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ABSTRACT 

Experimental murine colitis, a model for Crohn's disease, is caused by dysfunctional regulation 

of T cell responses, resulting in a dominance of aggressor THI cells that are specific for colonic 

antigens. Here we show that the thymus not only plays a direct role in the pathogenesis of murine 

colitis, but that disease itself affects thymic development. In two mouse models for experimental 

colitis a thymic destruction was observed that correlated with the earliest signs of disease. 

Because activated THI cells were found in the involuted thymuses, a direct role of these 

aggressor T cells is implied. Furthermore, if aggressor THI development was prevented in the 

BM->tgc26 colitis model by using bone marrow from Stat-4"' mice or by treatment with anti-

TNF or sLT(3R, a normal thymic architecture and thymocyte development was observed. Nor 

were colitis inducing Tul cells detectable in neonatally transplanted tgs26 mice, in which T cell 

development occurred normally. Strikingly, neonatally transplanted tge26 mice, but not adult 

transplanted tgs26 mice, retain the ability to develop functional regulatory CD25CD4" cells in 

the thymus. We conclude that the balance between development of aggressor THI and 

CD25~CD4~ regulatoiy T cells in the thymus of tgs26 mice is age dependent and that colitis itself 

disturbs this development. 
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INTRODUCTION 

Autoimmune diseases, including inflammatory bowel disease (IBD)1, are likely caused by a 

dysfunctional regulation of T cells, which results in aberrant T cell activation. This can in 

principle be due to improper selection of autoreactive T cells and/or to impaired education of 

regulatory T cells. Deleting autoreactive thymocytes in the thymus by a process termed negative 

selection is well understood2. In contrast, the role of the thymus in the education of TR cells has 

only recently started to be elucidated3. 

A consensus starts to develop that CD4'CD25" regulatory T (TR) cells originate in the thymus as 

a discrete population and are subsequently exported to the periphery where they exert their 

function4-5. Both in man and rodents this was supported by the observation that TR cells could be 

found in the CD4"CD8" single positive (SP) thymus population as well as in the periphery6-". 

Their thymic origin was further suggested by the day 3 thymectomy autoimmune gastritis 

model8. In this model, it was shown that thymic selection of TR cells after the first week of life 

was as an essential step in controlling autoimmunity. After an initial wave of TR cells had been 

exported, thymectomy later in life did not lead to pathology. Using a T cell receptor (TCR) 

transgenic model, high-affinity interactions between cortical thymic epithelial cells (TECs) and 

CD4' thymocytes were shown to be required for maturation of TR cells9-l0. In this model, no 

distinct receptor expression between TR cells and naïve T cells could be observed during thymic 

development. However, TR cells developed slower than naive T cells, explaining the lack of TR 

cells in the day 3 thymectomy model9. As for IBD, aberrant thymic maturation of TR cells has 

been shown to cause colitis in animal models for these diseases. Colitis in both the interleuking-2 

deficient (IL-2" ~) and IL-2 receptor (R)"'" mice could be prevented by transplant of wild-type bone 

marrow (BM)1 '•12. This suppressive effect was dependent on thymic maturation of wild-type 

cells 11. In addition, aberrant thymic selection in BM transplanted CD3s transgenic (BM-»tge26) 

mice leads to colitis13. Thus, these combined findings suggest that the thymus plays a critical role 

in maintaining peripheral tolerance by generating TR cells. 

In these studies we used two murine colitis models, namely the BM->-tgs26 and CD4+CD45Rbhl 

transferred recombination-activating gene deficient (RAG""'") mice. Because of a very early block 

in thymocyte selection, tge26 mice are completely T and NK cell deficient14. This results in a 
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rudimentary thymus with an unorganized cortex and lacking a medulla15. In contrast to T cell-

deficient RAG" mice that still have a functional cortex, tgs26 mice succumb to a severe wasting 

disease with colitis 4 to 6 weeks after wild-type BM transplantation13. At this time, the thymus is 

very small with a distorted architecture and has few CD4*CD8+ double positive (DP) thymocytes. 

As opposed to the adult tgs26 mouse, neonatal tgs26 display a more organized thymic 

architecture. When tgs26 mice are transplanted in their fetal or neonatal age, thymocytes develop 

normally resulting in adult mice with an repopulated T cell compartment without disease16. As 

shown before, adult mice engrafted with neonatal tgs26 thymuses before BM transplant also do 

not develop disease13. There are two likely explanations for this observation. One is a soluble 

factor from the neonatal thymus that influenced thymic development in the orthotopic adult 

thymus. Another is a population of T cells that emigrated from the neonatal thymus and 

controlled T cells that emerged from the orthotopic thymus. The latter and more likely hypothesis 

implies that TR cells could emerge from the neonatal but not from the adult tgc26 thymus. 

The aim of our investigations was to further address the role of the thymus on the pathogenesis of 

experimental colitis. First, these studies addressed what influence disease has on thymic 

development. For this, the effects of blocking disease on thymic development in the BM^tg£26 

model was assessed. Tn addition, we adapted the CD45Rbhl->RAG~'" transfer model by including 

thymic development of transgenic T cells. Next, TR cell development was studied in the 

BM—»tgs26 colitis model. 

MATERIALS AND METHODS 

Mice. C57BL/6 (B6), (B6xCBA)F, and B6 recombination-activating gene-1 deficient (RAG"'") 

were purchased from Jackson Laboratory (Bar Harbor, ME). The tgs26 recipient mice were 

generated as previously described by over-expressing the full-length human C D 3 E gene14 and 

maintained on the original B6xCBA background. B6 TCR transgenic F5xRAG'" (F5) mice were 

generously provided by Dr C. Levelt (MIT, Cambridge, MA)17, Signal transducer and activator 

of transcription-4 (Stat-4)"' mice by Dr J. Ihle (St Jude's Childeren's Hosptial, Memphis, TN). 

Neonatal tge26 mice were 2-5 days old, all other recipients were between 6-10 weeks of age. 
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Disease induction and scoring: The CD45Rbhl model was generated as described18- '9 . For BM 

transplantation, 5xl06 donor BM cells were prepared and injected as previously described20. In 

short, femurs were washed out with RPMI and BM cells treated with two rounds of anti-Thyl.2 

mAb and complement lysis. Typical CD3 counts were less than 0.1% of total cells by flow 

cytometric analysis. A clinical disease activity index (DAI) and the histological colitis score was 

assessed in a blinded fashion as previously described by one pathologist (AKB)19. 

Antibody treatment. Twice a week 250ug of anti-TNF mAb (clone Vlq) or control IgG 

(Jackson Immunoresearch, West Grove, PA), 200pg of sLTP-R-Ig or control Ig (Sigma, St Louis, 

MO), was injected intraperitoneally starting at the time of BM transplantation21. 

Cell preparations and cytokine analysis. Thymocytes were extracted by disrupting thymuses 

and filtering cells over a nylon 70pm filter. For intracellular staining, cells were stimulated with 

10pg/ml plate bound anti-CD3e antibody (clone 145-2C11, Pharmingen, San Diego, CA) for 4hrs 

in RPMI-10% FCS. Surface and cytoplasmic staining and FACS analysis were performed as 

described previously20, using isotype matched control antibody staining as the zero value. All 

staining antibodies were purchased from Pharmingen (San Diego, CA) and streptavidin-Red670 

(Gibco BRL, Grand Island, NY). 

Statistical Analysis. All data were analyzed using Prism 2.01 software (GraphPad, San Diego, 

CA). P values were calculated using a non-paired t-test. Mean values are reported ± 1 SEM, 

except for thymocyte number graphs where bars represent the median. 

RESULTS 

Arrest in thymic development correlates with onset of disease in the BM->tg£26 model 

The thymus of colitic BM->tge26 mice is small and contains only CD4 and CD8 single positive 

(SP) cells. To study thymic development during the onset of colitis in the BM—>tgs26 model, 

distribution o f thymocyte subsets was analyzed at different time points after BM transplantation. 

As controls, tgs26 mice were used in which disease was prevented by administration of anti-TNF 

from the start of the experiment21. 
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Fig. 1: Thymic involution coincides with onset of disease 

Tge26 mice were sacrificed at different time points after BM transplantation and thymocytes were counted. 

Approximately 1 week after transplant, thymuses started to increase in cellularity (•) and reached a plateau in the third 

week. In the fourth week, when the first histological signs of colitis appeared (A), the thymus strongly decreased in size 

to the size before transplantation. In contrast, treatment with anti-TNF allowed for the thymus size (o) to increase 

throughout the experiment up to 5x10" cells of wild-type mice, while no significant colitis could be detected (A). 

Approximately one week after transplantation, when no colitis was observed in either group, an 

increase in size and cellularity of the thymus was accompanied by the appearance of CD4+CD8 

double positive (DP) thymocytes (data not shown). Two to 3 weeks after BM transplantation, 

thymus size further increased at which time the first histological signs of colitis started to appear 

in mice treated with control-Ig (Fig. 1). Between 3 to 4 weeks after transplantation, when 

control-Ig treated mice had started to loose weight and developed signs of clinical disease (DAI: 

2.7±0.8), thymus size collapsed dramatically (Fig. 1). However, thymuses in anti-TNF treated 

tgc26 mice remained large, which suggested that blocking disease by anti-TNF treatment 

protected the thymus from loosing its cellularity. 

These data showed that in the BM->tge26 model the thymus involutes with the first signs of 

colitis, and that this thymic involution can be prevented by anti-TNF treatment. 

Blocking colitis results in normal thymic development 

To investigate whether the observed growth in thymic cellularity was due to specific effects of 

anti-TNF treatment, thymuses were examined from BM—»tgs26 mice in which disease had been 

prevented by other interventions. Soluble lymphotoxin-(3 receptor (sLTpR) administration or 

10 20 30 
days post transplant 
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transfer of IL-12-unresponsive Stat-4" BM have previously been shown to prevent disease in the 

BM->tgs26 model whereas recipients of CD 154"'" BM had moderate colitis19"21. 

Surprisingly, intervening in disease onset by several different means all resulted in thymuses 

regaining -30-80% of the size found in wild-type mice (Fig. 2a). 
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Fig. 2: Blocking disease allows for thymus to regain normalized phenotype 

(a) BM—>tg&26 mice were treated with anti-TNF, sl.TpR, a combination of these or were transplanted with Stat-4' '• BM. 

Similar to anti-TNF treatment, thymic cellularity at the end of the experiment increased up to 80% of wild-type animals 

indiscriminately of the manner by which disease was prevented. 

(b) Thymocytes from BM—>tgs26 mice that had been treated were stained for CD4 and CD8 expression. Untransplanred 

tg£26 mice have an early block resulting in only CD4 CD8 thymocytes being present in their thymus. Four to 5 weeks 

after BM transplant, control-mAb treated mice only displayed CD4 and C8 single positive cells in their thymus. In 

contrast, preventing disease by anti-TNF treatment or by using Stat-4 BM cells results in normal thymocyte 

distribudon, with 85-90% of cells being CD4"CD8+ and a 2:1 CD4/CD8 single positive rado. 
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(c-j) Thymuses from BM—»tg£26 mice thai had received control-Ig ('untreated') displayed a distorted architecture which 

was clear on H&E staining (c). In contrast, anti-TNF alone or in combination with sl.TPR ('treated') resulted in the 

reappearance of lighter medullary regions surrounded by cortical areas (d). Upon further phenotyping, untreated mice 

displayed random cortical (e) and medullary (g) TEC distribution. In contrast, treated mice regained a thymic distribution 

with localized areas with medullary TECs (h) surrounded by cortical TECs (f). In addition, medullary DCs were found in 

newlv formed medullary regions in rreated animals (j) whereas in untreated mice they «ere randomly distributed 

throughout the rudimentary thymus (i). 

Mice transplanted with CD154"" BM, that suffered from moderate disease19, displayed thymuses 

varying from 106-108 cells (data not shown). To further examine the thymuses of these mice in 

which disease had been prevented, thymocytes were stained for surface markers and 

immunohistochemical phenotyping was performed. In contrast to the complete lack of DP 

thymocytes observed in sick BM-»tgg26 mice15, the large thymuses of anti-TNF treated animals 

contained a normal distribution of DP and SP cells (Fig. 2b). The hypothesis that thymic 

regeneration was independent of the type of treatment was confirmed by examination of 

thymuses from sLT|3R treated and Stat-4"' BM transplanted mice. Similar to anti-TNF treated 

mice, these thymuses contained a normal distribution of cells (Fig. 2b and data not shown). Next, 

the thymuses were examined histologically. Whereas sick BM—>tgs26 mice display a distorted 

thymic architecture with indiscernible cortical and medullary distributions, mice in which disease 

had been blocked regained clear cortical and medullary areas, as shown by H&E staining (Fig. 

2c,d). This was further specified by staining for cortical and medullary TECs as well as for 

medullary DCs22. These cell types were randomly scattered in sick tge26 mice, which contrasted 

with the localized distribution in mice treated with anti-TNF and/or sLTpR (Fig. 2e-j). Thus, 

both thymocyte and thymic stromal cell distribution regenerated when colitis was prevented. 

These data showed that the thymic collapse and destruction observed in untreated BM—>tge26 

mice could be prevented by blocking disease, irrespective of the treatment used. 

Thymic destruction in the CD45RB1" model coincides with the presence of activated Tul 

cells in the thymus 

To test the possibility that the observed thymic destruction was an attack by aggressor Tnl cells 

on the thymus, a second colitis model was used. Because the major T cell subsets are present in 

BM—>tgs26 mice, we adapted the CD45RB" transfer model to include thymic development of 
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'bystander' CD8 T cells (Fig. 3a). In this experiment, wild-type CD45RB ' cells were co-

transferred with BM from transgenic TCR (F5) mice that would fill the thymus with only 

transgenic CD8 SP thymocytes. We hypothesized that transgenic CD8^ T cells in the periphery 

could not be activated due to the lack of their specific antigen, the influenza nuclear protein 

NP6817. Therefore F5 cells would not affect colitis development. 
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Fig. 3: Activated T H I cells home back to the thymus in the CD45RB'1' colitis model 

(a) To study influence of disease in another model, the CD45RB'" transfer model was adapted to include thymic 

development of 'by-stancler' TCR-transgenic T cells, called 'F5'. RAG ' mice were sub-lethally irradiated and 

transplanted with F5 BM along with wild-type CD45RB'" T cells and sacrificed 6 weeks later. 

(b) Similar to thymic destruction in the BM—>tgs26 model, disease in the CD45RB'11 model results in thymic involution. 

Whereas recipients of CD45RB1" cells have on average 1x10s thymocytes, F5 BM transplant results in a thymus size 

similar to the donor F5 mice. In contrast, colitic RAG- mice that had received F5 BM display a thymus as small as 

recipients of only CD45RB1" cells, on average containing 3x10' thymocytes. 

(c) Thymocytes were stained for CD4 and CD8. F5 BM recipients displayed CD4+CD8+ as well as CD8* single positive 

T cells, similar to donor F5 mice. In contrast, thymuses of co-transferred mice had virtually no CD4+CD8+ cells with 

only CD8T , and more interestingly, CD4* single positive cells. These CD4+ single positive cells could also be observed in 

RAG'/' mice that had received just CD45RB1" cells, suggesting that these were peripheral T cells homing back to the 

thymus. 

(d) CD4* single positive T cells from RAG"'' mice transplanted with F5 BM and CD45RBhi cells were stimulated with 

anti-CD3fi and stained for intracellular TNT and IFN-y expression. High expression of both cytokines showed that these 

were activated T H I cells. 

Similar to the observed thymic destruction in the BM—»tgs26 model, a similar effect was 

observed in the CD45RB ' transfer model. F5 BM-»RAG"" mice had large thymuses (Fig. 3b) 

and normal DP and CD8 SP thymocyte distribution (Fig. 3c), indistinguishable from donor F5 

mice (data not shown). In contrast, co-transfer of disease-inducing CD45Rb'" cells resulted in 

decreased thymic cellularity (Fig. 3b) and complete lack of DP thymocytes (Fig. 3c), similar to 

colitic BM—>tge26 mice. Interestingly, CD4' T cells could be isolated from the thymus of both 

CD45RBhi^RAG " and F5 BM + CD45RB'"->RAG"" mice. Upon further analysis, these cells 

displayed high levels of activation markers on their surface (data not shown) and intracellular 

cytokines IFN-y and TNF (Fig. 3d), suggesting an activated phenotype. 

This showed that, similar to the BM—>tgs26 model, thymic destruction also takes place in the 

CD45RB1"—»RAG~" model. More importantly, during disease activated Tul cells home back to 

the thymus where they produce pro-inflammatory cytokines. 
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Neonatally transplanted tgc26 mice do not develop colitis and generate functionally active 

CD4CD25' regulatory T cells 

To examine whether activated Tul cells also returned to the thymus in BM->tge26 mice, CD4 SP 

thymocytes cells were characterized by cell-surface expression. As controls, neonatally BM 

transplanted tge26 (BM—»tg£26Ni:o) mice were used which fail to develop disease16. 

Similar to CD45RB"—»RAG"" mice, colitic BM—>tge26 mice displayed an increased frequency 

of CD4 SP thymocytes that appeared activated as illustrated by being CD44hi, CD62L10 and 

CD69" (data not shown). This activated phenotype contrasted with healthy BM—»tgs26NLo mice, 

where few activated CD4 SP thymocytes could be detected (data not shown). Interestingly, 78% 

of CD4 SP thymocytes were CD25'CD69km, which suggested that these CD4 SP thymocytes 

were TR cells. This opened the possibility that impaired TR cell development was the cause of 

autoimmunity in the BM->tgc26 model. To test this, wild-type splenic TR cells were co-

transferred along with BM in adult tgs26 mice. Upon sacrifice, mice that had received TR cells 

displayed only mild clinical disease symptoms and no histological signs of colitis (Fig.4a,b). To 

formally prove that BM-»tgs26NEo mice had the ability to develop functional TR cells, this 

experiment was repeated with splenic TR cells isolated from BM—>tge26\i o mice. This resulted 

in mild disease comparable to recipients of TR cells from wild-type mice (Fig.4a,b). 

Fig. 4: Neonatally transplanted tgc26 remain the ability to develop TR cell 

Co-transfer of CD4 'CD25 ' splenocytes trom wild-type mice was able to substantially prevent disease severity (a) in 

BM—»tgg26 mice. In addition, when these CD4+CD25"1 splenocytes were obtained from BM—»tgs26NF-o donor mice 

(neoCD25*), co-transfer was also able to prevent both clinical disease (a) as well as colitis (b). 
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These data show that, as opposed to adult tgs26 mice, the thymus in neonatal tgs26 mice has the 

ability to develop functional TR cells. Moreover, these findings prove that aberrant thymic 

selection in the BM->tge26 impairs TR cells development, explaining the severe autoimmune 

disease observed in this model. 

DISCUSSION 

It has been long established that stress leads to loss of DP thymocytes in mice. Many mechanisms 

have been implicated in this process, the most prominent being apoptosis induced by 

glucocorticoids23. However, in thymocyte apoptosis did not correlate with systemic 

glucocorticoid levels24 and was recently shown to take place independent of glucocorticoids25. 

Several TNF-family members have been implied as mediators of thymic emptying, either because 

of a correlation with systemic levels24 or in thymus specific transgenic mice26. We have not been 

able to correlate the serum TNF values with thymic destruction in the BM—»tge26 model. 

However, we did find activated TH1 cells that had remigrated to the thymus in the CD45RB1' 

model, and observed cells with a similar surface phenotype in diseased BM-»tge26 mice. The 

thymic destruction observed in our BM-»tgs26 model is more severe than observed either in 

stress-induced DP apoptotic assays, in graft-vs-host disease or even in the IL-2"" colitis model27. 

Because of the scarcity of data on inflammation in the thymus, the functional importance of 

remigrating T(|l cells can only be speculated upon. We favor the explanation that in the 

BM—>tgs26 and CD45RB1" colitis models, uncontrolled Tul cells induce an autoimmune attack 

on the thymus which leads to a complete block in thymic development. 

Therefore, blocking T cell activation allows for the thymus to remain reconstituted irrespective of 

the method used. So far, all reagents that were able to successfully inhibit the development of 

colitis resulted in a normal thymic architecture in BM—»tge26 mice. 

One of the striking differences between RAG" and tge26 mice is the inability to reconstitute the 

immune system in the latter strain. Whereas BM—>RAG"" leads to mice with an apparently 

normal immune system, adult transplanted tg£26 develop a severe autoimmune response with 

colitis. As noted, fetal thymus grafted tge26 mice did not develop disease after BM 
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transplantation13. We here showed that disease in the BM-»tgs26 model is due to the inability of 

the adult tge26 thymus to support TR cell development. This contrasts with the fetal and neonatal 

tgs26 thymus, that remains the ability forT|< cell development up to 6-9 days post partum. As 

shown by our co-transfer experiments, T« cells from neonatally tranplanted tgs26 mice are both 

functional in vitro and can suppress disease development in vivo. One explanation is that neonatal 

tgs26 and RAG" thymuses differ in their stromal structure from adult tge26 thymuses. Most 

likely because of cross-talk with double negative (DN) CD44"CD25" thymocytes, RAG"'" 

thymuses display several features that are absent in adult tge26 thymuses: the characteristic 3 

dimensional stroma, thymic nurse cells and an organized cortex22-28. Although it is not yet clear 

what functional importance the first two features have for reconstitution, cortical TECs have 

recently been implicated as the cell type responsible for education of TR cells. High affinity 

interactions between thymocytes and MHC class II expressing cortical TECs could drive the 

generation of TR cells9-10. Interestingly, reconstitution of tge26 thymuses with DN CD44"CD25~ 

thymocytes from RAG"" mice resulted in the appearance of keratin-5" keratin-8' cortical TECs29 

along with an organized cortex22. And subsequently, reconstitution of keratin-5" keratin-8 

cortical TEC containing thymuses with wild-type thymocytes results in normal reconstitution of 

the immune system, similar to RAG" mice. Thus, these observations combined show that the 

tge26 mouse is a model in which autoimmunity develops because of the gradual loss of keratin-5" 

keratin-8' cortical TECs, thereby becoming unable to educate TR cells. 

Both forms of IBD, namely ulcerative colitis and Crohn's disease, display flare-ups and 

remissions, the reason for which are often poorly understood1. Based on our animal studies, we 

speculate that an autoimmune attack of mature T cells on the thymus may prevent the export of 

both naive T cells as well as TR cells in patients with IBD, thereby disrupting the balance between 

these two T cell subsets. Further investigations into the effects of peripheral T cell suppression on 

thymic development of TR cells will allow for possible new approaches in resetting the immune 

system of IBD patients. 
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