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Stefanie Claudia Hagemann:  Charakterisierung von inflammatorischen RORγt+ (Th17) und 

regulatorischen Foxp3+ (Treg) T-Zell Populationen 

 

Zusammenfassung 

Die krankheitsfördernden und –lindernden Eigenschaften sowie der Phänotyp von Th17-

Lymphozyten (Th17) und regulatorischen T-Zellen (Tregs) in Gesundheit und Krankheit wurden 

eingehend studiert und beschrieben. Zahlreiche Publikationen der letzten Jahre zeigten jedoch, 

dass diese beiden T-Zell Populationen funktionaler Plastizität unterworfen sind. Diese kann sich 

zum einen als krankheitslindernd erweisen, wie im Fall von T-bet+ Tregs, welche eine erhöhte 

suppressive Kapazität bei Th1 assoziierten Krankheiten besitzen. Auf der anderen Seite wird 

z.B. die komplette Umwandlung von Tregs zu Th17 Zellen oder Th17 Zellen zu Th1 Zellen 

jedoch mit einem verschlechterten Krankheitsverlauf von Autoimmunerkrankungen oder 

entzündlichen Krankheiten assoziiert. 

In den letzten Jahren wurde die Existenz einer T-Zell Population beschrieben, welche beide 

Schlüssel Transkriptionsfaktoren von Th17 Zellen (RORγt) und Tregs (Foxp3) exprimiert und mit 

dem höchsten prozentualen Anteil in der Lamina propria des Dünn- und Dickdarms gefunden 

werden kann. RORγt+ Foxp3+ T-Zellen produzieren das entzündliche Zytokin Interleukin 17 (IL-

17) und das suppressive Zytokin IL-10 und eine erhöhte Frequenz dieser T-Zell Population 

wurde in Proben aus erkranktem Gewebe von Colitis ulcerosa Patienten sowie Patienten mit 

Kolorektalem Karzinom nachgewiesen. Bis heute ist jedoch nur wenig über den Phänotyp, den 

Ursprung, die Stabilität sowie die Funktion von RORγt+ Foxp3+ T-Zellen bekannt. Im Rahmen 

dieser Studie konnten wir diese T-Zell Population mithilfe eines Doppel-Reportermaus Models 

für RORγt und Foxp3 ex vivo isolieren und mit speziellem Fokus auf ihren Phänotyp und 

funktionale Kapazität analysieren. 

 

Mithilfe einer Microarray-Analyse konnten wir zeigen, dass RORγt+ Foxp3+ T-Zellen ein mit 

RORγt+ Foxp3- Th17 Zellen und RORγt- Foxp3+ Tregs überlappendes Genexpressionsprofil 

besitzen, da sie z.B. spezifische Zytokine und Oberflächenmoleküle beider T-Zell Populationen 

exprimieren. Des Weiteren weist diese T-Zell Population eine erhöhte Expression von Darm-

spezifischen Chemokin-Rezeptoren, wie CCR6 und CCR9, im Vergleich zu RORγt- Foxp3+ 

Tregs auf. Mithilfe eines Stabilitätsassays konnten wir zeigen, dass RORγt+ Foxp3+ T-Zellen 

einen stabilen Phänotyp besitzen und sich unter diesen Bedingungen präferenziell aus RORγt- 

Foxp3+  Tregs entwickeln. In einem experimentellen Model der Kolitis wiesen die RORγt+ Foxp3+ 

T-Zellen zudem eine erhöhte suppressive Kapazität im Vergleich zu RORγt- Foxp3+ Tregs auf, 



da sie im Vergleich zu RORγt- Foxp3+ T-Zellen die Kolitis Symptome nicht nur linderten sondern 

die Entstehung der Kolitis sogar verhinderten. Diese Ergebnisse wurden durch eine signifikant 

reduzierte Pathologie des Kolons sowie zelluläre Infiltration in das Darmgewebe bestätigt.  

 

Zusammenfassend konnten wir zeigen, dass RORγt+ Foxp3+ T Zellen eine stabile T Zell 

Population darstellen, welche phänotypisch zwischen RORγt+ Foxp3- Th17 Zellen und RORγt- 

Foxp3+ Tregs einzuordnen ist, und eine erhöhte suppressive Kapazität in entzündlicher Kolitis im 

Vergleich zu RORγt- Foxp3+ Tregs aufweist. Aus diesem Grund nehmen wir an, dass RORγt+ 

Foxp3+ T Zellen eine spezifische, an die homöostatischen und entzündlichen Bedingungen 

adaptierte Form von regulatorischen Zellen im intestinalen Gewebe darstellen. 

 

  



Stefanie Claudia Hagemann: Characterization of inflammatory RORγt+ (Th17) and regulatory 

Foxp3+ (Treg) T cell populations 

 

Abstract 

The beneficial and pathogenic roles as well as the phenotype of T helper (Th) 17 cells and 

regulatory T cells (Tregs) in health and disease are well known and described. However, recent 

studies suggest that both T cell populations are subject to functional plasticity.  This was shown 

to be beneficial in case of the generation of Tbet expressing Tregs which exert an increased 

suppressive capacity in Th1 associated diseases. In contrast, the complete conversion of Tregs 

to Th17 cells or Th17 cells to Th1 cells was shown to play a detrimental role in autoimmunity and 

inflammatory diseases.  

In the recent years, the presence of a T cell population co-expressing both key transcription 

factors of Th17 cells (RORγt) and Tregs (Foxp3) has been reported and found to be at its 

highest frequency in the lamina propria of the small intestine and the colon of mice. RORγt+ 

Foxp3+ T cells are capable of producing the inflammatory cytokine Interleukin 17 (IL-17) and the 

suppressive cytokine IL-10 and are found with high frequencies in patients suffering from 

ulcerative colitis (UC) and colon carcinoma (CC). However, the detailed analysis and description 

of the phenotype, origin, stability and function of RORγt+ Foxp3+ T cells remained poorly 

understood. With the help of a double reporter mouse model for RORγt and Foxp3 we were able 

to isolate these cells ex vivo and to analyze them specifically in terms of their phenotype and 

functional capacities. 

   

Using microarray technology, we found that RORγt+ Foxp3+ T cells share overlapping gene 

expression profiles with both RORγt+ Foxp3- Th17 cells and RORγt- Foxp3+ Tregs, expressing 

cytokines and surface molecules of both T cell populations. In comparison to RORγt- Foxp3+ 

Tregs, they display an increased transcriptional and surface expression level of gut homing 

molecules, like CCR6 and CCR9. Under in vitro culture conditions we could demonstrate that 

RORγt+ Foxp3+ T cells display a high stability and were under these conditions preferentially 

induced from RORγt- Foxp3+ Tregs. In a model of transfer colitis, RORγt+ Foxp3+ T cells 

displayed an increased suppressive capacity in comparison to RORγt- Foxp3+ Tregs, as the co-

transfer of RORγt- Foxp3+ T cells ameliorated the colitis phenotype whereas the co-transfer of 

RORγt+ Foxp3+ T cells even prevented disease onset. This finding was underlined by a 

significantly reduced histopathology in the colon as well as cellular infiltration.  

 



Overall the findings described in this thesis show that RORγt+ Foxp3+ T cells display a stable T 

cell population phenotypically located in between RORγt+ Foxp3- Th17 cells and RORγt- Foxp3+ 

Tregs, exhibiting increased suppressive capacity in experimental colitis in comparison to RORγt- 

Foxp3+ Tregs. Therefore RORγt+ Foxp3+ T cells may represent a specific adaptation of Tregs to 

the homeostatic and inflammatory environment of the intestinal mucosal tissue.  
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1 Introduction 

1.1 Development of effector T cells and regulatory T cells 

1.1.1 T cell development in the thymus  

T cells and B cells originate from multipotent hematopoietic stem cells in the bone marrow. 

However, while the B cell development is restricted to the bone marrow, the maturation of T 

cells occurs in the thymus. Specific cell types promote T cell maturation, including processes 

of positive and negative selection. Both processes are needed to generate cells with a 

functional, but not self-reactive T cell receptor (TCR)1. The TCR itself consists of an α- and β-

chain (in αβ T cells) or γ- and δ-chain (in γδ T cells). The α- and the β-chain locus contain 

genes encoding the variable (V) amino-terminal region, the constant (C) region and the 

joining (J) segment. The β-chain exhibits an additional diversity (D) segment, the so-called 

diversity (D) segment. The gene loci for the different TCR components encode various 

numbers of genes for each segment, for example, the Jα-locus contains ~ 70 different J 

segments. The combination of all the different segments of the VDJ-regions enables a total 

TCR diversity of ~1018. The expression of the recombinases recombination-activating gene 1 

(RAG-1) and RAG-2 is essential for the V(D)J recombination. Mice deficient in one or both of 

these molecules lack the ability to initiate V(D)J recombination, fail to generate a functional 

TCR (and B cell receptor (BCR)) and therefore are devoid of T and B cells2. Only T cells 

possessing a TCR efficiently binding to self-major histocompatibility complex (MHC) 

molecules and non-responsive to self-antigens are leaving the thymus to circulate in the 

periphery. 

The thymus lobules are subdivided into a cortical region (thymus cortex) and an inner 

medulla. The cortical stroma is crucial for the maturation of T cells, as it is composed of 

epithelial cells expressing the MHC-I or –II molecules needed for positive selection. CD4- 

CD8- (CD: cluster of differentiation) T cell progenitors enter the thymus from the bloodstream 

near the cortico-medullary junction. The development of these double negative T cells to 

CD4 or CD8 single positive T cells is divided into different developmental steps, including the 

rearrangement of the α-chain and β-chain genes, proliferation, as well as positive and 

negative selection. During these developmental stages, the cells migrate to the thymic 

cortex. Here, they localize to MHC-I or MHC-II expressing cortical epithelial cells. The 

expression of the autoimmune regulator (AIRE) in thymic medullary cells and dendritic cells 

enables the production of peripheral tissue antigens, like insulin, albumin and the C reactive 

protein. T cells, which possess a functional T cell receptor (TCR) are able to bind to self-

peptide:self-MHC-complexes and complete their maturation in the thymus to single positive 

naïve T cells. This process is called positive selection and occurs in the thymic cortex. 

However, the binding strength of TCR to the self-peptide:MHC-complexes defines the fate of 
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the T cell progenitor. In contrast to positive selection, negative selection occurs in the thymic 

medulla and leads to the elimination of thymocytes expressing a TCR with high affinity for 

self-antigens1.The affinity hypothesis postulates that low affinity binding promotes the 

survival of the cell, whereas strong affinity binding leads to apoptosis3,4. However, the 

process of negative selection cannot eliminate the whole pool of self-reactive T cells. Cross-

linking to their antigen in the periphery without co-stimulatory signals provided by the target 

cells cause anergy (inactivation) or deletion of the auto-reactive T cell in a gene related to 

anergy in lymphocytes (GRAIL) dependent manner5. This process further limits the number 

of auto-reactive T cells in the periphery but is not able to clear all of them. The population of 

regulatory T cells (Tregs) is required to sustain peripheral tolerance, as well as to control the 

pool of self-reactive T cells, to block autoimmunity and to regulate the immune response 

against foreign antigens.  

 

1.1.2 Classification of CD4+ T cells into functionally and phenotypically distinct T cell 

populations 

The pool of CD4+ T cells can be subdivided into naïve T cells and differentiated T cells, 

namely Th1, Th2, Th17 cells, T follicular helper (TFH) cells and Tregs. The diversity of the T 

cell pool is needed to cope with the various types of pathogens. Th1 and Th2 cells were 

defined as the first T cell subsets6. Th1 cells are described to be specialized in the 

recognition and activation of infected macrophages by secretion of interferon-γ (IFN-γ), 

enabling the killing of the bacteria residing in intracellular vesicles. Th2 cells were considered 

as helper cells supporting B cell immunity by promoting the generation of class-switched 

antibodies that target helminthes parasites. Tregs were shown to contribute to immunological 

self-tolerance and to suppress T cell responses7,8. Th17 cells play a crucial role in the 

immune response against fungi (e.g. Candida albicans) by promoting neutrophil infiltration 

into infected tissues as well as maintaining epithelial barrier integrity. In turn, they were 

described to play detrimental roles in autoimmune diseases like autoimmune arthritis and in 

chronic inflammatory diseases like Crohn’s disease9. TFH cells reside in B cell follicles in 

lymphoid organs and promote the affinity maturation and antibody production of B cells10. In 

recent years, an extension of the known T cell populations has been proposed, but the 

designation of Th22 or Th9 cells as additional T cell populations remains uncertain. 

The differentiation of the distinct T cell populations is dependent on specific cytokines and 

growth factors. The presence of Interleukin 12 (IL-12) and the induction of T-box 21 (Tbet) 

expression are crucial for the development of Th1 cells11. The cytokine IL-4 and the induction 

of the transcription factor GATA binding protein 3 (GATA3) lead to the development of Th2 

cells12,13. Both Th17 cells and Tregs are dependent on the transforming growth factor β 

(TGF-β) for their development. Naïve T cells stimulated with TGF-β in the periphery 
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differentiate into Tregs, whereas Th17 development is induced in presence of TGF-β and IL-

614–16.  Also the expression of the master transcription factors Forkhead box P3 (Foxp3) and 

Retinoic acid-related orphan receptor gamma t (RORγt) was shown to be critical for Treg and 

Th17 development17–19.   

 

1.1.3 Importance of metabolic pathways for lymphocyte function 

Recent studies have demonstrated the crucial dependence of T cells on different metabolic 

pathways for their functional capacities and lineage fate decisions. During the different 

developmental steps T cells undergo changes in their metabolic program which are critically 

dependent on the activation state of the T cells, nutrient and oxygen concentration as well as 

inflammatory signals. During glycolysis, glucose is metabolized to pyruvate, which is further 

metabolized to acetyl-coenzyme A (CoA). Acetyl-CoA serves as metabolite for the 

tricarboxylic acid (TCA) cycle in the mitochondria, generating nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). These metabolites are further 

used for oxidative phosphorylation to generate energy in the form of adenosine triphosphate 

(ATP). However, under hypoxic conditions pyruvate is predominantly converted to lactate, 

resulting in decreased ATP yields20. Naïve T cells as well as non-proliferating cells fully 

oxidize pyruvate in the TCA cycle. Upon activation of T cells the expression of glucose and 

amino acid transporters is up-regulated, fatty acid oxidation (FAO) is actively suppressed and 

their metabolism is switched to aerobic glycolysis. Similar to energy production under 

hypoxic conditions and in an inflammatory environment21, activated T cells primarily produce 

ATP by conversion of pyruvate to lactate via lactate dehydrogenase (LDH) rather than via the 

TCA cycle and oxidative phosphorylation. This process leads to a rapid processing of 

glucose and is termed the Warburg effect21. In contrast to activated, proliferating T cells with 

a high demand on exogenous nutrients, memory T cells display decreased nutrient uptake 

and switch their metabolism to FAO. Free fatty acids are oxidized to acetyl-CoA, which can 

be further metabolized in the TCA cycle to fuel oxidative phosphorylation. Similar to naïve T 

cells, memory T cells show an increased reliance on oxidative phosphorylation, they however 

possess an increased mitochondrial mass21.  

In contrast to the metabolic pathways used by activated effector T cell lineages, Tregs 

strongly rely on fatty acid oxidation for energy production. This process is mediated by up-

regulation of the adenosine monophosphate-activated protein kinase (AMPK) and the 

subsequent up-regulation of the carnithine palmitoyl transferase 1 (CPT-1), a mitochondrial 

lipid transporter. AMPK negatively regulates the activation of the mammalian target of 

rapamycin (mTOR), a critical metabolic regulator in activated T cells. The activation of mTOR 

is crucial for induction of aerobic glycolysis and, additionally, promotes the up-regulation of T 
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helper cell specific transcription factors and the activation of Signal transducer and activator 

of transcription (STAT) proteins22.  

A recent study analyzing the effect of acetyl-CoA carboxylase (ACC) specific inhibitor 

Soraphen A on Th17 development and function additionally demonstrated the importance of 

the glycolytic-lipogenic axis for the development of Th17 cells. This study allows a new 

insight into the strategy of metabolic immune modulation of Th17 cells via ACC1 mediated de 

novo fatty acid synthesis, as blocking of this pathway by Soraphen A leads to the 

development of Tregs23. This study, along with previous studies, demonstrates that blocking 

critical steps in the metabolic pathway of effector T cells (like blocking mTOR activity with 

rapamycin or glycolysis with 2-Deoxy-D-glucose (2-DG)22) could serve as a potential targets 

for future therapies of chronic inflammatory diseases. 

 

1.2 Regulatory T cells 

Several publications in the eighties and nineties have demonstrated the importance of a 

subpopulation of T cells for immunological tolerance, first characterized as CD4+ CD5+ 

CD45RBlow T cells. A reduction of this cell type (e.g. after neonatal thymectomy) led to organ-

specific autoimmune diseases24, whereas transfer of these cells reduced pathology in 

autoimmune diseases or inflammatory disorders (e.g. in wasting disease)25. Later, the IL-2 

receptor α-chain (CD25) was demonstrated to serve as a more specific marker for this T cell 

population26. Further studies proved the anergic phenotype of Tregs and their functional 

capacity to suppress the activation and proliferation of CD4+ and CD8+ T cells in an antigen-

independent manner27,28. In addition, it was demonstrated that CD4+ CD25+ T cells contribute 

to tumorogenesis by suppressing antitumor immunity29. Later, the expression of Foxp3 was 

shown to be essential for the phenotype and functional capacities of Tregs. Scurfy mice, 

bearing a natural mutation in the X-chromosomal located Foxp3 gene, showed severe signs 

of inflammation and hyper activation of CD4+ T cells, leading to the rapid death of male mice 

and homozygous female mice within 40 days after birth30,31.  In addition, a mutation of the 

Foxp3 gene was shown to cause the development of the immune dysregulation, 

polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX), the human analog to the 

scurfy phenotype in mice32. 

The population of Tregs found in the periphery is subdivided into two populations: thymus 

derived Tregs (tTregs) and peripheral induced Tregs (pTregs), the latter developing from 

naïve T cells. The key function of Tregs is the maintenance of tolerance against self-

antigens. Auto-reactive immune responses by effector T cells (Teff) were shown to be 

successfully suppressed by tTregs. An imbalance in this critical immune regulatory process 

is detrimental for the whole immune system resulting in autoimmunity or cancer. In addition 

to their function in self-tolerance, Tregs also contribute to immunological tolerance in 



 12 

transplantations, allergy, inflammation and microbial immunity33. Moreover, they play a 

crucial role during pregnancy as they confer maternal-fetal as well as fetal-maternal 

tolerance34,35. The population of pTregs expands the TCR diversity of the Treg repertoire36. 

They play a critical role in oral tolerance against food antigens and enable the homeostasis 

of the mucosal immune system (see chapter 1.6).  

 

The development of Tregs in the thymus depends on the expression of Aire by medullary 

thymus epithelial cells (mTECs), leading to the expression of peripheral tissue antigens (see 

chapter 1.1.1) and XCL1 (chemokine (C-motif) ligand 1). The receptor for XCL1, XCR1 

(chemokine (C-motif) receptor 1), is expressed by thymic dendritic cells (tDCs)37. In addition, 

the expression of CD25 as well as specific epigenetic modifications in CD4+ T cell 

progenitors is essential for the induction of tTregs38–40. Demethylation of CpG rich islands of 

the Treg specific demethylated region (TSDR) and other genes like Tnfrsf18 (tumor necrosis 

factor receptor superfamily, member 18; also known as GITR), Ctla-4 (Cytotoxic T-

lymphocyte-associated protein 4), Ikzf2 (Ikaros family zinc finger 2, also known as Helios), 

Ikzf4 (also known as Eos) and Il2ra (Interleukin 2 receptor alpha, also known as CD25), 

summarized as Treg-cell-epigenome, were shown to control and stabilize the expression of 

Foxp3 and the Treg phenotype and thereby contribute to Treg development40–43. The TSDR, 

also known as conserved non-coding sequence (CNS) 2, is located in the 5’ untranslated 

region of the Foxp3 locus. The demethylation of the TSDR is required for the long-term 

maintenance of Foxp3 expression41,42 and represents an active process involving Ten eleven 

translocation (Tet) enzymes, independent from cell division44. Additionally, the level of TCR 

self-reactivity needs to be above the threshold enabling positive selection but below the 

threshold leading to negative selection. Several genes have been described to contribute to 

this process, like Nr4a (nuclear receptor subfamily 4, group A) receptors, which are induced 

upon TCR stimulation in the thymocytes, promoting the induction of Foxp3 and regulating the 

signal strength in response to TCR signaling45. The combination of these processes is 

needed to enable a successful development of tTregs40 (Figure 1.1). 

 

The development of tTregs in the thymus is independent from Foxp3 expression, as Treg 

signature genes are also induced in developing Tregs in the thymus in the absence of Foxp3 

expression. However, the expression of Foxp3 was shown to amplify Treg specific gene 

expression and is necessary for the suppressive capacity of Tregs46–48. 
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Figure 1.1: Developmental stages of 

Tregs in the thymus.  

The functional binding of T cells to self-

MHC complexes (positive selection) as 

well as the recognition of self-peptides 

(negative selection) represents critical 

steps in the development of T cells in 

the thymus. The duration and strength 

of TCR signaling determines the fate of 

the T cell. High intensity TCR 

stimulation (below the threshold 

inducing negative selection) induces 

Foxp3 expression. In addition, changes 

in the epigenetic signature (epigenome) 

of the developing Tregs, induced by the 

duration of the TCR stimulation, are 

critical for the development of stable 

Treg lineage. Taken from Ohkura et al; 

Immunity 2013
40  

  

 

The CNS1, located in the Foxp3 locus, has been shown to be involved in the differentiation 

of pTregs. This sequence contains a TGF-β responsive element and binding sites for AP1, 

NFAT and Smad349,50. Signaling via the IL-2 receptor is critically involved in promoting TGF-ß 

mediated Foxp3 induction51. In addition, retinoic acid (RA) has been implicated to essentially 

enhance this process52. 

 

In addition to Foxp3 and CD25, GITR and Ctla-4 represent well described markers of Tregs. 

GITR plays an important role for the induction of immune tolerance, inducing the expansion 

of Tregs upon stimulation, specifically of CD103+ Foxp3+ T cells53. Ctla-4 expression as well 

as the production of the cytokine IL-10 were shown to be important for mediating the 

suppressive capacity of Tregs54,55. Several approaches were carried out to find a specific 

marker to distinguish tTregs from pTregs. In the year 2010 the expression of Helios, a 

member of the Ikaros family of transcription factors, was proposed to be specifically 

expressed by the population of tTregs56. Helios induces the epigenetic silencing of the IL-2 

locus by promoting the binding of Foxp3 to the IL-2 promoter, subsequently maintaining their 

anergic phenotype57. However, several studies have reported the expression of Helios in 

pTregs as well as the presence of Helios- tTregs in humans58,59. Still, Helios is used as a 

marker for tTregs, as the majority of Helios+ Tregs represents tTregs. In addition to this, 

Neuropilin 1 (Nrp1), an extracellular receptor binding vascular endothelial growth factor 

(VEGF), was shown to be highly expressed on tTregs60,61. The expression of Nrp1 on the cell 
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surface facilitates the ex vivo isolation of tTregs. Nrp1high tTregs were found with high 

frequencies in the thymus and the periphery, whereas a high frequency of Nrp1low pTregs 

was found in the intestine and their induction was shown to be microbiota dependent. Nrp1 

expression is controlled by TGF-β and splenic Foxp3+ Nrp1+ Tregs displayed a fully 

demethylated TSDR. However, the expression of this marker was also demonstrated in 

pTregs isolated from inflamed tissue62. Based on these findings tTregs can be efficiently 

distinguished from pTregs by their expression of Nrp1 in homeostatic mice, but other 

markers need to be identified to specifically discriminate these T cell populations in 

inflammatory settings.   

 

The mechanism by which Tregs perform their suppressive functions can be divided into four 

groups: suppression by inhibitory cytokines, suppression by cytolysis, inhibition of DC 

maturation and function as well as by mediating metabolic disruption63.  

Tregs were shown to produce the inhibitory cytokines IL-10, IL-35 and TGF-β. The 

production of IL-10 by Tregs was shown to be critical for the cytokine dependent suppressive 

capacity of Tregs, as IL-10 deficient Tregs were unable to prevent disease in a model of 

transfer colitis54,64. IL-10 acts on various cell types, like B cells, natural killer (NK) cells, T 

cells, DCs and macrophages. IL-10 has been shown to enhance the Immunoglobulin A (IgA) 

secretion of B cells and to reduce the antigen presenting capacity of monocytes and DCs. In 

addition, IL-10 inhibits the secretion of pro-inflammatory cytokines like IL-1β, IL-6 and IL-12 

and chemokines like the monocyte chemoattractant protein 1 (MCP1) or macrophage 

inflammatory protein 2 (MIP-2) by activated monocytes. Furthermore, it acts directly on T 

cells by inhibiting the production of IL-2, tumor necrosis factor (TNF) and IL-5 as well as their 

chemotactic response65. Moreover, IL-35 has been shown to contribute to the suppressive 

capacity of Tregs, as Tregs lacking IL-35 production fail to suppress T cell transfer colitis66. 

However, the influence of TGF-β production by Tregs on their suppressive capacity remains 

controversial. While early studies claimed that TGF-β is dispensable for this process, others 

proved the suppressive capacity of TGF-β producing Tregs on effector T cell in experimental 

colitis67, as well as the cell contact dependent suppressive capacity of membrane tethered 

TGF-β68. Furthermore, the production of the cytolysis inducing cytotoxins granzyme A, 

granzyme B and perforin were shown to be critical for Treg mediated suppression63,69. 

In addition to this, Ctla-4 and lymphocyte activated gene 3 (LAG3) have been shown to 

promote the effective inhibition of the maturation and function of DCs. Ctla-4 is related to 

CD28 and binds B7 molecules with higher avidity, thus competing with CD2870. Tregs induce 

the production of indoleamine 2,3-dioxygenase (IDO) in DCs in a Ctla-4 dependent manner 

which in turn suppresses effector T cell responses71. A lack of Ctla-4 expression on Tregs 

has been demonstrated to result in an impaired suppressive function of Tregs and induction 
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of autoimmune disease55. Additionally, the expression of LAG3 by Tregs was shown to 

modulate DC function by induction of an ITIM-mediated inhibitory signaling pathway in DCs72.  

Furthermore, the consumption of IL-2 by Tregs was proposed to represent another pathway 

by which Tregs confer their suppressive capacity, successfully competing with and depriving 

effector T cells of IL-273. Interestingly, Tregs were shown to inhibit Th17 polarization via IL-

274, however, in turn promote Th17 responses against Candida albicans and Citrobacter 

rodentium by IL-2 consumption75,76. 

 

1.3 Th17 cells 

1.3.1 Development, phenotype and functional properties of Th17 cells 

The first proof of the presence of Th17 cells was obtained in the year 2000 by the group of 

Thomas Kamradt. TCR-transgenic T helper cells stimulated with Borrelia burgdorferi, a 

spirochaete causing Lyme disease, expressed high levels of IL-17 mRNA. In detailed 

analyses they demonstrated that these IL-17+ T cells also produced TNF-α and granulocyte-

macrophage colony-stimulating factor (GM-CSF), a pattern they also observed in T helper 

cells isolated from the synovial fluid of patients with Lyme arthritis77. Later, these IL-17 

producing T helper cells were classified as a new T cell subset showing a distinct cytokine 

pattern as well as Tbet and GATA3 independent development78,79. Th17 cells require TCR 

stimulation and the presence of the cytokines TGF-β and IL-6 for their differentiation14,16. 

Next to IL-680, the cytokine IL-23 promotes the maintenance of the Th17 phenotype by 

mediating the phosphorylation of STAT3, which is negatively controlled by suppression of 

cytokine signaling 3 (Socs3)81. IL-23 deficient mice fail to clear infections with the intestinal 

pathogen Citrobacter rodentium due to an impaired immune response15. STAT3 was shown 

to be critical for the IL-6 dependent downregulation of Foxp382.  

 

The key transcription factor described for Th17 cells is the retinoic acid–related orphan 

receptor (ROR) RORγt17. RORγt represents one of two isoforms of the RORs encoded within 

the RORc locus83 and was initially shown to be expressed by lymphoid tissue inducer (LTi) 

cells84 (see chapter 1.6) and double-positive (CD4+CD8+) thymocytes85. The expression of 

RORγt in response to TGF-β and IL-6 critically depends on the function of BATF (basic 

leucine zipper transcription factor, ATF-like), IRF4 (Interferon regulatory factor 4) and 

STAT386. RORγt expression, in turn, is required for the expression of the pro-inflammatory 

cytokines IL-17A and IL-17F17. 

Th17 cells and Tregs display two T cell populations exhibiting complete opposing functional 

capacities; however, both are dependent on TGF-β for their differentiation (mentioned in 

chapter 1.1.2). Low concentrations of TGF-β in combination with IL-6 and IL-21 induce the 
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expression of the IL-23 receptor (IL23r) and promote the differentiation of Th17 cells87,88. 

However, high concentrations of TGF-β favor the differentiation of Tregs. RORγt and Foxp3 

are co-expressed in the early phase of Th17 cell and Treg differentiation and Foxp3 partially 

inhibits the function of RORγt by direct interaction. The addition of the Th17 inducing 

cytokines relieves the Foxp3-mediated inhibition and favors the development of Th17 cells89. 

In turn, IL-2 and RA inhibit the development of Th17 cells from naïve T cells. IL-2 promotes 

the activation of STAT5 which constrains Th17 development and favors Treg development 

by binding to the Foxp3 as well as to the IL17 promoter region, allowing a subsequent 

induction of Foxp3 expression and a repression of IL-17 production74. Additionally, RA 

inhibits the induction of Th17 development by directly blocking their IL-6 dependent 

development52. This process was shown to be independent of STAT3 and STAT590.  

 

Th17 cells produce a variety of cytokines, like IL-17A, IL-17F, IL-21 and IL-22. IL-22 

production is induced by IL-6 signaling, however, its expression is repressed by c-Maf (v-maf 

avian musculoaponeurotic fibrosarcoma oncogene homolog), which binds to the IL-22 

promoter. The expression of c-Maf is induced by TGF-β91. IL-22 plays an important role in 

activation of tissue fibroblasts, epithelial cells and stroma cells9. The production of IL-22 

plays a critical role in the production of antimicrobial peptides by epithelial cells and in the 

promotion of epithelial proliferation and healing responses92–94. Moreover, the cytokine IL-21 

is strongly induced by IL-6 and IL-21 production by Th17 cells acts in a feedback loop to 

maintain and amplify the Th17 cell pool87,88,95. The cytokines IL-17A and IL-17F, produced by 

Th17 cells, can induce the expression of several cytokines (TNF, IL1β, IL-6, GM-CSF, G-

CSF), chemokines (CXCL1 (chemokine (C-X-C motif) ligand 1), CXCL8, CXCL10) and 

metalloproteinases, thereby promoting a strong inflammatory response9.  

 

1.3.2 Role of Th17 cells in host defense and chronic inflammatory diseases 

The presence of Th17 cells is most abundant in the mucosal immune system and their 

induction is dependent on stimulatory factors from the microbiota (see chapter 1.6). Th17 

cells play an important role in the host defense against several pathogens, like Citrobacter 

rodentium, Candida albicans and Mycobacterium tuberculosis96–98. However, Th17 cells and 

Th17 associated cytokines are implicated in a variety of human diseases, like infectious 

diseases, autoimmune diseases, allergy and tumors. In such disease settings, like in severe 

inflammations in the central nervous system (demonstrated in mice using the mouse model 

of experimental autoimmune encephalomyelitis (EAE))99,100 and inflammatory bowel disease 

(IBD)101, Th17 cells have been demonstrated to promote disease severity. Ablation of RORγt 

expression in T cells results in a lack of Th17 cells and significantly reduced the severity of 

EAE17. For a long time it was assumed that Th1 cells are the main drivers of autoimmunity as 
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IFN-γ production in the target tissue correlates with disease progression and blocking the 

development of Th1 cells using IL-12-neutralizing antibodies significantly reduced disease 

pathology. However, the progression of autoimmune disease in mice deficient in the IFN-γ 

receptor or other molecules involved in the development of Th1 cells questioned the 

importance of Th1 cells. The cytokine IL-12 is composed of two chains: IL-12 p35 and IL-12 

p40. The discovery of IL-23 p19, which forms a heterodimer with IL-12 p40 to generate IL-23, 

and the generation of an IL-23 p19 KO mice showed that IL-23 rather than IL-12 is crucial for 

the induction and severity of EAE99,102.  

 

The important function of Th17 cells in the host defense and their detrimental role in 

autoimmune and chronic diseases led to several publications analyzing the phenotype and 

origin of these protective or pathogenic Th17 cells. Non-pathogenic Th17 cells, induced in 

the presence of TGF-β1, showed increased expression levels of the aryl hydrocarbon 

receptor (AhR), Maf and Ikzf3 (also known as Aiolos)103. On the contrary, pathogenic Th17 

cells are mainly characterized by increased surface expression levels of the IL-23 receptor, 

the production of IL-22, GM-CSF and Granzyme B as well as the expression of Th1 

associated genes like Tbx21. The cytokine IL-23 plays a crucial role in the development of 

pathogenic Th17 cells. Pathogenic Th17 cells were shown to be induced in the absence of 

TGF-β1 by stimulation of naïve T cells with the cytokines IL-6, IL-1β and IL-23104. Using a 

fate mapping approach it was demonstrated this type of Th17 cells could switch their 

cytokine profile towards Th1 cells, caused by the inflammatory environment (e.g. during 

EAE) and the presence of IL-23. These ex-Th17 cells have been shown to promote the 

chronic inflammation in the central nervous system105. Furthermore, IL-23 induces the 

expression and production of GM-CSF and TGF-β3103. GM-CSF was shown to be sufficient 

to induce and sustain neuroinflammation via myeloid cells106,107. TGF-β3, in combination with 

IL-6, induces highly pathogenic Th17 cells with a functional and molecular distinct signature 

than TGF-β1 induced cells103. 

 

1.4 Plasticity of T cell populations 

The differentiation of naïve CD4+ T cells into different T cell populations was long believed to 

be the final step in their development leading to a stable pool of effector and memory Th1, 

Th2, Th17 and Tregs cells which exhibit specific functional properties. However, various 

publications showed that this assumption needs further investigation. Different environmental 

and inflammation induced factors influence the fate of differentiated T cells leading to 

phenotypic and functional changes. On the one hand, the T cell populations themselves were 

shown to consist of specific subpopulations. For example, the population of Th17 cells could 

be subdivided into pathogenic and non-pathogenic Th17 cells, influenced by different 
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environmental factors (see chapter 1.3.2). On the other hand, the expression of non-specific 

marker genes and proteins (like Th1 associated genes in Th17 cells) or the complete 

conversion into other T cell populations plays a critical role in the function and pathogenicity 

of T cells in inflammatory diseases.  

 

Tregs were demonstrated to represent a heterogeneous population, consisting of stable and 

suppressive Foxp3+ expressing Tregs which are capable of inducing T helper cell lineage 

transcription factors108,109 as well as unstable non-commited Foxp3+ (CD25-/low) T cells which 

rapidly lose Foxp3 expression under inflammatory conditions and convert into inflammatory 

exFoxp3+ T helper cells110–112. Additionally, the Treg populations consist of “latent” Tregs, 

transiently losing Foxp3 expression but retaining their Treg memory, re-expressing Foxp3 

and re-gain suppressive capacity upon activation113. These “latent” Foxp3- Tregs can be 

discriminated from exFoxp3+ T cells by the methylation pattern of the Treg epigenome, 

demonstrating the importance of epigenetic modifications rather than Foxp3 expression for 

Treg lineage commitment46,113.   

Stable Foxp3+ Tregs were demonstrated to adapt their phenotype to inflammatory 

environments by up-regulation of T helper cells specific transcription factors, enabling an 

increased suppressive capacity in Th1, Th2 and Th17 associated diseases. For example, 

Tbet expression seems to be crucial for an optimal suppressive response in Th1 associated 

diseases, as Tbet deficient Tregs display decreased expression levels of the chemokine 

CXCR3 (chemokine (C-X-C motif ) receptor 3) and fail to rescue Foxp3 deficient mice from 

autoimmunity114. They undergo abortive Th1 differentiation as signaling via IFN-γ activates 

STAT1; however, delayed induction of the IL-12 receptor β 2 (IL-12Rβ2) prevents complete 

Th1 differentiation via STAT4108. Moreover, IL-27 was shown to promote the expression of 

Tbet and CXCR3 in Foxp3+ Tregs 115. Tbet+ Foxp3+ Tregs represent functionally specialized 

Tregs which efficiently modulate Th1 responses, like in Listeria monocytogenes infection, 

Toxoplasma gondii infections and graft versus host disease108,115,116. These Tbet+ Foxp3+ 

IFN-γ producing T cells represent a stable Foxp3+ Treg population, demonstrated by their 

complete demethylated TSDR116. In addition to this, GATA3+ Foxp3+ T cells and STAT3+ 

Foxp3+ T cells have been shown to represent stable Treg subpopulations with increased 

suppressive capacity in Th2 and Th17 associated diseases. Ablation of these cells results in 

the development of spontaneous inflammatory disorders109,117,118. These studies underline 

the importance of the adapted Foxp3+ Treg phenotype for their enhanced suppressive 

function and accumulation at inflammatory sites. 

Unstable non-commited Foxp3+ T cells can lose the expression of Foxp3 and convert into T 

helper cells, a process which is critically influenced by the cytokine milieu110. The cytokine IL-

6 was proposed as a possible inducer of Th17 specific gene expression in Tregs as it was 
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shown that Tregs differentiate into Th17 cells in vitro in the presence of IL-6 and the absence 

of TGF-β119. IL-6 in combination with IL-1 induced the reprogramming of Foxp3+ Tregs, 

leading to Foxp3 downregulation via STAT3 and RORγt dependent IL-17 production120 

(Figure 1.2). The conversion of Tregs in the presence of Th17 inducing cytokines was also 

observed in Tregs isolated from humans 121. In humans, IL-17 producing Treg cells have 

been found in the CD4+ Foxp3+ CCR6+ (Chemokine (C-C motif) receptor 6) T cell population, 

originating from CCR6- Tregs by TCR simulation and the presence of Th17 stimulating 

cytokines122. The complete conversion of Tregs was shown to be detrimental for disease 

outcome, as “exFoxp3” Th17 cells critically contribute to the pathology of rheumatic 

arthritis110. IL-17 producing Tregs may contribute to the pathogenesis in ulcerative colitis and 

colon carcinoma as they were found in affected tissues with increased frequencies123.  

 

Similar to Tregs, functional plasticity has also been demonstrated for Th17 cells. However, in 

contrast to Tregs, their adapted as well as converted phenotype is, in most instances, 

associated with a pathogenic phenotype and an enhanced disease pattern. IL-12 signaling 

was shown to induce the conversion from Th17 cells to Th1 cells124 (Figure 1.2). Additionally, 

IL-23 triggers the conversion from Th17 cells to IFN-γ producing Th1 cells. These ex-Th17 

cells promote the inflammation in the central nervous system and negatively influence the 

outcome of the disease105. Converted Th17 cells display strong colitogenic potential. The 

conversion of Th17 cells to pathogenic Th1 cells could be blocked by the action of Tregs125. 

Initially, IL-23 was demonstrated to stabilize and maintain the phenotype of Th17 cells, e.g. 

by induction of RORγt expression together with IL-2195. However, numerous reports 

demonstrated the pathogenic potential of IL-23 in intestinal inflammations and inflammations 

of the central nervous system and single-nucleotide polymorphisms in the IL23r gene locus 

are associated with IBD 126. One possible explanation for these findings could be the 

potential converter function of IL-23, demonstrated by the induction of Th1 associated genes 

in Th17 cells upon IL-23 stimulation. However, this effect might be dependent on the 

microenvironment as well as on the presence of TGF-β1. Th17 cells induced in the absence 

of TGF-β1 possess a comparable pathogenic phenotype like Th17 cells stimulated with TGF-

β3 and IL-6103,104. High concentrations of TGF-β1 were shown to repress Il23r expression 

and favor Treg development89; however, they could possibly also affect the stability of 

differentiated Th17 cells. Further studies need to analyze the detailed mechanism by which 

IL-23 affect the phenotype and functional capacities of Th17 cells under homeostatic and 

inflammatory conditions. 
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Figure 1.2: Plasticity of T cell populations.  

The differentiation of Th1, Th2, Th17 cells and iTregs is dependent on the cytokine induced expression of their 

lineage specific transcription factors. Different environmental factors (like ligands of the AhR) can reinforce the 

production of lineage specific cytokines to promote e.g. pathogen clearance. However, the influence of unspecific 

cytokines (like IL-12 on Th17 cells) or pathogen derived signals can destabilize and convert the T cell phenotype. 

Taken from Murphy et al; Nature Immunology 2010
124

 

 

Interestingly, both Th17 cells and Tregs were demonstrated to serve as progenitors for the 

development of follicular helper T cells (TFH). The development and origin of TFH cells, a T 

cell population found in germinal centers exhibiting a crucial function for the induction of 

germinal center formation, remains incompletely defined. In 2009, the group of Fagarasan et 

al. demonstrated that Foxp3+ Tregs can convert into Foxp3- TFH cells preferentially in the 

Peyer’s patches127. However, in 2013 it was shown by the group of Britta Stockinger that also 

Th17 possess the ability to convert into TFH cells, inducing the development of IgA producing 

germinal center B cells128. It remains to be proven which T cell populations predominantly 

contribute to the TFH cell population in the various lymphoid organs.  

 

These findings show that the different T cell populations exert a high functional plasticity, 

adapting their phenotype to their specific environment. The analysis of the stability and 

function of the converted and converting T cells in health and disease settings remains a 

challenging task for the future.  
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1.4.1 RORγt+ Foxp3+ T cells: Effector Tregs or regulatory Th17 cells? 

In addition to the different T cell sub-populations described in chapter 1.4 another T cell 

population, characterized by the simultaneous expression of RORγt and Foxp3, was 

described by two publications in the year 200889,129. The highest number of RORγt+ Foxp3+ T 

cells can be found in the lamina propria of the small intestine and colon of mice and they 

were shown to produce the Th17 specific cytokine IL-17 and the Treg specific cytokine IL-10. 

In comparison to Th17 cells RORγt+ Foxp3+ T cells displayed increased expression levels of 

Il10, Ccl20 (chemokine (C-C motif) ligand 20), Icos (inducible T cell co-stimulator) and Mmp9 

(Matrix metallopeptidase 9) and decreased expression levels of Il17a, Il23r, Il22 and Ifng. 

Under in vitro differentiating conditions these T cells can be induced in the presence of TGF-

β and produce the cytokines IL-17 and IL-10 by further stimulation with IL-6 and IL-21. 

Furthermore, it was demonstrated that under inflammatory conditions both Th17 cells and 

RORγt+ Foxp3+ T cells proliferate to a similar extent129. RORγt+ Foxp3+ T cells possess 

similar suppressive capacities in vitro in comparison to RORγt- Tregs89,129 and they were 

demonstrated to mark a pathogenic regulatory T cell subset in human colon cancer, inhibiting 

anti-tumor immunity by blocking infiltration of cytotoxic T cells into the tumor tissue130. 

However, the population of RORγt+ Foxp3+ T cells remains incompletely defined. The 

previous studies accumulated basic knowledge about the phenotype of these cells but the 

underlying regulatory network needed for the induction and the functional capacities were not 

investigated. As described in chapter 1.4, Tregs could be converted into IL-17 producing 

Th17 cells after exposure to the cytokines IL-6 and IL-1, whereas a possible conversion of 

Th17 cells into Tregs has not been demonstrated until now. In addition to this, it needs to be 

defined if RORγt+ Foxp3+ T cells represent a stable adapted T cell population or rather a 

transient T cell population on the way to complete conversion. Based on this knowledge 

future studies could concentrate on the factors stimulating the induction of this T cell 

population as well as on their functional capacity in different inflammatory and autoimmune 

diseases. The high frequency of RORγt+ Foxp3+ T cells in the intestinal tissue could indicate 

the preferential induction site of this T cell population. It has already been demonstrated that 

the presence of commensal bacteria promotes the induction of RORγt+ Foxp3+ T cells, 

however, segmented filamentous bacteria (SFB), potently inducing intestinal Th17 cells131, 

are dispensable for this process132.  

 

1.5 Homing of T cells to secondary lymphoid organs and inflamed tissues 

After emigrating from the thymus, naïve T cells circulate through the body via the blood 

stream and enter secondary lymphoid organs (SLOs) via high endothelial venules (HEVs). 

The expression of L-Selectin on the surface of naïve T cells initiates an light attachment of 
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the cells to these HEVs by binding to the vascular addressins CD34 and glycosylation 

dependent cell adhesion molecule 1 (GlyCAM-1). This interaction allows the rolling of naïve 

T cells on the HEVs and the binding of the chemokine CCL21, which is produced by vascular 

high endothelial cells and the stromal cells of lymphoid tissues, to CCR7 expressed on the 

surface of naïve T cells. CCL21 mediated signaling induces the activation of the integrin 

lymphocyte function associated antigen 1 (LFA-1) on naïve T cells, leading to its increased 

affinity to ICAM-1, the arrest of naïve T cells within HEVs and the subsequent transmigration 

to the T cell zones. Under inflammatory conditions the SLOs recruit an increased amount of 

naïve T cells by increasing the size of the primary feed arteriole. Moreover, CXCR3+ Teff cells 

are recruited in a CXCL9 dependent, CCR7 / CD62L independent manner133.  

The homing capacities of primed T cells can reflect the location of their priming, as, for 

example, T cells primed in the mesenteric lymph nodes (mLN) and the Peyer’s patches 

induce the expression of α4β7 and CCR9. This process critically depends on the presence of 

tissue specific imprinting of lymph node stromal cells by the intestinal microenvironment134,135 

as well as on the capacity of CD103+ DCs to convert dietary vitamin A metabolites into 

RA136,137. α4β7 binds to the mucosal addressin cell adhesion molecule-1 (MAdCAM-1), which 

is constitutively expressed on the intestinal lamina propria vascular endotehlium138, whereas 

CCR9 binds to the thymus-expressed chemokine (TECK; also known as CCL25) expressed 

on epithelial cells of the small intestine139,140. After entry into the mucosal tissue, α4β7 is 

down-regulated and subsequently exchanged by the expression of CD103 (αEβ7) in a TGF-β 

and CCR9 dependent manner141,142. CD103 binds to E-cadherin expressed on the 

basolateral surface of intestinal enterocytes143 and was demonstrated to be crucial for the 

maintenance of Teff cells in the mucosal tissue144,145. Furthermore, CCR6 regulates the 

migration of Teff cells and Tregs to sites of inflammation by binding to CCL20 produced e.g. 

by intestinal epithelial cells and Th17 cells themselves146–148, whereas CCR4, binding to 

CCL17 and CCL22, regulates skin as well as gut homing149,150. In addition to chemokine 

receptors broadly expressed by various T cell populations, several surface molecules critical 

for specific homing capacities of different T cell populations have been described. For 

example, OX40, a member of the TNF/TNFR family of co-stimulatory molecules, as well as 

the G-protein coupled receptor (Gpr) 15 were demonstrated to specifically control the 

accumulation and homing of Tregs to the mucosal tissue151,152.     

 

1.6 The intestinal immune system 

1.6.1 Development and composition of the gastrointestinal tract 

The gastrointestinal tract belongs to the mucosal immune system, which is further comprised 

of the upper and the lower respiratory tract and the urogenital tract. The gastrointestinal tract 
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is subdivided into different parts: the stomach, the small intestine (duodenum, jejunum and 

ileum), the caecum and the colon. These different sections of the intestine vary in many 

aspects like ion and nutrient concentration, thickness and composition of the mucus layer as 

well as in the composition of the intestinal microbiota153,154. The mucus layer, the gut 

epithelium and the immune cells in the lamina propria all play a specific role in gut 

homeostasis and immune response. The mucus layer acts as a shield to physically separate 

the microbiota from the host tissue and prevent pathogen invasion155. MUC2, a gel-forming 

mucin secreted by goblet cells and the building block of the gut mucus, was shown to be 

essential for separating bacteria and the intestinal epithelium156. The colon possesses an 

outer and inner mucus layer whereas the small intestine lacks these distinct regions. The 

outer mucus layer of the colon contains a large number of bacteria, whereas the inner layer 

is resistant to bacterial invasion156. In the small intestine, antimicrobial peptides are secreted 

into the mucus by paneth cells, thereby limiting bacterial invasion157,158. 

The gut associated lymphoid tissues (GALT) and the mLNs are sites of antigen recognition 

and induction of immune responses. The GALT comprises the Peyer’s patches, located in 

the small intestine, and the isolated lymphoid follicles (ILFs), distributed throughout the 

intestinal tissue. The development of lymph nodes and the Peyer’s patches in the gut is 

controlled by LTi cells which originate from the fetal liver and are functionally dependent on 

the expression of RORγt84. ILFs develop from cryptopatches which are formed by clusters of 

LTi cells. The development of both lymphoid tissues is dependent on LTi cells84. ILF 

formation requires the microbiota dependent activation of the cryptopatches and the 

presence of lymphotoxin (LT) sufficient B cells159,160. Additionally, tertiary lymphoid tissues 

develop in the colon upon strong inflammatory triggers, independent of the presence of LTi 

cells, exhibiting similar functions like secondary lymphoid tissues in the induction of effector T 

and B cells161.  

The lamina propria contains a large number of CD4+ and CD8+ T cells, DCs, macrophages, 

plasma cells, eosinophils and mast cells. After antigen acquisition DCs migrate to the 

mesenteric lymph nodes to prime naïve T cells and induce adaptive immune responses. The 

transport of antigens from the lamina propria to the mLNs is basically exhibited by CD103+ 

DCs whereas CX3CR1+ DCs and macrophages are believed not to contribute to this 

process162. Moreover, activated DCs secrete chemokines and epithelial cell activating factors 

which initiate the homing of T cells to the intestine163. In addition to this, CD103+ DCs in the 

small intestine and colon possess tolerogenic functions, promoting pTreg development via 

production of RA. In turn, CD103- DCs were shown to secrete inflammatory cytokines and 

promote the development of Teff cells like Th1 and Th17 cells164,165. CD103+ DCs play a 

crucial role in oral tolerance, an important mechanism that inhibits an immune response 
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against food antigens166. Their Treg inducing function as well as their ability to promote gut 

homing of T lymphocytes requires the cooperation with stroma cells in the mLN134,135.  

Mucosal plasma cells constantly secrete high amounts of IgA which is transported into the 

gut lumen and binds to the respective antigens. Secreted IgA acts as a first-line barrier to 

protect the gut from pathogens and toxins167. Most of the IgA in the intestine is generated in 

germinal centers of the Peyer’s patches, but also in the ILFs. IgA has different functions like 

blocking the binding of pathogens to cell-surface receptors and modulating the bacterial 

virulence167.  

 

A loss or an imbalance of these components of the mucosal immune system is detrimental 

for the intestinal homeostasis and could lead to inefficient or exacerbated immune responses 

against pathogens and commensals. 

 

1.6.2 Influence of the microbiota on the intestinal immune system 

Colonization of the intestine by commensal bacteria is crucial for maintaining intestinal 

homeostasis and to prime the immune system towards responses against pathogens. The 

presence of a complex microbiota already plays a critical role during the development of the 

intestinal immune system. LTi cells induce the formation of the Peyer’s patches and 

cryptopatches in the intestine. This process is independent from the presence of 

microbiota84, however, the induction of the formation of ILFs from cryptopatches requires the 

presence of components of the microbiota159 (see chapter 1.6). 

The influence of the microbiota is not only restricted to the development of the mucosal 

immune system but also plays a crucial role in the induction and homeostasis of the intestinal 

epithelium and immune cells. Epithelial cells triggered by commensal nucleic acid promote 

an enhanced recovery from dextran sulfate sodium (DSS) colitis in an IRF3 dependent 

manner168. The presence of commensal bacteria also enhances the induction of epithelial 

repair mechanisms and epithelial progenitor cell proliferation169. The process of the 

production of antimicrobial peptides is also subject to commensal influences. Toll-like 

receptor (TLR) mediated signals stimulated by lipopolysaccharide (LPS) or flagellin induce 

the expression and production of IL-23 by dendritic cells which in turn stimulate innate 

lymphoid cells (ILCs) to produce IL-22. IL-22 binds to IL-22 receptors on the surface of 

epithelial cells and promotes the production of antimicrobial peptides like regenerating islet-

derived 3 gamma (RegIIIγ)170.  

Furthermore, macrophages and dendritic cells are crucial to sustain intestinal homeostasis. 

The production of GM-CSF is a key determinant of the differentiation of myeloid cells, 

thereby enabling them to confer host protection against pathogens171. Microbial signals 

stimulate macrophages to produce IL-1β which promotes the production of GM-CSF by 

http://www.ncbi.nlm.nih.gov/gene/5068
http://www.ncbi.nlm.nih.gov/gene/5068
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ILCs172. Moreover, the presence of commensal bacteria restricts the trafficking of CX3CR1high 

mononuclear phagocytes. In the absence of commensal bacteria these innate immune cells 

were shown to transport sampled luminal content to the mLN, thereby promoting an 

inflammatory immune response173. The induction of gut-tropic lymphocytes requires the 

production of all-trans RA by intestinal dendritic cells. Microbial triggers via TLR2 are needed 

to promote the expression of retinal dehydrogenase (RALDH) to ensure the gut-specific 

imprinting properties of dendritic cells174.  

Additionally, the composition of the microbiota critically influences cells of the 

adaptive immune system. Germfree mice display decreased numbers of lymphoid cells in the 

intestine, a phenotype which can be reverted e.g. by mono-association with SFB (also known 

as Candidatus arthromitus). SFBs stimulate IgA production and enhance the activation of 

CD4+ T cells in the Peyer’s patches175. The development of Th17 cells in the intestine 

requires the presence of commensal bacteria and is critically impaired in germfree mice or 

mice treated with antibiotics176; however, mono-association with SFB is sufficient for the 

induction of Th17 cells and an increased expression of inflammatory genes, leading to an 

enhanced immune response against the intestinal pathogen Citrobacter rodentium131. 

Furthermore, the pool of colonic Tregs is influenced by commensal signals e.g. from different 

Clostridium species, Bifidobacterium longum and Bacteroides fragilis. Colonization of mice 

with specific indigenous Clostriudium species led to increased numbers of colonic Tregs in a 

TGF-β rich environment as well as to the induction of anti-inflammatory molecules like IL-10 

and Icos177,178. Bifidobacterium longum positively affects the induction of colonic T cells and 

confers protection against inflammatory airway inflammations179. Polysaccharide A (PSA), a 

metabolite of Bacteroides fragilis, induces Treg differentiation in a TLR2 dependent 

manner180. Moreover, short chain fatty acids (SFCAs), the most abundant microbial 

metabolite in the intestine, were shown to regulate the pool of colonic Tregs by binding to 

Gpr43, preferentially expressed by colonic Tregs181. One mechanism by which e.g. Butyrate 

promotes the differentiation of pTregs consists of the enhanced induction of histone H3 

acetylation in the promoter region on the CNS1 of the Foxp3 locus182,183. Additionally, 

Butyrate favors pTreg differentiation in an indirect manner by promoting anti-inflammatory 

properties in colonic DCs and macrophages by binding to Gpr109a184. Furthermore, SCFAs 

were also shown to bind to Gpr41 and Gpr43 expressed on intestinal epithelial cells, thereby 

inducing the production of chemokines and cytokines. This mechanism was shown to be 

critical to confer protection against Citrobacter rodentium infection185. In addition, the 

microbiota plays a crucial role for anti-viral immunity186.  

 

All in all, the composition of the microbiota plays a critical role for the development, the 

homeostasis and the responsiveness of the mucosal immune system (Figure 1.3). 



 26 

Alterations of the composition can cause severe inflammations and promote cancer 

development187,188.  

 

 

Figure 1.3: Influences of the microbiota on the development and function of the mucosal immune system. 

The induction of Th17 and Th1 cells in the intestinal tissue is promoted by segmented filamentous bacteria (SFB) 

and other bacteria. Microbiota-mediated activation of DCs and macrophages stimulates their differentiation by 

production of IL1β, IL-6, IL-23 and IL-12. Other bacterial strains and metabolites, like Clostridia, promote the 

development of Tregs, by direct interaction with receptors on the surface of Tregs or by production of RA and IL-

10 by activated lamina propria macrophages and dendritic cells. Taken from Kamada et al; Nature Reviews 

Immunology 2013
189
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1.7 Aims of the thesis 

The plasticity of CD4+ T cell populations was discussed in various publications in the recent 

years and the beneficial as well as detrimental role of converting T cells in different disease 

settings was demonstrated. The presence of a T cell population co-expressing the key 

transcription factors for Th17 cells (RORγt) and Tregs (Foxp3) was shown six years ago, but 

until now we have attained limited knowledge about their function in health and disease. 

Although they display a similar suppressive capacity in comparison to Tregs in vitro their 

developmental as well as functional linkage to either the population of Th17 cells or Tregs 

remains to be defined. Previous studies have demonstrated that the origin as well as the 

stability of the T cell subpopulations analyzed so far, serve as important criteria to estimate 

their pro- or anti-inflammatory potential. One the one hand, the presence of RORγt+ Foxp3+ T 

cells was demonstrated in affected tissues of ulcerative colitis and colon carcinoma patients. 

On the other hand, RORγt+ Foxp3+ T cells were induced in a microbiota dependent fashion 

exhibiting no pathogenic capacity in homeostatic mice. Analyzing the inducing stimuli, the 

phenotype and the functional capacities of this T cell population in more detail could result in 

improved diagnostics in patients as well as in strategies for the (positive or negative) 

manipulation of their development. 

 

In order to investigate the specific phenotype, the origin, the stability and function of RORγt+ 

Foxp3+ T cells, we established a double reporter mouse model which enabled us to 

specifically isolate T cell populations based on the expression of the reporter genes for 

RORγt-GFP and Foxp3-mRFP. Furthermore, the influence of the microbiota derived stimuli 

on the RORγt+ (Foxp3+) T cell population in the Foxp3RFPRORγtGFP reporter mice was 

analyzed among others to increase the population of RORγt+ Foxp3+ T cells to use the 

reporter mouse as an effective tool to isolate these cells ex vivo. 

 

The specific phenotype of RORγt+ Foxp3+ T cells and their relation to Th17 cells and Tregs 

was addressed using microarray technology. Additionally, information about the potential 

migratory capacity of the different T cell populations was derived from organ specific analysis 

of the chemokine receptor expression. Furthermore, the stability plays a crucial role for the 

potential inflammatory or suppressive phenotype of RORγt+ Foxp3+ T cells and was therefore 

analyzed under in vitro conditions. Finally, the functional capacities of RORγt+ Foxp3+ T cells 

were examined in a model of transfer colitis, specifically focusing on their influence on 

disease pathology and the population of effector T cells.   
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2 Material and Methods 

2.1 Material 

2.1.1 Mice 

C57BL/6 mice, CD103 deficient mice (CD103-/-)144 , Dereg mice190, CD90.1 C57BL/6 mice 

and recombinant activating gene 2 (RAG2) deficient mice (RAG2 KO)2 were bred in-house 

(Twincore, Hanover, Germany; Helmholtz Centre for Infection Research, Braunschweig, 

Germany) and used at an age of 5 – 16 weeks. Female (CD103-/-) were cohoused for 3 - 4 

weeks with female Foxp3RFPRORγtGFP reporter mice in order to increase the complexity of 

the intestinal microflora.  

RORc(gt)-GfpTG mice129 were bred in-house (Twincore, Hanover, Germany) and crossed with 

Foxp3-IRES-mRFP (FIR) mice191 to generate Foxp3RFPRORγtGFP reporter mice. In order to 

increase the complexity of the microflora Foxp3RFPRORγtGFP reporter mice were crossed with 

RORc(gt)-GfpTG mice obtained from Prof. Dr. Gérard Eberl (Institut Pasteur, Paris, France). 

Mice used for experiments were bred to a homozygous background. RORγt-deficient 

(ROR(γt)Gfp/Gfp) mice85, harboring a more complex microflora, were crossed in-house with 

C57BL/6 mice. These mice (later termed RORcKO/KO mice) were bred to obtain RORcWT/WT 

and RORcKO/KO mice, containing similar microflora. All animal experiments were performed 

under specific pathogen-free conditions and in accordance with institutional, state and 

federal guidelines (Permit number: 33.9-42502-04-10/0039 and 33.9-42502-04-12/1012 of 

the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit). 

2.1.2 Chemicals 

Table 1: Chemicals 

Chemical Company 

Agarose Roth, Karlsruhe 

Ammonium chloride Roth, Karlsruhe 

Bovine serum albumin (BSA) Roth, Karlsruhe 

Brefidin A Sigma-Aldrich, Taufkirchen; Affimetrix, San Diego, 

USA 

4',6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich; Taufkirchen 

Easycoll separating solution (1.24 g/ml) Biochrom, Berlin 

Ethidium bromide AppliChem, Darmstadt 

Ethylenediaminetetraacetic acid (EDTA) Roth, Karlsruhe 

Ethanol Merck, Darmstadt 

70 % Ethanol Walter CMP GmbH, Kiel 
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Fetal calf serum (FCS) Biochrom, Berlin 

Gylcerol Roth, Karlsruhe 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Biochrom, Berlin 

Ionomycin (Iono) Sigma-Aldrich, Taufkirchen 

Isopropanol Roth, Karlsruhe 

Retinoic acid (RA) Sigma-Aldrich, Taufkirchen 

2-Mercpathoethanol (β-Me) Gibco, Darmstadt 

Non-essential amino acids (NEAA) Thermo Fisher Scientific Inc., Waltham, MA, USA 

Orange G Sigma-Aldrich, Taufkirchen 

PBS Dulbecco Biochrom, Berlin 

Penicillin / Streptomycin (Pen/Strep) PAA, Cölbe; Thermo Fisher Scientific Inc., 

Waltham, MA, USA 

Percoll GE Healthcare, Uppsala, Sweden 

Phorbol 12-myristate 13-acetae (PMA) Sigma-Aldrich, Taufkirchen 

Potassium hydrogen carbonate  Roth, Karlsruhe 

Protein K solution Applichem, Darmstadt 

Saponin Roth, Karlsruhe 

Sodium acide (NaN3) Roth, Karlsruhe 

Sodium chloride (NaCl) Roth, Karlsruhe 

Sodium dodecyl sulfate (SDS) Roth, Karlsruhe 

Sodiumpyruvat Thermo Fisher Scientific Inc., Waltham, MA, USA 

Tris Roth, Karlsruhe 

 

2.1.3 Media, buffer and reagents 

Table 2: Buffers, media and reagents 

Buffer Components Company 

PBS  Thermo Fisher 

Scientific Inc., 

Waltham, MA, 

USA 

PBS + FCS PBS + 2 % FCS  

PBS + BSA PBS + 0.2 % BSA  

PBA-E 

PBA-S 

PBS + 0.25% BSA + 0.02 % NaN3 + 2 mM EDTA 

PBS + 0.25% BSA + 0.02 % NaN3 + 0.5 % Saponin 

 

MACS-buffer PBS + 0.5 % BSA + 2 mM EDTA  
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Red blood cell 

(RBC) lysis 

buffer  

MilliQ water + 150 mM Ammonium chloride + 10 mM 

Potassium hydrogen carbonate + 0.1mM EDTA 

 

 

 

Kill Juice Aqua dest + 25 mM EDTA + 50 mM Tris + 500 mM NaCl 

+ 0.9 % SDS 

 

Media Components Company 

IMDM   Thermo Fisher 

Scientific Inc., 

Waltham, MA, 

USA Gibco 

RPMI  Thermo Fisher 

Scientific Inc., 

Waltham, MA, 

USA 

DMEM  Thermo Fisher 

Scientific Inc., 

Waltham, MA, 

USA 

IMDM complete IMDM + 10 % FCS + 50 U/ml Pen/Strep + 50 µM ß-Me + 

1mM Sodiumpyruvate + 25 mM HEPES + 1 % NEAA 

 

RPMI complete 

(for DC culture)  

RPMI + 10 % FCS + 500 U Pen/Strep + 50 µM ß-Me  

RPMI complete RPMI + 10 % FCS + 50 U/ml Pen/Strep + 50 µM ß-Me + 

1mM Sodiumpyruvate + 25 mM HEPES  

 

Reagents   

Orange G 

solution 

35 ml MilliQ water + 35 mg Orange G + 500 µM 1M Tris 

+ 15 ml Glycerol 

 

 

2.1.4 Consumables 

Table 3: Consumables 

Consumables Company 

Eppendorf tubes (0,5; 1; 2 ml) Sarstedt; Nümbrecht 

Falcon tubes (15; 50 ml) greiner bio-one, Fickehausen 

PCR tubes Sarstedt; Nümbrecht 

Culture plates (6, 12, 24, 48, 96 well) greiner bio-one, Frickehausen; nunc, 

Braunschweig 

FACS tubes Corning Inc., Bodenheim 

FACS-plates (V-bottom) Sarstedt; Nümbrecht 

Filter tips (10; 20; 200; 1000 µl) Sarstedt; Nümbrecht 
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Cell strainer 70 µM / 100 µM BD Biosciences; Heidelberg 

Cell Trics 30 µM (filter) Partec, Görlitz 

Disposable syringes and needles Braun, Melsungen 

Pasteur pipette VWR, Darmstadt 

LS-columns Miltenyi Biotech, Bergisch Gladbach 

2.1.5 Kits 

Table 4: Kits for RNA/DNA isolation, cell isolation and flow cytometry 

DNA / RNA isolation Company 

NucleoSpin Tissue Machery-Nagel, Düren 

Rneasy Mini kit Quiagen, Hilden 

Cell isolation Company 

CD4 (L3T4) Micorbeads, mouse Miltenyi Biotech, Bergisch Gladbach 

Dynabeads mouse CD4 cell isolation kit Thermo Fisher Scientific Inc., Waltham, MA, USA 

Flow Cytometry Company 

LIVE/DEAD fixable Aqua dead stain kit Thermo Fisher Scientific Inc., Waltham, MA, USA 

LIVE/DEAD fixable Blue dead stain kit Thermo Fisher Scientific Inc., Waltham, MA, USA 

Fixation/Permeabilzation kit Affimetrix, San Diego, USA 

10x Permeabilization buffer BioLegend, San Diego, USA 

 

2.1.6 Cytokines and enzymes 

Table 5: Cytokines and enzymes 

Cytokines and growth factors Company 

Recombinant mouse (rm) IL-2 R&D Systems, Minneapolis, MN, USA 

rmIL-7 R&D Systems, Minneapolis, MN, USA 

Enzymes Company 

Collagenase D Roche, Mannheim 

DNase I Roche, Mannheim 

 

2.1.7 Antibodies 

The antibodies were purchased from Miltenyi biotec (Bergisch Gladbach; Germany), 

Affimetrix (San Diego, USA), BioXCell (West Lebanon, USA), BioLegend (San Diego, USA), 

Becton Dickinson (BD, Heidelberg, Germany) and R&D (Minneapolis, MN, USA). 

Table 6: Antibodies for cell culture and flow cytometry 

Antibody Clone Company 

anti-PE antibody  Miltenyi 

anti-APC antibody  Miltenyi 
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anti-CD3 145-2C11 / 17A2 Affimetrix; BioXCell 

anti-CD28 37.51 Affimetrix/BioXCell 

anti-IL4 11B1 Affimetrix/BioXCell 

anti-IFNγ XMG1.2 Affimetrix/BioXCell 

anti-IL2 JES6-1A12 Affimetrix 

CD3 PerCP-Cy5.5 145-2C11 Affimetrix 

CD3 APC-eFluor780  17A2 Affimetrix 

CD3 APC 17A2 Affimetrix 

CD3 APC 145-2C11 Affimetrix 

CD4 APC RM4-5 BioLegend 

CD4 APC GK1.4 Affimetrix 

CD4 Alexa488 GK1.4 Affimetrix 

CD4 BV605 RM4-5 BioLegend 

CD4 Pacific Blue RM4-5 BioLegend 

CD8 APC 53-6.7 BioLegend 

CD11b PE M1/70 Affimetrix 

Cd11b PE M1/70 Affimetrix 

CD11c APC N418 Affimetrix 

CD11c FITC  N418 Affimetrix 

CD11c Pacific Blue N418 BioLegend 

CD19 APC 1D3 BD 

CD25 PE PC61 Affimetrix 

CD45RB PE C363.16A Affimetrix 

CD62L APC-Alexa750 MEL-14 Affimetrix 

CD62L PE-Cy7 MEL-14 Affimetrix 

CD64 APC X54-5/7.1 BioLegend 

CD90.2 PE-Cy7 53-2.1 Affimetrix 

CD103 APC 2E7 Affimetrix 

CD134 (OX40) PE OX-86 BioLegend 

CD194 (CCR4) APC 2G12 BioLegend 

CD196 (CCR6) APC 140706 BD 

CD199 (CCR9) PE ebioCW-1.2 Affimetrix 

Foxp3 eFlour450 FJK-16S Affimetrix 

Helios Alexa647 22F6 BioLegend 

IL-17 APC eBio17B7 Affimetrix 

IFNγ FITC XMG1.2 Affimetrix 

LPAM-1 (α4β7) PE DATK32 Affimetrix 

MHC-II FITC M5/114.15.2 Affimetrix 

MHC-II Pacific blue M5/114.15.2 Affimetrix 
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Nrp1 Bio Polyclonal R&D 

Streptavidin PE  BD 

RORγt PE B2D Affimetrix 

Isotype ArmHamster IgG APC eBio299Arm Affimetrix 

Isotype mouse IgG2a κ PE eBM2a Affimetrix 

Isotype Rat IgG1 κ PE eBRG1 Affimetrix 

Isotype Rat IgG2a APC eBR2a Affimetrix 

Isotype Rat IgG2a κ PE eBR2a Affimetrix 

Fc-Receptor blocking antibody 2.462 Self made 

Anti-mouse CD16/CD32 (Fc 

receptor) 

2.4G2 BioXCell 

ChromPure Rat IgG, whole 

molecule (Jackson Lab) 

 Dianova 

 

2.1.8 Primers for genotyping and RT-PCR 

Primers for Mouse genotyping were purchased from Eurofins (Ebersberg, Germany).  

Table 7: Primers for genotyping of transgene mice 

Mouse Primer sequence 

RORc(gt)-Gfp
TG

 mice Forward (fw): CCCCCTGCCCAGAAACACT 

Reverese (rv): GGATGCCCCCATTCACTTACTTCT 

FIR fw:       CAA AAC CAA GAA AAG GTG GGC 

rv wt:   CAG TGC TGT TGC TGT GTA AGG GTC 

rv tg:    GGA ATG CTC GTC AAG AAG ACA GG 

ROR(γt)Gfp/Gfp
 fw:       CCC CCT GCC CAG AAA CAC T 

rv wt:   GGA TGC CCC CAT TCA CTT ACT TCT 

rv tg:    CGG ACA CGC TGA ACT TGT GG 

CD103
-/-

 fw:      AAT CCA TCT TGT TCA ATG GCC GAT C 

rv wt:  AAA GAG GCC CAC ACT TTC AA 

rv tg:   TGG CTC AGC AGA GCT TCA TA 

Dereg Gfp fw:        GCG AGG GCG ATG CCA CCT ACG GCA 

Gfp rev:       GGG TGT TCT GCT GGT AGT GGT CGG 

Dtr fw:         CCC AGG TTA CCA TGG AGA GA 

Dtr rev:        GAA CTT CAG GGT CAG CTT GC 

Control fw:  GAG ACT CTG GCT ACT CAT CC 

Control rev: CCT TCA GCA AGA GCT GGG GAC 

RAG2 KO fw:      GCAACATGTTATCCAGTAGCCGGT 

rv wt:  TTGGGAGGACACTCACTTGCCAGT 

rv ko:   GTATGCAGCCGCCGCATTGCATCA 
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2.1.9 Reagents for genotyping 

Table 8: Reagents for genotyping 

Reagent PCR Company 

10 x Fisher buffer Thermo Fisher Scientific Inc., Waltham, MA, USA 

dNTPs Roth, Karlsruhe 

Taq Polymerase Self made 

5x Green Go Taq Flexi buffer Promega, Mannheim 

Magnesium chloride (MgCl2) Promega, Mannheim 

Go Taq Promega, Mannheim 

DNA ladder (100 bp; 1 kb) Roth, Karlsruhe 

 

2.1.10 Flow cytometers and FACS sorter 

Table 9: FACS machines and cell sorter 

Machine Location Company 

Flow cytometer   

CyAn ADP Twincore, Hanover, Germany Beckman Coulter 

LSR-II Twincore BD Biosciences 

LSR-II SORP Helmholtz Centre for Infection Research, 

Braunschweig, Germany 

BD Biosciences 

FACS sorter   

XDP Hanover medical school, Germany Beckman Coulter 

FACSAria II Hanover medical school, Germany Becton Dickinson 

MoFlo Hanover medical school, Germany Beckman-Coulter 

Aria-II SORP Helmholtz Centre for Infection Research, 

Braunschweig, Germany 

BD Biosciences 

 

2.1.11 Devices and Appliances 

Table 10: Devices and appliances 

Centrifuges Company 

Heraeus Megafuge 40 R Thermo Fisher Scientific Inc., Waltham, MA, USA 

Hereaeus Fresco 17 Thermo Fisher Scientific Inc., Waltham, MA, USA 

Incubators and shakers  Company 

Bacterial incubator Multitron Standard INFORS HT, Basel, Switzerland 

CO2 incubators CB150 Binder, Tutlingen 

Thermo shaker MHR23 HLC Biotech, Bovenden 

Microscopes and cameras Company 

Nikon Eclipse TS100 Nikon, Düsseldorf 
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Axioscop 40 Zeiss, Göttingen 

Cri Nuance multispectral imaging system Zeiss, Göttingen 

PCR devices Company 

Thermocyler TS3000 Biometra, Göttingen 

Horizontal agarose gel electrophoresis 

chamber Compact L/XL Biometra, Göttingen 

Power supply Power Pack P25 T Biometra, Göttingen 

Gel documentation system Gel Imager Intas, Göttingen 

Magnetic cell isolation Company 

AutoMACS Pro Separator Miltenyi Biotech, Bergisch Gladbach 

Small devices Company 

Balance ATL-4202 Acculab, Sartorius Group, Bradford, MA, USA 

Fine balance ATL-224-I Acculab, Sartorius Group, Bradford, MA, USA 

MACS magnets for cell separation & 

multistand Miltenyi Biotech, Bergisch Gladbach 

Magnetic rack for Dynabead separation Thermo Fisher Scientific Inc., Waltham, MA, USA 

Vacuum pump Vacusafe comfort IBS Integra Bioscience, Fernwald 

Vortexing device Vortex Genie 2 Scientific Industries, Bohemia, N.Y., USA 

Miscellaneous Company 

Cell culture hood Hera Safe KS/ Hera Safe  Thermo Scientific, Braunschweig 

Dissection instruments FineScienceTools, Heidelberg 

Water bath WNB22 Memmert, Schwabach 

Neubauer cell chamber 

Paul Marienfeld GmbH & Co. KG, Lauda-

Königshofen  

Nanodrop 1000 spectrometer Peqlab, Erlangen 

Pipettes VWR, Darmstadt; Eppendorf, Hamburg 

Accujet pro Pipetboy Brand, Wertheim 

 

2.1.12 Software 

- Genespring GX 12.5 (Agilent technologies, Santa Clara, USA) 

- FloJO (Tree Star, Ashland, OR, USA) 

- GraphPad Prism (GraphPad Software, La Jolla, USA) 

- Nuance Version 2.0 (Zeiss, Göttingen) 
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2.2 Methods 

2.2.1 Molecular biology 

2.2.1.1 DNA isolation for genotyping 

A tail biopsy was digested using 500 µl autoclaved Kill Juice supplemented with 5 µl 

Proteinase K solution.  The tail was lysed overnight at 55°C and 300 rpm in a Thermo 

shaker. The debris was pelleted for 10 – 20 min at 17.000 xg (13.300 rpm) at RT. The 

supernatant was decanted into 500 µl Isopropanol. After gentle mixing, the DNA was pelleted 

at 17.000 xg for 5 – 10 min. The DNA was washed with 1 ml 70 % Ethanol (centrifugation 

17.000 xg, 10 min). Supernatant was discarded and the pellet was dried at RT. The DNA 

was resuspended in 30 – 50 µl DNase free water. DNA was stored at 4 °C and genotyping 

was performed according to the methods described in chapter 2.2.1.2. 

 

2.2.1.2 Genotyping of transgene mice 

Primer solutions were prepared from stock solution via 1:10 dilution in sterile water. DNA was 

isolated according to the method described in chapter 2.2.1.1. PCR was performed using the 

following reagents (Table 11):  

Table 11: Composition of the PCR reaction for genotyping of different mouse lines 

Reagents PCR     

 RORγt RORc KO Dereg Gfp Dereg Dtr CD103 KO 

Sterile water 19.75µl 18.75µl 19.25µl 19.25µl 18.75µl 

10x Fisher Buffer  2.5µl 2.5µl 2.5µl 2.5µl 2.5µl 

MgCl2 (25 mM)  1µl   1µl 

10mM dNTPs 0.5µl 0.5µl 0.5µl 0.5µl 0.5µl 

Primer 100µM 0.5µl 0.5 µl 0.5µl 0.5µl 0.5µl 

Primer 100 µM (control)   0.5 µl 0.5µl  

Taq Polymerase  0.75µl 0.75µl 0.75µl 0.75µl 0.75µl 

DNA  1µl 1µl 1µl 1µl 1µl 

Total volume 25µl 25µl 25µl 25µl 25µl 

 

For Genotyping of FIR mice and RAG2 KO mice, the following reagents (Table 12) were 

used: 

 

Table 12: Composition of PCR reaction for genotyping of FIR and RAG2 KO mice 

Reagents PCR  

 FIR RAG2 KO 
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Sterile water 14.375µl 15.875µl 

5 x PCR buffer  5.0µl 5.0µl 

MgCl2  (25mM) 2.5µl 2.0µl 

10mM dNTP’s 0.5µl 0.5µl 

Primer 100µM  0.5µl 0.5µl 

Go Taq 0.125µl 0.125µl 

DNA  2µl 1µl 

total 25µl 25µl 

 

The samples were aliquoted in PCR tubes and PCR was performed in the Thermocyler by 

use of the following programs: RORγt (Table 13): 

Table 13: PCR program for genotyping of RORγt reporter mice 

Temperature [°C] Time [min] Cycles 

95 1:00  

95 0:30  

58 0:30 34x 

72 1  

72 

15 

10 

∞ 
 

 

For genotyping of RORc KO, Dereg, CD103 KO and FIR mice following programs were used 

(Table 14): 

Table 14: PCR program for genotyping of RORc KO, Dereg, CD103 KO and FIR transgene mice 

PCR 

RORc KO  

A: 58°C 

Cycles: 36 

Dereg 

A: 60°C 

Cycles: 35 

CD103 KO  

A: 58°C 

Cycles: 35 

FIR 

A: 65°C 

Cycles: 33 

Temperature 

[°C] 
Time [min] Time [min] Time [min] Time [min] 

94 1:00 1:00 1:00 4:00 

94 0:30 1:00 0:30  0:30 

Annealing (A) 0:30 1:00 0:30 0:30  

72 0:30 1:00 0:45 0:30 

72 

15 

10:00 

∞ 

10:00 

∞ 

10:00 

∞ 

10:00  

∞ 

 

For genotyping of RAG2 KO mice following program were used (Table 15): 
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Table 15: PCR program for genotyping of RAG2 KO mice 

Temperature [°C] Time [min] Cycles 

94 3:00  

94 0:45  

60 0:45 2x 

72 1:00  

94 

58 

72 

0:45 

0:45 

1:00 

2x 

94 

56 

72 

0:45 

0:45 

1:00 

2x 

94 

54 

72 

0:45 

0:45 

1:00 

30x 

72 

15 

5:00 

∞ 
 

 

For gel electrophoresis 4 µl of Orange G solution was added to the samples. Subsequently, 

12 -15 µl of the sample were loaded on a 1 % Agarose gel and separated for 45 min (140 

Volt). Orange G was not added to samples containing 5 x buffer. The samples for genotyping 

of FIR mice and RAG2 KO mice were loaded on a 2 % Agarose gel and run for up to 1.5 h 

(140 Volt). The size of the DNA fragments was assessed using a DNA ladder (1 kb or 100 

bp) to specify the genotype of the mice (Table 16).  

 

Table 16: DNA size of PCR products 

PCR DNA size [bp]   

 Wt Tg Control 

RORγt 250 1000 - 

FIR 517 470 - 

RORc KO  174 241 - 

Dereg Gfp - 450 585 

Dereg Dtr - 380 585 

CD103 KO 245 500 - 

RAG2 KO 605 1000 - 
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2.2.1.3 RNA Isolation 

The isolation of mRNA was performed using the RNeasy Mini Kit according to the manual. In 

brief, cells were harvested from cell culture and stored in 350 µl lysis buffer (RLT buffer) 

containing 10% β-mercaptoethanol at -20 °C or up to half a year at -80 °C. After thawing the 

lysate was homogenized by passing it through a blunt 20-gauge needle. 1 volume of 70 % 

ethanol was added, the sample was mixed gently and was transferred to an RNeasy 

MinElute spin column (placed into a 2 ml collection tube). Centrifugation was done for 15 s at 

≥ 8000 g. The flow through was discarded and the column was washed with the buffer RW1. 

Next, DNA was digested for 15 min at room temperature (RT) using DNase I (mixed with 

Buffer RDD). After an additional washing step using buffer RW1 and buffer RPE the column 

was washed with 80 % ethanol. The RNA was eluted with 14 µl RNase-free water and stored 

for short term at -20 °C or long term at -80 °C.  

RNA isolation was performed by Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn; HZI) 

 

2.2.1.4 Microarray 

CD4+CD8-CD11c-CD19- RORγt-Foxp3-, RORγt-Foxp3+, RORγt+Foxp3+ and RORγt+Foxp3- T 

cells were sorted from a pool of spleen and lymph node cells at the FACS-Aria SORP and 

the RNA was isolated (see chapter 2.2.1.3). The following procedures (quality control, 

hybridization, analysis of expression values) were performed by Dr. Robert Geffers (Genome 

Analytics, Helmholtz Centre for Infection Research, Germany). After the RNA quality control 

was carried out using the Bioanalyzer (Agilent Technologies) 100 ng of total RNA were 

applied for a Cy3-labelling reaction using the one color Quick Amp Labeling protocol (Agilent 

Technologies). Labelled cRNA samples were loaded on a SurePrint G3 Mouse GE 8x60K 

Array, scanned using the Agilent DNA Microarray Scanner and expression values were 

calculated by the software package Feature Extraction 10.5.1.1 (Agilent Technologies). This 

experiment was performed twice. Gene expression analysis was performed by myself using 

the GeneSpring GX 12.5 software and the Agilent.SingleColor.28005 technology.  

To generate a list of Th17 signature genes, samples published by Wei et al192 were obtained 

from the GEO database. Data from naïve T cells and cultured Th17 cells were uploaded to 

Genespring GX 12.5 software and a list of the 300 most prevalent genes up- or down-

regulated in Th17 cells in comparison to naïve T cells was generated and exported. The list 

of Th17 signature genes was applied on the four isolated RORγt+/- Foxp3+/- T cell populations 

and cluster analysis was performed. Clustering was performed on entities and conditions 

using Euclidean distance metrics and Wards linkage rule. 

In order to compare the gene expression overlap of RORγt-Foxp3+, RORγt+Foxp3+ and 

RORγt+Foxp3- T cells the expression profile of these T cell populations was first compared 

with RORγt-Foxp3- T cells and separate lists of genes (showing a fold change >2) were 
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extracted. The three lists of genes >2 fold up- or down-regulated in comparison to RORγt-

Foxp3- T cells were overlapped by use of the Venn-Diagram analysis. The Venn-Diagrams of 

up- and down-regulated genes were combined separately for every single performed array to 

generate Figure 3.5.   

Additionally the data were analysed in R by Dr. Michael Beckstette (group of Prof. Dr. Petra 

Dersch, Helmholtz Centre for Infection Research, Braunschweig) and Jörn Pezoldt (group of 

Prof. Dr. Jochen Hühn; Helmholtz Centre for Infection Research, Braunschweig). 

Comparison of the gene expression profiles of RORγt+Foxp3+ and RORγt+Foxp3- T cells and 

RORγt+Foxp3+ and RORγt-Foxp3+ T cells was performed separately by excluding genes with 

a fold change <1.5 and p value >0.05 using log2 normalized expression data. Genes found 

to be differentially expressed in RORγt+Foxp3+ T cells in comparison to both other T cell 

populations were listed by myself and displayed in Table 17. 

 

2.2.1.5 Analysis of the T cell receptor (TCR) repertoire 

CD4+CD3+ RORγt-Foxp3-, RORγt-Foxp3+, RORγt+Foxp3+ and RORγt+Foxp3- T cells were 

sorted from a pool of spleen and lymph node cells isolated separately from 4 individual mice 

(see chapter 2.2.2.3). Samples containing equal cell numbers were frozen in RLT-buffer 

containing 10 % β-mercaptoethanol. RNA was isolated. Reverse transcription and analysis of 

the nucleotide and amino acid sequences of the TRAV12 region was performed by Dr. Lisa 

Föhse (lab of PD Dr. Immo Prinz, MHH). For this procedure, Amplicon libraries of rearranged 

TRAV12 CDR3 were generated as described above193, purified and quantified. Sequencing 

reactions were performed and productive rearrangements, J usage, and CDR3α regions 

were defined by comparing nucleotide sequences to the reference sequences from IMGTs, 

the international ImMunoGeneTics information systems (IMGT/HighV-QUEST).   

 

2.2.2 Cell biology 

2.2.2.1 Isolation of lymphoid organs and preparation of single cell suspension 

Mice were killed and the spleen, peripheral lymph nodes (inguinal, axillary, brachial, 

popliteal, superficial cervicals), mesenteric lymph nodes, lumbar and caudal lymph nodes 

were isolated and single cell suspensions were prepared by smashing the organs through 70 

µm strainers and resuspending in PBS + 2 % FCS or PBS + 0,2 % BSA. The spleen was 

smashed through a 100 µM strainer and erythrocytes were lysed using 1 ml red blood cell 

(RBC) lysis buffer per spleen for 1 – 2.5 min at RT. All centrifugation steps were performed at 

300 xg for 5 min at 4 °C. 
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2.2.2.2 Flow cytometry  

Up to 5*106 cells (prepared according to chapter 2.2.2.1 or 2.2.2.4) were transferred into 

FACS-tubes and washed once with PBS. In order to exclude dead cells from the analysis 50 

– 100 µl of the LIVE/DEAD fixable dead staining kit (blue / aqua fluorescent reactive dye) 

were added and incubated for 20 min in PBS on ice, if cells were supposed to be analyzed 

after fixation. For living cell analysis, 4',6-diamidino-2-phenylindole (DAPI)  was added 

directly before sample acquisition. For extracellular staining procedures either PBA-E or PBS 

containing 0.2 BSA (PBS/BSA) were used. Cells were washed and incubated for 5 min on 

ice with 10 µl pre-diluted Fcγ-receptor blocking reagent prior to extracellular staining with 50 

µl pre-diluted surface antibodies for 15 min on ice. Cells were washed and resuspended into 

50 µl PBA-E or PBS/BSA for living cell analysis. For fixation 100 µl PFA (0,5 % PFA 

overnight or 2 % PFA for 30 min on ice) or, for nuclear staining of transcription factors and 

cytokines, 100 µl of the Fixation/Permeabilization Kit were added and incubated for 30 min 

on RT or overnight on 4 °C in the fridge. Cells were washed and incubated for 15 min with 50 

µl Fcγ-receptor blocking reagent or with rat-IgG (40 µl/ml) in PBA-S or 100 µl 1x 

Permeabilization buffer (10x Permeabilization buffer diluted in sterile water) at room 

temperature or in the fridge. Cells were washed and incubated with 50 – 100 µl pre-diluted 

intracellular antibodies for 20 min at RT. Cells were washed and resuspended in PBA-E or 

PBS/BSA for acquisition. 

 

2.2.2.3 FACS sorting 

FACS sorting was performed at the sorter facility of the Hanover medical school (MHH) or 

the Helmholtz Centre for Infection Research (HZI). Cells were prepared for sorting under 

sterile conditions and kept in sterile MACS-buffer or PBS containing 0.2 % BSA (PBS/PBA). 

The cells were sorted into filtered FCS or medium containing FCS. After sorting, the cells 

were washed with medium or PBS for 10 min at 2.000 rpm. Cells were taken up in sterile 

PBS for in vivo application, in medium for in vitro cultures, in RLT buffer containing ß-

Mercaptoethanol for RNA isolation or in T1 buffer (NucleoSpin Tissuse DNA islation kit) for 

DNA isolation.  

Most of the sorting experiments were performed together with Bi-Huei Yang (lab of Prof. Dr. 

Jochen Hühn, HZI) at the cell sorting facility of the HZI. 

 

2.2.2.4 Lamina propria lymphocyte isolation 

Lamina propria lymphocytes (LPLs) were isolated as described above129. The colon or small 

intestine was isolated and the fat tissue and the Peyer’s patches were removed carefully. 

The feces was removed and the tissue was opened longitudinally, cut into pieces (2 – 3 cm) 
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and incubated for 30 min with PBS + 30 mM EDTA. The tissue was washed extensively with 

PBS in order to remove the mucus layer. Afterwards, the tissue was cut into very small 

pieces using a scissor, and it was digested for several rounds (2 – 3 times) with Collagenase 

D (1 mg/ml) and DNase I (0,1 mg/ml) at 37°C in pre-warmed DMEM or IMDM medium for 20 

- 30 min. Supernatant was collected and filtered through a 100 µm cell strainer, and cells 

were pelleted for 10 min at 860 xg. LPLs were separated using a gradient (40% Percoll; 80 

% Percoll diluted in DMEM; 900 xg; 20 min RT; no break). Alternatively, 40% and 80% 

Biocoll solutions (diluted in RPMI complete) were used. The lamina propria lymphocytes 

were collected from the interphase, washed with PBS and used for FACS staining (see 

chapter 2.2.2.2) or isolation of RNA (see chapter 2.2.1.3).  

The experiments were performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, 

HZI) at the HZI. 

 

2.2.2.5 Isolation of the RORγt+/- Foxp3+/- T cells from Foxp3RFPRORγtGFP reporter mice 

Organs were isolated from Foxp3RFPRORγtGFP reporter mice and single cell suspensions 

were prepared by smashing the organs through a 100 µm mesh. For samples from the colon 

and small intestine LPL isolation was performed (see chapter 2.2.2.4). CD4+ T cell 

enrichment was performed by the use of CD4 (L3T4) Microbeads and the AutoMACS 

Separator. For this procedure, cells were washed and resuspended in PBS containing 0.2 % 

BSA in a concentration of 2*108 cells/ml. CD4 Microbeads were added in a dilution of 1:10. 

Cells were incubated in the fridge (4-8 °C) for 20 min under gentle rotation. The cells were 

washed and CD4+ T cells were separated using the AutoMACS and the program posseld2.  

CD4+ cells were stained for CD4, CD8, CD11c and CD19 and CD4+CD8-CD11c-CD19- 

RORγt-Foxp3-, RORγt-Foxp3+, RORγt+Foxp3+ and RORγt+Foxp3- T cells were sorted at the 

FACS-Aria SORP (see chapter 2.2.2.3).  

The experiments were performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, 

HZI) at the HZI. 

 

2.2.2.6 Stability assay 

Different RORγt+/- Foxp3+/- T cell populations were sorted from Foxp3RFPRORγtGFP reporter 

mice and resuspended in IMDM complete medium (see chapter 2.2.2.5). 1 * 105 cells were 

seeded in a 96 well flat-bottom plate which was coated overnight at 4 °C (or 4 h at 37 °C) 

with αCD3 (3 µg/ml) and αCD28 (5 µg/ml). Cells were cultured for four days in IMDM 

complete medium supplemented with 10 µg/ml rmIL-2 and 10 µg/ml rmIL-7. On day 4 cells 

were harvested, stained for CD3 and CD4 and analyzed for their expression of Foxp3-mRFP 

and RORγt-GFP. DAPI was added to exclude dead cells.  
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The isolation of the different T cell populations for these experiments was performed together 

with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI) at the HZI. 

 

2.2.3 In vivo experiments 

2.2.3.1 Transfer colitis  

All the transfer colitis experiments were performed at the animal facility of the HZI. For 

induction of an experimental colitis lymphocytes were isolated from the spleen, the peripheral 

lymph nodes (pLN) LN and the mLN of CD90.1 C57BL/6  mice and enriched for CD4+ T cells 

using mouse CD4 Microbeads (see chapter 2.2.2.5). The cells were stained for CD4, 

CD45RB, CD8, CD11c and CD19 and CD4+CD45RBhighCD19-CD11c-CD8- naïve T cells were 

isolated via FACS sorting (see chapter 2.2.2.3). The purity of the sorted cells was analyzed 

by Flow cytometry and samples were used for in vivo experiments when reaching a purity > 

99 %. Cells were washed and resuspended in PBS for injection. 2,8 – 4 *105 naïve T cells (in 

a volume of 200 µl) were injected intraperitoneally into RAG2 KO mice. For this procedure, 

the mice were taken into the left hand in a way which tightened the peritoneum. The syringe 

was injected at an angle of 90 degree. The body weight was monitored every other day (by 

transfer of the mice into a plastic beaker which was put on a scale) and mice were killed for 

analysis when severe signs of pathology (weight loss, diarrhea, reduced general state of 

health) appeared. For experiments using RORγt+/- Foxp3+/- T cell populations from 

Foxp3RFPRORγtGFP reporter mice, cells were isolated and enriched for CD4+ T cells (see 

chapter 2.2.2.5). The cells were stained for CD4, CD19, CD11c and CD8, and CD4+CD19-

CD11c-CD8-RORγt-GFP+/-Foxp3-mRFP+/- T cells were sorted, washed and resuspended in 

PBS. 7*104 RORγt+/-Foxp3+/- T cells were mixed with 2.8*105 naïve T cells from CD90.1 

C57BL/6 mice (ratio 1:4) and injected into RAG2 KO mice. For experiments using 

RORγtKO/KO or RORγtWT/WT mice cells T cells were isolated from spleen and lymph nodes as 

described above. The cells were stained for CD4, CD25, CD19, CD11c and CD8, and 

CD4+CD25+CD19-CD11c-CD8- T cells were sorted, washed and taken up into PBS. 7*104 

RORγtKO/KO or RORγtWT/WT Tregs were mixed with 2.8*105 naïve T cells from CD90.1 

C57BL/6  mice (ratio 1:4) and injected into RAG2 KO mice.  

After 4 – 8 weeks the mice were sacrificed and analyzed. The spleen, pLN, mLN and the 

colon were isolated. Two 1-2 cm long pieces were cut from the colon for histological analysis 

(see chapter 2.2.3.2), the leftover tissue was used for the isolation of lamina propria 

lymphocytes (see chapter 2.2.2.4). Up to 2 * 106 cells were restimulated for 4 h in IMDM 

complete medium supplemented with PMA (10 ng/ml) and Ionomycin (0,5 µg/ml); Brefeldin A 

(10 µg/ml) was added after 2 h. Unstimulated cells were stained for CD4, CD3 and CD90.2 

and analyzed directly via flow cytometry, using DAPI for live/dead exclusion. Stimulated cells 
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were stained extracellularly for CD4, CD3 and CD90.2, were fixed using the 

Fixation/Permebilization Kit and stained intracellularly for RORγt, Foxp3, IL-17 and IFN-γ. 

Live/dead exclusion was performed using LIVE/DEAD fixable dead staining kits (staining 

procedure: see chapter 2.2.2.1).  

The experiments were performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, 

HZI) at the HZI. 

 

2.2.3.2 Histology 

Histological analysis was performed from colon samples for all transfer colitis experiments 

(see chapter 2.2.3.1). The colon was isolated and the feces were removed. Two 1 – 2 cm 

long pieces were cut, placed into a plastic chamber containing two foamed plastic sponges 

and transferred into PFA for 24 hours. The samples were transferred into 70 % Ethanol. 

Bedding, cutting and Hematoxylin and Eosin (H&E) staining was performed at the mouse 

pathology department of the Helmholtz Centre for Infection Research (HZI). Stained samples 

were scored for cellular infiltration of mononuclear cells (score 0: no inflammation; 3 = 

transmural extension of the inflammatory cells) and epithelial damage (0: absence of 

mucosal damage; 3: extensive damage extending the deeper structures of the bowel wall) in 

a blinded fashion by Dr. Matthias Lochner, as described previoulsy194. A final 

histopathological score ranging from 0 – 6 was calculated.  

 

2.2.4 Statistics 

Statistical analysis was performed with GraphPad Prism software using the two tailed Mann-

Whitney t-test (including Bonferroni correction if more than two groups were compared). P-

values for significance were indicated with * P<0,05, ** P<0,01, *** P<0,001. Diversity of the 

TCR repertoire was calculated as ‘effective number of sequences’ by the exponential of 

Shannon index (by Dr. Lisa Föhse; lab of PD Dr. Immo Prinz, MHH). 
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3 Results 

3.1 Foxp3RFPRORγtGFP reporter mice serve as an efficient tool for the ex vivo 

isolation of RORγt+ Foxp3+ T cells 

Two publications of 2008 described the existence of a T cell population expressing both key 

transcription factors of Th17 cells (RORγt) and Tregs (Foxp3)89,129. The successful isolation 

and analysis of RORγt+ Foxp3+ T cells was based on the reporter signal of RORc(gt)-GfpTG 

mice129 and surface expression of CD25 demonstrated that this T cell population expresses 

genes specific for both Th17 cells and Tregs and display a similar suppressive capacity in 

comparison to RORγt- CD25+ Tregs. Increasing knowledge about T cell plasticity as well as 

the presence of increased frequencies of RORγt+ Foxp3+ T cells in the microenvironment of 

chronic inflammations (e.g. UC) and cancer (e.g. CC)123 deepen the interest in the origin, 

stability and functional capacities of this T cell population. One of the major drawbacks of a 

detailed analysis of RORγt+ Foxp3+ T cells was the lack of an appropriate mouse model 

enabling their specific isolation ex vivo. The surface expression of CD25 also serves as a 

marker for activated T cells195 and thus does not represent an ideal marker for Foxp3+ Tregs. 

For this reason we employed a double reporter mouse model for RORγt and Foxp3 which 

enabled us to detect and efficiently sort the different RORγt+/- Foxp3+/- T cell populations in 

order to compare the phenotype, stability and function of RORγt+ Foxp3+ T cells to Th17 cells 

(referred to as RORγt+ Foxp3- T cells) and Tregs (referred to as RORγt- Foxp3+ T cells). 

Therefore, we crossed the RORc(gt)-GfpTG mice with the FIR (Foxp3-IRES-RFP) reporter 

mouse line. In the following, these mice will be referred to as Foxp3RFPRORγtGFP reporter 

mice. When analyzing the double reporter mouse in more detail, we observed only low 

frequencies (< 5 %) and numbers of RORγt+ Foxp3- T cells, which was in contrast to the 

expected size of this T cell population129. Several studies have shown that the microflora of 

the gut is crucial for the induction of a stable population of Th17 cells in the lymphoid organs. 

Th17 cells are absent in germfree mice, and colonization of the mice with segmented 

filamentous bacteria (SFB) potently induces a stable Th17 population131,176. The mice in the 

animal facilities of the Helmholtz Centre for Infection Research and the Twincore harbor a 

minimal specific pathogen free (SPF) microflora comparable to altered Schaedler flora196, 

which is composed of eight bacterial strains and was developed to colonize germfree mice 

with a standardized microbiota197. Similarly low frequencies of total RORγt+ T cells (including 

RORγt+ Foxp3- as well as RORγt+ Foxp3+ T cells) could be observed in wildtype mice bred 

under identical conditions in these animal facilities (see Figure 3.1). For this reason, we 

backcrossed the Foxp3RFPRORγtGFP reporter mice with RORc(gt)-GfpTG reporter mice 

possessing a more complex gut flora (including SFB)132. We bred the mice in order to obtain 

animals transgenic for RORγt-GFP and homozygous for Foxp3-mRFP and compared the  
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frequencies of RORγt+/- Foxp3+/- T cells in Foxp3RFPRORγtGFP reporter mice colonized with a 

complex flora against mice colonized with a minimal gut flora. We detected a significantly 

increased frequency of RORγt+ Foxp3- and RORγt+ Foxp3+ T cells in all the analyzed 

lymphoid and mucosal organs with the exception of the Peyer’s patches (Figure 3.1 A, B, D).  

Here, we could not observe any significant changes in the frequency of RORγt+ Foxp3+ T 

cells comparing mice with a minimal or complex microflora. The population of RORγt+ Foxp3+ 

T cells represents a high proportion of total RORγt+ T cells, constituting 40 – 60 % in mice 

colonized with a complex microflora. We observed a significantly increased ratio of RORγt+ 

Foxp3+ T cells in the population of total RORγt+ T cells in the spleen and the pLN in mice 

harboring a complex flora in comparison to mice harboring a minimal flora. However, stable 

levels of RORγt+ Foxp3+ T cells could be observed in the mLN and decreased ratios were 

detected in the Peyer’s patches and the colon (Figure 3.1 F). Additionally, we observed a 

significant increased frequency of total Foxp3+ T cells (RORγt- Foxp3+ and RORγt+ Foxp3+ T 

cells) in all the analyzed organs with the exception of the Peyer’s patches and the colon 

(Figure 3.1 C). Although the population of RORγt+ Foxp3+ T cells was significantly increased 

in the spleen, pLN and mLN of mice colonized with a complex microflora in comparison to 

mice colonized with a minimal microflora this T cell population only represents up to 20 % of 

the total Foxp3+ T cell population (Figure 3.1 G). In contrast to the observed increase in the 

population of total RORγt+ T cells, mainly represented by an increased frequency of RORγt+ 

Foxp3+ T cells, the significant increase in the population of total Foxp3+ T cells is mainly 

based on the increased frequency of RORγt- Foxp3+ T cells. In the colon, we only observed a 

slightly increased frequency of total Foxp3+ T cells (Figure 3.1 C). Interestingly, we observed 

an 8-fold increase frequency of RORγt+ Foxp3+ T cells in this organ, representing 81 % of the 

total Fopx3+ T cells in the colon (Figure 3.1 F). The non-significant increase of the total 

Foxp3+ T cell population in the colon is based on the significantly reduced frequency of 

RORγt- Foxp3+ T cells in mice colonized with a complex microflora in comparison to mice 

colonized with a minimal microflora. Furthermore, we detected a significantly decreased 

frequency of total Foxp3+ T cells in the Peyer’s patches. As mentioned above, the frequency 

of RORγt+ Foxp3+ T cells in this organ was constant when comparing mice colonized with 

minimal or complex microflora, however, we could detect an increased ratio of RORγt+ 

Foxp3+ T cells in the pool of total Foxp3+ T cells in this organ. This finding – similar to those 

from the colon - results from a significantly decreased frequency of RORγt- Foxp3+ Tregs.  

 

By crossing the Foxp3RFPRORγtGFP reporter mice with mice harboring a complex microflora, 

we were able to increase the number of RORγt+ (Foxp3+) T cells in all the analyzed organs 

significantly. Moreover, we detected an increased ratio of RORγt+ T cells in the total Foxp3+ 
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T cell population. These results showed that the microbiota critically influences the induction 

of this specific T cell population. 

 

The correlation of the reporter signal and protein level of RORγt and Foxp3 have been 

described previously129,191. In order to rule out any interference between reporter signals in 

the double reporter mice, we analyzed the expression of GFP and mRFP by flow cytometry. 

For this purpose, we isolated the spleen, pLN, mLN, Peyer’s patches and the colon from 

Foxp3RFPRORγtGFP reporter mice (colonized with a complex flora) and compared the 

frequencies of total RORγt+ and total Foxp3+ T cells based on the live reporter signal and the 

intracellular protein level. In general, we observed an enhanced brightness of the reporter 

signals for Foxp3 and RORγt in comparison to antibody stained intracellular protein. 

Comparison of Foxp3 expression detected by mRFP signaling or intracellular protein staining 

revealed no significant differences in all the analyzed organs except for the spleen, which 

confirms the correlation of the Foxp3-mRFP reporter signal to the Foxp3 protein level (Figure 

3.2 B). The result obtained from the spleen could be accounted for inappropriate staining of 

Foxp3+ T cells in the total pool of isolated splenocytes or to the increased brightness of the 

mRFP reporter. Similar observations were made when using the reporter signal for RORγt to 

evaluate the frequency of total RORγt T cells. Based on the reporter signal for RORγt, we 

calculated a significantly decreased frequency of total RORγt+ T cells and RORγt+ Foxp3+ T 

cells. This difference could be explained by the gating strategy used for specifying RORγt+ T 

cells based on their reporter signal. As mentioned above, the RORγt reporter emits a much 

brighter signal in comparison to the intracellular antibody staining and additionally uncovers a 

population of RORγtint T cells (Figure 3.2 A). RORγtint T cells represent a T cell population 

which is not yet fully differentiated and which rapidly loses RORγt expression when cultured 

under non-stimulating conditions for several days (data not shown). In contrast, RORγthigh T 

cells showed a high stability of RORγt expression (see Figure 3.10) and a minimal response 

to Treg stimulating conditions (data not shown). This RORγtint T cell population could not be 

detected by intracellular protein staining and was excluded for ex vivo isolation of RORγt+ T 

cells using the reporter signal.  

In conclusion, these results demonstrate that the Foxp3RFPRORγtGFP reporter mouse model 

enables a clear visualization of the different RORγt+/- Foxp3+/- T cell populations. Moreover, 

the bright RORγt reporter uncovers a population of RORγtint T cells which are not terminally 

differentiated and unstable and which could be excluded from the further analysis. 
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3.2 Detailed phenotypic analysis of RORγt+ Foxp3+ T cells  

3.2.1 RORγt+ Foxp3+ T cells display an intermediate phenotype between Th17 cells 

and Tregs  

3.2.1.1 Comparison and clustering of RORγt+/- Foxp3+/- T cells based on their global 

gene expression profile 

In order to analyze the phenotype of RORγt+ Foxp3+ T cells, we compared their global gene 

expression profile with the gene expression profile of RORγt- Foxp3- T cells, RORγt+ Foxp3- T 

cells and RORγt- Foxp3+ T cells. For this purpose, the different T cell populations were sorted 

from a pool of lymphocytes isolated from the spleen, pLN and mLN. RNA was isolated and 

microarray analysis was performed at the microarray core facility of the HZI. Until now, the 

specific phenotype of RORγt+ Foxp3+ T cells as well as similarities with and differences to 

Treg specific or Th17 specific gene expression profiles remained poorly defined. In order to 

examine the relation of RORγt+ Foxp3+ T cells to the population of regulatory T cells (RORγt- 

Foxp3+ T cells), we analyzed the expression of known Treg signature genes198. Based on 

their gene expression profile, we found that RORγt+ Foxp3+ T cells cluster with RORγt- 

Foxp3+ T cells, whereas RORγt+ Foxp3- T cells and RORγt- Foxp3- T cells show a distinct 

gene expression pattern of these Treg signature genes (Figure 3.4 A). In order to analyze the 

specific relation of RORγt+ Foxp3+ T cells to Th17 cells (RORγt+ Foxp3- T cells), we 

generated a list of 664 highly regulated Th17 signature genes based on the comparison of in 

vitro cultured Th17 cells with naïve T cells using datasets obtained from the publication of 

Wei et al.192 (see chapter 2.2.1.4 for further description). The list was applied on the four 

isolated RORγt+/- Foxp3+/- T cell populations and cluster analysis was performed. RORγt- 

Foxp3- T cells show a distinct gene expression profile of Th17 signature genes in comparison 

to the other T cell populations. RORγt+ Foxp3+ T cells cluster with RORγt- Foxp3+ T cells, 

showing a distinct gene expression profile of Th17 signature genes in comparison to RORγt+ 

Foxp3- T cells (Figure 3.4 B). In summary, the gene expression profile of RORγt+ Foxp3+ T 

cells could be linked to the population of RORγt- Foxp3+ Tregs based on their related 

signature gene expression.  

 

In addition, we performed an analysis of the general gene expression overlap of RORγt+ 

Foxp3-, RORγt- Foxp3+ and RORγt+ Foxp3+ T cells. First, the gene expression profiles of the 

different T cell populations were compared with those of RORγt- Foxp3- T cells, and genes 

which showed a fold change difference < 2 were excluded from the analysis. Next, overlaps 

in gene expression between the different T cell populations were examined using Venn 
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functional relevance. No specific differences in gene expression could be observed for the 

Th17 specific transcription factors RORc, Maf and Ikzf3 (Aiolos). Only slightly decreased 

expression levels of the genes Il1r1 (IL-1 receptor 1) and Il23r (IL-23 receptor) could be 

detected in RORγt+ Foxp3+ T cells compared to RORγt+ Foxp3- T cells.  However, we 

detected clearly reduced gene expression levels for the Th17 specific cytokines Il17a, Il17f 

and Il21 in RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3- T cells.  

Analyzing the expression of specific marker genes for regulatory T cells (Figure 3.6 B - C), 

we could observe overlaps and differences in gene expression levels between RORγt+ 

Foxp3+ T cells and RORγt- Foxp3+ T cells. No specific changes of gene expression levels for 

Treg specific transcription factors like Foxp3, Ikzf2 (also known as Helios), Ikzf4 (also known 

as Eos) and Smad3 were found comparing both T cell populations. Similar results were 

obtained for the expression levels of Treg specific surface molecules like Nrp1 (Neuropilin 1), 

Il2ra (Interleukin 2 receptor alpha) and Tnsrf18 (Tumor necrosis factor receptor superfamily, 

member 18, also known as GITR) (Figure 3.6 B). Interestingly, we found marker gene 

expression of a recently described population of effector Tregs. Effector Tregs were shown to 

express the transcription factor Blimp-1 (encoded by Prdm1 (PR domain containing 1, with 

ZNF domain)), which is regulated by the transcription factor Irf4. Effector Tregs express 

increased levels of CD103 (encoded by Itgae (Integrin alpha E)), Icos and Ctla-4 and 

produce high amounts of IL-10199. We detected an increased gene expression level of 

Prdm1, Itgae, Icos, Ctla4 and Il10 in RORγt+ Foxp3+ T cells in comparison to RORγt- Foxp3+ 

T cells, which suggests a possible integration of RORγt+ Foxp3+ T cells into the population of 

effector Tregs. The expression of Ctla4 and Il10 is crucial for the suppressive capacity of 

regulatory T cells as it plays an important role in contact dependent55 and cytokine 

dependent down regulation of immune responses64. The expression of Icos was shown to be 

important for T cell activation, proliferation and differentiation203. Additionally, Icos was shown 

to be a crucial mediator of adaptive immune response204 but it was also shown to promote 

Treg expansion, maintenance and IL-10 production205. Moreover, we observed an increased 

gene expression level of Gzmb (Granzyme B), which was shown to be produced by Tregs 

and acts in contact mediated killing of target cells69. We also detected notable increased 

gene expression level of Ffar2 (Free fatty acid receptor 2) in RORγt+ Foxp3+ T cells in 

comparison to RORγt- Foxp3+ T cells. The expression of Ffar2 was recently described to 

promote induction and suppressive function of colonic Tregs via binding of short chain fatty 

acids (SCFA)181 (Figure 3.6 C). 
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Gpr15, a Treg specific surface molecule implicated in Treg homing to the colon tissue152. We 

could detect an increased expression level of Gpr15 in RORγt+ Foxp3+ T cells in comparison 

to RORγt+ Foxp3- T cells. In conclusion, RORγt+ Foxp3+ T cells display an increased 

chemokine receptor repertoire and expression of gut homing molecules in comparison to 

both RORγt+ Foxp3- and RORγt- Foxp3+ T cells, which suggests an enhanced migratory 

capacity.  

 

However, the obtained results are based on T cell populations isolated from a pool of spleen 

and lymph node lymphocytes. Therefore, it is difficult to draw any conclusion about the 

functional relevance and expression level of the analyzed chemokine receptors in the 

different lymphoid and mucosal organs. Using flow cytometry we studied this information in 

more detail and performed an organ specific analysis of the surface expression level of α4β7, 

CCR6, CCR9, CCR4 and OX40 in the spleen, pLN, mLN and the colon (Figure 3.8). 

We observed tissue specific differences in the surface expression level of the different 

receptors on the different T cell populations in general as well as changes in the ratio of the 

surface expression of the different receptors on the different T cell populations. In the spleen, 

we detected an increased surface expression level of CCR6, CCR9 and CCR4 on RORγt+ 

Foxp3+ and RORγt+ Foxp3- T cells in comparison to RORγt- Foxp3+ T cells. The expression 

level of these chemokine receptors was approximately the same in both RORγt+ T cell 

populations. This expression pattern could also be observed for CCR6 and CCR4 in the pLN 

and mLN and for CCR9 in the mLN. Moreover, we also detected a similar expression pattern 

for CCR6 in the colon, albeit the difference in the surface expression level of CCR6 between 

both RORγt+ T cell populations and RORγt- Foxp3+ T cells was reduced in comparison to the 

results obtained from the other organs. In contrast, the surface expression levels of CCR9 

and CCR4 were found to be almost the same among all the different populations in the 

colon. An opposing surface expression pattern could be detected for OX40. The highest 

expression level of OX40 could be observed on RORγt- Foxp3+ T cells in all the analyzed 

organs, most prominent in the colon tissue. In the spleen, RORγt+ Foxp3+ T cells showed a 

reduced surface expression level of OX40 in comparison to RORγt- Foxp3+ T cells, however, 

it was slightly increased in comparison to RORγt+ Foxp3- T cells. In the pLN and the mLN, we 

even detected an almost equal surface expression level for OX40 on RORγt- Foxp3+ and 

RORγt+ Foxp3+ T cells, which was clearly increased in comparison to the surface expression 

level on RORγt+ Foxp3- T cells. Similar to the results obtained for the surface expression 

pattern of CCR9 and CCR4, the expression pattern for OX40 was found to be different 

among the different T cell populations in the colon. Here we detected almost equal surface 

expression levels of OX40 on both RORγt+ T cell populations, which were clearly decreased 

in comparison to those on RORγt- Foxp3+ T cells. However, the results obtained for the colon 
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(for CCR4 and OX40) need to be further confirmed as they are based on single samples for 

two of the analyzed T cell populations. The surface expression level of α4β7 was found to be 

similarly low in all the analyzed organs and T cell populations. We found a modestly 

enhanced surface expression of this surface receptor in both RORγt+ T cell populations in 

comparison to RORγt- Foxp3+ T cells in the spleen and the mLN. However, these were only 

minor changes.  

In summary, we could confirm the data obtained from the microarray analysis demonstrating 

an enhanced surface expression of CCR6, CCR9 and CCR4 on RORγt+ Foxp3+ T cells in 

comparison to RORγt- Foxp3+ T cells as well as enhanced surface expression of OX40 in 

comparison to RORγt+ Foxp3- T cells in the spleen, pLN and mLN. These results could 

indicate a promoted migratory capacity of this specific T cell population to sites of 

inflammation and the colon in comparison to RORγt+ Foxp3- and RORγt- Foxp3+ T cells. 

However, further studies have to link this finding with functional data. 
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Figure 3.8: RORγt+
 Foxp3

+
 T cells display an enhanced expression of homing molecules in comparison to 

RORγt+
 Foxp3

- 
and RORγt-

 Foxp3
+
 T cells in peripheral lymphoid organs. 

RORγt
+
 (Foxp3

-
), (RORγt

-
) Foxp3

+
 and RORγt

+
 Foxp3

+
 T cells were sorted from the spleen, pLN, mLN and colon 

of Foxp3
RFP

RORγt
GFP

 reporter mice and stained for α4β7, CCR6, CCR9, CCR4, OX40. Results were pooled from 

3 independent experiments representing 3-4 individual samples. Samples plotted without an error bar represent 

unique samples. Data shown as mean ± SD. No statistical differences were observed (using the Mann-Whitney 

test and Bonferroni correction) due to high variations between the different experiments or could not be performed 

due to low sample number.  

3.2.1.4  Specific gene expression profile of RORγt+ Foxp3+ T cells 

We have previously investigated specific overlaps of gene and surface expression of RORγt+ 

Foxp3+ T cells in comparison to RORγt+ Foxp3- T cells as well as to RORγt- Foxp3+ T cells 

(see chapter 3.2.1.2). Next, we aimed at analyzing the specific gene expression profile of 

RORγt+ Foxp3+ T cells, which significantly discriminates them from both T cell populations. 

The previous analysis was based on a comparison of the gene expression profiles of the 

three different T cell populations with the gene expression profile of RORγt- Foxp3- T cells 
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and thus sets a baseline on which the analysis could be based on. In order to obtain a gene 

expression profile of RORγt+ Foxp3+ T cells specifically different to RORγt+ Foxp3- and 

RORγt- Foxp3+ T cells and in order to exclude differences with RORγt- Foxp3- T cells (which 

could represent Th1, Th2 cells or γδ T cells), we had to use another method. Using R, genes 

showing a fold change <1.5 and a p-value >0.05 were excluded from the analysis (this 

analysis was performed by Dr. Michael Beckstette and Jörn Pezoldt (Helmholtz Centre for 

Infection Research, Braunschweig)). This analysis was performed separately for the different 

T cell populations, comparing the expression levels of RORγt+ Foxp3+ and RORγt+ Foxp3- T 

cells as well as RORγt+ Foxp3+ and RORγt- Foxp3+ T cells. Next, genes similarly up- or 

down-regulated in RORγt+ Foxp3+ T cells in comparison to both T cell populations were 

hierarchically listed and displayed in Table 17. This analysis demonstrates the specific 

differences in the gene expression profile of RORγt+ Foxp3+ T cells in comparison to RORγt+ 

Foxp3- and RORγt- Foxp3+ T cells and excludes differences between RORγt+ Foxp3+ T cells 

and RORγt- Foxp3- T cells, resulting in an increased number of genes in comparison to the 

results depicted in Figure 3.5. 

The gene expression levels of Gdp5, Thp1, Cyb26b1, Plac8 and Ccr2 were found to be more 

than 4 fold increased in RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3- and RORγt- 

Foxp3+ T cells. The expression of Cyp26b1, Plac8 and Ccr2 was described previously to 

influence the function capacities of Th17 or Tregs. The retinoic acid metabolizing enzyme 

Cyp26b1 has been identified as a negative regulator of responsiveness to retinoic acid in T 

cells and was shown to be expressed at higher levels in Th17 cells209,210. Increased levels of 

Plac8 were described in Tregs lacking the p110δ isoform of the phosphatidylinositol-

bisphosphate 3-kinase (PI3K) and which showed reduced suppressive capacity211. 

Additionally, the expression of Plac8 in T cells was shown to be important for the clearance 

of Chlamydia trachomatis infections in an iNOS independent pathway212. Human CCR2+ 

CCR5- T cells were described to possess a Th17 memory phenotype and to produce large 

amounts of IL-17 upon restimulation213. Furthermore, CCR2 expression on mononuclear cells 

and T cells was shown to be critical for the induction of EAE214,215. Additionally, RORγt+ 

Foxp3+ T cells exhibit an increased gene expression level of genes which are crucial for the 

suppressive capacity of Tregs in comparison to both other T cell populations, like Il1054,65, 

Gzmb69 and Lag3216.  

Interestingly, we observed a clearly reduced number of genes found to be specifically down-

regulated in RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3- and RORγt- Foxp3+ T 

cells. Only some of them could be associated to functional relevance in T cells like Nkg7, Ifng 

and Trat1 (also known as TCR-interacting molecule (TRIM)). Nkg7 represents a component 

of cytotoxic granules and was found to be expressed in activated Tregs in a Foxp3 
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dependent manner217. Trat1 (or TRIM) was described to be involved in the development of T 

lymphocytes in the thymus and to contribute to central tolerance218.  

 

Table 17: Specific gene expression profile of RORγt+
 Foxp3

+
 T cells. 

The gene expression profile of RORγt
+
 Foxp3

+
 T cells was compared to the gene expression profiles of RORγt

+
 

(Foxp3
-
) and (RORγt

-
) Foxp3

+
 T cells separately and genes showing a fold change <1.5 and p-value >0.05 were 

excluded from the analysis. Genes found to be differentially expressed in RORγt
+
 Foxp3

+
 T cells in comparison to 

both populations were listed according to their overall fold change. Results are based on the analysis of pooled 

data from 2 independent experiments. Results are based on log2 normalized expression values. 

Gene  Description 

Fold change [log2] 
RORγt+

 Foxp3+
 vs 

Foxp3+ 
RORγt+

 Foxp3+
 vs 

RORγt+ 

Gbp5 guanylate binding protein 5  5.44 6.39 

Tph1 tryptophan hydroxylase 1  5.53 5.32 

Cyp26b1 
cytochrome P450, family 26, subfamily b, 
polypeptide 1  4.11 4.98 

Plac8 placenta-specific 8  4.11 3.44 

Ccr2 chemokine (C-C motif) receptor 2  5.01 2.47 

Marcks myristoylated alanine rich protein kinase C substrate  4.34 2.95 

Il10 interleukin 10 3.64 3.62 

Gzmb granzyme B  3.44 3.58 

Lag3 lymphocyte-activation gene 3 3.49 2.76 

Prg4 
proteoglycan 4 (megakaryocyte stimulating factor, 
articular superficial zone protein)  3.44 2.73 

Havcr2 hepatitis A virus cellular receptor 2 3.01 3.00 

Ccr5 chemokine (C-C motif) receptor 5 3.91 2.06 

Sccpdh saccharopine dehydrogenase (putative)  3.17 2.64 

Mmp9 matrix metallopeptidase 9 2.56 3.08 

Lgmn legumain  3.04 2.59 

Matn2 matrilin 2  2.23 3.39 

Il18r1 interleukin 18 receptor 1 1.81 3.75 

Fgl2 fibrinogen-like protein 2 2.32 2.76 

Atp6v0d2 ATPase, H+ transporting, lysosomal V0 subunit D2  2.00 2.92 

Frmd5 FERM domain containing 5 2.40 2.37 

Rin2 Ras and Rab interactor 2  1.87 2.90 

Itgae integrin alpha E, epithelial-associated  2.20 2.53 

Mmd monocyte to macrophage differentiation-associated  1.86 2.72 

Socs2 suppressor of cytokine signaling 2  2.10 2.46 

Gm12169 predicted gene 12169  2.38 2.02 

Dsp desmoplakin 2.59 1.81 

Pde10a phosphodiesterase 10A 2.46 1.91 

Prdm1 PR domain containing 1, with ZNF domain 2.32 2.01 

Neb nebulin  1.74 2.58 

Pard6g par-6 family cell polarity regulator gamma  2.35 1.90 

Ptplad2 
protein tyrosine phosphatase-like A domain 
containing 2 2.15 2.08 

Ctla4 cytotoxic T-lymphocyte-associated protein 4  1.77 2.45 
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Icos inducible T cell co-stimulator  2.33 1.68 

Pros1 protein S (alpha)  1.72 2.21 

Timp2 tissue inhibitor of metalloproteinase 2  2.21 1.68 

Arl5a ADP-ribosylation factor-like 5A 1.54 2.27 

Ctla2a cytotoxic T lymphocyte-associated protein 2 alpha 1.97 1.60 

Nfil3 nuclear factor, interleukin 3, regulated  1.79 1.67 

Fam83g family with sequence similarity 83, member G  1.66 1.72 

Matk megakaryocyte-associated tyrosine kinase  1.68 1.65 

Plekhd1 
pleckstrin homology domain containing, family D 
(with coiled-coil domains) member 1  1.66 1.66 

    
  

Tdrp testis development related protein  -2.21 -3.90 

Nkg7 natural killer cell group 7 sequence -2.92 -2.23 

Cnn3 calponin 3, acidic  -2.29 -2.69 

Vipr1 vasoactive intestinal peptide receptor 1  -1.62 -3.28 

Tcrg-C4 T cell receptor gamma, constant 4  -1.63 -3.09 

Ifng interferon gamma  -1.91 -2.63 

Itm2a integral membrane protein 2A  -2.56 -1.68 

Trat1 T cell receptor associated transmembrane adaptor 1  -1.61 -2.39 

Cd160 CD160 antigen -1.93 -1.97 

Art4 ADP-ribosyltransferase 4  -2.28 -1.57 

Cxxc5 CXXC finger 5  -1.72 -2.02 

Ncoa7 nuclear receptor coactivator 7  -1.74 -1.78 

Mapk12 mitogen-activated protein kinase 12  -1.88 -1.64 

 

Summarizing these finding we could show that RORγt+ Foxp3+ T cells represent a defined, 

intermediate phenotype between Th17 cells and Tregs, which could be distinguished from 

these populations by a specific gene expression profile.  
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populations, displayed by very low values (<0.02) of the Morisita Horn (MH) index. This 

finding indicates a distinct antigen specificity of the different T cell populations. RORγt+ 

Foxp3- T cells share a higher sequence overlap with RORγt+ Foxp3+ T cells than with RORγt- 

Foxp3+ T cells, however, this difference was minor and does not indicate a specifically higher 

overlapping antigen specificity (Figure 3.9 A). Additionally, the functional diversity 

represented by the “effective number of species” (eShannon) of 6700 successfully rearranged 

TRAV12 CDR3 amino sequences was calculated. Similar low diversities of CDR3 sequences 

were observed among RORγt+ Foxp3-, RORγt- Foxp3+ and RORγt+ Foxp3+ T cells, 

suggesting a restricted TCR repertoire. RORγt- Foxp3- T cells displayed an increased TCR 

diversity in comparison to the other populations (Figure 3.9 B). In a detailed analysis it could 

be demonstrated that 3-8 of the 25 most prevalent CDR3 sequences in RORγt+ Foxp3+ T 

cells were shared with RORγt+ Foxp3- and RORγt- Foxp3+ T cells (Figure 3.9 C). Again, no 

specific bias of the phenotype of RORγt+ Foxp3+ T cells towards one of these T cell 

populations could be detected.  

In conclusion, we detected a low overlap in the TCR repertoire of RORγt+ Foxp3+ T cells, 

RORγt+ Foxp3- and RORγt- Foxp3+ T cells. These populations share a low diversity of CDR3 

sequences, revealing a restricted TCR repertoire similar to the one of proliferated cells. 

 



 64 

3.3 RORγt+ Foxp3+ T cells represent a stable Foxp3+ T cell population 

Functional plasticity of Th17 cells and Tregs has previously been demonstrated (see chapter 

1.4). Tregs could adapt their phenotype to the local environment, e.g. by up-regulation of 

Tbet in Th1 associated diseases, exhibiting increased suppressive function114. However, 

down-regulation of Foxp3 expression and acquisition of an inflammatory T helper phenotype 

(e.g. Th17 cells) promotes autoimmune diseases110. The stability of the RORγt+ Foxp3+ T cell 

phenotype has not been addressed until now and their potential inflammatory or regulatory 

function remains to be determined. For this reason, we analyzed the stability of the RORγt+ 

Foxp3+ T cells population in vitro, using an in vitro stability assay system. For this purpose 

we isolated RORγt- Foxp3-, RORγt+ Foxp3-, RORγt- Foxp3+ and RORγt+ Foxp3+ T cells by 

FACS sorting from a pool of spleen and lymph node cells from Foxp3RFPRORγtGFP reporter 

mice. The purity of the sorted cells was analyzed by FACS analysis directly after sorting and 

was detected to be > 99% for all the sorted T cell populations (Figure 3.10 A, upper panel). 

The cells were cultured in presence of rmIL-2 and rmIL-7 for four days and analyzed for their 

expression levels of RORγt and Foxp3 based on their reporter signals. On day 4 of culture 

we detected a highly stable expression level of Foxp3 in RORγt- Foxp3+ T cells and RORγt+ 

Foxp3+ T cells. Moreover, stable expression levels of RORγt could be observed in RORγt+ 

Foxp3- and RORγt+ Foxp3+ T cells (Figure 3.10 A). More than 80% of both RORγt+ T cell 

populations showed expression of RORγt, whereas even more than 87% of both Foxp3+ T 

cell populations expressed the transcription factor Foxp3 after 4 days of culture (Figure 3.10 

B). Interestingly, we also observed a substantial induction of RORγt expression in RORγt- 

Foxp3+ T cells (38 %). In contrast, no induction of Foxp3 expression could be observed in 

former Foxp3- T cell populations. Only a small frequency of RORγt- Foxp3- T cells (17 %) was 

detected to express RORγt after 4 days of culture. In conclusion, we could demonstrate that 

RORγt+ Foxp3+ T cells display a stable T cell population under in vitro conditions. 

 

Until now the T cell population from which RORγt+ Foxp3+ T cells were developed remains to 

be defined. We could demonstrate that RORγt+ Foxp3+ T cells could be induced from RORγt- 

Foxp3+ T cells in vitro. Based on this finding we hypothesize that Tregs could represent a 

possible source for RORγt+ Foxp3+ T cells. However, the peripheral Treg pool can be 

subdivided into pTregs and tTregs. The highest frequency of RORγt+ Foxp3+ T cells can be 

found in the small intestine and colon129, representing 81 % of the total Foxp3+ T cell 

population in the colon tissue and they were preferentially induced by a complex microflora 

(see Figure 3.1 D). Several studies have shown the importance of pTreg induction for 

intestinal homeostasis, a mechanism which also depends on intestinal colonization with 
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CD103-/- mice were co-housed with mice colonized with a complex flora for more than 6 

weeks to increase the population of RORγt+ (Foxp3+) T cells. With this method we were able 

to increase the frequency and number of total RORγt+ T cells in all the analyzed organs two 

fold (data not shown). Comparing the frequencies and numbers of RORγt+ Foxp3-, RORγt- 

Foxp3+ T cells and RORγt+ Foxp3+ T cells in the spleen, pLN, mLN, and the Peyer’s patches, 

we could not detect any significant differences between CD103+/+ and CD103-/- mice (Figure 

3.13 A). However, we observed significantly decreased frequencies and numbers of RORγt+ 

Foxp3+ T cells in CD103-/- mice compared to CD103+/+ mice in the colonic lamina propria 

(Figure 3.13 B). These findings could suggest a possible role of CD103 for the induction or 

the survival of RORγt+ Foxp3+ T cells in the colon. However, these results could also be 

based on the diminished population of CD103+ DCs in the mLN and colon of CD103-/- 

mice222. CD103+ DCs are potent Treg inducers and could possibly also be involved in the 

induction of RORγt+ Foxp3+ T cells.  

In conclusion, CD103 was found to be highly expressed by RORγt+ Foxp3+ T cells, and loss 

of CD103 expression in CD103-/- mice results in decreased frequencies and numbers of this 

T cell population in the colonic lamina propria. Further studies have to evaluate the possible 

role of CD103 for the survival or retention of RORγt+ Foxp3+ T cells in the colon tissue as 

well as the influence of CD103+ DCs on the observed results.   
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3.5 Functional capacity of RORγt+ Foxp3+ T cells in intestinal inflammation 

3.5.1 Increased suppressive capacity of RORγt+ Foxp3+ T cells in comparison to 

Tregs in a model of transfer colitis 

Previous reports have demonstrated a comparable suppressive capacity of RORγt+ Foxp3+ T 

cells and RORγt- Tregs129. However, these studies were performed in vitro using CD25 

surface expression as a marker to isolate Foxp3+ T cells. Until now their suppressive 

capacity has not been addressed in vivo. The highest frequency of RORγt+ Foxp3+ T cells 

was detected in the mucosal associated tissues, preferentially in the colon (see Figure 3.1). 

We thus analyzed their suppressive function in an experimental model of colitis. 

Experimental colitis in mice can be induced by infections with pathogenic bacteria (like 

Salmonella enterica serovar Thypimurinum224,225 or Citrobacter rodentium15,226) or by specific 

genetic mutations. Moreover, colitis can be chemically induced by application of dextran 

sulfate sodium (DSS) via the drinking water227,228 or by rectal application of trinitronbenzene 

sulfonic acid (TNBS)229. However, in order to analyze the influence of RORγt+ Foxp3+ T cells 

in a colitis setting, we used a model of T cell induced colitis. It was shown in 1993 that the 

transfer of CD4+ CD45RBhigh naïve T cells into lymphopenic scid (severe combined 

immunodeficient) mice which are devoid of T and B cells, induces a strong inflammatory 

response in the colon leading to drastic weight loss, epithelial disruption and massive 

infiltration of mononuclear cells into the colon tissue25,230. This transfer colitis model induces 

a pathology mimicking the pathology of patients suffering from IBD and is widely used to 

study the influence of myeloid cells and lymphocytes in this disease. The transferred naïve T 

cells differentiate into Th1 and Th17 cells and induce a severe inflammation231 which was 

shown to be diminished by the co-transfer of CD4+ CD25+ regulatory T cells64. Therefore, the 

transfer colitis model serves as the ideal experimental setup to analyze the stability as well 

as the suppressive capacity of RORγt+ Foxp3+ T cells in vivo. In order to analyze the 

suppressive capacity of the RORγt+ Foxp3+ T cells in comparison to Foxp3+ T cells, we 

sorted CD4+ CD45RBhigh naïve T cells from CD90.1 C57BL/6 mice and transferred them into 

RAG2 knockout (KO) recipients. Additionally, CD4+ RORγt+ Foxp3+ T cells and RORγt- 

Foxp3+ T cells from CD90.2+ Foxp3RFPRORγtGFP mice were co-transferred in a ratio of 1:4 

(Treg: Tn). The mice were killed after 4 – 8 weeks post transfer when the positive control 

group (which solely received Tn cells) showed severe signs of colitis. The co-transfer of 

RORγt- Foxp3+ T cells significantly reduced the disease severity indicated by a significantly 

reduced body weight and pathology in the colon; however, they could not completely rescue 

the mice from colitis onset (Figure 3.14). Interestingly, mice co-transferred with RORγt+ 

Foxp3+ T cells did not develop any signs of colitis throughout the whole period of the 

experiment (Figure 3.14 A). Severe epithelial damage and high infiltration of mononuclear 
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accompanied by a massive cellular infiltration into the tissue. We observed a significant 

reduction of the total cell number of lamina propria lymphocytes isolated from the colon in 

mice co-transferred with RORγt+ Foxp3+ T cells in comparison to the other two experimental 

groups (Figure 3.14 D).  

In conclusion, these data indicate that RORγt+ Foxp3+ T cells display an increased 

suppressive capacity in a model of experimental colitis in comparison to RORγt- Foxp3+ T 

cells.  

 

Transfer colitis is induced by the differentiation of naïve T cells into effector T cells (Teff) like 

Th1 or Th17 cells and the production of inflammatory cytokines231,232. In order to determine 

whether RORγt+ Foxp3+ T cells have an influence on the production of inflammatory 

cytokines by Teff cells and thereby regulate the disease severity we analyzed the production 

of IL-17 and IFN-γ by Teff cells in the different experimental groups. For this purpose, 

lymphocytes were isolated from the spleen, mLN, pLN and the colon, they were stimulated 

and their production of the cytokines IL-17 and IFN-γ was assessed by flow cytometry. We 

detected significantly reduced frequencies of IL-17+ IFN-γ- T cells in mice co-transferred with 

RORγt+ Foxp3+ T cells in comparison to mice co-transferred with RORγt- Foxp3+ T cells in 

the spleen, pLN and mLN (Data not shown). Analyzing the colonic lamina propria, we 

observed slightly reduced frequencies and significantly reduced numbers of IL-17+ IFN-γ- T 

cells in mice co-transferred with RORγt+ Foxp3+ T cells in comparison to mice co-transferred 

with RORγt- Foxp3+ T cells (Figure 3.15 A, B). Concerning the population of IL-17+ IFN-γ+ Teff 

cells we observed slightly enhanced frequencies and numbers in the colon of mice co-

transferred with RORγt- Foxp3+ T cells in comparison to the other groups. Furthermore, mice 

co-transferred with RORγt+ Foxp3+ T cells showed increased frequencies of IL-17- IFN-γ+ Teff 

cells in the colon tissue in comparison to mice transferred with Tn only or co-transferred with 

RORγt- Foxp3+ T cells (Figure 3.15 A).    

Summarizing these results, we could not detect a drastically changed composition of 

inflammatory cytokine producing Teff cells in the analyzed organs, which could explain the 

striking anti-inflammatory effect of RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3+ T 

cells. We observed reduced frequencies and numbers of IL-17+ IFN-γ- Teff cells in mice co-

transferred with RORγt+ Foxp3+ T cells in comparison to mice co-transferred with RORγt- 

Foxp3+ T cells; however, this phenotype might not suffice to mediate their anti-inflammatory 

potential. 
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Figure 3.15: RORγt expression in Tregs has minor influence on the Th1 and Th17 response of Teff cells in 

the colon. 

Sorted CD4
+
 CD45RB

high
 naïve T cells from CD90.1 C57BL/6 mice were injected intraperitoneally into RAG2 KO 

mice to induce colitis. Additionally CD4
+
 (RORγt-) Foxp3

+ and RORγt+ Foxp3
+ 

T cells were sorted from 

Foxp3
RFP

RORγt
GFP 

reporter mice and were co-transferred together with the naïve T cells in a ratio of 1:4. Mice 

were followed over 4 -6 weeks. The colons were harvested, lymphocytes were isolated and stimulated. Cytokine 

production of effector T cells (CD90.2
-
 cells) was analyzed by flow cytometry. Frequency (A) and number (B) of 

CD90.2
-
 IL-17- and IFN-γ producing Teff cells. Data are pooled from three independent experiments with 3-5 mice 

per group. *P <0.05 (Mann Whitney test and Bonferroni correction). 

 

As reported by many studies chronic inflammatory diseases, like IBD, could be induced by 

an imbalance of inflammatory and regulatory T cell populations. In IBD, an increased 

population of inflammatory T cells exceeds the population of regulatory T cells and thereby 

induces a chronic disease. An alleviation of the disease could be achieved by induction or 

recruitment of regulatory T cells into the inflamed tissue233. In order to examine the ability of 

RORγt+ Foxp3+ T cells to induce regulatory (or inflammatory) T cells from naïve T cells, we 

analyzed the expression levels of RORγt and Foxp3 in the population of differentiated 

CD90.1+ T cell populations (Figure 3.16). We detected a significantly reduced frequency of 

CD90.1+ RORγt+ Foxp3- T cells in all the analyzed organs of mice co-transferred with RORγt+ 

Foxp3+ T cells in comparison to mice co-transferred with RORγt- Foxp3+ T cells (Figure 3.16, 

left panel; pLN, mLN: Data not shown). Moreover, significantly reduced numbers of CD90.1+ 

RORγt+ Foxp3- T cells could be detected in the colon of mice co-transferred with RORγt+ 

Foxp3+ T cells in comparison to the other groups (data not shown). Furthermore, the 

frequency of CD90.1+ RORγt- Foxp3+ T cells was increased in all the analyzed organs (with 

exception of the colon) of mice co-transferred with RORγt+ Foxp3+ T cells in comparison to 

A 

B 
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mice co-transferred with RORγt- Foxp3+ T cells (Figure 3.16, right panel; pLN, mLN: data not 

shown). No significant changes could be observed for the frequency of CD90.1+ RORγt+ 

Foxp3+ T cells.  
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Figure 3.16: Reduced frequency of RORγt+
 Teff cells in mice co-transferred with RORγt+

 Foxp3
+
 T cells. 

Sorted CD4
+
 CD45RB

high
 naïve T cells from CD90.1 C57BL/6 mice were injected intraperitoneally into RAG2 KO 

mice to induce colitis. Additionally CD4
+
 (RORγt-) Foxp3

+
 and RORγt+ Foxp3

+
 T cells were sorted from 

Foxp3
RFP

RORγt
GFP 

reporter mice and were co-transferred together with the naïve T cells in a ratio of 1:4. Mice 

were followed over 4 -6 weeks. Spleen and colon were harvested, lymphocytes were isolated and stimulated. 

Expression levels of RORγt and Foxp3 in effector T cells (CD90.2
-
 cells) was analyzed by flow cytometry. Data 

are pooled from three independent experiments with 3-5 mice per group. *P <0.05, **P <0.01, ***P<0.001 (Mann 

Whitney test and Bonferroni correction). 

 

In summary, RORγt+ Foxp3+ T cells display an increased suppressive capacity in comparison 

to RORγt- Foxp3+ T cells in a model of transfer colitis. We could show that the co-transfer of 

RORγt+ Foxp3+ T cells influences the effector T cell mediated immune response, 

demonstrated by a decreased induction of RORγt+ IL-17 producing Teff cells and an 

increased induction of RORγt- Foxp3+ T cells from naïve T cells in comparison to mice co-

transferred with RORγt- Foxp3+ T cells. However, the specific mechanism which promotes 

the anti-inflammatory capacity of RORγt+ Foxp3+ T cells needs to be examined in more detail. 
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3.5.2 Influence of RORγt expression in Tregs for the inhibition of colitis onset 

Our previous data have unraveled an increased suppressive capacity of RORγt+ Foxp3+ T 

cells in comparison to RORγt- Foxp3+ T cells in experimental colitis. For this reason we 

addressed the question whether the increased suppressive capacity of RORγt+ Foxp3+ T 

cells is RORγt dependent. We could demonstrate that RORγt+ Foxp3+ T cells could be 

induced from RORγt- Foxp3+ T cells; however, the influence of RORγt expression on the 

observed changes in the gene expression profile and functional capacities in comparison to 

Foxp3+ T cells remains unclear. A previous study has demonstrated the critical influence of 

the expression of the transcription factor Stat3 for the suppressive capacity of Tregs in Th17 

associated inflammatory responses109. Stat3 expression is induced by IL-6, independent from 

RORγt expression234. However, the expression of RORγt could influence the chemokine 

receptor repertoire as CCR6 expression could be promoted by the RORγt expression235. 

 

In order to investigate the effect of RORγt expression of Tregs on their suppressive capacity 

in colitis settings, we performed a transfer colitis experiment, sorting and transferring naïve T 

cells from CD90.1 C57BL/6 mice into RAG2 KO recipients. Additionally, CD90.2+ CD4+ 

CD25high T cells were isolated from RORcWT/WT or RORcKO/KO mice and co-transferred in a 

ratio of 1:4 (Treg : Tn). Previous studies have demonstrated a reduction of αβ T cells subsets 

in the intestinal tissue in RORcKO/KO mice in comparison to wildtype mice; however, no 

influence on the functional capacities and the survival of peripheral Tregs in these mice have 

been described until now85. We could not observe any changes in either frequencies or 

numbers of total Foxp3+ T cells in RORcKO/KO mice in the peripheral lymphoid organs (data 

not shown). Therefore, CD4+ CD25high T cells isolated from these mice were assumed to 

represent a functional Treg population. This hypothesis could be confirmed by the observed 

reduction of colitis onset in mice transferred with either RORcWT/WT or RORcKO/KO Tregs 

(Figure 3.17 A). Additionally, we detected a reduced histopathological score in the colon of 

mice co-transferred with RORcWT/WT or RORcKO/KO Tregs in comparison to the control group 

(Figure 3.17 B) as well as a reduced total cell number in the colon (Figure 3.17 C).  We could 

not detect any differences in the influence of RORcWT/WT and RORcKO/KO Tregs on disease 

severity, as both led to a reduced colitis pathology. This could be due to the low frequency (~ 

1-2 %) of RORγt+ Foxp3+ T cells in the population of total Foxp3+ Tregs isolated from a pool 

of spleen and lymph node cells. In order to analyze whether we could observe changes in 

the migratory or functional capacity of RORcWT/WT and RORcKO/KO Tregs we determined their 

frequency and number in the analyzed organs and their influence on the population of Teff 

cells (Figure 3.18). We could not observe any significant differences in the frequency and 

number of CD90.2+ T cells between the two groups in the colon or the other analyzed organs 

(Figure 3.18 A, B). As an additional readout we isolated the lamina propria lymphocytes 
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Figure 3.17: RORγt-deficient Tregs exhibit a similar suppressive capacity in transfer colitis in comparison 

to WT Tregs. 

Sorted CD4
+
 CD45RB

high
 naïve T cells from CD90.1 C57BL/6 mice were injected intraperitoneally into RAG2 KO 

mice to induce colitis. Additionally, CD4
+
 CD25

high
 T cells were sorted from RORc

WT/WT 
or RORc

KO/KO 
mice and co-

transferred together with naïve T cells in a ratio of 1:4. Mice were followed over 7 weeks. (A) Body weight change 

over the course of the experiment. (B-C) Histopathology in the colon tissue (B) and total cell number in the colon 

(C) in the different experimental groups. Data are shown as mean ± SD and represent one experiment with 5 

mice per group. 

 

from the colon of the individual mice and examined the cytokine production as well as the 

expression level of RORγt and Foxp3 in CD90.1+ T cells in the different organs (Figure 3.18 

C, D). We detected an increased level of IL-17 and IFN-γ producing CD90.1+ Teff cells in the 

colon of mice co-transferred with either RORcWT/WT or RORcKO/KO Tregs; however, no 

differences could be observed when the two groups were compared. In correlation with these 

results we observed an increased frequency of CD90.1+ RORγt+ Teff cells in the colon of mice 

co-transferred with either RORcWT/WT or RORcKO/KO Tregs. Again, no difference could be 

identified between the two groups. A modestly increased frequency of CD90.1+ Foxp3+ T 

A 

B C 
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cells could be detected in the group of mice co-transferred with RORcWT/WT Tregs in 

comparison to the other groups. However, this difference was not significant (Figure 3.18 D). 

spleen pLN mLN colon

RORCKO/KO Tregs
RORcWT/WT Tregs

%
 o

f 
C

D
9

0
.2

+
 T

 c
e

lls

spleen pLN mLN colon

#
 o

f 
C

D
9

0
.2

+
 T

 c
e

lls
 (

x
1

0
4
)

0

0.5

1.0

1.5

0

5

10

15

20

 

 

Figure 3.18: Similar influence of 

RORc
WT/WT 

and RORc
KO/KO

 Tregs on Teff 

cell response.  

Sorted CD4
+
 CD45RB

high
 (CD90.1

+
) naïve T 

cells from CD90.1 C57BL/6 mice were 

injected intraperitoneally into RAG2 KO mice 

to induce colitis. Additionally, CD4
+
 CD25

high
 

(CD90.2
+
) T cells were sorted from 

RORc
WT/WT

 or RORc
KO/KO

 mice and were co-

transferred together with naïve T cells in a 

ratio of 1:4. Mice were followed over 7 

weeks. (A-B) Spleen, pLN, mLN and colon 

were harvested, the lymphocytes were 

isolated, stained for CD90.2 and analyzed 

by flow cytometry. Frequency (A) and total 

number (B) of CD90.2
+
 T cells in the analyzed organs. (C-D) CD90.2

-
 Teff cells, isolated from the lamina propria of 

the colon, were stimulated, stained and analyzed for their expression levels of IL-17 and IFN-γ (C) or RORγt and 

Foxp3 (D) by flow cytometry. Data represent one experiment with 5 mice per group. 

 

Based on these findings, we could not demonstrate that the increased suppressive capacity 

observed for RORγt+ Foxp3+ T cells in transfer colitis is RORγt dependent. However, the 

frequency of RORγt+ Foxp3+ T cells in the total Treg pool might be too small to cause a 

significant difference in disease outcome. A similar approach, co-transferring RORγt- Foxp3+ 

T cells or total (RORγt- and RORγt+) Foxp3+ T cells together with naïve T cells into RAG2 KO 

mice also revealed no significant differences of the two groups in terms of disease 

suppression (data not shown). Further studies, e.g. using Foxp3 specific RORγt deficient 

mice, are needed to address this issue in greater detail. 

 

A B 

C 

D 
0

10

20

30

40

%
 o

f 
C

D
9

0
.2

-  I
L

-1
7

+
T

 c
e

lls

 T
re

g
s

K
O

/K
O

+
 R

O
R

c

 T
re

g
s

W
T

/W
T

+
 R

O
R

c

0

2

4

6

8

Tn

%
 o

f 
C

D
9

0
.2

-  F
o
x
p
3

+
 T

 c
e

lls

 T
re

g
s

W
T

/W
T

+
 R

O
R

c

 T
re

g
s

K
O

/K
O

+
 R

O
R

c

0

20

40

60

Tn

%
 o

f 
C

D
9

0
.2

-
R

O
R
 t

+
 T

 c
e

lls

0

2

4

6

8

%
 o

f 
C

D
9

0
.2

-  I
F

N
-

+
 T

 c
e

lls



 78 

4 Discussion 

Numerous publications have described the functional plasticity of the different CD4+ T cell 

populations and their relevance for health and disease. The population of RORγt+ Foxp3+ T 

cells was identified and first described in 2008 by two publications89,129. The highest 

frequency of these cells was found in the small intestine and produces IL-17 and IL-10. IL-17 

producing Foxp3+ Tregs found in the CCR6+ memory T cell population in patients suffering 

from ulcerative colitis and colon carcinoma were shown to suppress T cell activation and to 

stimulate the production of inflammatory cytokines in vitro123. However, the specific 

phenotype and functional (inflammatory or regulatory) capacity of these “inflammatory Tregs” 

in vivo remained unclear. Moreover, their origin as well as their stability has not been 

examined so far. Our data showed that RORγt+ Foxp3+ T cells could originate from Tregs 

and represent a stable T cell population which shows characteristics of Tregs and Th17 cells. 

They possess a marker gene expression of recently described effector Tregs199 and display a 

significantly increased suppressive capacity in a model of experimental colitis in comparison 

to Foxp3+ T cells.  

  

Previous studies have demonstrated that this specific T cell population could be induced by 

microbiota or cytokine (IL-6) derived stimuli119,132. RORγt+ Foxp3+ T cells expanded under 

inflammatory conditions and displayed comparable suppressive capacity in comparison to 

RORγt- Foxp3+ T cells in vitro129. The differentiation of both Th17 cells and Tregs depends on 

TGF-β, leading to a co-expression of RORγt and Foxp3 in developing T cells. However, 

Foxp3 inhibits the function of RORγt, resulting in Treg differentiation in the absence of further 

cytokine stimuli by IL-6, IL-21 and IL-2389. Therefore it was questionable if the population of 

RORγt+ Foxp3+ T cells represents an intermediate state in the differentiation of naïve T cells 

to Th17 cells or Tregs, an adaptation of Tregs to the intestinal environment or a conversion 

of Tregs to Th17 cells (or vice versa). Moreover, based on the direct inhibition of RORγt 

function by Foxp3, the consequence of RORγt expression remains to be defined.  

The ex vivo isolation and the analysis of RORγt+ Foxp3+ T cells was previously based on the 

expression of the reporter signal for RORγt (using to RORc(gt)-GfpTG mice129) and the 

surface expression of CD25. However, CD25 was also shown to be expressed by activated T 

cells195. Therefore we aimed at specifically isolating RORγt+ Foxp3+ T cells based on the 

expression of the transcription factors by establishing the Foxp3RFPRORγtGFP reporter mouse. 

The combination of the RORc(gt)-GfpTG and Foxp3-IRES-RFP (FIR)191 reporter mouse 

strains enables the simultaneous detection of RORγt-GFP and Foxp3-mRFP due to non-

overlapping fluorescence spectra. Monomeric red fluorescent protein (mRFP) is a derivative 

of Discosoma red fluorescent protein (DsRed). Although it possesses a lower extinction 

coefficient (44,000 M-1*cm-1) and quantum yield (0.25), it matures > 10 times faster than 
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DsRed, which forms a tetramer structure. Furthermore, it shows minimal overlap with the 

excitation spectra of GFP due to a shift of excitation and emission peaks of ~25 nanometer 

(nm) in comparison to DsRed236. As expected, our first analysis of the Fopx3RFPRORγtGFP 

reporter mouse did not show overlapping excitation or emission spectra of GFP and mRFP. 

Therefore, we generated an efficient tool to isolate and characterize the population of RORγt+ 

Foxp3+ T cells in more detail. 

 

4.1 Composition of the intestinal microflora 

The microbiota plays a critical role in many immune processes by priming the intestinal 

immune system prior to pathogen encounter170. Additionally, a complex microbiota was 

shown to be important for the induction of Th17 cells. Th17 cells are absent in germfree mice 

but their development can be induced by altering the microbiota for example by co-housing 

mice with other mice containing a complex gut flora or by reconstitution with commensal 

bacteria131,176. At the beginning of this study the low number of RORγt+ (Foxp3+) T cells 

isolated per mouse prohibited a detailed analysis and side by side comparison of RORγt+ 

Foxp3+ T cells with Th17 cells and Tregs. These results were due to the low complexity of 

the microflora in the gut of mice from the animal facility of the Twincore and HZI. The mice in 

the animal facilities of the Twincore and the Helmholtz Centre for Infection Research harbor 

a non-complex gut flora (comparable to altered Schaedler flora196). The advantage of the 

colonization of germfree mice with a defined microbiota for biomedical research has been 

demonstrated by numerous studies. Acquisition of a more complex gut flora results in a 

decreased susceptibility of germfree mice to infections or disease induction due to genetic 

mutations (e.g. IL-10 deficient mice)196,197. This minimal defined flora is beneficial for the 

majority of experimental setups due to the described influences of the microbiota on the 

immune system, but at the same time it impedes the analysis of Th17 cells in the intestinal 

immune system under homeostatic conditions. By crossing Foxp3RFPRORγtGFP reporter mice 

with RORc(gt)-GfpTG mice (harboring more complex microbiota) received from Prof. Dr. 

Gérard Eberl (Institute Pasteur, Paris), we significantly increased the frequency of total 

RORγt+ T cells in all the analyzed organs. Additionally, we observed a significantly increased 

frequency of total Foxp3+ T cells in almost all analyzed organs. It is known that commensals 

or commensal components critically influence the size and location of the pool of regulatory T 

cells, as shown, e.g., for a selected mixture of Clostridia strains177. Furthermore, the 

presence of commensal bacteria was shown to be essential for the induction of RORγt+ 

Foxp3+ T cells132. Interestingly, segmented filamentous bacteria (SFB) were demonstrated to 

potently induce Th17 cells131 (and Tregs237) but show low efficiency in inducing RORγt+ 

Foxp3+ T cells in germfree mice132. Therefore it remains to be determined which components 

of the complex flora of RORc(gt)-GfpTG mice (including SFB) stimulate the increased 
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frequency of RORγt+ Foxp3+ T cells in the pool of total Foxp3+ T cells, which was eight fold 

increased in the colon of mice harboring a complex flora in comparison to mice harboring a 

minimal flora. However, the frequency of RORγt- Foxp3+ T cells was found to be significantly 

decreased in this organ. It would be tempting to speculate about whether this decreased 

frequency of RORγt- Foxp3+ Tregs is due to low proliferative capacities in these organs, 

apoptosis or functional plasticity of Tregs accompanied with loss of Foxp3 expression.  

Interestingly, we observed significantly decreased ratios of RORγt+ Foxp3+ T cells in the 

population of total RORγt+ T cells in the Peyer’s patches and the colon, whereas the 

frequency of RORγt+ Foxp3+ T cells in the total pool of RORγt+ T cells in the periphery was 

significantly increased. Therefore, we hypothesize that RORγt+ Foxp3+ T cells are mainly 

induced from the colonic pool of Tregs in absence of a profound accumulation of the RORγt- 

Foxp3+ T cell population. In turn, the pool of RORγt+ Foxp3- T cells significantly expands in a 

microbiota-dependent manner. Moreover, RORγt+ Foxp3+ T cells might possess an 

enhanced migratory capacity to the peripheral lymphoid tissues, which is indicated by their 

significantly enhanced frequency in the population of total RORγt+ and Foxp3+ T cells in 

these organs. However, this hypothesis needs to be experimentally validated through the 

analysis the frequency of the different T cell populations at different time points under 

RORγt+ Foxp3+ T cell inducing conditions. 

  

Additionally, we demonstrated that the Foxp3RFPRORγtGFP reporter mice represent the ideal 

tool for the efficient isolating the different RORγt+/- Foxp3+/- T cell populations. Comparing the 

frequencies of total RORγt+ T cells and RORγt+ Foxp3+ T cell obtained by the analysis of the 

reporter signal and the intracellularly stained protein, we observed significantly reduced 

frequencies of total RORγt+ T cells when we based our analysis on the detection of GFP. 

This result was due to the enhanced brightness of the reporter signal for RORγt and the 

subsequently changed gating strategy. Using the reporter signal we were able to exclude a 

population of RORγtint T cells. This population was already observed in the first description of 

the RORc(gt)-GfpTG mice129 and seems to be reduced in the colonic lamina propria. 

However, no further studies were performed to analyze these cells in more detail. We could 

show that RORγtint T cells represent a non-committed T cell population as they down-

regulate RORγt expression under non-stimulating conditions and induce strong Foxp3 

expression under Foxp3 inducing conditions in comparison to RORγthigh T cells (Data not 

shown). Future studies could further address the non-committed phenotype of these cells by 

analyzing the epigenetic signature of recently described specifically demethylated genes in 

Th17 cells and comparing them with the demethylation pattern in RORγthigh T cells (reported 

in the thesis of Bi-Huei Yang and Yang et al; Nucleic Acid Research 2015 ). Moreover, the 

capacity of these cells to produce IL-17 could be analyzed using the IL-17 secretion assay. 
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Furthermore, the plasticity of these cells in comparison to RORγthigh T cells in terms of 

acquisition of Th1 specific gene expression and the conversion into Th1 cells, exacerbating 

colitis severity125, might be subject of further studies. 

 

4.2 Origin of RORγt+ Foxp3+ T cells 

The T cell population from which RORγt+ Foxp3+ T cells develop was not subject of any 

publication until now. Th17 cells were shown to convert into Th1 cells238 or TFH cells128. 

Moreover, the reprogramming of human Th17 clones upon TCR stimulation in the presence 

of peripheral blood mononuclear cells (PBMCs) into IFN-γ producing Foxp3+ T cells with 

potent suppressive function was demonstrated in vitro239. However, based on the 

accumulating literature about the functional plasticity of Tregs, converting to Tbet+ Tregs108, 

GATA3+ Tregs118 or IL-17 producing Tregs122, the potential development of RORγt+ Foxp3+ T 

cells  from Foxp3+ Tregs was rather expected. Using in vitro studies we could show that 

RORγt+ Foxp3+ T cells display a stable T cell population and were preferentially induced from 

RORγt- Foxp3+ T cells. In addition to this, we analyzed the stability of RORγt+ Foxp3+ T cell in 

vivo under inflammatory conditions using a model of transfer colitis. For this purpose we 

injected CD4+ CD45RBhigh naïve T cells into RAG2 KO mice to induce a colitis phenotype. 

RORγt+ Foxp3-, RORγt- Foxp3+ and RORγt+ Foxp3+ T cells were co-injected together with the 

naïve T cells. Analyzing the mice after 5 – 7 weeks post transfer revealed a stable 

expression of Foxp3 in RORγt- Foxp3+ T cells (90%) and RORγt+ Foxp3+ T cells (~ 80%) in 

the spleen, pLN, mLN and the colon. The stability of RORγt expression was similar in both 

RORγt+ Foxp3- T cells and RORγt+ Foxp3+ T cells. In the spleen, pLN and mLN RORγt 

expression could be detected in ~70% of the cells, whereas increased stability of RORγt 

expression could be observed in the colon (RORγt+ Foxp3- T cells: 90%; RORγt+ Foxp3+ T 

cells: 80%). In correlation with the in vitro data we found a substantial induction of RORγt 

expression in RORγt- Foxp3+ T cells (average of 20% RORγt+ in total Foxp3+ T cells in 

spleen and mLN). In the colon ~50% of total Foxp3+ T cells expressed RORγt. Furthermore, 

we observed a minor induction of Foxp3 expression in RORγt+ Foxp3- T cells (~8 - 10 % in all 

the analyzed organs). However, RORγt+ Foxp3+ T cells induced from RORγt- Foxp3+ T cells 

in vivo displayed a decreased MFI of the reporter signal for RORγt in comparison to RORγt+ 

Foxp3+ T cells isolated from mice co-transferred with RORγt+ Foxp3- T cells. In turn, RORγt+ 

Foxp3+ T cells induced from RORγt+ Foxp3- T cells exhibited a similar MFI of the reporter 

signal in comparison to RORγt+ Foxp3+ T cells isolated from mice co-transferred with RORγt+ 

Foxp3+ T cells (data not shown, performed in cooperation with and reported in the PhD thesis 

of Bi-Huei Yang). Based on our results obtained for the stability of RORγt expression in 

RORγtint T cells, we could speculate about the stability of RORγt expression in the RORγt+ 

Foxp3+ T cell populations which were induced from RORγt- Foxp3+ Tregs. In conclusion, we 
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could demonstrate that RORγt+ Foxp3+ T cells are potentially induced from RORγt- Foxp3+ T 

cells under in vitro and in vivo conditions. However, RORγt+ Foxp3+ T cells induced from 

Tregs could possess a diverging phenotype from RORγt+ Foxp3+ T cells induced from 

RORγt+ Foxp3- T cells based on differences in the expression level of RORγt. Further studies 

need to determine similarities and differences of their phenotype e.g. by isolating these 

induced RORγt+ Foxp3+ T cells ex vivo and comparing their suppressive capacity by re-

transfer together with naïve T cells into RAG KO mice.  

 

The data obtained from the in vitro stability assay as well as from the transfer colitis 

experiments demonstrated that RORγt+ Foxp3+ T cells could be induced from RORγt- Foxp3+ 

T cells. The different RORγt+/- Foxp3+/- T cell populations needed for these experiments were 

isolated from a pool of spleen and lymph node cells and RORγt- Foxp3+ T cells were 

therefore assumed to represent tTregs in particular. This assumption was confirmed by their 

Helioshigh phenotype (see Figure 3.11). However, RORγt+ Foxp3+ T cells are mainly induced 

in the lamina propria of the small intestine and the colon in a microbiota-dependent manner 

which also favors pTreg development (like demonstrated for specific Clostridia strains177). 

Based on the expression level of Helios, we analyzed the tissue specific origin of RORγt+ 

Foxp3+ T cells from tTregs or pTregs. In the peripheral lymphoid organs the majority of 

RORγt+ Foxp3+ T cells exhibited a Helioshigh phenotype, whereas we could identify both 

Helioshigh and Helioslow RORγt+ Foxp3+ T cells in the intestinal associated lymphoid organs 

and the colon. Additionally, we detected a similar demethylation status of the TSDR (~ 2 %) 

in both RORγt- Foxp3+ and RORγt+ Foxp3+ T cells in the spleen, lymph nodes and the colon, 

while this region was fully methylated in RORγt+ Foxp3- and RORγt- Foxp3- T cells. In 

addition to this, similar demethylation patterns could be observed in the gene locus of Ctla-4 

comparing RORγt- Foxp3+ and RORγt+ Foxp3+ T cells. Interestingly, partial demethylation in 

the gene locus for Ctla-4 was also observed in RORγt+ Foxp3- T cells. In contrast, the gene 

loci of Tnfrsf18, Ikzf4 and Ikzf2 were found to be partially methylated (~ 50%) in RORγt+ 

Foxp3+ T cells in comparison to Foxp3+ T cells where this regions show a higher 

demethylation pattern (data not shown, performed in cooperation with and reported in the 

PhD thesis of Bi-Huei Yang). The demethylation of the TSDR and the other genes of the 

Treg epigenome were shown to control and stabilize the expression of Foxp3 and the Treg 

phenotype and thereby contribute to Treg development41–43. These results indicate that 

RORγt+ Foxp3+ T cells could potentially differentiate from the population of committed Tregs. 

In addition to this, we analyzed Th17 specific demethylated regions, which were identified 

and described by Bi-Huei Yang (reported in the thesis of Bi-Huei Yang and Yang et al; 

Nucleic Acid Research 2015), and we observed a highly similar demethylation patterns in 

several CpG rich islands in the gene loci of Il17a and Dpp4 in RORγt+ Foxp3+ T cells and 



 83 

RORγt+ Foxp3- T cells (data not shown). These results could refer to a development of 

RORγt+ Foxp3+ T cells from RORγt+ Foxp3- T cells. In turn, Socs2, shown to regulate Foxp3+ 

pTregs stability, was highly expressed by RORγt+ Foxp3+ T cells. Based on the literature, 

both Treg populations, pTregs and tTregs, contain subpopulations which are subject to 

plasticity. The population of tTregs was shown to consist of a committed CD25high and an 

uncommitted CD25low subpopulation. CD25low Tregs have been shown to lose Foxp3 

expression and adapting a T helper phenotype (exFoxp3+ T cells)112. Furthermore, in vivo 

induced Tregs contain Foxp3 unstable and stable T cells, a phenotype which could also be 

characterized by their expression level of CD25113. These findings could explain the origin of 

converted exFoxp3+ T helper cell types in the unstable subpopulations of both tTregs and 

pTregs. However, we have demonstrated that RORγt+ Foxp3+ T cells represent a stable Treg 

population. The specific origin of the adapted stable Treg populations characterized so far 

(like Tbet+ Tregs, etc) was not subject of recent reports. Based on the potential dual origin of 

exFoxp3+ T helper cells and the expression pattern of Helios in RORγt+ Foxp3+ T cells, we 

conclude that this T cell population could potentially be induced from both tTregs and pTregs, 

preferentially from tTregs in the periphery and from pTregs in the intestinal associated 

lymphoid tissues and the colon. Further studies have to prove this hypothesis, e.g. using 

CNS1 deficient mice. CNS1 deficient mice exhibit an impaired pTreg generation which 

results in a decreased number of Tregs in the GALT and the mLN240. Profound analysis of 

the stimulatory factors and the organ specific development of these cells in CNS1 deficient 

mice could demonstrate the organ specific origin of RORγt+ Foxp3+ T cells. However, we 

could not exclude the differentiation of this T cell population from RORγt+ Foxp3- T cells as 

we observed a minor induction of RORγthigh Foxp3+ T cells under inflammatory conditions in 

vivo (data not shown, performed in cooperation with and reported in the PhD thesis of Bi-

Huei Yang). This issue could be addressed by transferring T cells from CNS1 deficient mice 

into ROR(γt)Gfp/Gfp mice or RAG KO mice and to analyze the frequency of RORγt+ Foxp3+ T 

cells in the different organs.  

 

4.3 Stimulatory factors for RORγt+ Foxp3+ T cells induction 

It has already been demonstrated that Foxp3+ Tregs induce the expression of RORγt in vitro 

in the presence of the inflammatory cytokines IL-6 and IL-1 or in vivo under inflammatory 

conditions 120. However, the specific microenvironment and their preferential induction site 

remained unclear. Their induction from tTregs inevitably takes place in the periphery as 

RORγt+ Foxp3+ T cells cannot be detected in the thymus122. In this study we could show that 

the composition of the microbiota is crucial for their induction and their stability. The major 

influence of the microbiota on the induction of RORγt+ Foxp3+ T cells becomes evident when 

comparing mice colonized with a minimal flora with mice with a complex flora. We found the 
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lowest ratio of RORγt+ Foxp3+ T cell among total Foxp3+ T cells in the periphery and the 

highest in the colon. In the colon, RORγt+ Foxp3+ T cell represent ~81 % of the total Foxp3+ 

T cell pool in mice with complex flora. Diverse factors of the microbiota could influence the 

pool of T cells (and other immune cells) in the colon and the peripheral organs. This 

influence can be direct, e.g. by specific binding of bacteria produced metabolites to specific 

receptors on the T cell surface (like short chain fatty acids181 or polysaccharide A180). 

Furthermore, the gut epithelium and lamina propria dendritic cells continuously sample the 

content of the gut lumen and therefore critically contribute to the induction, recruitment and 

survival of the mucosal T cell pool and to mucosal homeostasis131,168,174,178,241,242. In addition 

to this, the literature suggests that different cytokines and growth factors (like IL-6, TGF-β, 

IL1β and IL-23), produced under inflammatory conditions, can act on Foxp3+ T cells and 

promote their conversion towards Th17 cells, leading to an imbalance of the Treg / Th17 axis 

and to increased pathology in inflammatory diseases like autoimmune arthritis and ulcerative 

colitis 110,122,123. This knowledge could explain the promoted induction of RORγt expression in 

total Foxp3+ T cells under inflammatory conditions in the colon in experimental colitis. 

However, several studies have proven the contribution of the microbiota on the induction of 

Th17 cells (e.g. SFB131) and Tregs (e.g. Clostridia177), but, no direct or indirect influence of 

the bacterial components or products could be demonstrated which specifically favor the 

induction of RORγt expression in Tregs in homeostatic mice. Interestingly, these 

environmental components seem to be missing in the Peyer’s patches as we could not 

observe any differences in the frequency and number of RORγt+ Foxp3+ T cells in this tissue. 

Furthermore, we observed a reduction of RORγt- Foxp3+ T cells in this tissue. This could be 

due to the conversion of RORγt- Foxp3+ T cells into follicular T helper cells, a process which 

preferentially takes place in the Peyer’s patches. This process is accompanied by a loss of 

Foxp3 expression (induced by the production of IL-6 and IL-21 by gut dendritic cells) and is 

dependent on B cells127. It is possible that this process blocks the induction of RORγt 

expression in Tregs, which also depends on these cytokines. Future studies could prove this 

hypothesis by a detailed analysis of the germinal center formation and frequency of TFH cells 

and B cells in the Peyer’s patches.  

Based on the microarray data we hypothesize a combination of direct and indirect factors, 

favoring both Th17 and Treg development, to stimulate the induction of RORγt+ Foxp3+ T 

cells. We observed an increased gene expression of Il23r and Il1r1 in RORγt+ Foxp3+ T cells 

in comparison to RORγt- Foxp3+ T cells, an observation which could correlate with an 

increased production of their ligands by mucosal dendritic cells in response to commensal 

bacteria. IL-23 is produced by activated dendritic cells and contributes to Th17 development 

and stability100. Additionally, IL-1β contributes to the IL-6 and IL-23 mediated differentiation of 

Th17 cells243. Furthermore, the concentration of TGF-β critically influences the development 
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of Th17 cells and Tregs, as high levels of TGF-β repress Il23r expression and favor Treg 

development89. Therefore, the increased gene expression of Il23r in RORγt+ Foxp3+ T cells in 

comparison to RORγt- Foxp3+ T cells could be a sign of a decreased concentration of TGF-β, 

which favors the induction of RORγt. In addition to this, the increased gene expression level 

of Mmp9 in RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3- and RORγt- Foxp3+ T 

cells could hint towards an influence of segmented filamentous bacteria (SFB) and serum 

amyloids on the induction of RORγt expression in Tregs. SFBs were shown to interact with 

the gut epithelium, thereby inducing the expression of serum amyloids (SAA), which, in turn, 

induce the expression of Mmp9131,244. Furthermore, we observed an increased gene 

expression level of Ffar2 (Gpr43) on the surface of RORγt+ Foxp3+ T cells in comparison to 

RORγt+ Foxp3- and RORγt- Foxp3+ T cells. The expression level of Ffar2 was shown to be 

increased in colonic Tregs in comparison to Tregs isolated from the spleen and mLN. Gpr43 

binds short chain fatty acids (SCFA) produced by commensals and positively influences the 

colonic Treg pool181. As the different RORγt+/- Foxp3+/- T cell populations were isolated from a 

pool of spleen and lymph node cells in order to perform the microarray analysis it is tempting 

to speculate whether RORγt+ Foxp3+ T cells were induced in the gut and migrated to the 

periphery. No influences of SCFA on the population of Th17 cells (CD4+ IL-17 producing 

cells) have been described as the gene or protein expression of RORγt was not addressed in 

the recent study181. Interestingly, Tregs treated with Propionate, one of the three most 

abundant luminal SCFA245, produced increased levels of IL-10 and showed an increased 

suppressive capacity in vitro as well as in vivo181. Moreover, Butyrate, another luminal SCFA 

induces the differentiation of colonic Tregs by enhancing epigenetic modifications in the 

Foxp3 locus182,183. These Tregs display increased surface expression levels of CD103 in 

comparison to Tregs induced in germfree mice or untreated mice, a phenotype which we 

also observed in RORγt+ Foxp3+ T cells182. These findings suggest a potential influence of 

SCFA on the generation of RORγt+ Foxp3+ T cells. Therefore it would be interesting to study 

the effect of these microbial metabolites on the induction of RORγt expression in Tregs in 

vitro and in vivo e.g. by treatment of germfree mice with Propionate (or Butyrate).  

 

Furthermore, we detected increased expression levels of Cyb26b1, a retinoic acid (RA) 

metabolizing enzyme, in RORγt+ Foxp3+ T cells. The expression of Cyp26b1 could be 

induced by RA, which plays a critical role in the mucosal immune system209. RA promotes 

the induction of CCR9 and α4β7 expression on the surface of activated T cells as well as the 

induction of regulatory T cells and immunoglobulin A secreting B cells136,246. The increased 

gene expression level of Cyb26b1 and Ccr9 in RORγt+ Foxp3+ T cells in comparison to both 

RORγt+ Foxp3- and RORγt- Foxp3+ T cells could point towards a specific role of this 

metabolite in the induction process of RORγt expression in Tregs. RA is produced by 
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CD103+ dendritic cells, epithelial cells and stromal cells in the gut 246. Interestingly, we found 

decreased frequencies and numbers of RORγt+ Foxp3+ T cells in the colon of CD103-/- mice. 

On the one hand, this finding could be linked to the increased gene and surface expression 

of CD103 in this T cell population which could result in an enhanced survival and 

maintenance in the colon tissue. On the other hand, this could suggest a possible role for 

CD103+ DCs on the induction of this T cell phenotype, as mucosal CD103+ DCs were shown 

to potently induce Foxp3+ Tregs164. Furthermore, T cells cultured together with CD103+ DCs 

show increased expression levels of CCR9, a pattern which we could also observe on 

RORγt+ Foxp3+ T cells. However, the pool of dendritic cells in mucosa associated tissues is 

not affected in CD103 deficient mice222. CD103+ DCs express increased levels of Aldh1a2, a 

retinal dehydrogenase which promotes the conversion of retinal to RA, thus enhancing Treg 

differentiation164. It is questionable whether their functional capacities depend on the 

expression of CD103 and result in a decreased induction of (RORγt+) Foxp3+ T cells in the 

colon of CD103-/- mice. A detailed comparison of the gene expression of Aldh1a2, the 

production of RA and the Treg inducing capacity of CD11chighMHC-II+CD11b- DCs isolated ex 

vivo from CD103-/- mice and CD103+/+ mice could demonstrate the influence of CD103 

expression on these phenotype. In turn, the decreased number of RORγt+ Foxp3+ T cells 

could also result from a survival or maintenance defect of this T cell population in the colonic 

tissue. We observed an increased gene and surface expression level of CD103 on RORγt+ 

Foxp3+ T cells and until now the specific function of CD103 expression of T cells remains 

unclear. CD103+ Tregs were described to display an increased suppressive capacity in 

comparison to CD103- Tregs in in vivo models of autoimmunity and infection due to 

enhanced migration capacities towards sites of inflammation. They possess an 

effector/memory phenotype and were shown to secrete a smaller amount of cytokines than 

CD103- Tregs, except for IL-10221,223,247,248. This information correlates with the observed 

phenotype of RORγt+ Foxp3+ T cells. Interestingly, the induction of CD103 is dependent on 

TGF-β141, which was shown to be produced in high amounts by CD103+ DCs164. The 

combination of the loss of CD103+ RORγt+ Foxp3+ T cells and a possible functional 

incapacity of mucosal dendritic cells in CD103-/- mice could explain the significantly reduced 

frequency and number of RORγt+ Foxp3+ T cells in the colon. However, a DC-specific and T 

cell-specific CD103 knockout mouse would be needed to address this question in more 

detail.  

 

In addition to microbiota-produced or -induced factors which could favor the induction of 

RORγt+ Foxp3+ T cells, food borne metabolites could also be important in this process. We 

detected slightly increased gene expression level of the Aryl hydrocarbon receptor (Ahr) in 

RORγt+ Foxp3+ T cells in comparison to RORγt- Foxp3+ T cells (data not shown). However, 
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this can only be of minor importance as the mice harboring a minimal flora and a complex 

flora received identical food and the frequency and number of RORγt+ Foxp3+ T cells 

decreased in mice with a minimal flora.  

 

In conclusion, we found evidence for the contribution of inflammatory cytokines, SCFA, RA 

and TGF-β to the induction of the pool of RORγt+ Foxp3+ T cells. Furthermore, we speculate 

about the influence of CD103+ DCs in this process. However, the importance of CD103 

expression on DCs or RORγt+ Foxp3+ T cells needs to be further determined.  

 

4.4 Stability of RORγt+ Foxp3+ T cells 

Functional plasticity of Tregs has been demonstrated e.g. by the upregulation of Tbet 

expression and the production of IFN-γ by Foxp3+ Tregs in Th1-associated inflammations 

(e.g. Listeria monocytogenes infections) and by the production of IL-17 in Th17-associated 

immune responses (e.g. intestinal inflammations and EAE) 108,109,115,249. These specialized 

Tregs have the potential to modulate the inflammatory responses more efficiently. However, 

a complete switch of the phenotype, which is accompanied by the loss of Foxp3 expression, 

could be detrimental as shown for exFoxp3 Th17 cells in autoimmune arthritis110. Therefore, 

the stability of Foxp3 expression determines the role of Tregs in both health and disease. We 

could show that RORγt+ Foxp3+ T cells display a stable expression of Foxp3 in vitro under 

non-stimulatory conditions and in vivo under inflammatory conditions. We did not detect a 

complete conversion of these cells into RORγt+ Foxp3- Th17, not even under inflammatory 

conditions in vivo. However, we observed a slightly decreased stability of Foxp3 expression 

in RORγt+ Foxp3+ T cells in comparison to RORγt- Foxp3+ T cells in vivo, which results in a 

down-regulation of both Foxp3 and RORγt (In vivo data not shown, performed in cooperation 

with and reported in the PhD thesis of Bi-Huei Yang). We believe that these RORγt- Foxp3- T 

cells represent committed, latent Tregs which could re-express Foxp3 upon activation113. 

This hypothesis is based on the highly demethylated TSDR of RORγt+ Foxp3+ T cells (data 

not shown; performed in cooperation with and reported in the PhD thesis of Bi-Huei Yang) 

and their activated phenotype, demonstrated by decreased gene expression levels of Sell 

(Selectin L; encoding CD62L) and a low TCR diversity. Previous studies have demonstrated 

that the expression of Foxp3 alone is not sufficient for a stable Foxp3+ Treg phenotype but 

depends on specific epigenetic modifications in the Foxp3 locus and other genes of the Treg 

epigenome. The demethylation of the TSDR and specific demethylated regions in the genes 

Ctla-4, Tnfrsf18 (GITR), Ikzf4 and Ikzf2 were demonstrated to promote the development, 

stability and the suppressive capacity of Tregs41,43. In addition to this, the identification and 

characterization of specific epigenetic changes have recently been addressed (reported in 

the thesis of Bi-Huei Yang; Manuscript in preparation). The demethylated TSDR as well as 
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the partially Treg specific demethylated regions described above (see chapter 4.2) predict a 

committed, stable Treg phenotype of RORγt+ Foxp3+ T cells. Moreover, the similar 

demethylation pattern of the Th17 specific demethylated regions could indicate a functional 

adaptation of the Treg population or, in turn, the development of RORγt+ Foxp3+ T cells from 

RORγt+ Foxp3- T cells (data not shown, performed in cooperation with and reported in the 

PhD thesis of Bi-Huei Yang).  

 

Therefore, we conclude that RORγt+ Foxp3+ T cells most probably represent a stable, 

adapted population of intestinally associated Tregs with beneficial functional capacities in T 

helper cell-mediated inflammations. We could not exclude their development from the 

population of RORγt+ Foxp3- T cells; however, our in vivo data demonstrate that this source 

might be of minor contribution. Mice harboring a complex microflora show no signs of colonic 

inflammation, which underlines the non-pathogenic phenotype of RORγt+ Foxp3+ T cells. 

Furthermore, they displayed an increased suppressive capacity in experimental colitis in 

comparison to RORγt- Foxp3+ T cells. 

 

4.5 Phenotype of RORγt+ Foxp3+ T cells 

Previous analyses of the gene expression pattern of RORγt+ CD25+ T cells have revealed 

the phenotype of a T cell population to show a marker gene expression of both Th17 cells 

and Tregs, like IL17a, IL23r, Il10 and Icos129. However, a detailed characterization of RORγt+ 

Foxp3+ T cells was has not been performed until now, which prevents the phenotypic and 

functional classification to the Treg of Th17 cell lineage. Using microarray analysis we could 

show that RORγt+ Foxp3+ T cells exist as an intermediate population between Th17 cells and 

Tregs, indicated by overlapping gene expression profiles with both T cell populations and 

their expression of Treg and Th17 signature genes. Based on our findings, we could extend 

the knowledge concerning the phenotypic characteristics of RORγt+ Foxp3+ T cells. We could 

demonstrate that RORγt+ Foxp3+ T cells represent a stable Treg population exhibiting a 

broad up-regulation of Th17 signature genes. However, we observed that these cells do not 

fully develop a Th17 phenotype as RORγt+ Foxp3+ T cells exhibit similar or even increased 

expression levels of Treg specific genes in comparison to RORγt- Foxp3+ T cells. A recent 

study has shown that Tregs induce the expression of Tbet in response to IFN-γ; however, the 

delayed STAT1 and Tbet-dependent induction of Il12rb2 expression, which results in an IL-

12 unresponsiveness, inhibited the complete development into Th1 cells108. The inhibited 

conversion of RORγt+ Foxp3+ T cells into Th17 cells observed in this study is most likely due 

to the direct inhibitory activity of Foxp3 on RORγt function89. In addition to this, the silencing 

of the Il2 locus by Ikzf3 to block Th1 specific gene expression201 as well as the expression of 

RORγt and BATF17,250 is an important process in the development of Th17 cells. 
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Furthermore, Irf4-dependent induction of autocrine IL-21 expression and the subsequent 

expression of the IL23 receptor are essential for Th17 development in order to counteract 

Foxp3 dependent inhibition251. We observed a drastic downregulation of IL21 expression 

levels and a less or modest downregulation of Il23r expression in RORγt+ Foxp3+ T cells in 

comparison to RORγt+ Foxp3- T cells, which highlight the impairment of this transcriptional 

program in comparison to RORγt+ Foxp3- T cells. In correlation with the observation of a 

partially demethylation status of the Il17a gene locus in RORγt+ Foxp3+ T cells (data not 

shown, performed in cooperation with and reported in the PhD thesis of Bi-Huei Yang), which 

was marginal lower in comparison to RORγt+ Foxp3- T cells, we detected a profound down-

regulation of the gene expression levels of Il17a and Il1r1 in RORγt+ Foxp3+ T cells in 

comparison to RORγt+ Foxp3- T cells. Thus we hypnotize that the Th17 transcriptional 

machinery is partly activated in RORγt+ Foxp3+ T cells; however, decreased responsiveness 

to cytokines promoting Th17 development as well as direct inhibition of RORγt activity by 

Foxp3 could block the down-regulation of Treg specific genes and the conversion into Th17 

cells.  

We exclude the possibility of RORγt+ Foxp3+ T cells representing a recently described 

population of Foxp3+ Eos labile T helper cells, since we could not detect substantial 

differences in the expression level of Ikzf4 (Eos) and Cd38. In turn, we observed a similar 

demethylation status of the TSDR and a high expression level of CD103. These findings 

contrast with the findings described by Sharma et al.252. However, we hypothesize that 

RORγt+ Foxp3+ T cells can be integrated into the recently described population of effector 

Tregs (eTregs). The Irf4 dependent expression of Blimp-1 is essential for the function, 

migration and survival of eTregs as Blimp-1 controls the expression of Il10, Icos and Ccr6. 

Additionally, Blimp-1+ eTregs were shown to exhibit a CD103+GITR+Ctla-4+ Treg 

phenotype199. The finding that RORγt+ Foxp3+ T cells show increased gene expression levels 

of Prdm1 (encoding Blipm-1), Icos, Ctla-4 and Il10 support our hypothesis that these cells 

belong to the population of effector Tregs. Two findings, which were shown in this thesis, 

suggest a gut specific phenotype of eTregs. First, the increased gene expression level of 

Ffar2, which represents a receptor for SCFA and which controls the pool of colonic Tregs181. 

Second, the preferential location of RORγt+ Foxp3+ T cells at mucosal sites. Interestingly, we 

detected increased gene and surface expression levels of chemokine receptors and homing 

molecules (like CCR6 and CCR9) as well as of the surface receptors OX40 and Gpr15 on 

RORγt+ Foxp3+ T cells. CCR9 and CCR6 are well known markers for intestinal homing253,254. 

OX40 expression on Tregs is crucial for their accumulation in the colon as well as for their 

survival after Treg activation151. Gpr15 is a novel receptor shown to modulate the homing of 

Treg to the intestine. The expression of Gpr15 is dependent on TGF-β and the microbiota, 

e.g. microbial metabolites like SCFA could increase the expression of this receptor on 
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Tregs152,181. Unfortunately, we could only detect an increased surface expression level of 

these markers in the periphery. This might be due to the regulation of chemokine receptor 

expression by Blimp-1. Blimp-1 was shown to limit the expression of the chemokine receptor 

CCR6 and thus to tightly control the migration of these cells. Blimp-1+ eTregs are mainly 

localized on mucosal sites as demonstrated by their increased frequency in the Peyer’s 

patches and the lung as well as by a complete lack of this population at mucosal sites in Irf4-/- 

mice199. On the one hand, the transcriptional control of CCR6 expression (and maybe the 

expression of the other chemokine receptors) by Blimp-1 might be enhanced at mucosal 

sites and is redundant in the periphery. On the other hand, the expression of this receptor 

might be dispensable in the colon, similar to the expression of α4β7 on T cells after reaching 

the gut tissue141. Further studies have to confirm the dependency of RORγt+ Foxp3+ T cells 

on Blimp-1 for their increased suppressive capacity in experimental colitis and their migratory 

behavior. This could be studied in Irf4-/- mice255 or in Blimp-1 deficient mice (Blimp-1GFP/GFP 

mice199) by analyzing the presence of RORγt+ Foxp3+ T cells in the different organs as well 

as their chemokine receptor profile. Assuming the presence of RORγt+ Foxp3+ T cells in 

Blimp-1 deficient mice, the suppressive function of Blimp-1 deficient RORγt+ Foxp3+ T cells 

could be analyzed in experimental colitis.  

In conclusion, RORγt+ Foxp3+ T cells represent an activated T cell population which has 

undergone proliferation upon peripheral stimuli. This is suggested by the increased gene and 

surface expression level of CD103 and a low diversity of the TCR repertoire193,256. CD103+ 

Tregs were shown to possess an effector /memory phenotype247, a finding which correlates 

with the described effector phenotype of Blimp-1+ eTregs199.  

 

Through the detailed analysis of the gene expression profile of RORγt+ Foxp3+ T cells by 

microarray, we obtained a gene expression signature specific for ex vivo isolated RORγt+ 

Foxp3+ T cells. Analyzing genes specifically up-regulated and down-regulated genes in 

RORγt+ Foxp3+ T cells in comparison to RORγt+ Foxp3- and RORγt- Foxp3+ T cells, we 

identified several genes linked to specific processes and pathways of Th17 cells and Tregs. 

Others could be related to one or the other population based on their depicted function. 

Ptplad2 (also as HACD4 (3-hydroxyacyl-CoA dehyradtase 4)) is involved in fatty acid 

biosynthetic processes, promoting long-chain fatty acid synthesis257. Based on the 

knowledge about the differences in the metabolic pathways of Th17 cells and Tregs the gene 

expression of Ptplad2 might be more Th17 specific. Furthermore, we found genes 

specifically described to influence Treg function and stability. Havcr2 (also known as Tim3 (T 

cell immunoglobulin mucin 3)) expression was shown to be increased in tumor infiltrating, 

highly suppressive Tregs258,259. Mmp9 plays a critical role in tumor tissue by cleaving latent 

TGF-ß into its active form, inducing Tregs differentiation260,261. Granzyme B (Gzmb), 
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produced by Tregs, was demonstrated to act in contact-mediated killing of target cells69.  The 

expression of Lag3 (lymphocyte-activation gene 3), a MHC-II binding CD4 homologue, marks 

the population of pTregs and activated tTregs and enhances their regulatory capacity to 

effector T cells or dendritic cells, providing ITAM-mediated inhibitory signals72,216. Socs2 was 

shown to inhibit IL-4 induced Foxp3+ pTreg instability262. Additionally, Itgae (representing the 

alpha-chain of CD103 (αEβ7)) was enclosed in the list of up-regulated genes in RORγt+ 

Foxp3+ T cells. In conclusion, several genes linked to the suppressive capacity of Tregs (like 

Il10, Gzmb, Lag3) were enclosed into the list of highly up-regulated genes in RORγt+ Foxp3+ 

T cells. The analysis of the influence of these genes on the phenotype and functional 

capacities of RORγt+ Foxp3+ T cells could reveal a mechanism by which this T cell 

population mediates their enhanced suppressive capacity in comparison to RORγt- Foxp3+ T 

cells in experimental colitis. This could be achieved by knockdown of these genes, e.g. using 

siRNA or by genome editing using the recently described CRISPR-Cas System263–265.  

 

4.6 Functional properties of RORγt+ Foxp3+ T cells in Transfer colitis 

The influence of Tbet+ and Stat3+ expression in Tregs on the outcome of Th1 and Th17 

mediated diseases has been well established108,109. This postulated effector Treg population 

has adapted to the inflammatory environment and efficiently inhibits Th1 and Th17 mediated 

inflammatory responses109,114. Consistent with these findings, the population of RORγt+ 

Foxp3+ T cells (or eTregs) exhibited potent suppressive capacity in a model of experimental 

colitis. We could demonstrate that they are more efficient in inhibiting the onset of colitis in 

comparison to RORγt- Foxp3+ Tregs, which again underlines their adapted effector 

phenotype. However, we could not determine the specific pathway which causes these 

different inhibitory capacities in this disease setting. The beneficial disease outcome could 

not be ascribed to an influence on the cytokine response of the effector T cell population. 

Indeed, we noticed a significantly increased frequency of IL17+ IFN-γ- T cells. Previous 

studies have demonstrated the increased pathogenicity of converted Th17 cells in 

experimental colitis and EAE105,266. Th17 cells induced the expression of T-bet and produced 

IFN-γ and even completely converted to Th1 cells in response to IL-23 signaling, a process 

correlating with an enhanced inflammatory response. IL-23 signaling was also demonstrated 

to negatively regulate Treg development in the intestine232, however, Tregs have been shown 

to block the IL-23 induced conversion of Th17 cells to Th1 cells125. Therefore, the increased 

frequency of IL-17+ IFN-γ- T cells in mice co-transferred with RORγt- Foxp3+ and RORγt+ 

Foxp3+ T cells could result from the suppressive capacity of these T cell populations, which 

inhibit the induction of Th1 specific gene expression in Th17 cells and the conversion to  a 

Th1 cell phenotype. In addition to this, an increased frequency of CD90.1+ RORγt- Foxp3+ T 

cells, induced from naïve T cells, could be detected in all the analyzed organs of mice co-
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transferred with RORγt+ Foxp3+ T cells, which suggests a potential Treg-inducing capacity of 

RORγt+ Foxp3+ T cells. One could speculate about a possible role of Mmp9 expression for 

the suppressive capacity of RORγt+ Foxp3+ T cells, as the gene expression of Mmp9 was 

drastically increased in these cells and Mmp9 production was shown to induce tolerogenic 

DCs in vitro260.  

Another possible explanation for the obtained results could be an improved migration of 

these cells towards inflammatory sites (like the colon), suggested by their increased gene 

and surface expression of CCR9, CCR6, OX40 (no increased gene expression observed), 

Gpr15 and CD103. A promoted migration towards the affected tissue at the onset of an 

inflammatory response could be beneficial for the whole disease outcome, as demonstrated 

for OX40 in transfer colitis 151. However, we could not prove this hypothesis using this 

experimental setup. An experiment including a kinetic could reveal the migratory capacity of 

RORγt+ Foxp3+ T cells in a transfer colitis setting. In addition to this, the increased 

expression (and production) of IL-10 could be essential for the functional capacities of 

RORγt+ Foxp3+ T cells. This pattern could be analyzed in vitro using a suppression assay, 

determining the suppressive capacity of RORγt+ Foxp3+ and RORγt- Foxp3+ Tregs in the 

presence or absence of a neutralizing antibody against IL-10. Furthermore, transfer of 

RORγt+ Foxp3+ T cells carrying an IL-10 specific knockout (e.g. RORc-cre IL-10fl/fl or Foxp3-

cre IL-10fl/fl) could prove their dependency on IL-10 for their functional capacities. 

In chapter 4.2 and 4.3 we speculated about the origin and stimulatory factors of the RORγt+ 

Foxp3+ T cells. Based on their dependency on microbial stimuli and their high frequency in 

the small intestine and the colon under homeostatic conditions, the intestinal tissue might be 

their preferential inductive site. pTregs were demonstrated to expand the TCR diversity of the 

Treg repertoire36 and pTregs induced in the intestinal tissues in a microbiota-dependent 

manner display a different TCR repertoire in comparison to Tregs induced in the thymus and 

in the secondary lymphoid organs267. Analyzing the TCR repertoire of the different T cell 

populations, we observed a similarly low overlap of the TCR repertoire of RORγt+ Foxp3+ T 

cells with both RORγt+ Foxp3- and RORγt- Foxp3+ T cells. Therefore, RORγt+ Foxp3+ T cells 

might be induced by mucosal-specific antigens and are therefore more potent to suppress 

colonic inflammation. In order to confirm this hypothesis a) the specific stimulatory factors 

inducing the development of RORγt+ Foxp3+ T cells and b) their inductive site as well as c) 

the cell type from which they develop need to be further analyzed. After answering these 

questions we might know more about the validity of this hypothesis. 

 

Furthermore, we analyzed whether the observed increased suppressive capacity of RORγt+ 

Foxp3+ T cells is dependent on the expression of RORγt. The transfer of Tregs isolated from 

RORγtWT/WT and RORγtKO/KO mice led to a similar rescue of the mice from the onset of colitis. 
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However, the experimental setup might be insufficient to address this specific question as the 

population of RORγt+ Foxp3+ T cells only represents a minor fraction (~0,2 % in a pool of 

spleen and lymph node cells in RORγtWT/WT mice) of the total Foxp3+ Treg population (Data 

not shown). Moreover, the population of RORγt+ Foxp3+ T cells is most abundant in the colon 

and the detailed analysis of the RORγt dependency in cells isolated from this organ would be 

of more physiological relevance. This analysis would be possible using a Foxp3-cre RORcfl/fl 

mouse, specifically lacking RORγt+ Foxp3+ T cells. First, the presence of this type of effector 

Tregs should be determined, using specific markers described in the literature199. In addition 

to this, the regulation of intestinal inflammation (e.g. induced by infection with Citrobatcer 

rodentium) or the response to a complex microbiota comparing wildtype and Foxp3-cre 

RORcfl/fl mice would be of interest. The determination of the specific environmental conditions 

or factors needed for the induction of RORγt+ Foxp3+ T cells would be a useful tool in the 

experimental setup.  

In addition to this, the functional properties of RORγt+ Foxp3+ T cells in cancer development 

and progression should also be addressed in future studies. Using microarray analysis we 

detected a drastic upregulation of cancer associated genes (e.g. Ptplad2 and Frmd5). It is 

known that IL-17 producing Foxp3+ or RORγt+ Foxp3+ T cells contribute to cancer (mainly in 

colon cancer) development123,130. This issue could not be addressed in this study and should 

be focused on elsewhere. 

 

In summary, we could show that RORγt+ Foxp3+ T cells display an enhanced suppressive 

capacity in comparison to RORγt- Foxp3+ T cells in an experimental model of colitis. RORγt+ 

Foxp3+ T cells were found to constitute the majority of the colonic Treg pool and therefore 

most probably represent a highly important, gut specific Treg population which critically 

contributes to intestinal homeostasis. 
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5 Conclusion 

Using the Foxp3RFPRORγtGFP double reporter mouse we were able to specifically 

characterize the population of RORγt+ Foxp3+ T cells, which represents a population of 

activated effector Tregs mainly localized in the intestinal mucosal tissue. RORγt+ Foxp3+ T 

cells can be classified as an intermediate T cell population phenotypically representing Th17 

cells and Tregs; however, they display a stable Treg population which has undergone non-

complete Th17 differentiation. RORγt+ Foxp3+ T cells exhibit an increased suppressive 

capacity in comparison to RORγt- Foxp3+ T cells in experimental colitis and are potentially 

induced by inflammatory cytokines and microbiota-dependent factors. 

 

Previous reports have highlighted some phenotypic features of this T cell population and 

determined their microbiota dependent induction. However, this is the first study to address 

in detail the origin, possible stimulatory factors, the specific phenotype and the functional 

capacities of RORγt+ Foxp3+ T cells. Still, many questions remain to be answered, like the 

specific role of RORγt+ Foxp3+ T cells in different disease settings. But this work represents a 

solid foundation which provides new insight into the phenotype of RORγt+ Foxp3+ T cells, 

based on which further studies could be conducted. The specific origin of these cells in the 

population of pTregs or tTregs needs to be determined for the different lymphoid and 

intestinal organs as well as the specific inflammatory or microbiota-derived inducing factors. 

Moreover, the pathway by which RORγt+ Foxp3+ T cells confer increased protective capacity 

needs to be unraveled. Furthermore, their functional capacities in different inflammatory 

diseases, autoimmunity and cancer should be subject of future studies. RORγt+ Foxp3+ T 

cells have already been demonstrated to represent a pathogenic T cell population in colon 

carcinoma. Finally, the information included in this thesis might be useful to extend the 

diagnostic methods by providing targets for intervention as well as to therapeutically promote 

or inhibit the induction of RORγt+ Foxp3+ T cells in different disease settings. 
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7 Votum informativum of personal contribution 

 

Figure 3.1 - Figure 3.2: The organization of the experiments, the FACS-measurements as 

well as the analysis of the data was performed independent on my own. The isolation of the 

cells was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, 

Braunschweig, Germany).   

 

Figure 3.3: The organization of the experiments as well as the analysis of data was 

performed independent on my own. The sorting of the cells was performed at the sorter 

facility of the HZI by Dr. Lothar Gröbe based on my instructions. The isolation of the cells 

was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, 

Braunschweig, Germany).  

 

Figure 3.4 - Figure 3.7 and Table 17: The organization of the experiment and the 

generation of the figures and the table was performed independent on my own. The isolation 

of the cells was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, 

Braunschweig, Germany). The sorting of the cells was performed at the sorter facility of the 

HZI by Dr. Lothar Gröbe based on my instructions. The isolation of the RNA was performed 

by Bi-Huei Yang. The analysis of the RNA quality and the microarray was performed at the 

Microarray core unit of the HZI. The data for Figure 3.4 and Figure 3.5 were analyzed in 

Genespring on my own. The analysis of the data displayed in Figure 3.6, Figure 3.7 and 

Table 17 was performed by Dr. Michael Beckstette and Jörn Petzoldt (HZI, Braunschweig). 

The data were used to generate the figures and the table on my own. 

 

Figure 3.8, Figure 3.12: The organization of the experiments, the analysis of the data and 

generation of the figure was performed independent on my own. The isolation of the cells 

and the FACS measurements was performed together with Bi-Huei Yang (lab of Prof. Dr. 

Jochen Hühn, HZI, Braunschweig, Germany). The sorting of the cells was performed at the 

sorter facility of the HZI by Dr. Lothar Gröbe based on my instructions. 

 

Figure 3.9 : The organization of the experiment was performed independent on my own. The 

isolation of the cells was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen 

Hühn, HZI, Braunschweig, Germany). The sorting of the cells was performed at the sorter 

facility of the HZI by Dr. Lothar Gröbe based on my instructions. The isolation of the RNA 

was performed by Bi-Huei Yang. cDNA synthesis, amplicon library generation and 

purification, next generation sequencing,  analysis of the obtained data and generation of the 
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figures were performed by Dr. Lisa Föhse (lab of PD Dr. Immo Prinz, MHH, Hanover, 

Germany).  

 

Figure 3.10: The organization of the experiments, the setup, staining and FACS 

measurement of the cell cultures was performed independent on my own. The isolation of 

the cells was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, 

Braunschweig, Germany). The sorting of the cells was performed at the sorter facility of the 

HZI by Dr. Lothar Gröbe based on my instructions. The generation of the figure was 

performed independent on my own. 

 

Figure 3.11: The organization, the FACS measurements of the cells, the analysis of the data 

and the generation of the figure was performed independent on my own. The isolation of the 

cells was performed together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, 

Braunschweig, Germany). The sorting of the cells was performed at the sorter facility of the 

HZI by Dr. Lothar Gröbe based on my instructions. 

 

Figure 3.13: The complete experiments was planned, performed and analyzed independent 

on my own. 

 

Figure 3.14 - Figure 3.18: The experiments were planned and analyzed independently on 

my own. The isolation of the cells from the donor mice and recipient mice, the injection of the 

cells into the recipient mice and the FACS staining and measurement was performed 

together with Bi-Huei Yang (lab of Prof. Dr. Jochen Hühn, HZI, Braunschweig, Germany). 

The control of the body weight and general health status of the mice was performed by Maria 

Ebel, Bi-Huei Yang and myself. The sorting of the cells was performed at the sorter facility of 

the HZI by Dr. Lothar Gröbe based on my instructions. The preparation of the histology 

samples was performed at the mousepathology of the HZI and the scoring was done by Dr. 

Matthias Lochner (Twincore) in a blinded fashion. 
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RORγt+ and regulatory Foxp3+ T cell populations 
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Gut club; Twincore (Hanover, Germany); 9.01.2014: RORγt+ Tregs display a stable 

intermediate phenotype between Tregs and Th17 cells exhibiting functional suppressive 

capacity in vivo 
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13.03.2015: Foxp3+ T cells expressing RORt represent a stable regulatory T cell effector 

lineage with enhanced suppressive capacity during intestinal inflammation 

 

Poster: 
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