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Abstract 
 
The molecular mechanisms governing T helper (Th) cell differentiation and function 
have revealed a complex network of transcriptional and protein regulators. Cytokines not 
only initiate the differentiation of CD4 T helper into subsets, but also influence the 
identity, plasticity and effector function of a T cell.  Th17 cells, named for producing 
interleukin 17 (IL-17) as their signature cytokine, secrete a cohort of other cytokines 
including IL-22, IL-21, IL-10, IL-9, IFNγ, and GM-CSF.  In recent years, Th17 cells 
have emerged as a key player in host defense against both extracellular pathogens and 
fungal infections. Th17 cells have also been implicated as one of the main drivers in the 
pathogenesis of autoimmune diseases such as multiple sclerosis, which are likely 
mediated in part by the cytokines that Th17 cells produce.  
 
Here in this thesis, we explore the pathogenic regulation of CD4 T cells in the context of 
the autoimmune diseases, multiple sclerosis and inflammatory bowel disease.  We 
attempt to understand the mechanisms by which Th17 cells promote pathogenic 
inflammation by utilizing high throughput whole genome mRNA sequencing as well as 
next generation single cell RNA sequencing to uncover novel regulators that drive 
effector function. Advances in high throughput genomic sequencing allowed us to 
uncover an unexpected heterogeneity and diversity in Th17 cell populations. The four 
studies outlined in this thesis reconcile many confounding questions in the areas of 
autoimmune pathogenicity and reveal key regulators that define the various functional 
states of Th17 cells. 
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INTRODUCTION 

 

Experimental autoimmune encephalomyelitis (EAE): an animal model for multiple 

sclerosis 

Multiple sclerosis (MS) is a debilitating autoimmune disease characterized by the 

infiltration of autoreactive CD4+ T cells into the central nervous system (CNS), where 

CNS myelin is the target of immune attack resulting in inflammation, demyelination and 

tissue damage1. Due to variable lesion distributions in MS that influence clinical 

pathologies, an animal model that faithfully mimics the disease does not exist2,3. 

However, experimental autoimmune encephalomyelitis (EAE) in murine models 

recapitulates many of the clinical and histological features of human MS and has 

provided considerable insights into the pathogenesis of the disease4.  Immunization with 

myelin antigens such as myelin oligodendrocyte glycoprotein (MOG), myelin basic 

protein (MBP) and proteolipid protein (PLP) can induce EAE in mice4. Following 

immunization, autopathogenic, myelin-specific CD4+ T cells get primed and home to the 

CNS to orchestrate not only the accumulation of inflammatory mononuclear cells, but 

also to cause destructive axonal damage and to drive clinical manifestations of the 

disease5,6. 

 

Multiple sclerosis is an autoimmune disease mediated by CD4 T cells that react against 

self-myelin antigens1. It is unclear how auto-reactive T cells are generated against myelin 

antigens, especially as the myelin-associated antigens are sequestered in the CNS by the 

blood brain barrier. It has been suggested that a viral infection may precede the activation 
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of myelin-reactive T cells in a mechanism defined by molecular mimicry1. When myelin-

specific T cells are activated, they infiltrate into the CNS and release cytokines7. This 

results in progressive inflammation of the CNS, and destruction of the myelin that leads 

to neurological pathologies4. The disease is now believed to be mediated by specific 

subsets of CD4 T cells that either produce IL-17 (called Th17 cells) or IFN-γ (Th1 cells) 

and both of these cell types are present in active lesion of the CNS. In fact, by 

undertaking an unbiased, whole genome, microarray analysis of the active lesions of the 

MS plaque, Lawrence Steinman and colleagues8 identified IL-17 as one of the highest 

expressing transcripts in active MS lesions 9,10.  

 

CD4 T helper subsets 

The human immune system relies upon specialized cooperation between innate and 

adaptive immune components for host defense against a wide array of pathogens11. The 

immune response is initiated by the innate immune system, which utilizes a small number 

of relatively invariant receptors that have evolved to recognize highly conserved 

microbial antigens11,12. The information that is processed through the innate antigen 

receptors is delivered to the adaptive immune system, which possesses an enormous 

repertoire of receptors that are generated by random recombination of the lymphocyte 

receptor loci12. This diversity in receptor repertoire permits the cells of the adaptive 

immune system to mount a response with exquisite specificity11,12. Although the random 

receptor recombination of the lymphocyte receptor permits astonishing diversity (>109) in 

the pathogen-specific lymphocyte repertoire13,14, it comes at the price of generating 
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receptors that may be reactive to self-antigens, resulting in deleterious autoimmune 

inflammation and disease11.  

 

In recent years, it has become clear that self-reactive CD4 T helper (Th) lymphocytes 

may be one of the main architects in the pathogenesis of numerous human autoimmune 

diseases15,16. Although CD4 T cells are essential for mounting the host defense against 

pathogens, the effector function of CD4 T cells, which is mediated in part by the 

secretion of cytokines, can provoke differentiation into distinct subsets, each with a 

unique transcriptional module that dictates its functional outcome17. Initially, all effector 

CD4 T cells were thought to be a uniform population that mobilized to elicit an immune 

response. However, it was realized that the host response by CD4 T cells against different 

infections varied greatly depending on the type of microbes18. For example, a bacterial 

infection resulted in the activation of macrophages, elevated IFN-γ in serum, and IgG 

production19. In contrast, a parasitic infection resulted in IL-4 secretion in serum, mast 

cells or eosinophil activation and IgE production19.  This led to the realization that not all 

effector CD4 T cell responses are identical and that a distinction had to be made to 

account for the variety of function.  

 

In 1986, Mossman and Coffman published a seminal article that delineated the 

heterogeneity of the effector CD4 T cells and characterized these T cells into distinct 

subsets based on their cytokine production18,19. The first two subsets were called type 1 

helper T (Th1) and type 2 helper T (Th2)	  18. Classically Th1 cells are characterized by the 

production of the signature cytokine interferon gamma (IFN-γ) and are thought to 
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regulate cellular immunity to intracellular pathogens whereas Th2 cells are characterized 

by the production of interleukin (IL)-4, IL-5, and IL-13 and are thought to regulate 

humoral immunity to extracellular pathogens like parasites 20,21. More recently, another T 

helper subset, called Th17 cells, defined by a distinct transcription factor, RORγt, and by 

the secretion of IL-17 was discovered 22. Although these cells have been shown to be 

important for host defense against opportunistic pathogenic fungal infections, such as 

candida albicans, numerous studies have implicated this subset in pathological 

autoimmune inflammation and tissue destruction 23-26. As such, there has been an intense 

interest in characterizing the function of Th17 cells to develop potential strategies to 

inhibit their deleterious effects. During T cell activation, cytokines will act on an antigen 

stimulated T cells to induce the expression of a master transcription factor which then 

will elicit expression of signature cytokines; these cytokines then act in a positive 

feedback loop to increase polarization and commitment of the effector cells to the unique 

T cell subset27.  It is at this time that epigenetic changes occur and stabilize expression of 

the signature cytokines and inhibit the expression of genes characterizing alternative 

subsets.22,27.  This results in differentiation of T cells into unique T cell subsets, with the 

ability to produce distinct cytokines and mediate different effector functions.  

 

Th1 and Th17 cells in autoimmunity 

The role of IL-12 dependent Th1 cells in inflammation and autoimmune pathology has 

been extensively studied and has been proposed to play an important role in the induction 

of many organ specific autoimmune diseases such as insulin dependent diabetes mellitus 

(IDDM), multiple sclerosis (MS), inflammatory bowel disease (IBD) or rheumatoid 
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arthritis (RA) 28.  CD4 T cells express a heterodimeric IL-12 receptor (IL-12R) composed 

of IL-12Rβ1 and IL-12Rβ2 subunits29,30. Upon exposure to IL-12, the master transcription 

factor, Tbx21, is induced, which transactivates IFN-γ and the cells differentiate into Th1 

cells31,32. The importance of Th1 cells in autoimmune diseases was further supported by 

findings that neutralization with anti-IL-12p40 or IL-12p40–/– mice were protected from 

experimental autoimmune encephalomyelitis (EAE), an animal model of multiple 

sclerosis 33,34.  

 

Before the discovery of Th17 cells, it was believed that the imbalance between Th1/Th2 

cells was the main mechanism of immunopathogenicity, in which a skewing towards the 

Th2 phenotype was considered protective while Th1 cells were pathogenic 35,36. In 

diabetes, for example, animal studies revealed transgenic expression of IL-4 on the 

pancreatic islets protected non-obese diabetic (NOD) mice from developing IDDM while 

the adoptive transfer of Th1 cell clones promoted diabetes 37,38.  In other organ-specific 

human autoimmune diseases, IFNγ producing CD4 T cells were usually found within the 

microenvironment of the peripheral target tissue thereby implicating Th1 cells in the 

disease process. Subsequent studies in animal models of human diseases validated the 

importance of Th1 cells in causing immunopathogenicity, in agreement with findings in 

humans,as, for example, treatment with IFNγ led to exacerbated disease in human 

multiple sclerosis patients15,39 28,40-42. 

 

However, it became clear that Th1 cells may not be the exclusive drivers for 

autoimmunity when it was discovered that mice lacking critical components of the Th1 
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differentiation pathway, such as IFNγ, IFNγR, IL-12Rβ2, and IL-12p35, were highly 

susceptible to EAE, suggesting that Th1 cells may even be protective in autoimmune 

diseases43-47.  In the late 1990s, a novel cytokine called IL-23 that belongs to the IL-6 

family, but with a 40% sequence homology to the IL-12p35 subunit of IL-12, was 

discovered 41. Interestingly, similar to the functional IL-12 cytokine, IL-23 had an IL-

23p19 subunit, which combined with the IL-12p40 subunit of IL-12, resulted in a 

functional heterodimeric cytokine called IL-23 48.   Loss of either IL-23 p19 or IL-12 p40 

chains made mice highly resistant to the development of EAE and other autoimmune 

diseases, suggesting that IL-23 was a key cytokine critical for development of 

autoimmunity34,49,50.  However, unlike IL-12, IL-23 did not induce IFNγ production from 

naïve CD4 T cells 48,51, but it was suggested that IL-23 may be critical for the generation 

of IL-17-producing Th17 cells.  A series of in vitro studies showed that IL-23 could not 

induce differentiation of naïve T cells into IL-17-producing Th17 cells.  In fact, it was 

discovered that the receptor for IL-23 was not even expressed on naïve CD4 T cells, 

suggesting that other cytokines besides IL-23 may be critical for the generation of Th17 

cells52-54.  In fact, we55 and others56,57 showed that Th17 cells are differentiated in the 

presence of TGF-β1 and IL-6, which resulted in the induction of a unique master 

transcription factor called RORγt. Although IL-23 was not required for the differentiation 

of Th17 cells, it was revealed to be a critical factor for stabilization of the Th17 

phenotype and in evoking a pathogenic phenotype in Th17 cells. With ensuing studies it 

became clear that IL-23, not IL-12, was the critical cytokine for driving autoimmune 

inflammation. IL-23p19–/–, IL-12p40-/- and IL-23R–/– mice34,49,50 were completely 

protected from developing a number of murine models of autoimmune diseases including 
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EAE, psoriasis, and colitis. Consistently, Genome Wide Association Scans have reported 

a strong genetic linkage to single nucleotide polymorphisms (SNP) in IL-23 or IL-23R 

with increased susceptibility to several human autoimmune diseases58-64.  However, the 

clearest role of Th17 cells in human autoimmune diseases was supported by the clinical 

studies where neutralization of IL-17 by an anti-IL-17 antibody (Secukimumab) resulted 

in clinically beneficial results in a number of human autoimmune diseases including 

psoriasis, ankylosing spondylitis and multiple sclerosis 65-69.   

 

Heterogeneity within the Th17 subset 

Although Th17 cells have become synonymous with autoimmune tissue inflammation, it 

is now clear that not all Th17 cells are pathogenic or induce tissue inflammation70.  In 

human inflammatory bowel diseases (IBD), neutralization of IL-17 or blockade of IL-

17receptor (IL-17Rα) resulted in disease exacerbation, suggestion a possible protective 

role by Th17 cells71. IL-17 producing T cells that line the gut mucosa do not induce 

inflammation, but have been shown to be necessary to maintain the barrier function of the 

gut 72. Commensal bacteria in the gut may play a critical role in the generation of Th17 

cells in the lamina propria and, indeed, there is an absence of IL-17 producing cells in the 

lamina propria of the small intestines in germ-free mice73,74. There is also evidence 

suggesting that IL-17 is required to prevent pathologic gut inflammation in the CD4 T 

cell mediated transfer model of colitis, as cells lacking the capacity to produce IL-17 or 

transfers to recipient mice that lack IL-17R resulted in exacerbated colitis75,76. These 

studies alluded to a rather novel concept: that Th17 cells are not uniform in function. In 

fact, we 77 and others 78,79 have shown that Th17 cells come in two flavors: one that causes 
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pathogenic tissue inflammation and autoimmune disease and the other that is non-

pathogenic in that they fail to provoke autoimmunity, especially in murine T cells models 

of inflammatory disease 77-79. Th17 cells differentiated in the presence of TGF-β1 and IL-

622,80co-produce IL-17 with IL-10, do not induce tissue inflammation and in fact may 

inhibit autoimmune inflammation, thus are characterized as “non-pathogenic” Th17 

cells79. However, upon exposure to IL-23, a “switch” occurs in the Th17 cell 

transcriptome, which not only allows for stabilization of the Th17 phenotype but also 

converts non-pathogenic Th17 cells to pathogenic Th17 cells77,81. These IL-23 

experienced Th17 cells have been shown to promote destructive inflammation in 

numerous T cell dependent murine models of autoimmunity77,81. IL-23 inhibits IL-10 

production and instead promotes secretion of IL-22 and GM-CSF, suggesting that IL-23 

drives the development of Th17 cells with unique functional properties82-84.  This raises 

an important question of how IL-23 induces pathogenicity in Th17 cells.  Our studies 

revealed that IL-23 mediates important changes in the transcriptome of differentiating 

Th17 cells77.  Besides the induction of a number of unique transcription factors, IL-23 

induces TGF-β3 production in developing Th17 cells77.  We showed that TGF-β3 

together with IL-6 in vitro induces differentiation of pathogenic Th17 cells, without any 

need for further exposure to IL-2377.  Similarly, John O’Shea’s 78 and Chen Dong’s 85 

groups showed that naïve T cells exposed to IL-1β, IL-6 and IL-23 could induce Th17 

cells that were highly pathogenic. Thus, by varying the cytokine cocktails in vitro, both 

pathogenic and non-pathogenic Th17 cells can be generated.  

Transcriptional gene signatures for Th17 cells that evolved for host defense 
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The dichotomous nature of Th17 cells may not be a mere in vitro cytokine artifact but 

may have occurred naturally as a consequence of evolutionary pressures to defend against 

different types of pathogens.  Federica Sallusto’s group was the first to show that human 

Th17 cells producing IL-10 in conjunction with IL-17 and have specificity for 

Staphylococcus aureus (S. Aureus) infection 86. Conversely, Th17 cells that do not 

produce IL-10, but instead produce IFNγ with IL-17 have specificity for Candida Albican 

(C. Albican) infection, suggesting that evolutionarily, Th17 cells may have diverged to 

acquire different cytokine profiles to become more adept in defense against specific 

pathogens 86. This is in line with clinical observations with immune-deficient patients, 

where the loss of the transcription factor Stat3, which inhibits development of all Th17 

cells, results in hyper IgE syndrome and the patients develop rampant C. Albican and S. 

Aureus infections 87.  Thus, based on our study, we’ve uncovered an interesting overlap in 

the gene expression profiles of Th17 cells specific for C. Albican or S. Aureus in humans 

with pathogenic versus non-pathogenic Th17 cells in mice. The gene expression profile 

revealing an IL-17/IFNγ signature, which was specific for C. Albican in humans, had 

similarities to more pathogenic pro-inflammatory murine Th17 cells which cause severe 

EAE. Conversely, the gene profile for IL-17/IL-10 producing Th17 cells specific for S. 

Aureus were comparable to a more non-pathogenic, regulatory gene signature77,78.  This 

suggests that evolutionarily pressures may have fine-tuned different effector cells for 

clearing different types of pathogens and that these same cells are utilized for the 

induction of tissue inflammation or to mediate tissue protection, albeit with small 

changes in the transcriptome.  
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Summary of interconnected chapters 

Altogether, this thesis explores the causative role of Th17 cells in driving pathogenic 

autoimmune inflammation and attempts to resolve several long standing observations that 

have confounded our understanding of Th17 cells in disease development. Exposure to 

IL-23 by IL-23R expressing CD4 T cells has been shown to be a key component for 

driving autoimmune diseases. However, the mechanism of IL-23 induced pathogenicity is 

unclear. Thus the work presented here is driven by four interconnected chapters with the 

hypothesis that IL-23 is an essential factor that drives the development of pathogenic 

CD4 T cells for autoimmune inflammation and tissue destruction.  

 

In order to explore the role of all Th17 associated cytokines in EAE, our lab had 

previously generated a transgenic model (2D2xTH mice) that has both T and B cells 

overexpressing antigen receptors for myelin oligodendrocyte glycoprotein (MOG), which 

results in the development of a variant form of spontaneous EAE88. Utilizing this model, 

we attempt to understand the role of IL-21/IL-21R and IL-23/IL-23R in the development 

of disease. Whole genome profiling of CNS infiltrating CD4 T cells in 2D2xTH mice 

revealed the importance of Th17 cells in the development of disease. The involvement of 

IL-21, which is an essential autocrine amplification factor in the differentiation of Th17 

cells, has been controversial in EAE, with published reports indicating that IL-21 is 

essential89 and other studies claiming the opposite110,111.  In fact, of the key cytokines that 

are required for Th17 differentiation (TGF-β, IL-6, IL-21, IL-23), only IL-21 has been 

shown to be not-essential for EAE development 110,111. In the first chapter of this thesis, 

we reveal not only the importance of IL-21 in disease induction, but also the mechanism 
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by which IL-21 promotes disease.  In addition, this chapter reveals for the first time that 

antigen specific B cells, when stimulated with rMOG, can induce expression of IL-23, a 

cytokine that had previously been attributed to be produced only by professional antigen 

presenting cells, such as dendritic cells.  

 

Then while attempting to understand how IL-23/IL-23R signaling influences the 

development of pathogenic Th17 cells, we discovered a developmental duality in Th17 

cells. Our study uncovered the existence of both pathogenic and non-pathogenic Th17 

cells, which was mediated in part by the exposure to IL-23, a cytokine that has been 

shown to be critical for stabilization of the Th17 phenotype and also for evoking the 

pathogenic phenotype	   22.  Uniquely, both Th17 “subsets” express RORγt, the master 

transcription factor for Th17 cells, and also produce the signature cytokines IL-17A and 

IL-17F, suggesting that they are indeed committed to the Th17 lineage, yet have distinct 

and divergent roles in inducing autoimmune tissue inflammation	  77.  This study revealed a 

novel gene signature that distinguishes pathogenic Th17 subsets from nonpathogenic 

through comparative gene expression profiles of pathogenic and non-pathogenic Th17 

cells revealed 77. In the second chapter of the thesis, we revealed that IL-23 induces 

expression of a novel cytokine that has never been implicated in Th17 differentiation, 

TGF-β3, which confers a pathogenic phenotype on differentiating Th17 cells	  77.  

 

Though gene expression profiling has endowed us with the ability to identify a signature 

that distinguishes pathogenic from non-pathogenic Th17 cells, we do not know how these 

cells are naturally derived in vivo.  For example, do these pathogenic or non-pathogenic 
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Th17 cells develop simultaneously during differentiation in the lymphoid tissue or is 

there plasticity in the development of Th17 cells such that they can inter-convert based on 

the environmental cues they receive?  Or perhaps there is a sequential development: do 

non-pathogenic Th17 cells convert into pathogenic Th17 cells during the course of 

maturation or differentiation? In recent years, examination of heterogeneity at a single 

cell resolution has become possible by high throughput single cell RNA-sequencing of 

whole genomics and transcriptomes. Single cell RNA sequencing allows for profiling and 

characterization of expression variability on a genomic scale and allows us to correlate 

this genomic heterogeneity with functional differences in Th17 cells.  For the third 

chapter of the thesis, we identify for the first time that the gene expression identified by 

single cell RNA sequencing reveals different functional states of Th17 cells both in vitro 

and in vivo. Our study shows that the functional states are in constant flux as the T cells 

mediate tissue inflammation. We also uncover key regulators that control effector 

functional states of Th17 cells during the development of autoimmune inflammation and 

EAE. 

 

Finally, Th17 cells have become synonymous with autoimmune tissue inflammation	   25, 

but it is now clear that not all Th17 cells are pathogenic or induce tissue inflammation 

especially in the context of human inflammatory bowel diseases (IBD) where Th17 cells 

may play a protective role71. In addition, IL-17 producing T cells spontaneously exist in 

the gut, yet they do not cause inflammation 72, but transfer of IL-23RKO T cells and IL-

23KO mice have been shown to be resistant to the development of IBD models in mice90-

92. Then the question is how to reconcile these observations, which reveal the 
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involvement of IL-23/IL-23R, yet not Th17 cells.  This alludes to the existence of another 

effector cell that may not be Th17 cells for the induction of IBD.  In the last part of the 

thesis, we reveal for the first time that Th1 cells expressing IL-23R are the main 

pathogenic T cells in IBD and discovered a novel transcriptional regulator that is 

dependent on IL-23/IL-23R signaling.  

 

Collectively, this thesis work uncovered many novel aspects of Th17 biology that had not 

been identified.  With the focus on IL-23R as a critical regulator of Th17 pathogenicity, 

the studies outlined here attempts to understand the mechanism by which IL-23 

influences pathogenic effector function of T cells in autoimmune diseases. 
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CHAPTER 1: IL-21R SIGNALING PLAYS A CRITICAL ROLE IN THE  

T AND B CELL COLLABORATION FOR THE INDUCTION OF 

SPONTANEOUS EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS
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ABSTRACT 

Although the pathogenic role of interleukin 17 (IL-17) producing CD4+ T cells (Th17) in 

tissue inflammation and autoimmune diseases, such as experimental autoimmune 

encephalomyelitis (EAE) has been extensively described, the involvement of IL-21 has 

remained controversial. IL-21 is an essential autocrine amplification factor in the 

differentiation of Th17 cells, but the loss of IL-21 or IL-21R does not protect mice from 

actively induced EAE.  The explanation for these conflicting results has remained largely 

unanswered and raises the question of the role that IL-21 plays in EAE pathogenesis.  By 

utilizing a transgenic mouse model of EAE (2D2 x TH), in which T and B cells 

overexpress receptors for myelin oligodendrocyte glycoprotein (MOG), we reveal that 

IL-21 does indeed play a critical role in the development of a variant form of spontaneous 

EAE.  By crossing IL-21R–/– onto 2D2xTH mice, we show that the loss of IL-21R 

signaling results in reduced incidence and severity of spontaneous EAE associated with a 

defect in the generation of Th17 cells. In addition, the loss of IL-21R limits IL-23R 

expression on Th17 cells and inhibits the expression of some of the key molecules 

involved in the generation of pathogenic Th17 cells.  On the other hand, the loss of IL-

23R on the 2D2xTH background makes these mice completely resistant to the 

development of spontaneous EAE. Our data suggest that previously published reports 

using active immunization may have misrepresented the role for IL-21 in EAE, when put 

in the context of spontaneous autoimmunity, we identify an important mechanism 

through which IL-21 promotes disease. 
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INTRODUCTION 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous 

system that is thought to be driven by pathogenic CD4+ T helper cells	  1,93. Experimental 

autoimmune encephalomyelitis (EAE) is an animal model that recapitulates many of the 

clinical and pathological features of MS	  3,4.  Multiple different models of EAE have been 

developed in different animal species; most of them depend on immunization of 

susceptible animals with a myelin antigen in complete Freund’s adjuvant (CFA)	   4,94,95.  

More recently TcR transgenic mice have been generated for MBP and PLP on PL/J and 

SJL backgrounds, respectively; these TcR transgenic mice develop spontaneous paralytic 

disease without any need for immunization, with inflammatory lesions that are uniformly 

distributed throughout the optic nerves, brain and spinal cords	   96,97.  We also generated 

MOG-specific TcR transgenic mice (2D2) on the C57BL/6 background; very few if any 

of these mice develop spontaneous EAE, but approximately 50% of these MOG-TcR 

transgenic mice develop spontaneous optic neuritis	   98.  When 2D2 TcR transgenic mice 

are crossed onto MOG-specific B cell receptor “knock-in” mice (named TH), 

approximately 60% of these mice develop spontaneous disease within 6 weeks of age	  88. 

The inflammatory lesion distribution in these 2D2xTH mice with spontaneous disease are 

generally restricted to the optic nerve and spinal cord while sparing the brain; hence the 

disease is to some extent similar to a subtype of MS called neuromyelitis optica (NMO) 

or Devic’s disease	  88.  Thus, in the 2D2xTH mice, collaboration between MOG-specific T 

and B cells results in a spontaneous disease that shares some features with NMO	   88,99. 

The cytokines and effector molecules that result in the development of this spontaneous 

disease in 2D2xTH mice have not been elucidated.  This is particularly important since 



 

	   17	  

most of the cellular and cytokine requirements for EAE have been elucidated from the 

mice that were actively immunized with myelin antigens in complete Freund’s adjuvant.   

Initially T helper 1 (Th1) cells were thought to be critical for the induction of 

EAE as IFN-γ secreting cells are present in CNS lesions	  7. However, the observation that 

both IFN-γ–/– and IFN-γR–/– mice develop EAE raised the possibility of involvement of a 

T helper subset other than Th1 cells in the induction of EAE	   46,47,100. With the 

identification of IL-23 as a critical cytokine responsible for the development of EAE, a 

new subset of T helper cells was discovered called Th17 cells that are present at sites of 

autoimmune tissue inflammation	   49.  This new subset was found to be functionally 

distinct from Th1 or Th2 cells, required a master transcription factor orphan nuclear 

receptor (RORγt) and produced IL-17A, IL-17F, IL-21, IL-22, and GM-CSF 101,102. The 

development of active EAE is inhibited in mice that lack IL-17, IL-17R, and GM-CSF, 

thus illustrating the role of the Th17-associated cytokines as a critical factor in the 

development of encephalitogenic T cells 103-105.  

The differentiation of naïve CD4+ T cells into Th17 cells takes place in three 

distinct but overlapping steps: induction, amplification and stabilization; where TGF-β1 

plus IL-6 (or TGF-β1 plus IL-21) induces, IL-21 amplifies, and IL-23 stabilizes the 

phenotype of developing Th17 cells	  55,56,106,107. Loss of TGF-β, IL-6 or IL-23 cytokines, 

or their receptors inhibits the development of EAE in mice actively immunized with a 

myelin antigen 49,108,109. However, the role of the amplification factor, IL-21, has been 

controversial in EAE. Initially, IL-21 and IL-21R were thought to be critical in the 

induction of EAE	  89, but subsequent experiments showed that the loss of either IL-21 or 

IL-21R did not protect mice from developing EAE	   110,111.  In sharp contrast, multiple 
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studies have shown that IL-21 plays a critical role in the pathogenesis of another 

spontaneous autoimmune disease, type 1 diabetes (T1D) in NOD mice	  112. This raises the 

question of whether the requirement of IL-21 in actively induced EAE is obscured due to 

the massive activation of the innate immune system provoked by the active immunization 

with the adjuvant CFA, and as a consequence may override the need for IL-21 to amplify 

development of pathogenic effector CD4+ T cells.  Furthermore, auto-reactive B cells 

play a critical role in the development of spontaneous type 1 diabetes (T1D) in NOD 

mice and the requirement of IL-21 observed in the T1D model may be due to the critical 

role of IL-21:IL-21R on B cell function which in turn effects the development of 

spontaneous T1D.  Since 2D2xTH mice develop spontaneous EAE and B cells play a 

critical role in the onset, our model provides us with an ideal system to test the role of IL-

21 and other Th17 associated cytokines in the development of spontaneous disease that is 

not dependent on active immunization involving CFA.      

Here we report that 2D2xTH mice at the peak of disease have CNS infiltrating 

CD4+ T cells that produce large amounts of Th17 cytokines, including IL-17, IL-21, and 

IL-22.  Activated B cells produce IL-23 in this model system, which may be responsible 

for stabilizing Th17 cells.  To elucidate the mechanism of Th17 pathogenicity in this 

model, we crossed 2D2xTH mice to IL-21R and IL-23R-deficient mice. In addition to IL-

23, our study reveals that unlike actively induced EAE models, IL-21 plays a critical role 

in the development of spontaneous EAE in 2D2xTH mice. Furthermore we identify 

molecular mechanisms by which IL-21 regulates the development of this spontaneous 

disease model, which may represent a useful therapeutic target for MS and NMO.  
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RESULTS and DISCUSSION 

2D2xTHxIL-21R–/– mice have decreased incidence of spontaneous EAE. 

We had previously reported the generation of a new mouse model (2D2xTH) where the 

cooperation of both T and B cells that are specific for the myelin antigen MOG results in 

the development of spontaneous and highly progressive EAE 88. Our differential 

microarray analysis of T cells from the CNS of the mice with spontaneous EAE from 

2D2 versus 2D2xTH mice revealed that Th17-associated genes are over-expressed in the 

2D2xTH mice (data not shown). To confirm our microarray data, we isolated cells from 

the central nervous system (CNS), lymph nodes, and spleen of 2D2xTH mice at the peak 

of clinical EAE, sorted for CD4+ T cells and performed quantitative RT-PCR on Th17 

associated cytokines. Our data revealed that mRNA expression of Il17a, Il21 and Il22 

was increased in the CNS of the sick 2D2xTH mice compared to the peripheral immune 

compartment (spleen and lymph nodes) (Figure 1.1A), suggesting that Th17 associated 

cytokines are in fact expressed at high levels in the CNS of mice that developed 

spontaneous EAE. Since the role of IL-21 has been controversial in the induced EAE 

disease models, we specifically examined the role of IL-21 in this spontaneous NMO-like 

disease model, where MOG-specific T and B cells collaborate to induce disease.  
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Figure 1.1: 2D2xTHxIL-21R–/– mice have a decreased incidence of spontaneous EAE. (A) 

Quantitative RT-PCR of Il17, Il21, and Il22 mRNA from CD4+ T cells sorted from the CNS, 

lymph node (LN), and spleen (SPLN) of 2D2xTH mice that developed EAE. (B) Incidence of 

spontaneous EAE from 2D2xTH and 2D2xTHxIL-21R–/– mice. Statistical analysis by linear 

regression curve was performed and graphed including the 95% confidence band of the regression 

line (***p<0.001) (C) Quantification of the CNS lesions in the meninges and parenchyma of mice 

that developed spontaneous EAE. (D) Paraffin sections of the spinal cord from 2D2xTH and 

2D2xTHxIL-21R–/– mice at the peak of disease. (D-a): Spinal cord of 2D2xTH mouse with 

marked meningeal and parenchymal inflammatory infiltrates and meningeal lymphoid follicles 

(arrows). Boxed area in (D-a) is shown at higher magnification in (D-b). (D-b): Meningeal 

lymphoid follicle adjacent to an active demyelinated lesion (upper portion of field). (D-c): Spinal 

cord of 2D2xTHxIL-21R–/– mouse with minimal meningeal inflammatory foci (arrows). All are 

stained with luxol fast blue-H. and E. Scale bars: (D-a) (also for D-c), 200 µm; B, 20 µm.  (E) 

Quantification of meningeal lymphoid aggregates in the CNS from 2D2xTH and 

2D2xTHxIL-21R–/– mice that developed EAE. (F) Intracellular cytokine staining of IFN  and 

IL-17 from the V 3.2+CD4+ T cells in the CNS from 2D2xTH and 2D2xTHxIL-21R–/– mice that 

developed EAE.  (G) Quantitative RT-PCR of Rorc mRNA in V 3.2+CD4+ T cells in the lymph 

nodes (LN) and spleen (SP) from 2D2xTH and 2D2xTHxIL-21R–/– mice that developed EAE.  

(H) Intracellular cytokine staining of IFN  and IL-17 from naïve CD4+ T cells from 2D2xTH and 

2D2xTHxIL-21R–/– mice differentiated for four days in vitro with no cytokines (Th0), IL-12 

(Th1) and TGF- 3/IL-6 (Th17). (I) Quantitative RT-PCR of Csf2, Cxcl3, Il17a, Il22, Il23r, Il21, 
and Il10, mRNA in naïve 2D2xTH and 2D2xTHxIL-21R–/– CD4+ T cells that were differentiated 

with TGF- 3/IL-6 (Th17) for four days in vitro. Statistics were determined by Student’s two 

tailed t test. n.s, not significant; * P<0.05; ** P<0.01; ***P<0.001. Data shown is a representative 

experiment from two (A) or three (F-I) total experiments.  
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Figure 1.1 (Continued) 
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To address the role of IL-21, we generated 2D2xTHxIL-21R–/– mice and 

monitored the mice for the development of spontaneous paralysis.  In contrast to reported 

studies with active EAE induction, mice that lacked IL-21R had decreased incidence and 

severity of disease compared to the 2D2xTH control group (Figure 1.1B and Table 1.1). 

 
Histopathological analysis of the CNS revealed that 2D2xTHxIL-21R–/– had a decreased 

number of lesions in both the meninges and parenchyma of the spinal cord compared to 

2D2xTH mice (Figure 1.1C), thus supporting our clinical disease incidence data. We 

have previously reported that the T and B cells in the CNS lesions in 2D2xTH mice 

accumulated in the subarachnoid spaces of the spinal cord in aggregates and formed 

ectopic lymphoid follicle-like structures with a reticulin lining. In the absence of IL-21R, 

the number of lymphoid follicle-like structures in the CNS was also significantly reduced 

(Figure 1.1D and 1.1E). This was especially surprising as previous studies 110,111 

reported that IL-21 was dispensable for the development of EAE. Our data reveal an 

important role for not only Th17 cells, but also IL-21 in the development of spontaneous 

NMO-like disease when the mice express both TcR and BcR specific for the same myelin 

Mice 
 

Disease 
incidence (%) Mean score  Mean week of 

onset 

2D2xTH 28/63 (44%) 3.1±0.72 8.9±3.5 

2D2xTHxIL-21RKO 11/43 (25%) 2.3±1.12 14.7±6.4 

2D2xTHxIL-23RKO 0/50 (0%) na na 

Table 1.1: Incidence of spontaneous EAE in 2D2xTH, 2D2xTHxIL-21RKO, 
and 2D2xTHxIL-23RKO mice 

Incidence of EAE was monitored for 25 weeks post birth. Disease incidence, mean week 
of onset, and mean score are reported as number of mice affected/total number of mice 
*na: Denotes: not applicable 
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antigen, MOG. Interestingly, in other animal models of spontaneous autoimmune 

diseases, such as T1D, the requirement of IL-21:IL-21R signaling has been shown to be 

essential 112-114. This is further supported by reports that NOD mice have increased levels 

of IL-21 expression compared to diabetes resistant strains and that this increase in IL-21 

is correlated to susceptibility to T1D 115.  This study begins to reconcile these conflicting 

reports by elucidating an important role of IL-21R signaling in the development of 

spontaneous EAE. It is possible that active immunization with myelin antigens in CFA 

induces massive amounts of IL-6 and other inflammatory cytokines (data not shown), 

which may mask the important role of IL-21 in T:B cells interaction.  

We next wanted to determine the cytokine profile of the infiltrating CD4+ T cells 

of the CNS from spontaneous EAE mice. CNS infiltrating lymphocytes were isolated at 

the peak of disease from 2D2xTH and 2D2xTHxIL-21R–/– mice and analyzed for IFN-γ 

and IL-17 production.  While both IFN-γ and IL-17 were decreased in the 2D2xTHxIL-

21R–/– mice when compared to 2D2xTH mice, the level of IL-17 was more severely 

compromised (Figure 1.1F).  Based on the results that IL-17 was compromised in the 

CNS of 2D2xTHxIL-21R–/– mice, we wanted to confirm the relative expression of 

RORγt, the master transcription factors associated with Th17 cells. 2D2 CD4+ T cells 

from the lymph node and spleen of 2D2xTH and 2D2xTHxIL-21R–/– mice that developed 

disease were sorted and quantitative RT-PCR was performed for Rorc. Interestingly, the 

expression of Rorc was comparable between the two groups (Figure 1.1G) even though 

there was a decrease in IL-17 production in the CNS of 2D2xTHxIL-21R–/– mice, thus 

suggesting that the decreased incidence in disease may be attributed to other pathogenic 

factors associated with Th17 cells.   
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 We 77 and others 116,117 have recently reported the existence of both pathogenic 

and nonpathogenic Th17 cells and a gene signature of 25 different genes can distinguish 

the two subsets.  The decreased disease incidence in 2D2xTHxIL-21R–/– prompted us to 

explore whether there was an IL-21 dependent regulation of pathogenic gene signature. 

First we wanted to determine whether the naïve T cells from 2D2xTH cells versus 

2D2xTHxIL-21R–/– mice can be equally differentiated into Th1 or Th17 cells.  Naïve 

CD4+ T cells were sorted from LN and SPL of 2D2xTH and 2D2xTHxIL-21R–/– mice 

and were differentiated in vitro into Th1 or Th17 cells. Both Th1 differentiation and Th17 

differentiation was compromised in CD4+ T cells from 2D2xTHxIL-21R–/– mice, albeit 

the difference was greater under Th17 conditions (Figure 1.1H and Supplementary 

Figure 1.1). The defect in Th17 differentiation made us wonder whether there were 

changes in the expression of other genes associated with Th17 pathogenicity and 

development of EAE. Currently a pathogenicity signature for Th17 cells 77 exist which 

will allow us to determine whether the absence of IL-21R may affect gene that have been 

shown to affect the pathogenic potential of Th17 cells. Indeed, mRNA expression of 

various genes that have been reported to be part of the pathogenic signature 77, such as 

Csf2, Cxcl3, Il22, and Il23r showed reduced expression in CD4+ T cells that were 

differentiated in vitro from 2D2xTHxIL-21R–/– mice (Figure 1.1I).  Interestingly, other 

sets of genes that have been shown to contribute to either positively, such as Ccr6, Gzmb, 

Icos or negatively such as Ahr, Maf show no difference between Th17 cells from 

2D2xTH vs. 2D2xTHxIL-21R–/– mice (Supplementary Figure 1.2), suggesting that not 

all pathogenic and non-pathogenic genes are regulated equally by IL-21.  In contrast, 

production of IL-10, which makes Th17 cells non-pathogenic, was increased in Th17 
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cells from 2D2xTHxIL-21R–/– mice (Figure 1.1I). Collectively, the data suggests that T 

cells from 2D2xTH mice lacking IL-21R have a defect in Th17 differentiation as well as 

a number of Th17 genes associated with Th17 pathogenicity, which may have a direct 

consequence in the incidence of spontaneous EAE.  Interestingly, RORγt expression was 

decreased when T cells from 2D2xTH and 2D2xTHxIL-21R–/– mice were differentiated 

in vitro (Supplementary Figure 1.2).  This was in contrast to RORγt expression that was 

measured when T cells from sick 2D2xTH mice and 2D2xTHxIL-21R–/– were analyzed 

(Figure 1.1G). One possible interpretation for the discrepancy could be due to the 

method of activation as well as the kinetics of Th17 differentiation.  On one hand, 2D2 T 

cells activated in vivo require APCs presenting MOG in conjunction with a cohort of 

secrete cytokines, not limited to TGF-β and IL-6, during a span of several weeks.  On the 

other hand, T cells activated in vitro require plate bound anti-CD3 and anti-CD28 along 

with TGF-β and IL-6 in a four day span. Compared to Th1 or Th2 subsets, Th17 cells are 

unique in that the differentiating cytokine is different from the proliferation cytokine, as 

such, IL-21 is an autocrine factor that is required mainly for the proliferative phase of 

Th17 cells and RORγt expression is induced with the differentiating cytokine cocktail of 

TGF-β and IL-6. For in vivo, it is possible that other factors are in play to maintain 

RORγt expression, while the lack of IL-21R prevents proliferation of Th17 cells which 

results in the observed decrease in IL-17.  Another interesting point that should be 

discussed is that T cells lacking IL-21R also had compromised IFNγ production 

suggesting Th1 cells can produce IL-21 endogenously107, albeit significantly less than 

Th17 cells, but that the production of endogenous IL-21 contributes to the differentiation 

of Th1 cells (Figure 1.1H and Supplementary Figure 1.1). Whether this affects the 
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pathogenic potential of T cells to induce EAE is unclear since both IFNγ–/– and IFNγR–/– 

mice have been shown to develop exacerbated EAE 46,47,100. Collectively, we show that 

the absence of IL-21R on both T and B cells induces several defects in the development 

of pathogenic CD4+ T cells. Not only are T cells compromised in activation, survival, and 

proliferation, but also Th17 differentiation and the induction of many of the pathogenic 

signature genes are also reduced.  Indeed, there has been a growing body of evidence 

implicating Th17 cells in the pathogenesis of autoimmunity in both mice and humans. 

Inhibiting key effector cytokines critical for Th17 development has shown a concomitant 

reduction in tissue inflammation and disease progression. Furthermore, central to Th17 

polarization is the role of IL-21 and our study reveals that IL-21:IL-21R signaling is 

indeed critical for encephalitogenic T cell activation, function, and Th17 development, 

which ultimately impacts the development of spontaneous disease.  

 

T cells from 2D2xTHxIL-21R–/– mice have a decreased activation state, proliferative 

capacity and cytokine production 

To elucidate the mechanisms that reduce the incidence of spontaneous EAE in 

2D2xTHxIL-21R–/– mice, we wanted to examine the cooperation between MOG-specific 

T and B cells in the absence of IL-21R signaling. First, we determined the steady state 

activation state of T cells in healthy 2D2xTH and 2D2xTHxIL-21R–/– mice and found 

that both groups had comparable naïve 2D2 T cells population (~80%) and 

CD62L+CD44+ T cells (Figure 1.2A), but the 2D2xTHxIL-21R–/– mice had a decreased 

frequency of CD62L–CD44+ T cells, CD138+CD19+ and CD19+B220+ B cells from the 

lymphoid tissues  (Figure 1.2A and Supplementary Figure 1.3).  
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In order to determine the proliferative capacity of T cells between 2D2xTH mice versus 

2D2xTHxIL-21R–/– mice, total lymph node and spleen cells were stimulated with rMOG 

or MOG35-55 peptide in vitro for four days for the assessment of T cell proliferation. Our 

data revealed that cells from 2D2xTHxIL-21R–/– have a decreased capacity to proliferate 

to rMOG but not to MOG35-55 peptide when compared to cells from 2D2xTH mice 

(Figure 1.2B). Since both T cells and B cells express IL-21R, we cultured T cells and B 

cells in the presence of rMOG in the absence of IL-21R on T cells or B cells. Four days 

later we checked for CD62L and CD44 expression on T cells (Figure 1.2C).  Our data 

revealed that the absence of IL-21R on T cells or B cells decreased the percentage of 

CD44+ effector memory T cells and increased the percentage of CD62L+CD44– naïve T 

cells (Figure 1.2C). However, the greatest defect in effector cell generation came when 

both T cells and B cells were lacking IL-21R, suggesting that IL-21R may be critical for 

both inducing T cell activation and licensing B cells to become effective antigen 

presenting cells (Figure 1.2C). 
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Figure 1.2: TH B cells lacking IL-21R are poor antigen presenting cells. (A) Steady state of CD4+ T cells 
from lymph nodes and spleen of 2D2xTH and 2D2xTHxIL-21R–/– mice that were harvested ex-vivo and 
stained for CD62L and CD44. (B) 3H proliferation assay of T cells from 2D2xTH and 2D2xTHxIL-21R–/– 
cells stimulated with rMOG (top panel) or MOG35-55 (bottom panel). (C) Flow cytometry analysis of CD62L 
and CD44 gated on V 3.2+CD4+ T cells that were co-cultured in vitro with rMOG (10 g/ml) and sorted B 
cells from 2D2xTH and 2D2xTHxIL-21R–/– mice. (D) Intracellular cytokine staining of IFN  and IL-17 from 
in vitro cultured V 3.2+CD4+ T cells that were stimulated with rMOG (0 g/ml or 10 g/ml) and IL-23 for 
four days. (E) Quantitative RT-PCR of Il23 mRNA TH B cells sorted  from 2D2xTH and 2D2xTHxIL-21R–/– 
mice that were cultured in vitro for four days with rMOG (10 g/ml).  (F) Cytokine analysis (CBA) of IL-23 
of TH B cells sorted from 2D2xTH and 2D2xTHxIL-21R–/– mice that were cultured in vitro for four days 
with rMOG at indicated concentrations. (G) Cytokine analysis (CBA) of IL-23 of TH B cells and dendritic 
cells sorted from 2D2xTHmice that were cultured in vitro for four days with no MOG, MOG35-55(10 g/ml), 
rMOG (10 g/ml). (H) Cytokine analysis (CBA) of IL-23 of TH B cells and dendritic cells sorted from 
2D2xTH mice that were cultured in vitro with 2D2 T cells for four days with no MOG, MOG35-55(10 g/ml), 
rMOG (10 g/ml).Data shown here are a representative of three independent experiments (A-H). Statistics 
were determined by Student’s two tailed t test. ***P<0.001.  
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Figure 1.2 (Continued) 
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In fact, IL-21 in Th17 cells, which feeds back to the activated T cells in an autocrine 

manner, has been shown to be critical for maintaining IL-21R expression on T cells. 

Similarly, in IL-21R–/–NOD mice, which are resistant to the development of spontaneous 

type 1 diabetes, there is a defect in Th17 polarization that is both T cell intrinsic and 

CD11b+ mediated. It is possible that IL-21:IL-21R signaling modulates antigen 

presenting cell (APC) function, including B cells when they act as APCs, by inducing 

pro-inflammatory mediators that feed back into T cells to propagate Th17 cell 

differentiation. Indeed, given that IL-6 from APCs induces IL-21 from T cells 118 and that 

IL-21 is critical for B cell maturation, survival and function 119,120, the mutual cooperation 

between T:B cells in an autoimmune susceptible model is highly conducive to the 

generation of pathogenic Th17 cells.  In fact, the absence of IL-21R on both T and B cells 

also affected the production of effector cytokines (IFN-γ and IL-17) from T cells (Figure 

1.2D). We wondered whether the lack of T cell stimulation could be attributed in part due 

to the cytokines that B cells produce to stimulate T cells. We cultured cells from 2D2xTH 

or 2D2xTHxIL-21R–/– mice with rMOG in vitro and after four days performed 

quantitative RT-PCR on sorted B cells to determine the expression of IL-23, the cytokine 

that has been shown to be important in the generation/maintenance of Th17 cells and 

EAE. Our data revealed that B cells from the wild type 2D2xTH mice when stimulated 

with rMOG produce IL-23, but the IL-23 production was reduced in the B cells from 

2D2xTHxIL-21R–/– mice (Figure 1.2E and 1.2F).  Consistently, the addition of IL-21 to 

B cells could induce expression of IL-23, but the expression was increase when TLR 

stimulation, such as, lipopolysaccharide (LPS) was added (Supplementary Figure 1.4). 

Even though THxIL-21R–/– B cells produced less IL-23 when stimulated with rMOG, 



 

	   31	  

they did not induce cytokines that are considered to be anti-inflammatory, such as IL-10 

and IL-35 (Supplementary Figure 1.5).  Since B cells have not been reported to produce 

IL-23, we wondered how the production compared to professional antigen presenting 

cells, such as dendritic cells. We sorted TH B cells and dendritic cells from 2D2xTH 

mice and cultured in vitro with either MOG35-55 peptide or rMOG and after four days of 

culture, we measure IL-23 production from supernatants. Compared to dendritic cells, TH 

B cells produced significantly less IL-23, however, it was interesting to note that there 

was no IL-23 detected with TH B cells that were stimulated with MOG35-55 peptide, 

suggesting that rMOG may be required to fully activate TH B cells in order to produce 

IL-23 (Figure 1.2G). This trend could also be seen with DC where rMOG induced higher 

production of IL-23 compared to MOG35-55 peptide (Figure 1.2G).  However, when we 

cultured the TH B cells and dendritic cells with 2D2 T cells, we were able to observe an 

increase in IL-23 production compared to TH B cell-only cultures (Figure 1.2H), 

suggesting that the presence of 2D2 T cells may help TH B cells produce more IL-23. It 

should be noted that even though dendritic cells produce more IL-23 compared to TH B 

cells, 2D2 transgenic mice that have a MOG-specific TcR but normal dendritic 

population do not develop spontaneous EAE	   98, suggesting that the TH B cells when 

acting as antigen presenting cells to 2D2 T cells, may be the better antigen presenting 

cells to induce spontaneous EAE. In addition, it has been shown that mice depleted of 

myeloid APC subset developed EAE induced by rMOG protein	   121. IL-23 has been 

strongly associated with Th17 stabilization, maintenance, survival, pathogenicity, and has 

been shown to be the best inducer of IL-23R on T cells. These data suggest that the 

absence of IL-21R on B cells can affect IL-23 production by B cells, which in turn may 
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affect T cell pathogenicity and function.  Although production of IL-23 from B cells has 

not been described previously, our data reveals that antigen-specific B cells when 

activated in the presence of a relevant antigen are able to produce IL-23.  This was found 

at the mRNA levels and therefore reduced any doubt that IL-23 was absorbed from other 

APCs. In essence, the B cells from 2D2xTHxIL-21R–/– mice had a defect in IL-23 

expression, which likely contributed to the defect in the generation of pathogenic Th17 

cells in IL-21R deficient T cells.  

IL-21 has been shown to be important for the induction of IL-23R and we and 

others 77,116,117 have observed that IL-23R expression on effector T cells is critical for 

evoking the pathogenic potential of Th17 cells. Thus, it also possible that the IL-21 

signaling acts directly on T cells to induce Th17 cell development and IL-23R 

expression, which in turn further maintains and stabilizes the Th17 phenotype. Therefore, 

in the 2D2xTH disease model of spontaneous autoimmunity, where T:B collaboration is 

essential for disease induction, the lack of IL-21R on T cells may adversely affect B cell 

function, which may then prevent efficient antigen presentation and production of 

inflammatory cytokines, such as IL-6 and IL-23. Indeed, TH B cells when stimulated by 

rMOG are able to secrete IL-6 and IL-23 and promote IL-17 production from T cells 

(data not shown).  It remains to be determined whether the loss of IL-23 production by B 

cells in 2D2xTHxIL-21R–/– mice directly limit IL-23R expression on T cells or if the 

decrease in IL-23R expression is through the direct loss of IL-21:IL-21R signaling. 

 

2D2xTHxIL-23R–/– mice are resistant to developing spontaneous EAE 
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Our data in 2D2xTHxIL-21R–/– mice suggested that the reduced incidence and severity in 

these mice may be mediated by regulating IL-23 production and responsiveness. 

Therefore, we analyzed the effects of the loss of IL-21R on the expression of IL-23R. T 

cells from sick 2D2xTH or 2D2xTHxIL-21R–/– mice were sorted from the lymph nodes 

and spleens at the peak of disease and quantitative RT-PCR was performed for the 

expression of Il23r mRNA. In addition, expression of Il22 mRNA was analyzed, since 

IL-22 is uniquely dependent on IL-23R signaling. The expression of both Il23r and Il22 

was significantly reduced in the lymph node derived T cells from 2D2xTHxIL-21R–/– 

mice when compared to those from 2D2xTH mice.  The expression of both Il23r and Il22 

in the splenic T cells was rather low and was not significantly different (Figure 1.3A).  

This raised the issue of whether the decreased expression of IL-23R could in part be 

responsible for reduced incidence of disease observed in 2D2xTHxIL-21R–/– mice. To 

address this issue, we generated 2D2xTHxIL-23R–/– mice. We then compared the gene 

expression profiles of 2D2 T cells from 2D2xTH, 2D2xTHxIL-21R–/– and 2D2xTHxIL-

23R–/– mice stimulated in vitro with rMOG (0 µg/ml or 10 µg/ml) by multiplex qPcR 

nCounter Analysis system (Nanostring).  From a code set comprising 297 effector T cell 

genes, we selected 57 genes that have been associated with pathogenicity as well as 

effector function and generated a heat map between the groups using the no antigen 

condition as comparative group-specific controls.  Our heat map revealed that T cells 

from 2D2xTHxIL-21R–/– and 2D2xTHxIL-23R–/– mice have a comparable gene 

expression profile with a stronger covariance when compared to T cells from 2D2xTH T 

mice (Figure 1.3B).  
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Figure 1.3: 2D2xTHxIL-23R–/– mice are resistant to developing spontaneous EAE. (A) Quantitative RT-
PCR of Il22 and Il23r mRNA in Va3.2+CD4+ T cells in the lymph nodes (LN) and spleen (SP) from 2D2xTH 
and 2D2xTHxIL-21R–/– mice that developed EAE. (B) nCounter analysis of 2D2 T cells sorted from in vitro 
rMOG (10 g/ml) stimulation of lymph node and splenocytes from 2D2xTH, 2D2xTHxIL-21R–/–, and 
2D2xTHxIL-23R–/– mice for four days. (C) Flow cytometry analysis of annexin V and propidium iodide 
staining from V 3.2+CD4+ T cells or TH B cells that were cultured in vitro for four days with rMOG (10 g/
ml) and B cells from 2D2xTH, 2D2xTHxIL-21R–/–, and 2D2xTHxIL-23R–/– mice. (D) 3H proliferation assay 
of T cells from 2D2xTH, 2D2xTHxIL-21R–/–, and 2D2xTHxIL-23R–/– with various concentration of rMOG 
(0-10 g/ml). (E) Incidence of spontaneous EAE from 2D2xTH and 2D2xTHxIL-23R–/–.  (F) Quantification 
of the CNS lesions in the meninges and parenchyma of mice that developed spontaneous EAE.  Data shown 
here are a representative of three (A, B), four (D) or five (C) independent experiments.  
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Some of the key molecules such as IL-23R, CCR6, IL-22, CD86, GM-CSF that are 

responsible for effector functions and regulate autoimmunity were decreased in T cells 

from 2D2xTHxIL-21R–/– and 2D2xTHxIL-23R–/– mice while increased in T cells from 

2D2xTH mice (Figure 1.3B).  This suggests that the decrease in IL-23R expression in 

2D2xTHxIL-21R–/– mice may be partly responsible for the decreased disease incidence 

and severity observed in the 2D2xTHxIL-21R–/– mice. In addition to their importance in 

EAE, IL-23R expression on T cells has also been shown to affect expansion, survival and 

effector T cell function 122,123. We wondered whether the down-regulation of IL-23R in T 

cell from 2D2xTHxIL-21R–/– mice affected T cells survival and proliferation. We first 

wanted to determine the effect of cell survival. Lymph node and spleen cells from 

2D2xTH, 2D2xTHxIL-21R–/– and 2D2xTHxIL-23R–/– mice were cultured in vitro with 

rMOG and four days later the frequency of annexin V and propidium iodide positive cells 

was determined by flow cytometry. Our data revealed that both T and B cells from both 

2D2xTHxIL-21R–/– and 2D2xTHxIL-23R–/– mice had an increased number of late 

apoptotic and/or necrotic cells compared to 2D2xTH cells (Figure 1.3C) and the T cells 

from these mice did not proliferate as well as T cells from 2D2xTH cells. However, the 

defect in proliferation was more profound in T cells from IL-21R–/– mice than from IL-

23R–/– mice (Figure 1.3D), suggesting that IL-21 may be more critical than IL-23 for 

eliciting proliferation for T cells, and also implies that the lack of IL-21R on B cells may 

affect its function as an effective antigen presenting cell.  

In active EAE induction, mice lacking IL-23R or IL-23 are completely protected 

from developing the disease 34,49.  However, in our spontaneous EAE model where T:B 

cell cooperation is required for antigen specific T cell activation, proliferation, and 
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pathogenicity, the defect in IL-21:IL-21R signaling seems to have a more profound 

adverse effect on the function of both T and B cells, especially when compared to mice 

lacking IL-23:IL-23R signaling. Thus, we wondered whether mice lacking IL-21R would 

confer greater protection in our spontaneous EAE model compared to mice lacking IL-

23R. To determine this, we monitored the spontaneous disease development of 

2D2xTHxIL-23R–/– mice. To our surprise, mice lacking IL-23R were completely 

protected from developing spontaneous EAE (Figure 1.3E), suggesting that even in our 

spontaneous model, IL-23R is critical for driving pathogenicity. Histopathological 

analysis of the lesions in the CNS from 2D2xTH and 2D2xTHxIL-23R–/– mice revealed 

that there are no histopathological lesions in the CNS (Figure 1.3F), suggesting that the 

absence of IL-23R prevented spontaneous EAE development even better than the absence 

of IL-21R in 2D2xTHxIL-21R–/– mice. In addition, loss of IL-23R signaling completely 

abolished development of ectopic lymphoid follicles in 2D2xTH mice (Supplementary 

Figure 1.6). This may be due in part to the fact that the loss of IL-21R only partially 

inhibits IL-23R expression on T cells and IL-23 production from B cells. Future 

experiments need to explore the potential pathogenic factor(s) that is induced upon IL-23 

signaling for the development of EAE in both spontaneous and induced models.  In 

summary, IL-21, which has not shown to be essential for the induction of active EAE, 

plays an important role in the development of spontaneous NMO-like disease in the 

2D2xTH model. Understanding the mechanism by which Th17 cells and antigen specific 

B cells promote pathogenicity may be useful for the development of future novel 

therapies for MS.  Successful clinical trials with B cell depleting therapy, Rituximab, is 
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just one example that B cells might be a playing a critical role in the development of T 

cell mediated autoimmune disease. 
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MATERIALS and METHODS 

Mice 

MOG35-55 specific TCR transgenic mice in the C57BL/6 background (referred to as 2D2 

mice) and MOG-specific B cells (referred to as TH mice) generated by replacing the 

germline JH locus with the rearranged Ig-heavy-chain (IgH) variable (V) gene from 

MOG-specific monoclonal antibody were described previously 88. The 2D2xTHxIL-21R–

/–, 2D2xTHxIL-23R–/– mice were generated by crossing 2D2xTH mice with the IL-21R–/–

, IL-23R–/– respectively.  All mice were housed and maintained in a conventional 

pathogen-free facility at the Harvard Institute of Medicine in Boston, MA. All 

experiments were performed in accordance to the guidelines outlined by the Harvard 

Medical Area Standing Committee on Animals at the Harvard Medical School (Boston, 

MA). 

 

Antigens  

MOG35–55peptide (MEVGWYRSPFSRVVHLYRNGK) was obtained from the 

Biopolymer Facility, Center for Neurological Diseases, Brigham and Women’s 

Hospital. A plasmid construct encoding the extracellular domain of rat MOG 

protein (MOG1–125) was generously provided by C. Linington (University of 

Aberdeen, Aberdeen, United Kingdom); rMOG protein was purified from inclusion 

bodies 124. 

 

Cell isolation, sorting, and intracellular cytokine staining (ICC) 
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T and B cells were isolated from spleens and lymph nodes and purified using CD4 and 

B220 microbeads for positive selection according to manufacturer’s instructions 

(Miltenyi Biotec). Naïve T cells were sorted with anti-CD4-PerCP, anti-CD62L-APC, 

anti-CD44-PE antibodies (all Biolegend, CA). 2D2 T cells were sorted with anti-Vα3.2-

FITC and anti CD4-APC. TH B cells were sorted with rMOG-PE and anti-CD19-APC. 

For ICC, cells were stimulated with phorbol 12-myristate 13-aceate (PMA) (50ngml-1, 

Sigma-Aldrich, St. Louis, MO) and ionomycin (1µgml-1, Sigma-Aldrich) and a protein 

transport inhibitor containing monensin (Goligistop) (BD Biosciences) for four hours 

prior to detection with antibodies. Surface markers were stained in PBS with 1% FCS for 

20 min in room temperature, then subsequently fixed in Cytoperm/Cytofix (BD 

Biosciences), permeabilized with Perm/Wash Buffer (BD Biosciences) and stained with 

cytokine antibodies (anti-IFN-γ-APC anti-IL-17A-Alexa Fluor 488 ab, all from 

Biolegend) diluted in Perm/Wash buffer as described previously	  125. 

 

Proliferation assays 

Cells were grown in DMEM supplemented with 10% FCS, β-mercaptoethanol, L-

glutamine, gentamicin sulfate, and penicillin/streptomycin. For thymidine 

proliferation assay, either 3× 106 cells/ml total splenocytes or 3 × 105 cells/ml 

purified Vα3.2+CD4+ cells with 1.5×106 cells/ml purified CD19+ B cells were 

cultured for 72 hours in round bottom 96-well plates in the presence of various 

concentrations of the rMOG protein or MOG35–55 peptide (range, 0.01–10 µg/ml). 

Cells were pulsed with 1 µCi 3H thymidine for the last 16 hours of incubation. 
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Mean thymidine incorporation in triplicate wells was measured using a β counter 

(LS 5000; Beckman Coulter). 

 

Real time PCR 

2D2 T cells and TH B cells sorted after four days of culture with rMOG, RNA was 

extracted with RNeasy kit (Qiagen), reverse transcribed using iscript cDNA synthesis kit 

(Bio-rad, CA), and was analyzed by quantitative RT-PCR with vii7 Real-time PCR 

systems (Applied Biosystems) for the gene of interest.  Primer/probe mixtures were 

purchased from Applied Biosystems. The comparative threshold cycle method and an 

internal control (GAPDH) were use for normalization of the target genes. The list of 

primer and probes from Applied Biosystems: Cxcl3: Mm01701838_m1, Csf2: 

Mm01290062_m1, Gzmb: Mm00442834_m1, Il17a: Mm00439618_m1, Maf: 

Mm02581355_s1, Il22: Mm00444241_m1, Il23r: Mm00519943_m1, Rorc: 

Mm00441144_g1, GAPDH: 4352339E, Il10: Mm00439614_m1, Ccr6: Mm99999114_s1 

Il21: Mm00517640_m1, Ahr: Mm00478932_m1, Icos: Mm00497600_m1 

 

Spontaneous EAE 

Clinical assessment of EAE was performed weekly after 4 weeks of age and mice 

were scored for disease according to the following criteria: 0, no disease; 1, 

decreased tail tone; 2, hind-limb weakness or partial paralysis; 3, complete hind-

limb paralysis; 4, front- and hind-limb paralysis; 5, moribund state. 

 

In vitro T-cell differentiation 
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CD4+ T cells were purified from spleen and lymph nodes using anti-CD4 microbeads 

(Miltenyi Biotech) then further sorted for naïve CD4+ CD62Lhi CD44low T cells.  Sorted 

cells were activated with plate bound anti-CD3 (2 µg/ml) and anti-CD28 (2 µg/ml) (Both 

Bioxcell).  For Th17 differentiation: 2ng/mL rhTGF-β3 (Miltenyi Biotec), 25 ng/mL 

rmIL-6 (Miltenyi Biotec). Th1 differentiation: 20ng/ml IL-12 (Miltenyi Biotec). Cells 

were cultured for 4 days and harvested for RNA, intracellular cytokine staining, and for 

flow cytometry.  

 

Histology 

Animals were sacrificed after 4 months of observation for development of clinical 

signs of EAE. Brains, spinal cords, and optic nerves were removed and fixed in 

10% formalin. Paraffin-embedded sections were stained with luxol fast blue 

hematoxylin and eosin.  Inflammatory foci (>10 mononuclear cells) in the meninges 

and parenchyma and leptomeningeal lymphoid follicles were counted by a pathologist in 

a blinded manner, such that disease status of the mice as well as the genotype was not 

revealed.  

 

Analysis of CNS infiltrating mononuclear cells 

At the peak of disease, mice were sacrificed for analysis of CNS infiltrating cells. Mice 

were perfused through the left ventricle of the heart with cold PBS.  The brain and the 

spinal cord were flushed out with PBS by hydrostatic pressure. CNS tissue was minced 

with a sharp razor blade and digested with collagenase D (2.5 mg/ml, Roche Diagnostics, 

IN) and DNaseI (1 mg/ml, Sigma, MO) at 37ºC for 20 minutes. Mononuclear cells were 
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isolated by passing the tissue through a cells strainer (70um), followed by a Percoll 

gradient (37% and 70%) centrifugation.  Mononuclear cells in the interphase was 

removed, washed and resuspended in culture medium for analysis by intracellular 

cytokine staining.  

 

Statistics 

GraphPad Prism 4.0 was used for statistical analysis (linear regression with 95% 

confidence interval, and unpaired, two-tailed Student’s t test). Differences were 

considered statistically significant when p < 0.05. * denotes. *p<0.05, **p<0.01, 

***p<0.001. 
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CHAPTER 2: INDUCTION AND MOLECULAR SIGNATURE OF 

PATHOGENIC TH17 CELLS 
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ABSTRACT 

Interleukin 17 (IL-17)-producing TH17 cells are often present at the sites of tissue 

inflammation in autoimmune diseases, which has led to the conclusion that TH17 cells are 

main drivers of autoimmune tissue injury.  However, not all TH17 cells are pathogenic; in 

fact TH17 cells generated with TGF-β1 and IL-6 produce IL-17 but do not readily induce 

autoimmune disease without further exposure to IL-23. Here we show that TGF-β3, 

produced by developing TH17 cells, is dependent on IL-23, which together with IL-6 

induces highly pathogenic TH17 cells. Moreover, TGF-β3-induced TH17 cells are 

functionally and molecularly distinct from TGF-β1-induced TH17 cells and possess a 

molecular signature that defines pathogenic effector TH17 cells in autoimmune disease. 
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INTRODUCTION 

Upon antigenic stimulation, naïve CD4+ T cells activate, expand and differentiate into 

different effector phenotypes 126.  T helper type 1 (TH1) cells, induced by the transcription 

factor Tbx21 (T-bet) produce interferon-γ (IFN-γ), interleukin 2 (IL-2) and lymphotoxin 

(LT) and were shown to be crucial for clearing intracellular pathogens 28,32. In contrast, 

TH2 cells that are generated by the transcription factor GATA-3 produce IL-4, IL-5, IL-

13 and were shown to be critical for clearing extracellular pathogens 18,127. An 

exaggerated TH1 response against self-antigens was implicated in inducing autoimmune 

diseases 7. However, the loss of IFN-γ or IFN-γ receptor (IFN-γR) did not induce 

resistance to developing autoimmune diseases	   47,100; in fact, mice deficient for these 

proteins were found to be highly susceptible to autoimmununity 47,100. Paradoxically, loss 

of the TH1-specific transcription factor, T-bet, made these mice resistant to multiple 

autoimmune diseases including experimental autoimmune encephalomyelitis (EAE), an 

animal model of the human disease multiple sclerosis (MS) 128. This raised the issue of 

the role of T-bet in inducing EAE, because the production of IFN-γ is not required for 

conferring encephalitogenicity to effector TH1 cells.   

 

TH17 cells, which have been characterized as an additional effector T cell subset that 

produces IL-17A, IL-17F, IL-21 and IL-22, have been suggested to be the critical driver 

of autoimmune tissue inflammation 22,55-57,129. TH17 cells were observed to be present at 

the sites of tissue inflammation and have been associated with the induction of many 

human autoimmune diseases including psoriasis, inflammatory bowel disease (IBD), 

rheumatoid arthritis (RA), type 1 diabetes and MS 22.  TH17 cells are differentiated by a 
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combination of TGF-β1, IL-6 and IL-1 cytokines, which induces RORγt, a transcription 

factor required for their generation 55-57,102.  Whereas TGF-β1 plus IL-6 can induce TH17 

cells, exposure to another cytokine, IL-23, was shown to be crucial for their stabilization 

and for their ability to induce autoimmune tissue inflammation in EAE49,123,130.  IL-23R 

polymorphism has been genetically linked to many human autoimmune diseases 

including psoriasis, IBD and ankylosing spondylitis 59,131. Exposure to IL-23 was shown 

to reduce the levels of the anti-inflammatory cytokine IL-10 in developing TH17 cells, 

thus making these cells pathogenic 79. However, this also raised the question of whether 

there are cytokines or effector molecules dependent on IL-23 that make them pathogenic 

to induce inflammation in autoimmune disease.   

 

Although TH17 cells were thought to be pathogenic81,129, accumulating data indicates the 

existence of non-pathogenic IL-17 producing TH17 cells 132,133. It remains unclear 

whether there is a differential requirement for their induction and what makes a TH17 cell 

pathogenic or nonpathogenic. Recent studies have shown that GM-CSF (CSF-2), which 

is produced by TH17 cells and is transactivated by RORγt, is required for conferring 

pathogenicity to TH17 cells 105,134. Indeed, GM-CSF-deficient mice are highly resistant to 

the induction of EAE 105,135. However, it remains unclear why T-bet–/– mice are resistant 

to the induction of EAE and other autoimmune diseases, suggesting that T-bet must have 

additional roles in the induction of pathogenic TH17 cells in EAE 133. T-bet is expressed 

in TH17 cells133, but whether it plays a role in inducing pathogenic function of TH17 cells 

has not been addressed.  
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In this study we have identified an endogenous cytokine, TGF-β3, which is specifically 

produced by developing TH17 cells in an IL-23 dependent manner that is important for 

driving the pathogenic TH17 phenotype. Whereas TGF-β1 plus IL-6 differentiate naïve T 

cells into TH17 cells, these T cells are not pathogenic unless they are further exposed to 

IL-23. We now show that IL-23 is critical for enhancing expression and/or maintaining 

the endogenous levels of TGF-β3 in developing TH17 cells. In fact, differentiation of 

TH17 cells in the presence of TGF-β3 and IL-6 makes TH17 cells pathogenic without any 

need for further exposure to IL-23. Using these subsets of pathogenic and non-pathogenic 

TH17 cells, we have identified a molecular signature associated with pathogenic TH17 

cells. 
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RESULTS 

TGF-β3 induction in TH17 cells  

TGF-β1 and IL-6 are required for differentiation of TH17 cells55-57. However, TH17 cells 

induced by TGF-β1 plus IL-6 are not pathogenic, unless they are further exposed to IL-

23 for a prolonged period of time 79,81.  In the EAE model, only adoptive transfer of 

myelin oligodendrocyte peptide (amino acid 35-55 (MOG35-55)) specific TCR transgenic 

CD4+ T cells (2D2) that were differentiated with TGF-β1-IL-6-IL-23 results in the 

induction of severe disease while T cells differentiated with TGF-β1-IL-6 develop mild 

to no disease, with the majority of the recipient mice recovering rapidly within 24 days 

after the onset of clinical disease (Figure 2.1A and Table 2.1).  To investigate the role of 

IL-23 in the induction of pathogenic TH17 cells, we undertook detailed temporal 

microarray analysis that revealed a strong induction of TGF-β3 in developing TH17 cells 

exposed to TGF-β1-IL-6-IL-23 (Supplementary Figure 2.1A), which was dependent on 

IL-23R signaling (Supplementary Figure 2.1B). Quantitative RT-PCR confirmed the 

induction of TGF-β3 in TH17 cells (Figure 2.1B).  Naïve T cells activated in the presence 

of TGF-β1-IL-6 or TGF-β1-IL-6-IL-23 both expressed TGF-β3. However, IL-23R-

deficient CD4+ T cells under TGF-β1-IL-6-IL-23 condition failed to enhance or maintain 

TGF-β3 expression (Figure 2.1C).   IL-23 was not required for the initial induction of 

TGF-β3, which was induced by IL-6 (Supplementary Figure 2.1C), but the presence of 

IL-23R was required for maintaining TGF-β3 expression (Figure 2.1C). 
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Figure 2.1. The induction of TGF- 3 in T
H

17 cells  
(a) Mean clinical scores (disease incidence) in wild-type recipients 30 days after transfer of naïve CD4+ T 
cells (5x106 cells) from 2D2 transgenic mice that were differentiated in vitro with TGF- 1-IL-6-IL-23 or 
TGF- 1-IL-6.  (b) Quantitative RT-PCR analysis of Tgfb3 mRNA in naïve CD4+ T cells differentiated for 
four days in vitro  with TGF- 1-IL-6-IL-23 or no cytokines.  (c) Quantitative RT-PCR analysis of Tgfb3 
mRNA in naïve CD4+ T cells from wild-type (wt) or Il23r–/– mice differentiated in vitro with TGF- 1-IL-6-
IL-23 or no cytokines. (d) Flow cytometry analysis of TGF- 3-YFP expression in CD4+ T cells, CD8+ T 
cells,  T cells and B cells from the lymph nodes and spleens of TGF- 3crexRosa26yfp mice. (e) Intracellular 
cytokine staining showing co-expression of TGF- 3-YFP with either IL-17 or IFN-  in naïve CD4+ T cells 
from MOG35-55+CFA immunized TGF- 3crexRosa26yfp mice stimulated with PMA+ionomycin four days post 
in vitro culture with or without IL-23. (f) Intracellular cytokine staining showing IL-17 and IFN-  expression 
in  PMA+ionomycin  ex-vivo  stimulated  splenocytes  from MOG35-55-immunized  TGF- 3Cre+xRosaDTR  and 
TGF- 3Cre-xRosaDTR littermate control (WT) mice treated with diptheria toxin on day 4 post-immunization. 
(g) IL-17 expression in naïve TGF- 3fl/fl CD4+ T cells cultured in vitro with IL-1 -IL-6-IL-23 (TH17) or no 
cytokines (TH0) then retrovirally transduced with Cre-GFP to delete TGF- 3. All data are a representative of 
more than three independent experiments with similar results. Cumulative data on the number of animals 
used  for  in  vivo  experiments  are  shown  in  Table  1.  Statistical  significance  of  *p<0.05,  **p<0.01,  or 
***p<0.001 is indicated for the RT-PCR data. Error bars indicate mean + s.d. 
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It remains unknown if cells of the hematopoietic origin can produce TGF-β3.  To 

investigate TGF-β3 protein expression, we generated TGF-β3-YFP fate reporter mice 

(TGF-β3CreR26ReYFP) by crossing mice that express the Cre recombinase in the TGF-β3 

locus (TGF-β3Cre) 136 with reporter mice expressing eYFP under the Rosa26 promoter. 

Analysis of lymphoid tissue from the TGF-β3CreR26ReYFP mice revealed that TGF-β3 

was produced in CD4+, CD8+, γσ T and B cells (Figure 2.1D), but not by cells of the 

myeloid lineage (CD11b+ and/or CD11c+ cells) (data not shown). This observation 

suggested that TGF-β3 is endogenously produced by the hematopoietic cells.  To address 

whether in vivo differentiating TH17 cells induces TGF-β3 expression and to determine 

whether TGF-β3 expression is enhanced in response to IL-23, we immunized TGF-

β3CreR26ReYFP mice with MOG35-55 emulsified in complete Freund’s adjuvant (CFA) and 

Table 2.1:Induction of EAE following adoptive transfer of MOG specific TH17 cells and active 
immunization. 

Mice Groups Disease 
incidence (%) Mean   score 

Mean 
day of 
onset

Mortality 
(%) Statistics 

2D2 IL-1 +IL-6+ IL-23 20/21 (95%) 3.7±0.29 12.2±0.35 10/21 (48%)            

  ns 
2D2 TGF- 3+IL-6 13/15 (86%) 3.5±0.35 12.7±0.92 4/15 (26%) 

p<0.001 

2D2 TGF- 1+IL-6 10/17 (58%) 2.6±0.45 14.1±1.77 0/17 (0%) 

2D2 TGF- 1+IL-6+IL-23 11/21 (52%) 3.6±1.53 14.8±2.40 5/21 (23%) p<0.001

2D2xIL-23R
-/- 

IL-1 +IL-6+ IL-23 0/8 (0%) n/a n/a 0/8 (0%) p<0.001

2D2xIL-23R
-/- 

TGF- 3+IL-6 0/8 (0%) n/a n/a 0/8 (0%) p<0.001

Wt
 

Isotype control 19/22 (86%) 2.4±0.25 9±0.83 0/22 (0%)  

p<0.001 

 Wt
 

Anti-TGF- 3 7/10 (70%) 1.6±0.37 9.8±2.2 0/10 (0%) 

2D2xTbx21
-/- 

TGF- 3+IL-6 8/11 (73%) 2.8±1.13 18.9±4.58 1/11 (1%) 

p<0.001 

2D2xTbx21
-/- 

TGF- 1+IL-6 0/11 (0%) n/a n/a 0/11 (0%) 

2D2xTbx21
-/- 

TGF- 1+IL-6+IL-23 0/7 (0%) n/a n/a 0/7 (0/%) p<0.001  

 

 

 

 

 

 

 

 

The transferred 2D2 CD4+ cells were cultured in the presence of various combinations of  IL-23, TGF- , IL-1 ,  and IL-6.  

Active EAE was induced with MOG35-55/CFA plus pertussis toxin. 

Disease incidence , mean day of onset, and mortality are reported as number of mice affected/total number of mice 

: Mean calculated only from mice that developed clinical signs of experimental autoimmune encephaltomyelitis. 

: Compared to 2D2 controls with indicated cytokine conditions 

: Compared to 2D2  (TGF- 1+IL-6+IL-23) to 2D2 (TGF- 1+IL-6) conditions 

n/a : Denotes: not applicable 

ns: Denotes: not significant  
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reactivated T cells in the presence of IL-23 in a recall assay. A small percentage of IL-17 

expressing and non-expressing T cells produced TGF-β3 upon activation, but exposure to 

IL-23 largely restricted TGF-β3 expression to IL-17-producing TH17 cells. This was true 

in both CD4+ (Figure 2.1E) and non-CD4+ T cell (Supplementary Figure 2.1C) subsets.  

We also addressed whether TGF-β3 is co-produced by IFN-γ producing TH1 cells, which 

are also induced by immunization with MOG35-55+CFA.  IFN-γ producing T cells did not 

co-express TGF-β3 (Figure 2.1E). This was true for non-CD4+ T cells as well 

(Supplementary Figure 2.1D), suggesting that TGF-β3 may be mostly expressed by IL-

17 producing cells. In addition, deletion of TGF-β3+ cells in vivo in TGF-β3CreR26RDTR 

mice (TGF-β3Cre mice crossed to mice expressing the diphtheria toxin receptor (DTR) 

under the Rosa26 promoter) that were immunized with MOG35-55+CFA resulted in 

selective ablation of IL-17+ cells, while IFNγ+ Τ  cell numbers remained unchanged upon 

diphtheria toxin (DT) treatment (Figure 2.1F). CD4+ T cells derived from TGF-β3fl/fl 

mice in which TGF-β3 was deleted through the retroviral expression of a GFP-Cre, but 

not control retrovirus treated T cells, showed severely compromised IL-17 production in 

TH17 differentiation conditions (Figure 2.1G). These findings reveal that TH17 cells 

produce TGF-β3 endogenously and that exposure to IL-23 largely restricted the 

expression of TGF-β3 to IL-17-producing cells. 
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TGF-β3-induced TH17 cells are highly pathogenic  

To determine whether TGF-β3 can induce TH17 cells, we polarized naive CD4+ T cells 

into TH17 cells with either TGF-β1-IL-6 or TGF-β3-IL-6 and compared the expression of 

IL-17 and other TH17 associated molecules. TGF-β3-IL-6-‐induced TH17 cells expressed 

comparable amount of IL-17 as TGF-β-IL-6-induced TH17 cells (Figure 2.2A,B). 

Similar to TGF-β1-induced TH17 cells, TGF-β3-induced TH17 cells expressed Rorc, 

Il17a, Il17f, but no Ifnγ mRNA (Figure 2.2C). However, TGF-β3-induced TH17 cells 

had significantly higher expression of Il23r and Il22 when compared to TGF-β1-induced 

TH17 cells (Figure 2.2D). The higher expression of IL-23R protein in TGF-β3-induced 

TH17 cells was confirmed in IL-23R-GFP reporter mice130 (Figure 2.2E).   
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Figure 2.2. TGF- 3-induced T
H

17 cells are highly pathogenic in inducing autoimmunity. 

(a) Intracellular cytokine staining showing IL-17 expression of PMA+ionomycin stimulated naïve CD4+ T 
cells from C57BL/6 (wt) mice differentiated in vitro with TGF- 1-IL-6 or TGF- 3-IL-6 for four days. (b) 
ELISA showing  IL-17  production  from  supernatants  of  naïve  CD4+  T  cells  from  C57BL/6  (wt)  mice 
stimulated in vitro with TGF- 1, TGF- 3, TGF- 1-IL-6, TGF- 3-IL-6 for four days. (c,d) Quantitative RT-
PCR of Rorc, IL-17a, IL-17f, IFN , Il23r and Il22 mRNA expression from wt naïve CD4+ T cells stimulated 
in vitro with TGF- 1-IL-6,  TGF-b3-IL-6 or  no cytokines for  four days.  (e)  Flow cytometry analysis  of 
IL-23R-GFP expression of naive CD4+ T cells from IL-23R-GFP knock-in mice differentiated in vitro with 
TGF- 1-IL-6, TGF- 3-IL-6 or no cytokines for four days (f)  Mean clinical scores (disease incidence) in 
wild-type recipients 30 days after transfer of naïve CD4+ T cells (5x106 cells) from 2D2 transgenic mice that 
were differentiated in vitro with TGF- 1-IL-6 or TGF- 3-IL-6. Statistical analysis by linear regression curve 
was performed and graphed including the 95% confidence band of the regression line (***p<0.001) (g) 
Quantification of CNS lesions in the meninges and parenchyma from recipient mice sacrificed on day 30 
(**p<0.01).  Data  is  pooled  from three  independent  experiments  (n=6).  (h)  TGF-  signaling  PCR array 
analysis of Smad 1, 3, 5 from wt naïve CD4+ T cells differentiated with TGF- 1-IL-6 or TGF- 3-IL-6 for 24 
hours. cDNA was prepared and processed according to manufacturer’s instruction (Sabioscience, CA). The 
graph illustrates the relative fold change in the Smads of TGF- 3-IL-6 condition compared to TGF- 1-IL-6. 
The dotted line represents the normalized expression of TGF- 1-IL-6 set at one for each of the Smads. The 
data is pooled from three independent replicates. (i) Flow cytometry analysis showing p-smad1&5 or p-
smad3 expression from wt naïve CD4+ T cells stimulated with TGF- 1 or TGF- 3 for 30 minutes. Adoptive 
transfer data from (f) is a representative of four independent experiments. All data are a representative of 
more than three independent experiments, unless otherwise mentioned, with similar results. Cumulative data 
on the number of  animals used for  in vivo experiments are shown in Table 1.Statistical  significance of 
*p<0.05, **p<0.01, or ***p<0.001 is indicated for the RT-PCR data. Error bars indicate mean + s.d. 
!



 

	   54	  

Figure 2.2 (Continued) 
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Because IL-23 induces TH17 cells to become pathogenic and IL-23 can enhance and 

maintain expression of TGF-β3, we investigated the pathogenicity of TGF-β3-IL-6-

induced TH17 cells.  TH17 cells generated from naive 2D2 TCR transgenic (Tg) T cells 

with either TGF-β1-IL-6 or TGF-β3-IL-6 were transferred into naive recipients and 

development of EAE was monitored. In contrast to TGF-β1-IL-6-induced TH17 cells, 

which transferred a very mild disease (Figure 2.2F and Table 1.2), TGF-β3-IL-6-

induced TH17 cells transferred EAE with a high disease incidence, severity and mortality 

(Figure 2.2F and Table 1.2). Histo-pathological quantification of CNS lesions showed 

significantly more parenchymal and meningeal inflammatory lesions in the TGF-β3-IL-6 

groups in comparison to the recipients of TGF-β1-IL-6 TH17 cells (Figure 2.2G), 

suggesting that TGF-β3-induced TH17 cells are highly pathogenic.   

We next addressed how TGF-β1 and TGF-β3 can induce such a difference in the 

pathogenicity of TH17 cells, considering they both have been suggested to signal through 

a common TGF-βRII subunit137,138. Mice expressing a dominant negative (DN) for of 

TGF-βRII (here called TGF-βRII DN mice) were previously shown to be to have reduced 

generation of TH17 cells and to be protected from EAE 57. We tested whether TGF-β3, 

similar to TGF-β1, requires TGF-βRII for the development of TH17 cells.  To address 

this, we generated TGF-βRII DN x IL-17A-eGFP reporter mice and CD4+ T cells from 

these mice were differentiated with either TGF-β1-IL-6 or TGF-β3-IL-6 conditions.  

Both TGF-β1 and TGF-β3 were unable to induce the differentiation of TH17 cells in 

TGF-βRII DN T cells (Supplementary Figure 2.2A), suggesting that both TGF-β1 and 

TGF-β3 signal through TGF-βRII for TH17 differentiation (Figure 2.2D-F).  
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To test the possibility that TGF-βRII transmits different downstream signals upon 

ligation with TGF-β1 or TGF-β3, we performed a comprehensive TGF-β signaling PCR 

array analysis for TH17 cells generated with either TGF-β1 or TGF-β3. This array 

allowed us to determine the expression of approximately 90 known signaling molecules 

downstream of TGF-βRII and showed that TGF-β1 and TGF-β3 induced different 

expression profiles of target genes downstream of TGF-βRII engagement 

(Supplementary Figure 2.2B). In particular, TGF-β3-IL-6-differentiated TH17 cells 

induced higher expression of Smad1 and Smad5 and lower expression of Smad3 when 

compared to TGF-β1/IL-6-induced TH17 cells (Figure 2.2H). Consistent with the PCR 

array data, TGF-β3 induced less Smad2 and Smad3 phosphorylation than TGF-β1, while 

phosphorylation of Smad 1 and Smad5 was greatly enhanced (Figure 2.2I, 

Supplementary Figure 2.2C). Taken together, these data indicate that TGF-β3-IL-6-

induced TH17 cells were functionally distinct from TGF-β1-IL-6-induced TH17 cells, and 

that the difference in the functionality of TH17 cells was supported by the differential 

signaling induced by TGF-β1 and TGF-β3 through TGF-βRII. 

 
TGF-β3-IL-6 and IL-1β-IL-6-IL-23 TH17 cells are comparable 

TGF-β-independent TH17 cells, which are induced by a combination of IL-1β/IL-6/IL-23 

and are highly pathogenic compared to TGF-β1/IL-6-derived TH17 cells, have been 

recently described 116. We therefore compared the ability of TGF-β3-IL-6 and IL-1β-IL-

6-IL-23 pathogenic TH17 cell populations to transfer EAE. TH17 cells differentiated with 

either TGF-β3-IL-6 or IL-1β-IL-6-IL-23 showed comparable IL-17 protein (Figure 

2.3A) and IL-23R mRNA (Figure 2.3B) expression. Because the IL-23-IL-23R axis is 
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essential for the development of pathogenic TH17 cells 49,123,130, we tested whether the 

high expression of IL-23R contributed to the pathogenicity of TGF-β3-IL-6- or IL-1β-IL-

6-IL-23-differentiated TH17 cells. Adoptively transferred 2D2 T cells differentiated into 

TH17 cells with TGF-β3-IL-6 or IL-1β-IL-6-IL-23 into wild-type recipients transferred 

EAE with similar severity and incidence. Transfer of IL-23R-deficient 2D2 T cells failed 

to induce EAE in both TGF-β3-IL-6 and IL-1β-IL-6-IL-23 differentiating condition 

(Figure 2.3C and Table 2.1). This indicates that the IL-23-IL-23R pathway is absolutely 

critical for the development of pathogenic TH17 cells induced by either TGF-β3-IL-6 or 

IL-1β-IL-6-IL-23. 
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Figure 2.3 The pathogenicity of TGF- 3-IL-6 T
H

17 cells are highly comparable to IL-1 -IL-6-IL-23 

T
H

17 cells

(a)  Flow cytometry analysis showing IL-17-GFP expression in naïve CD4+ T cells from the IL-17-GFP 

knock-in mice differentiated in vitro with IL-1 -IL-6-IL-23, TGF- 3-IL-6, or no cytokines for four days. (b) 

Quantitative  RT-PCR  analysis  of  Il23r  mRNA  expression  from  naïve  CD4+  T  cells  from  wt  mice 

differentiated in vitro with IL-1 -IL-6-IL-23, TGF- 3-IL-6, or no cytokines for four days. (c) Mean clinical 

scores (disease incidence) in wild-type recipients 30 days after transfer of naïve CD4+ T cells (5x106 cells) 

from 2D2 transgenic or 2D2xIL-23R–/– mice that were differentiated in vitro with IL-1 -IL-6-IL-23 or TGF-

3-IL-6.  Statistical  analysis  by  linear  regression  curve  was  performed  and  graphed  including  the  95% 

confidence band of the regression line. (ns) denotes not significant. (d) Quantitative RT-PCR showing Tgfb3 

mRNA expression  of  CNS-infiltrating  CD4+  T cells  isolated  from MOG
35-55

+CFA+pertussis  toxin  (PT) 

immunized wt mice with either score 2-3 (peak of disease) or score 0 (no disease). Figure represents data of 

twelve  individual  mice  pooled  from  three  independent  experiments.  (e)  Mean  clinical  scores  (disease 

incidence)  in  wt  mice  immunized  with  MOG
35-55

+CFA+PT with  either  isotype  control  or  anti-TGF- 3 

neutralizing antibody in the emulsion then monitored for 21 days. Statistical analysis by linear regression 

curve was performed and graphed including the 95% confidence band of the regression line (***p<0.001). 

Adoptive transfer data from (c) is pooled data from three independent experiments (n=8) and (e) is pooled 

data from two independent experiments (n=10). Cumulative data on the number of animals used for in vivo 

experiments are shown in Table 1.  All in vitro experiments are a representative of at least three independent 

experiments  unless  specified differently.  Error  bars  indicate mean + s.d.  (**p<0.01).  (need to  add ***p 

information) (ns) denotes not significant.  (this is redundant. Also NS not ns) 
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Further analysis of CNS-infiltrating T cells showed that TGF-β3-IL-6-induced TH17 cells 

maintained higher IL-17 expression (~25%) and did not produce as much IFN-γ as IL-

1β-IL-6-IL-23 induced TH17 cells (~15%) (data not shown). To address if TGF-β3 is 

involved in EAE induction following active immunization, we immunized mice with 

MOG35-55+CFA, which is known to induce EAE by generating MOG35-55-specific TH1 

and TH17 cells. CD4+ T cells infiltrating the CNS in MOG35-55+CFA immunized mice 

showed a significantly higher expression of TGF-β3 in mice that developed the disease 

(score 2-3) compared to mice with no clinical signs of disease (score 0), even though 

there was infiltration of CD4+ T cells in the CNS of these mice (Figure 2.3D). Local 

blockade of TGF-βs by adding neutralizing anti-TGF-β1,2,3 antibody in the immunizing 

emulsion was shown to prevent the development of TH17 cells and EAE 109, suggesting 

an in vivo role of TGF-β in the development of TH17 cells and the disease. However, the 

study did not reveal which TGF-β was required for the development TH17 cells, since 

anti-TGF-β1,2,3 neutralizes all three forms of TGF-β proteins. We therefore tested 

whether neutralizing TGF-β3 locally affects the development of EAE. The inclusion of 

anti-TGF-β3 antibody into the MOG35-55+CFA emulsion at the time of induction 

significantly inhibited the development of EAE (Figure 2.3E and Table 2.1), suggesting 

that endogenous TGF-β3 contributes to the induction of EAE. Taken together, these data 

indicate that the pathogenic TH17 cells induced by TGF-β3 have a pathogenic and 

functional phenotype comparable to that of recently described IL-1β/IL-6/IL-23 TH17 

cells.   
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The transcriptional signature of pathogenic TH17 cells 

To characterize the molecular state associated with the different functionally of TGF-β1 

and TGF-β3-induced TH17 cells, we measured the mRNA profiles of in vitro 

differentiated TH17 cells using whole genome microarrays. We compared the gene 

expression profiles of naïve CD4+ T cells differentiated into TH17 cell under six different 

polarizing conditions: IL-β1-IL-6, IL-β1-IL-6-IL-23, TGF-β1-IL-6, TGF-β1-IL-6-IL-23, 

TGF-β3-IL-6 and TGF-β3-IL-6-IL-23. Activated TH0 cells with the same TCR 

specificity that produce IL-4 and IFN-γ were used as controls.  We found 434 genes that 

were differentially expressed, up-regulated or down-regulated at least 2 fold in TH17 cells 

in comparison to control TH0 cells (Figure 2.4A). Across these 434 genes, the 

transcriptional profile of TH17 cells differentiated with IL-1β-IL-6 or IL-1β-IL-6-IL-23 

was similar to that of TH17 cells differentiated with TGF-β3-IL-6 or TGF-β3-IL-6-IL-23, 

whereas the TH17 cells differentiated with TGF-β1-IL-6 or TGF-β1-IL-6-IL-23 had a 

distinct transcriptional profile (Figure 2.4A). Direct comparison of the transcriptional 

profiles of TH17 cells differentiated with TGF-β1-IL-6 or TGF-β3-IL-6, as these two 

different differentiation conditions led to significant differences in the pathogenicity of 

TH17 cells, revealed 233 genes that were differentially expressed (Supplementary Table 

2.1). Based on their biological function, we selected a representative subset of 23 genes 

(Figure 2.4B) and validated their differential expression by qPCR (Figure 2.4C).   
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Figure 2.4. Identification of transcriptional signature for pathogenic T
H

17 cells
(a) A heat map of the microarray analysis showing differential expression of 434 genes that were up- or 

down-regulated (>2 fold; compared with T
H
0 cells) from wt naïve CD4+ T cells differentiated in vitro with 

IL-1 -IL-6, IL-1 -IL-6-IL-23, TGF- 1-IL-6, TGF- 1-IL-6-IL-23, TGF- 3-IL-6, or TGF- 3-IL-6-IL-23 for 

60 hours.  (b) Bar graph representing analysis of 23 genes selected from a pool of 233 targets that had greater 

than  1.5  fold  difference  between  TGF- 3-IL-6  and  TGF- 1-IL-6  differentiated  T
H
17  cells.  Data  is 

represented as a fold change of TGF- 3-induced T
H
17 cells over TGF- 1-induced T

H
17 cells. Up-regulated 

genes denote a “pathogenic signature” from TGF- 3-induced T
H
17 cells while down-regulated genes are 

“non-pathogenic signature” from TGF- 1-induced T
H
17 cells.  (c) Quantitative RT-PCR analysis showing 

mRNA expression of several targets highlighted in (b) from wt naïve CD4+ T cells differentiated in vitro with 

TGF- 1-IL-6  or  TGF- 3-IL-6  for  four  days.  Error  bars  indicate  mean  +  s.d.,  *p<0.05,  **p<0.01, 

***p<0.001).  Data is pooled from at least four independent experiments. (d,e) Principal component analysis 

(PCA) of the 23 selected genes  (d) or 233 genes (e) that were differentially expressed and had greater than 

1.5 fold difference between the TGF- 3-IL-6 and TGF- 1-IL-6 differentiated T
H
17 groups.  
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TGF-β3-IL-6-induced TH17 cells were characterized by the higher expression of 

transcripts that could be broadly divided into 3 different modules: cytokines/chemokines 

(Cxcl3, Ccl4, Ccl5, Ccl3, Csf2, Il3, Il22 and Casp1, which is involved in the generation 

of mature IL-1β), transcription factors (Tbx21 and Stat4), and effector molecules (Gzmb, 

Lag3 and Lglas3 (encoding Galectin-3)).  In addition, TGF-β3-IL-6-induced TH17 cells 

had downregulated, while TGF-β1-IL-6-induced TH17 cells had upregulated, molecules 

that are broadly associated with immune regulation (regulatory module), including Il10 

and molecules involved in the regulation of IL-10 production (Ahr and Maf), Il9, Il1rn 

and the transcription factor Ikzf3 (Aiolos) (Figure 2.4C).  

 

Based on this molecular signature, we compared the profiles of each of these TH17 

populations (Figure 2.4D). Principal component analysis (PCA) revealed 3 groups: group 

I includes TGF-β1-IL-6-induced TH17 cells, regardless of whether they were exposed to 

IL-23. These cells show a mild or no pathogenic phenotype in vivo (Figure 2.1A) and 

express little or no IL-23R (Figure 2.2D,E).  Group II includes TH17 cells induced with 

TGF-β3-IL-6 and IL-1β-IL-6.  These cells are highly pathogenic in vivo (Figure 2.2F) 

and express high levels of IL-23R (Figure 2.2D,E). Group III includes TH17 cells 

induced with TGF-β3/IL-6/IL-23 and IL-1β/IL-6/IL-23, which also expressed high levels 

of IL-23R (Figure 2.3B).  Similar results were obtained when PCA was performed based 

on the expression of all 233 genes that are differentially expressed between TGF-β1-IL-

6-induced and TGF-β3-IL-6-induced TH17 cells (Figure 2.4E). These results show that 

TGF-β3-IL-6-induced TH17 cells are closely related to IL-1β-IL-6-induced TH17 cells, 

and differ from TGF-β1-IL-6-induced TH17 cells. The 23-gene transcriptional signature 
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of TH17 cells defined here provides a means to identify key molecules involved in 

pathogenicity of TH17 cells.   

TGF-β3 overcomes lack of pathogenicity in Tbx21–/– TH17 cells  

Our microarray analysis showed that TGF-β3-IL-6-induced TH17 cell expressed 

relatively higher level of the transcription factor Tbx21 (T-bet) (Figure 2.4B). Because 

exposure of TH17 cells to IL-23 was shown to induce the expression of T-bet 139, we 

generated TGF-β1-IL-6-IL-23-induced TH17 cells from 2D2 Tbx21–/– and wild type T 

cells. Tbx21–/– TH17 cells induced higher expression of IL-17A as compared to wild-type 

TH17 cells (Figure 2.5A), however 2D2 Tbx21–/–TH17 failed to transfer EAE, whereas 

wild-type 2D2 TH17 cells induced disease with high incidence and severity (Figure 

2.5B).  
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Figure 2.5. Exogenous TGF- 3 can overcome the absence of T-bet 
(a) Intracellular cytokine staining showing IL-17A and IFN-  expression in naïve CD4+ T cells from 2D2 or 
2D2 Tbx21–/– mice stimulated with PMA+ionomycin after in vitro differentiation with TGF- 1-IL-6-IL-23 
for four days. (b) Mean clinical scores (disease incidence) in wild-type recipients 30 days after transfer of 
naïve CD4+ T cells (5x106 cells) from 2D2 transgenic or 2D2 Tbx21–/– mice that were differentiated in vitro 
with TGF- 1-IL-6-IL-23. Analysis by linear regression curve was performed and graphed including the 95% 
confidence  band  of  the  regression  line.  Data  is  pooled  from  two  independent  experiments  (n=7).  (c) 
Quantitative  RT-PCR  analysis  of  Tgfb3  mRNA expression  from  Tbx21–/–  or  wt  naïve  CD4+  T  cells 
differentiated in vitro with IL-1 -IL-6-IL-23, IL-6-IL-23 or no cytokines for four days (d) Quantitative RT-
PCR of Tgfb3 mRNA expression of wt CD4+ T cells differentiated in vitro  with IL-1 -IL-6-IL-23, IL-6-
IL-23  or  no  cytokines  and  retrovirally  over-expressed  with  T-bet-RV or  empty-vector-RV (both  Thy1.1 
marker) for four days. (e) Mean clinical scores (disease incidence) in wild-type recipients 30 days after 
transfer of naïve CD4+ T cells from 2D2 Tbx21–/– mice (5x106 cells) that were differentiated in vitro with 
TGF- 1-IL-6 or TGF- 3-IL-6. Analysis by linear regression curve was performed and graphed including the 
95% confidence band of the regression line.  Data is pooled from three independent experiments (n=11). (f) 
Quantification of CNS lesions in the meninges and parenchyma from recipient mice sacrificed on day 30 
(***p<0.001). Data was pooled from three independent experiments, n=4. (g) Intracellular cytokine staining 
of IFN  and IL-17 expression from naïve wt and Tbx21–/– CD4 T cells differentiated in vitro with TGF- 1-
IL-6, TGF- 3-IL-6, or no cytokines for four days.  All in vitro experiments are representative of at least three 
experiments with similar results.  Adoptive transfer experiments are pooled from two to three independent 
experiments and cumulative data on the number of animals used for in vivo experiments are shown in Table 
2.1. 
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Figure 2.5 (Continued) 
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This data indicates that T-bet plays a key role in inducing pathogenic functions of TH17 

cells, and this is independent on IL-17 production. Because TGF-β3 is required for the 

induction of pathogenic signatures in TH17 cells, we tested whether the inability of T-bet-

deficient T cells to induce disease was due to a decrease in TGF-β3 expression. In fact, 

TGF-β3 expression was decreased in T-bet-deficient TH17 cells (Figure 2.5C). 

Conversely, retroviral over-expression of T-bet enhanced the expression of TGF-β3 

(Figure 2.5D). We next tested whether compensating for TGF-β3 in T-bet-deficient TH17 

cells could induce EAE in an adoptive transfer system. Polarization of 2D2 Tbx21–/– 

CD4+ T cells in the presence of TGF-β3-IL-6, but not TGF-β1-IL-6-IL-23 or TGF-β1-IL-

6, overcame the requirement of T-bet and were encephalitogenic (Figure 2.5E and Table 

2.1).  Histological analysis showed that adoptively transferred TGF-β3-IL-6-induced 2D2 

Tbx21–/– cells produced CNS lesions in the meninges and the parenchyma, while TGF-

β1-IL-6-induced 2D2 Tbx21–/– cells produced no detectable lesions after transfer (Figure 

2.5F). T-bet-deficient T cells produced relatively higher amounts of IL-17 when 

differentiated with TGF-β1-IL-6-IL-23 or TGF-β3-IL-6 (Figure 2.5G). Previous reports 

have suggested a requirement for IFN-γ-producing cells to breach the blood brain barrier 

in order to allow entry of IL-17 producing cells into the CNS 140.  Analysis of peripheral 

or CNS isolated CD4+ T cells at the peak of disease revealed that TGF-β3-IL-6-induced 

2D2 cells, but not 2D2 Tbx21–/– cells, expressed IFN-γ. This suggests that independent of 

IFN-γ production, TGF-β3-IL-6-induced 2D2 Tbx21–/– TH17 cells were pathogenic in 

vivo (Supplementary Figure 2.3).  These observations suggest that T-bet is part of the 

pathogenic TH17 signature and may regulate the endogenous expression of TGF-β3. Loss 

of pathogenicity in T-bet–deficient TH17 cells can be overcome by exogenous TGF-β3 
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and IL-6. It remains unclear whether T-bet is directly or indirectly required for the 

induction and/or maintenance of TGF-β3. 
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DISCUSSION 

Although TH17 cells have been associated with induction of autoimmunity, emerging 

data suggests that not all TH17 cell are pathogenic and exposure to IL-23 is crucial for 

their ability to induce autoimmunity 49,81,123,130. In this paper we show that TGF-β3 

endogenously produced by developing TH17 cells plays a critical role in inducing 

pathogenic TH17 cells and T-bet a transcription factor normally associated with Th1 

development is critical for the generation of pathogenic TH17 cells.  

 

While IFNγ–/– and IFNγR–/– mice are highly susceptible to developing EAE 47,100	  mice 

lacking T-bet are protected from almost all autoimmune diseases 128,133. Our data begins 

to address this paradox by showing that T-bet is part of the pathogenic signature 

expressed by a subset of TH17 cells. Although it remains unclear how T-bet confers 

encephalitogenic potential of TH17 cells, we show that in the absence of T-bet, TH17 cells 

are not able to induce endogenous TGF-β3. Whether T-bet is directly transactivating 

TGF-β3 or is indirectly modulating other receptors/factors in TH17 cells is not clear at 

this stage.  IL-23 signaling was shown to induce T-bet expression in TH17 cells and T-bet 

has been suggested to induce IL-23R expression141, suggesting a feed-forward loop 

between IL-23R-signaling and T-bet expression.  Because T-bet is expressed in TH17 

cells, it has been postulated that TH17 cells might produce IFN-γ and therefore, IL-17-

IFN-γ double producers would be the main pathogenic T cells that induce autoimmune 

disease. Our data suggests that the requirement for T-bet expression in pathogenic TH17 

cells is independent of IFN-γ production, because IFN-γ-deficient TH17 cells induced 

with TGF-β3/IL-6 were still capable of inducing EAE (data not shown). One possible 
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reason why we observe T-bet expression in TGF-β3/IL-6 induced TH17 cells is that, 

unlike TGF-β1, which suppresses T-bet 142 and IL-23R118, TGF-β3 promotes expression 

of these molecules, promoting the stability and pathogenicity of TH17 cells.   

 

In addition to T-bet, several other factors were associated with the pathogenic signature 

of TH17, including GM-CSF, IL-23R and IL-7R.  GM-CSF (csf2), which is transactivated 

by RORγt, was recently described as the key cytokine involved in the pathogenicity of 

TH17 cells 105,134 and our transcriptional analysis independently identified GM-CSF as a 

component of pathogenic TH17 cells.  Indeed, GM-CSF-deficient mice are highly 

resistant to EAE and GM-CSF-deficient TH17 cells are incapable of transferring EAE 

105,134. This is consistent with our data that pathogenic TH17 cells induced by TGF-β3/IL-

6 express GM-CSF. However, it remains to be determined whether TGF-β3/IL-6-induced 

TH17 cells require GM-CSF for encephalitogenicity. Similarly, IL-23R is the key 

component of the pathogenic TH17 signature. IL-23R-deficient mice are resistant to EAE 

and IL-23R-deficient TH17 cells are unable to transfer EAE 130. The IL-7-IL-7R pathway 

has also been implicated in development of TH17 cells and genetic data link IL-7R to 

susceptibility to multiple sclerosis in patients 130,143-146. However, the role of IL-7-IL-7R 

axis in the induction of pathogenic potential of TGF-β3/IL-6-induced TH17 cells remains 

to be determined. Whether IL-7 simply expands pathogenic TH17 cells or induces key 

molecules required for pathogenicity of TH17 cells has not been addressed as of yet.  A 

systematic analysis of each of the molecules belonging to the pathogenic signature of 

TH17 cells will allow the identification of key nodes in the development of pathogenic 

TH17 cells.   
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Acquisition of a pathogenic phenotype by TH17 cells is not only the consequence of the 

upregulation of molecules that mediate pathology, but also of the downregulation of a 

number of other genes. We found that genes generally associated with immune-

regulation, such as IL-10, Ahr and c-Maf, were significantly downregulated in pathogenic 

TH17 cells. Ahr and c-Maf are induced by TGF-β1/IL-6 conditions147-149, and they work 

together to transactivate IL-10 production 150. Failure to express these genes in TGF-

β3/IL-6-induced TH17 cells might explain why these cells become highly pathogenic. 

Conversely, it will be interesting to determine whether TH17 cells induced by TGF-β1/IL-

6 in the absence of Ahr, cMaf or IL-10 expression can attain pathogenic functions. IL-10 

has been previously associated with non-pathogenic TH17 cells and exposure to IL-23 

was shown to downregulate IL-10 production and increase their encephalitogenicity 79,81. 

In addition to IL-10, nonpathogenic TH17 cells produced IL-1R antagonist (IL-1RN) and 

sIL-6R, both of which would presumably inhibit IL-1 and IL-6 signaling and thus further 

suppress differentiation of pathogenic TH17 cells. However, the relationship between IL-

1R antagonism and IL-10 production by TH17 cells remains unclear at this point.  It 

remains to be determined whether different subsets of TH17 cells, some that produces IL-

17 and IL-10 and other that produces IL-17 and GM-CSF and express T-bet have evolved 

to clear different types of pathogens. Indeed, observations in human TH17 cells suggests 

that IL-17+IL-10+ TH17 cells are specific for S. aureus infection whereas IL-17+IFN-γ+ 

TH17 cells are specific for C.albicans infection 117. Similarly, our study suggests 

pathogenic versus non-pathogenic subtypes of TH17 cells, and their development may be 

contingent on the type of TGF-β present during the initial differentiation stage.  
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Existing data suggest that both pathogenic and non-pathogenic TH17 cells exist in the 

repertoire. While the initial differentiation of IL-17-producing cells is not dependent on 

exposure to IL-23, it is now clear that IL-23 is required for attaining full pathogenic 

potential in TH17 cells by maintenance and stabilization of the TH17 phenotype, 

suppression of IL-10 production, promotion of GM-CSF production and other effector 

molecules and maintenance of TGF-β3 expression.  The fact that enhancement and 

maintenance of TGF-β3 are dependent on IL-23 exposure is especially interesting given 

that TGF-β1-IL-6-differentiated TH17 cells cannot transfer disease, yet when exposed to 

IL-23 they acquire pathogenic potential and induce autoimmune disease. Thus, it is likely 

that the IL-23-dependent TGF-β3 production in TGF-β1-IL-6-differentiated TH17 cells is 

required for the induction of full pathogenic phenotype in TH17 cells to induce 

autoimmunity.  

 

In summary, we report a critical role for TGF-β3 cell autonomously produced by TH17 

cells in inducing pathogenic TH17 cells. Whereas both TGF-β1 and TGF-β3 can induce 

TH17 cells, TGF-β3 induced TH17 cells differ from TGF-β1 induced TH17 cells in 

multiple ways. TGF-β3 induced TH17 cells are not only pathogenic in inducing EAE but 

also very potent in inducing colitis in the adoptive transfer model (data not shown), 

supporting a broader role of TGF-β3 in inducing highly pathogenic and proinflammatory 

TH17 cells. Since TGF-β3 induces highly pathogenic TH17 in both EAE and colitis, TGF-

β3 may provide a useful target for regulating tissue inflammation in multiple autoimmune 

diseases. 
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MATERIALS AND METHODS 

Mice 

C57BL/6 wild-type (Wt), TGF-βRII DN, TGF-β3Cre, Rosa26YFP, Rosa26DTR, and Tbx21–

/– mice were from the Jackson Laboratory. IL-17A-GFP.KI mice were purchased from 

Biocytogen LLC (Worcester, MA). IL-23R-GFP.KI and IL-23R–/– mice were generated 

as described 130. TGF-β3fl/fl mice were generously provided by Dr. Ramireddy Bomireddy 

of University of Arizona. TGF-β3-YFP reporter mice were generated by crossing TGF-

β3Cre 136 mice with Rosa26YFP. TGF-β3-RosaDTR were generated by crossing TGF-β3Cre 

136 to Rosa26DTR mice. 2D2, 2D2xIL-23R–/–, 2D2xT-bet–/–, IL-23R-GFP.KI, IL-17A-

GFP.KI mice55 and all other mice purchased from Jackson Laboratories were housed and 

maintained in a conventional pathogen-free facility at the Harvard Institute of Medicine 

in Boston, MA. All experiments were performed in accordance to the guidelines outlined 

by the Harvard Medical Area Standing Committee on Animals at the Harvard Medical 

School (Boston, MA). 

 

Cell sorting, flow cytometry, p-smad and intracellular cytokine staining (ICC)  

Cells were sorted with anti-CD4-PerCP, anti-CD62L-APC, anti-CD44-PE antibodies (all 

Biolegend, CA). Intracellular cytokine staining was performed by stimulating 

differentiated cells with phorbol 12-myristate 13-aceate (PMA) (50ngml-1, Sigma-aldrich, 

MO) and ionomycin (1µgml-1, Sigma-aldrich, MO) and a protein transport inhibitor 

containing monensin (Goligistop) (BD Biosciences, NJ) for four hours prior to staining 

with antibodies. Surface markers were stained in PBS with 1% FCS for 20 min in room 

temperature, then subsequently fixed in Cytoperm/Cytofix (BD Biosciences, NJ), 
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permeabilized with Perm/Wash Buffer (BD Biosciences, NJ) and stained with cytokine 

antibodies (anti-IFN-γ anti-IL-17A both from Biolegend) diluted in Perm/Wash buffer as 

described previously 55. For p-smad signaling staining, lymphnodes and spleens cells 

from C57BL/6 Wt mice were labeled with CD4 microbeads (Miltenyi Biotec, MA) then 

purified via the Automacs (Miltenyi Biotec, MA).  Cells were serum starved overnight 

then subsequently cultured with either TGF-β1 or TGF-β3 (2ng/ml) in serum free media 

for 30 min. Cells were fixed with Cytoperm/Cytofix (BD Biosciences, NJ), permeabilized 

with Perm/Wash Buffer (BD Biosciences, NJ), then stained with psmad2&3, psmad1&5, 

and isotype control antibodies (all Cell Signaling, MA). All flow cytometry data was 

collected using FACS Calibur or LSR II (Both BD Biosciences, NJ), then analyzed using 

Flow Jo software (Treestar, OR) 130,151 .   

 

Active and passive EAE induction and disease analysis 

For active EAE induction, mice were immunized with 100µg MOG35-55 peptide 

(MEVGWYRSPFSRVVHLYRNGK) in CFA injected subcutaneously and administered 

200ng of pertussis toxin (List Biological Laboratory, CA) on days 0 and 2 

intraperitoneally (i.p.). For local blockade of TGF-β3, 100ng/ml anti-TGF-β3 antibody 

(R&D, MN) or isotype control antibody was incorporated into the emulsion. For passive 

EAE induction, 2D2 CD4+ T cells were differentiated and adoptively transferred as 

previously described 81,130. Animals were monitored and scored daily for development of 

EAE according to the following criteria: Animals were monitored daily for the 

development of classical and atypical signs of EAE according to the following criteria: 0, 

no disease; 1, decreased tail tone or mild balance defects; 2, hind limb weakness, partial 
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paralysis or severe balance defects that cause spontaneous falling over; 3, complete hind 

limb paralysis or very severe balance defects that prevent walking; 4, front and hind limb 

paralysis or inability to move body weight into a different position; 5, moribund state81.  

 

Analysis of CNS infiltrating mononuclear cells 

At the peak of disease, mice were sacrificed for analysis of CNS infiltrating cells. Mice 

were perfused through the left ventricle of the heart with cold PBS.  The brain and the 

spinal cord were flushed out with PBS by hydrostatic pressure. CNS tissue was minced 

with a sharp razor blade and digested with collagenase D (2.5mg/ml, Roche Diagnostics, 

IN) and DNaseI (1mg/ml, Sigma, MO) at 37ºC for 20 minutes. Mononuclear cells were 

isolated by passing the tissue through a cells strainer (70um), followed by a percoll 

gradient (37% and 70%) centrifugation.  Mononuclear cells in the interphase was 

removed, washed and resuspended in culture medium for analysis by intracellular 

cytokine staining.  

 

In vitro T-cell differentiation 

CD4+ T cells were purified from spleen and lymph nodes using anti-CD4 microbeads 

(Miltenyi Biotech, CA) then further sorted for naïve CD4+ CD62Lhi CD44low T cells.  

Sorted cells were activated with plate bound anti-CD3 (2µg/ml) and anti-CD28 (2µg/ml) 

in the presence of cytokines (rmIL-23: R&D Systems, all other cytokines: Miltenyi 

Biotec, CA). Anti-TGF-β3 (R&D Biosystems, MN) was neutralized at 30µg/ml. For 

TH17 differentiation: 2ng/mL rhTGF-β1 and rhTGF-β3 (Miltenyi Biotec, CA), 25ng/mL 

rmIL-6 (Miltenyi Biotec, CA), 20ng/ml rmIL-23 (R&D Biosystems, MN), and 20ng/ml 
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rmIL-1β (Miltenyi Biotec, CA). Cells were cultured for 4 days and harvested for RNA, 

intracellular cytokine staining, and for flow cytometry.  

 

Cytokine analysis (ELISA) and real time PCR  

Cytokines in culture supernatants were collected on day 4 and determined by enzyme-

linked immunosorbent assay (ELISA) as previously described 55. For RT-PCR, naïve  

CD4+ T cells were sorted and differentiated in vitro in the presence of cytokines. On day 

4 (unless otherwise noted) post culture, RNA was extracted with RNeasy kit (Qiagen), 

reverse transcribed using iscript cDNA synthesis kit (Bio-rad, CA), and was analyzed by 

quantitative RT-PCR with vii7 Real-time PCR systems (Applied Biosystems, CA) for the 

gene of interest.  Primer/probe mixtures were purchased from Applied Biosystems. The 

comparative threshold cycle method and an internal control (GAPDH) were use for 

normalization of the target genes. The list of primer and probes from Applied 

Biosystems: Cxcl3: Mm01701838_m1, Il3: Mm00439631_m1, Csf2: Mm01290062_m1, 

Il1rn: Mm01337566_m1, Lrmp: Mm00493168_m1, Gzmb: Mm00442834_m1, Tbx21: 

Mm00450960_m1, Il17a: Mm00439618_m1, Il17f: Mm00521423_m1, Ifng: 

Mm01168134_m1, Ahr: Mm00478932_m1, Il9: Mm00434305_m1, Il10: 

Mm00439614_m1, Maf: Mm02581355_s1, Il22: Mm00444241_m1, Il23r: 

Mm00519943_m1, Rorc: Mm00441144_g1, Tgfb1: Mm00436955_m1, Tgfb3: 

Mm01307950_m1, GAPDH: 4352339E  
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TGF-β  PCR array 

TGF-β/BMP PCR array kit was purchased from Sabiosciences and cells were processed 

using manufacturer’s protocol. Naïve CD4 T cells (CD44neg CD62L+ CD4+) were sorted 

using BD Biosciences FACAria Cell sorter and cultured in vitro under TGF-β1-IL-6 or 

TGF-β3-IL-6 conditions for 24 hrs. Total RNA was purified using RNeasy mini kit 

(Qiagen, CA).  RNA was converted to cDNA using manufacturer’s cDNA synthesis kit, 

RT² First Strand Kit (Sabiosciences, CA). SYBR Green qPCR Master mix provided by 

the manufacturer was used and plated in pre-coated 96 well PCR array kit. RT-PCR was 

performed using the vii7 real time PCR system (Applied Biosystems, CA). Raw data was 

uploaded onto the manufacturer’s website and analyzed.  

 

Histopathologic analysis 

Mice were sacrificed 30 days after EAE induction and the CNS fixed in 10% neutral-

buffered formalin and processed routinely for paraffin embedment. Inflammatory foci 

(>10 mononuclear cells) were quantified in the meninges and parenchyma by a 

pathologist in a double blind manner, such that disease status of the mice as well as the 

cell transfer groups were not revealed. 

 

Retroviral transduction 

Retroviral expression constructs were transfected into HEK293T cells along with eco and 

gag-pol viral envelop constructs. The viral supernatant was collected at 72 hrs after 

transfection and added to primary T cells that had been activated with plate-bound CD3 

and CD28 for 24 hrs. Cells were spun at 2000rpm in the presence of polybrene (sigma; 



 

	   77	  

8ug/ml) for 45 min at room temperature and were incubated for 37C for three days. 

Thy1.1+ cells (T-bet-RV or empty vector-RV) could be detected 2-3days after infection. 

Sorted Thy1.1+ cells were processed for quantitative RT-PCR for the gene of interest.  

 

Microarray analysis 

Wt naïve CD4+ T cells were sorted and activated for 60 hours with plate bound anti-CD3, 

anti-CD28 alone, or with the indicated cytokines. RNA was purified using the RNeasy kit 

(Qiagen, RD), amplified using the Ovation Biotin RNA Amplification and Labeling 

System (NuGEN, CA). The cDNA (10µg) was fragmented, labeled, and hybridized to 

GeneChip Mouse Genome 430 2.0 arrays (Affymetrix). The data was normalized using 

the GenePattern software 152  with the Robust Multi Array (RMA) algorithm 153 . Since 

the data was collected in two batches (SOM), we use the COMBAT software to remove 

batch effects 154 . For our clustering analysis (Figure 4.2A) we only considered probe sets 

that show at least two fold change (up or down) compared with the no-cytokine (TH0) 

state in at least one of the conditions (572 probe sets corresponding to 434 genes; when 

several repeats were available, we take the average fold change over all repeats). We 

clustered the genes using average linkage hierarchical agglomerative clustering.   

To directly compare the gene expression profiles of TGF-β1-IL-6 and TGF-β3-IL-6 TH17 

cells we considered genes that showed at least a 1.5 fold change (up or down) between 

these two conditions.  From the 233 genes that showed at least a 1.5 fold change 

(Supplementary Table 2.1), we selected 23 representative genes based on their 

biological function for further validation and principal component analysis (PCA).  
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Similar results were obtained when PCA was performed using all 233 genes that showed 

at least a 1.5 fold change or only the 23 representative genes (Figure 4.2D and E).  

 

Statistics 

GraphPad Prism 4.0 was used for statistical analysis (linear regression with 95% 

confidence interval, and unpaired, two-tailed Student’s t test). Differences were 

considered statistically significant when p < 0.05. * denotes: *p<0.05, **p<0.01, 

***p<0.001.
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CHAPTER 3: IDENTIFICATION OF NOVEL REGULATORS OF TH17 CELL 

PATHOGENICITY BY SINGLE-CELL GENOMICS 
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ABSTRACT 

Upon immunological challenge, diverse immune cells collectively orchestrate an 

appropriate response. Extensive cellular heterogeneity exists even within specific 

immune-cell subtypes classified as a single lineage, but their function and molecular 

underpinnings are rarely characterized at a genomic scale. Here, we use single-cell RNA-

seq to investigate the molecular mechanisms governing heterogeneity and pathogenicity 

of murine Th17 cells isolated from the central nervous system (CNS) and lymph nodes 

(LN) at the peak of autoimmune encephalomyelitis (EAE) or polarized in vitro under 

either pathogenic or non-pathogenic differentiation conditions. Computational analysis 

reveals that Th17 cells span a spectrum of cellular states in vivo, including a self-renewal 

state in the LN, and Th1-like effector/memory states and a dysfunctional/senescent state 

in the CNS. Relating these states to in vitro differentiated Th17 cells, we discover novel 

genes governing pathogenicity and disease susceptibility. Using knockout mice, we test 

and validate the crucial role in Th17 cell pathogenicity of three novel genes: Gpr65, Plzp, 

and Toso. Th17 cellular heterogeneity thus plays an important role in defining the 

function of Th17 cells in autoimmunity, and can be leveraged to identify targets for 

selective suppression of pathogenic Th17 cells while sparing non-pathogenic tissue-

protective ones. 
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INTRODUCTION 

The immune system must strike a balance between mounting proper responses to 

pathogens and avoiding uncontrolled, autoimmune reactions. Pro-inflammatory IL-17-

producing Th17 cells are a prime case in point: as a part of the adaptive immune system, 

Th17 cells mediate clearance of fungal infections, but they are also strongly implicated in 

the pathogenesis of autoimmunity 22. In mice, although Th17 cells are present at sites of 

tissue inflammation and autoimmunity 22, they are also normally present at mucosal 

barrier sites, where they maintain barrier functions without inducing tissue inflammation 

155. In humans, functionally distinct Th17 cells have also been identified; for instance, 

Th17 cells play a protective role in clearing different types of pathogens like Candida 

albicans 23 or Staphylococcus aureus 156, and promote barrier functions at the mucosal 

surfaces 157, but they also play pro-inflammatory roles in inducing autoimmune diseases 

such as rheumatoid arthritis, multiple sclerosis, psoriasis, systemic lupus erythematous 

and asthma 158. Thus, there is considerable diversity in the biological function of Th17 

cells and in their ability to induce tissue inflammation or provide tissue protection. 

 

Mirroring this functional diversity, depending on the cytokines used for differentiation, in 

vitro polarized Th17 cells can either cause severe autoimmune responses upon adoptive 

transfer (‘pathogenic’ Th17 cells) or have little or no effect in inducing autoimmune 

disease (‘non-pathogenic’ cells) 77,78. In vitro differentiation of naïve CD4+ T cells in the 

presence of TGF-β1+IL-6 induces an IL-17A and IL-10 producing population of Th17 

cells that are generally non-pathogenic, whereas activation of naïve T cells in the 
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presence of IL-1β+IL-6+IL-23 induces a T-cell population that produces IL-17A and 

IFN-γ, and are potent inducers of autoimmune disease 78. 

 

Charting this functional heterogeneity of Th17 cells and the molecular circuits that 

control it is thus of both fundamental and clinical importance. Previous transcriptional 

profiling studies (described in Chapter 3) identified sets of genes, dubbed ‘pathogenicity 

signatures’, that consist of genes differentially expressed between ‘pathogenic’ and ‘non-

pathogenic’ in vitro differentiated Th17 cells 77,78. However, such studies relied either on 

genomic profiling of cell populations, which are limited in their ability to detect distinct 

cellular states within a cell mixture, or on tracking a handful of pre-selected markers by 

fluorescence-based flow cytometry 159, which cannot discover novel molecular factors 

that regulate Th17-cell function. Emerging technological and computational approaches 

for single-cell RNA-seq 160-162 have opened up the exciting possibility of more unbiased 

and principled interrogations into the regulatory circuits underlying different cell states. 

Single-cell RNA-seq also facilitates the genomic study of samples with limited cell 

availability, such as in vivo derived Th17 cells from the sites of tissue inflammation 

during an autoimmune reaction. 

 

Here, we performed single-cell RNA-seq of 755 Th17 cells from in vivo and in vitro 

models and computationally analyzed the data to dissect the molecular basis of their 

functional states. We found that Th17 cells isolated from the draining LNs and CNS at 

the peak of EAE span a spectrum of states ranging from self-renewing cells in the LN to 

Th1-like effector/memory cells and dysfunctional, senescent-like cells in the CNS. In 
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vitro polarized Th17 cells also spanned a pathogenicity spectrum from pathogenic to 

more regulatory cells. Genes associated with these opposing states include not only 

canonical regulators that were identified at a population level, but also novel candidates 

that have not been previously detected in population-level expression approaches 163,164. 

We prioritized these genes for functional analysis and tested three high-ranking 

candidates – Gpr65, Plzp, and Toso– with knockout mice, uncovering substantial effects 

both on in vitro Th17-cell differentiation and on the development of EAE in vivo. Our 

work provides novel insights into Th17 cellular and functional states in vivo, leading to 

the discovery of novel regulators for selective manipulation of pathogenic functions of 

Th17 cells in autoimmune disease. 
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RESULTS 

 

RNA-seq profiling of single Th17 cells isolated in vivo and in vitro 

We profiled the transcriptome of 1,029 Th17 cells (subsequently retaining a final set of 

755 cells, below), either harvested in vivo or differentiated in vitro (Figure 3.1A and 

Table S3.1). For our in vivo experiments, we induced EAE by myelin oligodendrocyte 

glycoprotein (MOG35-55) immunization, harvested CD3+CD4+IL-17A/GFP+ cells from 

the draining LNs at the peak of disease (Experimental Procedures) and profiled them 

immediately. For in vitro experiments, we collected cells during differentiation of CD4+ 

naïve T cells under two polarizing conditions: TGF-β1+IL-6 and IL-1β+IL-6+IL-23; 

while both lead to IL-17A-producing cells, only the latter induces EAE upon adoptive 

transfer of cell ensembles into wild type (WT) or RAG-1-/- mice 78,85. We had at least two 

independent biological replicates for each in vivo and in vitro condition, and two 

technical replicates for two in vivo conditions. We prepared single-cell mRNA SMART-

Seq libraries using microfluidic chips (Fluidigm C1) for single-cell capture, lysis, reverse 

transcription, and PCR amplification, followed by transposon-based library construction 

(Experimental Procedures). We also profiled corresponding population controls (>50,000 

cells for in vitro samples; ~2,000-20,000 cells for in vivo samples, as available), with at 

least two replicates for each condition. 
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Figure 3.1. Single-cell RNA-seq of Th17 cells in vivo and in vitro
(A)  Experimental setup. Left: Procedure to isolate Th17 cells from in vivo  tissues. EAE was induced by 
MOG immunization of IL-17A reporter mice, and CD3+CD4+IL-17A/GFP+ cells were harvested at the peak 
of disease (inset cartoon graph: Y axis: disease score; X axis – days; Red arrow: the peak at clinical score 
2.5-3)  from  the  draining  LNs  and  CNS  and  analyzed  by  single-cell  RNA-seq.  Right:  Procedure  to 
differentiate Th17 cells in vitro. Naïve CD4+CD62L+CD44- T cells were isolated from the LN and the spleen 
of non-immunized mice and subsequently differentiated by CD3/CD28 activation and either TGF- 1+IL-6 to 
derive non-pathogenic Th17 cells, or IL-1 +IL-6+IL-23 to derive more pathogenic cells. Single-cell RNA-
seq was performed at 48h into differentiation. (B-E) Quality of single-cell RNA-Seq profiles. Scatter plots 
(B-D) compare transcript expression levels (FPKM+1, log10) from the in vitro TGF- 1+IL-6 48hr condition, 
between two bulk population replicates (B), between the ‘average’ of single-cell profile and a matched bulk 
population control  (C),  or  between two single  cells  (D).  The histograms (E)  depict  the  distributions  of 
Pearson correlation coefficients (X axis) between single cells and their matched population control (red) and 
between  pairs  of  single  cells  (blue).  The  Pearson  correlation  coefficient  between  the  two  replicates  or 
between the single cell  average and the matched population profile are marked by a blue cross and red 
triangle, respectively. (F,G) Agreement between single-cell RNA-Seq and RNA Flow-FISH. (F) Comparison 
between expression distributions measured by RNA-seq (left) and transcript count distributions measured by 
RNA Flow-FISH (right) for the unimodally expressed gene Batf (top) and the bi-modally expressed Il17a 
(bottom).  As a  negative control,  we measured expression of  the bacterial  DapB  gene (light  green).  (G) 
Bright-field images of RNA Flow-FISH samples (n=5,000 cells) with the corresponding fluorescence channel 
for cells negative for Il17a transcripts (yellow) and positive for Il17a transcript (brown). Scale bar in the 
bright-field images is 7 m. Figure 1
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We filtered the libraries by a set of quality metrics (Experimental Procedures), 

removing 274 (~26%) of the 1,029 profiled cells, and controlled for quantitative 

confounding factors and batch effects (Experimental Procedures, Supplementary 

Figure 3.1A,B). We retained ~7,000 appreciably expressed genes (fragments per 

kilobase of exon per million (FPKM) > 10 in at least 20% of cells in each sample) for in 

vitro experiments and ~4,000 for in vivo ones. To account for expressed transcripts that 

are not detected (false negatives) due to the limitations of single-cell RNA-Seq 161,165, our 

subsequent analysis down-weighted the contribution of less reliably measured 

transcripts160,164 (Supplementary Figure 3.1C, Experimental Procedures). Following 

these filters, expression profiles were tightly correlated between population replicates 

(Figure 3.1B), and the average expression across all single cells correlated well with the 

matching population profile (r ~ 0.65-0.93; Figure 3.1C, Supplementary Figure 3.1D, 

red bars, and Table S3.1). While the average expression of single cells correlated well 

with the bulk population, we found substantial differences in expression between 

individual cells in the same condition (r ~ 0.45-0.75 Figure 1.3D and Supplementary 

Figure 3.1D, blue bars), comparable to previous observations in other immune cells 166. 

We used high-throughput, high-resolution, flow RNA-fluorescence in situ hybridization 

(RNA-FlowFISH; Experimental Procedures), an amplification-free imaging technique 

167, to validate the observed patterns of gene expression heterogeneity for eight 

representative genes (Figure 3.1F, Supplementary Figure 3.1E), chosen to span a wide 

range of expression and variation levels at 48h under the TGF-β1+IL-6 in vitro 

polarization condition. These experiments reveal that although canonical transcripts 

(e.g.,Irf4, Batf, RoRc, Actb) are expressed unimodally, some key immune transcripts 
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(e.g., Il17a) can vary in their expression across Th17 cells and exhibit a bimodal 

distribution. We reasoned that the analysis of this variation might provide clues on the 

functional states of the Th17 cells that have been associated with different disease states.  

 

A functional annotation of single-cell heterogeneity shows that Th17 cells span a 

spectrum of states in vivo 

To study the main sources of cellular variation in vivo and their potential functional 

ramifications, we used a principal component analysis (PCA, Figure 3.2A) followed by a 

novel analysis for functional annotation of the principal component (PC) space based on 

the single-cell expression of gene signatures of previously characterized T cell states 

(Figure 3.2B, Experimental Procedures). Specifically, drawing from previous studies, we 

assembled gene signatures for various T cell types and perturbation states (Experimental 

Procedures), each consisting of a set of ‘plus’ and ‘minus’ genes that are highly and 

lowly expressed in each such signature, respectively (Figure 3.2B). For every cell-

signature pair, we computed a score reflecting the difference in the average expression of 

‘plus’ vs. ‘minus’ genes in that cell, and then estimated whether each signature score 

significantly varied: either (1) across cells of the same source (either LN or CNS; using a 

one vs. all gene set enrichment analysis (GSEA, 168); false discovery rate (FDR) < 0.05 in 

at least 10% of cells); or (2) between the LN and the CNS cells (Kolmogorov-Smirnov 

(KS) test, FDR<10-4). For the signatures with significant variation in at least one test, we 

next computed the correlations of the respective single-cell signature scores with the 

projection of cells to each of the first two PCs ((Figure 3.2B) and Table S2), and plotted 

selected correlations on a normalized PCA map (Figure 3.2A, numbered open circles). 
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Figure 3.2. Th17 cells span a trajectory of progressing cell states from the LN to the CNS
(A) PCA separates CNS-derived cells (purple diamonds) from LN-derived cells (orange crosses). Shown are 
335  cells  in  the  space  of  the  first  two  PCs.  Numbered  circles  are  selected  features  (signatures)  that 
significantly correlate with PC1 or PC2 (p < 10-6, Table S2.3) positioned based on the values of their Pearson 
correlation  coefficient  with  each  PC  (axis  values;  to  facilitate  this  view,  the  plotted  PC  values  were 
normalized to be in the range between -1 and 1). Features were identified by the analysis depicted in (B) as 
either significantly diverse within a condition (with GSEA; FDR < 0.05); or between conditions (with a KS 
test comparing CNS and LN, FDR < 10-4). (B) Functional annotation scheme. From top to bottom: Gene 
signatures  are  defined  from  literature  (e.g.,  by  comparing  CD4+  memory  and  naïve  T  cells,  top) 
distinguishing ‘plus’ and ‘minus’ genes (e.g., genes that are, respectively, high and low in CD4+ memory vs. 
naïve cells; bar plot). A signature score is calculated for each signature in each single cell, as the difference in 
weighted z scores between the ‘plus’ and ‘minus’ genes in the signature (Experimental Procedures). Finally 
(bottom), for each signature and PC we compute the Pearson correlation coefficient between the signature 
score for each cell, and the loading on the PC for each cell. We plot these Pearson correlation coefficients on 
the PCA plot (circled numbers in (A)). (C) Five progressive Th17-cell states from the LN to the CNS. Shown 
is the PCA plot as in A, but where Voronoi cells (defined by the signatures characterizing the cells populating 
the extremities of PCA space; Experimental Procedures) define five feature-specific subpopulations: Th17 
self-renewing (green, defined by a LCMV-specific CD4 signature comparing naïve cells to cells isolated 8 
days post acute LCMV infection, GSE30431), Th17/pre-Th1 effector (pink, defined by a signature using 
TRP1 CD4+ T cells comparing 5 day ex vivo Th17-polarized and stimulated cells to day 0 Th17 in vitro cells, 
GSE26030), Th17/Th1-like effector (yellow, LCMV-specific CD4 signature comparing cells isolated 8 days 
vs. 30 days post chronic LCMV infection, GSE30431), Th17/Th1-like memory (light blue, LCMV-specific 
CD4 signature comparing cells isolated 30 days post chronic infection to naïve cells, GSE30431), and Th17 
dysfunctional/senescent (moss grey, inverse of a LCMV-specific CD4 signature comparing cells isolated 30 
days post acute vs. chronic infection, GSE30431). The self-renewing state was observed in two technical 
replicates of one of the two in vivo biological replicates, potentially due to differences in disease induction or 
progression. (D) Example genes that distinguish each sub-population. For each of the five subpopulations in 
(C)  (color  coded  rows)  shown  are  cumulative  distribution  function  (CDF)  plots  of  expression  for  key 
selected  genes.  In  each  case,  the  gene’s  CDF  is  shown  for  cells  from  each  sub-population.  For  the 
subpopulations that have a substantial mixture of LN and CNS cells, the dotted curve corresponds to cells 
from the CNS, and the solid line for cells from the LN of that subpopulation. (E,F) Transcription factors 
(nodes) whose targets are significantly enriched in PC2 (E) or PC1 (F). Nodes are sized proportionally to 
fold enrichment (Table S3.3) and colored according to the loading of the encoding gene in the respective PC 
(red and green: high and low PC loading, respectively; loadings were normalized to have zero mean and 
standard deviation of 1).
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Figure 3.2 (Continued) 
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Finally, to identify transcription factors that may orchestrate this heterogeneity, we 

combined our single-cell RNA-seq data with transcription factor target enrichment 

analysis 163 to find factors whose targets are strongly enriched (Fisher exact test, p<10-5) 

in genes that correlated with each PC (Pearson correlation, FDR < 0.05; Figures 3.2E,F, 

Table S3.3). 

 

Based on our functional annotation, the first PC (PC1) positively correlates with a 

recently defined effector vs. memory signature following viral infection 169, and 

negatively correlates with an independent molecular signature characterizing memory T 

cells 170 (Figure 3.2A, number 3 and 6, respectively; Table S3.2). This suggests that 

cells with high positive PC1 scores adopt an effector phenotype, and those with negative 

PC1 scores obtain a memory phenotype, and at the extreme – a dysfunctional/senescent 

phenotype. The second PC (PC2) separates cells by their source of origin (CNS and LN, 

Figure 2.3A) and correlates with a transition from a naïve-like state (negatively 

correlated with PC2; p<10-33, Figure 3.2A, number 4 ; Table S3.2) with low cell-cycle 

activity (negatively correlated with PC2, FDR<5%) to a Th1-like effector or memory 

effector state (positively correlated with PC2, Figure 3.2A, number 2 and 1, p<10-18 and 

p<10-23, respectively). Consistently, a molecular signature database (MSigDB) analysis 

of genes that highly correlate with the PCs (Pearson correlation, FDR<5%) shows strong 

association with immune response  (PC1; p<10-58 and PC2; p<10-49, hypergeometric test, 

Table S4), and cell cycle (PC1; p<10-60, hypergeometric test, Table S3.4). 
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A trajectory of progressing cell states from the LN to the CNS 

To further explore the diversity of LN and CNS cells, we used five of the key signatures 

discovered by our functional annotation to divide the PCA space into distinct subsets of 

cells (Figure 3.2C, Table S3.2). To this end, we computed a Voronoi diagram that 

delineates regions that are most strongly associated with each of the five signatures 

(Experimental Procedures). As we detail below, the resulting putative subpopulations 

exhibit a gradual progression from a self-renewing state in the LN to a pre-Th1 effector 

phenotype in the LN and CNS, to a Th1-like effector state and a Th1-like memory state 

in the CNS, and finally a dysfunctional/senescent state in the CNS. For the following 

discussion, we performed a differential expression analysis (Table S3.5) to identify genes 

that are significantly up or down regulated in each subpopulation (comparing each 

putative subpopulation to all other sub-populations using KS test, and reporting cases 

with FDR<0.05). 

 

First, self-renewing Th17 cells in the LN (Figure 3.2C, green) are characterized by: (1) a 

signature of Wnt signaling (p<10-7, KS test comparing the signature score to all other 

sub-populations; Figure 3.2A, number 5, Table S3.5), a known feature critical for self-

renewal of hematopoietic stem cells and survival of thymocytes 171,172; this is supported 

by high expression of Tcf7 (p<10-12, KS test Figure 3.2D, Table S3.5), a key target of the 

Wnt pathway and a key transcription factor regulating the stem cell-like state of Th17 

cells 173, whose expression is lost when T cells acquire an effector phenotype 174,175; (2) 

high expression (p<10-10, KS test, Figure 3.2D, Table S3.5) of the known naïve state 

marker Cd62l 176; and (3) up-regulation (p<10-9, KS test, Figure 3.2D) of Cd27, a pro-



 

	   92	  

survival gene lacking in short-lived T cells 177-180 (Figure 3.2D). Our transcription factor 

analysis (negative PC2, Figure 3.2E, green) suggests that Etv6, Med12 and Zfx 

specifically drive this self-renewing population. While neither has been linked to Th17 

self-renewal, each is associated with such functions in other cells: Med12 is essential for 

Wnt signaling and early mouse development 181; Etv6, a known positive regulator of 

Th17 cell differentiation 163,164, functions as an essential regulator of hematopoietic stem 

cell survival 182 and an initiator of self-renewal in pro-B cells 183; and Zfx is required for 

self renewal in embryonic and hematopoietic stem cells 184,185, and of the tumorigenic, 

non-differentiated state in glioblastoma stem cells 186 and acute T-lymphoblastic and 

myeloid leukemia 187. 

 

Second, cells from the LN and CNS adopt similar (overlapping) cell states only in the 

central region of our PCA plot (Figure 3.2C, pink), reflecting effector Th17 cells with a 

pre-Th1 phenotype. Compared to the self-renewing subpopulation, these effector Th17 

cells (1) begin to express receptors for IFN (Ifnar-1, p<10-3, KS test, Table S3.5) and IL-

18 (Il18r1, p<10-11, KS test, Figure 3.2D), both of which mediate differentiation of Th1 

cells 188,189; and (2) induce the Th1-associated chemokine receptor Cxcr6 (p<10-13, KS 

test, Figure 3.2D) 190,191, and Ccr2 (p<10-6, KS test, Figure 3.2D), associated with 

recruitment to the CNS in EAE/MS 192. Since these cells begin to express receptors that 

make them responsive to both IFN-γ and IL-18 and poise them for recruitment to the 

CNS, they may therefore be the precursors that lead to the generation of Th17/Th1-like 

effector T cells observed in the CNS. 
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IL-17A/GFP+ sorted cells acquire a Th17/Th1-like effector phenotype in the CNS 

(Figure 3.2C, dashed-yellow), as indicated by up-regulation (p<10-4, KS test, Table 

S3.5) of: (1) Ifn-γ, consistent with a Th1 phenotype (Figure 3.2D); (2) Rankl, (also called 

Tnfsf11, Figure 3.2D), a marker of Th1 and IL-23 induced Th17 cells 193, especially 

pathogenic Th17 cells in arthritis 194; and (3) cell cycle genes (e.g., Geminin 82, Figure 

3.2D). Surprisingly, the Th1-like cells in the CNS (except dysfunctional/senescent state; 

Figure 3.2C) also induce Ccr8 (Supplementary Figure 3.2A, bottom), previously 

described as a cell marker of Th2 cells 195, but not of Th17/Th1 cells 196. Mice deficient 

for Ccr8 exhibit later onset and milder signs of EAE 197,198. Transcription factor analysis 

shows that these effector cells are associated with both canonical Th17 factors (Stat3, Irf4 

and Hif1a) and Th1-associated factors, including Rel and Stat4 199-201 (Figure 3.2E, red), 

which are associated with EAE 202,203 or with autoimmune disease in humans 204. These 

cells could either be a stable population of double producers or reflect Th17 plasticity 

into the Th1 lineage, as Th17 cells transition into a Th1 state (see Discussion). 

 

Next, Th1-like memory cells detected in the CNS (Figure 3.2C, light blue) correlate 

highly with both a memory phenotype (negative PC1) and a Th1-like phenotype (positive 

PC2). These cells up-regulate (p<10-6, KS test, Table S3.5) memory signature genes 

(e.g., Nur77; Figure 3.2D, Samsn1, Il2ra, Il2rb, Tigit, Ifngr1 and Il1r2) and 

inflammatory genes (Gm-csf and Gpr65; Figure 3.2D). Il1r2 is a decoy receptor in the 

IL-1 pathway involved in Th17 pathogenicity 205, and the cytokine Gm-csf (Figure 3.2D) 

is essential for Th17 encephalitogenicity 84 and neuroinflammation 82. Nur77 (Nr4a1) 

(Figure 3.2D), a transcriptional repressor of IL-2 206, is strongly up-regulated to maintain 
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cells in a Th17 state despite the acquisition of Th1 factors 207. We note that while IL-2 is 

a growth factor for Th1 cells, IL-2 also affects Th17 differentiation and stability 208,209. 

Transcription factor analysis (Figure 2.3F) suggests that this cell state is in part driven by 

Egr1, a regulator of Tbet expression 210 that may help route Th1-like cells into the 

memory pool; Bcl6, a repressor of lymphocyte differentiation, inflammation, and cell 

cycle genes, essential for CD4+ T-cell memory generation 211; and Hif1a, crucial for 

controlling human Th17 cells to become long-lived effector memory cells 212 and 

particularly associated with cells that correlate highly with the memory and Th1 

signatures (negative PC1, positive PC2, Figure 3.2E&F, Table S3.3). 

 

Finally, Th17 cells acquire a dysfunctional, senescent-like phenotype in the CNS 

(negative PC1 and PC2 scores; Figure 3.2C, moss grey), with (1) down-regulation 

(p<10-3, KS test, Table S3.5) of genes critical to T-cell activation, including Cd3 (Figure 

3.2D) 213-215, Cd28 215,216, Lat (Figure 3.2D) 217 and Cd2 214,218 (Table S3.5); (2) up-

regulation (p<10-3, KS test, Table S5) of genes associated with senescence, such as 

Marcks (Figure 3.2D), inducer of senescence 219, and Cd74, a receptor to Mif in the Hif-

Mif senescence pathway 220-222; and (3) association with signatures for CD28 co-

stimulation (p<10-11, hypergeometric test performed using MSigDB 223, Table S3.2) and 

PD-1 signaling (p<10-10, hypergeometric test,, Table S3.2). Among the possible 

regulators of this cell state is miR-144, an inhibitor of TNF-α and IFN-γ production and 

of T-cell proliferation 224, whose targets are enriched (p<10-4, hypergeometric test, Table 

S3.6) in these cells. 
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In vitro derived cells span a broad spectrum of pathogenicity states with key 

similarities and distinctions from in vivo isolated cells 

The analysis of in vivo Th17 cells harvested from mice undergoing EAE identified a 

progressive trajectory of at least five states, from self-renewing cells in the LN, through 

effector LN cells, effector Th1-like CNS cells, memory cells, and senescent ones. Given 

the limited number of cells available from in vivo samples, thereby excluding additional 

experimental readouts complimentary to single-cell RNA-seq, and the fact that cells are 

obtained as a mixed “snapshot” of an asynchronous process, it is difficult to more deeply 

characterize their distinct pathogenic potential and underlying regulatory mechanisms. A 

complementary strategy is offered by profiling in vitro differentiated cells, where one can 

assess the heterogeneity of Th17 cells at the same condition (time point and cytokine 

stimulation). Furthermore, comparing in vivo and in vitro profiles can help uncover to 

what extent the in vitro differentiation conditions faithfully mirror physiological in vivo 

states. 

 

We therefore next analyzed single-cell RNA-seq profiles of 420 individual Th17 cells 

derived under the non-pathogenic (TGF-β1+IL-6, unsorted: 130 cells from 2 biological 

replicates, TGF-β1+IL-6, sorted for IL-17A/GFP+: 151 cells from 3 biological replicates) 

and pathogenic conditions (Il-1β+IL-6+IL-23, sorted for IL-17A/GFP+: 139 cells from 2 

biological replicates) (Figure 3.3A). 
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Figure 3.3. A spectrum of pathogenicity states in vitro
(A) PCA plot of Th17 cells differentiated in vitro. Shown are the first two PCs, with IL-17A/GFP+-sorted 
Th17 cells after 48h of differentiation under the pathogenic (red triangles) or non-pathogenic (light blue 
squares) conditions, as well as cells differentiated for 48h under the non-pathogenic condition but not further 
sorted to be IL-17A/GFP+ (black circles). Numbered nodes indicate signatures that correlate with PC1 or 
PC2 (p<10-12, Pearson), with the Pearson correlation coefficient with each PC indicated by the values on its 
axis,  as in Figure 2A (to facilitate this view, the plotted PC values were normalized to be in the range 
between -1 and 1). These signatures were identified as significantly diverse within a condition (using GSEA; 
FDR < 0.05) or between conditions (using a KS test  to compare cells  from the different differentiation 
conditions, FDR < 10-4). PC1 separates cells from most (left) to least (right) pathogenic, as indicated both by 
the differentiation condition, and by the correlated features (signatures).  (B-D) Key signatures related to 
pathogenicity. Shown are CDFs of the single-cell scores for key signatures (by the analysis method of Figure 
2B) in individual cells of the three in vitro populations (colored as in A): (B) a signature distinguishing the in 
vivo Th17/Th1-like memory sub-population (marked as blue in Figure 2C); (C) a signature distinguishing 
the  in  vivo  Th17  self-renewing  sub-population  (marked  as  green  in  Figure  2C);  and  (D)  a  previously 
published signature of pathogenic Th17 cells77. (E) Distinct expression of the anti-inflammatory cytokine 
gene Il10 in cells from different conditions. Shown are CDFs of expression level (FPKM+1, log10) of Il10 in 
the individual cells of the three in vitro populations (colored as in A).
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Using our functional annotation approach (Figure 3.2B) to annotate the cells with 

immune-cell signatures, we find that in vitro differentiated Th17 cells vary strongly in a 

key signature of pathogenicity and tolerance 77, reflecting the conditions in which they 

were derived (Figure 3.3A, number 1, and 3.3D). As expected, high pathogenicity 

scores were associated with IL-17A/GFP+ sorted cells polarized under the pathogenic 

condition (Figure 3.3A,D red, number 1, negative PC1), whereas IL-17A/GFP+ sorted 

cells from non-pathogenic conditions correlate highly with the expression of regulatory 

cytokines, such as IL-10, and their targets, which are barely detected in the pathogenic 

cells (Figure 3.3E). Finally, a signature obtained from T cells harvested from IL-23R 

knockout mice and differentiated under the IL-1β+IL-6+IL-23 condition (Y.L. and 

V.K.K, unpublished data) correlates highly with the cells that adopt a more regulatory 

profile, further confirming a crucial role of the IL-23 pathway in inducing a pathogenic 

phenotype in Th17 cells  (Figure 3.3A, number 4, positive PC1). 

 

Importantly, there is a zone of overlap in cell states between the pathogenic and non-

pathogenic conditions, with pathogenic-like cells present (in a small proportion) in 

populations differentiated under the non-pathogenic condition (Figure 3.3A, red oval 

shading). In particular, cells polarized under the non-pathogenic (TGF-β1+IL-6) 

condition that were not specifically sorted to be IL-17A/GFP+ span the broadest 

pathogenicity spectrum: from cells resembling the least pathogenic cells in the IL-

17A/GFP+ TGF-β1+IL-6 condition to those resembling more pathogenic cells in the IL-

17A/GFP+ IL-1β+IL-6+IL-23 condition (Figure 3.3A, open black circles, Figure 3.3D, 

black line). At one end of this spectrum we observe Th17 cells with high expression of 
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regulatory transcripts such as Il9, Il16, Foxp1 and Podoplanin 225 (Supplementary 

Figure 3.2B, left column), and at the other end, we observe Th17 cells that express high 

levels of pro-inflammatory transcripts such as Il22, Il23r, Cxcr3 and Gm-csf 

(Supplementary Figure 3.2B, right column). 

 

Finally, to relate the in vitro differentiated cells to their in vivo counterparts, we scored 

(Experimental Procedures, Figure 3.2B) the in vitro cells for signatures of immune-

related genes that characterize the in vivo identified subpopulations (defined in Figure 

2C; Experimental Procedures) (Figure 3.3B,C). We find that cells derived in the non-

pathogenic conditions score higher for the Th17 self-renewing signature (p<10-9, KS test; 

Table S2 and Figure 3.3A, number 6, and 3.3C), whereas those derived in pathogenic 

conditions resemble more the Th17/Th-1 like memory phenotype identified in the CNS 

(p<10-7, KS test; Figure 3.3A, number 3 and Table S2.3 and Figure 3.3B). 

 
 Co-variation with pro-inflammatory and regulatory modules in Th17 cells 

highlights novel candidate regulators 

We next leveraged the cellular heterogeneity within a single population of in vitro 

differentiated cells to identify regulators that might selectively influence pathogenic vs. 

nonpathogenic states of Th17 cells. Focusing on the unsorted cells from the TGF-β1+IL-

6 in vitro differentiation condition, in which we observe the broadest spectrum of cells 

spanning from pathogenic to nonpathogenic-like profiles, we first analyzed 

transcriptome-wide gene expression distributions across the population. About 35% 

(2,252) of the detected genes is expressed in >90% of the cells (Figure 3.4A, Table S7.3) 

with a unimodal distribution: these include housekeeping genes (p<10-10, hypergeometric 
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test,  Supplementary Figure 3.3A&B), the Th17 signature cytokine Il17f, and 

transcription factors (e.g., Batf, Stat3 and Hif1a) that are essential for Th17 

differentiation. On the other hand, bimodally expressed genes– with high expression in at 

least 20% of the cells and much lower (often undetectable) levels in the rest – include 

cytokines like Il17a and Il10 and other pro-inflammatory (e.g., Il21, Ccl20) and 

regulatory cytokines or their receptors (Il24, Il27ra, Figure 3.4A).  This suggests that 

variation in expression across Th17 cells may be related more to their (varying) 

pathogenicity state than to their (more uniform) differentiation state. Furthermore, while 

the majority (>75%) of cells express Rorc, Irf4, and Batf, pioneer and master 

transcription factors for the Th17 lineage, fewer cells also express transcripts encoding 

one or more of the transcription factors and cytokines that characterize other T-cell 

lineages (e.g., Stat4 for Th1 cells, and Ccr4 for Th2 cells). This may suggest the presence 

of “hybrid” double-positive cells, consistent with reports on plasticity in T-cell 

differentiation 226, and/or reflect our previous model of duality in the Th17 transcriptional 

network 163. Finally, the expression of many key immune genes varies more than that of 

other transcripts with the same mean expression level (Supplementary Figure 3.3C), or 

even when only considering the expressing cells (Supplementary Figure 3.3D), 

implying a greater degree of diversity in immune-gene regulation. While such patterns 

may be biologically important, they must be interpreted with caution. First, some (e.g., 

Il17a, Il24 and Ccl20), but not all (e.g., Il9), of the transcripts with bi-modal patterns are 

also lowly expressed (on average) and thus may not be detected as reliably 161. Second, 

transcription bursts coupled with instability of transcripts may lead to ‘random’ 

fluctuations in gene expression levels at any given cell. 
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Figure 3.4. Pro-inflammatory and regulatory modules of genes that co-vary across single cells.  (A) 
Single-cell  expression  distribution  of  individual  genes.  The  heat  map  shows  for  each  gene  (row)  its 

expression distribution across single cells differentiated under the TGF- 1+IL-6 condition for 48h (without 

further IL-17A-based sorting). The proportion of cells expressing the gene in each of the 17 expression bins 

(columns) is indicated by a color scale (white – no cells; black: >30% of cells). Genes are sorted from mostly 

unimodal (all cells expressing around a single level; top) to mostly bimodally expressed (bottom). Key gene 

names are noted on the right. The presented data is also provided as a supplementary Table (Table S7.3) (B) 
The pro-inflammatory and regulatory co-variation modules. Shown is a heat map of the Spearman correlation 

coefficients between the single-cell expression levels of signature genes of pathogenic T cells (as defined by 

ref 77) or of other CD4+ lineages (columns) and the single-cell expression of any other bimodally expressed 

gene (rows) in cells differentiated under the TGF- 1+IL-6 condition at 48h. Genes are clustered by similarity 

of these correlations, revealing two diametrically opposed modules of co-varying genes: a pro-inflammatory 
module (orange; e.g., Il17a, Il21, Ccl20) and a regulatory module (green, e.g., Il10, Il24, Il27ra). (C) The 

pro-inflammatory and regulatory modules distinguish key variation in the cells. Shown is a PCA plot (first 
two PCs) with the cells differentiated under the TGF- 1+IL-6 condition at 48h, where each cell is colored by 

a signature score (by the method of Figure 2.3B) comparing the two modules from Figure 4.3B  (color 

code). Other signatures correlated to the PCs are marked by numbered circles. (D) Expression of key module 

genes. Each panel shows the PCA plot of (C) where cells are colored by an expression ranking score of a key 

gene, denoted on top (from top left corner clockwise: Il10, Toso, Il17a, and Plzp. (E) A ranking of the top 

100 candidate genes from the pro-inflammatory or regulatory gene modules (out of 184; Table S8). Bar chart 

(top) indicates the overall ranking score (Experimental Procedures). Genes are ordered from high (left) to 

lower (right) scores.  Purple-white heat map (middle) shows ranking scores for (top to bottom row): co-

variation with a curated pathogenicity signature77, or the pro-inflammatory vs. regulatory genes at the column 

of  panel  (B),  and  in  vitro  and  in  vivo  PC’s.  Bottom matrix  indicates  ‘known’ (black,  top  row)  genes 

previously  associated  with  Th17  function;  ‘novel  validated’ (black,  middle)  genes  that  were  tested  and 

validated by follow-up experiments, and assignment to the ‘pro-inflammatory/regulatory module’ (orange & 

green, bottom) determined in this study.
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Figure 3.4 (Continued) 
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To overcome these challenges and to identify candidate regulators of pathogenicity, we 

analyzed co-variation between transcripts across cells (Figure 3.4B). We reasoned that if 

transcript variation reflects distinct physiological cell states, entire gene modules should 

robustly co-vary across the cells. Furthermore, transcription factors and signaling 

molecules that are members of such modules may highlight new putative regulators of 

these modules and functional states. Focusing on significant co-variation (Spearman 

correlation; FDR<0.05) between each bimodally expressed transcript (expressed by less 

than 90% of the cells; Figure 3.4B, rows, Experimental procedures) and a curated set 

of bimodally expressed immune response genes (cytokines, cytokine receptors, T helper 

cell specific signatures, Figure 3.4B, columns), we find two key transcript modules: a 

pro-inflammatory module (Figure 3.4B, orange) of transcripts that co-vary with known 

Th17 cytokines, such as Il17a and Ccl20, and a regulatory module (Figure 3.4B, green) 

of transcripts that co-vary with known regulatory genes, such as Il10, Il24, and Il9. Using 

these modules as signatures to annotate the original in vitro cell states (Figure 3.3A and 

3.4C), we find that the pro-inflammatory module (Figure 3.4C, number 1) and key 

inflammatory genes (Figure 3.4D, bottom) are correlated with the most pathogenic cells 

(PC1, negative correlation), and the regulatory module (Figure 3.4C) and key members 

(Figure 3.4D, top) are correlated with the least pathogenic cells (PC1, positive 

correlation). These finding are further supported by other signatures that we analyzed 

using our functional annotation approach (Figure 3.4C and Table S3.2; e.g., negative 

correlation of PC1 with a curated signature of pathogenicity and tolerance 77). 
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Functional analysis of the genes in the pro-inflammatory and regulatory modules reveals 

strong association with immune response (using MSigDB 223; Table S3.8). However, the 

modules also highlight novel putative regulators, many not detected by previous 

population-level approaches 163,164. To select the most compelling candidate genes in the 

two modules (Figure 3.4B, rows) for follow-up functional studies, we developed a 

computational ranking scheme that considers each gene’s correlation with pro-

inflammatory or regulatory genes (either the columns of Figure 3.4B or a curated 

pathogenicity signature 77; Experimental Procedures), their loading on the first in vitro 

PC marking for pathogenic potential (Figure 3.4C), and their role in the EAE context in 

vivo (Figure 3.4E, Table S3.8, Experimental Procedures). Based on this ranking and 

availability of knockout mice, we chose three genes for functional follow up: Plzp and 

Gpr65 that are co-expressed with the pro-inflammatory module, and Toso, co-expressed 

with the regulatory module. None of these genes was previously implicated in 

differentiation or effector function of Th17 cells.  

 
GPR65 promotes Th17-cell pathogenicity and is essential for EAE 

GPR65, a glycosphingolipid receptor, is co-expressed with the pro-inflammatory module 

(Figure 3.4B), suggesting that it might have a role in promoting pathogenicity. GPR65 is 

also highly expressed in the in vivo Th17 cells harvested from the CNS that attain a Th1-

like effector/memory phenotype (Figure 3.2D). Importantly, genetic variants in the 

GPR65 locus are associated with multiple sclerosis 227, ankylosing spondylitis 228, 

inflammatory bowel disease 229, and Crohn’s disease 230. 
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We tested the role of GPR65 in Th17 differentiation in vitro and in the development of 

autoimmunity in vivo. We differentiated naïve T cells isolated from Gpr65−/− mice in 

vitro with TGF-β1+IL-6 (non-pathogenic condition) or with IL-1β+IL-6+IL-23 

(pathogenic condition) for 96 hours. In both cases, there was a ~40% reduction of IL-17A 

positive cells in Gpr65−/− cells compared to their WT controls (Figure 3.5A) as measured 

by intracellular cytokine staining (ICC, Experimental Procedures). Memory cells from 

Gpr65−/− mice that were reactivated with IL-23 also showed a ~45% reduction in IL-17A- 

positive cells compared to WT controls (Supplementary Figure 3.4A). Consistently, an 

enzyme-linked immunosorbent assay (ELISA) of the supernatant obtained from the 

activated Th17 culture showed a reduced secretion of IL-17A (p<0.01) and IL-17F (p<10-

4) (Figure 3.5B) and increased IL-10 secretion (p<0.01, Supplementary Figure 3.4C) 

under pathogenic (IL-1β+IL-6+ IL-23) Th17 differentiation conditions in the knockout 

mice (Experimental Procedures). 
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Figure 3.5. GPR65, TOSO and PLZP are validated as novel regulators of T-cell pathogenicity.
(A,B)  Reduction  in  IL17A-producing  cells  in  GPR65 /  T-cells  differentiated  in  vitro.  (A)  Intracellular 
cytokine staining for IFN-  (Y axis) and IL-17A (X axis) of CD4+ T cells from respective WT (top) or 
GPR65 /  (bottom) cells activated in vitro for 96h with anti-CD3 and anti-CD28, either without (Th0; left) or 
with Th17-polarizing cytokines (TGF- 1+IL-6, middle; or IL-1 +IL-6+IL-23, right).  (B) Quantification of 
secreted IL-17A and Il-17F by cytometric bead assays (CBA) in corresponding samples. * p < 0.05, ** p < 
0.01, *** p < 0.001. (C) Reduced IL-17A and IFN-  production by GPR65 /  memory (CD62L-CD44+CD4+) 
T cells in a recall assay activated in vitro with MOG 35-55. RAG-1 /  mice were reconstituted with 2x106 
naïve CD4+ T cells from WT or GPR65 /  mice, and, immunized with MOG35-55/CFA one week post transfer. 
Draining LNs and spleen cells were isolated 8 days after immunization and cultured ex vivo for 4 days with 
MOG35-55  for  recall  assay  (Experimental  Procedures).  These  cells  were  subsequently  analyzed  for 
production of IFN-  (Y axis) and IL-17A (X axis) by intracellular cytokine staining.  (D) Loss of GPR65 
reduces  tissue  inflammation  and  autoimmune  disease  in  vivo.  RAG-1 /  mice  (n  =  10  per  category) 
reconstituted with 2x106 naïve CD4+ T-cells from WT or GPR65 /  mice, then induced with EAE one week 
post transfer. Shown is the mean clinical score (Y axis) at days post immunization (X axis) for WT (black 
circles) or GPR65 /  (open circles)  mice. Error bars indicate the standard deviation of the mean clinical 
score.  (E)  Transcriptional  impact  of  a  loss  of  GPR65,  TOSO and  PLZP.  Shown is  the  significance  of 
enrichment (-log10(P-value); hypergeometric test, Y axis) of genes that are dysregulated compared to WT 
during the TGF- 1+IL-6 differentiation in cells from GPR65-/- (96h), PLZP-/- (48h) and TOSO-/- (96h) mice. 
Red (blue) bars represent genes characterizing PC1 of Figure 3.4C negatively (positively). Dashed red line: 
p  =  0.01.  (F,G)  Reduction  in  IL17A-producing  cells  in  TOSO /  T  cells  differentiated  in  vitro.  (F) 
Intracellular cytokine staining as in (A) but for CD4+ T-cells from respective WT (top) or TOSO /  (bottom) 
mice activated in vitro for 96h. (G) Quantification of secreted IL-17A and IL-17F for CD4+ T cells from 
respective WT (dark green) or TOSO /  (light green) mice as in (B) * p < 0.05, ** p < 0.01, *** p < 0.001. 
(H) In vitro recall assay of the lymph node cells in the presence of MOG35-55. The lymph node cells were 
stained intracellulary for the expression of IL-17A (X axis) and IFN-  (Y axis). Reduced IL-17A production 
by TOSO /  memory T cells in a recall assay as in (C). (I) Hampered IL-17A production by PLZP /  T cells 
in an in vitro recall assay. PLZP /  (bottom row) and littermate controls (top row) were immunized with 100 

g of MOG35-55/CFA. Cells were harvested from the draining LNs and spleen 8 days post immunization and 
cultured ex vivo for 4 days with progressive concentrations of MOG35-55 (left column: 0 g, middle: 5 g and 
right: 20 g) and 20ng/ml of IL-23. CD4+ T cells were analyzed for IFN-  (Y axis) and IL-17A (X axis) 
production  by  intracellular  cytokine  staining.  (J)  Quantification  of  secreted  IL-17A (top)  and  IL-17F 
(bottom) of a MOG35-55 recall assay for littermate controls (dark green) and PLZP /  (light green) mice at 96h 
post ex vivo. All experiments are a representative of at least three independent experiments with at least three 
experimental replicates per group.
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Figure 3.5 (Continued) 
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To further validate the effect of GPR65 on Th17 function, we measured RNA-seq 

profiles (Experimental Procedures) of a bulk population of Gpr65−/− Th17 cells, 

differentiated in vitro under both non-pathogenic (TGF-β1+IL-6) and pathogenic (IL-

1β+IL-6+ IL-23) conditions for 96 hours. Supporting a role for GPR65 as a driver of 

pathogenicity of Th17 cells, we found that genes up-regulated in Gpr65−/− cells 

(compared to WT) are most strongly enriched (p<10-28, hypergeometric test, Figure 

3.5E) for the genes characterizing the more regulatory cells under TGF-β1+IL-6 (positive 

PC1, Figure 3.4C, Table S3.9, and Experimental Procedures).  

  

To determine the effect of loss of GPR65 on tissue inflammation and autoimmune 

disease in vivo, we reconstituted RAG-1-/- mice with naïve CD4+ T cells from WT or 

Gpr65−/− mice, then induced EAE with MOG35-55 emulsified with complete Freund’s 

adjuvant (CFA). We found that in the absence of GPR65-expressing T cells, mice are 

protected from EAE (Figure 3.5D) and far fewer IL-17A and IFN-γ positive cells are 

recovered from the LN and spleen compared to WT controls transferred with WT cells 

(Supplementary Figure 3.4B). Furthermore, in vitro restimulation with MOG35-55 of the 

spleen and LN cells from the immunized mice showed that loss of GPR65 resulted in 

dramatic reduction of MOG35-55-specific IL-17A or IFN-γ positive cells compared to their 

WT controls (Figure 3.5C), suggesting that GPR65 regulates the generation of 

encephalitogenic T cells in vivo. Taken together, our data validates that GPR65 is a 

positive regulator of the pathogenic Th17 phenotype, and its loss results in protection 

from EAE. 
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TOSO is implicated in Th17 pathogenicity 

TOSO (FAIM3) is an immune-cell specific surface molecule that is known to negatively 

regulate Fas-mediated apoptosis 231-233 and is co-expressed with the regulatory module in 

Th17 cells. Although its covariance with the regulatory module (Figure 3.4B) may 

naively suggest that it positively regulates the regulatory module, Toso-knockout mice 

were recently reported to be resistant to EAE 234. This may be consistent with a 

hypothesis that Toso is a negative regulator of the non-pathogenic state, co-expressed 

with the regulatory module, as has been frequently observed for negative regulators and 

their targets in other systems 235,236. 

 

To test this hypothesis, we performed in vitro differentiation and MOG35-55 recall assays 

on TOSO-/- cells. Differentiation of TOSO-/- cells showed a defect in the production of 

the pro-inflammatory cytokine IL-17A for both differentiation conditions (Figure 3.5F), 

which was confirmed by ELISA (Figure 3.5G). Moreover, memory cells stimulated with 

IL-23 show a lack of IL-17A production (Supplementary Figure 3.5A). Consistently, in 

a MOG35-55 recall assay, CD3+CD4+ Toso-/- T cells showed no production of IL-17A 

(Figure 3.5H). This supports a role for TOSO as a promoter of pathogenicity. 

 

To further explore this, we performed RNA-seq analysis of Toso-/- Th17-cell populations, 

differentiated in vitro under the pathogenic and non-pathogenic conditions for 96 hours. 

Loss of TOSO results in suppression of the key regulatory genes (e.g., Il24 (fold change 

(FC)=0.08), Il9 (FC=0.33) and Procr (FC=0.41); Table S3.9), consistent with the 

reduction of IL-10 production as measured by ELISA (Supplementary Figure 3.5C), 
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and a reduced number of FOXP3+ cells when differentiated into Tregs (TGF-β1, 

Supplementary Figure 3.5B). On the other hand, in the pathogenic condition, Il17a 

(FC=0.21) is down regulated in the absence of TOSO. Enrichment analysis with respect 

to PC1 of the non-pathogenic differentiation condition suggests that TOSO knockout 

cells, rather than up-regulating regulatory genes, down-regulate genes associated with a 

more pro-inflammatory cell phenotype (Figure 3.5E). Taken together, our data suggest 

that TOSO plays a critical role as a positive regulator of Th17-mediated pathogenicity. 

 

MOG35-55 -stimulated Plzp-/- cells have a defect in generating pathogenic Th17 cells 

 

PLZP (ROG), a transcription factor, is a known repressor of the Th2 master regulator 

GATA3 237 and regulates cytokine expression 237 in T-helper cells. Since Plzp is co-

expressed with the pro-inflammatory module, we hypothesized that it may regulate 

pathogenicity in Th17 cells. (We could not, however, undertake an EAE experiment since 

PLZP-/- mice are not available on the EAE-susceptible background.) 

 

While in vitro differentiated Plzp−/− cells produced IL-17A at comparable levels to the 

WT controls (Supplementary Figure 3.5D), a MOG35-55 recall assay revealed that 

Plzp−/− cells do have a defect in IL-17A production that becomes apparent with 

increasing MOG35-55 concentration during restimulation (Figure 3.5I). Furthermore, 

Plzp−/− cells also produced less IL-17A than WT cells when reactivated in the presence 

of IL-23, which acts to expand previously in vivo generated Th17 cells (Supplementary 

Figure 3.5E). Finally, Plzp−/− T cells secreted less IL-17A, IL-17F (Figure 3.5J), IFN-γ, 



 

	   110	  

IL-13 and GM-CSF (Supplementary Figure 3.5F). These observations suggest that 

PLZP regulates the expression of a wider range of inflammatory cytokines. 

 

Based on RNA-Seq profiles at 48 hours into non-pathogenic differentiation of Plzp-/- 

cells, Irf1 (FC=5.2), Il9 (FC= 1.8) and other transcripts of the regulatory module are up 

regulated compared to WT controls (Table S3.9), whereas transcripts from the pro-

inflammatory module, such as Ccl20 (FC=0.38), Tnf (FC=0.10) and Il17a (FC=0.42), are 

repressed. A similar pattern is observed with respect to PC1, where genes characterizing 

the more pro-inflammatory cells are strongly enriched among the down-regulated genes 

in Plzp−/− T cells (Figure 3.5E). 
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DISCUSSION 

Genome-wide analysis of single-cell RNA expression profiles opens up a new vista for 

characterizing cellular heterogeneity in ensembles of cells, previously studied as a 

population. 

 

By profiling individual Th17 cells from the LN and CNS at the peak of EAE, we found 

that Th17 cells adopt a spectrum of cellular states, ranging from cells with a self-

renewing gene signature, to pro-inflammatory Th1-like effector or memory-like cells, to 

a dysfunctional/senescent phenotype. These findings shed light on the controversy in the 

field on whether Th17 cells are short-lived, terminally differentiated, effector cells 238 or 

long-lived self-renewing T cells 173. Our analysis also shows that Th17 cells present in 

the LN and CNS generally have different transcriptional profiles and that the only group 

of Th17 cells that transcriptionally overlap are those that attain a pre-Th1-like state with 

acquisition of cytokine receptors (like IL-18R) that push Th17 cells into a Th1 

phenotype. This fits well with our data that most Th17 cells begin to co-express Th1 

genes in the CNS and become highly pathogenic. 

 

The Th1-like phenotype of Th17 cells we observe in the CNS might facilitate memory 

cell formation, as the entry of Th1 cells into the memory pool is well established 239,240. It 

is unclear if cells that adopt a Th1 phenotype are stable ‘double producers’ or if they 

show plasticity towards a Th1 fate. IL-23, which induces a pathogenic phenotype in Th17 

cells has been shown to induce IFN-γ in Th17 cells 241. Consistent with this data, IL-23R-

deficient mice have lower frequencies of double producers 123 and chronic exposure of 
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Th17 cells to IL-23 induces IFN-γ production from Th17 cells. Additionally, a 

conversion from a Th17 to a Th1-like phenotype is also documented in other disease 

models, and these are considered to be the most pathogenic T cells 173,241-244. 

 

Despite being differentiated under the same culture conditions, in vitro differentiated 

Th17 cells also exhibit great cellular diversity, with a pathogenic, pro-inflammatory state 

at one end of the spectrum and an immunosuppressive, regulatory state at the other end. 

A comparative analysis of in vivo and in vitro derived cells with respect to immune-

related genes reveals that in vitro polarization towards a pathogenic Th17 phenotype 

(with IL-1β+IL-6+IL-23) produces cells that resemble more the Th17/Th1 memory cells 

found in the CNS during EAE (Figure 3.3A). 

 

Our single-cell RNA-seq data further show that pro-inflammatory genes that render Th17 

cells pathogenic and regulatory genes that render Th17 cells nonpathogenic are expressed 

as modules in groups of Th17 cells. This allowed us to dissect factors that relate to this 

specific facet of Th17 cell functionality, rather than their general differentiation. Strong 

correlation (either positive or negative) between two genes often suggests that their 

biological function may be linked. In this study, strong co-variation with key Th17 genes 

allowed us to recover many known regulators, but also to identify many promising novel 

candidates that are coexpressed with either a pro-inflammatory or a regulatory module in 

Th17 cells. For example, Gpr65 positively correlated with the in vitro derived pro-

inflammatory gene module.  Consistently, Gpr65-/- CD4+ T cells reconstituted into RAG-

1-/- mice were incapable of inducing EAE and had compromised IL-17A production. We 
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note that there are many genes similarly highlighted by our analysis, which we do not 

follow up here: these include Gem, Cst7, and Rgs2, all of which significantly correlate 

with the in vitro derived pro-inflammatory gene module and are highly expressed in the 

in vivo Th17/Th1-like memory subpopulation the are present in the CNS during peak 

inflammation. Foxp1, on the other hand, one of the genes negatively correlated with the 

pro-inflammatory module, was lowly expressed in the inflammatory Th17/Th1-like 

subpopulations in vivo, but was highly expressed in the LN-derived Th17 self-renewing 

subpopulation (p<10-7, KS test; Table S5). In line with this finding, in T follicular helper 

cells, Foxp1 has very recently been shown to directly and negatively regulate IL-21 245, a 

driver of Th17 generation 89,107,118, and to dampen the expression of the co-stimulatory 

molecule ICOS and its downstream signaling at the early stages of T-cell activation 245. 

Further functional studies with Foxp1-knockout mice in the context of EAE could 

elucidate its potential role in regulating Th17 differentiation and development of 

autoimmune tissue inflammation. 

 

Importantly, we note that the co-variation of a gene with the pro-inflammatory or 

regulatory module does not necessarily indicate a pro-inflammatory or regulatory 

function of this gene. For example, one of the genes we analyzed, Toso, co-varies with 

the regulatory module, but its absence protects mice from EAE 246 and compromises IL-

17A production, suggesting Toso does not serve as a regulatory factor. This is consistent 

with previous studies from yeast 235 to human 236, showing how regulators with opposite, 

antagonistic functions, are co-regulated.  
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Examining our single-cell RNA-seq data together with ChIP data reveals transcription 

factors that regulate various cellular states observed in our study. For example, we 

identify Zfx as a strong candidate regulator of the self-renewing state of Th17 cells in the 

LN, because its targets are strongly enriched in this subpopulation, it is a known regulator 

of self-renewal in stem cells 184,185,247, and it prevents differentiation in leukemia 187. In 

contrast, for the pathogenic effector and memory cells observed in the CNS during EAE, 

we assign a prominent role to known Th17/Th1 transcription factors such as Hif1a, 

Fosl2, Stat4 and Rel, and specify in which subpopulations their regulatory mechanisms 

contribute to disease. Thus, our study elaborates on our understanding of Th17 

pathogenicity beyond differentiation and development. Our data suggests that processes 

such as self-renewal, observed in the LN, may provide a pool of cells that are precursors 

for differentiating Th17 cells to effector/ memory formation in the CNS that may 

contribute to Th17 pathogenicity in EAE. These cellular functional states enable us to 

map the contribution of novel and known genes to each of these processes during Th17 

differentiation and function. 

 

Whereas population-based expression profiling has enabled identification of cytokines 

and transcription factors that set the differentiation states of Th17 cells, using single-cell 

RNA-seq we begin to provide new granularity in the transcriptome of a rather 

homogenous population of T cells.  Many of the novel regulators that we identified by 

single-cell RNA-seq are regulating pathogenic vs. nonpathogenic functional states in 

Th17 cells. These novel regulators are potent potential candidates for manipulation of 
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pathogenic Th17 cells without affecting nonpathogenic Th17 cells that may be critical for 

tissue homeostasis and for maintaining barrier functions. 
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EXPERIMENTAL PROCEDURES 

 

Mice 

C57BL/6 WT and CD4-/-(2663) mice were obtained from Jackson Laboratory. IL-17A–

GFP+ mice were obtained from Biocytogen. All animals, unless noted otherwise, were 

housed and maintained in a conventional pathogen-free facility at the Harvard Institute of 

Medicine in Boston (IUCAC protocols: 0311-031-14 (V.K.K.) and 0609-058015 (A.R.)). 

All experiments were performed in accordance to the guidelines outlined by the Harvard 

Medical Area Standing Committee on Animals at the Harvard Medical School. In 

addition, spleens and lymph nodes from GPR65−/− mice were provided by Li Yang 

(IACUC protocol: J195b), originally generated by Dr. Owen Witte. PLZP−/− mice were 

provided by Pier Paolo Pandolfi at the Beth Israel Deaconess Medical Center (IACUC 

protocol: 082-2014), and TOSO−/− mice were generously provided by John Coligan at the 

National Institute of Allergy and Infectious Diseases. 

 

Cell sorting and in vitro T-cell differentiation 

CD4+ T cells were purified from spleen and LNs using anti-CD4 microbeads (Miltenyi 

Biotech) and then stained in PBS with 1% FCS for 20  min at room temperature with anti-

CD4-PerCP, anti-CD62L-APC and anti-CD44-PE antibodies (all Biolegend). Naive 

CD4+CD62lhighCD44low T cells were sorted using a BD FACSAria cell sorter. Sorted 

cells were activated with plate-bound anti-CD3 (2  µg/ml) and anti-CD28 (2  µg/ml) in the 

presence of cytokines. For Th17 differentiation, the following reagents were used: 2 

ng/ml recombinant human TGF-β1 (Miltenyi Biotec), 25 ng/ml recombinant mouse IL-6 
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(Miltenyi Biotec), 20 ng/ml recombinant mouse IL-23 (R&D Biosystems) and 20 ng/ml 

recombinant mouse IL-1β (Miltenyi Biotec). Cells were cultured for 48h or 96h, and 

collected for RNA, intracellular cytokine staining, RNA-FlowFISH, and flow cytometry. 

 

Active induction of EAE and disease analysis 

For active induction of EAE, mice were immunized by subcutaneous injection of 100 µg 

MOG35-55  (MEVGWYRSPFSRVVHLYRNGK) in CFA, and then received 200 ng 

pertussis toxin intraperitoneally (List Biological Laboratory) on days 0 and 2. Mice were 

monitored and were assigned scores daily for development of classical and atypical signs 

of EAE according to the following criteria 81: 0, no disease; 1, decreased tail tone or mild 

balance defects; 2, hind limb weakness, partial paralysis or severe balance defects that 

cause spontaneous falling over; 3, complete hind limb paralysis or very severe balance 

defects that prevent walking; 4, front and hind limb paralysis or inability to move body 

weight into a different position; 5, moribund state. 

 

Isolation of T cells from EAE mice at the peak of disease 

At the peak of disease, T cells were collected from the draining LNs and the CNS. For 

isolation from the CNS, mice were perfused through the left ventricle of the heart with 

cold PBS. The brain and the spinal cord were flushed out with PBS by hydrostatic 

pressure. CNS tissue was minced with a sharp razor blade and digested for 20 min at 

37°C with collagenase D (2.5 mg/ml; Roche Diagnostics) and DNaseI (1 mg/ml; Sigma). 

Mononuclear cells were isolated by passage of the tissue through a cell strainer (70 mm), 

followed by centrifugation through a Percoll gradient (37% and 70%). After removal of 
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mononuclear cells, the lymphocytes were washed, stained and sorted for CD3 

(Biolegend), CD4 (Biolegend), 7AAD and IL-17A-GFP+. 

 

Whole transcriptome amplification 

Cell lysis and SMART-Seq 248 whole transcriptome amplification (WTA) was performed 

on the C1 chip using the Fluidigm C1 Single-Cell Auto Prep System (C1 System) with the 

SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clontech) with the following 

modifications: 

  

Cell Lysis Mix:  

 

Cycling Conditions I:  

a) 72oC, 3 min 

b) 4oC, 10 min 

c) 25oC, 1 min 

 

Reverse Transcription (RT) Reaction Mix: 

Composition Stock Conc. Volume 

C1 Loading Reagent 20x 0.60 µl 

SMARTer Kit RNase Inhibitor 40x 0.30 µl 

SMARTer Kit 3’ SMART CDS Primer II A 12 µM 4.20 µl 

SMARTer Kit Dilution Buffer 1x 6.90 µl 

Composition Stock Conc. Volume 
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Cycling Conditions II:  

a) 42oC, 90 min 

b) 70oC, 10 min 

 

PCR Mix: 

 

Cycling Conditions III:  

C1 Loading Reagent 20.0x 0.45 µl 

SMARTer Kit 5X First-Strand Buffer (RNase-Free) 5.0x 4.20 µl 

SMARTer Kit Dithiothreitol 100 mM 0.53 µl 

SMARTer Kit dNTP Mix (dATP, dCTP, dGTP, and 

dTTP, each at 10 mM) 
10 mM 2.10 µl 

SMARTer Kit SMARTer II A Oligonucleotide 12 µM 2.10 µl 

SMARTer Kit RNase Inhibitor 40x 0.53 µl 

SMARTer Kit SMARTScribe™ Reverse Transcriptase  100.0x 2.10 µl 

Composition Stock Conc. Volume 

PCR Water - 35.2 µl 

10X Advantage 2 PCR Buffer 10.0x 5.6 µl 

50X dNTP Mix 10 mM 2.2 µl 

IS PCR primer 12 µM 2.2 µl 

50X Advantage 2 Polymerase Mix 50.0x 2.2 µl 

C1 Loading Reagent 20.0x 2.5 µl 
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a) 95oC, 1 min 

b) 5 cycles of: 

i) 95oC, 20 s 

ii) 58oC, 4 min 

ii) 68oC, 6 min 

c) 9 cycles of: 

i) 95oC, 20 s 

ii) 64oC, 30 s 

ii) 68oC, 6 min 

d) 7 cycles of: 

i) 95oC, 30 s 

ii) 64oC, 30 s 

ii) 68oC, 7 min 

e) 72oC, 10 min 

 

Single-cell RNA-seq 

WTA products were harvested from the C1 chip, and cDNA libraries were prepared using 

Nextera XT DNA Sample preparation reagents (Illumina) as per manufacturer’s 

recommendations, with minor modifications. Specifically, reactions were run at ¼ the 

recommended volume, the tagmentation step was extended to 10 minutes, and the 

extension time during the PCR step was increased from 30s to 60s. After the PCR step, 

all 96 samples were pooled without library normalization, cleaned twice with 0.9x 

AMPure XP SPRI beads (Beckman Coulter), and eluted in buffer TE. The pooled 
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libraries were quantified using Quant-IT DNA High-Sensitivity Assay Kit (Invitrogen) 

and examined using a high sensitivity DNA chip (Agilent). Finally, samples were 

sequenced deeply using either a HiSeq 2000 or a HiSeq 2500 sequencer. 

 

RNA-seq of population controls  

Population controls were generated by extracting total RNA using a RNeasy plus Micro 

RNA kit (Qiagen) according to manufacturer’s recommendations. Subsequently, 1 mL of 

RNA in water was added to 2  mL of lysis reaction mix, thermocycled using cycling 

conditions I (as above). Next, 4  mL of the RT Reaction Mix were added, and the mixture 

was thermocycled using cycling conditions II (as above). Finally, 1  mL of the total RT 

reaction was added to 9 mL of PCR mix, and that mixture was thermocycled using 

cycling conditions III (as above). Products were quantified, diluted to 0.125 ng/ mL, and 

libraries were prepared, cleaned, and tested as above. 

 

RNA-seq preprocessing 

RNA-seq reads were aligned to the NCBI Build 37 (UCSC mm9) of the mouse genome 

using TopHat 249. The resulting alignments were processed by Cufflinks to evaluate the 

abundance (using FPKM) of transcripts from RefSeq 250. We used log transform and 

quantile normalization to further normalize the expression values (FPKM) within each 

batch of samples (i.e., all single cells in a given run). To account for low (or zero) 

expression values we added a value of 1 prior to log transform. 
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Sample filtering and normalization 

For each library we computed quality scores using Fastqc, Picard tools, and in-house 

scripts. Computed scores included: (1) number of reads, (2) number of aligned reads, (3) 

percentage of aligned reads, (4) percentage of transcripts identified (compared with the 

overall number of transcripts identified by at least one cell in a given run), (5) percentage 

of duplicate reads, (6) primer sequence contamination, (7) insert size (mean), (8) insert 

size (std), (9) complexity, (10) percentage of ribosomal reads, (11) percentage of coding 

reads, (12) percentage of UTR reads, (13) percentage of Intronic reads, (14) percentage of 

intergenic reads, (15) percentage of mRNA reads, (16) the coefficient of variation of 

coverage, (17) mean 5’ Bias, (18) mean 3’ Bias, and (19) mean 5’ to 3’ Bias. 

 

We excluded from further analysis libraries with poor values in either the number of 

aligned reads, the percentage of aligned reads, or the percentage of identified transcripts. 

To this end, for a given performance measure x, we set a minimum cutoff value cx by 

taking the maximum over: {AVG(x) – 1.645* STD(x), MED(x) – 1.645* MAD(x)} (AVG, 

STD, MED, MAD stand for average, standard deviation, median, median absolute 

deviation, respectively). For the latter two performance measures, we also fit a Gaussian 

mixture model to x; if x fits a multi-modal distribution rather than a single Gaussian 

(using Bayesian information criteria to determine the best model), then we use an 

additional cutoff z determined as the boundary between the right-most distribution and 

the other distributions. Finally, we introduce hard lower bounds (hlb) for the cutoff 

values (number of aligned reads>25,000; percentage of aligned reads>20%; percentage of 
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identified transcripts>20%). We then re-set the cutoff to be max{cx, z, hlb}. We only 

retain cells that scored above the cutoff in all three cases. 

 

As an additional pre-processing step we also employed a normalization technique 251 to 

reduce the effects of the quality scores. To this end, we perform PCA over the quality 

score matrix (a matrix with columns corresponding to cells and rows corresponding to all 

nineteen quality scores). We then use a global-scaling normalization approach 

(previously used for GC content normalization in RNA-seq data 251 to remove the effects 

of the top PCs, until we cover >90% of the variance in the quality matrix (Notably, the 

quality scores are correlated, and usually the top one or two PCs are sufficient).  For a 

given PC, the cells are divided into 10 equally sized bins based on their projected values. 

The normalized expression measures are defined as: 

𝐸′(𝑖, 𝑗) = 𝐸 𝑖, 𝑗 −𝑀𝑒𝑑𝑖𝑎𝑛 𝐸 𝑖, 𝑗! , 𝑠. 𝑡.    𝑗! ∈ 𝑘 𝑗 +𝑀𝑒𝑑𝑖𝑎𝑛( 𝐸 𝑖, : ) 

 

where E(i,j) is the original expression value of gene i in cell j; k(j) denotes the PC-value 

bin to which cell j belongs; and E(i,:) denotes the values for gene i across all cells. 

 

We validate this approach by computing PCA on the expression data (before filtering, 

after filtering, but before normalization, and after filtering and normalization) and 

calculating the correlation between the quality scores and the top PCs. We find that 

before filtering and normalization the main PCs highly correlate with the various library 

quality scores, indicating that the dominant signal in the pre-normalization data might 

reflect experimental artifacts. These correlations are reduced after normalization, 
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indicating that the remaining signal is less affected by artifacts (Supplementary Figure 

3.1A&B). 

 

Batch correction 

We obtained two or more replicates for the majority of the analyzed conditions. Since the 

replicates were divided into batches, we applied a procedure to eliminate the pertaining 

batch effects. Due to substantial differences in the number of detected genes between in 

vivo and in vitro samples, this analysis was performed separately for the in vivo and the in 

vitro samples. For a given sample, we define its filtered gene set, as the genes that have 

an expression level exceeding 10 FPKM in at least 20% of the cells. For a given set of 

samples (in vivo or in vitro), we then retained only the genes that appear in the filtered set 

of at least two of the samples. This results in ~4,000 genes for the in vivo data and ~7,000 

genes for the in vitro. We then performed batch correction on the resulting matrices 

(generated by combining all the samples and filtering for the selected genes) using the 

COMBAT software 154,252. To eliminate the effects of quality scores on the resulting 

matrix (i.e., systematic differences in the quality of different samples, rather than cells 

within a sample), we re-applied the correction procedure described in the previous 

section. 

 

Taking into account false negatives using a weighted analysis 

The estimation of transcript abundance as zero can be attributed to false negatives in the 

RNA-seq data. Different individual cells within a sample can have different rates of false 

negatives, depending on the quality of the library and cell integrity. To account for this, 
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we extended a probabilistic weighting strategy previously developed for the analysis of 

single cell data 161. Namely, following on the approach in 161, we construct for every cell 

a false-negative curve (FNC) representing the false-negative rate as a function of 

transcript abundance in the bulk population. We build the FNC by taking all the 

housekeeping genes that are detectable (non zero estimated abundance) in the bulk 

population and in at least one cell, and arranging them into 30 bins. Then for every bin, 

we compute the ratio of housekeeping genes that are detectable. Finally, we fit a sigmoid 

function to the estimated values (see, for example, Supplementary Figure 3.1C).   

 

We use these values to weigh down possible false negatives in our principle component 

analysis (PCA (Figures 3.2-4). We standardized the columns (cells) of the expression 

matrix to have zero mean and a standard deviation of 1. We then calculate the PCs based 

on weighted correlations (where the entry corresponding to gene i that is not detected in 

cell j is weighted by the value associated in the FNC of j with the expression of i in the 

bulk population). We used a similar approach in our signature-based scores (described in 

section “Signature scores and gene set enrichment analysis” below). 

 

RNA-FlowFISH analysis of RNA expression 

Cells prepared under the same conditions as the RNA-seq samples were prepared with 

the QuantiGene® ViewRNA ISH Cell Assay kit from Affymetrix following the 

manufacturers protocol, with minor modifications such as pipetting instead of vortexing. 

High throughput image acquisition at 60x magnification with an ImageStream X MkII 

allows for analysis of high-resolution images of single-cells. Genes of interest were 
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targeted by Type 1 probes, and nuclei were stained with DAPI. Single cells were selected 

based on cell properties like area, aspect ratio (bright-field images) and nuclear staining. 

As a negative control, we used the Bacterial DapB gene (Type 1 probe), in addition to 

Csf2, Itgax and Scd1, which are not expressed on Th17 cells under the TGF-β1+IL-6 

condition at 48h. Spot counting was performed with the Amnis IDEAS software to obtain 

the expression distributions. 

 

Signature scores and gene set enrichment analysis (GSEA) 

To interpret the functional implications of the variation between cells, we assembled a set 

of gene signatures that are indicative of various cell states. A typical signature is 

comprised of a “plus” subset and a “minus” subset. A strong match will have extreme, 

and opposite values for the expression of genes in the two sets (e.g., high values for the 

“plus” genes and low values for the “minus” genes). We assembled the signatures from 

the following sources: (1) the immunological signature (ImmSig) collection from 

MSigDB (223; denoted as collection C7): ~2,000 gene sets (each divided into “plus” 

subset and a “minus” subset) found by comparing immune cells under different 

conditions (e.g., knockout vs. WT, different stimulations, time post infection etc.).  (2) 

cell cycle gene sets from MSigDB 223; and based on the gene ontology database253; (3) 

the NetPath database 254: a collection of gene sets (each divided into “plus” subset and a 

“minus” subset) that are downstream of various immune signaling and are either 

positively or negatively regulated. (4) signatures of T helper cell subsets, based on our 

previous work 69,255 with data from 244. (5) signatures of exhausted and memory T cells 

169; (6) microarray data from 256, comparing memory vs. effector CD8+ T cells; (7) 
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microarray data from 173, tracking the development of Th17 and Th1 cell in an adoptive 

transfer model. (8) microarray data from 257 tracking the development of CD4+ and CD8+ 

T cells in acute and chronic infection models. (9) Microarray data comparing IL-23R 

knockout mice CD4+ T cells differentiated in IL-1β+IL-6+IL-23 to WT (Y.L. and V.K.K, 

unpublished data). 

 

Notably, while sources 1-5 already provide processed gene sets, our analysis of the 

remaining sources is based on the raw data (microarrays). We analyzed this data to infer 

differentially expressed genes. To this end, we report all genes with a fold change over 

1.5; if there are at least two replicates, we require consistent (up or down) and >1.5 fold 

change in all pairwise comparisons (all replicates of condition “A” vs. all replicates of 

condition “B” must show fold change above the cutoff). To avoid spurious fold levels 

due to low expression values, we added a small constant to the expression values (c=50) 

prior to the analysis. 

 

To search for signatures that are significantly expressed in a subset of cells, we 

performed the following test: we start by standardizing the rows of the expression matrix 

(to have a mean zero and standard deviation of 1; every cell is normalized with respect to 

the other cells) and weighing down the contribution of the entries that were zero in the 

pre-normalization matrix by multiplying the respective entries in the Z-normalized matrix 

by (1 – probability for false negative). 
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Given a signature S={S+,S-} (where S+ and S- represent the “plus” and “minus” gene sets, 

respectively), we perform GSEA for every cell independently, using the values in the 

standardized weighted matrix. To account for the direction, we negate the values in the 

rows that correspond to the genes in S-. We then use the standard GSEA formulation with 

250 randomizations, where in each randomized run we consider a random selection of S, 

and 50 randomly selected cells. The reported p-values are computed empirically by 

comparing to the resulting 12,500 random scores. We compute a 5% FDR cutoff using 

the Benjamini-Hochberg scheme 258 and report only signatures that had a p value below 

the cutoff in at least 10% of the cells. 

 

To associate a gene signature with the cells’ location along the PCs (Figures 3.2-4, Table 

S2), we then compute for every cell a signature score. Given a signature S={S+,S-}, we 

define the score as the weighted mean of the genes in S+ minus the weighted mean of the 

genes in S-. We use the same normalization and weighting scheme as in the weighted 

PCA analysis above. In Figures 3.2-4and Table S3.2 we report the Pearson correlations 

between signature scores and first two PCs (i.e., comparing two vectors whose length 

equals the number of cells: one vector is the signature scores, the other vector is the 

projection value (i.e., x- or y- coordinate) of that cell in the PC space).    

 

Transcription factor (TF) binding enrichment analysis 

We looked for TFs with a significant overlap between their previously annotated target 

genes and the genes that correlated with each PC. TF-target interaction data was obtained 

from public databases 164,223,259-261. To select the set of genes for a given PC (PC1 or 
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PC2), we computed for every gene the Pearson correlation between its log expression 

value in every cell (adding a value of 1 to avoid effects of low expression levels) and the 

projection of this cell to that PC (i.e., X (for PC1) or Y (for PC2) coordinate in the PC 

plot). We retain only genes with a p value lower than a 5% FDR cutoff. For every TF in 

our database, we computed the statistical significance of the overlap between its putative 

targets and each of the groups defined above using a Fisher’s exact test. We include cases 

where p< 5x10-5 and the fold enrichment >1.5.  Finally, in Figure 3.2, we only report 

cases in which the TF was expressed above a minimal level (5 FPKM) in at least one of 

the respective bulk population conditions. 

 

Voronoi diagrams 

We use Voronoi diagrams in order to delineate areas (in the space of the first two PCs) 

that are most strongly associated with given signatures. Specifically, given a set of 

signature S={s_1,…,s_k} we compute for every cell k signature scores (one for each 

signature). For each signature i, we then select the top ten high-scoring cells and compute 

the point c_i as the centroid of these points in the PC map (be averaging over their x and 

y coordinates). Given a set of centroid points {c_1,…,c_k}, the Voronoi diagram divides 

the space into respective regions r_1,…,r_k such that for every 1≤ i ≤k,  c_i is the closest 

centroid to all the points in r_i. Given a set of signatures that are significantly associated 

with our PC map in Figure 3.2A (as per our definitions above and listed in Table S2), we 

followed the above procedure to compute the Voronoi diagram in Figure 3.2B. 
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Relating the in vitro differentiated cells to their in vivo counterparts 

To perform the analysis presented in Figures 3.3B,C we identify genes that are 

significantly up- or down-regulated in each subpopulation of in vivo cells (FDR<0.05; 

one-vs-all KS test; Table S3.5). We then define a signature for any in vivo subpopulation 

by retaining only genes that are annotated with immune response function based on the 

Gene Ontology database 253. Finally, we repeated the signature analysis above using these 

signatures to score the in vitro derived cells.  

 

Defining bimodal genes 

To quantify the shape of heterogeneity in the expression levels of genes across cells, we 

devised the following scheme: we start by applying a number of statistical tests in order 

to identify genes that exhibit a bimodal distribution: (1) Hartigans dip test (with a p-value 

cutoff of 5%); (2) Gaussian mixture model - comparing a 2- or 3-Gaussian model to a 1-

Gaussian model using the Bayesian information criteria; (3) More than 10% of cells 

deviate from the mean by more than 2.32 times the standard deviation (corresponding to 

a p value of 1% in normally distributed data); (4) More than 10% of cells deviate from 

the median by more than 2.32 times the median absolute deviation. For genes identified 

by at least one of the testes, we fit two mixture models using expectation maximization: 

(1) exponential (for “non-expressing” cells) and normal (for “expressing” cells); and (2) 

uniform (for “non-expressing” cells) and normal (for “expressing” cells). We retain the 

model with the best fit. Using this model we determine for each gene a cutoff x such that 

cells with expression higher than x are considered “expressing cells”. x is determined as 

the maximum between {0, the boundary between the Gaussian distribution and the 
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alternative distribution (for bi-modal genes)}. Finally, to define the set of bimodal genes, 

we require (in addition to the aforementioned tests) that the percentage of “expressing 

cells” is less than 90%. 

Gene ranking 

We used an unbiased approach to select potential regulators of Th17 pathogenicity. This 

analysis is centered on the genes in the pro-inflammatory and regulatory modules (rows 

of Figure 3.4B). The two modules consist of all genes that significantly correlate 

(Spearman correlation with FDR<0.05, using the Benjamini-Hochberg scheme) with at 

least one of the genes in the curated set of bimodally expressed immune response genes 

(columns of Figure 3.4B).  For genes that belong to the column set, our selection 

criterion does not count correlation of a gene with itself. Our ranking is based on five 

criteria: (1) correlation with the first PC in the in vitro derived Th17 cells (using TGF-

β1+IL6; Figure 3.4C) - to this end, we compute the correlation between the expression 

of a given gene in each cell and the PC1 projection value of each cell (x coordinate in 

Figure 3.4B) and only consider correlations with p<0.05; (2) correlation with the first 

and (3) second PCs in the in vivo derived Th17 cells (Figure 3.2A); (4) correlation with 

immune-related genes that are specified in the columns of Figure 3.4B. To this end, we 

defined a “single-cell pathogenicity signature” based on two subsets of columns, which 

form tight clusters: a pro-inflammatory set: Ccr6, Il18r1, Ccl4, Ccl20, Ctla4, Il17a, Il2, 

Cd40lg, Tnf, Il21, Cxcr3, Tnfsf9, Ebi3, and Stat4; and a regulatory set: Ccr4, Il10, Il24, 

Il9, Il16, Irf4, Sigirr, Il21r, and Il4ra.  (5) a similar analysis using a curated pathogenicity 

signature (genes that are positively or negatively associated with pathogenic Th17 cells 

based on population-level experiments 77.  In the following, we explain the analysis 



 

	   132	  

performed to evaluate selection criteria (4) and (5), which are based on the correlation 

between the scored gene and two “opposing” sets of genes. For a given gene and a 

signature (consisting of two opposing subsets; e.g., pro-inflammatory genes and 

regulatory genes), we compute the values x1 and x2 as that gene’s average correlation 

with the two opposing subsets, respectively. Then for cases where sign(x1)!=sign(x2) we 

designate its score as sign(x1)*min{abs(x1), abs(x2)}. To estimate the significance of 

this score we shuffle the original expression matrix, and repeat the test 50 times. The 

shuffling is performed independently for each row (gene), but it retains the original 

values of the genes in the signature. In this way it preserves the expression distribution of 

each gene, as well as correlations between the member genes of the signature. We only 

consider as significant cases that “failed” at most twice, when compared against the 

shuffled data (empirical p value≤0.04). 

 

Finally, the genes are ranked based on their scores (correlation values for criteria (1)-(3) 

and an aggregate score for criteria (4)-(5); cases that are non significant are associated 

with a score of zero). Here, we stratified the genes into groups of 5 (first five genes are 

ranked 1st; next five genes are ranked 2nd, etc.). The final score is set as the second best 

rank among criteria (1-5), thus requiring a gene to preform well in at least two tests. We 

amend this score to prioritize (ranking 1st) genes that come up both in the in vitro analysis 

(criteria 1, 4, 5; top 95%) and the in vivo analysis (criteria 2, 3; top 75%). 
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Flow cytometry and intracellular cytokine staining 

Sorted naïve T cells were stimulated with phorbol 12-myristate 13-aceate (PMA) 

(50  ng/ml, Sigma-aldrich), ionomycin (1 mg/ml, Sigma-aldrich) and a protein transport 

inhibitor containing monensin (Golgi stop) (BD Biosciences) for 4  h before detection by 

staining with antibodies. Surface markers were stained in PBS with 1% FCS for 20  min at 

room temperature, and the cells were subsequently fixed in Cytoperm/Cytofix (BD 

Biosciences), permeabilized with Perm/Wash Buffer (BD Biosciences) and stained with 

Biolegend conjugated antibodies: Brilliant violet 650 anti-mouse IFN-γ (XMG1.2) and 

allophycocyanin-anti-IL-17A (TC11-18H10.1), diluted in Perm/Wash buffer as described 

55. Foxp3 staining was performed with the Foxp3 staining kit by eBioscience (00-5523-

00) in accordance with their ‘One-step protocol for intracellular (nuclear) proteins’. Data 

were collected using LSR II (BD Biosciences), then analyzed using Flow Jo software 

(Treestar). 

 

 

Analysis of RNA-seq data from knockout cells 

We used RNA-Seq to identify genes that are differentially expressed in knockout T cells, 

(compared with WT). To this end, we use replicate data to empirically infer a decision 

cutoff, above which we report the genes. We define the decision cutoff as a function of 

the magnitude of gene expression – genes that are lowly expressed are associated with a 

higher decision cutoff. To infer the cutoffs, we start by collecting a set of replicate RNA-

seq experiments. For each pair of replicates, we calculate their fold difference across all 

genes. We then stratified the genes into 10 bins (taking 10 quartiles), and then for each 
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bin i we computed the standard deviation di of fold changes between all pairs of 

replicates. We then determine the fold change cutoff in each bin i to be max{1.5, di}. As 

an additional stringent step, we smooth the obtained fold change cutoffs, such that if the 

cutoff for a bin i is lower than bin i+1 (which includes genes with higher expression 

levels) then the cutoff of bin i+1 is set to that of bin i. 

 

For a given knockout experiments with n “cases” and m “controls”, we report as 

differentially expressed only cases in which more than (n × m)/2 comparisons are above 

the cutoff, and all comparisons are consistent (i.e., up- or down- regulation). As above, to 

avoid spurious fold levels due to low expression values we added a small constant to the 

expression values (5 FPKM) prior to the analysis. 

 

For the analysis in Figure 3.5E we define the sets of all genes that either positively or 

negatively correlate with the first PC in cells differentiated with TGF-β1+IL-6 (Figure 

3.4C; Pearson correlation, FDR<5%). We then evaluate the significance of overlaps 

between these sets and the knockout-affected genes using a hypergeometric test. 

 

Quantification of cytokine secretion  

Naïve CD4+ T cells from knockout mice and their WT controls were cultured as 

described above, and their supernatants were collected after 48h or 96h. Cytokine 

concentrations were determined by cytometric bead array for the indicated cytokines (BD 

Bioscience), according to the manufacturers’ instructions. 
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CHAPTER 4: IDENTIFICATION OF A NOVEL REGULATOR IN IL-23 

DEPENDENT AUTOIMMUNE PATHOGENICITY
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ABSTRACT 

IL-17 producing Th17 cells are recognized as the main driver in the development of 

pathogenic inflammation in a number of autoimmune diseases. The expression of IL-23R 

on Th17 cells converts nonpathogenic into disease inducing pathogenic T cells that 

encourage tissue inflammation and damage. However, accumulating data shows that in 

the context of inflammatory bowel disease, IL-17 producing cells may instead be 

protective.  Paradoxically, effector CD4 T cells expressing IL-23R in the gut have been 

identified to exacerbate inflammation and exhibit increased pathogenicity. Here we report 

for the first time that in inflammatory bowel disease, IFNγ producing Th1 cells express 

IL-23R to facilitate induction of the disease. However, unlike Th17 cells, IL-23R 

expression on Th1 cells did not provoke IL-17 production nor promote IFN-γ. Consistent 

with Th17 cells that require IL-23 to become pathogenic, Th1 cells exposed to IL-23 not 

only increased IL-23R expression, but also exacerbated autoimmune pathology. Based on 

this novel observation that both Th1 and Th17 cells require IL-23 for pathogenicity, we 

undertook comparative transcriptomic analysis of both Th1 and Th17 cells exposed to IL-

23 in order to reveal the induction of a shared gene that is dependent on IL-23/IL-23R 

signaling.  We show here that POU2af1 regulates the pathogenic potential of effector 

CD4 T cells. Our results thus illustrate that IL-23R signaling is critical in evoking a 

pathogenic phenotype in not only the Th17 subset, but also in Th1 cells. But more 

importantly, we propose an alternative mechanism to reconcile the conflicting data in the 

pathogenesis of IBD. 
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INTRODUCTION 

Th17 cells have become identified as the drivers of autoimmune diseases, such as 

multiple sclerosis, psoriasis, ankylosing spondylitis, rheumatoid arthritis, and 

inflammatory bowel disease22,25,262. Multiple studies in mice and men have revealed that 

the IL-23/IL-23R axis is the critical pro-inflammatory pathway that drives 

pathogenicity70,263,264; as such, Th17 mediated inflammation and autoimmune pathology 

are believed to be dependent on IL-23R expression.  Consistently, in clinical studies 

neutralization of IL-17 by antibody resulted in amelioration of autoimmune 

inflammation, thus supporting the causative role played by Th17 cells65-69.  In addition, 

Genome Wide Association scans have revealed a strong genetic linkage to the IL-23/IL-

23R loci in increasing susceptibility to autoimmune diseases58-64. In animal models of 

IBD, neutralization of both IL-12 and IL-23 using IL-12p40 antibody inhibited the 

development of T cell mediated colitis265,266. In humans, treatment of Crohn’s disease 

patients with antibodies that block IL-12/IL-23 resulted in clinical improvement.  

Although these results suggest that the IL-23/IL-23R pathway may promote IBD, clinical 

studies in which IL-17/IL-17R signaling was inhibited resulted in disease exacerbation. 

Surprisingly, Th17 cells do not seem to induce pathogenic gut inflammation156,266. In fact, 

IL-17 producing cells seems to confer protection, suggesting a possible disconnect in our 

current understanding of the IL-23R/Th17 paradigm in autoimmune pathogenicity, 

especially in the context of IBD157,267.  In addition, the gut has a large percentage of cells 

that naturally produce IL-17, yet these cells do not cause autoimmune inflammation73,74. 

These results are especially confounding given that we77 and others123 have shown that 

IL-23R expression on Th17 cells is necessary not only to stabilize the Th17 phenotype, 
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but also to evoke the pathogenic potential of Th17 cells22. These observations raise the 

question of whether a specific population of cells that express IL-23R could be 

pathogenic in IBD.  In mouse models, IFN-γ producing Th1 cells were shown to transfer 

disease, but a role for IL-23 in promoting a Th1-mediated disease had not been described.  

 

Here we demonstrate that IL-23R expression is not limited to the Th17 effector cell 

lineage and that Th1 cells can also express IL-23R.  We show that, similar to the effect of 

IL-23 on Th17 cells, exposure of Th1 cells to IL-23 increased IL-23R expression and 

enabled Th1 cells to mediate autoimmune inflammation and disease. Based on our 

observation that IL-23/IL-23R signaling stimulates pathogenicity of both Th1 and Th17 

cells, we wondered whether a comparative analysis of IL-23-exposed Th1 and Th17 cells 

could reveal the expression of shared genes that increase the pathogenic phenotype.  We 

identified, POU2af1 as a shared transcriptional co-activator that is induced upon IL-23R 

signaling and drives the pathogenic potential of both cell types. We show that the 

expression of POU2af1 promotes IL-23R expression and inhibits IL-10 expression. Thus, 

this study defines one of the mechanisms by which IL-23/IL-23R signaling regulates 

pathogenicity. This finding allows us to reconcile the confounding observation that IL-17 

producing cells confer protection in IBD while IL-23R promotes disease susceptibility by 

demonstrating a role for IL-23R in driving pathogenicity in Th1 cells.     
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RESULTS 

T cell mediated colitis requires IL-23R expression.  

Increased expression of IL-23 and IL-23R has been linked to pathologic gut 

inflammation58-64 yet IL-17 producing CD4 T cells have been shown to confer 

protection157,267, not to induce inflammatory disease. So we wondered what subset of 

CD4 T cells that are present in the gut during inflammatory colitis were expressing IL-

23R.  We induced CD4 T cell dependent colitis by adoptively transferring CD45RBhigh 

CD4 T cells sorted from IL-23R-GFP reporter mice into Rag-1 KO recipient. IL-23R-

GFP positive and negative cells were sorted from the lamina propria 10 weeks post 

transfer and quantitative RT-PCR was performed. Surprisingly Il17a and Rorc were 

expressed at a higher level in CD4 T cells that were IL-23R positive compared to cells 

that were not expressing IL-23R, suggesting that during inflammatory colitis, CD4 T 

cells expressing IL-23R is associated with Th17 linked genes. Taking into account that 

IFNγ producing Th1 has been shown to pathologic inflammation in CD4 T cell mediated 

colitis268-271 and IL-23R expressing CD4 T cells expressed Th17 associated genes, we 

wondered whether IL-23R negative cells expressed Th1 linked genes.  To our surprise, 

Tbx21, Ifng, Il12rb1, and Il12rb2 were also highly expressed in IL-23R positive CD4 T 

cells, suggesting that cells expressing Th1 associated genes during inflammation also 

expressed IL-23R (Figure 4.1A).  
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Figure 4.1 T cell mediated colitis is dependent on IL-23R expression
(a) Quantitative RT-PCR analysis of Il23r, Il17a, Rorc, Ifng, Tbx21, Il12rb1, Il12rb2 mRNA in IL-23R-GFP+ 

or IL-23R-GFP- CD4 T cells sorted from colitis induced mice at 10 weeks post transfer.  (b) Percentage 

weight loss (disease incidence) in Rag-1KO recipients 9 weeks after transfer of naïve CD4+CD45RBhigh T 

cells  from Wt,  IL-23RKO, IL-12R 1 KO, IL-12R 2 KO mice.  Rag is  control  group indicating no cell 

transfer.  (c)  Double blind inflammatory clinical  score of  the large intestine from T-cell  mediated colitis 

induced  mice.  (d)  Flow  cytometry  analysis  of  IL-23R  expression  in  CD4  T  cells  isolated  from  the 

intraepithelial and lamina propria of Wt, IL-12R 1 KO, IL-12R 2 KO cells transferred groups. (e) Length of 

the small intestine and large intestine of the T cell mediated colitis induced groups.  (f) Total infiltrating cells 

(top row) and total CD4+ T cells (bottom row) from the intraepithelium and lamina propria of colitis induced 

mice. All data here is a representative of at least three independent experiments with similar results. 
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Figure 4.1 (Continued)
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These data also revealed that the relative expression of IFNγ was several fold higher than 

that of IL-17 in both IL-23R– and IL-23R+ CD4 T cells, suggesting that CD4 T cells 

present during gut inflammation may be more Th1 driven. In fact, previous reports268-271 

have suggested that Th1 cells drive development of colitis, but in light of the fact that 

CD4 T cells in the lamina propria also expressed IL-23R, we wanted to determine 

whether Th1 cells or IL-23R expression was driving pathogenic inflammation for T cell 

mediated colitis. To address this question, CD4+CD45RBhigh T cells from Wt, IL-

12Rβ1KO, IL-12Rβ2KO, and IL-23RKO mice were adoptively transferred into Rag-1 

KO mice for the induction of colitis. The design of this experiment was based on the fact 

that a functional IL-23R is a heterodimeric receptor made up of IL-12Rβ1 and a unique 

IL-23R48. Similarly, Th1 cells are differentiated by IL-12, which binds to a heterodimeric 

receptor made up of IL-12Rβ1 and IL-12Rβ2 subunits48. Thus, IL-12Rβ1KO CD4 T cells 

will lack the capacity to differentiate into Th1 cells while also being compromised in IL-

23R expression48.  In contrast, IL-12Rβ2KO CD4 T cells will not be able to differentiate 

into Th1 cells but will have a functional IL-23R48. IL-23RKO CD4 T cells on the other 

hand will have normal IFNγ production, but will not have a functional IL-23R 

(Supplementary Figure 4.1). By comparing these four groups, we will be able to tease 

out the contribution of Th1 cells versus IL-23R expressing T cells in disease 

pathogenesis. To our surprise, our results revealed that the pathogenic potential of CD4 T 

cells to induce colitis had no bearing on whether the cells could differentiate into Th1 

cells (Figure 4.1B). Instead, development of disease was solely dependent on whether 

the cells had the capacity to express IL-23R (Figure 4.1B). Transfer of Wt and IL-

12Rβ2KO cells induced weight loss which is suggestive of a wasting disease that is 
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present in T cell mediated colitis models, whereas transfer of IL-23RKO and IL-

12Rβ1KO cells were unable to induce the development of T cell mediated colitis (Figure 

4.1B).  The histological score for inflammation in the lamina propria correlated with the 

results seen in the disease weight loss curve (Figure 4.1C).  Consistently, IL-23R protein 

expression on the CD4 T cells from the intra epithelium and the lamina propria of the gut 

was the highest in cells from Wt and IL-12Rβ2 KO mice (Figure 4.1D).  In addition, 

intestinal length, which correlates with inflammation, was reduced in the large intestine 

of Wt and IL-12Rβ2 KO mice, while the small intestine showed little change in length 

among the four groups (Figure 4.1E).  Total cell numbers, as well as CD4 T cell 

numbers, were greater following transfer of  Wt and IL-12Rβ2 KO cells (Figure 4.1F), 

suggesting that  pathologic inflammation is greatest in Wt and IL-12Rβ2KO recipient 

mice,  the two groups that retain a functional IL-23R. This data also revealed that the gut 

inflammation occurred irrespective of whether the cells could develop into IFNγ 

producing Th1 cells.  

 

Th1 cells express IL-23R for pathogenic effector function.  

Next, we wondered whether Th1 cells differentiated in vitro could also express IL-23R. 

We differentiated naïve CD4 T cells into Th1 cells with IL-12 using IL-23R-GFP KI 

cells. Indeed, Th1 cells expressed IL-23R at a comparable level to differentiated Th17 

cells (Figure 4.2A).  Interestingly, the expression of IL-23R did not correlate with the 

production of IL-17 in Th1 cells (Figure 4.2A). The enhanced expression of IL-23R was 

unique to Th1 and Th17 cells as Th2 cells or Foxp3 Tregs showed little to no expression 

of IL-23R (Figure 4.2A and data not shown).  In addition, IL-23R on Th1 cells was only 
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induced upon IL-12 signaling as Th1 differentiation via IFNγ did not induce IL-23R 

expression (Supplementary Figure 4.2).  

  

Figure 4.2. In vitro differentiated Th1 cells express IL-23R
(a) Flow cytrometry analysis of IL-23R-GFP expression from differentiated CD4 T cells from IL-23R-GFP 

reporter mice (top row). Intracellular cytokine staining showing co-expression of IL-17A with IFN  or IL-13 

in differentiated CD4 T cells from the IL-23R-GFP mice (bottom row) stimulated with PMA-ionomycin after 

four hours post in vitro culture. (b) Quantitative RT-PCR analysis of Il23r mRNA in naïve CD4 T cells 

differentiated for four days in vitro with IL-12 (Th1), IL-1 -IL-6-IL-23 (Th17), and no cytokines (Th0). (c) 

Flow cytrometry analysis  of  IL-23R-GFP expression from differentiated CD4 T cells  from IL-23R-GFP 

reporter  mice  (top  row).  Intracellular  cytokine  staining  showing  co-expression  of  IL-17A or  IFN  in 

differentiated CD4 T cells from the IL-23R-GFP mice (bottom row) stimulated with PMA-ionomycin after 

four hours post in vitro  culture. (d) Percentage weight loss (disease incidence) in Rag-1KO recipients 7 

weeks after transfer of naïve CD4+CD62L_CD44- T cells from Wt cells that were differentiated with IL-12 

(Th1) or IL-12+IL-23(Th1+IL-23). No transfer indicates weight measurement of Rag-1 KO mice that did not 

receive T cells.  (a,c) data are a representative of at least six independent experiments with similar results. (b) 

is a representative of two independent experiments. (d) is a representative of three independent experiments 

with similar results. 
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Our temporal transcriptomic analysis has shown that IL-23R expression is not induced 

until 48 hours post differentiation under Th17 conditions. We wondered whether Th1 

cells expressed IL-23R with different kinetics compared to Th17 cells as the cytokines 

that initiate differentiation would likely activate an alternative signaling pathway. We 

performed a time course of Th1 and Th17 cells differentiated with IL-12 and IL-1β+IL-

6+IL-23 respectively and measured IL-23R expression.  To our surprise, IL-23R 

expression was induced at approximately 48 hours in both Th1 and Th17 cells, 

suggesting that the regulation of IL-23R may be similar for both subsets (Figure 4.2B). 

In Th17 cells, IL-23R expression permits CD4 T cells to respond to IL-23 by production 

of IL-17, and by stabilization of the Th17 phenotype IL-23/IL-23R signaling has been 

shown to increase the pathogenic potential of Th17 cells. First we wondered whether Th1 

cells that expressed IL-23R would produce IL-17 upon exposure to IL-23, resulting in 

double producers (IFNγ/IL-17).  Using IL-23R-GFP KI cells, naïve CD4 T cells were 

differentiated with IL-12 or IL-12+IL-23 to determine the effects of IL-23 on 

differentiating Th1 cells. To our surprise, IL-23 did not induce IL-17 production from 

Th1 cells, but instead it further enhanced IL-23R expression (Figure 4.2C).  In addition, 

exposure of Th1 cells to IL-23 did not increase IFNγ production, suggesting that IL-23 

signaling does not seem to regulate IFNγ, consistent with reports that IL-23RKO mice do 

not have a defect in IFNγ production  (Figure 4.2C).  Since IL-23R expression on Th17 

cells increases the pathogenic potential of T cells34,123, we wondered whether the increase 

in IL-23R expression on Th1 cells upon IL-23 exposure induced a similar functional 

outcome.  Naïve CD4 T cells were differentiated in vitro with either IL-12 or IL-12+IL-

23 and then adoptively transferred into Rag-1 KO recipients and monitored for disease.  
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Similar to the experiments in which transfer of Th17 cells expressing increased levels of 

IL-23R exacerbated disease in other autoimmune disease models, transfer of Th1+IL-23 

cells accelerated the development of colitis compared to transfer of Th1 cells alone, 

suggesting that exposure to IL-23 increased the pathogenicity of Th1 cells in the 

induction of T cell mediated colitis (Figure 4.2D).  

 

Inflammatory Th1 cells co-express IL-23R and IL-17 in the gut.  

In order to determine whether the Th1 cell mediated colitis was dependent on IL-23R 

expression, we differentiated naïve CD4 T cells from Wt and IL-23R KO mice with IL-

12+IL-23 and then adoptively transferred them into Rag-1 KO recipients and monitored 

the disease. We found that Th1 cells differentiated with IL-12+IL-23 that lacked IL-23R 

expression did not transfer disease (Figure 4.3A). However, when we harvested CD4 T 

cells from mice with colitis that had received WT cells differentiated with IL-12+IL-23, 

we noticed that these T cells had begun to express IL-17, suggesting a change in these 

adoptively transferred Th1 cells over time that could contribute to the induction of 

disease (Figure 4.3B). Not only were there ex-Th1 cells that expressed IL-17, but there 

were also cells that co-produced IFNγ and IL-17 (Figure 4.3B).  Interestingly, in the IL-

23R KO cells, there was a complete absence of IFNγ/IL-17 double producing cells and 

the percentages of both IL-17 and IFNγ single producing cells were decreased. (Figure 

4.3B).  The lamina propria is known to have resident CD4 T cells that spontaneously 

produce IFNγ and IL-17, yet these cells do not cause inflammation or colitis.  In fact, IL-

17 is known to be protective in the gut microenvironment, as transfer of IL-17KO CD4 T 
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Figure 4.3 Th1+IL-23 differentiated CD4 T cells induce IL-17A+IFN + cells which are present during 
gut inflammation
(a)  Percentage  weight  loss  (disease  incidence)  in  Rag-1  KO recipients  7  weeks  after  transfer  of  naïve 

CD4+CD62L+CD44-  T  cells  from  Wt  and  IL-23R  KO  mice  that  were  differentiated  with 

IL-12+IL-23(Th1+IL-23). (b) Intracellular cytokine staining showing IFN  or IL-17A of CD4 T cells that 

were differentiated in vitro from naïve CD4+ T cells prior to transfer (top row) and 60 days post transfer 

from the lamina propria (bottom row). (c) Intracellular cytokine staining showing IFN  or IL-17A of CD4 T 

cells  from steady  state  (control  mice)  and  colitis  induced  mice  stimulated  with  PMA+ionomycin.   (d) 

Quantitative RT-PCR analysis of Il17a, Ifng, Il10, and Il23r mRNA from IFN YFP+ or IFN YFP- cells 

that were present in the mLN, SP, and LPL of steady state (control mice) and colitis induced mice. All data 

here are a representative of at least three independent experiments with similar results.
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Figure 4.3 (Continued) 
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cells results in exacerbated colitis.  IL-17 has also been shown to be critical for 

maintaining gut barrier function72-74. However, we wondered whether the IL-17 

production derived from IFNγ producing Th1 cells (Figure 4.3B) contributed to a more 

pathogenic phenotype. 

To determine if CD4 T cells that express IFNγ and/or IL17 in an inflammatory state are 

distinct from those in a non-inflammatory state, we compared the cytokine profiles of 

WT CD4 T cells harvested from the lamina propria of mice under steady state conditions 

with CD4 T cells harvested from mice with colitis. Consistently, we were able to find IL-

17/IFNγ double producing CD4 T cells only under the inflammatory condition of colitis, 

whereas only IFNγ and IL-17 single producing CD4 T cells were present in the steady 

state lamina propria (Figure 4.3C).  To determine whether the IFNγ+ cells that were 

present during steady state had a different gene expression profile than those induced 

during inflammation, we sorted IFNγ+ YFP CD4 T cells from the mesenteric lymph node 

(mLN), spleen, and lamina propria of control mice and mice with colitis for quantitative 

RT-PCR.  Interestingly, we found that, during steady state, IFNγ+ cells from the lamina 

propria and mesenteric lymph nodes exhibited an IFNγ/IL-10 profile, whereas the IFNγ+ 

cells from mice with colitis adopted an IL-17/IFNγ profile, which was highly suggestive 

of a change from a non-pathogenic (protective) versus pathogenic Th17 phenotype 

(Figure 4.3D). In addition, CD4 T cells from mice with colitis also expressed high levels 

of IL-23R and IL-22, which correlates with a pathogenic phenotype (Figure 4.3D and 

Supplementary Figure 4.3).   
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POU2af1 is a shared gene induced in Th1 and Th17 cells exposed to IL-23  

IL-23/IL-23R signaling in CD4+ Th17 cells has been demonstrated to increase their 

pathogenic potential. We found that Th1 cells responded similarly to Th17 cells 

following exposure to IL-23 by increasing their pathogenic phenotype. We then 

wondered whether a shared gene mediated the response to IL-23 in both Th1 and Th17 

cells. In order to identify such a shared gene, we carried out whole genome microarray 

analyses of mRNA isolated from Wt and IL-23R KO CD4 T cells that were differentiated 

under Th1+IL-23 (IL-12+IL-23) or Th17+IL-23 (IL-1β+IL-6+IL-23) differentiating 

conditions. First we identified genes that were induced and shared between Th1+IL-23 

and Th17+IL-23 conditions for either Wt or IL-23RKO cells. From among these genes, 

we ranked differentially expressed transcriptional regulators that were induced in Wt 

cells but downregulated in IL-23R KO cells in order to identify shared genes that were 

dependent on IL-23R signaling. Of the top 10 genes that were most differentially 

expressed, we focused on POU2af1 because our previous studies had shown an important 

role for this gene in Th17 differentiation162. Furthermore, POU2af1 deficient mice were 

ready available from our collaborator Dr. Dean Tantin (University of Utah) (Figure 

4.4A).   
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Figure 4.4 POU2af1 as an IL-23 dependent gene that regulates both Th1 and Th17 cells.

(a)  A heat  map  of  the  microarray  analysis  showing  top  ranked  differentially  expressed  transcription-
associated  genes  that  were  up  or  down  (>2  fold:  compared  to  Th0  cells)  of  CD4  T  cells  that  were 
differentiated in vitro from Wt or IL-23RKO mice with IL-12+IL-23 or IL-1 -IL-6-IL-23 cytokines. (b) 
Quantitative  RT-PCR  analysis  of  Pou2af1  of  naïve  CD4  T  cells  from  Wt  or  IL-23R  KO  that  were 
differentiated in vitro with Th0 (no cytokines), Th1+23 (IL-12+IL-23), and Th17+23 (IL-1 -IL6-IL-23) for 
four days. (c) Flow cytometry analysis of naïve CD4 T cells from IL-23R-GFP reporter mice that were 
differentiated in vitro from four days with Th0 (no cytokines), Th1+23 (IL-12+IL-23), and Th17+23 (IL-1 -
IL6-IL-23) then sorted for IL-23R-GFP+ or IL-23R-GFP- cells. Quantitative RT-PCR was performed for 
Il23r  and Pou2af1  mRNA on the sorted CD4 T cells.  (e) Quantitative RT-PCR was performed for Il23r 
mRNA on the sorted naïve CD4 T cells from Wt or POU2af1 KO mice differentiated in vitro for four days. 
(f) Il23r promoter activity measured in HEK293T cells transfected with Il23r promoter driven luciferase 
reporter along with empty vector (PGL4-empty) and POU2af1 plasmid.  (g) The binding of POU2af1 to 
IL-23r promoter in Wt CD4 T cells differentiated in vitro for four days with Th0 (no cytokine), Th1+23 
(IL-12+IL-23), Th17+23(IL-1 -IL6-IL-23) assayed by CHIP-PCR. Six horizontal bars represent the location 
of POU2af1 binding sites on Il23r locus detected by real time-PCR. Two thick vertical bars represent exon 1 
and 2 of the Il23r locus. The graph is the relative fold change compared to control Ig.  (a) is microarray data 
from  three  independent  experimental  samples.   (b-f)  is  a  representative  of  at  least  three  independent 
experiments with similar results. 
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Figure 4.4 (Continued)
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POU2af1 acts as a transcriptional co-activator of the transcription factors Oct1 and 

Oct2272,273. We had previously published that POU2af1 was predicted to be regulated 

downstream of Stat3 and promoted the Th17 phenotype, while inhibiting differentiation 

into Treg and Th2 subsets163.  We have found that IL-23 is a strong inducer of pStat3 in 

both Th1 and Th17 conditions (data not shown); thus we thought that POU2af1 might 

play a role in the pathogenic potential of CD4 T cells. We first confirmed by RT-PCR 

that POU2af1 was induced in both Th1 and Th17 cells that were exposed to IL-23 and 

noted that, in the absence of IL-23R signaling, the relative expression of POU2af1 was 

significantly decreased (Figure 4.4B). Then we wondered whether the absence of 

POU2af1 also affected differentiation of both Th1 and Th17 cells. We differentiated 

naïve CD4 T cells under Th1 polarizing conditions as well as Th17 differentiating 

conditions (non-pathogenic and pathogenic) from Wt and POU2af1 KO mice. We were 

able to confirm that the absence of POU2af1 resulted in a decrease of either IFNγ or IL-

17, suggesting that POU2af1 does play a role in both Th1 and Th17 conditions (Figure 

4.4C). To determine whether IL-23R expression correlated with the induction of 

POU2af1, we differentiated naïve IL-23R-GFP KI CD4 T cells in vitro into Th1 and 

Th17 cells in the presence of IL-23 and sorted for IL-23R— or IL-23R+ cells.  Our data 

revealed that, indeed, POU2af1 expression was correlated with IL-23R expression on 

both Th1 and Th17 cells exposed to IL-23. (Figure 4.4D).  Then we wondered whether 

the absence of POU2af1 had an effect on IL-23R expression on Th1 and Th17 cells. We 

differentiated naïve CD4 cells from Wt and POU2af1 KO cells.  After four days in 

culture we harvested cells for quantitative RT-PCR of Il23r. Our data revealed that the 

absence of POU2af1 resulted in a reduction in Il23r expression, suggesting that POU2af1 
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regulated IL-23R expression on developing CD4 T cells in both Th1 and Th17 conditions 

(Figure 4.4E). To determine whether POU2af1 had the ability to transactivate IL-23R, 

we transfected HEK293T cells with an IL-23R promoter luciferase construct that that 

spans 1.2kb of the IL-23 promoter as well as an intronic enhancer regions in intron 3 and 

6 where Th17 associated transcription factors such as Stat3, Irf4 and Rorc have been 

previously shown to bind69. Our data revealed through luciferase activity that the IL-23R 

promoter region can be transactivated by a constitutively active POU2af1.  However, 

POU2af1 was not active on constructs containing only intron 3 or intron 6 of IL-23R. 

(Figure 4.4F).  In addition, in order to test for physical binding of POU2af1 to these 

regions, we performed chip-PCR of the IL-23R locus using primers that span the 

predicted regions to determine whether POU2af1 bind under both Th1 and Th17 

conditions (Figure 4.4G).  Indeed, POU2af1 bound to the IL-23R promoter regions for 

both Th17+IL-23 or Th1+IL-23 differentiating conditions, although binding under Th17 

conditions was much more robust. Collectively, our data reveal that POU2af1 is a shared 

transcription factor whose expression is induced in both Th1 and Th17 cells by IL-23, 

and that can further enhance IL-23R expression 

 

POU2af1 regulates inflammatory genes.  

In order to understand how POU2af1 may regulate IL-23 dependent pathogenicity, we 

evaluated expression of a selected subset of genes that are known to be associated with 

Th17 differentiation and pathogenicity using the multiplex qPcR nCounter Analysis 

system (Nanostring).  We clustered the genes based on their high expression in both 

Th1+IL-23 and Th17+IL-23 WT groups and their low expression in POU2af1 KO cells 
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under both conditions.  The top two genes from the list after clustering based on 

differential expression analysis of all four groups were Il21 and Il23r (Figure 4.5A). As 

shown in the heat map, these two genes were highly expressed in Wt cells differentiated 

under Th1+IL-23 and Th17+IL-23 conditions, and their expression was downregulated in 

POU2af1 KO cells. In addition, expression of many other genes that are known to be 

proinflammatory were also decreased in the POU2af1 deficient cells: Il3, csf2 (GM-

CSF), Il7r, Il22, Il21r,. Batf, Hif1a, Ccr5, Cxcr4, Ccr6, Stat3, Gpr65, Bhlhe40, Zbtb32, 

and Maf (data not shown). Some notable genes with no difference in expression between 

WT and KO were: Mina, Stat1, Stat4, and Tbx21 (data not shown).   Curiously, the gene 

that was the highest differentially expressed gene in the POU2af1 KO cells as compared 

with WT cells was Foxp3, suggesting that the absence of POU2af1 may promote 

expression of a regulatory module (Figure 4.5A). Additionally, expression of genes that 

are known to be anti-inflammatory (or regulatory) was increased in the KO, including 

Foxp1, Tgfb1, and Socs2 (data not shown).  
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Figure 4.5. The absence of POU2af1 (OCAB) has a strong correlation to IL-23R KO gene profile
(a) A heat map of 275 signature genes using the Nanostring nCounter system of naïve CD4 T cells from Wt 

and POU2af1 KO (OCAB KO) that were differentiated with Th1+23 (IL-12+IL-23) and Th17+23(IL-1 -

IL6-IL-23) cytokines for four days in vitro. Relative expression was determined based on fold change above 

the Th0 (no cytokine condition) for each group using manufacturer’s software (nsolver). (b) A heat map of 

275 signature genes using the Nanostring nCounter system of naïve CD4 T cells from Wt cells that were 

differentiated in vitro for four days with indicated cytokines and OCAB was over-expressed supernatants 

from retrovirus  encoding  POU2af1-GFP (OCAB)  or  Empty-Vector-GFP.   GFP+ cells  were  sorted  after 

culture and total RNA was isolated for nanostring nCounter analysis. (c) A heat map of mi-seq RNA of naïve 

CD4 T cells from Wt, IL-23RKO, OCAB KO(POU2af1 KO) differentiated with Th1+23 (IL-12+IL-23) and 

Th17+23(IL-1 -IL6-IL-23 cytokines. Th0 (no cytokines) gene expression was used as base-line control to 

determine the relative fold change of the genes. (d) Principal component analysis (PCA) of 647 pathogenicity 

signature genes differentially expressed and had a greater than 1.5 fold difference (up or down) between the 

six groups indicated.
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Based on these findings, we wondered whether over-expression of POU2af1 would result 

in increased expression of pro-inflammatory genes. We differentiated naïve CD4 T cells 

under Th1+IL-23 and Th17+IL-23 conditions and then 24 hours post activation, 

transfected them with  retroviral supernatants containing either POU2af1 overexpression 

constructs or empty control vector. Gene expression was subsequently profiled using the 

multiplex qPcR nCounter Analysis system (Nanostring). We were especially interested in 

genes that were commonly induced in both Th1 and Th17 cells as our way of identifying 

candidate genes that might regulate inflammation downstream of POU2af1 in response to 

IL-23 signaling.  Our Nanostring data revealed that the expression of some pro-

inflammatory genes, such as Il3, Toso, Il23r, Ccr4, IL12rb1, Cd44 and Runx3, was 

induced under both Th1 and Th17 conditions (Figure 4.5B). To be inclusive of all genes 

that may be differentially regulated, we performed RNA-sequencing on Wt, IL-23RKO, 

and POU2af1KO cells that were polarized under Th1+IL-23 and Th17+IL-23 conditions. 

We observed a strong correlative pattern, as seen in the heat map, between the gene 

expression profile of IL-23RKO and POU2af1 KO cells for both Th1 and Th17 

conditions (Figure 4.5C). Further PCA analysis confirmed that IL-23RKO and 

POU2af1KO gene expression profiles clustered together when measured against the 

pathogenicity gene signature (Figure 4.5D), suggesting that the absence of POU2af1 

induction and compromised IL-23R expression may have similar functional 

consequences.  

The absence of POU2af1 confers protection in T cell mediated colitis  

To determine whether the absence of POU2af1 translated into the functional outcome that 

was inferred  from the gene expression profile data, we induced T cell mediated colitis 
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using Wt and POU2af1 KO CD4 T cells. When we transferred naïve CD4 T cells from 

Wt or POU2af1 KO mice into Rag-1 KO recipients, we found that deficiency of 

POU2af1 protected the recipient mice from developing disease (Figure 4.6A). In 

addition, the pathology clinical score also indicated that inflammation was decreased in 

the large intestine of mice receiving  POU2af1 KO  cells compared to Wt cells (Figure 

4.6B).  Consistently, fewer CD4 T cells that expressed IL-17 were harvested from the 

lamina propria of mice that received POU2af1 deficient cells.  Surface expression of IL-

23R was also decreased on POU2af1 deficient CD4 T cells harvested from the mLN; RT-

PCR expression analysis confirmed these findings for mLN and SP (Figure 4.6C and D; 

data not shown). Interestingly, while IL-17 and IL-23R expression were decreased in the 

POU2af1 KO cells, there was an increase in Il10 expression in the POU2af1 KO cells, 

which is consistent with the disease profile observed with the POU2af1 KO T cells. 

Together, these data revealed POU2af1 as an important gene that is induced in both Th1 

and Th17 cells in response to IL-23 and that can drive IL-23/IL-23R dependent 

pathogenicity in inflammatory bowel disease.  
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Figure 4.6. POU2af1 KO mice are resistant to developing colitis 

(a)  Percentage  weight  loss  (disease  incidence)  in  Rag-1KO  recipients  7  weeks  after  transfer  of  naïve 

CD4+CD45RBhigh T cells from Wt and POU2af1 KO mice. (b) Double blind inflammatory clinical score of 

the large intestine from T-cell mediated colitis induced mice. (c) Intracellular cytokine staining showing co-

expression of IL-17A or IFN  in CD4 T cells from the lamina propria of colitis induced mice stimulated with 

PMA-ionomycin after four hours. (d) Flow cytometry analysis of IL-23R expression in CD4 T cells isolated 

from the mLN and SP of  Wt and POU2af1 KO cells  transferred groups.  (e)  Quantitative  RT-PCR was 

performed for Il10 mRNA on the sorted CD4 T cells from the mLN and SP of colitis induce mice with Wt or 

POU2af1 KO cells.
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DISCUSSION 

Collectively, our data reveal for the first time how IL-23 may drive pathogenicity. It has 

been well established that the pathogenicity of Th17 cells is dependent on expression of 

IL-23R263. However, IL-23R has been shown to play a role even under conditions where 

Th17 cells are not known to induce disease. This study indicates that IL-23 mediated 

pathogenicity is not limited to the Th17 subset but also extends to Th1 cells. In fact, the 

comparative gene expression profiles of Th1 and Th17 cells exposed to IL-23 are 

strongly correlated.  This finding suggested that common genes might exist that are 

expressed downstream of IL-23 and that drives the pathogenic potential of CD4 T cells. 

 

This study identifies one of the critical genes as POU2af1, which is induced upon IL-23 

stimulation in CD4 T cells, and which functions, at least in part, to induce tissue 

inflammation and damage by the inhibition of IL-10 expression and promotion of IL-23R 

expression. It is unclear whether POU2af1 directly or indirectly inhibits IL-10 

expression, but both in vitro differentiation and in vivo data reveal that IL-10 production 

is increased in POU2af1-deficient cells.  In addition, this study elucidates how IL-23R 

expressing CD4 T cells that are not from the Th17 lineage induce pathogenic 

inflammatory bowel disease (IBD), and we show that their ability to induce disease is 

dependent on IL-23R expression.  The gut has steady state production of IL-17 that does 

not induce inflammation73. Thus it is possible that in IBD, IL-17 producing cells may be 

necessary for the lining of the gut mucosa to maintain  barrier function and to prevent 

commensal bacteria from breaching the barrier and causing unrestrained 

inflammation73,74.  This may explain why, in human and in animal studies, blockade of 
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IL-17 and IL-17 receptor (IL-17Ra) can result in disease exacerbation65. Similarly, colitis 

is exacerbated in animal models in which transferred CD4 T cells lack the capacity to 

produce IL-17 or in which recipient mice are deficient in IL-17R65-69.  Interestingly, 

blockade of IL-23R in animal models of IBD confers protection264, suggesting that in 

IBD, functions of IL-17 and IL-23R can be separated.  

 

Our study reveals that IL-17 producing cells in the gut have a dual function depending on 

the cytokine milieu of the gut. IL-17+ cells during steady state co-express IL-10, a highly 

anti-inflammatory cytokine. However, when we sort for IL-17+ cells during gut 

inflammation in colitis, IL-17+ cells no longer co-express IL-10, but instead express IFN-

γ. Our data also reveal that IL-17+IFN-γ+ CD4 T cells present during inflammation also 

express IL-23R and IL-22, which are not expressed in naturally occurring, gut-associated 

IL-17+IL-10+ cells during steady state. This is consistent with published reports from our 

lab and others, in which IL-17 producing cells that are present in the peripheral target 

tissue in experimental autoimmune disease (EAE) during the height of inflammation 

express a significant number of Th1 associated genes140.  It is unclear whether in EAE, 

POU2af1 is the main driver of pathogenic potential.  However, the induction of POU2af1 

expression by signaling through the IL-23R is critical for driving disease in our T cell 

mediated colitis model. Understanding the mechanisms by which IL-23 regulates 

pathogenicity will be critical in devising alternative therapies in the treatment of 

autoimmune diseases. 
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MATERIALS AND METHODS 

 

Mice 

C57BL/6 wild-type were obtained from Jackson Laboratory. IL-17A–GFP mice were 

purchased from Biocytogen. IL-23R–GFP mice and IL-23r−/− mice were generated as 

described.  All animals were housed and maintained in a conventional pathogen-free 

facility at the Harvard Institute of Medicine in Boston. All experiments were performed 

in accordance to the guidelines outlined by the Harvard Medical Area Standing 

Committee on Animals at the Harvard Medical School. 

 

In vitro culture 

CD4+ T-cells were purified from spleen and lymph nodes using anti-CD4 microbeads 

(Miltenyi Biotech) then stained in PBS with 1% FCS for 20  min at room temperature 

with anti-CD4-PerCP, anti-CD62L-APC and anti-CD44-PE antibodies (all Biolegend). 

Naive CD4+CD62lhighCD44low T-cells were sorted using the BD FACSAria cell sorter. 

Sorted cells were activated with plate-bound anti-CD3 (2  μg ml−1) and anti-CD28 

(2  μg  ml−1) in the presence of cytokines. For Th17 differentiation, the following reagents 

were used: 20ng/ml of IL-12, 25ng/ml of IFNγ, 25 ng/ml recombinant mouse IL-6 

(Miltenyi Biotec), 20 ng/ml recombinant mouse IL-23 (R&D Biosystems) and 20 ng/ml 

recombinant mouse IL-1β (Miltenyi Biotec). Cells were cultured for 48h or 96h and 

collected for RNA, intracellular cytokine staining, flow-fish, and flow cytometry. 
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RNA-Sequencing  

RNA-seq reads were aligned to the NCBI Build 37 (UCSC mm9) of the mouse genome 

using TopHat. The resulting alignments were processed by Cufflinks to evaluate the 

abundance (using FPKM) of transcripts from RefSeq. We used log transform and 

quantile normalization to further normalize the expression values (FPKM) within each 

batch of samples (i.e., all single-cells in a given run). To account for low (or zero) 

expression values we added a value of 1 prior to log transform. Samples were generated 

by extracting total RNA using RNeasy plus Micro RNA kit (Qiagen) according to the 

manufacturer’s recommendations. Subsequently, 1mL of RNA in water was added to 

2 mL of lysis reaction mix, thermocycled using cycling conditions I (as above). Next, 

4 mL of the RT Reaction Mix were added and the mixture was thermocycled using 

cycling conditions II (as above). Finally, 1 mL of the total RT reaction was added to 

9 mL of PCR mix and that mixture was thermocycled using cycling conditions III (as 

above). Products were quantified, diluted to 0.125 ng/ mL and libraries were prepared, 

cleaned, and tested as above. 

 

Cytokine analysis 

At indicated time points, differentiated CD4 T cells were stimulated with phorbol 12-

myristate 13-aceate (PMA) (50  ng/ml, Sigma-aldrich), ionomycin (1 mg/ml, Sigma-

aldrich) and a protein transport inhibitor containing monensin (Golgi stop) (BD 

Biosciences) for 4  h before detection by staining with antibodies. Surface markers were 

stained in PBS with 1% FCS for 20  min at room temperature, then subsequently the cells 

were fixed in Cytoperm/Cytofix (BD Biosciences), permeabilized with Perm/Wash 
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Buffer (BD Biosciences) and stained with Biolegend conjugated antibodies diluted in 

Perm/Wash buffer. Foxp3 staining was performed with the Foxp3 staining kit by 

eBioscience (00-5523-00) in accordance with their ‘One-step protocol for intracellular 

(nuclear) proteins’. Data were collected using LSR II (BD Biosciences), then analyzed 

using Flow Jo software (Treestar). Supernatants were collected at 96hr time point and 

cytokine concentrations were determined by cytometric bead array for the indicated 

cytokines (BD Bioscience), according to the manufacturers’ instructions. 

 

Microarray data 

Naive T cells were isolated from C57BL/6 (Wt) and IL-23RKO mice, and treated with 

cytokines. Affymetrix microarrays HT_MG-430A were used to measure   the   resulting   

mRNA   levels. As control, we used time- and culture-matched   wild-type   naive   T   

cells   stimulated   under   TH0   conditions. Expression data were pre-processed using 

the RMA algorithm followed by quantile normalization. 

 

Cytokine analysis and real-time PCR 

Culture supernatants were collected on day 4 and cytokines were measured by enzyme-

linked immunosorbent assay as described10. On day 4 (unless noted otherwise) after 

culture, RNA was extracted with an RNeasy kit (Qiagen), then was reverse-transcribed 

with an iScript cDNA Synthesis kit (Bio-Rad) and analyzed by quantitative RT-PCR with 

a Vii 7 Real-time PCR system (Applied Biosystems) with the following primers and 

probes (from Applied Biosystems; identifier in parentheses): Il17a (Mm00439618_m1), 

Ifng (Mm01168134_m1), Il10 (Mm00439614_m1), Il22 (Mm00444241_m1), Il23r 
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(Mm00519943_m1) and Gapdh (4352339E). The comparative threshold cycle method 

and an internal control (Gapdh) were use for normalization of the target genes. 

 

T cell transfer colitis induction 

Naïve CD4 T cells that were either expressing CD62L+CD44- or CD45RBhigh cells were 

adoptively transferred intra-peritoneally at 5x105 cells into RAG-1 KO mice.  Mice were 

weighed weekly and sacrificed for analysis of lamina propria T cells at the 10 weeks post 

transfer.  Mice were sacrificed at indicated time points or when weight loss approached 

20% of the original body weight at the start of the experiment. Ex vivo CD4 T cells were 

distinguished by CD4+TCRβ+7AAD- markers.  

 

Retroviral transduction  

Retroviral expression constructs were transfected into human embryonic kidney 

HEK293T cells along with eco and gag-pol viral envelope constructs. Viral supernatants 

were collected at 72 h after transfection and were added to primary T cells that had been 

activated for 24 h with plate-bound anti-CD3 (2 µg/ml; 1452C11; Bio Xcell), anti-CD28 

(2 µg/ml; PV1; Bio Xcell) and cytokines. Cells were spun for 45 min at room tempera-

ture at 2,000 r.p.m. in the presence of polybrene (8 µg/ml; Sigma) and were incubated for 

3 d at 37 °C. GFP+ cells (expressing empty retroviral vector or retroviral vector encoding 

POU2af1-GFP) were detected 2–3 d after infection. Sorted GFP+ cells were processed 

for quantitative RT-PCR analysis of the gene of interest. 
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Statistics 

GraphPad  Prism  4.0  was  used  for  statistical  analysis  (linear regression with 95% 

confidence interval, and unpaired, two-tailed Student’s t-test). Differences were 

considered statistically significant with a P value of less than 0.05. 
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GENERAL SUMMARY AND DISCUSSION 

The main focus of the dissertation presented here began with a simple question: How	  do	  

pathogenic	  CD4	  T	  cells	  arise	  and	  contribute	  to	  autoimmune	  inflammation?	  Although 

IL-23/IL-23R expression has been associated with a number of immune pathologies58-64, 

the question remained as to how it controlled development of pathogenic T cells that 

induce tissue inflammation and induce autoimmunity.  Briefly, previous studies have 

shown that differentiated Th17 cells produce IL-21, which then in an autocrine feed 

forward loop induced proliferation of Th17 cells as well as induced expression of IL-23R 

on CD4 T cells22.  It is the expression of the IL-23R that gave Th17 cells the “license” to 

become pathogenic22,81. With the production of IL-23 by antigen presenting cells in an 

inflammatory cytokine milieu, the Th17 cells undergo a “switch” where the Th17 

phenotype is stabilized and the pathogenic phenotype induced22.  Numerous animal 

models of autoimmunity support the role of IL-23 in pathogenicity, in that deficiency of 

IL-23 or IL-23R in mice results in a complete inhibition of disease34,49,50. Studies also 

indicate that, in the absence of IL-23 and IL-23R, IL-17 production by CD4 T cells, not 

IFNγ or IL-4 production, is affected29,32. With this causal link, Th17 cells were proposed 

to be the main drivers of autoimmune diseases and IL-23 licenses the Th17 to become 

“pathogenic.”  

 

While this simplified version of Th17/IL-23R associated pathogenicity allows us to 

identify the architects of pathogenic inflammation, it does not elucidate the mechanism. 

In addition, numerous published reports indicate that our understanding of Th17 mediated 

pathogenicity may not be complete. Empirical studies yielded inconsistent outcomes for 
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the role of key Th17 associated genes, such as IL-17, IL-21, IL-23R in various 

autoimmune disease models. For example, we107 and others89 have shown that IL-21 was 

a critical factor in Th17 differentiation and development of EAE, yet contradicting 

reports indicate that IL-21 and IL-21R can be dispensable for EAE induction110,111.  Also, 

whereas IL-17 neutralization in human autoimmune diseases yielded promising efficacy 

in psoriasis, multiple sclerosis, and rheumatoid arthritis, neutralizing IL-17 did not 

always yield the same outcome in other autoimmune diseases65-69. In addition, in diseases 

like inflammatory bowel disease, in which there was a strong genetic linkage to 

susceptibility for IL-23R expression, neutralization using IL-17 antibody (Secukimumab) 

resulted in exacerbated disease, not protection71. These observations led us to a modified 

hypothesis of the Th17/IL-23R paradigm: although IL-23R expression is required for 

Th17 cells, and induction of autoimmunity, Th17 cells or IL-17 alone may not be the 

critical driver of all autoimmune diseases. In other words, we proposed that IL-17 

production and IL-23R expression could be “unlinked” under certain inflammatory 

conditions. Furthermore, there may be other T cells subsets that may utilize IL-23R for 

inducing their pathogenicity.  In fact, Th17 cells can be differentiated even in the absence 

of IL-23R and it has been shown that differentiation in the presence of TGF-β1/IL-6 

actively inhibited IL-23R expression in a TGF-β dose dependent manner, suggesting that 

Th17 differentiation does not require the expression of IL-23R3,61.  But IL-23R signaling 

is critical for inducing a pathogenic phenotype not only in Th17 cells but other T cells as 

well. The thesis work presented here addressed some of the critical issues of IL-23R in 

evoking pathogenic phenotype in T cells. 
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First, in the attempt to elucidate the mechanism of Th17 mediated pathogenicity, we 

began with the conflicting data of IL-21/IL-21R in EAE development.  IL-21 has been 

shown to be critical in the development of Th17 cells3; as such we thought that IL-21 

would be necessary for the induction of EAE. One study revealed the IL-21/IL-21R 

signaling was essential for EAE89, while two subsequent studies indicated that both IL-21 

and IL-2R were dispensable for EAE92,93.  We hypothesized that perhaps the strong 

immune stimulatory response by immunizing in complete Freund’s adjuvant (CFA) in the 

classical induction method of EAE overcame the requirement for IL-21. In line with this 

thinking, there were supporting reports to indicate that in spontaneous models of 

autoimmunity, such as insulin dependent diabetes mellitus (IDDM), IL-21 and IL-21R 

were critical for disease induction113. To test this hypothesis, we utilized a model of 

spontaneous EAE (2D2xTH), which we then crossed to IL-21R deficient mice in order to 

determine the role of IL-21R signaling in inducing spontaneous EAE, in a model where 

MOG-specific T cells and B cells collaborate to induce disease.  As detailed in Chapter 1 

of this thesis, we were able to show that in a spontaneous EAE setting, IL-21R was in 

fact necessary for EAE induction. The study also revealed that antigen specific B cells 

produced IL-23, which contributed to the induction of IL-23R expression on T cells and 

the development of spontaneous disease.  To our knowledge, this will be the first study to 

report that B cells are capable of producing IL-23 when acting as antigen producing cells. 

In addition, lack of IL-21R on T and B cells in this spontaneous model of EAE 

compromised not only IL-23 production by B cells, but also IL-23R expression on T 

cells.  This brings IL-21/IL-21R signaling center stage in regulating induction of IL-23 

from B cells and induction of IL-23R on T cells. This plays a critical role in the 
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development of pathogenic Th17 cells. Unfortunately, our study does not address the 

mechanism as to why IL-21KO and IL-21RKO mice are not resistant to CFA-induced 

EAE, only that IL-21/IL-21R can and does drive EAE development in the absence of 

immunization in the presence of a strong adjuvant (CFA). Further studies need to be 

undertaken to elucidate the mechanism of IL-21/IL-21R signaling in CFA-induced EAE 

to reconcile these conflicting data.   

 

In the second chapter of this thesis, we have defined two distinct Th17 subsets: one that 

was disease inducing with links to IL-23 exposure and the other that was non-pathogenic. 

In order to reveal the genes that were regulated by IL-23, we ran a gene expression 

microarray using cells that were differentiated with TGF-β1/IL-6/IL-23 in Wt and IL-

23R KO cells.   From this study, we were able to identify a cytokine, TGF-β3, which was 

induced with IL-23 stimulation.  With our understanding that Th17 cells can be generated 

with different combinations of cytokines, we performed a comparative gene expression 

microarray analysis of pathogenic versus non-pathogenic Th17 cells and defined a 

pathogenicity signature for Th17 cells.  This study revealed the significance of IL-23R in 

regulating the pathogenic potential of Th17 cells, but more importantly that Th17 cells 

are a heterogeneous “subset” with a diverse expression profile. 

 

We next explored the full scope of heterogeneity in the Th17 cell subsets, by asking two 

related questions: 1) how heterogeneous are the Th17 subpopulations and 2) how are the 

distinct Th17 subpopulations derived in vivo especially during autoimmune 

inflammation?  Our approach to this question was through single cell RNA sequencing of 
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Th17 cells for in vitro and in vivo derived cells.  This makes up the third chapter of this 

thesis where we were able to determine that Th17 cells are in a constant flux of various 

functional states. Curiously, this functional state of Th17 cells seemed to overlap with a 

Th1-like phenotype as the cells became more proinflammatory and migrated to the CNS 

from the LN during the course of disease. The pathogenicity signature derived from the 

earlier study (Chapter 2) was one of the key parameters that was used to delineate the 

functional states of Th17 as a single cell RNA-seq level. We also found many novel 

regulators that were either co-regulated with the proinflammatory module or the 

regulatory module in Th17 cells.  One of the important outcomes was, not only did we 

identify novel regulators of pathogenicity, but we also learned that just because a gene is 

in covariance with a particular transcriptional module (in our case, a pro-inflammatory or 

regulatory module),this did not indicate its function.  In most cases, we found that genes 

that are in the pro-inflammatory module promoted inflammation and genes that are in 

covariance with the regulatory module inhibited inflammation, but this was not always 

the case. Without a functional validation, we realized that it is impossible to predict the 

effect of these novel regulators.  However, the key finding of this study is not to 

emphasize that functional validation is necessary for gene expression analysis, but that 

our understanding of Th17 cells heterogeneity goes beyond the designation of pro-

inflammatory/pathogenic or regulatory/non-pathogenic Th17 cells (from Chapter 2).  In 

fact, our study begins to redefine Th17 cells based on their functional states, which are 

continuously reshaped in terms of transcription and function by  environmental cues.  
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In the last chapter, we explored the interesting observation that IL-23R expression 

increased susceptibility to inflammatory bowel disease (IBD), but that Th17 cells were 

not the effector cells that cause the disease56,57. In studies in both mice56,57 and in Crohn’s 

disease patients71, IL-17 producing cells played a protective role.  We were curious to 

understand how IL-23R expression on CD4 T cells promoted  disease susceptibility, 

while IL-17 cells that are induced by IL-23 played an opposite role in that they protected 

against development of IBD.  Based on published literature so far, the only subset of CD4 

T cells that expressed IL-23R was Th17 cells22.  The question was which effector cells 

expressed IL-23R in IBD if not Th17 cells?  To understand this, IL-23R expressing CD4 

T cells were isolated during gut inflammation to determine which gene signatures were 

present.  To our surprise, we found that Th1 associated genes were present in IL-23R 

expressing cells. Perhaps the most interesting finding was that exposure of Th1 cells to 

IL-23  increased their pathogenic potential, similar to Th17 cells that have been exposed 

to IL-23.  Based on this similarity in function, we thought we could determine the 

potential mechanism by which IL-23R provoked pathogenicity in CD4 T cells by 

comparative gene expression analysis of Th1 and Th17 cells after exposure to IL-23.  

While TGF-β3 induced by IL-23 is critical for driving Th17 pathogenicity, endogenous 

TGF-β3 is not induced under Th1 conditions (Chapter 2).  As such, we wanted to 

determine a common “pathogenic” gene that was induced in both Th1 and Th17 cells 

upon exposure to IL-23, which was responsible for driving pathogenicity. This 

comparative gene analysis resulted in the identification of a novel IL-23 dependent gene, 

POU2af1, which had been previously predicted by gene expression profiling as a critical 

regulator of CD4 T cell differentiation. In fact, this study (Chapter 4) revealed that the 
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transcription factor POU2af1 regulates not only the differentiation of Th1 and Th17 cells, 

but also the expression of IL-23R on both Th1 and Th17 cells.  Conversely, the absence 

of POU2af1 not only decreased the expression of signature Th1 and Th17 cytokines but 

also increased Foxp3 expression in Tregs, suggesting that this gene may play a critical 

role in promoting pathogenic inflammation while tempering regulation. Perhaps the 

strongest evidence for POU2af1 in the regulation of IL-23R dependent pathogenicity is 

that the gene expression profiles of Th1 or Th17 cells from IL-23R KO or POU2af1 KO 

mice had a high degree of similarity, suggesting that the absence of IL-23R signaling or 

POU2af1 expression resulted in a number of genes that were similarly affected.  This 

study is the first to find that Th17 cells are not the only T effector subset that can express 

IL-23R and  demonstrates that other proinflammatory effector T cell subsets like Th1 

also express IL-23R.  The potential impact of this finding is that although numerous gene 

profile studies have been performed to define the function of IL-23 mediated 

pathogenicity, all have been limited to the Th17 subset analysis. By tidentifying a role for 

IL-23 in driving Th1 pathogenicity, we now add an additional dimension to 

understanding the mechanism of how IL-23 regulates autoimmune diseases driven either 

by Th1 or Th17 cells. To further support this conclusion, we now find that IL-23R-

deficient NOD mice are completely resistant to Type 1 diabetes, a diseases known to be 

dependent on diabetogenic Th1 cells (unpublished observation).  

 

Future considerations and questions 

We are just beginning to understand the extensive heterogeneity of Th17 cells 163, which 

had been studied thus far independently of location or functional state in vivo.  Although 
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our single cell RNA seq data on IL-17 producing cells revealed that the peripheral tissue 

may be critical in dictating functional states, our study had a clear limit to our 

understanding of how the distinctive functional states are derived. Unfortunately, the 

comparative analysis was performed as one  “snapshot” in time that defined the 

functional states of the Th17 cells based on their location in vivo.  However, it is unclear 

whether the cells that were present in the LN versus the CNS possessed their unique gene 

profile prior to migration or if their LN associated gene expression changed upon 

migration into the CNS microenvironment. In other words, were the T cells found in the 

CNS preprogrammed for their functional states at the time of differentiation in the 

lymphoid organs, and as such migrated to the target tissues to execute their program or 

did cells of the appropriate CNS phenotype preferentially expand following migration out 

of the LN into the CNS.  One way to distinguish between the two possibilities is to do a 

single cell RNA sequence time course kinetics study in vivo with a fate reporter in cells in 

order to distinguish the changes in the functional states that may or may not be influenced 

by the environment.  Incorporating the kinetics of gene expression at a single cell level 

will be a challenging, yet a necessary effort to truly reveal the dynamics of Th17 cell 

gene expression and function. Careful analysis to distinguish the Th17 pathogenic subsets 

may reveal unique links to location-based immune pathologies and the development of 

novel approaches that can inhibit relevant pro-inflammatory Th17 cell, while leaving 

protective Th17 cells unperturbed.  

 

Another future consideration is that heterogeneity of CD4 T cells may not be limited to 

the Th17 subset.  It is possible that Th1 cells may also have pathogenic versus regulatory 
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subsets.  Thus, careful analysis should be performed to determine whether a distinct 

regulatory subset exists within Th1 cell populations. In line with the diverse cytokine 

conditions required to generate pathogenic and non-pathogenic Th17 cells, it is possible 

that “pathogenic” and “non pathogenic” Th1 cells may also have different cytokines that 

initiate a divergent functional development.  IL-27 is known to induce a unique subset of 

regulatory cells called Type 1 regulatory (Tr1) lymphocytes that are characterized by the 

production of IL-10274. However Tr1 cells are also known to secrete copious amount of 

IFNγ, and yet these cells do not induce tissue inflammation or autoimmunity, but play a 

protective role in suppressing autoimmune tissue inflammation. These cells are similar to 

nonpathogenic Th17 cells that produce IL-17 together with IL-10 and do not induce 

autoimmune disease274. If we were to assume the same heterogeneity exists in Th1 cells, 

perhaps IL-27 induced Tr1 cells form the “regulatory” Th1 subset. Thus, given that Tr1 

cells produce IFNγ and IL-10, IL-27 induced Tr1 cells may function as “regulatory” Th1 

cells that produce significantly more IL-10 than Th1 cells differentiated with IL-12.  In 

agreement with this concept, generation of Tr1 cells in our laboratory, as  for Th1 cells, is 

dependent upon Tbet expression, the master transcription factor for Th1 cells.  

Examination of different cytokine combinations may allow us to define a pathogenic Th1 

versus non-pathogenic “Th1“ cell (aka Tr1 cells).  Much remains to be understood in 

terms of how and why CD4 T cells retain such extensive heterogeneity and whether other 

subsets are as heterogeneous as Th17 subpopulations.  One possible reason is that the 

heterogeneity of effector T cells is necessary for eradicating different types of infections. 

For example, studies from Federica Sallusto and Antonio Lanzavecchia reported that 

Th17 cells that coproduce IL-17 and IL-10 (nonpathogenic) are specific for the S. aureus 
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infection, whereas Th17 cells that produce IL-17 with IFNγ (pathogenic) are critical for 

clearing Candida albicans infection86. 

 

Concluding Remarks 

The functional diversity and plasticity of CD4 T cells is crucial for successful host 

defense against diverse environmental pathogens but can also go dangerously awry in the 

setting of autoimmune disease.  Recent years have seen the identification of novel Th 

subsets as well as a remarkable growth in our understanding of the molecular 

mechanisms that underlie Th cell differentiation.  In particular, the identification of Th17 

cell has greatly furthered our knowledge of the pathobiology of a variety of autoimmune 

disorders and allowed the development of new therapeutic targets and approaches. Recent 

work that is outlined in this thesis investigating the complex transcriptional networks 

involved in Th17 differentiation clearly illustrates the dynamic tension between 

transcriptional modules that induce Th17 cells and at the same time suppress other T cell 

subsets. Coexistence of two modules in the Th17 cells also provides a greater chance of 

increasing plasticity in Th17 cells.  Although impairment of counter-regulatory 

mechanisms may lead to autoimmune tissue inflammation, these same counter regulatory 

modules/nodes can be exploited for therapeutic modulation and development of novel 

immunomodulatory therapies for inhibitory autoimmune diseases.   
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APPENDIX A 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 1.1: 
 

Quantification of signature cytokine from Th1 (IFN ) or Th17 

(IL-17) differentiated CD4 T cells. Naïve CD4 T cells were sorted 

from 2D2 or 2D2xIL-21R KO cells then differentiated with IL-12 

(for Th1) or TGF- 3+IL-6 (For Th17) cytokines for four days. Cells 

were harvested for intracellular cytokine analysis. Data is a 

representative of at least three independent experiments. 
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Supplementary Figure 1.2: Th17 pathogenic signature not 
regulated by the loss of IL-21R. 
 
Quantitative RT-PCR of Ccr6, Icos, Gzmb, Ahr, Maf, Rorc mRNA 
in naïve 2D2xTH and 2D2xTHxIL-21R–/– CD4+ T cells that were 
differentiated with TGF- 3/IL-6 (Th17) for four days in vitro. Data 
is a representative of three independent experiments.  
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Supplementary Figure 1.3: Decreased frequency of TH B cells 
from 2D2xTHxIL-21RKO mice.  
 
Steady state activation state of B cells stained with CD138+CD19+ 
and CD19+B220+ from the lymphoid tissues in healthy 2D2xTH and 
2D2xTHxIL-21RKO mice. Data is a representative of two 
independent experiments.  
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Supplementary Figure 1.4: IL-21 exposure promotes IL-23 in B 

cells under LPS stimulation 

 

Wildtype B cells were activated in vitro with indicated stimulus and 
then harvested 24hr (A), 48hr (B), 72hr (C) post activation then 
quantified for Il23 mRNA expression. B cells were sorted from 
C57BL/6 mice then cultured in vitro. Data is a representative of three 
independent experiments.   
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Supplementary Figure 1.5: THxIL-21RKO B cells produce less IL-10 
  
Quantification of Il10, Ebi3, Il12p35 mRNA expression in TH and THXIL-21RKO 
B cells that were sorted after 4 days of recall experiment with rMOG (10ug/ml). 
Data represents combined qPCR values from four independent experiments.  
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Supplementary Figure 1.6: Loss of IL-23R signaling completely 
abolished development of ectopic lymphoid follicles in 2D2xTH 
mice  
  
Quantification of ectopic lymphoid follicles from the CNS of 2D2xTH 
and 2D2xTHxIL-21RKO mice that developed spontaneous EAE  
determined by a pathologist in a double blind manner.  CNS from 
2D2xTHxIL-23RKO mice were harvested at 3 months of age since 
no mice developed spontaneous EAE.  Statistics were determined by 
Student’s two tailed t test. * P<0.05; ***P<0.001.  
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APPENDIX B 
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Supplementary Figure 2.1: The induction of TGF-b3 in IL-17 producing cells (A,B) 

Microarray analysis showing Tgfb3 mRNA expression of naïve CD4+ T cells from wt or 

Il23r ⁄ mice differentiated in vitro with TGF-b1-IL-6-IL-23 or no cytokines at various time 

points. (C) Quantitative RT-PCR showing Tgfb3 mRNA expression of naïve CD4+ T cells 

from wt mice activated in vitro with IL-6, IL-23, or no cytokines for four days. (D) 

Intracellular cytokine staining showing co-expression of TGF- 3-YFP with either IL-17 or 

IFN-  in naïve CD4  T cells from MOG
35-55

+CFA immunized TGF- 3crexRosa26yfp mice 

stimulated with PMA+ionomycin four days post in vitro culture with or without IL-23. 

Data is a representation of at least two independent experiments.   
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A 

Supplementary figure 2.2: Downstream signaling genes induced by TGF- 3  
(A) Intracellular cytokine staining of IL-17-GFP and IFN-  from IL-17-GFP knock-in and 
TGF- RII DNxIL-17-GFP KI mice naïve CD4+ T cells differentiated in vitro with TGF- 1-
IL-6, TGF- 3+IL-6, or no cytokines for four days. Data is a representation of two 
independent experiments with similar results.  (B) Quantitative RT-PCR analysis 
represented as a heat map of the TGF-  signaling PCR array from naïve CD4+ T cells 
stimulated with TGF- 1-IL-6 or TGF- 3-IL-6 for 24 hours. Raw data was uploaded to the 
manufacturer s website for analysis. Below the heat map is a template of the genes that 
correspond to the location on the heat map. Data shows the relative fold change of TGF- 3/
IL-6 induced genes normalized to TGF- 1/IL-6. Data is pooled from three independent 
experiments. (C) Western blot showing smad1&5 or smad3 phosphorylation of CD4+ T 
cells stimulated with TGF- b1 or TGF- 3 for 30 minutes in serum free media.  
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Supplementary Figure 2.3: Pathogenic 2D2 Tbx21–/– cells generated by TGF- 3-IL-6 
do not express IFN- . Intracellular cytokine staining showing IL-17 and IFN  from the 

CNS infiltrating v 1.1+CD4+ T cells of wt recipient mice at the peak of disease that were 

adoptively transferred with TGF- 3-IL-6 differentiated 2D2 or 2D2xTbx21 ⁄  T
H
17 cells. 

Data is a representation of two independent experiments. 
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APPENDIX C 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 3.1, related to Figure 3.1: Single-cell RNA-seq quality control 

(A,B) Correlation between the first three PCs (X axis), and different RNA-Seq quality measures (colored 

bars).  (A)  Before filtering and normalization, the main PCs highly correlate with various library quality 

scores (Legend below panel A & B), indicating that the dominant signal in the pre-normalization data may 

reflect  experimental  artifacts.  (B)  Normalization  (Experimental  Procedures)  strongly  reduces  these 
correlations. (C) An example of a cell-specific false-negative curve (FNC). The false-negative rate (Y axis, 
percentage of genes in an expression bin that are detected in this cell (non zero estimated abundance)) is 
depicted as a function of transcript abundance in the bulk population (X axis, average expression level of 

genes within each bin). Each blue circle corresponds to a set of housekeeping genes (stratified according to 

their bulk-population expression levels). The false-negative curve (black solid line) is derived using a logistic 
function fit (Experimental procedures). (D) Correlations between single-cell and bulk population profiles. 

Bar chart depicts the Spearman correlations coefficients (X axis) for each experimental batch (Y axis), where 

cells from each batch originate from a single mouse. A unique batch identifier is indicated in parentheses. 
Shown are Spearman correlations of gene expression profiles between pairs of single cells (blue bars, mean 

and standard deviation); between each single cell and a matched bulk population (orange bars, mean and 

standard deviation); between an average over all single cells and a matched bulk population (red bars); and 

between  two  bulk  population  replicates  (green  bars).   (H)  RNA-FlowFISH  validation  of  expression 
distribution obtained by RNA-seq. Shown are the single-cell expression distributions for a set of select genes 
(rows)  by  RNA-seq  (left  column)  and  RNA-FlowFISH (right  column).  For  RNA-seq  distributions,  the 

frequency of cells (Y axis) is shown as a function of expression (X axis, FPKM+1, log
10

), whereas RNA-

FlowFISH is plotted as number of cells (Y axis) as a function of transcript (spot) count (X axis). We find 
agreement for a variety of distributions,  ranging from non-expressing (Gm-csf,  Itgax, Sdc1) to unimodal 

distributions (Irf4, Batf, Actb) and bimodal distributions (Il17a, Il2).
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Supplementary Figure 3.1 (Continued)
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Supplementary Figure 3.2, related to Figures 3.2 and 3.3. Gene expression levels of cells in the PC 
space
(A) Gene expression levels of select genes for in vivo  derived cells projected on PCs.  Cells (CNS cells: 
diamonds,  LN  cells:  crosses)  are  shown  in  a  PCA plot  as  in  Figure  3.2C,  and  each  cell  is  colored 
proportionally to the ranked expression of the denoted gene in this cell relative to the other cells (blue: low 
expression, red: high expression). Top: Gpr65 is predominantly expressed in the CNS, and particularly high 
in the Th17/Th1-like memory subpopulation (light blue). Bottom: Ccr8, previously associated with Th2 cells 
but not Th1/Th17 cells, is also highly expressed in most CNS-derived cells. (B) Gene expression levels of 
select  genes for in vitro  derived cells  projected on PCs.  Similar analysis as in (A)  but for the different 
differentiation  conditions  in  vitro  and  plotted  on  a  PCA plot  as  in  Figure  3.3A;  regulatory  genes  (left 
column: Il9, Il16, Podoplanin and Foxp1) show high expression in cells from the non-pathogenic condition 
(TGF- 1+IL-6, squares and circles), whereas inflammatory genes (right column: Il22, Il23r, Cxcr3 and Gm-
csf) are more highly expressed in cells from the pathogenic differentiation condition (IL-1 +IL-6+IL-23, 
triangles). 
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Supplementary Figure 3.2 (Continued) 
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Supplementary  Figure  3.3,  related  to  Figure  3.4.  Constitutively  expressed  genes  are  enriched  for 
housekeeping functions, and key immune genes exhibit greater variation in expression levels.
(A) Constitutively expressed genes are enriched for housekeeping functions. Shown is the fold enrichment of 

housekeeping genes among all  the non-bimodally expressed genes (X axis;  as defined in Experimental 
Procedures) for each condition (Y axis) (B) As in (A), corresponding p-values (hypergeometric test).  (C, D) 
we find greater variation in expression levels for key immune genes. (C) Standard deviation (Y axis) of all 

the detectably expressed genes in the non-pathogenic (TGF- 1+IL-6) condition is plotted vs. their single-cell 

average expression (X axis). Shown are housekeeping genes (green crosses), immune-response-related genes 

(red crosses, based on Gene Ontology) and other genes (blue dots). Selected outliers are highlighted by black 

squares. (D) As in (C), but where the standard deviation (Y axis) and mean (X axis) of every gene are 

computed  only  for  cells  that  express  it  (defined  as  those  cells  that  are  associated  with  the  Gaussian 

distribution in our mixture model; Experimental Procedures).
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Supplementary Figure 3.4, related to Figure 3.5. GPR65-/- cells are protected from EAE and produce 
less IL-17A in vivo and upon IL-23 reactivation
(A)  GPR65-/-  memory  cells  express  less  IL-17A  upon  IL-23  reactivation.  Sorted  memory  (CD62L-

CD44+CD4+) T cells from wild type (WT, top row) and GPR65-/- (bottom row) mice were reactivated with 

IL-23 (20 ng/ml) for 96 h. Intracellular cytokine (ICC) analysis shows a reduction of ~45% IL-17A-positive 

cells (X axis) for GPR65-/- cells when compared to WT (B) IL-17A and IFN-  production is hampered in 
vivo for GPR65-/- cells. A reduced frequency of IL-17A (X axis) and IFN-  (Y axis) positive cells from the 

draining LNs and spleen of MOG
35-55

/CFA-immunized RAG-1-/- mice reconstituted with WT (top row) or 

GPR65-/- (bottom row) naïve CD4+ T-cells 30 days post EAE induction (C) GPR65-/- CD4+ T-cells express 

less IL-17A and more IL-10. Quantification of secreted cytokines (Y axis) by cytometric bead assays (CBAs) 

for differentiation conditions (X axis) either without (Th0; left) or with Th17 polarizing cytokines (TGF-

1+IL-6, middle; or IL-1 +IL-6+IL-23, right) for GPR65-/- cells (light green) and littermate control cells 

(dark  green).  *  p<0.05,  **  p<0.01,  ***  p<0.001.  All  data  presented  here  are  a  representative  of  three 

independent experiments, with at least 3 replicates per experiment. (D) Linear regression analysis of EAE 

disease progression for GPR65 KO vs. WT mice. Mean clinical score (Y axis) is shown as a function of days 

post immunization (X axis) for WT (solid line) and GPR65-/- mice (dotted line). *** p<0.001. Data presented 

here is a representative of at least three independent experiments.
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Supplementary Figure 3.5, related to Figure 3.5. TOSO-/- cells exhibit less IL-17A, less IL-10/FOXP3, 

and more IFN- . PLZP -/-  cells produces less inflammatory cytokines upon MOG recall  and IL-23 

stimulation.

(A) TOSO-/- cells express less IL-17A but more IFN-  upon IL-23 reactivation. Sorted memory (CD62L-

CD44+CD4+) T cells from WT and TOSO-/- mice were reactivated (anti-CD3/CD28) with IL-23 (20 ng/ml) 
for 96 h. The ICC analysis shows hardly any IL-17A (X axis) positive cells amongst TOSO-/- cells (bottom 
row) whereas WT does show a small IL-17A positive population (top row). On the other hand, IFN-  (Y 
axis) gets induced to a larger extend in the TOSO-/- cells. (B) TOSO-/- cells exhibit lower FOXP3 levels 
during Treg differentiation. Naïve CD4+ T-cells from WT (top row) and TOSO-/- mice (bottom row) were 
differentiated in vitro with TGF- 1 (2 ng/ml) for 96h, and subsequently stained and analyzed by ICC for 
intracellular FOXP3 expression (Y axis) and CD4 expression (X axis). (C) TOSO-/- cells secrete less IL-17A, 
less IL-10, but more IFN- . Quantification of secreted cytokines (Y axis) by CBA for a 96h differentiation in 
conditions (X axis) without (Th0; left) or with Th17 polarizing cytokines (TGF- 1+IL-6, middle; or IL-1
+IL-6+IL-23, right)  for TOSO-/- cells (light green) and WT cells (dark green). * p<0.05, ** p<0.01, *** 
p<0.001. All data presented here are a representative of three independent experiments, with at least three 
replicates per experiment. (D) PLZP-/- T cells show comparable IL-17A and IFN-  production to littermate 
controls  (PLZP HET).  (A) ICC staining for IFN-  (Y axis)  and IL-17A (X axis)  of  CD4+ T cells  from 
respective littermate controls (top) or PLZP /  (bottom) cells activated in vitro for 48h with anti-CD3 and 
anti-CD28 either without (Th0; left) or with Th17 polarizing cytokines (TGF- 1+IL-6, middle; or IL-1
+IL-6+IL-23, right). (E) PLZP -/- cells produce less IL-17A cells upon IL-23 stimulation. PLZP /  mice and 
littermate  controls  were  immunized  with  100  g  of  MOG35-55/CFA.  Cells  harvested  8  days  after 
immunization from the draining LNs and spleen were cultured ex vivo for 4 days with (right column) or 
without  (left)  IL-23 (20 ng/ml).  CD4+ T cells  were analyzed for  IFN-  and IL-17A production by ICC 
staining.  (F)  PLZP-/-  cells  express  significantly less  pro-inflammatory cytokines  in  a  MOG recall  assay. 
Quantification  of  secreted  cytokines  (Y axis)  by  CBA in  a  MOG recall  assay  with  different  MOG35-55 
concentrations (X axis) for PLZP-/-  mice (light green) and littermate controls (dark green). * p<0.05, ** 
p<0.01, *** p<0.001. All data presented here are a representative of three independent experiments, with at 
least 3 replicates per experiment.
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Supplementary Figure 3.5 (Continued) 
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Table Legends 

 

Table S3.1. Sample information. 

Columns Name; indicates sample origin, Batch; samples with the same batch number 

originated from the same animal (in addition, batch 1&2 also come from the same animal 

and serve as technical replicates), #Cells before filtering; the number of captured, viable 

single cells on the Fluidigm C1 chip, #Cells after filtering; number of cells that survived 

filtering criteria (Experimental Procedures), #Sequencing Reads; Number of reads 

sequenced on Illumina HiSeq (average across all cells), %Aligned reads: percentage of 

reads that align to the NCBI Build 37 (UCSC mm9) of the mouse genome using TopHat 

(average across all cells). 

 

Table S3.2. Annotation of single cell data with gene signatures.  

Tabs present signature analysis for the in-vivo data (tab 1, corresponds to Figure 3.2), 

and the in-vitro data (tab 2, corresponds to Figures 3.3 and 3.4). For each signature 

shown are: (1) its source (e.g., Gene Expression Omnibus (GEO) identifier); (2) 

Indication of whether it is referred to explicitly in the manuscript; (3) For the in-vivo 

analysis, indicates whether the signature was used for generating the Voronoi diagram); 

(4) indication of whether it significantly varies across cells of the same source (e.g., 

either LN or CNS for the in-vivo analysis). Data shown is percentage of cells that came 

out significant (using 5% FDR cutoff) in a one-vs-all GSEA analysis. Non zero data is 

shown only for report only signatures for which at least 10% of the cells passed the 

significance test; (5) indication of whether it significantly varies across cells of different 
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sources (e.g., comparing LN cells to CNS cells for the in-vivo analysis); (6) Correlation 

with the first and second principle components (Figure 3.2, 3.3). For the in-vitro analysis 

we also add the correlation with the first and second principle components in Figure 3.4 

(TGFβ1+ IL-6 alone). 

 

 

Table S3.3. Transcription factor enrichment analysis of genes that correlate with 

principle components in vivo.  

For the first two PCs in vivo, we derived a list of genes that it significantly correlates with 

as in Table S3.2. We list all transcription factors whose targets are significantly over 

represented in the gene lists  (p<1e-5; hypergeometric test).  We repeated the same 

analysis, considering separately genes that are positively correlated with the PC from 

those that are negatively correlated. The sources for the transcription factor target data are 

indicated in the table. Sources include a recent ChIP-Seq study in Th17 cells 164, and 

several public databases (hmChIP database 261, ChEA 260, MSigDB 223 and 259). 

 

Table S3.4. Functional enrichment analysis of genes that correlate with principle 

components in-vivo.,  

The table shows the results of functional enrichment analysis using MSigDB 223 for the 

gene sets that significantly correlate with (Pearson correlation, FDR<5%) with the first 

(first tab) or second (second tab) PC of our in vivo data. 
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Table S3.5. Differentially expressed genes in in-vivo sub-populations.  

Shown are genes (column B,first tab) that are significantly up or down (column C) 

regulated in different sections of the Voronoi diagram (subpopulations) (column A, 

corresponding to Figure 3.2C). For the subpopulations that have a substantial mixture of 

LN and CNS cells we also present results for each tissue separately. P-values are either 

given as the expression of a given gene in it’s subpopulation compared to all other cells 

outside said subpopulation (column D), or compared to each other subpopulation (column 

E-I). Subsequent tabs show functional enrichment analysis of the differentially expressed 

genes for each subpopulation (one tab per subpopulation in Figure 3.2C) using MSigDB 

223. The table only reports genes that passed an FDR cutoff of 0.05 in the one-vs-all test 

(Column D, first tab).  

 

 

Table S3.6. miRNA enrichment in Th17 dysfunctional/senescent-like subpopulation 

in vivo.  

The table shows the results of functional enrichment analysis of the genes that are 

significantly dysregulated in the Th17 dysfunctional/senescent-like subpopulation using 

MSigDB 223.  

 

 

Table S3.7. Histogram of gene expression across single cells.  
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For each gene (row), the table shows the proportion of cells expressing (column C), and 

the proportion of cells that express it at different levels (expression bins, Column headers 

D-U). This table lists data from cells differentiated in vitro for 48h with TGF-β1+IL-6. 

 

 

Table S3.8. Potential regulators of Th17 pathogenicity ranking.  

First tab: Potential regulators of Th17 pathogenicity (rows in Figure 3.4B) are ranked 

based on: (1) Correlation with the first principle component in the in vitro derived Th17 

cells (using TGF-β1+IL-6; Figure 3.4C). (2, 3) Correlations with the first and second 

principle components in the in vivo derived Th17 cells (Figure 3.2A). (4) Correlation 

with immune-related genes in the columns of Figure 3.2B. (5) A Correlation with a 

curated pathogenicity signature (genes that are positively or negatively associated with 

pathogenic Th17 cells, 77). The values in these respective columns indicate the rank 

(percentile) of the gene in the respective test, relative to all other candidate genes. Highly 

scoring genes are the ones that are bound by key Th17 transcription factors, and affected 

by perturbation of these factors during Th17 differentiation.  The values in the respective 

column indicate the rank (percentile) of the gene, relative top all other candidate genes. 

Negative values indicate a negative correlation. Second tab: Functional analysis of the 

genes in the pro-inflammatory and regulatory modules reveals strong association with 

immune response (using MSigDB 223). 

 

Table S3.9: Differentially expressed genes for GPR65-/-, PLZP-/- and TOSO-/- Th17 

cells. 
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Listed is the fold change (column C, defined as the expression level of the knock out cells 

divided by the expression level of corresponding wild type or littermate controls) of all 

significantly differentially expressed genes (column B, Experimental Procedures) for a 

given experimental condition (column A). Experimental condition information includes; 

the knockout mouse (GPR65-/-, PLZP-/- or TOSO-/-), differentiation condition (TGF-

β1+IL-6 or Il-1β+IL-6+IL-23), and the duration of differentiation before harvesting for 

RNA-seq analysis (48h or 96h). All differentiations were conducted as for the single cell 

in vitro data. 
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APPENDIX D 
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Supplementary Figure 4.1: IL-12R 1 KO mice have defect in Th1 differentiation and lack Il23r 

expression. 

(A) Intracellular cytokine staining of IL-17A and IFN-  of naïve CD4+ T cells from Wt, IL-23RKO, 

IL-12R 1 KO, IL-12R 2 KO mice differentiated in vitro with IL-12 for four days. Data is a representation of 

four independent experiments with similar results.  (B) Quantitative RT-PCR analysis of Il23r mRNA from 

memory CD4 T cells stimulated in vitro with IL-23 for four days. Data is a representative from at least three 

independent experiments. (C) Photo of colitis induced mice with Wt, IL-23RKO, IL-12R 1 KO, IL-12R 2 

KO adoptively transferred CD4 T cells. Data is a representative of at least three independent experiments 

with similar results. 



 

	   221	  

 
  

4.6 0.06

0.06895.3

28.8 0.085

0.07471.1

12.7 0.024

0.03187.2

Th0 IL-12 IFN

IF
N

IL-17 

Il23r

T
h
0

T
h
1
 (
IL

-1
2
)

T
h
1
 (
IF

N
g
)

T
h
1
(I
F
N
g
+
IL

-2
3
)

T
h
1
 (
IF

N
g
+
IL

-2
)

0

20

40

60

80

Th0

Th1 (IL-12)

Th1 (IFNg)

Th1(IFNg+IL-23)

Th1 (IFNg+IL-2)

R
e

la
ti
v
e

 t
o

 G
A

P
D

H

Supplementary Figure 4.2: IL-12Rbeta1 KO mice have defect in Th1 differentiation and lack Il23r 

expression. 

(A) Intracellular cytokine staining of IL-17A and IFN  of naïve CD4+ T cells from Wt, mice differentiated in 
vitro with IL-12 or IFN  for four days. Data is a representation of three independent experiments with similar 
results.  (B) Quantitative RT-PCR analysis of Il23r mRNA of naïve CD4+ T cells from Wt, mice 
differentiated in vitro with IL-12 or IFN  for four days. Data is a representative from at least three 
independent experiments.  
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Supplementary Figure 4.3: IL-22 expressed in CD4 T cells during inflammatory colitis. Quantitative 
RT-PCR analysis of Il22 mRNA from IFN -YFP+ or IFN -YFP  cells that were present in the mLN, SP, and 
LPL of steady state (control mice) and colitis induced mice. All data here are a representative of at least three 
independent experiments with similar results. 
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After antigenic stimulation, naive CD4+ T cells activate, proliferate  
and differentiate into cells with different effector phenotypes1. 
T helper type 1 (TH1) cells, induced by the transcription factor  
T-bet (encoded by Tbx21) produce interferon-γ (IFN-γ), interleukin 2  
(IL-2) and lymphotoxin and are crucial for clearing intracellular 
pathogens2,3. In contrast, TH2 cells are generated by the transcrip-
tion factor GATA-3, produce IL-4, IL-5, IL-13 and are critical for 
clearing extracellular pathogens4,5. An exaggerated TH1 response to 
self antigens has been linked to the induction of autoimmune disease6. 
However, the loss of IFN-γ or its receptor does not induce resistance 
to developing autoimmune diseases7,8; in fact, mice deficient in these 
proteins are very susceptible to autoimmununity7,8. Paradoxically, loss 
of the TH1 cell–specific transcription factor T-bet makes such mice 
resistant to various autoimmune diseases, including experimental 
autoimmune encephalomyelitis (EAE), an animal model of the human 
disease multiple sclerosis9. This has raised the issue of the role of T-bet 
in inducing EAE, because the production of IFN-γ is not required for 
encephalitogenicity to be conferred to effector TH1 cells.

TH17 cells, which have been characterized as an additional subset of 
effector helper T cells that produce IL-17A, IL-17F, IL-21 and IL-22, 
have been suggested to be the critical drivers of autoimmune tissue 
inflammation10–14. TH17 cells are present at the sites of tissue inflam-
mation and are associated with the induction of many human auto-
immune diseases, including psoriasis, inflammatory bowel disease, 
rheumatoid arthritis, type 1 diabetes and multiple sclerosis14. TH17 
cells are differentiated by a combination of the cytokines TGF-β1, IL-6  
and IL-1, which induce RORγt, a transcription factor required for 

the generation of these cells10,12,13,15. Whereas TGF-β1 and IL-6 can 
induce TH17 cells, exposure to another cytokine, IL-23, is crucial 
for the stabilization of these cells and for their ability to induce auto-
immune tissue inflammation in EAE16–18. Polymorphism of the recep-
tor for IL-23 (IL-23R) has been genetically linked to many human 
autoimmune diseases, including psoriasis, inflammatory bowel dis-
ease and ankylosis spondylitis19,20. Exposure to IL-23 diminishes the 
concentration of the anti-inflammatory cytokine IL-10 in developing 
TH17 cells, which makes these cells pathogenic21. However, this also 
raises the question of whether there are cytokines or effector mol-
ecules dependent on IL-23 that make TH17 cells pathogenic for the 
induction of inflammation in autoimmune disease.

Although TH17 cells are thought to be pathogenic11,22, accumulat-
ing data indicate the existence of nonpathogenic IL-17-producing 
TH17 cells23,24. It remains unclear whether there are differences in 
the requirements for the induction of these cells and what makes 
a TH17 cell pathogenic or nonpathogenic. Studies have shown that 
granulocyte-macrophage colony-stimulating factor (GM-CSF), which 
is produced by TH17 and is transactivated by RORγt, is required for 
pathogenicity to be conferred to TH17 cells25,26. Indeed, GM-CSF-
deficient mice are very resistant to the induction of EAE25,27. However, 
it remains unclear why Tbx21−/− mice are resistant to the induction 
of EAE and other autoimmune diseases, and such resistance suggests 
that T-bet must have additional roles in the induction of pathogenic 
TH17 cells in EAE24. T-bet is expressed in TH17 cells24, but whether 
it has a role in inducing the pathogenic function of TH17 cells has 
not been addressed.
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Induction and molecular signature of pathogenic 
TH17 cells
Youjin Lee1,7, Amit Awasthi1,6,7, Nir Yosef1,2, Francisco J Quintana1, Sheng Xiao1, Anneli Peters1, Chuan Wu1,  
Markus Kleinewietfeld3, Sharon Kunder1, David A Hafler3, Raymond A Sobel4, Aviv Regev2,5 & Vijay K Kuchroo1

Interleukin 17 (IL-17)-producing helper T cells (TH17 cells) are often present at the sites of tissue inflammation in autoimmune 
diseases, which has led to the conclusion that TH17 cells are main drivers of autoimmune tissue injury. However, not all TH17 
cells are pathogenic; in fact, TH17 cells generated with transforming growth factor-b1 (TGF-b1) and IL-6 produce IL-17 but 
do not readily induce autoimmune disease without further exposure to IL-23. Here we found that the production of TGF-b3 by 
developing TH17 cells was dependent on IL-23, which together with IL-6 induced very pathogenic TH17 cells. Moreover,  
TGF-b3-induced TH17 cells were functionally and molecularly distinct from TGF-b1-induced TH17 cells and had a molecular 
signature that defined pathogenic effector TH17 cells in autoimmune disease.

http://www.nature.com/doifinder/10.1038/ni.2416
http://www.nature.com/natureimmunology/
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In this study we show that the endogenous cytokine TGF-β3 was 
produced specifically by developing TH17 cells in an IL-23-dependent 
manner that was important for driving the pathogenic TH17 pheno-
type. Whereas TGF-β1 plus IL-6 differentiated naive T cells into 
TH17 cells, these T cells were not pathogenic unless they were further 
exposed to IL-23. We found that IL-23 was critical for enhancing the 
expression of and/or maintaining the endogenous amount of TGF-β3 
in developing TH17 cells. In fact, the differentiation of TH17 cells in 
the presence of TGF-β3 and IL-6 made TH17 cells pathogenic without 
any need for further exposure to IL-23. Through analysis of these  
subsets of pathogenic and nonpathogenic TH17 cells, we have identi-
fied a molecular signature associated with pathogenic TH17 cells.

RESULTS
Induction of TGF-b3 in TH17 cells 
TGF-β1 and IL-6 are required for the differentiation of TH17 
cells10,12,13. However, TH17 cells induced by TGF-β1 plus IL-6 
are not pathogenic, unless they are further exposed to IL-23 for 
a prolonged period of time21,22. In the EAE model, we adoptively 
transferred CD4+ T cells from mice of the 2D2 strain (which have 
transgenic expression of a T cell antigen receptor specific for 
myelin oligodendrocyte glycoprotein (MOG) amino acids 35–55 
(MOG(35–55)) and found that only the transfer of T cells differ-
entiated with TGF-β1, IL-6 and IL-23 resulted in the induction of 
severe disease, whereas transfer of T cells differentiated with TGF-β1  

and IL-6 resulted in the development of mild to no disease, with 
most recipient mice recovering rapidly within 20 d of the onset of 
clinical disease (Fig. 1a and Table 1). To investigate the role of IL-23 
in the induction of pathogenic TH17 cells, we undertook detailed 
temporal microarray analysis that showed considerable induc-
tion of TGF-β3 in developing TH17 cells exposed to TGF-β1, IL-6  
and IL-23 (Supplementary Fig. 1a); this was dependent on IL-23R 
signaling (Supplementary Fig. 1b). Quantitative RT-PCR analysis 
confirmed the induction of TGF-β3 in TH17 cells (Fig. 1b). Naive  
T cells activated in the presence of TGF-β1 and IL-6 or in the pres-
ence of TGF-β1, IL-6 and IL-23 expressed TGF-β3. However, IL-23R- 
deficient CD4+ T cells cultured under conditions of TGF-β1, IL-6 and 
IL-23 failed to enhance or maintain TGF-β3 expression (Fig. 1c). IL-23  
was not required for the initial induction of TGF-β3, which was 
induced by IL-6 (Supplementary Fig. 1c), but the presence of IL-23R 
was required for the maintenance of TGF-β3 expression (Fig. 1c).

It remains unknown if cells of hematopoietic origin can produce 
TGF-β3. To investigate the expression of TGF-β3 protein, we gener-
ated TGF-β3–eYFP fate-reporter mice by crossing mice that express 
Cre recombinase in the locus encoding TGF-β3 (Tgfb3-Cre mice)28 
with reporter mice that express enhanced yellow fluorescent protein 
(eYFP) under control of the ubiquitous Rosa26 promoter. Analysis of 
lymphoid tissue from the offspring of that cross showed that TGF-β3  
was produced in CD4+ T cells, CD8+ T cells, γδ T cells and B cells 
(Fig. 1d) but not by cells of the myeloid lineage (CD11b+ and/or 

Figure 1 The induction of TGF-β3 in TH17 
cells. (a) Clinical scores (indicative of disease 
incidence throughout) in wild-type recipients of 
naive 2D2 CD4+ T cells (5 × 106) differentiated 
in vitro with TGF-β1, IL-6 and IL-23 or with 
TGF-β1 and IL-6. (b) Quantitative RT-PCR 
analysis of Tgfb3 mRNA in naive CD4+ T cells 
differentiated for 4 d in vitro with TGF-β1,  
IL-6 and IL-23 (+) or no cytokines (−); results  
were calculated by the comparative threshold 
cycle method and are presented relative to 
those of Gapdh (internal control gene encoding 
glyceraldehyde phosphate dehydrogenase).  
(c) Quantitative RT-PCR analysis of Tgfb3 mRNA 
in naive wild-type (WT) or Il23r−/− CD4+ T cells 
differentiated in vitro with various combinations 
(below graph) of TGF-β1, IL-6 and IL-23 or  
no cytokines, presented as in b. (d) Expression 
of eYFP (TGF-β3) in CD4+ T cells,  
CD8+ T cells, γδ T cells and B cells from the 
lymph nodes and spleens of TGF-β3–eYFP 
fate-reporter mice, assessed by flow cytometry. 
Numbers in quadrants indicate percent cells in 
each throughout. (e) Expression of eYFP (TGF-β3)  
together with intracellular staining of IL-17  
or IFN-γ in naive CD4+ T cells obtained from  
TGF-β3–eYFP fate-reporter mice (Tgfb3-Cre+)  
and mice with Rosa26-driven eYFP expression  
without Tgfb3-Cre (Tgfb3-Cre−), immunized  
with MOG(35–55) plus CFA; cells were cultured  
4 d in vitro with IL-23 (MOG + IL-23) or  
without IL-23 (MOG) and then were stimulated  
with the phorbol ester PMA and ionomycin.  
(f) Intracellular staining of IL-17 and IFN-γ in  
splenocytes obtained from Tgfb3-Cre mice with  
Rosa26-driven expression of the diphtheria toxin receptor (DTR) and their littermates lacking Tgfb3-Cre (WT), both immunized with MOG(35–55) plus  
CFA and treated with diphtheria toxin 4 d later; cells were stimulated ex vivo with PMA and ionomycin. (g) IL-17 expression in naive CD4+ T cells from  
mice with loxP-flanked Tgfb3 alleles, cultured in vitro with IL-1β, IL-6 and IL-23 (TH17) or no cytokines (TH0), then transduced with control retroviral  
vector (Ctrl RV) or retroviral vector for Cre-GFP (Cre RV) for deletion of Tgfb3. NS, not significant; *P < 0.05 and **P < 0.01 (unpaired, two-tailed 
Student’s t-test). Data are representative of more than three independent experiments with similar results (mean and s.d. in a–c).
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CD11c+ cells; data not shown). This observation suggested that TGF-β3  
was endogenously produced by hematopoietic cells. To address 
whether the in vivo differentiation of TH17 cells induced TGF-β3 
expression and determine whether TGF-β3 expression was enhanced 
in response to IL-23, we immunized the TGF-β3–eYFP fate-reporter 
mice with MOG(35–55) emulsified in complete Freund’s adjuvant 
(CFA) and reactivated T cells in the presence of IL-23 in a recall assay. 
A small proportion of IL-17-expressing T cells and T cells that did 
not express IL-17 produced TGF-β3 after activation, but exposure to 
IL-23 largely restricted TGF-β3 expression to IL-17-producing TH17 
cells. This was true in both CD4+ T cell subsets (Fig. 1e) and subsets 
without CD4+ T cells (Supplementary Fig. 1c). We also addressed 
whether TGF-β3 was also produced by IFN-γ-producing TH1 cells, 
which are also induced by immunization with MOG(35–55) plus CFA. 
IFN-γ-producing T cells did not coexpress TGF-β3 (Fig. 1e). This was 
true for subsets without CD4+ T cells as well (Supplementary Fig. 1d),  
which suggested that TGF-β3 may have been expressed mainly by 
IL-17-producing cells. In addition, in the offspring of Tgfb3-Cre mice 
crossed with mice that express the diphtheria toxin receptor under 
control of the Rosa26 promoter that we immunized with MOG(35–55)  
plus CFA, deletion of TGF-β3+ cells in vivo through treatment of the 
mice with diphtheria toxin resulted in selective ablation of IL-17+ 
cells, whereas the number of IFN-γ+ T cells remained unchanged 
(Fig. 1f). To further investigate the role of TGF-β3 in TH17 differen-
tiation, we isolated CD4+ T cells from mice with loxP-flanked Tgfb3 
alleles in which Tgfb3 was deleted through the retroviral expression of 
a fusion of green fluorescent protein (GFP) and Cre recombinase and 
found that the deletion of TGF-β3 in CD4+ T cells severely compro-
mised IL-17 production in TH17 differentiation conditions, but T cells 
from such mice that were treated with control retrovirus did not dem-
onstrate this effect (Fig. 1g). These findings showed that TH17 cells 
produced TGF-β3 endogenously and that exposure to IL-23 largely 
restricted the expression of TGF-β3 to IL-17-producing cells.

TGF-b3-induced TH17 cells are highly pathogenic
To determine whether TGF-β3 can induce TH17 cells, we polarized 
naive CD4+ T cells into TH17 cells through the use of TGF-β1 and IL-6 
or through the use of TGF-β3 and IL-6 and compared the expression 
of IL-17 and other TH17 cell–associated molecules. TH17 cells induced 
by TGF-β3 and IL-6 had expression IL-17 similar to that of TH17 cells  
induced by TGF-β1 and IL-6 (Fig. 2a,b). Similar to TGF-β1- 
induced TH17 cells, TGF-β3-induced TH17 cells expressed Rorc, Il17a 

and Il17f but not Ifng (Fig. 2c). However, TGF-β3-induced TH17 cells  
had significantly higher expression of Il23r and Il22 than did  
TGF-β1-induced TH17 cells (Fig. 2d). We confirmed the higher 
expression of IL-23R protein in TGF-β3-induced TH17 cells in 
reporter mice in which the intracellular domain of IL-23R is replaced 
with GFP (IL-23R–GFP mice)16 (Fig. 2e).

Because IL-23 induces TH17 cells to become pathogenic and IL-23 
can enhance and maintain the expression of TGF-β3, we investigated 
the pathogenicity of TH17 cells induced by TGF-β3 and IL-6. We 
generated TH17 cells from naive 2D2 T cells with TGF-β1 and IL-6 
or with TGF-β3 and IL-6 and transferred those cells into naive recipi-
ent mice, then monitored the development of EAE. In contrast to the 
transfer of TH17 cells induced by TGF-β1 and IL-6, which resulted 
in very mild disease, the transfer of TH17 cells induced by TGF-β3 
and IL-6 resulted in EAE with a high disease incidence, severity and 
mortality (Fig. 2f and Table 1). Histopathological quantification of 
lesions in the central nervous system (CNS) showed significantly 
more parenchymal and meningeal inflammatory lesions in the group 
that received cells induced by TGF-β3 and IL-6 than in the recipients 
of TH17 cells induced by TGF-β1 and IL-6 (Fig. 2g), which suggested 
that TGF-β3-induced TH17 cells were highly pathogenic.

We next addressed how TGF-β1 and TGF-β3 were able to induce 
such a difference in the pathogenicity of TH17 cells, given that both 
have been suggested to signal through a common receptor subunit, 
TGF-βRII29,30. Mice expressing a dominant negative form of TGF-
βRII generate fewer TH17 cells and are protected from EAE31. We 
assessed whether TGF-β3, like TGF-β1, requires TGF-βRII for the 
development of TH17 cells. To address this, we crossed mice express-
ing the dominant negative form of TGF-βRII with mice that have 
sequence encoding GFP knocked into the gene encoding IL-17A, 
then differentiated CD4+ T cells from the resultant reporter mice 
with TGF-β1 and IL-6 or with TGF-β3 and IL-6. Neither TGF-β1 
nor TGF-β3 was able to induce the differentiation of TH17 cells from 
T cells of these mice (Supplementary Fig. 2a), which suggested that 
both TGF-β1 and TGF-β3 signal through TGF-βRII for TH17 dif-
ferentiation (Fig. 2a–c).

To assess the possibility that TGF-βRII transmits different down-
stream signals after ligation with TGF-β1 or TGF-β3, we did a compre-
hensive PCR array analysis of TGF-β signaling in TH17 cells generated 
with either TGF-β1 or TGF-β3. This array allowed us to determine 
the expression of approximately 90 known signaling molecules down-
stream of TGF-βRII and showed that TGF-β1 and TGF-β3 induced 

Table 1 Induction of EAE after adoptive transfer of MOG-specific TH17 cells and active immunization
Genotype Treatment Disease incidence (%) Clinical score Day of onset Mortality (%) P value

2D2 IL-1β + IL-6 + IL-23 20/21 (95%) 3.7 ± 0.29 12.2 ± 0.35 10/21 (48%) NS*
2D2 TGF-β3 + IL-6 13/15 (86%) 3.5 ± 0.35 12.7 ± 0.92 4/15 (26%) P < 0.001†

2D2 TGF-β1 + IL-6 10/17 (58%) 2.6 ± 0.45 14.1 ± 1.77 0/17 (0%)
2D2 TGF-β1 + IL-6 + IL-23 11/21 (52%) 3.6 ± 1.53 14.8 ± 2.40 5/21 (23%) P < 0.001†

Il23r−/− 2D2 IL-1β + IL-6 + IL-23 0/8 (0%) NA NA 0/8 (0%) P < 0.001‡

Il23r−/− 2D2 TGF-β3 + IL-6 0/8 (0%) NA NA 0/8 (0%) P < 0.001‡

WT Isotype control 19/22 (86%) 2.4 ± 0.25 9 ± 0.83 0/22 (0%) P < 0.001§

WT Anti-TGF-β3 710 (70%) 1.6 ± 0.37 9.8 ± 2.2 0/10 (0%)
Tbx21−/− 2D2 TGF-β3 + IL-6 8/11 (73%) 2.8 ± 1.13 18.9 ± 4.58 1/11 (1%) P < 0.001||

Tbx21−/− 2D2 TGF-β1 + IL-6 0/11 (0%) NA NA 0/11 (0%)
Tbx21−/− 2D2 TGF-β1 + IL-6 + IL-23 0/7 (0%) NA NA 0/7 (0%) P < 0.001‡

EAE in wild-type recipient mice given transfer of CD4+ T cells (genotype, far left column) cultured in the presence of various combinations of IL-23, TGF-β, IL-1β and IL-6 or  
antibodies (second column), followed by induction of active EAE with MOG(35–55) in CFA plus pertussis toxin. Disease incidence and mortality are presented as mice  
affected/total mice (with percentage in parentheses). Clinical scores and day of onset (mean ± s.e.m.) were calculated only for mice that developed clinical signs of EAE  
(NA (not applicable) indicates mice that did not develop EAE). Isotype, isotype-matched control antibody. Data are representative of at least three experiments, except experiments 
with anti-TGF-β3 and isotype-matched control antibody, which were repeated twice.
*Versus 2D2 cells cultured with TGF-β3 + IL-6. †Versus 2D2 cells cultured with TGF-β1 + IL-6. ‡Versus 2D2 cells cultured in the same conditions. §Versus cells cultured with  
anti-TGF-β3. ||Versus Tbx21−/− 2D2 cells cultured with TGF-β1 + IL-6.
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different expression profiles of target genes downstream of TGF-
βRII engagement (Supplementary Fig. 2b). In particular, TH17 cells 
differentiated through the use of TGF-β3 and IL-6 induced higher 
expression of the signal transducers Smad1 and Smad5 and lower 
expression of Smad3 than did those induced with TGF-β1 and IL-6 
(Fig. 2h). Consistent with the PCR array data, TGF-β3 induced less 
phosphorylation of Smad2 and Smad3 than did TGF-β1, whereas the 
phosphorylation of Smad 1 and Smad5 was greatly enhanced (Fig. 2i  
and Supplementary Fig. 2c). Together these data indicated that TH17 
cells induced by TGF-β3 and IL-6 were functionally distinct from 
TH17 cells induced by TGF-β1 and IL-6 and that the difference in 
the functionality of TH17 cells was supported by the differences in 
signaling induced by TGF-β1 and TGF-β3 through TGF-βRII.

TGF-b3- and IL-1b-, IL-6- and IL-23-induced TH17 cells are similar
TGF-β-independent TH17 cells that are induced by a combination of 
IL-1β, IL-6 and IL-23 and are more pathogenic than those induced 
by TGF-β1 and IL-6 have been described32. We therefore induced 
pathogenic TH17 cell populations by TGF-β3 and IL-6 or by IL-1β, 
IL-6 and IL-23 and compared their ability to transfer EAE. TH17 
cells differentiated under either condition had similar expression 
of IL-17 protein (Fig. 3a) and Il23r mRNA (Fig. 3b). Because the  
IL-23–IL-23R axis is essential for the development of pathogenic TH17 
cells16–18, we assessed whether the high expression of IL-23R contributed  

to the pathogenicity of TH17 cells differentiated with TGF-β3 and 
IL-6 or with IL-1β, IL-6 and IL-23. We differentiated 2D2 T cells 
into TH17 cells under those conditions and adoptively transferred 
those cells into wild-type recipients and found they transferred EAE 
with similar severity and incidence. Transfer of IL-23R-deficient 2D2 
T cells failed to induce EAE under the differentiation conditions of 
TGF-β3 and IL-6 or of IL-1β, IL-6 and IL-23 (Fig. 3c and Table 1). 
This indicated that IL-23–IL-23R pathway was absolutely critical for 
the development of pathogenic TH17 cells induced by TGF-β3 and 
IL-6 or by IL-1β, IL-6 and IL-23.

Further analysis of T cells that infiltrated the CNS showed that 
TH17 cells induced by TGF-β3 and IL-6 maintained higher IL-17 
expression (~25% higher) and produce less IFN-γ (~15% less) than 
did TH17 cells induced with IL-1β, IL-6 and IL-23 (data not shown). 
To address whether TGF-β3 was involved in the induction of EAE 
after active immunization, we immunized mice with MOG(35–55) 
plus CFA, which is known to induce EAE by generating MOG(35–55)-
specific TH1 and TH17 cells. Analysis of CD4+ T cells that infiltrated 
the CNS of mice immunized with MOG(35–55) plus CFA showed 
significantly higher expression of Tgfb3 in mice that developed 
the disease (score = 2–3) than in mice with no clinical signs of dis-
ease (score = 0), even though there was infiltration of CD4+ T cells 
into the CNS of all these mice (Fig. 3d). Local blockade of TGF-β 
through the addition of neutralizing antibody to TGF-β1, TGF-β2 
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Figure 2 TGF-β3-induced TH17 cells are very pathogenic in inducing autoimmunity.  
(a) Intracellular staining of IL-17 in naive wild-type CD4+ T cells differentiated for 4 d in vitro  
with TGF-β1 and IL-6 or with TGF-β3 and IL-6 and stimulated with PMA and ionomycin. Numbers  
adjacent to outlined areas indicate IL-17+ cells. (b) Enzyme-linked immunosorbent assay of IL-17  
in supernatants of naive wild-type CD4+ T cells stimulated for 4 d in vitro with no cytokines or with  
TGF-β1 or TGF-β3 alone or in combination with IL-6 (below graph). (c,d) Quantitative RT-PCR  
analysis of Il17a, Il17f, Ifng and Rorc mRNA (c) and of Il23r and Il22 mRNA (d) in naive wild-type  
CD4+ T cells stimulated for 4 d in vitro with no cytokines, TGF-β1 and IL-6, or TGF-β3 and IL-6  
(presented as in Fig. 1b). (e) Expression of IL-23R–GFP by naive IL-23R–GFP CD4+ T cells differentiated  
for 4 d in vitro with no cytokines (−), TGF-β1 and IL-6, or TGF-β3 and IL-6, assessed by flow cytometry.  
Numbers adjacent to outlined areas indicate IL-23R–GFP+ cells. (f) Clinical scores of wild-type recipients (n, Table 1) after transfer of naive 2D2 
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confidence interval of the regression line. (g) Quantification of CNS lesions in the meninges and parenchyma of recipient mice in f on day 30 after cell 
transfer. (h) PCR array analysis of Smad1, Smad3 and Smad5 in wild-type naive CD4+ T cells differentiated for 24 h with TGF-β3 and IL-6, presented 
relative to their expression in cells differentiated with TGF-β1 and IL-6, set as 1 (dashed line). Each symbol represents an individual replicate; small 
horizontal lines indicate the mean. (i) Phosphorylation (p-) of Smad2 and Smad3 (left) or of Smad1 and Smad5 (right) in naive wild-type CD4+ T cells 
stimulated for 30 min with TGF-β1 or TGF-β3, assessed by flow cytometry. *P < 0.05, **P < 0.01 and ***P < 0.001 (unpaired, two-tailed Student’s 
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and TGF-β3 in the immunizing emulsion has been shown to prevent 
the development of TH17 cells and EAE31, which would suggest an  
in vivo role for TGF-β in the development of TH17 cells and this dis-
ease. However, that study31 did not show which TGF-β is required for 
the development TH17 cells, as that antibody neutralizes all three forms 
of TGF-β. We therefore determined whether neutralizing TGF-β3  
locally affected the development of EAE. The inclusion of antibody to 
TGF-β3 (anti-TGF-β3) in the emulsion of MOG(35–55) and CFA at 
the time of induction significantly inhibited the development of EAE  
(Fig. 3e and Table 1), which suggested that endogenous TGF-β3 con-
tributed to the induction of EAE. Together these data indicated that 
the pathogenic TH17 cells induced by TGF-β3 had a pathogenic and 
functional phenotype similar to that of TH17 cells induced by IL-1β, 
IL-6 and IL-23.

The transcriptional signature of pathogenic TH17 cells
To characterize the molecular state associated with the functional 
differences between TGF-β1- and TGF-β3-induced TH17 cells, we 
assessed the mRNA profiles of in vitro–differentiated TH17 cells by 
whole-genome microarray. We compared the gene-expression pro-
files of naive CD4+ T cells differentiated into TH17 cells under the 
following six polarizing conditions: IL-β1 and IL-6; IL-β1, IL-6 and 
IL-23; TGF-β1 and IL-6; TGF-β1, IL-6 and IL-23; TGF-β3 and IL-6; 
and TGF-β3, IL-6 and IL-23. As a control, we used activated TH0 cells 
for baseline gene induction. We found 434 genes with a difference 
in expression that were upregulated or downregulated at least two-
fold in TH17 cells relative to their expression in the control TH0 cells 
(Fig. 4a). For those 434 genes, the transcriptional profile of TH17 cells 
differentiated with IL-1β andIL-6 or with IL-1β, IL-6 and IL-23 was 
similar to that of TH17 cells differentiated with TGF-β3 and IL-6 or 
with TGF-β3, IL-6 and IL-23, whereas TH17 cells differentiated with 
TGF-β1 and IL-6 or with TGF-β1, IL-6 and IL-23 had a distinct tran-
scriptional profile (Fig. 4a). Direct comparison of the transcriptional 
profiles of TH17 cells differentiated with TGF-β1 and IL-6 or with 
TGF-β3 and IL-6 (chosen because these differentiation conditions led 

to substantial differences in the pathogenicity of TH17 cells) identified 
233 genes with differences in expression (Supplementary Table 1).  
On the basis of the biological function of their products, we 
selected a representative subset of 23 genes (Fig. 4b) and con-
firmed their differences in expression by quantitative PCR (Fig. 4c).  
The upregulated genes (Fig. 4b, left) represented the ‘pathogenic 
signature’ of TGF-β3-induced TH17 cells, and the downregulated 
genes (Fig. 4b, right) represented the ‘nonpathogenic signature’ of  
TGF-β1-induced TH17 cells.

TH17 cells induced by TGF-β3 and IL-6 were characterized by 
higher expression of transcripts that could be broadly divided into 
three different modules: those encoding cytokines and chemokines 
(Cxcl3, Ccl4, Ccl5, Ccl3, Csf2, Il3, Il22 and Casp1 (which encodes a 
molecule involved in the generation of mature IL-1β)); those encod-
ing transcription factors (Tbx21 and Stat4); and those encoding effec-
tor molecules (Gzmb, Lag3 and Lglas3 (which encodes galectin-3)). 
In addition, TH17 cells induced by TGF-β3 and IL-6 had downregu-
lated expression of genes encoding molecules broadly associated with 
immunoregulation (regulatory module), including Il10, and genes 
encoding molecules involved in the regulation of IL-10 production 
(Ahr and Maf), as well as Il9, Il1rn and Ikzf3 (which encodes the tran-
scription factor Aiolos), whereas TH17 cells induced by TGF-β1 and 
IL-6 had upregulated expression of those genes (Fig. 4c).

On the basis of the molecular signature reported above, we analyzed 
the profiles of each TH17 population (Fig. 4d). Principal-component 
analysis (PCA) identified three groups (I–III). Group I included TH17 
cells induced by TGF-β1 and IL-6 regardless of whether they were 
exposed to IL-23 or not; these cells had a mild or no pathogenic pheno-
type in vivo (Fig. 1a) and expressed little or no IL-23R (Fig. 2d,e). 
Group II included TH17 cells induced with TGF-β3 and IL-6 or with 
IL-1β and IL-6; these cells were highly pathogenic in vivo (Fig. 2f)  
and had high expression of IL-23R (Fig. 2d,e). Group III included 
TH17 cells induced with TGF-β3, IL-6 and IL-23 or with IL-1β, IL-6 
and IL-23; these also had high expression of IL-23R (Fig. 3b). We 
obtained similar results by PCA based on the expression of all 233 
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Figure 3 The pathogenicity of TH17 cells induced  
with TGF-β3 and IL-6 is very similar to that of TH17  
cells induced with IL-1β, IL-6 and IL-23.  
(a) Expression of IL-17–GFP in naive CD4+ T cells  
from IL-17–GFP mice, differentiated for 4 d in vitro with no  
cytokines, TGF-β3 and IL-6, or IL-1β, IL-6 and IL-23, and  
assessed by flow cytometry. Numbers above outlined areas  
indicate IL-17–GFP+ cells. (b) Quantitative RT-PCR analysis  
of Il23r mRNA in naive wild-type CD4+ T cells differentiated for  
4 d in vitro with no cytokines, TGF-β3 and IL-6, or IL-1β, IL-6 and  
IL-23 (presented as in Fig. 1b). (c) Clinical scores of wild-type  
recipients (n, Table 1) after transfer of naive 2D2 or 2D2 Il23r−/−  
CD4+ T cells (5 × 106) differentiated in vitro with IL-1β, IL-6 and  
IL-23 or with TGF-β3 and IL-6. Right, linear-regression curve (as in Fig. 2f).  
(d) Quantitative RT-PCR analysis of Tgfb3 mRNA in CNS-infiltrating CD4+ T cells isolated from wild-type mice immunized with MOG(35–55) in CFA 
plus pertussis toxin, with a score of 2–3 (peak of disease (EAE +)) or a score of 0 (no disease (EAE −); presented as in Fig. 1b). (e) Clinical scores of 
wild-type mice (n, Table 1) immunized as in d, but with isotype-matched control antibody (WT) or neutralizing antibody to TGF-β3 (WT + anti-TGF-β3) 
in the emulsion. Right, linear-regression curve as in c. *P < 0.01 and **P < 0.001 (unpaired, two-tailed Student’s t-test). Data are representative of at 
least three independent experiments (a,b) or are pooled from three independent experiments (c), three independent experiments with a total of 12 mice 
(d) or two independent experiments (e; mean and s.d. in b–e). 
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genes with different expression in TH17 cells induced by TGF-β1 and 
IL-6 and those induced by TGF-β3 and IL-6 (Fig. 4e). These results 
showed that TH17 cells induced by TGF-β3 and IL-6 were closely 
related to TH17 cells induced by IL-1β and IL-6 and that they differed 
from TH17 cells induced by TGF-β1 and IL-6. The 23-gene transcrip-
tional signature of TH17 cells defined here should provide a means of 
identifying key molecules involved in pathogenicity of TH17 cells.

TGF-b3 overcomes the T-bet requirement for pathogenic TH17 cells
Our microarray analysis showed that TH17 cells induced by TGF-β3 
and IL-6 had higher expression of Tbx21 (which encodes the transcrip-
tion factor T-bet; Fig. 4b). Because exposure of TH17 cells to IL-23 
induces the expression of T-bet33, we generated TH17 cells from 2D2 T 
cells and Tbx21−/− 2D2 T cells with TGF-β1, IL-6 and IL-23. Tbx21−/− 
TH17 cells had higher expression of IL-17A than did 2D2 TH17 cells 
(Fig. 5a); however, transfer of Tbx21−/− 2D2 TH17 cells did not result 
in EAE, whereas transfer of 2D2 TH17 cells induced disease with high 
incidence and severity (Fig. 5b). These data indicated that T-bet had 
a key role in inducing the pathogenic functions of TH17 cells and that 
this was independent of IL-17 production. Because TGF-β3 is required 
for the induction of pathogenic signatures in TH17 cells, we assessed 
whether the inability of T-bet-deficient T cells to induce disease was 
due to lower TGF-β3 expression. In fact, TGF-β3 expression was 

lower in Tbx21−/− cells than in wild-type cells (Fig. 5c). Conversely, 
retroviral overexpression of T-bet enhanced the expression of  
TGF-β3 (Fig. 5d). We next assessed whether compensating for TGF-β3 
in T-bet-deficient TH17 cells would induce EAE in an adoptive-transfer  
system. Polarization of Tbx21−/− 2D2 CD4+ T cells in the presence 
of TGF-β3 and IL-6 overcame the requirement for T-bet and the 
resultant cells were encephalitogenic, but polarization with TGF-β1,  
IL-6 and IL-23 or with TGF-β1 and IL-6 did not have this effect 
(Fig. 5e and Table 1). Histological analysis showed that adoptively 
transferred Tbx21−/− 2D2 cells induced by TGF-β3 and IL-6 produced 
CNS lesions in the meninges and the parenchyma, whereas Tbx21−/− 
2D2 cells induced by TGF-β1 and IL-6 produced no detectable lesions 
after transfer (Fig. 5f). Tbx21−/− T cells produced more IL-17 when 
differentiated with TGF-β1, IL-6 and IL-23 or with TGF-β3 and IL-6 
than did wild-type T cells (Fig. 5g). Published reports have suggested 
the requirement that IFN-γ-producing cells breach the blood-brain 
barrier to allow the entry of IL-17-producing cells into the CNS34. 
Analysis of CD4+ T cells isolated from the periphery or the CNS at 
the peak of disease showed that 2D2 cells induced by TGF-β3 and 
IL-6 expressed IFN-γ, but 2D2 Tbx21−/−cells induced by TGF-β3 
and IL-6 did not (Supplementary Fig. 3). This suggested that inde-
pendently of IFN-γ production, Tbx21−/− 2D2 TH17 cells induced by 
TGF-β3 and IL-6 were pathogenic in vivo (Supplementary Fig. 3). 
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Figure 4 Identification of transcriptional signature for pathogenic TH17 cells. (a) Microarray analysis of 434 genes upregulated or downregulated over 
twofold (relative to their expression in TH0 cells) in naive wild-type CD4+ T cells differentiated for 60 h in vitro with (from left to right) IL-1β and IL-6; 
IL-1β, IL-6 and IL-23; TGF-β1 and IL-6; TGF-β1, IL-6 and IL-23; TGF-β3 and IL-6; or TGF-β3, IL-6 and IL-23. (b) Expression of 23 genes in TGF-
β3-induced TH17 cells (selected from a pool of 233 targets with a difference in expression of 1.5-fold in TH17 cells differentiated with TGF-β3 and 
IL-6 and those differentiated with TGF-β1 and IL-6), presented relative to their expression in TGF-β1-induced TH17 cells. (c) Quantitative RT-PCR 
analysis of mRNA of several of the genes in b in naive wild-type CD4+ T cells differentiated for 4 d in vitro with TGF-β1 and IL-6 or with TGF-β3 and 
IL-6 (presented as in Fig. 1b). (d,e) PCA of the 23 selected genes described in b (d) or 233 genes listed in Supplementary Table 1 (e); circles indicate 
grouping. *P < 0.05, **P < 0.01 and ***P < 0.001 (unpaired, two-tailed Student’s t-test). Data are pooled from two independent experiments with two 
replicates each (a,b,d,e) or at least four independent experiments (c; mean and s.d.).
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These observations suggested that T-bet was part of the pathogenic 
TH17 signature and may have regulated the endogenous expression of  
TGF-β3. Loss of pathogenicity in T-bet-deficient TH17 cells was over-
come by exogenous TGF-β3 and IL-6. It remains unclear whether 
T-bet is directly or indirectly required for the induction and/or main-
tenance of TGF-β3.

DISCUSSION
Although TH17 cells have been associated with the induction of 
autoimmunity, emerging data suggest that not all TH17 cell are patho-
genic and that exposure to IL-23 is crucial for their ability to induce 
autoimmunity16–18,22. In this paper we have shown that TGF-β3  
endogenously produced by developing TH17 cells had a critical role in 
inducing pathogenic TH17 cells. We also found that T-bet, a transcrip-
tion factor normally associated with TH1 development, was critical 
for the generation of pathogenic TH17 cells.

Whereas mice deficient in IFN-γ or its receptor are highly suscep-
tible to the development of EAE7,8, mice that lack T-bet are protected 
from almost all autoimmune disease9,24. Our data have begun to 
address this paradox by showing that T-bet was part of the pathogenic 
expression signature of a subset of TH17 cells. Although it remains 
unclear how T-bet conferred encephalitogenic potential on TH17 cells, 
we have shown that in the absence of T-bet, TH17 cells were not able 
to induce endogenous TGF-β3. Whether T-bet directly transactivated 
TGF-β3 or indirectly modulated other receptors and/or factors in 
TH17 cells is not clear at this stage. IL-23 signaling induces T-bet 
expression in TH17 cells, and T-bet is suggested to induce IL-23R 
expression35, which suggests a feed-forward loop between IL-23R  
signaling and T-bet expression. Because of the T-bet expression in 

TH17 cells, it has been postulated that TH17 cells might produce  
IFN-γ and, therefore, that cells producing both IL-17 and IFN-γ are 
the main pathogenic T cells that induce autoimmune disease. Our 
data have suggested that the requirement for T-bet expression in 
pathogenic TH17 cells is independent of IFN-γ production, because 
IFN-γ-deficient TH17 cells induced with TGF-β3 and IL-6 were still 
able to induce EAE (data not shown). One possible reason for our 
finding of T-bet expression in TH17 cells induced by TGF-β3 and 
IL-6 is that, unlike TGF-β1, which suppresses T-bet36 and IL-23R37, 
TGF-β3 promotes the expression of these molecules, which would 
promote the stability and pathogenicity of TH17 cells.

In addition to T-bet, several other factors were associated with 
the pathogenic expression signature of TH17, including GM-CSF,  
IL-23R and IL-7R. GM-CSF, which is transactivated by RORγt, has 
been described as the key cytokine involved in the pathogenicity TH17 
cells25,26, and our transcriptional analysis independently identified 
GM-CSF as a component of pathogenic TH17 cells. Indeed, GM-CSF-
deficient mice are highly resistant to EAE, and GM-CSF-deficient 
TH17 cells are unable to transfer EAE25,26. That is consistent with our 
data showing that pathogenic TH17 cells induced by TGF-β3 and IL-6 
expressed GM-CSF. However, it remains to be determined whether 
those TH17 cells require GM-CSF for encephalitogencity. Similarly, 
IL-23R is a key component of the pathogenic TH17 signature.  
IL-23R-deficient mice are resistant to EAE, and IL-23R-deficient TH17 
cells are unable to transfer EAE16. The IL-7–IL-7R pathway has also 
been linked to the development of TH17 cells, and genetic data link 
IL-7R to susceptibility to multiple sclerosis in human patients16,38–41. 
However, the role of the IL-7–IL-7R axis in the induction of the patho-
genic potential of TH17 cells induced by TGF-β3 and IL-6 remains to 
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Figure 5 Exogenous TGF-β3 can overcome the absence of T-bet. (a) Intracellular staining of IFN-γ and IL-17A in naive 2D2 or 2D2 Tbx21−/− CD4+ 
T cells differentiated for 4 d in vitro with TGF-β1, IL-6 and IL-23 and then stimulated with PMA and ionomycin. Numbers in outlined areas indicate 
percent cells in each. (b) Clinical scores of wild-type recipients (n, Table 1) after transfer of naive 2D2 or 2D2 Tbx21−/− CD4+ T cells (5 × 106) 
differentiated in vitro with TGF-β1, IL-6 and IL-23. Right, linear-regression curve (as in Fig. 2f). (c) Quantitative RT-PCR analysis of Tgfb3 mRNA in 
naive wild-type or Tbx21−/− CD4+ T cells differentiated for 4 d in vitro with no cytokines, IL-1β, IL-6 and IL-23, or IL-6 and IL-23 (presented as in Fig. 1b).  
(d) Quantitative RT-PCR analysis of Tgfb3 mRNA in wild-type CD4+ T cells differentiated as in c, then transduced with control retroviral vector (Ctrl RV) 
or retroviral vector for overexpression of T-bet (T-bet RV; presented as in Fig. 1b). (e) Clinical scores of wild-type recipients (n, Table 1) after transfer of 
naive 2D2 Tbx21−/− CD4+ T cells (5 × 106) differentiated in vitro with TGF-β1 and IL-6 or TGF-β3 and IL-6. Right, as in b. (f) Quantification of CNS 
lesions in the meninges and parenchyma from the recipient mice in e. *P < 0.001 (unpaired, two-tailed Student’s t-test). (g) Intracellular staining of 
IFN-γ and IL-17 in naive wild-type and Tbx21−/− CD4 T cells differentiated for 4 d in vitro with no cytokines, TGF-β1 and IL-6, or TGF-β3 and IL-6. Data 
are representative of at least three experiments with similar results (a,c,d,g) or are pooled from two (b) or three (e,f) independent experiments (f; pooled 
from five mice per group; mean and s.d. in b,e,f).
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be determined. Whether IL-7 simply expands pathogenic TH17 cell 
populations or induces key molecules required for the pathogenicity 
of TH17 cells has not been addressed yet. Systematic analysis of each 
of the molecules that belong to the pathogenic signature of TH17 
cells will allow the identification of key ‘nodes’ in the development 
of pathogenic TH17 cells.

Acquisition of a pathogenic phenotype by TH17 cells is the conse-
quence of not only the upregulation of genes encoding molecules that 
mediate pathology but also the downregulation of many other genes. 
We found that genes encoding molecules generally associated with 
immunoregulation, such as IL-10, Ahr and c-Maf, were significantly 
downregulated in pathogenic TH17 cells. Ahr and c-Maf are induced by 
conditions of TGF-β1 and IL-6 (refs. 42–44), and they work together 
to transactivate IL-10 production45. The failure of TH17 cells induced 
by TGF-β3 and IL-6 to express these genes in might explain why these 
cells become highly pathogenic. Conversely, it should be determined 
whether TH17 cells induced by TGF-β1 and IL-6 in the absence of 
the expression of Ahr, c-Maf or IL-10 can attain pathogenic func-
tions. IL-10 has been associated with nonpathogenic TH17 cells, and 
exposure to IL-23 has been shown to downregulate IL-10 production 
in TH17 cells and enhance their encephalitogenicity21,22. In addition 
to producing IL-10, nonpathogenic TH17 cells produced the IL-1R 
antagonist IL-1RN, as well as soluble IL-6R, both of which would pre-
sumably inhibit signaling via IL-1 and IL-6 and thus further suppress 
the differentiation of pathogenic TH17 cells. However, the relation-
ship between IL-1R antagonism and IL-10 production by TH17 cells 
remains unclear at this point. It remains to be determined whether 
different subsets of TH17 cells (some that produce IL-17 and IL-10 
and others that produce IL-17 and GM-CSF and express T-bet) have 
evolved to clear different types of pathogens. Indeed, observations of 
human TH17 cells suggest that IL-17+IL-10+ TH17 cells are specific 
for infection with Staphylococcus aureus, whereas IL-17+IFN-γ+ TH17 
cells are specific for infection with Candida albicans46. Similarly, our 
study has suggested there are pathogenic and nonpathogenic subtypes 
of TH17 cells and that their development may be contingent on the 
type of TGF-β present during the initial differentiation stage.

Existing data suggest that both pathogenic and nonpathogenic 
TH17 cells exist in the repertoire. Although the initial differen-
tiation of IL-17-producing cells is not dependent on exposure to  
IL-23, it is now clear that IL-23 is required for TH17 cells to attain 
full pathogenic potential through its maintenance and stabiliza-
tion of the TH17 phenotype, suppression of IL-10 production, pro-
motion of GM-CSF production and other effector molecules, and 
maintenance of TGF-β3 expression. The fact that the enhancement 
and maintenance of TGF-β3 are dependent on exposure to IL-23 is 
especially notable given that TH17 cells differentiated with TGF-β1 
and IL-6 did not transfer disease, yet when exposed to IL-23, they 
acquired pathogenic potential and induced autoimmune disease. 
Thus, it is likely that the IL-23-dependent production of TGF-β3 
in TH17 cells differentiated with TGF-β1 and IL-6 is required for 
induction of the full pathogenic phenotype in TH17 cells for the 
induction of autoimmunity.

In summary, we have reported here a critical role for TGF-β3 auto-
nomously produced by TH17 cells in the induction of pathogenic TH17 
cells. Whereas both TGF-β1 and TGF-β3 were able to induce TH17 
cells, TH17 cells induced by TGF-β3 and those induced by TGF-β1 
differed in many ways. TH17 cells induced by TGF-β3 were not only 
pathogenic in inducing EAE but also very potent in inducing colitis 
in the adoptive-transfer model (data not shown), which supports the 
proposal of a broader role for TGF-β3 in inducing very pathogenic 
and proinflammatory TH17 cells. As TGF-β3 induces pathogenic TH17 

cells in both EAE and colitis, TGF-β3 may prove a useful target for the 
regulation of tissue inflammation in many autoimmune diseases.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. GEO: microarray data, GSE39820.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice. C57BL/6 wild-type mice, Tgfb3-Cre mice, mice that express eYFP or 
diphtheria toxin receptor under control of the Rosa26 promoter and mice 
expressing the dominant negative form of TGF-βRII were from the Jackson 
Laboratory. IL-17A–GFP mice were from Biocytogen. IL-23R–GFP mice and 
Il23r−/− mice were generated as described16. Mice with loxP-flanked Tgfb3 alle-
les were provided by R. Bomireddy. TGF-β3–eYFP reporter mice were generated 
by the crossing of Tgfb3-Cre mice28 with mice expressing sequence encoding 
eYFP from the Rosa26 locus. Tgfb3-Cre mice28 were also crossed with mice 
expressing sequence encoding the diphtheria toxin receptor from the Rosa26 
locus. Wild-type, 2D2, 2D2 Il23r−/−, 2D2 Tbx21−/−, Tbx21−/−, IL-23R–GFP and  
IL-17A–GFP mice10 were housed and maintained in a conventional pathogen- 
free facility at the Harvard Institute of Medicine. All experiments were in 
accordance to the guidelines outlined by the Harvard Medical Area Standing 
Committee on Animals at Harvard Medical School.

Cell sorting, flow cytometry, analysis of phosphorylated Smad proteins and 
intracellular cytokine staining. Cells were sorted with peridinin chlorophyll 
protein–conjugated anti-CD4 (RM4-5), allophycocyanin-conjugated anti-
CD62L (MEL-14) and phycoerythrin-conjugated anti-CD44 (IM7; all from 
BioLegend). Cells were stimulated for 4 h with PMA (phorbol 12-myristate  
13-aceate; 50 ng/ml; Sigma-Aldrich) and ionomycin (1 µg/ml; Sigma-Aldrich) 
and a protein-transport inhibitor containing monensin (GolgiStop; BD 
Biosciences) before detection by staining with antibodies. Surface markers 
were stained for 20 min in room temperature in PBS with 1% FCS, then were 
fixed in Cytoperm/Cytofix (BD Biosciences), permeabilized with Perm/Wash 
Buffer (BD Biosciences) and stained allophycocyanin–anti-IFN-γ (XMG1.2) 
and Alexa Fluora 488–anti-IL-17A (TC11-18H10; both from BioLegend) 
diluted in Perm/Wash buffer as described10. For analysis of signaling via 
phosphorylated Smad proteins by flow cytometry, cells from the lymph nodes 
and spleens of C57BL/6 wild-type mice were labeled with CD4 microbeads 
(Miltenyi Biotec), then were purified by autoMACS (Miltenyi Biotec). Cells 
were stimulated in serum-free media and were starved of serum overnight, 
then were cultured for 30 min with TGF-β1 or TGF-β3 (2 ng/ml). Cells were 
fixed with Cytoperm/Cytofix (BD Biosciences) and permeabilized with Perm/
Wash Buffer (BD Biosciences), then stained with antibody to phosphorylated 
Smad2 and Smad3 (D6G10), antibody to phosphorylated Smad1 and Smad5 
(41D10) or isotype-matched control antibody (DA1E; Cell Signaling). Data 
were collected with a FACSCalibur or LSR II (BD Biosciences), then were 
analyzed with FlowJo software (Treestar)16,47.

Active and passive induction of EAE and disease analysis. For active 
induction of EAE, mice were immunized by subcutaneous injection of  
100 µg MOG(35–55) (MEVGWYRSPFSRVVHLYRNGK) in CFA, then 
received pertussis toxin intraperitoneally (List Biological Laboratory). For 
local blockade of TGF-β3, anti-TGF-β3 (100 µg per mouse; MAB243; R&D 
Systems) was incorporated into the emulsion, and mice received 200 ng per-
tussis toxin on days 0 and 2. For passive induction of EAE, cells were differ-
entiated and adoptively transferred as described16,22. Mice were monitored 
and were assigned scores daily for development of classical and atypical 
signs of EAE according to the following criteria: 0, no disease; 1, decreased 
tail tone or mild balance defects; 2, hind limb weakness, partial paralysis or  
severe balance defects that cause spontaneous falling over; 3, complete hind 
limb paralysis or very severe balance defects that prevent walking; 4, front  
and hind limb paralysis or inability to move body weight into a different  
position; 5, moribund state22.

Analysis of CNS-infiltrating mononuclear cells. At the peak of disease, mice 
were killed for analysis of CNS-infiltrating cells. Mice were perfused through 
the left ventricle of the heart with cold PBS. The brain and the spinal cord 
were flushed out with PBS by hydrostatic pressure. CNS tissue was minced 
with a sharp razor blade and digested for 20 min at 37 °C with collagenase D  
(2.5 mg/ml; Roche Diagnostics) and DNaseI (1 mg/ml; Sigma). Mononuclear 
cells were isolated by passage of the tissue through a cell strainer (70 µm), 
followed by centrifugation through a Percoll gradient (37% and 70%). 
Mononuclear cells in the interphase were removed, washed and resuspended 
in culture medium for analysis by intracellular cytokine staining.

In vitro T cell differentiation. CD4+ T cells were purified from spleen and 
lymph nodes with anti-CD4 microbeads (Miltenyi Biotech), then were further 
sorted as naive CD4+CD62LhiCD44lo T cells. Sorted cells were activated with 
plate-bound anti-CD3 (2 µg/ml; 1452C11; Bio Xcell) and anti-CD28 (2 µg/ml; 
PV1; Bio Xcell) in the presence of cytokines (recombinant mouse IL-23 from 
R&D Systems; all other cytokines from Miltenyi Biotec). For TH17 differentia-
tion, the following reagents were used: 2 ng/ml recombinant human TGF-β1 
and recombinant human TGF-β3 (Miltenyi Biotec), 25 ng/ml recombinant 
mouse IL-6 (Miltenyi Biotec), 20 ng/ml recombinant mouse IL-23 (R&D 
Biosystems) and 20 ng/ml recombinant mouse IL-1β (Miltenyi Biotec). Cells 
were cultured for 4 d and collected for RNA, intracellular cytokine staining, 
and flow cytometry.

Cytokine analysis and real-time PCR. Culture supernatants were collected 
on day 4 and cytokines were measured by enzyme-linked immunosorbent 
assay as described10. On day 4 (unless noted otherwise) after culture, RNA was 
extracted with an RNeasy kit (Qiagen), then was reverse-transcribed with an 
iScript cDNA Synthesis kit (Bio-Rad) and analyzed by quantitative RT-PCR 
with a Vii 7 Real-time PCR system (Applied Biosystems) with the following 
primers and probes (from Applied Biosystems; identifier in parentheses): Cxcl3 
(Mm01701838_m1), Il3 (Mm00439631_m1), Csf2 (Mm01290062_m1), Il1rn 
(Mm01337566_m1), Lrmp (Mm00493168_m1), Gzmb (Mm00442834_m1),  
Tbx21 (Mm00450960_m1), Il17a (Mm00439618_m1), Il17f (Mm00521423_m1),  
Ifng (Mm01168134_m1), Ahr (Mm00478932_m1), Il9 (Mm00434305_m1), 
Il10 (Mm00439614_m1), Maf (Mm02581355_s1), Il22 (Mm00444241_m1), 
Il23r (Mm00519943_m1), Rorc (Mm00441144_g1), Tgfb1 (Mm01178820_m1), 
Tgfb2 (Mm00436955_m1), Tgfb3 (Mm01307950_m1) and Gapdh (4352339E). 
The comparative threshold cycle method and an internal control (Gapdh) were 
use for normalization of the target genes.

TGF-b PCR array. Cells were processed with a TGFβ/BMP Signaling Pathway 
PCR array kit according to the manufacturer’s protocol (SAbiosciences). 
Naive CD4 T cells (CD44−CD62L+CD4+) were sorted with a FACAria (BD 
Biosciences), then were starved of serum overnight and were cultured in vitro 
in serum-free medium with TGF-β1 and IL-6 or with TGF-β3 and IL-6. After 
24 h, cells were collected and total RNA was purified with an RNeasy Mini 
kit (Qiagen). RT2 PreAMP cDNA Synthesis Primer Mix was used for the con-
version of RNA into cDNA (SAbiosciences). SYBR Green Quantitative PCR 
Master mix and 96-well plate precoated with preamplified 89 gene-specific 
cDNA targets were used, both of which were provided by the manufacturerer 
(SAbiosciences). A Vii 7 Real Time PCR system (Applied Biosystems) was 
used for RT-PCR. Raw data were uploaded onto the manufacturer’s website 
(Applied Biosystems) for analysis.

Histopathology. Mice were killed 30 d after transfer of cells and the CNS was 
fixed in 10% neutral-buffered formalin and processed routinely for paraffin 
embedment. Inflammatory foci (over ten mononuclear cells) were quantified 
in the meninges and parenchyma by a pathologist in a double-blinded man-
ner, such that the disease status of the mice as well as the cells transferred 
were not identified.

Retroviral transduction. Retroviral expression constructs were transfected 
into human embryonic kidney HEK293T cells along with eco and gag-pol viral 
envelope constructs. Viral supernatants were collected at 72 h after transfec-
tion and were added to primary T cells that had been activated for 24 h with 
plate-bound anti-CD3 (2 µg/ml; 1452C11; Bio Xcell), anti-CD28 (2 µg/ml; 
PV1; Bio Xcell) and cytokines. Cells were spun for 45 min at room tempera-
ture at 2,000 r.p.m. in the presence of polybrene (8 µg/ml; Sigma) and were 
incubated for 3 d at 37 °C. Thy-1.1+ or GFP+ cells (expressing empty retroviral 
vector or retroviral vector encoding T-bet–Thy-1.1 or Cre-GFP) were detected 
2–3 d after infection. Sorted Thy-1.1+ cells were processed for quantitative 
RT-PCR analysis of the gene of interest.

Microarray analysis. Wild-type naive T cells were sorted and then activated 
for 4 d with plate-bound anti-CD3 (2 µg/ml; 1452C11; Bio Xcell) and anti-
CD28 (2 µg/ml; PV1; Bio Xcell) alone or with the appropriate cytokines. RNA 
was purified with an RNeasy kit (Qiagen), then was amplified with an Ovation 
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Biotin RNA Amplification and Labeling System (NuGEN). The cDNA (10 µg) 
was fragmented and labeled and then was hybridized to a GeneChip Mouse 
Genome 430 2.0 array (Affymetrix). Data were normalized with GenePattern 
software48 with the robust multiarray average algorithm49. Because the data 
were collected in two batches COMBAT software was used for removal of 
batch effects50. For clustering analysis (Fig. 4a), only probe sets with a change 
in expression of at least twofold (up or down) relative to expression in the 
no-cytokine (TH0) state in at least one condition were considered (572 probe 
sets corresponding to 434 genes; when several repeats were available, the aver-
age change of all repeats was used). Genes were clustered by average linkage 
hierarchical agglomerative clustering.

For direct comparison of the gene-expression profiles of TH17 cells induced 
with TGF-β1 and IL-6 or with TGF-β3 and IL-6, genes with a difference in 
expression of at least a 1.5-fold (up or down) in these two conditions were 
considered. From the 233 genes identified (Supplementary Table 1), 23 rep-
resentative genes were selected on the basis of the biological function of the 

molecule encoded for further confirmation and PCA. Similar results were 
obtained for PCA of all 233 genes with a change of least a 1.5-fold or of only 
the 23 representative genes (Fig. 4d,e).

Statistics. GraphPad Prism 4.0 was used for statistical analysis (linear  
regression with 95% confidence interval, and unpaired, two-tailed Student’s 
t-test). Differences were considered statistically significant with a P value of 
less than 0.05.
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