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Individual microbes shape various parts of the immune system 

Abstract 

The gastrointestinal tract, home to a vast number of bacteria, requires finely-

tuned regulatory and effector immune mechanisms to maintain homeostasis and 

tolerance. In a large-scale screen, we studied the impacts of single microbes on major 

immune populations, whole intestinal tissue homeostasis and metabolism. Bacteria 

interacted with the host at multiple levels including cytokine responses, accumulation of 

various T cells, alterations in composition of mononuclear phagocytes and induction of 

epithelial cell genes as measured by transcriptome analysis of whole intestinal tissue. 

Interestingly, taxonomically unrelated bacteria elicited similar immune phenotypes and 

metabolic effects. A more focused analysis of the induction of regulatory mechanisms 

revealed a microbiota-dependent, context-specific transcriptional control of Foxp3+ 

regulatory T cells and of IL17 producing T cells. These facets were both regulated by 

Rorγ, a transcription factor known for its antagonistic effects on Foxp3. Paradoxically, 

Rorγ expression induced by bacteria in colonic Foxp3+ regulatory T cells was necessary 

for function of these cells especially in the context of IL17 and IFNγ-mediated colitis. 

Overall, this large-scale screen provides a comprehensive study of how individual 

bacterial species shape many aspects of the host immunity and metabolism, and 

exemplifies a microbiota-dependent, context-specific mechanism that potentiates 

function in Foxp3+ regulatory T cells.  
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Chapter 1: Introduction  

 

1.1: Gut homeostasis and the microbiota 

The gastrointestinal (GI) tract, in close proximity to a vast number of luminal 

microbes requires finely-tuned regulatory mechanisms to prevent excessive immune 

responses against commensals and allow healthy colonization by commensals, but not 

pathogens. In this section, we will introduce the basic components of the mammalian 

(more specifically human) microbiota and highlight the reciprocal relationship between 

the microbiota and the host immune system. In the next section (Chapter 1.2), we will 

detail how regulatory T cells mediate tolerance to various components of the microbiota 

and ensure healthy colonization by these microbes. 

 

1.1.1: Characterization of the human gut microbiota 

The human gastrointestinal tract (GI) is estimated to harbor approximately 100 

trillion microorganisms, most of which are bacteria. Approaches based on 16SrRNA 

sequencing of bacteria allowed characterization of more than 1000 bacterial species, 

which account for 100 times more bacterial genes vs. human genes in the mammalian 

host (Qin et al., 2010; Backhed et al., 2005). More recently, Human Microbiome Project 

(HMP) Consortium set out to characterize microbial species that colonize various sites 

on human body and develop a repository that would serve as a reference tool. HMP has 

improved our understanding of the impacts of microbiome on human health and may 

have implications in inflammatory or autoimmune diseases. Various body parts were 

screened from healthy individual. Microbial communities were characterized by 16S 

rRNA and shotgun metagenomics sequencing. Major body parts included the skin, oral 

cavity, vagina, nasal cavity and lower GI tract represented by stool. Since the HMP has 

been the most comprehensive study with defined standards in terms of sample collection, 
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data generation and analysis, I will summarize general patterns observed in these 

cohorts, but also acknowledge earlier work. The HMP identified Bacteroidetes and 

Firmicutes as the dominant phyla, but also reported contribution from Verrucomicrobia, 

Tenericutes, Proteobacteria, Fusobacteria, Actinobacteria, Spirochaetes, Cyanobacteria 

(Consortium, T.H.M.P., 2012; Costello et al., 2009; Turnbaugh et al., 2008; Qin et al., 

2010; Backhed et al., 2005; Ley et al., 2006). The diversity observed in many 

taxonomical orders but also in phylum level in HMP studies was defined at two levels.  

 

1. Alpha diversity considers the abundance of different types of 

organism within a sample (e.g how many different operational 

taxonomic units (OTUs) or roughly species are there in a sample?). 

2. Beta diversity looks into community differences at a given body 

site among members of a population and compares differences and 

determines whether there are shared genera, OTUs across individuals 

(e.g how do OTUs from vagina relate to other vaginal samples from 

different subjects? Do members of a population share similar 

organisms at certain body sites?).  

 

The human microbiota has different degrees of alpha and beta diversity in a site-

specific manner (Consortium, T.H.M.P., 2012; Costello et al., 2009; Grice et al., 2009). 

For instance, the vagina has a low beta diversity meaning organisms are shared among 

individuals. The vagina also has a low alpha diversity compared to stool with one of the 

highest alpha diversities, meaning vagina has fewer OTUs compared to the stool 

(Consortium, T.H.M.P., 2012).  

Interestingly, microorganisms identified from different body parts cluster in a site-

specific manner. Staphyloccocus aureus is abundant in nostrils but absent in the vagina 
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and the opposite is true for Bifidobacterium dentium. Bacteroides are more abundant in 

the stool compared to skin, nostrils, vagina and mouth  (Consortium, T.H.M.P., 2012). 

Bacteroides thetaiotaomicron, with 46% prevalence in stool samples, is a common 

bacterium found across many individuals in the lower GI tract (Consortium, T.H.M.P., 

2012). These observations also agree with niche-specific colonization described earlier 

in lower scale studies of humans, mice and other mammals (Costello et al., 2009; Grice 

et al., 2009; Backhed et al., 2005). Although not distinguished in the HMP studies, the 

small intestinal lumen, cecum and colon also differ significantly in their alpha and beta 

diversity and bacterial load (Eckburg et al., 2005). Small intestine not only has fewer 

OTUs described, but is also colonized with at least 1000 (10^5 counts/ml in the small 

intestine vs. 10^9 counts/ml in the colon) times fewer bacteria than the colon (reviewed 

in (Mowat et al., 2014)).  

This niche-specific effect can also be extended to the host level (man vs mouse 

or male vs female) where genes, diet, prior infections, habitat, body temperature etc. 

define host-specific properties and the composition of the microbiota (Ley et al., 2008; 

Turnbaugh et al., 2008; HMCNtaure2012, Grice et al., 2009). The host-specific 

colonization was highlighted in a set of studies where the zebrafish, mouse or human 

microbiota were transplanted into non-native hosts and the microbial composition when 

stabilized did not resemble the donor host (Chung et al., 2012; Rawls et al., 2006).  

Although much higher diversity is observed among individuals and different host 

species, diversity over time within the same individual is also present (Consortium, 

T.H.M.P., 2012; Turnbaugh et al., 2008; Faith et al., 2013; Grice et al., 2009). However, 

beyond transient fluctuations many bacterial strains have been shown to be stable for 

decades (Faith et al., 2013; Costello et al., 2009; Grice et al., 2009; Ley et al., 2008). 

The GI tract is colonized during early stages of development, with first bacterial 

exposure during birth (Koenig et al., 2011). This reaches the highest rate of phylogenetic 
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and functional diversification with transition to solid food or table food and stabilizes 

around weaning (2.5 years of age in humans) (Koenig et al., 2011). 

The mouse microbiome shares most of the key concepts described for the 

human microbiome -distribution of main phyla, niche-specific colonization, alpha and 

beta level diversity which varies across the body (Ley et al., 2008; Backhed et al., 2005). 

Genetically and environmentally more controlled host, easy manipulation of microbial 

communities, availability of germ free models (germ free mice do not have any bacteria 

in their GI tract) and the studies in gnotobiotic mice (germ free mice colonized with 

various bacteria in combination or alone) have advanced our understanding of how 

bacteria benefit the host or vice versa. 

What constitutes a symbiont vs. pathogen has been discussed in many studies. 

A pathogen in very broad terms is described as a microorganism that can trigger disease. 

However, the pathogenicity of a microbe involves many factors highly dependent on the 

host’s genetic makeup, immune state, as well localization of the microbe. Although E. 

faecalis colonizes healthy neonates, some E. faecalis strains, which display different 

capacity for producing reactive oxygen species, can be classified as pathogens 

(Nicholson et al., 2012). When these E. faecalis strains colonize IL10-/- germ free mice, 

they induce DNA damage on epithelial cells and promote tumorigenesis and 

inflammation (reviewed in (Sears et al., 2014)). Symbionts are described as 

microorganisms that live together with host. Mutualistic symbionts benefit the host, but 

also benefit from the host. Commensalistic symbionts benefit from the host, but the host 

is not harmed or helped in any significant way. Many aspects of the host environment 

such as competition with other microbes, availability of nutrients or immune state of the 

host influence symbiosis. A study on B. thetaiotaomicron mutants in gnotobiotic mice 

colonizing in presence or absence of competition highlighted the importance of 

community composition (presence of bacteria with ability to make Vitamin B12) and 
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competition for nutrients (availability of Vitamin B12; Goodman et al., 2009). B. 

thetaiotaomicron mutants which poorly competed for Vitamin B12 had a fitness 

disadvantage only when other members of the community could not produce Vitamin 

B12 (Goodman et al., 2009). 

  It was known that the bacteria benefit from a nutrient-rich, protected environment 

while the host benefits from bacterial metabolites such as vitamins and more efficiently 

digested food. In the last decade, this nutrient-based simplistic view of symbiosis has 

been elevated by studies focusing on how bacteria facilitate development of the host 

immune system, control metabolism, protect against infections and influence the brain 

function (reviewed in (Belkaid et al., 2014; Nicholson et al., 2012; Cryan et al., 2012)). In 

the intestinal lumen, bacteria contribute to direct or indirect synthesis of various 

metabolites (Nicholson et al., 2012). These include short-chain fatty acids, bile acids, 

choline products, vitamins, lipids and phenols (Nicholson et al., 2012). Perturbations of 

the host-microbiota interaction may have pathogenic outcomes and disrupt biological 

fitness of the host. In the next sub-sections, we will focus on immune pathways, 

summarize some of these studies and report novel findings from our studies to provide a 

more comprehensive, but immunology-centered, view of how microbiota benefit the 

mammalian host.  

 

1.1.2: An overview of the immune and non-immune cells in the intestinal mucosa  

The intestines, primarily important for digestion and absorption of nutrients, are 

an active site of immunological responses. Diverse sets of immune and non-immune 

cells populate the intestines. The distribution and function of these cells vary significantly 

along the intestines. Here, we will mostly focus on how microbial burden impacts the 

distribution and function of these cells, but also mention the influence of intestinal 

physiology when necessary. 
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Briefly, the small intestine, colon and cecum have remarkable differences in 

length and thickness. The longest part, the small intestine has small, specialized 

protrusions called villi, essential for absorption of nutrients. The size of these structures 

varies along the length of the intestine and correlates with absorption of nutrients. Villi 

are shorter in the ileum (most distal part of the small intestine) and flatten in the cecum 

and colon where there is very little nutrient absorption but mostly reabsorption of water.  

The intestines could be divided into multiple parts: the lumen where bacteria live, the 

mucosa where the majority of immune responses take place, the submucosa, a dense 

layer of connective tissue, the muscle layer which separates the intestines from 

peritoneal cavity and finally the gut associated lymphoid tissue (GALT) responsible for 

induction of immune responses (reviewed in (Mowat et al., 2014)). GALTs are organized 

structures, which include Peyer’s Patches of the small intestine, colonic patches and 

mesenteric lymph nodes (reviewed in (Mowat et al., 2014)). Columnar epithelial cells 

separate the lymphoid areas of the Peyer’s patches from the intestinal lumen. Peyer’s 

Patches like lymph nodes have B cell follicles and T cell areas (reviewed in (Mowat et al., 

2014)). The mucosa has three immunologically and anatomically distinct parts: the 

epithelial layer, the lamina propria and a thin layer of muscle.  

Epithelial cells along the intestines are mostly absorptive and are adapted for 

metabolic and digestive functions (Peterson et al., 2014). On the other hand, secretory 

epithelial cells, which include enteroendocrine cells, paneth cells and goblet cells, are 

specialized for digestive and barrier functions (Peterson et al., 2014). Paneth cells and 

goblet cells sustain a chemical and physical antimicrobial barrier that sequesters 

bacteria in the lumen (Salzman et al., 2013; Vaishnava et al., 2011; Jakobsson et al., 

2014). Their distribution and significance vary along different parts of the intestines. 

Although immune functions of epithelial cells have been studied extensively, the 
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immunological contribution of other stromal cells is still largely unknown. There are 

several types of epithelial cells but we will focus on paneth cells and goblet cells. 

Paneth cells, epithelial cells found in the crypts, secrete antimicrobial peptides 

such as RegIIIγ (Vaishnava et al., 2011) and defensins (Salzman et al., 2013), which 

help establish a chemical barrier against microbes. Secretion of these antimicrobial 

molecules in part is regulated by the microbiota as antibiotic-treated mice have lower 

levels of RegIIIγ (Brandl et al., 2008). Paneth cells can increase production of RegIIIγ in 

response to IL22 (Vaishnava et al., 2011), a cytokine that will be detailed in discussion of 

innate lymphocytes and T cells. IL22 could be induced both by microbial colonization 

and tissue injury (Wolk et al., 2004).   

Goblet cells secrete mucins -glycoproteins that form a gel-like barrier (mucus)- 

and concentrate in the distal colon. Abundance of bacteria correlates with the structural 

differences in the mucus layers of the small intestine and colon. Bacterial concentration 

in the colon requires a thicker, stratified mucus layer while a less dense mucus layer 

supported by antimicrobial peptides suffices in the small intestine (Jakobsson et al., 

2014). Cytokines such as IL9, IFNγ and IL13 promote mucus production (Peterson et al., 

2014). More recently, tolerogenic effects of mucins have been highlighted in a study 

where Muc2 induces β-catenin (a transcription factor induced in tolerogenic DCs) in DCs 

and mediates IL10 production by DCs (Shan et al., 2013).  

Epithelial cells also express pattern recognition receptors (PRR), which are 

required to initiate immune responses and recruit cells. TLR2, TLR3, TLR4, TLR5, TLR9, 

NOD1, NOD2, NLRP3, NLRP6 and NLRC4 are expressed by the intestinal epithelial 

cells (reviewed in (Peterson et al., 2014)). PRR signaling is hyporesponsive in the 

epithelial cells, but anatomic segregation of these PRRs allows distinction of pathogen 

vs commensal-derived signals. For instance, stimulation of epithelial cells by TLR9 
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ligands from basolateral but not the apical side induces NFκB activation (Lee et al., 

2006).  

The immune cells of the intestines can be grouped into two categories: innate 

cells, which comprise mononuclear phagocytes, innate lymphocytes, neutrophils, 

eosinophils and mast cells, and adaptive cells, which include T and B lymphocytes. 

Immune cells are mostly found in the lamina propria, but also in the epithelial layer. The 

immune cell composition markedly differs between the epithelial layer and the lamina 

propria.  

 Both the lamina propria and the epithelial layer are enriched for a variety of 

innate mononuclear phagocytes, characterized based on expression of CD11b, 

CD11c, CX3CR1, F4/80, CD103 and PDCA. These include major tissue-resident 

macrophages, dentritic cells (conventional dendritic cell (DCs) and plasmacytoid 

dendritic cells pDCs) and monocyte populations. Classification of these cells as dendritic 

cells or macrophages has been confusing as macrophages in the intestines also express 

high levels of CD11c (ImmunologicalGenomeProject (ImmGen); Miller et al., 2012), a 

molecule that has been long considered DC specific. More recently, the following 

nomenclature was suggested: (1) CD11c+CD11b-CD103+ cells as cDCs that show 

similarities to the ones in lymph nodes, (2) CD11c-CD11b+F4/80+ cells as tissue-

resident macrophages, (3) CD11b+CD11c+CD103+CX3CR1- cells as 

CD103+CD11b+DCs and (4) CD11b+CD11c+F4/80+CX3CR1+ cells as CX3CR1+ 

mononuclear phagocytes (MP) with DC and macrophage properties (Varol et al., 2010). 

These mononuclear phagocytes, predominantly involved in immune surveillance, uptake 

and transport of antigen (Farache et al., 2013; Varol et al., 2009; Bogunovic et al., 2009), 

prime T cells (Sun et al., 2007; Jaensson et al., 2008; Johansson et al., 2005; Denning 

et al., 2007; Uematsu et al., 2008), facilitate tissue repair (Pull et al., 2005; Seno et al., 

2009) and promote IgA class switch (Tezuka et al., 2007; Macpherson et al., 2000).  
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The two cells types that express CD11b are primarily involved in antigen 

sampling in the small intestine (and possibly in the colon): CD103+CD11b+ DCs and 

CX3CR1+ MPs (Farache et al., 2013; Varol et al., 2009; Bogunovic et al., 2009). 

CD103+CD11b+ DCs, mainly residing in the lamina propria, may capture soluble antigen 

or crawl into the epithelial layer to uptake antigen. The actual mechanisms of antigen 

capture are not very clear in CD103+CD11b+ DCs (Farache et al., 2013). On the other 

hand, CX3CR1+ MPs, located in both the epithelial layer and the lamina propria, use 

transepithelial dendrites to sample luminal bacterial antigens (Niess et al., 2005; 

Farache et al., 2013). Formation of these dendrites depends on CX3CR1 (Niess et al., 

2005).  

Which cells carry antigens to the draining lymph nodes has been a subject of 

controversy. Initially, CD103+ DCs cells were proposed to carry commensal derived 

antigens to mesenteric lymph nodes (Farache et al., 2013) and promote gut homing 

molecules such as CCR9 on the surface of T cells (Sun et al., 2007; Jaensson et al., 

2008; Johansson et al., 2005). However, more recent findings suggest that CX3CR1+ 

MPs are not stationary and carry the commensal derived antigens to MLNs via CCR7-

mediated trafficking (Diehl et al., 2013).  Conversely, in this study, CD103+ DCs were 

only mobile after TLR stimulation by pathogens (Diehl et al., 2013). CD103+ DCs have 

been proposed to induce regulatory T cells by production of TGF-β and retinoic acid 

(Sun et al., 2007), but more recently this role has been attributed to macrophages 

(Denning et al., 2007). CD103+ DCs can contribute to differentiation of IL17 producing T 

cells in a TLR5 dependent manner (Denning et al., 2007; Uematsu et al., 2008). 

Intestinal macrophages also facilitate regulatory T cell differentiation by producing both 

TGF-β and IL10, acting in synergy (Denning et al., 2007; Murai et al., 2009). 

Macrophages are also important for tissue repair and replenishment of epithelial cells by 

inhibition of TNF (Pull et al., 2005; Seno et al., 2009).  
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Although less abundant Ly6Chi monocytes and Ly6C+PDCA+CD11b- pDCs are 

also found in the intestines. pDCs can contribute to oral tolerance by cross presentation 

of antigens to T cells (Goubier et al., 2008; Mouries et al., 2008) and may regulate T cell-

mediated protection from colitis (Dasgupta et al., 2014). 

Innate lymphocytes are a heterogeneous group of cells implicated in tissue 

repair and immunity against bacteria and helminths. Innate lymphoid cells (ILCs) mimic 

many features of T cells (detailed later) and are characterized in a similar manner. T-bet 

expressing ILCs which rely on IL15 and secrete IFNγ are known as ILC1s and include 

NK cells (Hesslein et al., 2011; Klose et al., 2013). These cells have important cytotoxic 

roles in cancer and viral infections.  

ILC2s express GATA3 and secrete cytokines IL5 and IL13, associated with TH2 

immunity. These cells are particularly important in immunity against helminth infections, 

promote IgE and IgA production and regulating eosinophils (Saenz et al., 2010; 

Monticelli et al., 2011). Recently, ILC2s have been shown to control lipid metabolism 

(Nussbaum et al., 2015; Lee et al., 2015). ILC2 can expand in response to alarmin IL33, 

IL25 and thymic stromal lymphopoietin (TSLP) secreted by epithelial cells (Saenz et al., 

2010; Kim et al., 2013a; Brestoff et al., 2014). ILC2s can limit adiposity in white adipose 

tissue, and control beige fat biogenesis in response to IL33 by eosinophil and IL4 

dependent and independent mechanisms (Lee et al., 2015; Brestoff et al., 2014).  

Finally, ILC3s express RORγ and like their T cell counterparts secrete IL17 along 

with high levels of IL22 (Sanos et al., 2008; SawaNatImm2008). Lymphoid tissue inducer 

cells (LTi) found in fetus and neonatal mice and humans (and in lower levels in adults) 

are a type of IL17+IL22+ ILC3s. LTis, the first ILC3s described (Mebius et al., 1997; 

Eberl et al., 2004; Cupedo et al., 2008), are necessary for formation of secondary 

lymphoid tissues (Cupedo et al., 2008). Although ILC2s and ILC1s have been described 

in the intestinal mucosa, ILC3s are found at higher proportions. Single or double 
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producers of IL17 and IL22 populate the intestines. Some IL22-producing ILC3s express 

NKp46 (Cella et al., 2009; Sanos et al., 2008 and Satoh-Takayama et al., 2008) and 

regulate tissue repair and intestinal epithelial cell function (Cella et al., 2009; Sanos et al., 

2008; Goto et al., 2014). IL22 is important for intestinal barrier function at steady state 

and during enteric intestinal infections (Cella et al., 2009; Sanos et al., 2008). In 

response to IL22, epithelial cells proliferate and secrete defensins and antimicrobial 

peptides such as RegIIIγ. During infections, IL23 secreted by DCs promotes IL22 

production by ILC3s (Cella et al., 2009; Sanos et al., 2008). ILC3s also regulate 

macrophage function by secreting GM-CSF (Mortha et al., 2014). Finally, major 

histocompatibility class II (MHCII)-dependent antigen presentation by ILC3s has been 

shown to regulate CD4 T cell responses against commensals (Hepworth et al., 2013). 

Intestines contain a large number of plasma cells that predominantly secrete IgA 

in the lamina propria. For easier transport to lumen, a dimeric form of IgA is secreted in 

the intestines.  The dimeric IgA secretion follows a similar gradient to the mucus 

production and correlates with bacterial burden. There are two types of IgA, adapted for 

the demands of the small intestine and colon (Kett et al., 1986; Lin et al., 2013; Kett et 

al., 1995). IgA1 is concentrated in the small intestine while IgA2, a more protease-

resistant form, is localized to the colon (Kett et al., 1986; Lin et al., 2013). Interestingly, 

increasing bacterial burden of the small intestine can switch IgA1 dominance to IgA2, 

which is favored by bacteria-rich colon (He et al., 2007; Kett et al., 1995). Bacteria in the 

lumen can promote IgA class-switch by epithelial-cell or DC-mediated cytokine APRIL or 

iNOS (He et al., 2007; Tezuka et al., 2007). IgA class switch can also occur with the help 

of T cells in the germinal centers of lymphoid associated tissues such as Peyer’s 

Patches of the small intestine (Shikina et al., 2004; Kawamato et al., 2014; Tsuji et al., 

2009; Linterman et al., 2011; Victora et al., 2000). Bcl6+ T follicular helper cells and 

Foxp3+ regulatory T cells have been shown to mediate IgA class switch in the Peyer’s 
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Patches (Kawamato et al., 2014; Tsuji et al., 2009). Plasma cells secreting IgM and IgG, 

although not as abundant as IgA, are also detected along the intestines.  

T cells that bear αβ T cell receptors (Tαβ) or γδ T cell receptors (Tγδ) have been 

found in both the small intestine and colon. Tγδ cells located primarily in the 

intraepithelial layer regulate the replenishment of epithelial cells (Komano et al., 1995) 

and tight junction formations (Dalton et al., 2000). Tαβ cells on the other hand are 

involved in antigen specific immune responses, which include effector and regulatory T 

cell responses. All major types of Tαβ cells -MHC Class I (CD8+), Class II (CD4+) 

restricted or Natural Killer T cells (NKT)- have been described. These cells produce a 

variety of cytokines including IFNγ, IL17, IL22, IL4, IL5, IL13 and IL10.  

NKT cells recognize self and foreign lipids presented on MHC-like CD1d 

molecule (reviewed in (Cohen et al., 2009)). Based on their TCR rearrangement, NKT 

cells are grouped as variant or invariant. Invariant NKT (iNKT) cell have a restricted TCR 

repertoire and use a limited set of TCRα (Vα24 in human, Vα14 in mouse rearranged to 

Jα18) and TCRβ chains (Vβ11 in human, Vβ8.2, Vβ7, and Vβ2 in mice) (reviewed in 

(Cohen et al., 2009)). The best marker for distinguishing these cells is their specificity to 

CD1d-bound α-galactosylceramide, a potent lipid antigen from marine sponges. iNKT 

cells can be activated by microbial lipids in antigen-specific manner or by cytokines 

produced by other innate cells (Brigl et al., 2011). iNKT cells are more concentrated in 

the small intestinal lamina propria and are almost absent in the epithelial layer or in the 

colon (Olszak et al., 2012; An et al., 2014).   

The intestinal mucosa contains CD8+ T cells and CD4+ T cells, but the 

distribution of these cells vary in the epithelial layer and the lamina propria. Epithelial 

layer is enriched with CD8 T cells, but most of these cells express unconventional 

CD8aa co-receptor and display an oligoclonal TCR repertoire. These cells colonize the 

gut early in development (reviewed in (Mowat et al., 2014)) 

12



!

Conventional T cells that express conventional co-receptors CD4αβ or CD8αβ 

are more abundant in the lamina propria. The CD4:CD8 ratio in the small intestinal 

lamina propria (2:1) is higher than the colonic lamina propria (almost 1:1). CD8ab 

cytotoxic T cells display an effector-memory phenotype in the lamina propria (few naïve 

CD8 T cells have also been reported) (reviewed in (Mowat et al., 2014)).  These cells 

express high levels integrin α4β7, necessary for homing to the intestinal mucosa, and 

rely on IL15 and IL7 for survival (reviewed in (Mowat et al., 2014)). Their main role is to 

provide antigen-specific protection by killing pathogen-infected cells. CD4+ T cell 

subsets will be described later. 

 Regulatory T cells are essential in restraining inflammatory responses 

mediated by effector T cells. In very broad terms, regulatory T cells can be divided into 2 

classes based on their Foxp3 expression. The distribution, differentiation and 

dependence of Foxp3-TR1cells and Foxp3+Tregs show marked differences, but 

importance of IL10 produced by both cells has been highlighted in colitis-prone IL10- 

deficient mice (Asseman et al., 1999). GI Tregs will be described in detail later.  

 

1.1.3: The effects of microbial colonization on some immune populations 

The relationship between the components of the microbiota and the immune 

system has been the focus of numerous studies. Here, I will attempt to summarize some 

of these exciting observations. Some of these responses involve direct interaction with 

bacteria or bacterial products, while some rely on cues delivered from intestinal epithelial 

cells or other immune cells.  

 

• ILCs: Although germ free mice or mice treated with antibiotics 

have normal ontogeny of ILC1s, ILC2s and ILC3s (Ganal et al., 2012; 

Monticelli et al., 2011, Sawa et al., 2011), the function of ILC1 and ILC3s 
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is compromised (Ganal et al., 2012; Sawa et al., 2011). ILC1s, and in 

particular NK cells, isolated form germ free mice have defects in priming 

when stimulated with various adjuvants and display decreased 

cytotoxicity (Ganal et al., 2012).  

The effect of commensals on IL22 production by ILC3 is 

controversial (Sawa et al., 2011; Takayama et al., 2008). IL22 production 

in some IL22+Nkp46+ ILC3s is reduced in germ free mice and requires 

colonization with commensals (Takayama et al., 2008). Conversely, in 

another study, IL22 production by Nkp46+ILC3s is higher in germ free 

mice and repressed in specific pathogen free mice (Sawa et al., 2011). 

This repression upon bacterial colonization is regulated by IL25 secreted 

by epithelial cells. Which bacterial species mediate these microbiota-

dependent ILC functions is not known. 

 

• Conventional DCs and pDCs: The microbiota also regulates the 

function of various mononuclear phagocytes. Polysaccharide-A (PSA) 

produced by B. fragilis is important for DC (Shen et al., 2012) and pDC 

(Dasgupta et al., 2014) response in stimulation of IL10-producing T cells.  

 

• Macrophages: The crosstalk between the microbiota, ILC3s and 

macrophages is important for tolerogenic effects mediated by 

macrophages (Mortha et al., 2014). Tissue-resident macrophages 

respond to microbial stimuli by production of IL1β, which promotes CSF2 

production by ILC3s, which then regulates retinoic acid and IL10 

production by CD103+ DCs and macrophages (Mortha et al., 2014). 
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• IgA+ B cells: IgA production by plasma cells relies on microbial 

colonization (Macpherson et al., 2000). Germ free mice have few IgA-

secreting plasma cells, but colonization with mouse fecal flora restores 

the IgA phenotype (Macpherson et al., 2000). Interestingly, this 

responsiveness is mutual as lack of IgA results in overgrowth of specific 

anaerobes such as the Segmented Filamentous Bacteria in the lower 

small intestine (Suzuki et al., 2004). Mice with a specific mutation, which 

does not affect IgA numbers but alters affinity to antigens, also had a 

similar dysbiosis, highlighting IgA’s importance in calibrating the microbial 

composition (Wei et al., 2011). IgA-mediated responses against 

commensals are required for compartmentalizing bacteria mainly to the 

lumen and controlling the composition of the bacteria. Although this 

response may be considered an immune response, commensal-specific 

IgA does not show classic features of systemic immune memory. 

Sequential oral immunization leads to additive but not synergistic effects 

(Hapfelmeier et al., 2010). IgA repertoire adapts to the most recent 

dominant changes in the microbiota with no specificity retained against 

former colonizers (Hapfelmeier et al., 2010). 

 

• Invariant NKT cells: iNKT cells, which contribute to the intestinal 

pool of cytokines by producing IL4 and IFNγ, are more numerous in germ 

free mice (Olszak et al., 2012).  The scarcity of iNKT cells in colons of 

specific pathogen free mice was attributed to the inhibitory effects of 

sphingolipids produced by bacteria (such as B. fragilis) (An et al., 2014).  
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Although not a complete list, interactions highlighted here provide a view of how 

microbiota educates the immune system. These interactions have consequences in 

protecting against colitis or healthy colonization by the microbiota. IgA production 

mediated by the microbiota controls the composition of the microbiota (Rogier et al., 

2014). Mice that lack ILC3s succumb to DSS mediated-colitis, but the role of microbiota 

in inducing or repressing IL22 may be irrelevant in this model of colitis as IL22 can be 

induced in response to injury (Sawa et al., 2011). The inhibition by sphingolipids 

produced by bacteria provides protection against NKT cell-mediated, oxazalone-induced 

colitis (An et al., 2014). 

!!

1.1.4: The microbiota-dependent induction of CD4+ T cells 

CD4+ T cells differentiate into different types of effector T cells to facilitate 

protection against different classes of pathogens. Naive CD4+ T cells leave the thymus 

with a diverse set of T cell receptors (TCR) that can be activated in an antigen specific 

manner. Costimulation by CD28 in presence of the correct cocktail of cytokines (IL-12, 

IL4, IL-6, TGF-B, IL21) commits an activated T cell to a particular effector lineage. T 

helper (TH) subsets acquire transcription factors and produce characteristic cytokines 

controlled by different STAT signaling. TH cells facilitate a wide range of pathogen-

specific immune responses by distinct, but overlapping functions. These subsets include: 

 

• T helper type 1 (TH1) cells express transcription factor T-bet and 

produce cytokines IFNγ, lymphotoxin. T-bet expression in these cells is 

induced by cytokine IL12. IFNγ production mediated by STAT4 can 

activate macrophages and other innate cells to promote their ability to 

eliminate intracellular pathogens (Mosmann et al., 1986). TH1 cells also 
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enhance function of cytotoxic CD8 T cells. Many autoimmune diseases 

(Type 1 diabetes, Multiple sclerosis (MS)) manifest TH1 driven 

pathologies. 

• T Helper type 2 (TH2) cells express transcription factor GATA3 

and produce cytokines IL4, IL13, IL5 to expel extracellular parasites 

(Mosmann et al., 1986). TH2 cells require IL4 presence during 

differentiation and upregulate STAT6. They also promote Ig class switch, 

particularly IgE. On the flip side, pathologies associated with TH2 cells 

drive allergy and asthma. 

• IL-17 producing T helper cells (TH17), which express RORγ 

secrete IL17A, IL17F and IL22 (Ivanov et al., 2006; Xang et al., 2008). 

Th17 cells -mostly found in the skin, lung, and intestines- protect against 

fungi and extracellular bacteria (Denning et al., 2007; Uematsu et al., 

2008; Happel et al., 2005 and Robinson et al., 2009). They are also 

necessary for maintaining epithelial barrier and are involved in tissue 

repair via IL22 (Pickert et al. 2009). TH17-driven pathologies (mainly by 

IL17) are described in rheumatoid arthritis and MS (EAE in mice) (Wu et 

al., 2009; Jager et al., 2009 and Peters et al., 2011).  TH17 differentiation 

with respect to peripheral Treg differentiation will be detailed later.  

• T follicular helper cells (TFH) that facilitate T cell-dependent Ig 

class switch in the germinal centers express BCL6 and BLIMP1. BCL6, 

required for programming of TFH cells, is induced by IL6 (and IL21) and 

utilizes STAT3 in downstream effector functions (Yu et al., 2009; 

Johnston et al., 2009; Nurieva et al., 2009).   
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• IL22-producing T helper cells (TH22) express both AHR and 

RORγ and produce IL22 during tissue repair. In humans IL22 is 

produced by a T cell subset distinct from TH17 cells. In mice TH17 cells 

can produce both IL17 and IL22 (Trifari et al., 2009; Zenewicz et al., 

2008 and Wolk et al., 2004). 

• IL-9 producing T helper cells (TH9) differentiate in response to 

TGFβ and IL4. Th9 cell express a variety of overlapping transcription 

factors described in the context of other TH cells (GATA3, STAT6, 

STAT3) (reviewed in (Kaplan et al., 2015)). TH9 cells, involved in 

immunity against helminths and tumors, is a non-classical TH subset that 

has also been described in atopic disease, inflammatory bowel disease 

and EAE (reviewed in (Kaplan et al., 2015)).   

 

Although these lineages have been considered by some as fixed or terminal, 

recent work has highlighted the plasticity and the functional overlap (mostly by cytokine 

production and transcription factor utilization) of these cells under various inflammatory, 

infectious and autoimmune settings (Bending et al. 2009; Antebi et al., 2013; Wang et al., 

2014, Duhen et al., 2013; Yang JEM2009). 

All classic CD4+ helper subsets (TH1, TH2, TH17, TFH) have been described in 

the intestines, particularly in the lamina propria, where they provide immunity against 

various pathogens. On the flip side, accumulation, proliferation or effector functions of 

these cells have been linked to inflammatory bowel disease (reviewed in (Mathis and 

Benoist, 2011)). On many accounts microbiota has been portrayed as drivers or 

inducers of these T cells. Mice raised with conventional microbiota have higher numbers 

of cytokine producing effector T cells at steady state compared with germ free mice 

(Niess et al., 2008). The evidence from transfer experiments also argues that the 
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microbiota induce generation of memory T cells that are better at inducing colitis when 

transferred into lymphopenic recipients (Asseman et al., 2003).  

Although many of these early studies failed to identify direct, microbe-specific 

evidence, more recently a well-characterized, microbe-driven effect was presented for 

generation of TH17 cells. These cells are abundant in the intestinal lamina propria (LP), 

particularly in the small intestine (Ivanov et al., 2006). TH17 cells have been implicated 

in many autoimmune and inflammatory diseases either associated with protection or 

pathogenesis depending on the model or the disease (reviewed in (Mathis and Benoist, 

2011)). The transcription factor RORγ, is the key regulator of TH17 cells and controls 

differentiation and functions of these cells (Ivanov et al., 2006).  FOXP3, a key regulator 

of Tregs, is thought to antagonize RORγ (Zhou et al., 2008; Bettelli et al., 2006; Yang et 

al., 2008; Mucida et al., 2007) during TH differentiation. TGFβ induces FOXP3 in-vitro 

and skews T cell-differentiation into the Treg lineage (Chen et al., 2003). However, 

supplementation of these cultures with the inflammatory cytokine IL6 inhibits FOXP3I 

and induces TH17 cells by upregulation of RORγ (Mangan et al., 2006; Bettelli et al., 

2006). Similarly, abrogation of the FOXP3II-RORγ molecular interaction (Zhang et al., 

2008) or inhibition of the retionic acid pathway (Mucida et al., 2007) (another molecule 

important for peripheral Treg generation, especially in the intestines) leads to an 

increase in RORγ expression and IL17. Many cytokines regulate TH17 cell differentiation 

at various stages. In addition to TGFβ and IL6 (Zhou et al., 007), IL21 also (Korn et al., 

2007; Nurieva et al., 2007; Zhou et al., 2007) acts on early stages of TH17 cell 

differentiation. IL23 plays a role in stabilization and expansion of TH17 cells (Korn et al., 

2007; Nurieva et al., 2007; Zhou et al., 2007; Mangan et al., 2006), which then produce 

cytokines IL17A, IL17F, IL22.  

Germ free mice or mice treated with antibiotics have very few TH17 cells in the 

small intestinal lamina propria. Notably, mice housed in different animal facilities had 
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varying levels of TH17 cells (Taconic Farms had increased TH17 numbers compared 

with Jackson Laboratory) (Ivanov et al., 2008). These observations led to the discovery 

of Segmented Filamentous Bacteria (SFB) as the major driver of TH17 cells at steady 

state (Ivanov et al., 2008; Ivanov et al., 2009). Colonization of mice with SFB was 

sufficient to induce generation and accumulation of TH17 cells (Ivanov et al., 2008; 

Ivanov et al., 2009). This finding has been the most compelling evidence linking a very 

specific component of the microbiota to a specific immune cell type.  

 

1.1.5: Dysbiosis of the microbiota and implications in autoimmune and 

inflammatory diseases 

Dysbiosis, an imbalance in the composition of the healthy microbiota, has been 

associated with many gut proximal and distal autoimmune and inflammatory diseases. 

Correlative studies in humans or experimental work in mice have identified bacterial 

alterations that affect various immune cell types.  

In a spontaneous model of rheumatoid arthritis (RA), colonization with SFB 

triggers disease via induction of TH17 cells in the small intestine (Wu et al., 2010). 

Similarly, in a mouse model of multiple sclerosis (MS), experimental autoimmune 

encephalomyelitis (EAE), disease severity was reduced in germ free mice, and SFB-

mediated TH17 induction exacerbated the disease (Lee et al., 2010). Treatment with 

antibiotics also affected the severity of EAE and conferred protection in mice (Ochoa-

Reparaz et al., 2009). On the other hand, colonization of NOD mice with SFB conferred 

protection against type 1 diabetes (T1D) in females (Kriegel et al., 2011).  

Although the clear link between the microbiota and mouse autoimmune diseases 

has not been fully translated to human diseases, microbial dysbiosis have been 

observed in individuals with T1D, MS and RA. Autoantibody positive individuals display 

decreased diversity of the microbiota (reviewed in (Vaarala et al., 2013)). Children with 
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T1D have lower abundance of butyrate-producing bacteria and increased representation 

of Bacteroidetes in feces (particularly B. ovatus) (reviewed in (Vaarala et al., 2013)). 

Variety of factors, which adversely affect the healthy establishment of the microbiota 

such as use of antibiotics early in life (Ochoa-Reparaz et al., 2009), formula feeding 

instead of breast feeding (Norgaard et al., 2011), cesarean-section birth (Conradi et al., 

2013), have been linked to increased risk of MS in humans. These studies do not 

directly analyze the effect of microbial communities on MS, but rather focus on factors 

that are known to shape the microbiota. The microbial composition of the RA patients 

compared to healthy individuals differs in the gut, mouth and saliva (Zhang et al., 2015).  

A variety of microbial species, such as gram-positive Lactobaccilus salivarius or acetate 

producer Clostridium spp, are enriched in RA patients, while others such as gram-

negative Haemophilus, Aggregatibacter and Cardiobacterium are depleted in RA 

patients (Zhang et al., 2015). The oral or gut dysbiosis observed in RA patients correlate 

with disease indices such as RA serum markers.  

Crohn’s disease (CD) and ulcerative colitis (UC) are two complex diseases. 

Discordance of incidence of these diseases in twin studies and rise in incidence over the 

past few decades indicate environmental factors. Recently, the microbiota has been 

implicated to have a role in the onset or prognosis of UC and CD (reviewed in 

(Huttenhower et al., 2014)). Early cohorts comparing the microbiota of diseased and 

healthy individuals identified multiple but inconsistent changes in the microbiota during 

the disease onset or progression. Some of these studies suggested an increase in 

microbial diversity (Seksik et al., 2003) while others suggested a decreased diversity (Ott 

et al., 2004; Bibiloni et al., 2006) in diseased individuals. CD patients compared to 

healthy individuals showed decreased community diversity and enrichment of 

Enterobacteriaceae and depletion of Clostridiales (Baumgart et al., 2007; Frank et al., 

2011). In a more recent study of new onset CD, dysbiosis of microbiota involved more 
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bacterial families than outlined earlier (Gevers et al., 2014). The enrichment of 

Enterobacteriaceae was accompanied by an increase in some other taxanomic orders 

(Gevers et al., 2014). Bacteroidales and Clostridiales were both depleted (Gevers et al., 

2014).  

Clearly, more work is needed to have a comprehensive view of the role of the 

microbiota in the onset and prognosis of inflammatory bowel disease and autoimmune 

disease in humans, but the discoveries so far are very promising.  
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1.2: Foxp3+ regulatory T cell (Treg) biology 

 

Foxp3+ regulatory T cells (Tregs) are critical for the maintenance of 

immunological tolerance and immune homoeostasis (Brunkow et al., 2001; Chatila et al., 

2000; Bennett et al., 2001; Wildin et al., 2001; Hori et al., 2003; Williams and Rudensky, 

2007). The absence or loss of function of Foxp3 results in multi-organ autoimmunity as 

demonstrated in clinical findings (lymphoproliferation and multi-organ autoimmunity) 

from patients with immune dysregulation, polyendocrinopathy, enteropathy, X-linked 

(IPEX) and from scurfy and Foxp3-deficient mice (Brunkow et al., 2001; Chatila et al., 

2000; Bennett et al., 2001; Wildin et al., 2001; Hori et al., 2003; Williams and Rudensky, 

2007). Several lines of evidence including adoptive transfer of Tregs to Foxp3-deficient 

mice, germ line, T cell-specific or other immune cell specific deficiencies in Foxp3 (Gavin 

et al., 2007; Fontenot et al., 2003; Liston et al., 2007; Hsieh et al., 2006) supported that 

Foxp3 in T cells have a non-redundant, critical role in mediating suppression and 

preventing autoimmunity. Here, we will highlight the heterogeneity of Tregs and discuss 

their differentiation, activities and function in various tissues, and more specifically in the 

intestines.  

 

1.1.1: Origin of Tregs 

Tregs can differentiate in thymus (tTregs) from CD4+ single positive T cells 

based on their expression of TCR that recognize self-peptide MHC complexes. The 

affinity for antigen and efficiency of MHC-peptide-TCR interaction are higher in Foxp3+ 

Tregs than those that mediate positive selection of conventional CD4+ T cells (Tconv) 

(Hsieh et al., 2004). On the other hand, Tregs can be generated in periphery (pTregs) as 

a result of conversion from Tconv cells under various inflammatory or non-inflammatory 

conditions (reviewed in (Bilate and Lafaille, 2012)). These conditions include: adoptive 
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transfer to lymphopenic hosts (Curotto de Lafaille et al., 2004), foreign antigen 

presentation by immature APCs (Kretschmer et al., 2005), oral tolerance in OVA-specific 

TCR transgenic mice (Mucida et al., 2005) and tolerogenic microenvironment of the 

intestinal mucosa (Sun et al., 2007). The intestinal mucosa favors generation of pTregs. 

Foxp3+ T cells can also be generated in vitro by TGFβ supplementation and are referred 

to as iTregs (Chen et al., 2003). 

Both tTregs and pTregs have similar amounts of FoxP3 protein and transcript, 

which is critical for differentiation and function of both. Although FoxP3 regulates an 

important part of the Treg transcriptome, some features of Tregs are FoxP3-independent 

(Hill et al., 2007; Fu et al., 2012). Consistent with FoxP3-independent features of Tregs, 

transcriptomes of tTregs and pTregs markedly differ in lymphopenia-induced model of 

colitis (Haribhai et al., 2009). Profiles of Tregs from spleen or lymph nodes are enriched 

for tTregs. When splenic tTregs are compared to Tregs isolated from the small intestinal 

lamina propria, there are marked differences (Feuerer et al., 2010). This striking 

difference is attributed to enrichment of pTregs within the small intestinal lamina propria, 

and the phenotypic differences between tTregs and pTregs (Feuerer et al., 2010). 

Surprisingly, small intestinal Tregs are also strikingly different from in-vitro differentiated 

iTregs (Feuerer et al., 2010), but similar to Tconv cells isolated from the same mucosal 

microenviroment (induction of Ccr9 and Gzmb, repression of Eomes in both Tconvs and 

Tregs in the small intestine). These differences include activation-induced genes, 

chemokine receptors, transcription factors and effector molecules. Overall, these 

findings suggest that although absolutely necessary, FoxP3 alone is not sufficient for all 

Treg features and function. 

The specific contribution of pTregs is still under debate. Evidence suggests that 

pTregs are especially involved in oral tolerance, response to the microbiota, fetal 

maternal tolerance and protection against colitis (reviewed in ((Josefowicz et al., 2012a)). 
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In various transfer models of colitis a non-redundant role of pTregs has been 

demonstrated (Haribhai et al., 2009). In rescue experiments of Foxp3-deficient mice, 

pTregs are necessary for restraining inflammation in the lungs (Haribhai et al., 2011). 

Specific depletion of pTregs, when tTreg numbers remain similar, results in aggregation 

of inflammatory infiltrates in the lung, liver and colon (Haribhai et al., 2011). Direct 

evidence of the functional importance and specification of pTregs is provided in mice 

with the conserved non-coding DNA sequence 1 (CNS1) of Foxp3 deleted.  CNS1 is one 

of the three intronic enhancer regions of Foxp3 gene. CNS3 is involved in Foxp3 

induction in thymocytes while specifically unmethylated CNS2 is involved in the 

maintenance of the mature Treg phenotype (Zheng et al., 2010). Finally, CNS1, which 

has no impact on tTregs, is required for generation of pTregs, especially at mucosal 

sites (Zheng et al., 2010; Josefowicz et al., 2012b). CNS1-deficient mice display 

dysbiosis of the microbiota and increased allergic-type inflammation in the intestines and 

the lung mucosa (Josefowicz et al., 2012b).  

There have been attempts to provide a set of markers that differentiates tTregs 

from pTregs. Expression of the transcription factor Helios and surface marker Nrp1 has 

been associated with thymic Tregs while the lack of expression marks pTregs (Thornton 

et al., 2010; Yadav et al., 2012; Weiss et al., 2012). However, the significance of these 

markers is still under debate as Helios expression has been detected in both tTreg and 

pTreg populations in mice and humans under various settings of in-vitro differentiation, 

lymphopenic proliferation and activation (Himmel et al., 2013; Gottschalk et al., 2012; 

Akimova et al., 2011).   

The discussion of antigen specificity of tTregs and pTregs has led to complicated 

interpretations. Non-overlapping TCR repertoires of pTregs and tTregs have been 

suggested to confer non-redundant functional roles to these cells (Haribhai et al., 2011). 

Although not universally accepted, tTregs, educated in the thymus, are thought to have 
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specificity against self-antigens (Hsieh et al., 2004), while pTregs more likely to be 

generated in response to environmental or peripheral stimuli can recognize non-self 

(Sun et al., 2007; Haribhai et al., 2011). However, this notion has been challenged in a 

study, which described similar frequency of non-self specific tTreg TCR clones and 

naïve non-Treg clones in TCRmini mice, which have fixed TCRβ but diverse TCRα 

(Pacholczyk et al., 2007). These Tregs only had a small proportion of autoreactive TCRs, 

but were specific to alloantigens (Pacholczyk et al., 2007). Multiple lines of somewhat 

contradictory work on TCR repertoires and function of Tregs especially in the intestinal 

mucosa suggest that both tTregs and pTregs can recognize non-self antigens and 

mediate tolerance to commensal bacteria (and/or food antigens) (Cebula et al., 2013; 

Lathrop et al., 2011).  

Multiple effector mechanisms of suppression are used by both tTregs and pTregs 

in different inflammatory contexts. Tregs can secrete anti-inflammatory cytokines, 

mediate suppression via expression of cell surface effectors, which inhibit the activation 

or proliferation of effector T cells or induce apoptosis of target cells. Tregs have been 

shown to produce high levels of suppressive cytokines such as interleukin 10 (Rubtsov 

et al., 2008), TGF-β (Li et al., 2007) and interleukin 35 (Morse, 1978) to maintain 

homeostasis especially in the lung and intestines. CTLA-4, expressed on the cell surface 

of Tregs, inhibits dentritic cells and effector T cells and is critical for Treg function (Wing 

et al., 2008; Friedline et al., 2009). CTLA-4 mediated downregulation of CD80 and CD86 

on DCs interfere with DC’s ability to activate T cells (Wing et al., 2008; Friedline et al., 

2009). Similarly, ectoenzymes CD39 and CD73 start adenosine signaling which inhibits 

antigen presenting cells and effector T cells (Deaglio et al., 2007; Borsellino et al., 2007; 

Kobie et al., 2006). CD25, a molecule important for Treg survival, inhibits T or NK cell 

activation by depleting IL2 (Sitrin et al., 2013; Thornton et al., 2004). The co-receptor 

LAG3 inhibits co-stimulatory capacity of DCs (Huang et al., 2004), while TIGIT inhibits 
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DC’s ability to produce to immunosuppressive cytokines such as IL10 (Yu et al., 2009). 

Finally, contact-mediated Granzyme-B secretion by Tregs facilitates apoptosis of target 

effector T cells (Gondek et al., 2005).  

More recently, heterogeneity beyond pTregs and tTregs was highlighted in 

elegant sets of studies where different, but somewhat overlapping, subsets control 

resolution of various types of infections and non-sterile inflammation (Wohlfert et al., 

2011; Duhen et al., 2012; Cretney et al., 2011; Koch et al., 2009; Chaudhry et al., 2009). 

These subsets draw similarities to T helper effector lineages (TH1, TH2, TH17 and TFH). 

The acquisition of various transcription factors and effector molecules specialize Tregs 

to better handle different sources of immunopathology. Expression of GATA3 and IRF4 

endows Tregs with the ability to suppress TH2 and TH17 responses (Wohlfert et al., 

2011; Duhen et al., 2012; Cretney et al., 2011). T-bet+ Tregs regulate the migration, 

proliferation and survival of Treg cells during TH1-mediated immune responses (Koch et 

al., 2009), while mice with Stat3-deficient Tregs develop spontaneous colitis and cannot 

restrain TH17-mediated inflammation (Chaudhry et al., 2009). Finally, Tregs that acquire 

BCL6 can suppress germinal center reactions, including differentiation of plasma cells 

and antibody affinity maturation (Chung et al., 2011). 

Overall, tTregs and pTregs originate from different precursors with different 

stimulatory requirements but share a variety of mechanisms, which they use to mediate 

immune suppression. In the next section, we will detail tissue-specific effects that 

provide additional heterogeneity within Tregs. 

 

1.2.1: Tregs in non-lymphoid tissues 

Transcriptional profiles of Tregs from various sources have highlighted the 

heterogeneity within Tregs and encouraged distinction of Treg sub-phenotypes based on 

the tissue of residency. Distinct populations of Tregs have been described in many non-
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lymphoid tissues including skin, lung, liver, placenta, intestines, adipose tissue and 

injured muscle (unpublished work from our lab, (Feuerer et al., 2009; Cipolletta et al., 

2012; Burzyn et al., 2013b; Samstein et al., 2012; Sather et al., 2007; Aluvihare et al., 

2007). These “tissue” Tregs respond to chemokine-mediated signals and express a 

variety of chemokine receptors such as CCR4, CXCR5, CXCR3 and CCR2 (unpublished 

work from our lab). Loss of CCR4 impairs Treg homing to the skin and lung and 

manifests as severe inflammation in these specific tissues (Sather et al., 2007). The 

requirement of specific chemokine receptors for other tissue Tregs is not well-defined, 

but an overabundance of chemokine receptors in various tissue Tregs is striking (data 

from transcriptional profiles in our lab, but also reviewed in (Campbell and Koch, 2011)).  

In these tissues, beyond their well-described role in regulating the activity of 

other immune cells, Tregs located can also control other non-immunological processes. 

The mechanisms of action, gene expression profiles and TCR repertoires of these tissue 

Tregs are distinct from their lymphoid counterparts. The best characterized of these 

Tregs include those that reside in chronically inflamed visceral adipose tissue (VAT) 

where they regulate metabolic parameters (Feuerer et al., 2009; Cipolletta et al., 2012) 

or those that accumulate in acutely injured muscle where they mediate muscle repair 

post-injury (Burzyn et al., 2013b). These “tissue” Tregs acquire tissue-specific 

adaptations or features that allow functional advantage, but also enhance their survival 

or accumulation in that tissue. VAT Tregs express the transcription factor PPARγ, which 

drives the phenotype, accumulation and function of these cells (Cipolletta et al., 2012). 

Similarly, muscle Tregs express high levels of the growth factor amphiregulin, which 

improves muscle repair by acting on muscle satellite cells (Burzyn et al., 2013b). In both 

VAT and injured muscle, specific Treg clones expand, and the population is enriched for 

certain TCR sequences which make up to 80% of total Tregs (Burzyn et al., 2013b; 
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Kolodin et al., 2015). TCR specificity of these tissue Tregs may facilitate not only their 

function but also tissue specific localization (reviewed in (Burzyn et al., 2013a)).  

 

1.2.2: The intestinal Tregs 

Microbially challenged gastrointestinal (GI) tract is populated with particular 

Tregs. These intestinal Tregs, more abundant in the colonic lamina propria, but also 

found in the small intestinal lamina propria, modulate responses to commensal microbes 

and dietary antigens (reviewed in (Ai et al., 2014)).  

The intestinal mucosa is a favorable site for generation of pTregs. Several 

subsets of intestinal DCs (Coombes et al., 2007; Sun et al., 2007), macrophages and 

MPs (Diehl et al., 2013) with tolerogenic properties (mostly mediated by IL10 secretion) 

have been described. The intestinal mucosa has large reservoir of TGFβ (reviewed in 

(Podolsky et al., 1993)) and retinoic acid (Sun et al., 2007). All these factors contribute to 

the generation of pTregs in the intestines (Coombes et al., 2007). 

Intestinal Tregs are an unusual a mix of tTregs and pTregs, which display 

heterogeneity based on expression of a variety of transcription factors and surface 

receptors. These Tregs acquire expression of transcription factors Tbx21, Irf4, Gata3, 

Stat3 and various effector molecules described in TH1, TH2 and TH17-like Tregs and 

are equipped to restrain various types of inflammation (Koch et al., 2009; Chaudhry et al., 

2009; Cretney et al., 2011; Duhen et al., 2012; Wohlfert et al., 2011).  

Colonic Tregs are also unique in terms of their diverse TCRs (unpublished work 

from our lab) that show marked reactivity against microbial antigens, which seem 

important drivers of their differentiation and/or expansion (Lathrop et al., 2011; Cebula et 

al., 2013). Both tTregs (Cebula et al., 2013) and pTregs (Lathrop et al., 2011) from the 

colonic lamina propria were reported to have specificity against different luminal antigens. 

The TCRα repertoire of intestinal (small intestinal and colonic) Tregs showed marked 
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resemblance to the repertoire of thymic Tregs in TCRmini mice. These colonic thymic 

TCRs when cloned to hybridomas showed reactivity against caecal lysates from 

conventionally raised mice but not to the lysates from antibiotic treated mice (Cebula et 

al., 2013). The bacterial strains tested in the caecal content included a number of 

Bacteroidetes and Clostridia species.  

In a contrasting report, TCRs from colonic Tregs were unique and different from 

any other Tregs including thymic Tregs in their TCRα chain diversity. These colonic Treg 

TCRs when expressed in a hybridoma cell line also showed reactivity to a variety of 

bacterial antigens and again these bacteria were enriched for Clostridia and 

Bacteroidetes species (Lathrop et al., 2011). Studies focusing on the TCRα diversity did 

not provide a conclusive decision whether the antigen-specificity of colonic Tregs is 

governed by tTregs or pTregs.  

 

1.2.3: Tregs as mediators of gut homeostasis 

Regulation of immune responses to prevent excessive inflammation and to allow 

healthy colonization by the components of the microbiota is crucial for intestinal tissue 

integrity and effective host-bacteria coexistence. Evidence from multiple studies outlined 

here support that functionally specialized intestinal Tregs are crucial for this regulation. 

The GI tract harbors numerous diverse bacteria and requires Tregs that can recognize 

intestinal antigens and prevent pathogenic immune responses against commensal 

bacteria. 

 In T cell transfer models of colitis, transfer of naive CD4+ T cells to SCID mice 

results in microbiota-dependent intestinal inflammation (Powrie et al., 1993; Aranda et al., 

1997). The importance of Tregs in intestinal homeostasis was demonstrated by 

prevention of colitis when Tregs were transferred along with Tconvs (Coombes et al., 

2007; Read et al., 2000). The need for Tregs to have experienced bacteria is still 
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debated as Tregs from germ free mice provided the same protection in some studies, 

but not in others (Singh et al., 2001; Strauch et al., 2005). As previously mentioned, the 

GI tract and particularly the colon are enriched with pTregs. Most early transfer studies 

did not distinguish contribution of tTreg and pTreg populations in mediating protection 

against colitis. Since Tconvs when transferred to Rag-deficient recipients gave rise to 

very few colonic pTregs, the contribution of pTregs could be demonstrated only in mice 

deficient in various cytokine-signaling pathways such as the cytokine IL23. IL23 deficient 

mice developed higher levels of pTregs following transfer of T convs (Izcue et al., 2008). 

In these mice, colitis developed when Foxp3-deficient mice were used as donor cells so 

that transferred Tconv cells could not differentiate into pTregs (Izcue et al., 2008). 

 A different study highlighted the synergy between in-situ generated pTregs and 

tTregs in mediating protection against lymphopenia-induced model of colitis (Haribhai et 

al., 2009). In this study, the division of labor between pTregs and tTregs was driven by 

differences in their transcriptome.  

The severe lymphoproliferative disease seen in Foxp3-deficient, Balb/c mice 

could be rescued by adoptive transfer of tTregs and pTregs. Acute depletion of pTregs 

(when tTreg numbers remained similar) from these rescued mice led to the accumulation 

of infiltrates and loss of tolerance in particular tissues such as the colon (Haribhai et al., 

2011). In these studies the non-redundant function of pTregs was mediated by 

diversification of the Treg TCR repertoire (Haribhai et al., 2011).   

The most definitive evidence proving the role of pTregs in controlling intestinal 

inflammation came from studies in CNS1-deficient mice (described earlier), where loss 

of pTregs manifested as alterations in the composition of the microbiota as well as TH2 

type pathology in the small intestine (Josefowicz et al., 2012b).  
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1.2.4: Microbiota-dependent induction of colonic Tregs 

The previous section, on VAT, muscle and particularly intestinal Tregs have 

highlighted the importance of specialized Tregs in maintaining homeostasis at various 

tissues that have different types and degrees of inflammation. The importance of Tregs 

in mediating tolerance against commensal bacteria to ensure gut homeostasis was 

outlined earlier, but the nature of this relationship is reciprocal where the microbiota also 

mediate Treg phenotype in the intestines (with some systemic presentation). Specific 

components of the microbiota have been reported to induce Tregs with specific 

phenotypes. Colonization with Bacteroides fragilis modified intestinal Treg phenotype by 

microbial PSA and induced IL10 production (Mazmanian et al., 2008; Round and 

Mazmanian, 2010). Some other microbes, mostly probiotics (a mix of Bifidobacteria, 

Lactobacilli and Streptococci), have also been suggested to modify the intestinal Tregs 

and provide protection against airway inflammation or TNBS-induced colitis (Di Giacinto  

et al., 2005; Karimi et al., 2009; Kwon et al., 2010). More recently, colonic Tregs were 

reported to be significantly underrepresented in germ free mice or in mice treated with 

antibiotics (Atarashi et al., 2011; Geuking et al., 2011), while small intestinal or lymphoid 

tissue Tregs remained unaffected. Colonization of germ free mice with different 

combinations of bacteria (Schadler’s flora (Geuking et al., 2011) or Clostridia 

combinations (Atarashi et al., 2011; Atarashi et al., 2013)) elicited the differentiation or 

expansion of colonic Tregs and more specifically colonic pTregs that lack expression of 

Helios and NRP1. In these studies, the induction of colonic Tregs conferred protection in 

various models of colitis (Atarashi et al., 2011; Atarashi et al., 2013) but also had 

systemic manifestations as measured by decreased systemic IgE (Atarashi et al., 2011). 

Another study examined the ability of single microbes to induce colonic Tregs (Faith et 

al., 2014) and challenged the need for complex combinations. 
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Microbe-derived short chain fatty acids (SCFA), more specifically acetate, 

butyrate and propionate, were shown to mediate colonic Treg cell phenotype and 

accumulation (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013; Faith et al., 

2014), but there were noteworthy contradictions among these studies in the impact, 

route or concentration of administration. In some studies butyrate was effective when 

added to the drinking water or mixed in the food while others claimed the need for 

intrarectal administration. In addition there were some discrepancies in the ability of 

these SCFA, more specifically butyrate and propionate, to induce tTregs or pTregs. 

Thymic stromal lymphopoietin (TSLP), produced by epithelial cells in response to the 

elements of the microbiota, was also shown to induce expansion of colonic pTregs and 

inhibit TH17 cells in mice colonized with Shaedler’s flora (Mosconi et al., 2013), although 

effects of single microbes in mediating TSLP is still unclear. 

Although the function, heterogeneity and specificity of colonic Tregs have been 

vastly studied in many inflammatory and steady state settings, little is known about their 

transcriptional profile and how this profile capacitates Treg function.   

So far, the reciprocal and dynamic interactions between the microbiota and the 

host immune system and the need for fine-tuning of immune responses in the intestines 

have been established in numerous studies. These studies focused on limited immune 

populations or a few bacterial species. Here, we set out to have a comprehensive 

unbiased study asking how a diverse set of single bacterial species shapes all major 

immune populations, affects whole tissue homeostasis and influences metabolism. 

Finally, we took our findings one step further by focusing on how single microbes 

potentiate specific colonic Treg function and phenotype.  
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Chapter 2: Individual microbes influence various immune and non-immune cell 

populations 

 

Microbial species, in combination or alone have been reported to influence 

lymphocyte and myeloid populations and cytokines (reviewed in chapter 1). Yet, little is 

known about the ability of single microbes to drive these phenotypes and the 

redundancy in this ability as well as the molecular controls of these phenotypes. To 

study the impacts of various microbial species alone on various components of the 

immune system, we generated a large-scale screen in which germ free mice were 

colonized with single species from a panel of 64 bacterial strains selected from the 

microbiota of the human gastrointestinal tract and obtained from various clinical human 

isolates. These bacteria have been selected on three criteria: (1) reflect the diversity 

seen in the human microbiota and maintain the prevalence of the dominant phyla; (2) 

have genome sequences available for phylogenetic comparisons (which may help 

identification of genes that are responsible for the outcomes we observe); (3) allow 

strain-specific effects or effects of closely related species to be explored. Major immune 

phenotypes, whole tissue intestinal transcriptomes and metabolite composition in the 

blood plasma were analyzed as read-outs of this screen. The data acquisition step of 

this large screen is completed, but the analysis presented here is still preliminary. We 

asked 5 main questions to better analyze and understand the large set of data 

generated: 

1. Do all these 64 strains of microbes show symbiosis 

(mutualism or commensalism), especially in absence of community 

pressures or competition? Can all microbes colonize all parts of the GI 

tract or other tissues with similar efficiency? 
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2. Which single microbes induce gut proximal phenotypes? Is 

there a systemic manifestation of these phenotypes? 

3. Is there any redundancy in microbes’ ability to induce specific 

immunological or non-immunological phenotypes? Which phenotypes 

does one microbe uniquely induce? Are there any phenotypes that are 

induced by all microbes?  

4. Is there any correlation between the phenotypes observed? 

Are there any phenotypes that show similar or opposite patterns upon 

colonization? Is this specific to intestinal phenotypes or could this be 

extended to systemic effects? 

5. Is there a correlation between microbes that induce similar 

phenotypes? Can this be explained by phylogeny? 

 

 

  The work presented in this chapter was performed in distinct collaboration with 

Naama Geva-Zatorsky and Lesley Pasman from Dennis Kasper’s Lab and Lindsay Kua, 

Tze Tan and Adriana-Ortiz Lopez on the complete screen of germ free mice colonized 

with single bacterial species. Henry Paik and Liang Yang helped with database 

management and whole tissue gene expression analysis. Naama Geva-Zatorsky and 

Lesley Pasman were responsible for microbiology and colonization aspects of the study 

and also involved in data analysis. Lindsay Kua, Tze Tan and Adriana-Ortiz Lopez 

partook in the tissue processing and cytometry analysis.  
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2.1: Profile of microbes studies in this screen 

  In our large screen, we wanted to maintain the bacterial diversity at the phylum 

level, but also parse out how species level diversity and the genetic distance affect 

immune phenotypes. The microbes we chose displayed this diversity, but also allowed 

focused assessment of strain-specific effects on a given phenotype.  

  Since early age marks the most dramatic changes in the microbiota and the 

corresponding immune phenotypes (Koenig et al., 2011), we chose to colonize 4-week 

old germ free mice with a total of 64 different strains, one microbe at a time 

(schematized in Fig1). Overall the large screen covered 5 phyla (Bacteroidetes, 

Firmicutes, Proteobacteria, Actinobacteria, Fusobacteria), 29 genera, 52 species (21 of 

which belonged to Bacteroidetes), 64 strains (6 identical species with at least 2 strains) 

(Fig. 2A, Table 1). This enabled comparison of taxonomic effects of bacteria on various 

immune or non-immune phenotypes and assessment of redundancy in induction 

capabilities of related or unrelated microbes.  

  Over 90 percent of bacteria successfully colonized the intestines of germ free 

mice and could be quantified in fecal material. Neither of these strains manifested gross 

inflammation assessed by histopathology in H&E sections or by whole tissue 

assessment of inflammatory genes (not shown), supporting the true commensal nature 

of the bacteria analyzed. 

  Niche-specific colonization has been the highlight of many studies where 

community pressure, competition and physiological features of a given location define an 

ecological niche. Here, even in absence of competition, some niche-specific colonization 

was observed, in line with these earlier studies (Fig.1B) (Consortium, T.H.M.P., 2012, 

Costello et al., 2009; Grice et al., 2009; Backhed et al., 2005).  It was noteworthy that 

Porphyromonas gingivalis, Prevotellae intermedia, Prevotellae melaninogenica,  
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! !

Helicobacter pylori and Eubacterium lentum did not populate the intestinal lumen, but 

maintained niche-specificity. P. gingivalis, an anaerobe mostly described as part of the 

oral microbiome in healthy individuals, colonized only the oral cavity (Yilmaz et al., 2008). 

Similarly, colonization with P. melaninogenica, a clinical isolate from the sputum, was 

restricted to the oral cavity. As expected, Helicobacter pylori colonization was localized 

to the stomach. Colonization even in absence of competition may suggest that these 

bacterial niches are defined by unique physical features of the location such as the high 

acidity provided by the stomach, where H. pylori is better fitted. Alternatively, limited 

niche occupation may suggest that resources provided by other bacteria are necessary 

for colonization or diversification of niches. This was supported by detection of live P. 

melaninogenica (anaerobic) colonies in the fecal material when co-colonized with 

Staphylococcus saprophyticus (aerobic).  

  Interestingly, a significant proportion of the bacteria could be detected live in the 

caudal and mesenteric lymph nodes (MLNs) (Fig. 1B-second and third circles from 

inside), suggesting that these microbes may be transported live to the MLNs 

(Macpherson et al., 2004; Dielh et. al. 2013). Both CX3CR1+ MPs and CD103+ DCs 

have been described to carry live bacteria to the MLNs. While CX3CR1+ MP responses 

involve commensals, CD103+ DCs are mobilized as part of an immune response 

involving TLR activation by pathogens  (Diehl et al., 2013). A total of 43 microbes were 

detected live in the MLNs and colonization with half of these bacteria induced higher 

levels of either CD103+ DCs or CX3CR1+ MPs (compared to germ free) in the small 

intestinal or colonic lamina propria. However, in the MLNs there was no clear correlation 

between the detection of live bacteria and proportions of CD103+ DCs or CX3CR1+ 

MPs (Pearson coefficient of correlation=-0.08 for CD103+ DCs; Pearson coefficient of  

correlation= -0.3 for CX3CR1+ MPs; p value>0.05). 
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d0 d7 d16 

Germ-free CB6 
mice gavaged with 
bacteria in the 
isolator  

Collect feces : 
CFU check 

Sacrifice mice: 
Analysis of 
immune 
populations 

Sacrifice mice: 
Analysis of colonic 
transcriptome 
CD4+ Tcells and 
CD45+ T cells 
sorted from small 
intestinal lamina 
propria (not 
discussed here) 

Tissues of interest: 
Spleen+ peripheral lymph nodes (SP) 
Mesenteric lymph node (MLN) 
Peyer’s Patches (PP) 
Colonic Lamina propria (Co-LP)  
Small intestinal lamina propria (SI-LP) 
 
Immune Populations recorded: 
  
1. Myeloid populations: 
 
CD45+CD19- cells 
•  CD11b+CD11c- cells 

•  macrophages  
•  CD11b+CD11c+ cells 

•  CD103+CD11b+ DCs 
•  CX3CR1+ MPs 

•  CD11b-CD11c cells  
•  CD103+DCs 

•  CD11b-  cells 
•  pDCs  

•  Monocytes 
 

d14 

Figure 1  

Figure 1. Experimental set up for each microbial colonization 
Germ free mice were gavaged with single bacterial species at 4 weeks of age. The innocula 
was allowed to grow for 14 days. Mice were sacrificed for analysis at 6 weeks of age. 

3. Cytokines  
 
CD4+ T cells 
•  IL17+ CD4+ T cells 
•  IL10+ CD4+ T cells 
•  IL22+ CD4+ T cells 
•  IFNγ+CD4+ T cells 
 

 
2. Lymphoid populations 
 
CD45+ cells 
•  B cells 
•  Tαβ cells 

•  CD4+ T cells 
•  Treg 
•  Helios- Tregs 
•  Helios+ Tregs 
•  Rorγ+Helios- Tregs 
•  Rorγ-Helios- Tregs 
•  Rorγ-Helios+ Tregs 

•  CD8+ T cells 
•  Helios+ CD8+ T cells 

•  DN(CD8-CD4-TCR+)  
•  Tγδ cells 
•  ILC3 

!
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B 

A 

Figure 12. Phylogeny of bacterial species used in the large-scale screen 
A. Phylogeny of bacterial species used. Phyla, family and genus names provided in outermost circles. 
Branching indicates phylogenetic distance. Mice were colonized with bacterial species marked with red 
stars. Prevalence of bacteria in the human microbiota are color-coded in the outermost circle where red 
marks highest abundance. 
B. Different tissues where bacteria colonized. Circles on the outside mark different tissues which were 
plated to measure bacterial colonization (Inside out order: Stool, caudal lymph node(CLN), mesenteric 
lymph node (MLN), oral cavity, spleen pooled with inguinal lymph nodes and stomach) Stool represents 
the lower GI tract. Blue indicates that bacteria colonized; yellow means no live  bacteria was detected; 
white is unknown. 

Colonized 

Not colonized 

Unknown 

Figure 2 
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2.2: Profiles of the immune populations that are altered by microbial colonization  

In this screen, proportions of 140 different populations of lymphocytes (Fig. 3) or 

myeloid cells (Fig. 4) were analyzed from various intestinal and lymphoid tissues, 

covering either local or systemic responses. These cells covered B and T lymphocytes 

(Tαβ and Tγδ), T cell subsets (CD4+, CD8+, CD4-CD8-), Tregs and their corresponding 

pTregs and tTreg subsets, RORγ+ ILC3s, CD103+ DCs, CD103+CD11b+ DCs, 

macrophages, CX3CR1+ MPs, pDCs and monocytes (gating strategy outline in Fig. 3-4). 

These cells were reported from the colonic lamina propria, small intestinal lamina propria, 

caecal lamina propria (epithelial layer was stripped off prior to isolation of lamina propria 

cells), Peyer’s patches, MLNs, spleen and inguinal lymph nodes. In addition, we 

measured cytokine production by CD4 T cells (IL17, IL10, IFNγ and IL22 - Fig. 5). 

This comprehensive analysis revealed numerous interesting phenotypes that are 

shaped by colonization with single microbes. To better evaluate these, we asked specific 

questions: 

 

I. Does colonization with single bacterial species elicit local responses? 

Are there any systemic extensions of these responses? What are the 

bacteria and the host immune populations they have an effect on? 

II. Is there any redundancy in bacteria’s ability to induce specific immune 

cells? 

III. Is there a correlation between microbes that induce similar 

phenotypes? Can this be explained by phylogeny? 

IV. Do the systemic or local immune populations presented here correlate 

with one another? Can we use this analysis to parse out microbe 

driven cellular interactions not described before? 
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Lymphocytes 

Figure 3 

Figure 3: Representative gating scheme for lymphocytes  
Cells were isolated from colonic lamina propria and stained with antibodies against CD45, 
CD19, TCRβ, TCRγδ, CD4, CD8, Foxp3, Rorγ, Helios 
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Mononuclear phagocytes 

Figure 4 

Figure 3: Representative gating scheme for mononuclear phagocytes 
Cells were isolated from colonic lamina propria and stained with antibodies against CD45, 
CD19, CD11b,CD11c, Ly6c, F/480, CD103 and PDCA-1.  
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 Cytokines 

Figure 3: Representative gating scheme for cytokines 
Cells were isolated from colonic lamina propria, treated with PMA and ionomycin for 3h and  
stained with antibodies against CD45, CD19, TCRβ, TCRγδ, CD4, CD8, IL17α, IFNγ, IL10 
and IL22. 

Figure 5 
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! !

Although majority of the immunological phenotypes remained unaffected in the 

systemic lymphoid tissues represented by spleen and lymph nodes, many bacterial 

species elicited unique or shared effects on local cell populations such as effector T cells, 

regulatory T cells, CD4-CD8- T cells, TCRgd T cells and various myeloid populations 

including macrophages, CXC3R1+ MPs, CD103+DCs, pDCs and monocytes in the 

intestinal mucosa (colon, small intestine or cecum) and the Peyer’s Patches. I will 

describe several of these populations (that have been confirmed in multiple repeats) and 

give examples of bacteria, which induce these populations upon colonization. 

 

1. Different pools of microbes have been shown to induce 

generation or accumulation of Tregs in the colonic lamina 

propria (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 

2013; Faith et al., 2014). To our surprise, 43% of microbes 

induced total regulatory T cells in the colonic lamina propria 

comparable to SPF levels. Upon colonization with these 

microbes, Treg proportions in the colons of colonized mice were 

higher than the median of Treg proportions in SPF mice (Fig.6A). 

This induction did not correlate with SCFA levels measured in 

caecal content or with bacterial phylogeny (discussed in detail in 

the next chapter).  

 

2. An increase in Tαβ cell that do not express co-receptor CD4 

or CD8 (DN- double negative T cells) was observed upon 

colonization with many bacteria, but specifically with 

Fusobacterium mortiferum (Fig6B). The composition of this T 

cell population is not entirely characterized, but includes NKT  
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Figure 6 

Actinobacteria        Bacteroides                   Firmicutes            Fusobacteria          Proteobacteria           

A 

B 

Figure 6. Microbial colonization induces a distribution of Tregs and CD4-CD8- T cells 
in the colonic lamina propria. 
A.  Frequencies of colonic Tregs within the CD4+TCR+ population. Each dot is the mean 

of at least 3 mice with SD. Color coded per phyla. 
B.  Frequencies of CD4-CD8- T cells within the TCR+CD45+ population. Each dot is the 

mean of at least 3 mice with SD. Color coded per phyla. 
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! !

cells. The increase in DN T cells did not correlate with an 

increase in iNKT assessed by iNKT-specific α-

galactosylceramice tetramer staining (not shown). 

 

3. Many bacteria alone influenced a variety of mononuclear 

phagocytes. Colonization with Bacteroides vulgatus increased 

proportions of pDCs specifically in the small intestinal lamina 

propria (Fig 7A), while colonization with Neisseria flavescens 

induced pDCs in the colonic lamina propria (Fig7B).  Earlier 

work has described that B. fragilis mediates its 

immunomodulatory effects via pDCs, but this effect was 

localized to the MLNs (Dasgupta et al., 2014). pDCs treated with 

PSA (isolated from B. fragilis) mediated protection against colitis 

in an IL10-dependent manner (Dasgupta et al., 2014). Here, 

multiple bacterial species induced pDCs in the small intestinal 

and the colonic lamina propria. Phenotypic and functional 

differences mediated by bacteria on pDCs (and T cells) in our 

context remain unknown. The induction of pDCs did not increase 

IL10 production by intestinal or MLN CD4+ T cells in mice 

colonized with B. vulgatus. Other polysaccharides (or bacterial 

products) produced by Bacteroides or other bacteria may be 

involved in this regulation given the diversity of these 

polysaccharides and other products in bacteria, and more in 

specifically Bacteroides, from clinical isolates (reviewed in 

(Wexler et al., 2007)).  
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Figure 7 

Actinobacteria        Bacteroides                    Firmicutes            Fusobacteria          Proteobacteria           
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Actinobacteria        Bacteroides                    Firmicutes            Fusobacteria          Proteobacteria           
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Figure 7. Microbial colonization induces pDCs in the colon and the small intestine. 
Frequencies of small intestinal (A) and colonic (B) pDCs within the CD45+CD19-CD11b- 
population. Each dot is the mean of at least 3 mice with SD. Color coded per phyla. 
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4. Proportions of small intestinal monocytes were increased in 

mice colonized with Clostridium sordellii (Fig. 8). An increase in 

monocytes can be associated with inflammation, but induction of 

monocytes in C. sordellii colonized mice did not correlate with 

any intestinal inflammation assessed by histopathology (not 

shown). At the mucosal sites, Ly6chi monocytes are precursors 

to CX3CR1+ MPs (Varol et al., 2007). This role of monocytes 

may be a more likely explanation since there is a corresponding 

increase in small intestinal CX3CR1+ MPs in C. sordellii 

colonized mice. 

 

5. Colonization with Bifidobacterium adolescentis, Enterococcus 

faecalis, Staphylococcus saprophyticus induced TH17 cells in 

the small intestinal lamina propria (Fig. 9A). Although the major 

driver of small intestinal TH17 cells in mice is SFB, the bacteria 

that are responsible for TH17 cells in healthy mucosa of humans 

are not well described. SFB (or bacteria with sequences that 

resemble the sequence of SFB) have been identified in many 

vertebrates including humans (Sczesnak et al., 2011; Prakash et 

al., 2011; Yin et al., 2013). In humans, SFB probably colonize 

infants and disappear by 3 years of age (Sczesnak et al., 2011; 

Prakash et al., 2011; Yin et al., 2013). At this point it has been 

confirmed whether the SFB are the main drivers of mucosal 

TH17 cells in humans (Yin et al., 2013). Findings here, identify 

multiple species from the human microbiota aside from SFB that  
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Figure 8 

Figure 8. Colonization with C. sordellii colonization induces monocytes in the small 
intestine. 
Frequencies of small intestinal  monocytes within the CD45+CD19- population. Each dot is the 
mean of at least 3 mice with SD. Color coded per phyla. 
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are capable of inducing TH17 cells at least in the setting of the 

mouse gut.  

 

6. Colonization with Lachnospiraceae sp. or Campylobacter jejuni 

elicited TH17 responses in the Peyer’s Patches (Fig 9B), but not 

in the small intestinal (Fig. 9A) or colonic lamina propria. Th17 

cells have not been described in the Peyer’s patches.  

 

  There was some redundancy in bacteria’s ability to induce (or repress) similar 

immune populations (Fig. 6-9). Many unrelated bacteria from different phyla have been 

noted to induce regulatory T cells in the colon (Fig. 6A). Similarly unrelated SFB 

(isolated from mouse flora), B. adolescentis (a member of Actinobacteria), E. faecalis (a 

member of Firmicutes) induced TH17 cells in the small intestine (Fig. 9A). However, this 

ability did not correlate with any phylogenetic distribution (Fig. 6-9, phyla color coded) or 

the genetic distance between bacteria. Induction of these cell types by different bacteria 

may involve different pathways, which raise the possibility of synergy when bacteria of 

interest are colonized together. To test this possibility we colonized mice with SFB and E. 

faecalis at the same time. Co-colonization of E. faecalis with SFB did not induce a higher 

frequency of small intestinal TH17 cells than did the colonization with either SFB or E. 

faecalis alone. This may suggest the mouse SFB and the human E. faecalis may use 

similar pathways to induce TH17 cells. Similarly, C. ramosum and B. thetaiotaomicron, 

bacteria with equal abilities to induce colonic Tregs, did not have synergistic effects 

when co-colonized. Colonic Treg levels were comparable in mice colonized with C. 

ramosum and B. thetaiotaomicron together or alone. Alternatively, the lack of synergy 

observed may be due to reaching a saturation point in TH17 and Treg proportions (with 

no room for synergistic effects to be observed) upon colonization with a single bacterial  
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Figure 9. Microbial colonization induces TH17 cells in the small intestinal lamina 
propria and the Peyer’s Patches. 
A.  Frequencies of small intestinal IL7+ cells within the CD4+TCR+ population. Each dot 

is the mean of at least 3 mice with SD.  
B.  Frequencies of IL17+ cells within the TCR+CD45+ population in the Peyer’s patches. 

Each dot is the mean of at least 3 mice with SD. Color coded per phyla. 
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species. Co-colonization experiments with two bacteria that induce medium levels of 

Tregs may better address the question of synergy and provide evidence for independent 

induction mechanisms.   

  To have a more inclusive view of this redundancy, we used hierarchical-

clustering analysis to cluster the bacteria and the corresponding immune population they 

induce or repress upon colonization (Fig. 10). We compared proportions of all immune 

cells types (rows) across different microbial colonizations (columns) and clustered these 

colonizations based on the phenotypes of immune cells elicited. This analysis, grouped 

by tissue, revealed that there were many bacteria, which had a similar patterns of 

induction (red) or repression (blue) compared to the rest of bacteria studied in this 

screen. Proportions of total Tregs and pTregs in the colonic lamina propria were 

increased after mono-colonization (colonization with one bacterial species at a time) with 

multiple bacterial species. Similarly, colonization with multiple microbes increased 

proportions of TH17 cells in the small intestinal lamina propria.  Although there were few 

changes in the systemic lymphoid tissues, the phenotypes observed in the local 

intestinal tissues were similar after colonization with various single microbes, highlighting 

the redundant abilities of microbes (Fig. 10, presented as columns here).  

  Next, we asked whether there is any correlation between microbes, based on 

their ability to induce or repress immune populations upon colonization. For this analysis, 

we took two approaches: all-inclusive and strain-specific.  

 

• All-inclusive: First, we calculated correlation coefficients 

(Spearman) for each microbe against one another using all the 

proportions of immune populations described before. Then we clustered 

these results to identify any relationships between bacteria (Fig. 11). 

Groups of bacteria that elicit similar immune responses were clustered in  
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Figure 13
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Figure 10: Redundancy in bacteria’s ability to induce immune populations. 
Hierarchical clustering analysis of proportions of immune populations induced by 
microbial colonization(rows: Immune populations, columns= microbes that induce the 
corresponding immune populations). Means of at least 3 mice grouped by tissue. Row 
normalized by subtracting row means and dividing by the standard deviation. 
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A 

Figure 11: Overlapping abilities of bacteria to induce similar immune populations does 
not correlate with phylogeny 
Spearman correlation and clustering of microbes based on their effect on immune populations. 
This analysis includes all the species that have the data for majority of the immune population 
in all tissues. (figure prepared by NGZ) 
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close proximity along the diagonal, represented by different shades of red. 

Interestingly, we did not observe overrepresentation of any bacterial 

phylogeny that correlates with a microbe’s ability to induce or repress 

local or systemic immune populations in the host. Mice colonized with 

bacteria from Bacteroidetes had comparable proportions of immune cells 

compared with mice colonized with bacteria from Firmicutes or 

Fusobacteria.  

• Strain-specific:  Next, we wanted to see whether mice colonized 

with the same species, but different strains of bacteria, have similar 

composition or proportions of intestinal immune cells. For this analysis, 

we only focused on a small set of microbes and the immune populations 

localized to the colonic lamina propria. The small set of microbes included 

6 bacterial species each with at least two different strains. We asked 

whether there are strain-specific effects of colonization with these 

microbes on the host immune system. Interestingly, when bacteria were 

clustered based on how they shape the composition and the phenotype of 

the colonic immune cells, the clustering pattern did not mirror the 

phylogenetic distance (Fig. 12). In other words, different strains of the 

same species did not cluster together. Surprisingly, mice colonized with 

closely related B. fragilis CL03T00C08 and B fragilis NCT9343 did not 

elicit similar Treg responses in the colon (Bacteroides phylogeny is 

discussed in detail in Chapter 3). On the other hand, distant S. 

saprophyticus DLK1 and E. faecalis HH22 had similar immune profiles of 

the colon (measured by proportions of colonic lymphocytes, mononuclear 

phagocytes and cytokine producing T cells). The microbial effects of 

colonization with S. saprophyticus DLK1 on the colonic immune cells  

57



 
Bacteroides fragilis_CL03T00C08 
Bacteroides thetaiotaomicron_ATCC29148 
Bacteroides ovatus_CL02T12C04 
Parabacteroides merdae_CL09T00C40 
Bacteroides fragilis_NCTC9343 
Bacteroides fragilis_3_1_12 
Bacteroides thetaiotaomicron_ATCC29741 
Enterococcus_faecalis_TX0104 
Germ free 
Parabacteroides merdae_CL03T12C32 
Bacteroides ovatus_ATCC8483 
Staphylococcus saprophyticus_ATCC15305 
Enterococcus faecalis_HH22 
Staphylococcus saprophyticus_DLK1 
  

  IF
N
γ+

 C
D

4 
T 

ce
lls

 
IL

17
+ 

C
D

4 
T 

ce
lls

 
IL

22
+ 

C
D

4 
T 

ce
lls

 
IL

10
+ 

C
D

4 
T 

ce
lls

 
M

ac
ro

ph
ag

es
 

C
X

3C
R

1+
 m

ac
ro

ph
ag

es
 

M
on

oc
yt

es
 

C
D

10
3+

C
D

11
b+

 D
C

s 
C

D
10

3+
 D

C
s 

pD
C

s 
B

 c
el

ls
 

Tα
β 

Tγ
δ 

C
D

4 
T 

ce
lls

 
C

D
8 

T 
ce

lls
 

Tr
eg

s 
H

el
io

s-
 T

re
gs

 
D

N
 (C

D
4-

C
D

8-
) T

 c
el

ls
 

R
or
γ+

H
el

io
s-

 T
re

gs
 

IL
C

3 
H

el
io

s+
 C

D
8 

T 
ce

lls
 

 

B.frag 
B.thet 
B.ova 
P.merd 
B.frag 
B.frag 
B.thet 
E.faec 
GF 
P.merd 
B.ova 
S.sap 
E.faec 
S.sap 

Figure 12: Overlapping abilities of bacteria to induce similar immune populations does 
not correlate with phylogeny 
Hierarchical clustering of microbes and their effects on immune populations (microbes vs. 
proportion of immune populations) This analysis includes only the species that have at least 
two different strains and is focused on how colonization impacts on the colonic immune 
populations.  
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differed significantly from its close relative S. saprophyticus ATCC15305. 

Similarly, colonization with E. faecalis HH22 and E. faecalis TX0104 had 

different immune outcomes on the host (Fig. 12).  

 

  Overall, overlapping abilities of bacteria to induce similar immune populations in 

mice suggest some redundant pathways or metabolites shared by these bacteria 

(Consortium, T.H.M.P., 2012;). The phylogenetic diversity observed in the human 

microbiome does not necessarily translate functional diversity. This is evident at two 

levels: (1) similar functions shared by taxonomically unrelated bacteria and (2) different 

functions carried out by taxonomically related bacteria. Bacteria from different phylogeny 

express similar genes that are important in vitamin biosynthesis (Consortium, T.H.M.P., 

2012). Conversely, strains from the same species such as S. mitis may have different 

expression of choline-binding proteins (Consortium, T.H.M.P., 2012). All together these 

may account for overlapping abilities of bacteria to induce similar immune cell types 

such as TH17 cells, Tregs or pDCs.  

  Finally, we asked whether the immune cells induced or repressed by bacterial 

colonization correlate with one another. To address this, we took two slightly different 

approaches that drew similar conclusions (Fig. 13A-B): 

 

• First, we analyzed all the cells types in each tissue and calculated 

the correlation among these populations with respect to one another( Fig 

13A). These correlation coefficients were then clustered to reveal how all 

the immune populations we analyzed relate to one another. This analysis 

considered colonic Tαβ cells and splenic Tαβ cells as different immune 

populations and allowed characterization of how tissue-specific 

responses relate to one another and how immune populations in the  
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A. Spearman correlation and clustering of immune populations. This analysis considers all the 
immune populations in different tissues separately. Correlation coefficient for each immune 
population for each tissue was calculated separately (figure prepared by NGZ). 
B. Pearson correlation and clustering of immune populations. This analysis is simplified and 
correlation coefficient was calculated for each immune cell type (not per tissue). 
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same tissue relate to one another. This analysis revealed that some 

population changes in the systemic lymphoid tissues mirrored the 

changes of that same population in the intestinal tissues (Fig 13A).  

• In a second approach (B), we grouped immune populations by cell 

types and combined all cell types across all tissues. In this analysis there 

was only one correlation coefficient value calculated for comparison of 

Tαβ and B cells pooled from all tissues. We asked if there were any 

general changes Tαβ cells elicited by microbial colonization irrespective 

of the tissue. Tαβ and B cell proportions from colon, small intestine, 

spleen, MLN and PPs were used together in determining how similar Tαβ 

and B cell phenotypes are upon colonization. Although the first approach 

is more inclusive, the second approach displays very similar patterns, 

suggesting local changes in the intestines have similar systemic 

outcomes.  

 

  These two approaches identified various mostly overlapping patterns. 

Macrophages and CX3CR1+ MPs from all tissues behaved similarly upon colonization 

(Fig13A-green square). Induction of total Tregs and their corresponding pTreg 

proportions (measured as Helios- or RORγ+Helios-), were strikingly similar among all 

tissues including the Peyer’s Patches and MLNs (Fig13A-black square). The degree of 

Treg induction in the MLNs was at a lower scale and was disregarded earlier. The same 

was true for macrophages where few tissue-resident macrophages are found in the 

spleens and lymph nodes. Activated Helios+CD8+ T cells and DN T cells correlated well 

in all tissues of monocolonized mice and this pattern was also present in the colon-only 

analysis performed earlier). Conversely, CD4+ T cells anti-correlated with both 

Helios+CD8+ T cells and DN T cells (Fig13A-red square and 13B). Another strong and 
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intriguing correlation was among CD103+ DCs (Fig13B) and B cells especially given the 

role of DCs in IgA class switch (Tezuka et al., 2007). These parallels or patterns among 

immune cells need to be further explored and may provide insights into fine-tuning of 

immune system. The effects of microbial colonization may involve multiple cell types and 

the clusters we observe here may provide insight to how cells interact with the 

components of the microbiota and with one another 

  Overall, the assessment of various immune phenotypes serves as a repository 

for the immunomodulatory aspects of each bacterium and highlights the redundancy in 

microbe’s ability to drive these outcomes. 
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2.3: Colonic gene expression profiles of mice colonized with microbes  

  We asked how colonization with single bacterial species affects the whole tissue 

transcriptome of the colon. Colons of mice colonized with various single bacterial 

species were collected in Trizol and homogenized. For consistency, the same 5mm-

piece was cut from the distal colon (3cm from rectum). We looked for microbe-specific or 

shared effects of microbial colonization on the activity or differentiation of immune and 

non-immune populations in the colon. Specifically, we asked: 

1. Are there general effects elicited by all microbes upon colonization 

of the intestines?  

2. Does microbial colonization promote microbe-specific effects that 

are uniquely modulated by one microbe but not any others? 

3. Are there any shared microbial effects on the colonic 

transcriptome of colonized mice? Can this be explained by phylogeny? 

4. Is there any relationship between the genes that are induced or 

repressed and the immune cell populations affected by microbial 

colonization?  

 

  First, we assessed the variability within the sample replicates of colons from mice 

colonized with single bacterial species or from non-colonized germ free mice.  To our 

surprise, there were more genes with high coefficients of variation (CV) within the colons 

of germ free mice (Fig. 14A, x-axis) compared with the colons colonized mice (Fig. 14A, 

y-axis). This analysis did not look into microbe-specific effects, but highlighted the 

general trends that microbial colonization elicits as a whole when all effects are pooled. 

This analysis also allowed identification of 184 colonic genes that change during 

microbial colonization compared to the germ free state (will be discussed later).  
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Figure 14. microbe-specific and shared effects of microbial colonization on the colonic 
transcriptome. 
A. Coefficient of variation (CV) analysis of colonic transcriptome from mice colonized with single 
bacteria (all colonized pooled- y axis) and germfree mice (x-axis). 
B. Number of genes (y-axis) that are induced by all(red), some(blue) and one bacteria(purple) 
following microbial colonization across a distribution of fold changes (x-axis). All: genes that are 
induced or repressed by all microbial colonizations compared to germ free. Some microbes: 
genes that are induced by at least two microbial colonizations compared with germ free. One-
microbe: genes that are uniquely induced by one microbe upon colonization but not by others. 
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  Next, we wanted to determine whether the stabilization of the gene expression 

we observe upon colonization is a result of a set of genes that are induced or repressed 

in the colon by all bacteria. Since we were interested in significant gene hits, we only 

counted the genes that were differentially expressed either in colonized mice or germ 

free mice with p-values lower than 0.05.  We counted the number of genes that are 

induced or repressed by all microbes (1), by some microbes (2) or by one microbe (3) 

across all possible fold change values. 

 

1. All microbes: In this analysis we calculated the fold 

change value for each gene between the mice colonized with 

single microbe and the germ free mice. Then, we counted the 

number of colonic genes with a fold change value significantly 

higher or lower (p value<0.05) in all of the microbial 

colonizations compared with the germ free state. For instance, 

we counted the number of genes that are induced by all 

microbes at a fold change of at least 1.5 or higher compared to 

germ free. This analysis included all possible distribution of fold 

change values. Finally, we graphed these gene counts (y-axis) 

across their corresponding of fold change values (x-axis). As 

the flat red line indicates, there were no genes that all microbes 

affected in the similar direction in the colonic whole tissue 

(Fig14B, red).  

2. Some microbes: This analysis followed similar steps as 

described in “1. All microbes,” but instead of looking for gene 

expression changes that are promoted by all the microbes, this 

analysis looked for changes that are elicited by at least two  
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microbes or more. Interestingly, there were a number of shared 

effects of microbes on the colonic transcriptome (Fig14B, blue). 

3. One-microbe: This analysis looked for unique microbe-

specific effects on the colonic transcriptome that are elicited by 

only one microbe compared to the rest. One difference here 

compared to the earlier analysis (all or some microbes) was 

including another criteria to the calculation of gene counts. For 

a given microbial colonization, this analysis was not restricted 

to identifying genes that change with respect to germ free but 

also with respect to other microbes. For instance, this analysis 

set out to identify significant changes that colonization with 

Ruminococcus gnavus induced compared with colonization with 

all other bacteria as well as the germ free state state. Indeed, 

we identified numerous unique-microbe specific effects of 

colonization. Bacteria, which induce these microbe specific 

effects, will be described later.  

 

  We looked deeper in the microbe-specific and shared effects of microbial 

colonization. For this analysis we used 184 genes that were differentially regulated by at 

least one microbe. The criteria for selection of these genes were a fold change of at 

least 1.5 (colonized vs. germ free) and a low CV. We used hierarchical clustering to 

determine how expression of these genes changes upon colonization with different 

single bacterial species (Fig. 15). Some of these genes were shared in a patch-work 

manner in colons of colonized mice. Colonization with C. jejuni and Lachnospiracea 

induced a large set of shared genes in the colon, but a subset of these genes were also 

induced upon colonization with Acinetobacter lwoffii, Coprobacillus and 
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Peptostreptococus asaccharolyticus. A different set of genes was induced in 

Lachnospiracea, A. lwolfii, Coprobaccilus, B. vulgatus, Parabacteroides distasonis, but 

not in C. jejuni or P. asaccharolyticus.  The microbes that elicited these shared 

responses did not show any taxonomical enrichment. 

 We used another clustering module that groups genes that have similar induction 

or repression patterns upon microbial colonization (Fig. 16). This analysis gives more 

control on setting an optimum number of clusters. This analysis allowed identifications of 

10 gene clusters each with 5-30 genes that show similar expression patterns that 

microbe-specific (Fig 16- cluster 4, 6) or shared effects of bacteria (Fig. 16- cluster 1, 2, 

7, 10). 

  The latter analysis showed a clearer set of microbe-specific effects (Fig 16),that 

were also seen in the heatmap (Fig. 15). Colonization with R. gnavus had the most 

microbe-specific effects seen in clusters 4 and 6. This finding was surprising as 

colonization with R. gnavus induced very few immune populations in the colonic lamina 

propria (induction of pDCs and CX3CR1+ MPs) with respect to colons of germ free mice 

or mice colonized with other bacteria (Fig10A-B).  

  We asked whether the activity or differentiation of some immune and non-

immune populations could be explained by induction of these differential genes. We 

looked for representation of these genes (as small groups in clusters or as a whole list) 

in the transcriptomes of various immune and non-immune cell types reported in the 

ImmGen consortium. These bacteria-induced genes were enriched in mostly stromal 

cells but also at low levels in some myeloid and B cells (Fig. 17A). I will summarize some 

of these intriguing microbe-specific or shared effects: 
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Figure 15: Microbe-specific or shared effects of colonization on the colonic 
transcriptome. 
Hierarchical clustering analysis of  genes enriched in microbially-colonized mice 
compared to germ free mice. Genes shown here are 184 colonic genes that change 
after colonization with microbes compared to the germ free state.  Class means of at 
least duplicates. 
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Cluster 6, n=17 

Figure 16: Microbe-specific or shared effects of colonization on the colonic 
transcriptome. 
K-means clustering analysis of  genes enriched in microbially-colonized mice compared 
to germ free mice. Genes shown here are 184 colonic genes that change after 
colonization with microbes compared to the germ free state.  Class means of at least 
duplicates. 
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Stroma B cells Macropahges and monocytes 

Figure 17: Genes that are induced or repressed by microbial colonization are 
enriched in stromal cells. 
A. W-plot from ImmGen Consrotium for 184 genes that were identified to be differentially 
regulated in the colonic tissue by microbial colonization. This is a scatter plot of the means-
normalized expression value of each  of 184 genes in all of the populations in the ImmGen 
data set. 
B. Clustering analysis of correlation between genes and the immune populations induced 
by microbial colonization. Red: positive correlation; green- negative correlation. 
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• The repression Muc1 (Fig. 16-induced cluster 10) in mice 

colonized with R. gnavus, P. uenonis, F. mortiferum suggests effects on 

epithelial cells, especially in mucin-producing goblet cells. Bacterial 

induction of antimicrobial peptides such as RegIIIγ in the small intestine 

and mucins in the colon are well established in earlier studies (Vaishnava  

et al., 2011; Jakobsson et al., 2014). However, these studies did not 

address ability of microbes to suppress mucin production.  

• Overrepresentation of Ighg and Igk-v28 were part of the shared 

effects of bacteria and marked changes in B cells. These effects of 

microbes on B cells were shared by many and complementary to the wide 

range of colonic B cell proportions observed in colonized mice. 

• A decrease in Tgfb3 transcript was noted in mice colonized with R. 

gnavus, B. finegoldii, while a slight increase in Tgfb3 transcript was 

present in mice colonized with Veillonella and L. casei (cluster 1). 

Specifically, Tgfb3 but not other isoforms, confers pathogenic potential to 

TH17 cells during differentiation (Lee et al., 2012). However, there was no 

difference in IL17 levels produced by CD4 T cells in colons of mice 

colonized with R. gnavus, B finegoldii, Veillonella or L. casei.   

• Maf, a transcript which has very high expression in macrophages 

and monocytes (ImmGen), was induced in the colons of mice colonized 

with in R. gnavus (highest induction with R. gnavus colonization), P. 

uenonis and Coprobaccilus (Fig. 16-cluster 10). This finding agrees with 

high proportions of CX3CR1+ MPs observed in R. gnavus colonized mice 

but not in others.  
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• Additionally microbe-specific repression of Ly6g, a transcript 

specifically expressed in neutrophils (ImmGen), in R. gnavus colonized 

mice (Fig. 16-cluster 6) was puzzling. Histological sections showed no 

neutrophilic accumulation in mice colonized with other bacteria. Since the 

analysis of immune cells did not include neutrophils, it is not clear if there 

were slightly lower proportions of neutrophils (that can be detected in 

colonic transcriptional analysis but not in histopathological analysis) in the 

colons of R. gnavus colonized mice.  

 

  The characterization of shared or microbe-specific effects suggested many links 

to immune populations described earlier.  We systematically compared how gene 

expression data relates to the immune populations discussed earlier.  These genes and 

cell types clustered in 6 well-defined groups (Fig. 17B).  These correspond to large 

changes in DN (CD8-CD4-) T cells, CD103+ DCs and macrophages and may help 

explain how microbes affect the function or activity of these populations. 

    Overall, microbial colonization, which stabilized expression of many genes that 

fluctuate in the colons of germ free mice, had microbe-specific or shared effects. These 

shared effects conferred by bacteria could not be explained by phylogenetic 

relationships.  
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2.4: Discussion 

The human gastrointestinal tract harbors a vast number of microorganisms with 

enormous diversity (Consortium, T.H.M.P., 2012). Understanding the impact of the 

microbiota on human health has been the motivation for many studies. There have been 

many advances in characterization of the components of the human microbiota from 

healthy and diseased individuals (Consortium, T.H.M.P., 2012; Gevers et al., 2014). 

Dysbiosis in the human microbiota has been linked to many autoimmune and 

inflammatory diseases (reviewed in (Huttenhower et al., 2014; Mathis and Benoist, 

2011)). Gnotobiotic and germ free studies in mice have highlighted the impact of 

commensals, in combination or alone, on the host immune system (Atarashi et al., 2011; 

Geuking et al., 2011; Ivanov et al., 2009; Mazmanian et al., 2008; Faith et al., 2014; 

Chung et al., 2012). Although the particulars of the murine microbiota have been studied 

extensively, the specific effects of single microbes from the human microbiota are not 

well described (Atarashi et al. 2013; Chung et al., 2012).   

We were inspired by these studies and set out to characterize the impact of 

single microbes from the human gastrointestinal tract in gnotobiotic mice. Our large-

scale screen targeted to reflect the microbial diversity seen in the human microbiota 

covered 64 different strains, 52 species, 29 genera and 5 phyla.  None of the mice 

colonized with one of the 64 strains of microbes chosen showed any signs of 

inflammation. Although not all microbes had similar success in colonizing the mouse GI 

tract, the ones that colonized could be referred as symbionts as they all affected the host 

immunity at some level.  

  Some bacteria did not colonize the lower GI tract, but maintained their niche 

even in absence of competition. This opens up a discussion for how niche-specificity is 

maintained and how microbial interactions affect the host.  The pressures applied from 

the host and the microbial communities balance each other during co-colonization and 
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may have synergistic, inhibitory or harmonious effects on the host. The few attempts we 

made to address the effects of co-colonization in microbes’ ability to colonize and affect 

the host led to interesting observations. Colonization of an anaerobic bacterium with an 

aerobic bacterium diversified the niche of the anaerobe. We did not observe any 

synergistic or inhibitory immune effects mediated by co-colonization. Although beyond 

the scope of this study, understanding microbe-to-microbe interactions and their 

outcome in shaping the host immune system could be the motivation for other 

comprehensive and systematic studies.  

Here, we identified multiple lymphoid, myeloid and stromal populations that are 

altered by microbial colonization with single species. Although these microbe-driven 

effects were mostly enriched in the intestinal tissues, systemic extensions were also 

present. Correlation analysis between the immune populations analyzed from different 

tissues suggested multiple effects of colonization in the lymph nodes and the spleen. 

These may have implications in autoimmune diseases such as T1D, MS and RA for 

which a concordance between the dysbiosis of the microbiota and the disease risk has 

been evaluated in humans (Vaarala et al., 2013; Zhang et al., 2015). . A closer look at 

the systemic outcomes driven by bacteria may help predict in which autoimmune 

disease these bacteria from the human microbiota may play a role.  

Our analysis was focused on primarily screening for the effects of microbial 

colonization at steady state, but we addressed the functional importance of microbe-

driven immunological phenotypes at various colitis models. Treg response elicited by 

multiple single bacteria in the colon correlated with protection in TNBS induced-colitis. 

Similarly, in a DSS induced colitis model, supplementation of the normal flora with a high 

Treg inducer bacteria (C. ramosum) conferred protection. These findings highlight the 

functional importance and capacity of the cells that are promoted by microbial 

colonization.  
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To our surprise there were many shared effects of microbial colonization on the 

proportion of immune populations and colonic transcriptome. Many bacteria promoted 

similar immunological and non-immunological effects on the host. The redundancy in 

bacteria’s ability to induce TH17 cells was remarkable. It is tempting to speculate that 

there may be more bacteria like the SFB even from the mouse microbiota that can 

generate TH17 cells. The striking redundancy seen in the microbes’ ability to have 

similar outcomes was independent of phylogeny as many taxonomically unrelated 

bacterial species elicited similar responses at either gene expression or cellular level on 

the host. Two different strains of S. saprophyticus had different abilities to induce TH17 

cells in the small intestinal lamina propria and Tregs in the colonic lamina propria. This 

observation supports the functional redundancy in the phylogenetically diverse 

microbiota, revealed by shotgun metagenomics (Consortium, T.H.M.P., 2012). Focusing 

on functional networks and pathways may help explain how different bacteria mediate 

similar pathways. For instance, choline-binding proteins show remarkable differences in 

various strains of S. mitis (Consortium, T.H.M.P., 2012). Similar observations may help 

us predict why colonization with two different strains of S. saprophyticus has different 

immune outcomes. This approach may still be insufficient and call for identification of 

bacterial transcripts by RNA sequencing or proteins to fully understand how not even 

remotely related bacterial species have similar outcomes in the host. 

Although there were remarkable shared effects, bacteria still elicited microbe-

specific effects, which require a more detailed analysis.  The colonic transcriptome of 

mice colonized with R. gnavus was the most differential compared to other microbial 

colonizations. These R. gnavus specific effects mostly involved stromal responses. 

Although response of the epithelial cells to microbial colonization has been somewhat 

described in studies comparing goblet cells and paneth cells from SPF or germ free mice, 

not much is known about microbe-specific changes in the intestinal epithelium 
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(Jakobsson et al., 2014; Vaishnava  et al., 2011). Focusing on the function and activity of 

stromal genes from mice colonized with several single microbes may help resolve this.  

Overall, this large-scale screen provides a comprehensive study on effects of 

individual bacteria on many aspects of host immunity and colonic transcriptome and may 

have implications at the diseased state. 
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Chapter 3: Microbe-dependent induction of a distinct population of RORγ+ 

regulatory T cells in the colonic lamina propria 

 

We have summarized various microbe-specific or shared effects of microbial 

colonization on the host immune and stromal populations that cover, either local or 

systemic responses. This chapter, which is a copy of our manuscript published in 

Science on August 13th 2015, focuses on a very specific regulatory response that can be 

mediated by various single microbes. As previously mentioned, in 43% of the microbial 

colonizations, there was an increase in colonic Tregs comparable to SPF levels. Here, 

we dissected this microbe-induced effect to test whether microbes can shape activities 

of these colonic Tregs. In this analysis, we asked how colonic Tregs relate to other 

“tissue” Tregs and described how multiple microbes can have shared effects on shaping 

the phenotype and function of colonic Tregs. We discovered a subset of colonic Tregs 

that uniquely express transcription factor RORγ.  Expression of RORγ could be induced 

by multiple microbes and was crucial for constraining intestinal inflammation.   

 

The work presented in this chapter especially benefited form collaborative studies (in 

order of appearance) with, Dr. Liza Konnikova and Dr. Scott Snapper on human colonic 

biopsies, Dr. Dennis Kasper, Dr. Naama Geva-Zatorsky, Dr. Adriana Ortiz-Lopez on the 

large scale screen of germ free mice colonized with single bacterial species, Dr. Abby 

Mcguire on bacterial genome comparison, Dr. Sungwhan Oh on SCFA analysis of 

caecal material, David Zemmour on RNA sequencing analysis of colonic Tregs, Drs. 

Mercedes Lobera, Jianfei Yang and Shomir Ghosh from Tempero Pharmaceuticals  on 

Rorγ antagonist treatments.  
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3.1: Individual intestinal symbionts induce a distinct population of RORγ+ 

regulatory T cells 
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T regulatory cells that express the transcription factor Foxp3 (Foxp3+ Treg) promote 

tissue homeostasis in several settings. We now report that symbiotic members of the 

human gut microbiota induce a distinct Treg population in the mouse colon, which 

constrains immuno-inflammatory responses. This induction—which we find to map to a 

broad, but specific, array of individual bacterial species—requires the transcription factor 

Rorγ, paradoxically, in that Rorγ is thought to antagonize FoxP3 and to promote T helper 

17 (TH17) cell differentiation. Rorγ’s transcriptional footprint differs in colonic Tregs and 

TH17 cells and controls important effector molecules. Rorγ, and the Tregs that express it, 

contribute substantially to regulating colonic TH1/TH17 inflammation. Thus, the marked 

context-specificity of Rorγ results in very different outcomes even in closely related cell-

types. 

 

FoxP3 regulatory T (Treg) cells are essential regulators of immunologic 

homeostasis and responses (Josefowicz et al., 2012). Beyond their well-described role 

in regulating the activity of other immunocytes, Tregs located in parenchymal tissues 

control other, non-immunological, processes. These “tissue Tregs” include those that 

reside in visceral adipose tissue and regulate metabolic parameters (Feuerer et al., 

2009; Cipolletta et al., 2012) and those that help channel inflammatory and regenerative 

events in injured muscle (Burzyn et al., 2013b). The activities, transcriptomes, and T cell 

receptor (TCR) repertoires of these tissue Tregs are distinct from their counterparts in 

secondary lymphoid organs. 

Another essential and quite specific population of tissue Tregs resides in the 

lamina propria (LP) of the digestive tract, in particular in the colon, where these cells 

modulate responses to commensal microbes (reviewed in (Ai et al., 2014)). Colonic 

Tregs are an unusual population that has provoked some contradictory observations. 
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TCRs expressed by colonic Tregs show marked reactivity against microbial antigens that 

seem to be important drivers of their differentiation and/or expansion (Lathrop et al., 

2011; Cebula et al., 2013). Many of them appear to arise by conversion from FoxP3– 

conventional CD4+ T cells (Tconv) (Lathrop et al., 2011), although arguments for a 

thymic origin have been made (Cebula et al., 2013). Many colonic Tregs express marker 

profiles (Helios– and Nrp1–) that differ from Tregs of thymic origin (reviewed in (Bilate 

and Lafaille, 2012)), although the significance of these markers has been questioned 

(Bilate and Lafaille, 2012). Accordingly, most studies have found a decreased 

abundance of colonic Tregs in germ-free (GF) mice (reviewed in (Ai et al., 2014)), and 

colonization of GF mice by pools of microbes (Schadler’s flora (Geuking et al., 2011) or 

Clostridia combinations (Atarashi et al., 2011; Atarashi et al., 2013) elicited the 

differentiation or expansion of Helios–Nrp1– colonic Tregs. The ability of single microbes 

to induce colonic Tregs has been more controversial, and the need for complex 

combinations (Atarashi et al., 2011; Atarashi et al., 2013) has been questioned (Faith et 

al., 2014). 

The transcriptomes of tissue-resident Tregs adapt to their location, most 

strikingly in terms of transcription factors (TFs) (Burzyn et al., 2013a), and we searched 

for such elements in colonic Tregs. Comparison of transcriptomes of highly purified 

CD4+FoxP3+ Tregs (from Foxp3ires–gfp reporter mice (Bettelli et al., 2006)) from colon or 

spleen uncovered 933 differential transcripts (at a fold change > 2 and false discovery 

rate (FDR) < 0.1) (Fig. 18A (top), Fig. 19A). These encompassed important signaling 

and effector pathways (Icos, Gzmb, Lag3, Areg, and Il1rl1) (Fig. 18A (top)), shared in a 

patchwork manner by other tissue Tregs. Yet ~39% (at a colon-specific bias of >1.5-fold) 

had preferential expression in colonic Tregs (including Il10, Ctla4, Havcr2, Ccl20, Jak2, 

and Fosl2) (Fig. 18A (bottom)).  
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Figure 18 

Figure 18: Rorγ, encoded by Rorc, is preferentially expressed in colonic Tregs.  
Gene expression profiles from purified Treg cells of various origins. (A) Transcripts that are enriched in 
tissue and colonic Tregs. (Top) Transcripts differentially represented in tissue versus splenic Tregs (at a 
fold change > 2). VAT, visceral adipose tissue. (Bottom) Transcripts that are most biased in colonic 
Tregs (fold change > 1.5 versus any other tissue Treg). Means of at least two duplicates. (B) 
Representative flow cytometry plots of CD4+ T cells and a compilation of frequencies (bottom) of Rorγ
+Helios– Tregs within the FoxP3+CD4+TCRβ+ population. Each point is an individual mouse. Data are 
representative of more than three independent experiments. (C) Representative Rorγ vs Helios, Nrp1, 
Il33R or Gata3 plots for colon or spleen Foxp3+CD4+TCRβ+ Tregs (see Fig. S2 for quantification). (D) 
Frequencies of Rorγ+Helios– Tregs among FoxP3+CD4+TCRβ+ cells of different tissues (SI, small 
intestinal lamina propria; PP, Peyer’s patches; MLN, mesenteric LNs; scLN, subcutaneous LNs; 
spleen, Spl). Each point is an individual mouse. Data pooled from at least two independent 
experiments. (E) Flow cytometry analysis of human colon biopsies and frequencies of human RORγ+ 
Tregs within the FOXP3+CD4+CD8–CD3+CD45+ population. Healthy tissue samples were 
endoscopically determined normal areas from chronic constipation or irritable bowel syndrome 
patients; inflamed tissue was from Crohn’s lesions. Each point is an individual patient. Data pooled 
from five independent experiments. (F) IL-17a (after phorbol 12-myristate 13-acetate + ionomycin 
activation and intracellular staining) or IL-17f (reporter in Il17frfp mice) expression among Foxp3+ Treg or 
FoxP3– Tconv mice. Each point is an individual mouse. Data are representative of three independent 
experiments. 
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Figure 19: Comparison of gene expression profiles of Tregs from colon and 
spleen uncovered 933 differential transcripts.  
A. Gene expression profiles from purified Treg cells of colon and spleen, sorted from 
Foxp3ires-gfp mice. X-axis FoldChange between colonic (mean of quadruplicate) and 
splenic (mean of triplicate) Tregs; Y-axis: corresponding p.values.  Colonic signature is 
highlighted in red (induced) and blue (repressed) at a FoldChange>2 and p.value <0.05. 
B. Transcription factors overrepresented in colonic Tregs vs other tissue and lymphoid 
organ Tregs.   
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GeneOntology analysis revealed no enriched function or pathway, except for a high 

proportion of TFs, including Ahr, Epas1, Hey1, Bcl6, Npas2, Nr1d1, and Maf. To our 

surprise, the most differential of these TFs proved to be Rorc (encodes Rorγ) (Fig. 19B). 

Rorγ controls many aspects of immunocyte differentiation (Cua and Tato, 2010) but is 

perhaps best known as the key regulator of interleukin-17 (IL-17)–producing CD4+ T 

cells (TH17), and as a reciprocal antagonist of FoxP3 during in vitro differentiation in 

which CD4+FoxP3+ Treg and TH17 represent alternative cell fates (reviewed in (Korn et 

al., 2009)). 

Cytometry confirmed that many colonic CD4+FoxP3+ Tregs express Rorγ (40 to 

60% in C57BL/6J or other inbred mouse strains) (Fig. 18B and Fig. 20A), a phenotype 

largely absent in spleen or lymph node (LN) and, among FoxP3+ cells, induced in vitro. 

Helios and Nrp1, described as markers of thymus-derived Tregs (reviewed in (Bilate and 

Lafaille, 2012)), were absent on colonic Rorγ+ Tregs (Fig. 18C); this absence 

demarcated three distinct subsets of colonic Tregs, with Rorγ+ representing the majority 

of Helios– cells (Fig. 18C and Fig. 20, B and C). Consistent with the RNA data, Rorγ+ 

Tregs were also detected in low proportions in the small intestine (SI) and regenerating 

muscle (Fig. 18D and Fig. 20D). In keeping with a recent report (Schiering et al., 2014), 

Rorγ+ Tregs were distinct from those expressing the IL-33 receptor, most of which were 

Helios+ (Fig. 18D and Fig. 20, B, C, E, and F), and from Gata3hi Tregs (Wohlfert et al., 

2011), which also belong to the Helios+ Treg subset 

We asked whether RORγ is also expressed by colonic Tregs in humans, by 

staining cells from healthy or inflamed (Crohn’s) colon biopsies. Rorγ+ Tregs were 

indeed detected at comparable levels in both contexts (Fig. 18E). 

Rare Tregs expressing IL-17 and Rorγ have been observed during chronic inflammation 

or cancer, usually being Helioshi (reviewed in (Du et al., 2014)). We tested IL-17  
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Figure 20: Rorγ+ Tregs express low levels of Nrp1, Helios and Il33R. 
A: Representative Rorγ vs Helios plots (right) and frequencies (left) for colon FoxP3+CD4+TCRβ+  
Tregs in different inbred strains of mice (C57BL/6 and NOD from Jackson).  
Each point is an individual mouse. Data representative of ≥ 3 independent experiments. 
B: Representative Rorγ vs Helios, Il33R (ST2) or Gata3 plots for colon Foxp3+CD4+TCRβ+ Tregs. 
Rorγ+Helios-  Tregs in red; Gata3+ Tregs in blue.  
C: Colonic lymphocytes were stained with FoxP3, Helios, Nrp1, Gata3 and Rorγ. Frequencies of  
Gata3+, Helios+ or Nrp1+ cells in Rorγ+ or Rorγ- Tregs. (Quantification of flow cytometry plots 
shown in Fig. 2D). Each point is an individual mouse. Data representative of ≥ 3 independent 
experiments. 
D: Representative Il33R vs FoxP3 plots for colon CD4+TCRβ+  cells (left) and Il33R vs Helios 
plots for colon FoxP3+CD4+TCRβ+  Tregs (right). Frequencies of Il33R+ Tregs among colonic Rorγ
+ or Rorγ- Tregs. Each point is an individual mouse. Data representative of ≥ 3 independent 
experiments. 
E: Frequencies of Il33R+Helios+ or Il33R+Helios- Tregs from several colonies (HMS, Taconic, 
Jackson). Each point is an individual mouse. Data representative of ≥ 3 independent 
experiments. 
F: Representative Rorγ vs Helios plots of FoxP3+CD4+TCRβ+ cells  of Rorγ+Helios- among Tregs 
of different tissues (SI: small intestinal lamina propria; PP: Peyer’s patches; MLN: mesenteric 
lymph nodes; scLN: subcutaneous lymph nodes).Quantified in Fig.1D. 
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production in colonic Rorγ+ Tregs. Although IL-17–expressing Tregs could be detected 

in the SI LP, colonic Rorγ+ Tregs did not secrete detectable IL-17a or f (Fig. 18F). 

The properties of this dominant colonic Rorγ+Helios– Treg population suggested a link 

to the gut microbiota. Indeed, GF mice had a lower proportion of Rorγ+ Tregs than their 

conventionally raised specific pathogen–free (SPF) counterparts (Fig. 21A). During 

normal maturation in the mouse, Rorγ+ Tregs appeared between 15 and 25 days of age 

(Fig. 21B), coincident with the changes in the gut microbiota that accompany the 

transition to solid food. Note that Rorγ+ Tregs appeared a few days after Rorγ–Helios– 

Tregs. Antibiotic treatment strongly affected Rorγ+ Tregs (Fig. 21C), a large reduction 

followed a broad-spectrum antibiotic combination, whereas individual antibiotics had less 

or no effect, which suggested the contribution of several microbes. As the reported 

impacts of various microbial species on total colonic Tregs have differed ((Atarashi et al., 

2011; Faith et al., 2014), we took advantage of a panel of mice generated in a large-

scale screen in which GF mice were colonized with a single species from a panel of 22 

bacterial species from the human gastrointestinal tract (Table S1). A number of microbes 

elicited colonic Rorγ+ Tregs, with a gradient of responses and, for some, at frequencies 

comparable with those of SPF mice (Fig. 21D). This restoration of Rorγ+ Tregs was 

independent of bacterial load and not accompanied by inflammation (Fig. 22). Bacteria 

able to induce Rorγ+ Treg (and colonic FoxP3+ Tregs more generally) belonged to 

several phyla and genera and were not restricted to Clostridiae (Atarashi et al., 2013; 

Atarashi et al., 2011). Segmented filamentous bacteria (SFB)—which are classic 

inducers of Rorγ-dependent TH17 cells (Ivanov et al., 2009) and which elicit IL-17–

producing Tregs in the SI (Lochner et al., 2011)—were only mediocre inducers of colonic 

Rorγ+ Tregs, which reinforced the distinction between the cell populations. We noticed 

diversity within the Bacteroides genus and assessed a wider Bacteroides panel (Fig. 

23A and Table S1). Here again, a range of colonic Rorγ+ Tregs was observed.  
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Figure 21: Rorγ+Helios– Tregs can be induced by several bacterial species.  
(A) Frequency of Rorγ+Helios– within colon FoxP3+CD4+TCRβ+ Tregs of SPF and GF mice, P < 
0.0001 as determined by Student’s t test. Each point is an individual mouse. Data pooled from more 
than three experiments. (B) Induction of Rorγ in colonic Tregs during postnatal development in SPF 
mice (left). Representative FACS plots (right); frequencies across ages of FoxP3+ Tregs within 
CD4+TCRβ+ cells, as well as Rorγ+Helios– (red) and Rorγ–Helios– (black) cells within Tregs. Each 
point is an individual mouse. Data pooled from four or more experiments. (C) SPF mice were treated 
with single antibiotics (abbreviations for neomycin, vancomycin, ampicillin, metronidazole) or all four 
(VMNA) antibiotics for 4 weeks. Frequency of colonic Rorγ+Helios– Tregs within the 
FoxP3+CD4+TCRβ+ population. P = 0.0004, Bonferroni-corrected Student’s t test. Each point is an 
individual mouse. Data pooled from two experiments. (D) GF mice were colonized with single 
bacterial species, and colonic Tregs were analyzed after 2 weeks (top). Representative plots and 
frequencies of Rorγ+Helios– within FoxP3+CD4+TCRβ+ Tregs, color-coded per phyla (bottom). Each 
point is an individual mouse. Data are representative one to three experiments for each microbe. 
*Different from GF at an FDR of <0.05. 
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Fig. 22: Induction of Rorγ+Helios- Tregs is not accompanied by inflammation and is 
independent of bacterial load.  
A: Haematoxylin and eosin staining of the distal colon from mono-colonized mice. 
B: Correlation between bacterial load (measured as CFU) and frequency of colonic Rorγ
+Helios- Tregs in mono-colonized mice. Pearson r=-0.046. Each point is an individual mouse. 
Data pooled from ≥ 3 independent experiments. 
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This distribution did not relate to the Bacteroides phylogeny for these strains with no 

unique correlation between Treg-inducing ability and gene content (Fig. 23B). Colonic 

Rorγ+ Tregs did not appear immediately after GF colonization but only after a few days, 

again after Rorγ–Helios– cells (Fig. 23C). 

Several reports have suggested that short-chain fatty acids (SCFAs) promote 

increased colonic Tregs (Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013). 

To test their relevance to Rorγ+ Tregs, SCFAs were quantified by liquid 

chromatography–mass spectrometry (LC-MS) in cecal content of monocolonized mice. 

No significant correlation between any SCFA and Rorγ+ Treg frequency or to other Treg 

parameters, was observed (Fig. 24, A and B, and Table S2). In addition, we could not 

reproduce previously reported effects of oral or rectal SCFA administration (Fig. 24, C 

and D). Although SCFA combinatorial effects or inter-colony variation cannot be ruled 

out, SCFAs cannot alone explain the microbial impact on colonic Tregs observed here. 

To integrate our observations with intercellular pathways that influence intestinal 

T cells, we measured the relative abundance of Rorγ+ Tregs in mice lacking receptors 

for key cytokines and alarmins. Signaling through IL-23, IL-1, or IL-33 receptors was not 

required to sustain Rorγ+ Tregs, nor was IL-10 (Fig. 25, A to D). In fact, only the Helios+ 

population expanded after IL-33 administration (Fig. 25E). 

We then asked what transcripts Rorγ controls in Rorγ+ Tregs and whether Rorγ 

is necessary to specify this particular Treg lineage. We compared transcriptomes of 

Rorγ+ and Rorγ– colonic Tregs (sorted from Foxp3Thy1.1 × Rorcgfp intercrossed mice). 

Rorγ+ cells were enriched in some, but not all, transcripts of the colonic Treg signature, 

notably Il23r, Cxcr3, Tbx21, and Havcr2 (Fig. 26A), as validated at the protein level, 

including the unexpected CXCR3 (Fig. 26B). Conversely, Il1rl1 (encodes IL-33R), Nrp1, 

and Ikzf2 were underrepresented in Rorγ+ Tregs. 
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Figure 23:  The distribution Rorγ+Helios - Tregs induced by Bacteroides did not relate to 
the phylogeny for these strains.  
A: GF mice were monocolonized with a set of species within the Bacteroides genus, and the 
frequency of Rorγ+Helios- within colonic Tregs determined. Color-coded by their Treg-inductive 
ability. Each point is an individual mouse. Data representative of 1-3 independent experiments 
per microbe. 
B: Dendrogram of genetic distances of the Bacteroides species analyzed in E, color-coded by 
their Treg-inductive ability.  See text for Bacteroides genomics by Abby Manson Mcguire. 
C: Representative plots and frequencies of Rorγ+Helios- (red) and Rorγ-Helios- (black) Tregs at 
different times after colonization with the inductive B. thetaiotaomicron. GF d15 mice are 
maintained as germ free for another 15 days, an important control needed to ensure no age-
related differences.  Each point is an individual mouse. Data pooled from 3 independent 
experiments.  
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Figure 24. SCFA do not induce Rorγ+Helios- Tregs. 
A: SCFA concentration in cecal material of monocolonized mice vs frequency of Rorγ
+Helios- Tregs; Each point is an individual mouse. Data pooled from  ≥ 3 independent 
experiments.  
p=0.06 (acetate), p=0.14 (butyrate), p=0.04 (propionate) as determined by Student’s t test. 
B: SCFA concentration in cecal material of monocolonized mice vs frequency of total, 
Helios- Helios+Tregs. Each point is an individual mouse. Data pooled from > 3 independent 
experiments. Total Tregs: p=0.6 (acetate), p=0.9 (butyrate), p=0.15 (propionate); Helios- 

Tregs: p=0.45 (acetate), p=0.36 (butyrate), p=0.39 (propionate); Helios+Tregs: p=0.43 
(acetate), p=0.36(butyrate), p=0.39 (propionate) as determined by Student’s t. test. 
C: Frequencies of total, Rorγ+Helios- and Helios- colonic Tregs of mice orally treated with 
SCFA, from three independent experiments. In first and second experiment (orange and 
green), mice treated with 36mM of individual or combined SCFA in drinking water 
containing antibiotics. In the third experiment (blue) mice were treated with 150mM acetate, 
150mM propionate or 100mM butyrate in drinking water containing antibiotics.  Each point 
is an individual mouse. Data pooled from 3 independent experiments. 
D: Frequencies of total, Rorγ+Helios- and Helios- colonic Tregs from mice treated 
intrarectally with butyric acid for 7 days.  Each point is an individual mouse. Data 
representative of ≥ 2 independent experiments. 
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Fig S5
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Figure 24 continued 
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Figure 25: Signaling through Il23R, Il1R, Il33R and Il10 was dispensable for induction of 
Rorγ+Helios- Tregs. 
Frequency of Rorγ+Helios- Tregs within the FoxP3+CD4+TCRβ+ population in  
A: Il23R-/-; B: Il1r1-/-; C: Il1rl1-/-(IL33R-/-); and D: Il10-/- mice and controls. Each point is an 
individual mouse. Data representative of ≥ 2 independent experiments. 
E: Mice were treated with mouse recombinant Il33 for 7 days. Frequencies (left) and numbers 
(right) of Rorγ+ or Rorγ- Tregs within the FoxP3+CD4+TCRβ+ population. Each point is an 
individual mouse. Data representative of ≥ 2 independent experiments. 
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To further delineate the transcriptional signature of Rorγ in Treg cells, RNA 

sequencing  profiles were generated from Nrp1– cells of Foxp3-cre.Rorcfl/fl mice, which 

have a Treg-selective deletion of Rorc (Fig. 27A), or paired wild-type (WT) littermates. 

Differentially expressed genes were related to the Rorγ-dependent signature in 

conventional TH17 cells (defined from a comparison of SI CD4+ T cells of mice 

colonized, or not, with SFB) (Fig. 26C and Table S3). Part of the classic TH17 signature 

was unrelated to Rorγ in colonic Tregs (blue in Fig. 26C) or Il1r1 or the canonical TH17 

cytokines Il17a/f and Il22; some were shared (Rorc itself, Il23r); and a third segment was 

controlled by Rorγ in Nrp1– colonic Tregs but not in TH17 cells (Havrc2, Irak3, and Il1rn). 

Thus, the transcriptional footprint of Rorγ is context-dependent in different T cells. 

Next, we explored whether Rorγ contributes to colonic Treg homeostasis. First, 

mice were treated for 3 weeks with a pharmacologic Rorγ antagonist (Skepner et al., 

2014), which reduces SI TH17 levels. This treatment partially decreased both the total 

frequency of colonic FoxP3+ cells and their Rorγ+ component (Fig. 26D). Second, 

Foxp3-cre.Rorcfl/fl mice—which have no systemic Treg deficiency or scurfy-like 

pathology nor any change in FoxP3 intensity—showed a reduced frequency of colonic 

Tregs, and, more specifically, of Helios– Tregs; the proportion of Helios+Gata3+ Tregs 

was correspondingly increased (Fig. 26E and Fig. 27B). 

We noted that the loss of Rorγ+ Tregs in Foxp3-cre.Rorcfl/fl mice led to 

increased production of Il17 and IFNγ, but not Th2 cytokines like IL5 or IL13, by Tconv 

cells in colons of otherwise unchallenged mice (Fig. 28A), suggesting a decreased ability 

of colonic Tregs lacking Rorγ to regulate inflammatory responses. We thus assessed 

Foxp3-cre.Rorcfl/fl mice in the trinitrobenzenesulfonic acid  (TNBS)–induced colitis 

model and found an exacerbation of disease severity, in colitis score and histopathology 

(Fig. 28, B and C). Second, after TNBS challenge of GF mice monocolonized with 

different microbes, the frequency of Rorγ+ Tregs correlated with the colitis score (Fig.  
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Figure 27. Rorγ is deleted specifically in Tregs of Foxp3-cre.Rorcfl/fl mice. 
A: Representative Foxp3 and Rorγ plots for colon CD4+TCRβ+ cells from Foxp3-cre.Rorcfl/fl 
and Foxp3-cre.Rorc+/+ littermates.  
B:  Representative Gata3 and Rorγ plots and frequencies of Rorγ-Gata3+ Tregs among 
FoxP3+CD4+TCRβ+ Tregs from Foxp3-cre.Rorcfl/fl and Foxp3-cre.Rorc+/+ littermates. Each 
point is an individual mouse. Data representative of ≥ 2 independent experiments. 
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28D). These results imply a non-redundant role for Rorγ and Rorγ+ Tregs in colonic 

homeostasis. 

Thus, Rorγ contributes unexpectedly but in an important way to the Treg 

response to commensal microbes. This role contrasts with the accepted dichotomy 

between FoxP3 and Rorγ, a notion stemming mainly from their antagonism in vitro 

(Bettelli et al., 2006; Zhou et al., 2008; Bettelli et al., 2006; Yang et al., 2008; Mucida et 

al., 2007),); perhaps this relation has been overinterpreted. There had been indications 

that the two TFs are not incompatible (Du et al., 2014), but these data suggest a 

collaborative transcriptional impact, consistent with the overlap between their chromatin-

binding sites (Xiao et al., 2014). The context-specificity of Rorγ’s transcriptional footprint 

is in line with its broad involvement in many immunological and non-immunological 

processes (organogenesis, circadian rhythm, and lipid metabolism) (Cua and Tato, 

2010; Jetten, 2009). Rorγ-dependent Il23r expression in Tregs also raises the intriguing 

speculation that human IL23R genetic variants associated with inflammatory bowel 

disease (Abraham and Cho, 2009) might involve balancing effects in effector and 

regulatory T cells. 

Rorγ+ Tregs form the majority of the Helios– Tregs that differentiate locally in 

response to antigens of commensal microbes in the gut (Lathrop et al., 2011) and do not 

respond to the alarmin IL-33, in contrast to Gata3+Helios+ cells that expand during 

tissue damage (Schiering et al., 2014; Wohlfert et al., 2011). Mutually exclusive 

expression of Gata3 and Rorγ in colonic Tregs suggests that they may distinguish Treg 

responses to symbiotic (Rorγ) versus aggressive (Gata3) microbes. Contrary to 

expectations, many individual microbes proved able to elicit Rorγ+ and Helios– Tregs, a 

property not restricted to Clostridiae (Atarashi et al., 2011). The graded range suggests 

that several mechanisms may be involved. The molecular mediator of Rorγ+ Treg 

induction remains elusive but is unlikely to be SCFAs alone. Rorγ+ induction must follow 
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different routes inTH17 versus colonic Tregs, because the best Rorγ+ Treg inducers do 

not affect SI TH17 and vice-versa 

In conclusion, these studies show Rorγ as a uniquely microbe-responsive factor 

induced in two different cellular contexts, in response to different microbes, with distinct 

transcriptional consequences, and with diametrically opposite functional outcomes 
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3.2: Bacteroides genomics by Abby Manson Mcguire 

Here, we attempted to identify specific elements in the genomes of the 

Bacteroides genus, which would correlate with the ability to induce colonic Rorγ+ Treg 

cells after colonization of GF mice. 

We first constructed a table of genetic orthogroups present in the genomes of the 

Bacteroides species analyzed.  Orthogroups are sets of genes predicted to be 

descended from a single common ancestral gene, containing both paralogs and 

orthologs, For better resolution, in addition to the genomic sequences for the 14 

phenotyped Bacteroides and Parabacteroides strains, we included in the comparative 

analysis genomes from 78 Bacteroides and Parabacteroides strains with genomic 

sequences available in GenBank.  These 92 strains cover the breadth of these two 

genera, representing at least 28 species (23 Bacteroides and 5 Parabacteroides), as 

well as 22 unclassified Bacteroides strains and 4 unclassified Parabacteroides strains.   

To assure consistency and to reduce artifacts among the genomes analyzed, all 

genomes were re-annotated in a uniform manner. Protein-coding genes were predicted 

with Prodigal (Hyatt et al., 2010) and filtered to remove genes with ≥70% overlap to 

tRNAs or rRNAs.  The tRNAs were identified by tRNAscan-SE (Lowe et al., 1997).  The 

rRNA genes were predicted using RNAmmer (Lagesen et al., 2007).  The gene product 

names were assigned based on top blast hits against SwissProt protein database (≥70% 

identity and ≥70% query coverage), and protein family profile search against the 

TIGRfam hmmer equivalogs.   

Additional annotation analyses performed included PFAM (Finn et al., 2008), 

TIGRfam (Haft et al., 2001), KEGG (Ogata et al., 1999), COG (Tatusov et al., 1997), GO 

(Conesa et al., 2005), EC (Tian2004), SignalP (Petersen et al., 2011), and TMHMM 

(Krogh et al., 2001).  Finally, SYNERGY2 (Wapinski et al., 2007, Wapinski et al., 2011), 

available at http://sourceforge.net/projects/synergytwo/, was used to identify orthogroups 
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across our set of 92 genomes. Phylogenetic trees were generated by applying RAxML 

(Stamatakis et al., 2006) to a concatenated alignment of 253 single-copy core 

orthogroups (excluding orthogroups with paralogs) across all 92 organisms.  

Bootstrapping was performed using RAxML’s rapid bootstrapping algorithm.   

We first attempted a categorical approach to the identification of orthogroups 

related to Treg phenotypes. Of the 14 phenotyped strains, we selected the five with 

mean value for Rory+Helios- (% of FoxP3+) greater than 25 as having “high” values (B. 

ovatus CL02T12C04, B. vulgatus ATCC 8482, B. uniformis ATCC 8492, B. finegoldii 

DSM 17565, and B. thetaiotaomicron ATCC 29148).  We selected the five with mean 

Rory+Helios- (% of FoxP3+)  values lower than 18 as having “low” values (B. fragilis 

NCTC 9343, B. eggerthii DSM 20697, B. dorei DSM 17855, P. merdae CL09T00C40, B. 

salanitronis DSM 18170).  We searched for orthogroups found in all members of the 

“high T-reg” or "low T-reg” subset, but present in no members of the opposite subset 

Three orthogroups met this criterion (encoding two hypothetical proteins and one 

glycoside hydrolase).  However, a permutation test (randomly assigning the 14 

phenotyped strains, into 5 “high-Treg” and 5 “low-Treg” groups, 1000 permutations) 

resulted in 3.5 orthogroups on average, indicating that the three orthogroups observed in 

the real data are not significantly different from the noise in this analysis.  

We also tested a linear fit between all Rory+Helios- Treg values to orthogroup 

distribution. Here again, the distribution of coefficients and p.values observed with the 

real data was not significantly different from that generated with random permutations of 

the phenotypes.   

We concluded that there was no correlation between the phylogenetic distribution 

of 14 phenotypes Bacteroides strains and their ability to drive Rory+Helios- Tregs. We 

could not identify any sets of bacterial genes that could explain Treg inductive ability.  
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3.3: Discussion 

 

We observed a gradient of responses in bacteria’s ability to induce colonic Tregs. 

This was a particularly interesting observation that challenged some of the early work on 

colonic Tregs (Geuking et al., 2011; Atarashi et al., 2011; Atarashi et al., 2013). When 

focused on this phenotype we discovered that bacteria also shape the phenotype and 

the function of colonic Tregs in a specific somewhat controversial manner. Microbe-

dependent expression of RORγ, a transcription factor known best for its role in 

inflammatory TH17 cells, potentiates Treg function in colonic Tregs. Mice with a Treg-

specific deletion of Rorγ or gnotobiotic mice that have few RORγ+ Tregs had more 

severe TNBS-induced colitis.  

In polyp-prone mice or human colon cancer, FoxP3+Rorγ+Tregs, which 

resemble colonic Rorγ+ Tregs, but have relatively low anti-inflammatory activity, have 

been described (Blatner et al., 2012). The gut microbiota may contribute to 

carcinogenesis by inducing different Tregs through different pathways.  

  The induction mechanism of Rorγ is still not known in the context of colonic 

Tregs. The molecule(s) that induces Rorγ may be microbe-derived or host-derived 

(microbe-induced). Although we could not rule out the combinatorial effects of SCFA, 

butyrate, acetate and propionate did not induce Rorγ expression in colonic Tregs.  

  Primary bile acids are synthesized in the liver and converted to secondary bile 

acids by bacteria in the colon.  Anti-inflammatory roles of bile acids have been described 

in DCs where treatment with bile acids lowers production of inflammatory cytokines, 

such as IL12 (Ichikawa et al., 2012). Treatment of mice with cholestyramine, a 

sequestrant that blocks secondary bile acid conversion, had no effect on Rorγ 

expression in colonic Tregs.  
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A variety of sterol lipids (oxysterols, chosterol biosynthetis intermediates) have 

been described to induce Rorγ in the context of TH17 cells (Santori et al., 2015; Soroosh 

et al., 2014; Wang et al., 2010). The effect of these agonists has not been tested in 

colonic Tregs, but opens up an important discussion for agonists and antagonists. These 

ligands may be used to control Rorγ- dependent responses in different contexts. Based 

on bacteria’s abilities to induce different levels of TH17 cells and Rorγ + Tregs, one may 

speculate that the induction of Rorγ follows different routes in TH17 cells and Tregs.  

The specificity of microbe- derived Rorγ ligands in the context of TH17 cells, colonic 

Rorγ+ Tregs and other Rorγ+ Tregs is not known, but may serve useful in choosing 

therapeutic targets. 
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Chapter 4: Materials and Methods   

The experimental procedures described here cover the materials and methods for all 

chapters. 

 

4.1: Mice  

C57BL/6, NOD, B6.129P2(Cg)-Rorctm2Litt/J (Rorcgfp, (Eberl et al., 2004)), 

B6.129S7-Il1r1tm1Imx/J (Il1R1-/-, (Glaccum et al., 1997)) and NOD.Il10-/- (Gonzalez et al., 

2001) mice were obtained from Jackson. Il17frfp (Yang et al., 2008) mice were obtained 

from C. Dong, Il1rl1-/- (Townsend et al., 2000) from R. Lee, Foxp3thy1.1 (Liston et al., 

2008) and Foxp3cre-yfp (Rubtsov et al., 2008) from A. Rudensky, CD4-Cre.Rorcfl/fl (Eberl et 

al., 2004; Sawada et al., 1994), IL23r-/- (Awasthi et al., 2009) and Foxp3ires-gfp (Bettelli et 

al., 2006) mice from V. Kuchroo, and bred in HMS specific-pathogen-free facilities. 

 A germfree C57BL/6J breeding nucleus was obtained from L. Bry, and 

maintained in germ-free isolators. All experimentation was performed following animal 

protocol guidelines of HMS and GSK (reviewed and approved HMS IACUC protocols 

02954 and 8604781-R98).  

Four week-old mice were injected sc with 20mg/kg of TMP778 (Tempero 

Pharmaceuticals, Inc) in DMSO twice a day for 21 days. Recombinant mouse Il33 

(BioLegend) was administered i.p. (2µg/ injection) every other day for 7 days. Mice were 

treated with 0.5mg/ml vancomycin (Acros Organics), 1mg/ml metronidazole (Sigma-

Aldrich), 1mg/ml neomycin (Fisher Scientific), 1mg/ml ampicillin (Sigma-Aldrich) (VMNA) 

dissolved in drinking water.  

For SCFA treatment, mice were pretreated with VMNA for 2 weeks, and butyrate, 

acetate and propionate (Sigma-Aldrich) were then added to drinking water containing 

antibiotics at a final concentration of 36mM (per (Arpaia et al., 2013)) or at 100mM 

butyrate, 150mM propionate, 150mM acetate (per (Smith et al., 2013)) for 2-3 weeks.  
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For intrarectal administration, anesthetized mice were injected intrarectally with 200mL 

of 50mM butyric acid (Sigma-Aldrich) or pH-matched water (pH=4) once a day for 7 days.  

 

4.2: Bacteria   

Bacteria were obtained from the ATCC, BEI or DSMZ, or from laboratory 

collections (Kasper, Onderdonk), and grown in media listed in Table S1. Anaerobic 

bacteria were cultured under strictly anaerobic conditions (80% N2, 10% H2, 10% CO2) at 

37oC in an anaerobic chamber. 

 

4.3: Generation of mono-colonized mice 

Germ free C57BL/6 mice were inoculated with single bacterial species at 4wk of 

age, then housed in gnobiotic isolators for 2 weeks. Fecal material was collected and 

plated at 1wk and at 2wk to verify colonization by a single bacterial species. 

 

4.4: SCFA quantitation 

Cecal contents of monocolonized mice were resuspended in 75% acetonitrile 

containing deuterated internal standards (d3-acetate, d5-propionate and d7-butyrate). 

Samples were sonicated for 10 minutes, vortexed and centrifuged at 8000xg for 5 

minutes. Supernatant was collected, treated with activated charcoal and re-centrifuged 

to remove nonpolar lipids. Supernatant was collected again and dried under nitrogen 

stream, then resuspended in 95% acetonitrile for injection. An HP-HILIC-MS/MS system, 

equipped with Agilent HP1100 HPLC system (quad pump with autosampler), Waters 

BEH amide HILIC column (2.1 mm x 100 mm x 2.5 µm) and LTQ XL (Thermo scientific) 

tandem mass spectrometer was used for SCFA quantitation. A linear gradient of 

acetonitrile:water=95:5 to 60:40 with 2mM ammonium formate at pH 9.0 was applied for 

separation of SCFAs. Formate adduct ((M+HCOO-)-) of each SCFA was quantitated in 
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negative ion mode and peak areas of SCFAs calculated for each sample (Thermo 

Scientific Xcalibur 2.0), and normalized relative to the recovery of each paired internal 

standard. 

  

4.5: Preparation of mouse lymphocytes and flow cytometry 

Intestinal tissues were treated with RPMI containing 1 mM DTT, 20 mM EDTA 

and 2% FBS at 37oC for 15 min to remove epithelial cells, minced and dissociated in 

collagenase solution (1.5mg/ml collagenase II (Gibco), 0.5mg/ml dispase and 1%FBS in 

RPMI) with constantly stirring at 37oC for 45min. Single cell suspensions were then 

filtered and washed with 4% RPMI solution.  The Peyer’s Patches were treated in a 

similar fashion except for the first step of removal of epithelial cells. Lymph nodes and 

spleens were mechanically disrupted. Single-cell suspensions were stained with 

antibodies against CD4, CD8, TCR-β, CD45, Il17A, IFNγ, Helios (Biolegend), Rorγ, 

FoxP3, Il33R/ST2 (eBioscience), Nrp1 (R&D Systems), anti-Il33R/ST2 conjugated to 

biotin (mdBioproducts).  

For cytokine analysis, cells were treated with RMPI containing 10% FBS, 

10ng/ml phorbol 12-myristate 13-acetate (Sigma), 1µM Ionomycin (Sigma) in presence 

of GolgiStop (BD Biosciences) for 3.5 hours. For intracellular staining of cytokines and 

transcription factors, cells were stained for surface markers and fixed in eBioscience 

Fix/Perm buffer overnight, followed by permeabilization in eBioscience permeabilization 

buffer for 45 min in the presence of antibodies. Cells were acquired with a BD LSRII and 

analysis was performed with FlowJo (Tree Star) software.  

 

4.6: Preparation of human lamina propria lymphocytes and flow cytometry: 

All human studies were approved by the Boston Children’s Hospital Institutional 

review Board (IRB-P00000529, “Pediatric Inflammatory Bowel Disease Biospecimen 
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Repository). Biopsies from a combination of ascending, descending and transverse 

colon (at least 2 from each site and 6-10 in total per patient) were obtained. Healthy 

tissue was obtained from individuals being tested for chronic constipation or irritable 

bowel syndrome, with no gross inflammation observed by endoscopy. Crohn's tissue 

was obtained from areas with gross colonic inflammation, as determined by the 

endoscopist. Biopsies for the same patient were pooled together. The epithelial layer 

was stripped with agitation in 10mM EDTA (CA-/Mg- HBSS) at 37oC for 40 min, 

remaining tissue digested with 200 Units/ml of Collagenase VIII (25% FBS, 2mM CaCl 

HBSS) for 60-90 min with agitation at 37oC.  

Single-cell suspensions were stained with antibodies against CD4, CD8, CD3, 

CD45, CD4RA, RORγ and FOXP3 (eBioscience). For intracellular staining of 

transcription factors, cells were stained for surface markers and fixed in eBioscience 

Fix/Perm buffer overnight, followed by permeabilization in eBioscience permeabilization 

buffer for 45 minutes in the presence of antibodies.  

 

4.7: TNBS colitis 

Mice were sensitized via administration of 1% TNBS (Sigma, in 4:1 acetone: 

olive oil solution) on shaven skin between the shoulders. A week later, colitis was 

induced by intrarectal administration of 150-200µg TNBS per gram of mouse in 50% 

ethanol into anaesthetized mice via a thin round-tip needle. The TNBS concentration 

was optimized for each batch of TNBS. For TNBS induction in gnobiotic mice, mice were 

colonized with single bacterial species for 2 weeks prior to TNBS administration. The tip 

of the needle was inserted 4 cm proximal to the anal verge, and mice were held in a 

vertical position for at least 1 min after the injection. Care was taken to ensure stool was 

not ejected during the process, as this would cause loss of material. Mice were observed 

and weighed daily and were sacrificed on day 4 after intrarectal TNBS administration at 
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the peak of the disease.  

A combined colitis score was calculated based on weight loss, histology, 

diameter of the colon, and the appearance of the stool. Weight loss was scored as 

follows: 0, 0-4% weight loss or weight gain; 1, 4-10% weight loss; 2, 10-15% weight loss; 

3, 15-20% weight loss; 4, more than 20% weight loss. The appearance of the stool was 

assessed as follows: 0, hard; 1, softened stool; 2, diarrhea; 3, bloody diarrhea. The 

thickness of the colon was assessed based on differential in diameter 

(Δdiameter=diameter of TNBS treated colon- diameter of untreated colon): 0, no change; 

1, Δdiameter< 1mm; 2, Δdiameter= 1-2mm; 3, Δdiameter= 2-3mm; 4, Δdiameter> 3mm. 

For histology, colons were fixed with Bouin’s fixative, sectioned, and stained with 

haematoxylin and eosin. The degree of inflammation in the distal part of colon was 

graded from 0 to 4 as follows: 0, normal intact structure; 1, mild inflammation with intact 

structure; 2, infiltration of leukocytes and some damage to structure; 3, severe 

inflammation accompanied by complete loss of structure; 4, necrosis of the tissue.  

 

4.8: Gene expression profiling 

For microarray analysis, 15,000 to 30,000 cells were double-sorted into Trizol 

(Invitrogen) using a MoFlo sorter, and RNA prepared (pooling from different mice). For 

whole tissue colon analysis, 5 mm long piece was cut from the distal colon (3 cm away 

from rectum) of monocolonized, germ free or SPF mice. The tissue was collected in 

TRIZOL and homogenized.  

Profiling was performed on Affymetrix Mouse Genome M1.0 ST arrays as 

previously described (Cipolletta et al., 2012), in biological triplicate (duplicate in rare 

instances). Datasets from other tissue Tregs have been described (Feuerer et al., 2009; 

Cipolletta et al., 2012; Burzyn et al., 2013b)  
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For low-input RNAseq, 1,000 cells were double-sorted into Trizol, RNA extracted 

and reverse-transcribed using ArrayScript (Ambion) using a specific primer containing 

T7 promoter, the 5’ TruSeq Illumina adapter, a  8-positions with random nucleotide 

assignment as a unique molecular identifier (UMI), and a oligodT sequence. Second-

strand synthesis was performed using the mRNA Second strand synthesis module 

(NEBNext #E6111L). After cDNA size selection using AMPure XP beads (0.8x and 1x, 

BeckmanCoulter- A63987), the product was amplified via in vitro transcription 

(MEGAshortscript, Invitrogen) for 10 hours and then fragmented (Magnesium RNA 

Fragmentation Module, New England Biolabs). 3’ indexing adaptor was ligated 

(truncated T4 RNA ligase 2 -Enzymatics), reverse-transcribed (Superscript II, Invitrogen), 

and amplified by PCR for 15 cycles (HiFi hotstart PCR kit, Kapa). cDNA cleanup and 

size selection were performed on AMPure XP beads. Libraries were quantitated by 

BioAnalyzer using the Agilent High Sensitivity DNA Kit (Agilent 5067-4626) and qPCR 

using Kapa library quantification kits, and sequenced on a MiSeq (nano kit) and HiSeq 

2500 (rapid mode). 

Raw sequencing reads were processed using custom scripts. Read 1 contains 

the transcript sequence, Read 2 the UMIs. Raw reads were first trimmed using the 

FASTX-Tollkit v0.0.13 (fastx_trimmer –Q 33). Read 2 was trimmed in order to extract the 

UMI (5-12bp), and Read 1 was trimmed to 30bp eliminate a potential oligo-dT sequence. 

Reads were filtered for quality (more than 80% of the sequence having a Sanger 

Phred+33 quality score > 33) using fastq_quality_filter -v -Q 33 -q 20 -p 80. Mapping 

was performed with Tophat2 to the mm10 mouse transcriptome (Kim et al., 2013b) 

keeping the strand information with the following options: tophat -p 2 --library-type fr-

firststrand --read- mismatches 5 --read-gap-length 5 --read-edit-dist 5 --no-coverage-

search --segment- length 15 --transcriptome-index. Duplicated mapping reads were 

filtered out using the UMIs as follows. First duplicated mapped reads were marked using 
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picard-tools- 1.79/MarkDuplicates.jar. Then the genomic position of the duplicated reads 

were extracted and for each of these positions, only reads having different UMIs were 

kept. Reads that mapped to multiple positions were filtered out using samtools 0.1.19 

flag 256 (Li et al., 2009). Finally, reads were assigned to genes using a modified version 

of htseq-count with the mm10 gene annotation from UCSC Transcript database. 

Samples were normalized with DESeq using the estimateSizeFactors function (Anders 

and Huber, 2010; Dillies et al., 2013). 

 

4.9: Bioinformatic and statistical analysis 

Significance was assessed by Student’s t-Test (paired t test when comparing 

littermates) and a p value of < 0.05 was deemed statistically significant.  Microarray data 

were background-corrected and normalized using the robust multi-array average (RMA) 

algorithm implemented in the GenePattern software package (Reich et al., 2006) and 

replicates were averaged. Analysis focused on genes with a mean expression value > 

120 in at least one sample with a coefficient of variation < 0.25. Scatter analysis 

(MultiplotStudio) and hierarchical clustering were performed in GenePattern.  
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 Chapter 5: General discussion 

  

To our knowledge, this large-scale screen is the first of its kind and presents a 

detailed view of how various microbial species alone shape various components of the 

host immune system. Findings here identify multiple species from the human microbiota 

that are capable of inducing various immune and non-immune populations, at least in 

the setting of the mouse gut.  

The ability of different components of the human gut microbiota to colonize a 

non-native host challenges some of the early work (Rawls et al., 2006; Ley et al., 2008; 

Chung et al., 2012). It has been suggested that gut immune maturation is dependent on 

the host-specific microbiota and the host genetics determined the colonization success 

of bacteria. We propose that the ability of bacteria to colonize and interact with the host 

does not solely depend on the host-genetics.  

When the zebrafish microbiota were transplanted into a non-native host such as 

the mouse, the stabilized microbial composition did not resemble the donor host (Rawls 

et al., 2006). Here, all microbes from the human microbiota colonized some part of the 

mouse with some niche-specificity. This finding may suggest that bacterial community 

factors and competition may play a bigger role than the host genetics alone in 

determining the microbial composition. A study on colonization success of B. 

thetaiotaomicron mutants highlighted some aspects of these bacterial interactions within 

a community. The ability of B. thetaiotaomicron mutants to colonize germ free mice was 

largely influenced by the other members of the community and the competition for 

nutrients (Goodman et al., 2009). Our findings here do not dispute the importance of 

host-derived factors such as diet, specialized niches, availability of nutrients, but prompt 

us to reconsider how much the microbial diversity is shaped by the genetics of the host.   
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Colonization of the mouse GI tract with the complete human microbiota was not 

sufficient to drive the “full” maturation of the immune system (Chung et al., 2012). Here 

in our study, multiple bacterial species alone were sufficient to restore many of the 

immune-defects associated with germ free mice. When germ free mice were 

reconstituted with the human or the mouse flora, the maturation of the immune system 

was assessed by the restoration of immunological differences between the germ free 

and SPF mice. These included increased cytokine production and T cell numbers. We 

have not observed any difference in total T cells (or CD4, CD8 subsets) between the 

germ free mice, SPF mice or mice colonized with one bacterial species.  

In line with the earlier work, germ free mice in our study had lower levels of IL17 

production by CD4 T cells in the small intestine (Chung et al., 2012, Ivanov et al., 2009). 

The induction of small intestinal TH17 cells relies on the SFB and colonization of germ 

free mice with the mouse flora that lacks SFB can’t restore TH17 levels. We confirmed 

that the higher levels of TH17 cells in SPF mice were driven by the SFB. SPF mice that 

lacked SFB and germ free mice had similar proportions of small intestinal TH17 cells. 

The “full” maturation of the immune system, which encompassed generation of TH17 

cells (Chung et al., 2012), in this case was not driven by the host-specific mouse flora, 

but SFB alone. We also identified multiple bacterial species from the human microbiota 

that can drive TH17 cell differentiation in the setting of a mouse gut. Finally, there are 

other microbe-driven effects in the colonic transcriptome and immune populations such 

as the colonic Tregs that can be restored by several members of the human microbiota. 

In the earlier study, these were not included in the evaluation of the gut immune 

maturation. Overall, multiple microbes isolated from the human microbiota could drive 

maturation of the different components of the gut immune system.  

We cannot rule out the inhibitory or combinatorial effects of colonizing germ free 

mice with a complex community of bacteria. Colonization with many microbes, instead of 

112



! !

a single microbe, may have affected bacteria’s ability to promote maturation of the 

immune system. In the few co-colonization experiments we performed, we have not 

observed any synergistic or inhibitory effects of bacteria co-colonized. Yet, the scale of 

interactions among the bacterial species of the human microbiota or the mouse 

microbiota as a whole is more complex than those addressed in our bi-colonization 

experiments. How synergistic, harmonious or inhibitory interactions of microbes drive 

different immune outcomes is an intriguing question that could motivate many other 

large-scale studies, for which our findings here may provide a starting point. 

The redundancy and strain specificity observed in the outcome of microbial 

colonization was independent of phylogeny and may be explained by overlapping 

bacterial products or antigens. Alternatively, the overlapping host responses to multiple 

microbial colonizations may suggest different routes of activation and induction. The 

comparison of genome sequences of the bacteria did not reveal any correlation between 

the phenotypes and the bacteria’s ability to drive these phenotypes in mice. The profiling 

of bacterial transcripts by RNA sequencing may improve our understanding of 

immunological and non-immunological phenotypes generated here. It is known that PSA, 

which confers immunomodulatory effects on IL10 producing T cells (Mazmanian et al., 

2008), is not uniformly expressed by different B. fragilis (Pantosti et al., 1993). B. fragilis 

NCTC9343 strain has variable expression of PSA and PSB (Pantosti et al., 1993).  

Along these lines, transcriptome, metabolome or proteome characterization of bacterial 

strains during colonization may be the next step in deciphering the source of redundant 

or strain-specific effects observed in the outcome of colonizations. This may also 

introduce another level of complexity where the bacterial metabolism or transcriptome 

may be influenced by the host factors, highlighting the complex two-way communication 

between the microbiota and the host.   
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The human microbiota and the host together are a dynamic organism and our 

results support that the host and the bacteria interact in many unique, specialized, 

complementary or redundant ways. Findings outlined here challenge the need for pools 

of host-specific bacteria to promote immune populations (Chung et al., 2012, Atarashi et 

al., 2011, Atarashi et al., 2013), as single bacterial species are sufficient to drive 

functional immune cells. Yet, these findings also highlight the specialized functions of 

bacteria as many bacteria promote tissue-specific effects. These leave us wondering 

what more bacteria do given the complexity of responses that colonization with a single 

bacterium drives. If strong inducers of TH17 and Treg cells are co-colonized, will 

bacteria complement or inhibit one another? Based on the host phenotypes we observe, 

can we engineer cocktails of bacteria that would deliver the desired outcome? If bacterial 

characterization proposed earlier identifies bacterial products, is there a need for live 

bacteria to affect the host immune system? Can single bacteria promote non-

immunological processes such as the metabolism, tissue regeneration and behavior?  

More than 1000 species have been described in the human GI tract, and our 

study focused on 5% of these species. Once the strain-specific effects, the impact of the 

diseased states or different host genetics are considered, our findings may only be the 

tip of an iceberg. Deciphering how the human microbiota shapes the host responses still 

remains to be a complex problem, but our work has made significant contributions to 

understanding this complexity and will hopefully inspire many future studies.  
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Appendix 

Supplementary tables  

 

Table S1: Bacteria able to induce Rorγ+ Tregs belong to several phyla and genera. 

Phylogeny, origin and growth conditions of bacteria used in mono-colonizing GF mice. 

(shown in Fig. 2D/E). 

 

Table S2: Footprint of Rorγ is different in colonic Tregs and classic TH17 cells. 

Expression values and FoldChange differences of transcripts enriched in Rorγ signature 

of colonic Tregs (comparing Nrp1- Tregs from WT or Foxp-cre.Rorcfl/fl) or  SI TH17 cells 

(SFB-CD4+T cells/GF-CD4+T cells). t.test p.value calculated for Rorγ+ and Rorγ- Tregs. 

 

Table S3: SCFA concentration in caecal content of monocolonized mice does not 

correlate with Treg phenotype. 

SCFA concentrations and corresponding frequencies of Rorγ+Helios-, Helios-, Helios+ 

and total Tregs per individual mice. 
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Table S1: Bacteria able to induce Rorγ+ Tregs belong to several phyla and genera.

Microbe Name Strain Number Phylum Family Genus Origin

Growth 
Conditions

Peptostreptococcus magnus AO29 Firmicutes PeptoniphilaceaeFinegoldia Onderdonk lab YPG

Acenitobacter baumannii ATCC17978 Proteobacteria Moraxellaceae Acinetobacter Mekelanos lab SB

Veillonella 6_1_27 Firmicutes Veillonellaceae Veillonella BEI YPG
Peptostreptococcus 
asaccharolyticus AO33 Firmicutes

 Peptostreptoco
ccaceae

Peptostreptoco
ccus Onderdonk lab YPG

Lachnospiraceae 2_1_58FAA Firmicutes
Lachnospiracea
e

unclassified 
Lachnospiracea
e BEI

Chopped meat 
+ Glucose

Clostridium perfringens ATCC13124 Firmicutes Clostridiaceae Clostridium BEI YPG

Coprobacillus 8_2_54_BFAA Firmicutes
Erysipelotrichac
eae Coprobacillus BEI Chopped meat

Bacteroides fragilis NCTC9343 Bacteroidetes Bacteroidaceae Bacteroides Kasper lab YPG

Propionibacterium granulosum AO42 Actinobacteria
Propionibacteri
aceae

Propionibacteri
um Onderdonk lab YPG

SFB (Candidatus Arthromitus) Firmicutes Clostridiaceae Candidatus Umesaki lab

Fecal transfer 
from 
monocolonized 
mice

Bifidobacterium adolescentis L2-32 Actinobacteria BifidobacteriaceaBifidobacterium BEI YPG

Bifidobacterium breve SK134 Actinobacteria BifidobacteriaceaBifidobacterium BEI YPG

Fusobacterium mortiferum AO16 Fusobacteria FusobacteriaceaFusobacterium Onderdonk lab YPG

Acenitobacter lwofii F78 Proteobacteria Moraxellaceae Acinetobacter Renz lab SB

Lactobacillus casei AO47 Firmicutes LactobacillaceaeLactobacillus Onderdonk lab YPG

Enterococcus faecium TX1330 Firmicutes EnterococcaceaeEnterococcus BEI YPG

Fusobacterium nucleatum FO419 Fusobacteria FusobacteriaceaFusobacterium BEI YPG

Parabacteroides johnsonii CLO2T12C29 Bacteroidetes PorphyromonadaParabacteroides BEI YPG

Lactobacillus rhamnosus LMS2-1 Firmicutes LactobacillaceaeLactobacillus BEI YPG

Bacteroides thetaiotaomicron ATCC29741 Bacteroidetes Bacteroidaceae Bacteroides ATCC YPG

Staphylococcus saprophyticus DLK1 Firmicutes StaphylococcaceStaphylococcus Kasper lab LB

Clostridium ramosum AO31 Firmicutes Clostridiaceae Clostridium Onderdonk lab YPG

Bacteroides salanitronis DSM18170 Bacteroidetes Bacteroidaceae Bacteroides DSMZ YPG

Parabacteroides merdae CLO9T00C40 Bacteroidetes PorphyromonadaParabacteroides BEI YPG

Bacteroides dorei DSM17855 Bacteroidetes Bacteroidaceae Bacteroides DSMZ YPG

Bacteroides eggerthii DSM20697 Bacteroidetes Bacteroidaceae Bacteroides DSMZ YPG

Bacteroides fragilis 3_1_12 Bacteroidetes Bacteroidaceae Bacteroides BEI YPG

Bacteroides massiliensis DSM17679 Bacteroidetes Bacteroidaceae Bacteroides DSMZ YPG

Bacteroides fragilis CLO3T00C08 Bacteroidetes Bacteroidaceae Bacteroides BEI YPG

Bacteroides thetaiotaomicron ATCC29148 Bacteroidetes Bacteroidaceae Bacteroides ATCC YPG

Bacteroides finegoldii DSM17565 Bacteroidetes Bacteroidaceae Bacteroides DSMZ YPG

Bacteroides uniformis ATCC8492 Bacteroidetes Bacteroidaceae Bacteroides ATCC YPG

Bacteroides vulgatus ATCC8482 Bacteroidetes Bacteroidaceae Bacteroides Onderdonk lab YPG

Bacteroides ovatus CLO2T12C04 Bacteroidetes Bacteroidaceae Bacteroides BEI YPG

Clostridium histolyticum !∀#∃ Firmicutes Clostridiaceae Clostridium Onderdonk lab YPG
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Table S2: SCFA concentration in ceacal content of monocolonized mice does not correlate with Treg phenotype.
SCFA concentrations and corresponding frequencies of Rorg+Helios-, Helios-, Helios+ and total Tregs per individual mice. 

Mouse ID Phylum Species Strain
Acetate 
(mM)

Propionat
e (mM)

Butyrat
e (mM)

 Total 
Tregs (% 
of CD4+)

Rorg+Helios- 
Treg (% of 
Foxp3+)

Helios+ 
Treg  (% 
of 
Foxp3+)

Helios- 
Treg (% of 
Foxp3+)

I_20140609_631 Bacteroidetes Bacteroides dorei CL03T12C01 3.097186 2.322967 0.03157 38.7 14.4 58.3 41.7
I_20140609_629 Bacteroidetes Bacteroides dorei CL03T12C01 2.332531 1.497426 0 39.2 12.7 62.5 37.5
I_20140630_236 Bacteroidetes Bacteroides eggerthii DSM20697 2.728873 0.639479 0 20.5 16.2 54.6 45.4
I_20140530_727 Bacteroidetes Bacteroides fragilis 3_1_12 2.551179 0.470868 0.01428 43.8 23.2 53.9 46.1
I_20140530_200 Bacteroidetes Bacteroides fragilis 3_1_12 3.718705 0.809479 0.04119 24.2 21.7 53.8 46.2
I_20140530_251 Bacteroidetes Bacteroides fragilis 3_1_12 2.628409 1.086942 -0.0254 29.4 13.2 65.0 35.0
I_20140527_653 Bacteroidetes Bacteroides fragilis CL03T00C08 5.966071 0.383238 0.03605 41.8 23.9 54.8 45.2
I_20140527_612 Bacteroidetes Bacteroides fragilis CL03T00C08 2.545086 0.422471 -0.0381 33.1 23.5 51.7 48.3
I_20140527_672 Bacteroidetes Bacteroides fragilis CL03T00C08 3.399444 0.566678 0.03467 32.3 25.1 48.6 51.4
I_20130707_890 Bacteroidetes Bacteroides fragilis NCTC9343 1.441237 0.233112 0 21.6 21.2 55.0 45.0
I_20140623_749 Bacteroidetes Bacteroides ovatus CL02T12C04 0.542945 0 0 43.8 39.9 45.3 54.7
I_20140623_792 Bacteroidetes Bacteroides ovatus CL02T12C04 15.85583 0.336317 0 41.1 31.1 46.5 53.5
I_20140623_757 Bacteroidetes Bacteroides ovatus CL02T12C04 10.89742 0.354975 0 45.0 34.7 46.5 53.5
I_20140623_749 Bacteroidetes Bacteroides ovatus CL02T12C04 9.89629 0.491782 0 43.8 39.9 45.3 54.7
I_20140623_782 Bacteroidetes Bacteroides ovatus CL02T12C04 14.1124 0.865142 0 37.6 42.0 36.9 63.1
I_20140407_740 Bacteroidetes Bacteroides salanitronis DSM18170 3.058143 0.034858 0.07818 14.4 7.5 60.8 39.2
I_20140407_719 Bacteroidetes Bacteroides salanitronis DSM18170 16.16694 0.067003 0.03314 17.3 14.9 55.7 44.3
I_20140407_722 Bacteroidetes Bacteroides salanitronis DSM18170 10.26742 0.084994 0.01923 17.8 17.7 54.0 46.0
I_20140407_738 Bacteroidetes Bacteroides salanitronis DSM18170 6.585995 0.10056 0.05037 26.9 21.8 59.8 40.2
I_20140526_677 Bacteroidetes Bacteroides thetaiotaomicron ATCC29148 7.375217 1.614291 0.04765 30.9 20.2 56.2 43.8
I_20140526_620 Bacteroidetes Bacteroides thetaiotaomicron ATCC29148 5.837587 1.922424 0.02543 16.8 24.8 54.5 45.5
I_20140526_658 Bacteroidetes Bacteroides thetaiotaomicron ATCC29148 5.799698 2.17525 0.0553 22.1 23.6 47.5 52.5
O_20140729_M1 Bacteroidetes Bacteroides thetaiotaomicron ATCC29148 1.06349 0.910679 0 34.7 30.1 47.7 52.3
I_20140323_742 Bacteroidetes Bacteroides thetaiotaomicron ATCC29741 1.702813 0.130797 0 32.1 26.3 50.5 49.5
I_20140323_793 Bacteroidetes Bacteroides thetaiotaomicron ATCC29741 1.731335 0.176616 0 41.0 32.6 40.1 59.9
I_20140323_785 Bacteroidetes Bacteroides thetaiotaomicron ATCC29741 1.517641 0.257375 0 51.2 32.2 52.5 47.5
I_20140616_232 Bacteroidetes Bacteroides uniformis ATCC8492 2.776476 0.722068 0 34.9 25.1 55.1 44.9
I_20140616_789 Bacteroidetes Bacteroides uniformis ATCC8492 12.09774 0.188072 0.07597 32.7 36.4 43.2 56.8
I_20140616_226 Bacteroidetes Bacteroides uniformis ATCC8492 10.6534 0.717915 0.02658 21.4 31.4 48.9 51.1
I_20140616_778 Bacteroidetes Bacteroides uniformis ATCC8492 12.30871 0.951012 0.06402 30.2 26.2 52.3 47.7
I_20131013_573 Actinobacteria Bifidobacterium breve SK134 1.449314 0 0 18.8 17.9 65.1 34.9
I_20131013_572 Actinobacteria Bifidobacterium breve SK134 1.177819 0 0 18.7 24.1 56.7 43.3
I_20131013_550 Actinobacteria Bifidobacterium breve SK134 0.889016 0 0 18.3 24.2 58.9 41.1
I_20150212_1945 Firmicutes Clostridium histolyticum AO25 0.919775 0.242371 0.14298 23.6 33.5 49.5 50.5
I_20150212_1946 Firmicutes Clostridium histolyticum AO25 0.913029 0.245545 0.13584 45.5 30.1 56.6 43.4
I_20140206_713 Firmicutes Clostridium perfringens ATCC13124 0.669289 0 0.02135 38.7 9.5 61.7 38.3
I_20140206_711 Firmicutes Clostridium perfringens ATCC13124 1.294703 0.0176 0.02694 20.8 5.5 64.1 35.9
I_20140907_293 Firmicutes Clostridium ramosum AO31 0.822102 0.006549 0 21.4 27.8 45.3 54.7
I_20140907_294 Firmicutes Clostridium ramosum AO31 1.045083 0.006847 0 20.8 33.3 38.7 61.3
I_20140916_198 Firmicutes Coprobacillus 8_2_54BFAA 0.887188 0 0 34.3 8.0 53.2 46.8
I_20140916_197 Firmicutes Coprobacillus 8_2_54BFAA 0.705904 0 0 17.8 10.6 51.5 48.5
I_20140916_178 Firmicutes Coprobacillus 8_2_54BFAA 1.445443 0 0 36.2 12.3 58.6 41.4
I_20150125_1958 Fusobacteria Fusobacterium mortiferum AO16 0.999676 0.093707 0.08019 43.7 22.9 55.1 44.9
I_20150125_1959 Fusobacteria Fusobacterium mortiferum AO16 0.846089 0.187741 0.13468 58.6 17.6 56.7 43.3
I_20150125_1966 Fusobacteria Fusobacterium mortiferum AO16 1.5539 0.264526 0.1965 28.1 23.4 59.3 40.7
I_20140501_726 Fusobacteria Fusobacterium nucleatum F0419 0.555267 0.094375 0.24215 23.2 26.8 48.4 51.6
I_20140501_752 Fusobacteria Fusobacterium nucleatum F0419 0.601699 0.096543 0.26513 18.9 17.9 52.6 47.4
I_20140501_704 Fusobacteria Fusobacterium nucleatum F0419 0.746081 0.10609 0.25603 22.3 34.5 45.6 54.4
I_20131025_415 Germ free 0.873455 0 0 15.0 5.0 65.1 34.9
I_20131025_435 Germ free 0.875038 0 0 10.6 0.9 60.6 39.4
I_20131009_486 Firmicutes Lactobacillus rhamnosus LMS2-1 4.10718 -0.049807 -0.0309 12.8 17.4 67.8 32.2
I_20131009_487 Firmicutes Lactobacillus rhamnosus LMS2-1 4.209345 0.019444 0.01452 9.1 26.6 58.3 41.7
I_20131009_481 Firmicutes Lactobacillus rhamnosus LMS2-1 5.858404 0.030744 -0.0068 18.9 29.1 57.5 42.5
I_20140616_255 Bacteroidetes Parabacteroides johnsonii CL02T12C29 3.688913 1.100601 -0.0378 31.3 29.1 52.0 48.0
I_20140616_229 Bacteroidetes Parabacteroides johnsonii CL02T12C29 2.366541 1.18949 0.04944 16.3 22.8 46.3 53.7
I_20140616_799 Bacteroidetes Parabacteroides johnsonii CL02T12C29 0.872533 0.402572 0 26.5 18.9 55.1 44.9
I_20140609_659 Bacteroidetes Parabacteroides merdae CL09T00C40 4.236698 0.313153 -0.0333 23.8 14.1 47.0 53.0
I_20140609_618 Bacteroidetes Parabacteroides merdae CL09T00C40 3.703395 0.461199 0.08701 21.0 13.3 59.2 40.8
I_20140609_622 Bacteroidetes Parabacteroides merdae CL09T00C40 5.218288 0.553494 0.08831 18.2 15.5 39.1 60.9
I_20140630_238 Firmicutes Peptostreptococcus magnus AO29 4.510515 -0.023165 -0.0503 38.5 2.8 71.4 28.6
I_20140630_241 Firmicutes Peptostreptococcus magnus AO29 5.825996 -0.007109 -0.0402 33.6 10.3 73.6 26.4
I_20140907_288 Firmicutes Peptostreptococcus magnus AO29 0.904501 0 0 17.9 2.5 73.8 26.2
I_20140907_287 Firmicutes Peptostreptococcus magnus AO29 1.275876 0.014832 0 20.0 3.2 65.2 34.8
I_20140907_291 Firmicutes Peptostreptococcus magnus AO29 0.976538 0.025182 0.02224 13.3 4.0 56.1 43.9
I_20140130_709 Firmicutes Peptostreptococus asaccharolytAO33 0.991269 0.010683 0.01051 35.2 10.4 64.9 35.1
I_20140130_712 Firmicutes Peptostreptococus asaccharolytAO33 25.46501 0 0.02626 19.4 12.4 60.0 40.0
I_20140130_760 Firmicutes Peptostreptococus asaccharolytAO33 5.196418 0.003231 0.01529 19.4 12.4 60.0 40.0
I_20140130_741 Firmicutes Peptostreptococus asaccharolytAO33 2.529292 0.00339 0.01507 23.8 10.7 63.9 36.1
I_20140130_750 Firmicutes Peptostreptococus asaccharolytAO33 4.791512 0.00534 0.02532 19.4 12.4 60.0 40.0
I_20140130_756 Firmicutes Peptostreptococus asaccharolytAO33 4.689477 0.006242 0.02438 18.0 12.9 55.9 44.1
I_20140130_758 Firmicutes Peptostreptococus asaccharolytAO33 5.13821 0.009245 0.02429 19.4 12.4 60.0 40.0
I_20140723_225 Firmicutes SFB(Candidatus Arthromitus) 2.164468 0.008266 0.00692 19.5 20.1 22.5 77.5
I_20140723_216 Firmicutes SFB(Candidatus Arthromitus) 2.108153 0.010821 0.00927 18.7 19.3 18.0 82.0
I_20140723_223 Firmicutes SFB(Candidatus Arthromitus) 4.203449 0.038868 0.01408 17.1 14.1 26.5 73.5
I_20131205_516 Firmicutes Staphylococcus saprophyticus DLK1 5.247058 0.684766 0.02051 27.7 35.6 43.2 56.8
I_20131205_514 Firmicutes Staphylococcus saprophyticus DLK1 3.047405 0.903492 0.02357 17.8 35.2 42.2 57.8
I_20140926_191 Firmicutes Veillonella 6_1_127 0.359954 0.064311 0.00899 19.2 15.0 51.7 48.3
I_20140926_181 Firmicutes Veillonella 6_1_127 0.443647 0.07021 0.02397 15.5 15.6 49.8 50.2
I_20140926_182 Firmicutes Veillonella 6_1_127 0.344145 0.093449 0.038 11.6 10.5 57.6 42.4
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Table S3: Footprint of Rorγ is different in colonic Tregs and classic TH17 cells.

ProbeSetID GeneSymbol SFB-CD4+ T cells GF-CD4+ T cells

WT Nrp1- 
Treg (RNA 
seq)

KO Nrp1- 
Treg (RNA 
seq)

FoldChange
WT/KO Nrp1- Treg

FoldChange
SFB/GF-CD4+T cells

t.test p.value
WT/KO Nrp1-Treg (-
log10)
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!∀##,%!#∋∀ ≅5Χ7Η− !0&∋∃ !%−∋, ,,∋, !!∋# 0∋. !∋% !∋∀

!∀0.∃!!&∋∀ 8+ΧΒ∆?2 !&&∋∃ !%∀∋% !,∋# 0∋# &∋∀ !∋! !∋∀

!∀&−0##&∋∀ Ι4Φ+∗% &,#∋∀ &∀−∋∀ !.∃∋# −−∋− !∋% %∋# !∋∀
!∀0#0!0#∋∀ 15%&∗ !∀∃,∋% !,&∋& −!∋! %−∋# %∋, ,∋− !∋∀

!∀#∃##%.∋∀ ;96Β∆ %,∀#∋! !!.∃∋0 !,,∋∃ −∃∋0 %∋! %∋% !∋∀

!∀0&!!%,∋∀ 1ϑΚ #&0∋− ,,∋0 ,#∋! %%∋∀ %∋∃ ,∋, ∀∋∃

!∀&−,.∃∃∋∀ ;∗Β<!, .#∋% ∃!∋# %#∋∀ −∋. &∋! ∀∋∃ ∀∋∃

!∀##!∀00∋∀ ΑΒϑ∆ %∀#∋− %%#∋, 0%∋# !,∋& &∋% ∀∋∃ ∀∋∃

!∀00%.%#∋∀ (∗4? ##∀∋! #,∀∋∀ 0!∋∃ !0∋# &∋# !∋∀ ∀∋∃

!∀#−%%&0∋∀ Λ4∆5! #∀&%∋. !%∀!∋! !0∋∀ %!∋! ∀∋− &∋# ∀∋∃

!∀#∃∀−%#∋∀ Γ4<2!∀ %#∀∋! %−#∋# %&∋∃ ,∋& &∋. ∀∋∃ ∀∋∃

!∀&#0−0%∋∀ 15!∗% %−∃∋∀ ∃∃∋∃ !#−∋! 0%∋! %∋. %∋. ∀∋.

!∀&#−...∋∀ /+5%∀ &#−∋% !%!∋! ∃∋& !∃∋! ∀∋0 %∋∃ ∀∋.

!∀#!!%%,∋∀ Ε%∗5! #−,∋0 %!!∋! %&∋− !!∋% %∋! %∋& ∀∋.

!∀#%0%.&∋∀ Μ4>> %%−∋. %∃0∋. !−,∋# 0!∋& &∋# ∀∋. ∀∋−

!∀#%∃0,.∋∀ ΝΟ,+! &∀!&∋0 !∀,,∋∃ !!∋0 −∋! !∋, %∋. ∀∋0

!∀0.∃,0#∋∀ ≅5?%+5 0!−∋, %!∃∋∃ ##∋0 00∋0 ∀∋. %∋# ∀∋#

!∀0∃&!%&∋∀ ;4ϑ56 #%.∋. .−∋& 0∋0 &∋∃ !∋# #∋∃ ∀∋#

!∀&.,∀0.∋∀ Γ∆4∗+ #!%∋. !!,∋, #.∋∃ %%∋∃ %∋! &∋0 ∀∋&

!∀&,∃,..∋∀ ;=:! %&&∋! .%∋# &.∋∃ 0#∋, ∀∋− %∋. ∀∋&

!∀#.!0−#∋∀ Ε4<−.4 !&0−∋# &,0∋& #&∋& &&∋, !∋& &∋− ∀∋&

!∀&0!!∃−∋∀ Γ=55 0!−!∋# !∃#,∋& !∃∋! !∀∋0 !∋. %∋− ∀∋&

!∀##0−,−∋∀ ;∗=<5% !%0#∋∃ &,∃∋, !.∋, %#∋& ∀∋. &∋# ∀∋&

!∀0#0−∀−∋∀ ≅+:ϑ% .∃&∋− !%0∋, !#∋! ∃∋∀ !∋, −∋! ∀∋&

!∀#∀#!&%∋∀ /<4Η !−..∋. −.∀∋& !#∃∋! !.0∋! ∀∋. %∋& ∀∋&

!∀#.∀%&.∋∀ Γ:.?Β4, !&%0∋∀ 00#∋# %#∋% &%∋! ∀∋. %∋# ∀∋%

!∀#∃∃,00∋∀ 15,∗4 !,%∃∋, ,,#∋# −&∋. ,#∋− !∋! %∋0 ∀∋%

!∀0.∃∃∃#∋∀ Π)<=? !,∃∋. −,∋− !,∋, %!∋∃ ∀∋. %∋% ∀∋%

!∀&#0−,%∋∀ 15!∗! &&!∋, #∃∋∀ #%∋& &−∋& !∋! ,∋. ∀∋!

!∀&##−0∀∋∀ ΓϑΧ& &,%∋. !0%∋! %,∋! &!∋0 ∀∋. %∋# ∀∋!

!∀#!0,,%∋∀ (+7:7! −−&∋. &,#∋# &!∋. %∃∋∃ !∋! %∋! ∀∋!

!∀#∀,.0%∋∀ /66& &.#∋& !##∋! −∋− 0∋∃ !∋& %∋− ∀∋!

!∀0..#∃0∋∀ Λ3?∆− !#∃∀∋, 0.−∋% &0∋− &∀∋, !∋% %∋0 ∀∋!

!∀#,%0.−∋∀ Γ:4<7∆5! −.%∋∀ &0&∋& &,∋& &%∋& !∋! %∋% ∀∋!

!∀&−0∀!∃∋∀ 8?ϑ% 0∀#∋∀ %&−∋, &#∋− &∀∋! !∋% %∋! ∀∋!
!∀0,.!,0∋∀ Θϑ!, 00∀∋0 .−∋! .∋& ,∋. !∋% ,∋& ∀∋!
!∀#,−!%#∋∀ ≅+:4% !,!,∋# !#0∋∀ ∃∋0 ∃∋∃ !∋∀ !!∋% ∀∋!
!∀#∃∃&−.∋∀ Γ=<4#4 ##∃∋∃ !∃#∋0 ,∋− ,∋. !∋∀ %∋& ∀∋∀

Fold changeMean expression values
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