep zien groeien en ontwikkelen. Ik vond het 
leuk om daar deel van uit te maken. Nu is het boekje af, maar ondanks dat hoop ik nog met enige 
regelmaat je kamer binnen te lopen voor gezellige gesprekken.

Marianne, in mijn eerste onderzoeksjaar, maar ook daarna kon ik bij jou mijn vragen kwijt over het 
opzetten van mijn onderzoek en de verschillende lab technieken die ik daarvoor nodig had. Jouw hulp 
heeft mij erg geholpen met het opstarten van de proeven, waardoor de muisproeven zonder grote 
problemen konden starten.

Theo, Jut of Jul? Na jouw terugkomst in het lab, hoorde ik van Femke dat ik je moest inwerken, 
zodat je de proeven van mij kon overnemen als ik in de kliniek was. Dit werd een hele leuke en fijne 
samenwerking met veel koffies/sapjes en regelmatig lange proefdagen! Ik zal de avonden missen 
waarop we eenmaal alleen op het lab lekker met de muziek meezongen vanachter de FACS. Ook wil 
ik je bedanken voor de open deur, wandelingen in het bos en nog meer koffies/sapjes in moeilijkere 
perioden. Ik ben blij dat je naast me staat tijdens mijn promotie en ik hoop niet dat het nodig is om een 
vraag aan je door te geven ;-).

Dan de andere collega’s met wie ik de afgelopen jaren in het ‘Prakkenlab’ heb gewerkt. Zoals al eerder 
genoemd, ging ik enkele keren ‘heen en weer’ naar de kliniek. Ik heb me elke keer weer welkom 
gevoeld als ik terug kwam. Yvonne, Ellen en Sytze, voor mij ‘de oude garde die het allemaal weten’. 
Bedankt voor de vele tips. Jenny, zonder jouw hulp zouden de muisproeven nog langer duren dan 
dat ze al waren. Feli, ik hoop ooit nog eens van jou te leren hoe ik ook zo efficiënt kan werken op een 
Ipad en MacBook. Gerdien, ik ben blij dat we de laatste data zo mooi hebben kunnen weg zetten. Ik 
ben benieuwd naar de data die jij allemaal gaat verkrijgen met de grote datasets. Rianne, bedankt 
voor de dinsdag dilemma’s. Mark, bedankt voor het organiseren van de voetbalwedstrijden. Wilco, 
bedankt voor alle adviezen rondom de DEC aanvragen en Luminex. Angela, Erica en Mirjam, bedankt 
voor jullie ondersteunende hulp in het lab. Alvin, Annemarie, Annemieke, Arjan B, Allesandra, Bas, 
David, Henk, Eva, Evelien, Judith, Maja, Mariska, Nienke, Genoveva, Joost A, Jorg, Joost S, Lieke, Rianne, 
Sarah, Sanne, Selma, mijn studenten Lisebette en Jitske en de andere studenten, bedankt voor de 
gezelligheid binnen en buiten het lab.
Naast het ‘Prakkenlab’ zijn er ook andere labs voor het sparren van data/experimenten maar met 
name ook voor koffies en borrels waaronder het ‘Boeslab’: Annick, Arjan S., Colin, Ewoud, Lieneke, 
Lotte, Maud, Robert, Thijs, Willemijn, de ‘Nieuwenhuizers’: Caroline, Claartje, Kerstin, Sylvia, Sabine en 
Michal en de vele ‘Radstakers’.
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Doordat ik steeds het lab in en uitging heb ik op verschillende kamers gezeten, maar het was altijd 
gezellig. Bedankt voor het toestaan van mijn hard op gepraat achter de computer: Annemieke, Arjan, 
Alsya, Caroline, Dominique, Emmerick, Gerdien, Joost S, Judith S, Kerstin, Kim, Marjolein, Michiel, 
Powell, Philomien, Sanne en Sylvia. 

Annet en Nico, bedankt voor de hulp rondom de patiënten. Herma, Bas en Nofel, ik hoop op mooie 
data met het Crohn’s disease project. Eric, bedankt voor de steeds snelle hulp met de TCR sequencing. 
Anton Martens bedankt voor de hulp bij het opstarten van de muizenproeven. Daarnaast ook bedankt 
voor het plaats nemen in mijn begeleidingscommissie samen met Tuna Mutis en Linde Meyaard.

Jeroen, Pien en Koos voor de ondersteuning van de FACS en UDAIR stainingen, Gerrit voor de PC 
ondersteuning. 
Martijn, Femke en de medewerkers van het GDL voor de hulp met de muizen. Extra dank voor Jan 
die mijn kooien en benodigdheden altijd op de lagere planken legde, omdat ik er anders niet bij kon. 

Dear dr. Grand, Steve and Bob. Thank you for showing me what basic research encompasses and for 
the great time I experienced in the lab. I still have many great memories of my year in Boston. 

Graag wil ik de kinderartsen en arts-assistenten in het Meander MC en het Wilhelmina Kinderziekenhuis 
bedanken voor hun hulp, begeleiding en gezelligheid tijdens mijn klinische perioden gedurende de 
AGIKO. Nanda, Amersfoort is alweer een tijd geleden en ondanks dat we daarna nog maar weinig 
hebben samengewerkt, vind ik het leuk dat we elkaar nog regelmatig spreken. Esther, bedankt voor 
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