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Abstract 

Tissue adaptation is an intrinsic component of immune cell development, influencing both 

resistance to pathogens and tolerance. Chronically stimulated surfaces of the body, in 

particular the gut mucosa, are the major sites where immune cells traffic and reside. Their 

adaptation to these environments requires constant discrimination between natural 

stimulation coming from harmless microbiota and food, and pathogens that need to be 

cleared. This review will focus on the adaptation of lymphocytes to the gut mucosa, a highly 

specialized environment that can help us understand the plasticity of leukocytes arriving at 

various tissue sites and how tissue-related factors operate to shape immune cell fate and 

function. 
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Introduction 

"Adaptation (…) could no longer be considered a static condition, a product of a creative 

past, and became instead a continuing dynamic process." (Mayr, 1982) 

In biology, adaptation generally refers to the process that enhances the fitness of individuals 

equipped with plasticity, in response to imposed conditions (Mayr, 1982). In this sense, 

immune cells can be considered highly adaptive entities. First, they display inter- and intra-

tissue migratory capacity. Second, they generally leave primary lymphoid organs in a low-

differentiated stage and their final commitment and acquisition of effector functions are 

determined by interactions with cells and signals in peripheral lymphoid and non-lymphoid 

organs. Therefore, tissue adaptation is an intrinsic component of immune cell development, 

influencing both resistance to pathogens and inflammation-induced tissue damage. 

In order to perform their critical role in maintaining organismal homeostasis in a 

continuously changing environment, immune cells circulate extensively even in tissues 

initially thought to be “immune-privileged” (Shechter et al., 2013). Establishment of tissue-

resident immune cell populations enables a quicker response to local stress, injury, or 

infection. Tissue-resident cells can then further recruit precursors or mature immune cells 

that participate in the initiation, effector phase and resolution of the inflammatory process, 

which is highly dependent on the nature of the initial insult, as well as on the target tissue 

and existing resident immune cells (Medzhitov, 2008).  

The surfaces of the body are the major sites where immune cells traffic and reside. The 

intestinal mucosa alone harbors more lymphocytes than all lymphoid organs combined 

(Crago et al., 1984; Cerf-Bensussan et al., 1985; van der Heijden, 1986; Guy-Grand et al., 

1991a). These tissues pose numerous challenges to recruited immune cells since they are 

chronically stimulated by a plethora of external agents including microbiota, dietary 

components, environmental noxious substances and infectious pathogens. Adaptation of 

immune cells to the intestinal environment requires constant discrimination between the 

natural stimulation coming from harmless microbiota and food, and pathogens that need to 

be cleared. Chronic immune activation can lead to tissue injury and proliferation-induced 

senescence or cancer. Immune cells at the intestinal mucosa therefore must maintain 

careful control over the balance between inflammation and tolerance. This review will focus 

on the adaptation of immune cells to the gut mucosa as an example of how tissue 

environment shapes leukocyte fate and function.  

 

Tissue-imprinting on mature lymphocytes  

Early lymphocyte lineage commitment steps that occur in the primary immune organs (e.g. 

B versus T cell lineage commitment) are thought to be irreversible under steady-state 

conditions. Expression of Notch-induced TCF-1 in the thymus, for instance, is a crucial step 

leading to T cell lineage commitment and Notch-guided T cell receptor (TCR) rearrangement 

represents an irreversible checkpoint in αβ versus γδ specification since it involves DNA 

recombination (Weber et al., 2011). Further checkpoints during thymic αβ T cell 

development are dependent on the interplay between the transcription factors 
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ThPOK/MAZR/GATA-3 and Runx3, leading to mature CD4 and CD8 lineage specification, 

respectively (Sawada et al., 1994; Siu et al., 1994; Ellmeier et al., 1997; Taniuchi et al., 2002; 

He et al., 2005; He et al., 2008; Muroi et al., 2008; Setoguchi et al., 2008; Sakaguchi et al., 

2010). Similar to αβ- and γδspecification, αβ T cell CD4- and CD8-MHC (I and II, respectively) 

restriction is irreversible post-commitment. Although differentiation of mature immune 

cells into activated effector cells is generally associated with a reduction in their plasticity 

potential, recent reports indicate that upon migration to tissues these cells undergo further 

specialization in response to particular environmental conditions (Figure 1). 

During primary immunization or infections, activated effector T cells differentiate into 

memory T cells with distinct phenotypes, plasticity and functions, depending on which 

lymphoid or non-lymphoid tissues they seed (Schenkel and Masopust, 2014). Tissue-

resident memory (TRM) T cells represent a recently identified T cell population that resides 

in non-lymphoid tissues without recirculating and with a distinct core gene signature 

(Mackay et al., 2013; Schenkel and Masopust, 2014). TRM cells are derived from effector T 

cell precursors and can be recruited to several tissues, particularly barrier surfaces, even in 

the absence of overt inflammation; albeit inflammatory processes can significantly increase 

TRM cell differentiation from effector T cell precursors or recruitment to sites such as skin 

epidermis, vaginal epithelium, lung airways, salivary glands and ganglia (Masopust et al., 

2001; Mackay et al., 2013; Shin and Iwasaki, 2013; Laidlaw et al., 2014; Schenkel et al., 2014; 

Mackay et al., 2016).  

Upon migration to the tissue environment, T cells are subject to cues that can promote 

remarkable plasticity and functional specialization. For instance, epidermal TRM cells adopt 

a dendritic morphology resembling Langerhans cells, which allows them to probe the 

epidermal layer and maintain a slow migrating behavior, whereas dermis T cells bearing the 

same TCR specificity, maintain the typical lymphoid shape, moving considerably faster than 

epidermal TRM cells (Zaid et al., 2014). Additionally, trafficking of effector T cells is 

facilitated by secretion of the chemokine CCL25 (ligand for CCR9) in the small intestine, and 

CCL28 (ligand for CCR10) in the colon as well as the integrin MAdCAM-1 (ligand for α4β7) 

expressed by intestinal endothelium (Iijima and Iwasaki, 2015). Additional signals secreted 

by epithelial or resident hematopoietic cells, such as IL-15 and TGF-β, further regulate T cell 

accumulation and/or retention in the tissue. Rapid, TGF-β-dependent, upregulation of the 

integrin αEβ7 (CD103, which binds to E-cadherin on epithelial cells) by “memory precursor 

effector” CD8
+
 T cells was shown to regulate accumulation of TRMs in the intestinal 

epithelium (Sheridan et al., 2014). Induced expression of certain cell surface molecules, such 

as CRTAM (class I major histocompatibility complex–restricted T cell–associated molecule) 

and 2B4, a NK-related receptor, may also be important in the accumulation or maintenance 

of T cells in the gut epithelial layer (Cortez et al., 2014).  

 

Adaptation to the intestinal epithelium 

Intraepithelial lymphocytes (IELs) primarily reside at the epithelial layer of mucosal surfaces 

and skin, displaying both innate and adaptive characteristics (Cheroutre et al., 2011). IELs 

comprise a heterogeneous group of lymphocytes, including cells considered TRM and innate 
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lymphoid cells, and are characterized by high expression levels of activation markers such as 

CD69; gut-homing integrins; NK-inhibitory and activating receptors such as Ly49 and KIR 

families; cytotoxic T lymphocyte (CTL)-related genes such as granzyme B; and anti-

inflammatory or inhibitory receptors like LAG-3 (Denning et al., 2007a). Another common 

characteristic of IELs is the surface expression of CD8αα homodimers, which can bind both 

to classical MHC-I and to epithelial cell-associated non-classical MHC-I molecules (Guy-

Grand et al., 1991b; Gangadharan et al., 2006; Cheroutre and Lambolez, 2008; Cheroutre et 

al., 2011; Guy-Grand et al., 2013).  

Similar to Foxp3-expressing Tregs (Fan and Rudensky, 2016)(discussed below), IELs can be 

divided into peripheral (p) or thymic (t) IELs, depending on their origin and process of 

differentiation. tIELs are represented mostly by TCRγδ+
CD8αα+

 and TCRαβ+
CD8αα+ 

cells, 

which migrate shortly after birth from the thymus to the intestinal epithelial layer where 

their maintenance depends on T-bet- and IL-15-dependent pathways (Guy-Grand et al., 

1991a; Lefrancois, 1991; Suzuki et al., 1997; Ma et al., 2009; Malamut et al., 2010; Huang et 

al., 2011; Mucida et al., 2013; Klose et al., 2014; Reis et al., 2014). However, as evidenced by 

their migration to the intestinal epithelium prior to microbial colonization, tIELs do not 

require microbiota for induction or maintenance and their numbers are not altered in germ-

free (GF) animals (Bandeira et al., 1990; Mota-Santos et al., 1990). Nevertheless, dietary 

metabolites, particularly aryl-hydrocarbon receptor (AHR) ligands found in cruciferous 

vegetables, appear to regulate TCRγδ IEL maintenance in the gut epithelium (Li et al., 2011). 

Additionally, absence of intact dietary proteins has been shown to impact pIEL numbers 

(Menezes Jda et al., 2003), suggesting that both tIELs and pIELs continuously require lumen-

derived signals for their development or maintenance.  

pIELs are comprised of mature CD4
+
 and CD8

+
 TCRαβ+

 cells that migrate to the gut 

epithelium upon activation in secondary lymphoid tissues and acquisition of gut homing 

receptors (Das et al., 2003; Masopust et al., 2006; Mucida et al., 2013; Reis et al., 2013; Luda 

et al., 2016). Contrary to tIELs, which show reduced frequency in ageing animals, pIELs 

accumulate with age and are severely reduced in GF mice (Mota-Santos et al., 1990; 

Umesaki et al., 1993; Mucida et al., 2013). In a similar fashion to peripheral Tregs, initial 

tissue imprinting on pIELs likely takes place in the gut-draining lymph nodes, where TGF-β- 

and retinoic acid-producing dendritic cells (DCs), primarily IRF8-dependent migratory DCs, 

induce gut-homing capacity in naïve T cells (Iwata et al., 2004; Coombes et al., 2007; Mucida 

et al., 2007; Sun et al., 2007; Konkel et al., 2011; Esterhazy et al., 2016; Luda et al., 2016). In 

contrast to pTregs however, the second step of pIEL tissue imprinting (acquisition of an “IEL 

phenotype”) takes place in the intestinal tissue, likely within the epithelium itself (Sujino et 

al., 2016). Like tIELs, T-bet upregulation downstream of IL-15, IFN-γ and IL-27 signaling is 

required for epithelial imprinting on pIELs (Klose et al., 2014; Reis et al., 2014). Additionally, 

the intra-tissue modulation of T-box transcription factors T-bet and Eomes was shown to 

play an essential role in the maturation and maintenance of lung and skin TRM cells, 

suggesting a broad role for these transcriptional regulators in lymphocyte tissue imprinting 

(Mackay et al., 2015). 
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Irrespective of their MHC restriction and TCRαβ 
lineage specification, both CD4

+
 and CD8

+
 

pIELs progressively acquire CD8αα expression and tIEL markers in the gut epithelium, 

partially reverting their lineage program set during thymic development. This feature is 

particularly remarkable in CD4
+
 pIELs (CD4-IELs), which induce post-thymic downmodulation 

of the T helper lineage commitment transcriptional factor ThPOK that is preceded by the 

induction of both T-bet and Runx3, the latter a CD8 lineage commitment transcription factor 

(Mucida et al., 2013; Reis et al., 2013; Reis et al., 2014). This epithelium-specific regulation 

of T cell lineage transcription factors results in a broad suppression of programming 

associated with mature CD4
+
 T cells, including expression of costimulatory molecules, T 

helper cytokines and T regulatory-associated transcription factor Foxp3 (Mucida et al., 2013; 

Reis et al., 2013; Reis et al., 2014; Sujino et al., 2016). The exact mechanisms by which CD4
+
 

T cells undergo such drastic functional adaptation towards the IEL program remain to be 

defined. Nevertheless, in sharp contrast to all other known peripheral CD4
+
 T cells, CD4-IELs 

acquire CD8αα expression and hence the capacity to engage class I MHC or thymus 

leukemia antigen (TL), expressed on the surface of gut epithelial cells (Hershberg et al., 

1990; Wu et al., 1991; Leishman et al., 2001). Peripheral CD8
+
 T cells also progressively 

upregulate CD8αα homodimers in the process of tissue adaptation, a feature that allows 

these cells to further differentiate into long-lived memory cells, and to respond to 

epithelium-specific challenges (Huang et al., 2011). Regardless of the subset in which it is 

expressed, CD8αα decreases antigen sensitivity of the TCR- negatively regulating T cell 

activation (Cheroutre and Lambolez, 2008). Therefore, both CD4
+
 and CD8

+
 pIELs acquire 

features that distinguish these cells from other peripheral T cells and likely allow them to 

quickly respond to lumen- or epithelium-specific cues, although a detailed characterization 

of pIEL populations in additional mucosal sites is yet to be performed. Intriguingly, similar 

epithelial imprinting has been described in an innate lymphocyte population, which lacks 

expression of rearranged TCR or CD4/CD8, but does express several of the hallmarks 

observed in gut epithelial T cells including CD8αα (Van Kaer et al., 2014).  

Although IELs exhibit cytotoxic potential, their killing activity is kept in check by tissue 

imprinting. A positive regulator of the cytotoxic activity of IEL populations is IL-15, a cytokine 

produced by a wide range of cells including epithelial, stromal and several myeloid cell 

populations (Jabri and Abadie, 2015). IL-15 is upregulated in several chronic inflammatory 

diseases, acting both as a local danger signal that promotes Th1 cell-mediated immunity and 

as a costimulatory signal to effector cytotoxic T cells (Jabri and Abadie, 2015). In contrast to 

CD8αα expression, which increases the TCR activation threshold of IELs, IL-15 reduces it, 

hence promoting their lymphokine-activated killer activity (LAK activity) (Meresse et al., 

2004; Meresse et al., 2006; Tang et al., 2009; Ettersperger et al., 2016). While physiological 

levels of IL-15 contribute to the development of intestinal T cells and provide a 

complementary stress signal to trigger protective CTL functions during intracellular 

infections, uncontrolled IL-15 production during inflammation can result in T-cell mediated 

disruption of the epithelial barrier and promote disorders such as coeliac disease (Meresse 

et al., 2004; Meresse et al., 2006; Tang et al., 2009; DePaolo et al., 2011; Jabri and Abadie, 

2015). An analogous process was described in the skin epidermis and lung, where intra-

tissue modulation of T-bet expression allowed for continuous expression of CD122 (IL-15Rβ) 
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by CD103
+
 TRM cells, promoting effector function and IL-15-dependent survival (Mackay et 

al., 2013; Mackay et al., 2015). In contrast to both skin and lung TRM cells as well as to 

CD8αα+ IELs, virus-specific CD8αβ+ TRM cells were reported to be maintained within 

intestinal mucosa independently of IL-15 (Schenkel et al., 2016). This observation may 

indicate that IL-15 dependence may vary not only according to the anatomic location, but 

also to the nature of tissue resident lymphocytes.     

In summary, the epithelial milieu tightly adjusts the phenotype of its resident lymphocytes, 

as evidenced by the strikingly similar gene programs acquired by intestinal IELs, irrespective 

of their T cell receptor or coreceptor expression, lineage or subtype (Denning et al., 2007a). 

Although an understanding of the physiological roles played by IELs, or their role in 

controlling pathogen invasion and intestinal inflammation still requires further studies, 

several lines of evidence point to their function in maintaining the epithelial cell barrier and 

responding to pathogens (Boismenu and Havran, 1994; Lepage et al., 1998; Chen et al., 

2002; Poussier et al., 2002; Das et al., 2003; Meresse et al., 2006; Olivares-Villagomez et al., 

2008; Ismail et al., 2009; Tang et al., 2009; Ismail et al., 2011; Edelblum et al., 2015; Sujino et 

al., 2016). These studies highlight examples of T cell adaptation to the single-layered 

intestinal epithelium, a uniquely challenging location for both resistance and tolerance given 

its close proximity to the highly stimulatory gut lumen.  

 

Tissue-dependent immune regulation of Tregs 

Tregs are also prone to tissue conditioning and represent a noteworthy example of late 

adaptation to specific environmental signals. Similar to other T cell subsets, pTregs acquire 

tissue-homing capacity during their differentiation or activation (Fan and Rudensky, 2016). 

Recent reports indicated that highly suppressive breast tumor-infiltrating Tregs shared a 

similar gene program to Tregs from normal breast tissue, but not to other peripheral 

activated Treg cells (De Simone et al., 2016; Plitas et al., 2016). Mechanisms employed by 

pTregs to prevent or suppress overt inflammation vary depending on the target tissue. For 

instance, Treg-specific ablation of IL-10 or IL-10 receptor does not result in systemic 

inflammatory diseases but rather induces severe inflammation in mucosal tissues and in the 

skin (Rubtsov et al., 2008; Chaudhry et al., 2011; Huber et al., 2011).  

The capacity of tissue-resident Tregs to sense particular inflammatory cues is paramount for 

their regulation of associated responses. This idea is also supported by several studies 

targeting Treg transcriptional programs associated with specific pathological cues. T-bet 

expression by Tregs is required for their suppression of T-bet dependent effector T cell 

responses. Hence, mice carrying T-bet-deficient Tregs develop severe Th1 inflammation 

including lymphadenopathy and splenomegaly, while other responses are still kept in check 

(Koch et al., 2009). Additionally, Treg-specific ablation of Stat3, a key transcription factor for 

Th17 cell differentiation, results in uncontrolled Th17 inflammation in the intestine 

(Chaudhry et al., 2009). However, ablation of transcription factors IRF4 or GATA-3, which are 

required for Th2 differentiation in Tregs, results in selective and spontaneous development 

of allergic- as well as Th17 responses at mucosal tissues and skin (Zheng et al., 2009; Cretney 

et al., 2011; Wang et al., 2011; Wohlfert et al., 2011). Conversely, conditional deletion of 
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Rorc, associated with Th17 development, in Tregs results in increased mucosal Th2 

immunity, suggesting that during inflammation Treg sensing of the tissue milieu might 

reestablish equilibrium by regulating additional arms of the immune system (Ohnmacht et 

al., 2015; Eberl, 2016). Both Tregs and Treg-inducing signals can also be overturned by 

certain signals from inflamed tissues. While retinoic acid (RA) is described to induce Treg 

development (Mucida et al., 2007), in the presence of IL-15, RA was shown to rapidly trigger 

mucosal DCs to release the proinflammatory cytokines IL-12p70 and IL-23, inhibiting pTreg 

differentiation while promoting differentiation of Th1 cells and cytotoxic T cell function 

(DePaolo et al., 2011; Hall et al., 2011). These effector T cell subtypes can then induce 

tissue-damage in response to luminal antigens, as in gluten intolerance responses observed 

in coeliac disease patients (DePaolo et al., 2011).  

The reported plasticity of the Treg lineage during inflammatory or tissue-specific responses 

does not result in instability of the Foxp3-dependent Treg program in non-lymphopenic 

settings, as suggested by fate-mapping strategies using dual reporter strains (Rubtsov et al., 

2010). Nevertheless, studies performed under lymphopenic or inflammatory settings raised 

the possibility that uncommitted Treg populations, preferentially pTregs, lose Foxp3 and in 

some cases even differentiate into effector T cells (Komatsu et al., 2009; Tsuji et al., 2009; 

Zhou et al., 2009; Miyao et al., 2012). These studies suggest that some level of instability or 

plasticity can exist even in committed Treg populations. Using the tamoxifen-inducible 

Foxp3-driven Cre recombinase strain to fate-map bona fide Tregs, we confirmed previous 

reports that Tregs show stable Foxp3 expression over time in all tissues examined (Rubtsov 

et al., 2010), including the intestinal lamina propria (Sujino et al., 2016). The only exception 

to this rule was observed in the intestinal epithelium, where we found that roughly 50% of 

former Tregs physiologically lose Foxp3 over a period of 5 weeks, in a microbiota-dependent 

manner (Sujino et al., 2016). These former Tregs developed an IEL phenotype, including 

acquisition of Runx3 and loss of ThPOK, as described above (Sujino et al., 2016). Perhaps 

one of the clearest demonstrations of tissue adaptation of Tregs was reported recently in a 

transnuclear mouse strain generated by somatic cell nuclear transfer from a single pTreg. 

The authors found that CD4
+
 T cells carrying a monoclonal naturally-occurring pTreg TCR 

preferentially generated pTregs in gut draining LNs, but almost exclusively produced CD4-

IELs in the intestinal epithelium, both in a microbiota-dependent manner (Bilate et al., 

2016).  

It is currently thought that Tregs utilize several redundant and complementary mechanisms 

to suppress inflammatory responses and studies described above emphasize the role of 

environmental sensing in Treg function. The instability of the Treg lineage within the 

intestinal epithelium may represent an important modulation of regulatory activity that is 

coordinated by this particular environment (Hooper and Macpherson, 2010; Atarashi et al., 

2011; Josefowicz et al., 2012; Bollrath and Powrie, 2013; Furusawa et al., 2013). However, a 

specific role for CD4-IELs (described above) in cytolytic responses against intracellular 

pathogens or in triggering inflammation remains to be defined (Mucida et al., 2013; Jabri 

and Abadie, 2015). An interesting possibility is that these “potentially cytotoxic” CD4
+
 T cells 

could play a crucial role in the immune responses against viral infections tropic for MHC-II 

target cells, including HIV-1–infected human CD4
+ T cells (Khanna et al., 1997) or viruses 
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that managed to escape conventional cytotoxic CD8
+
 T cell-dependent surveillance, 

including cytomegalovirus and HIV-1 itself (Ko et al., 1979; Simon et al., 2015). Nevertheless, 

the observation that tissue sensing of particular environmental cues, such as dietary or 

microbiota metabolites, results in coordinated immune regulation, represents an important 

step in the understanding of diseases triggered by uncontrolled inflammation. 

 

Gut imprinting on antibody production 

Tissue adaptation of B cells in the gut mucosa also involves cross-talk between these cells 

and the luminal factors influencing their differentiation. For instance, germ-free mice show 

reduced levels of secretory IgA while serum IgM levels are preserved relative to SPF animals 

(Benveniste et al., 1971). Conversely, polyreactive IgA secretion is fundamental to 

maintenance of microbiota diversity, as evidenced by dysbiosis and additional phenotypic 

variations observed in IgA-deficient mice (Suzuki et al., 2004; Fransen et al., 2015; Moon et 

al., 2015). Two distinct populations of B cells can be found in the intestinal lamina propria: 

“conventional” B2 cells and B1 cells. Both populations undergo differentiation into IgA-

producing plasma cells, a hallmark of mucosal sites. B2 cells originate in the bone marrow 

and undergo isotype switching into IgA
+
 B cells in Peyer´s patches (Craig and Cebra, 1971), 

cecal patches (Masahata et al., 2014) and isolated lymphoid follicles (ILFs) (Macpherson et 

al., 2000; Fagarasan et al., 2001; He et al., 2007). A small population of IgA
+
 B1 cells is found 

exclusively in the lamina propria and the origin of this population is yet to be confirmed, 

although early reports suggested they arise from peritoneal B1 cells (Beagley et al., 1995; 

Bao et al., 1998) in a microbiota-dependent fashion (Ha et al., 2006).  

Several features of the gut mucosa seem to influence the preferential differentiation of gut 

B cells towards IgA-producing cells (reviewed elsewhere (Fagarasan et al., 2010; Cerutti et 

al., 2011; Pabst et al., 2016; Reboldi and Cyster, 2016)). First, in response to microbiota, 

intestinal follicular T helper cells (Tfh), which provide help for class switch recombination 

(CSR) and affinity maturation of B cells in the germinal centers of Peyer´s patches (Fagarasan 

et al., 2002; Kawamoto et al., 2012) preferentially arise from differentiated Th17 and 

secrete large amounts of TGF-β and IL-21, cytokines associated with IgA class switching (Seo 

et al., 2009; Hirota et al., 2013; Cao et al., 2015). One example of the importance of this 

microbiota-induced IgA is the finding that bacterial species known to strongly induce Th17 

responses, such as segmented filamentous bacteria (SFB), overgrow in IgA-deficient mice 

(Suzuki et al., 2004; Fransen et al., 2015). Second, T cell-independent IgG- and IgA-class 

switching (Macpherson et al., 2000; Bergqvist et al., 2006) ensures innate-like tissue 

imprinting in B cells, which can be triggered by microbial recognition via TLRs expressed on 

gut B cells (Koch et al., 2016) or non-hematopoietic cells (Tsuji et al., 2008). In addition to 

microbial products, sensing of gut factors such as retinoic acid by follicular dendritic cells, 

which in turn secrete TGF-β and the B cell-activating factor of the TNF family (BAFF), has 

also been shown to trigger class switch recombination into IgA
+
 B cells (Suzuki et al., 2010). 

Finally, B1 cells are also associated with T cell-independent IgA class switching in the lamina 

propria, although this site of B cell commitment to IgA is still debated (Macpherson et al., 

2000; Fagarasan et al., 2001). There is a large body of evidence supporting the pre-
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commitment of plasma cells to IgA in Peyer´s patches, as well as other peripheral sites 

including spleen, mLNs, ILFs and peritoneal cavity, before their recruitment to the intestinal 

LP (de Andres et al., 2007; Koch et al., 2009; Lindner et al., 2015; Reboldi et al., 2016). A 

“post-recruitment adaptation” (i.e. CSR) of B1 cells into IgA-producing plasma cells within 

the lamina propria has been proposed based on detection of activation-induced cytidine 

deaminase (AID) expression and DNA excision circles in LP B cells (Macpherson, A. J. et al, 

2000; Fagarasan et al, 2001). It still remains possible, however, that this process primarily 

takes place in ILFs interspersed in the mucosal region (Bergqvist et al., 2006). Another issue 

is that most of the factors involved in CSR to IgA are also required for IgA plasma cell 

survival in the LP, which confounds loss-of-function studies. Therefore, further confirmatory 

studies are required to demonstrate the existence of a post-recruitment adaptation of B1 

cells in the gut lamina propria.  

Unlike peripheral lymphoid organs where plasma cell differentiation occurs in the vicinity of 

the follicular areas, IgA-plasma cells are imprinted with mucosal-homing properties and 

migrate to effector niches in the lamina propria, a process dependent on RA and TGF-β 

signaling (Pabst et al., 2004; Mora et al., 2006; Seo et al., 2013; Lindner et al., 2015). 

Additionally and similar to the bone marrow, the lamina propria contains specialized niches 

for plasma cell survival. Both non-hematopoietic cells, such as intestinal epithelial cells 

(IECs), and hematopoietic cells, including intestinal dendritic cells and eosinophils, were 

shown to secrete pro-survival factors such IL-6, CXCL12, BAFF, APRIL and thymic stromal 

lymphopoietin (TSLP) (Jego et al., 2003; He et al., 2007; Xu et al., 2007; Suzuki et al., 2010; 

Chu et al., 2011; Tezuka et al., 2011; Chu et al., 2014; Jung et al., 2015). Gut-specific factors 

including TGF-β and RA are therefore associated with a highly diverse set of lumen-derived 

metabolites and antigens, which contribute to the specific imprinting of gut-associated B 

cells, though their influence will also vary depending on intra-tissue microenvironments. 

 

Tissue micro-environments and niches 

Organs and tissues are not homogeneous structures, but rather organized spaces with 

specific niches and microenvironments where different cell types reside and physiological 

processes take place. The intestinal mucosa show a high degree of architectural complexity 

and intra-tissue specialization occurs according to anatomical features. For instance, 

epithelial and sub-epithelial niches host the majority of immune cells and are in closer 

proximity to luminal stimulation than submucosal and muscularis regions, which in turn are 

heavily populated by neuronal processes. The microbiota is mostly located in the colon and 

ileum, whereas soluble antigens are absorbed in the duodenum and jejunum (Mowat and 

Agace, 2014). Additionally, different microbial species colonize specific regions along the 

proximal-distal axis and in regards to their proximity to the epithelial layer, while specific 

dietary components are absorbed at different regions of the intestines. In turn, the cells that 

comprise the epithelial layer are themselves highly diverse and regionally specialized. For 

instance, the follicle-associated epithelium (FAE) of Peyer´s patches and ILFs typically lack 

goblet and Paneth cells, and enteroendocrine cells (de Lau et al., 2012). Paneth cells and M 

cells are exclusively found in the small intestine whereas goblet cells predominate in the 
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colonic epithelium. These intra-tissue specialized environments are critical for the 

developmental and functional adaptation of immune cells in the gut (Figure 2). 

 

Between the epithelium and lamina propria  

Intestinal epithelial cells express sensors for nutrients, microbial antigens and metabolites, 

as well as for products derived from the interaction between microbes and dietary 

substances, such as short-chain fatty acids (Hooper and Macpherson, 2010; Shulzhenko et 

al., 2011; Faria et al., 2013; Derebe et al., 2014). The expression of these various sensing 

molecules by IECs is tightly regulated by their location along the intestine (e.g. duodenum 

versus ileum), their positioning within the epithelial layer (e.g. top of the villi versus crypts), 

their lineage (e.g. Tuft versus enterochromaffin cells), circadian rhythm (Mukherji et al., 

2013; Yu et al., 2013) and even by their cellular orientation (basolateral versus apical). These 

sensing molecules must convey luminal information to neighboring immune cells such as 

IELs and lamina propria cells as well as to systemic sites (Esterhazy et al., 2016; Loschko et 

al., 2016). Such IEC-sensing mechanisms are coupled to their role in food absorption, 

metabolic activities and in their maintenance of surface barriers (Matzinger, 1994; Hooper, 

2015). Indeed, recent studies uncovered the impact of microbiota during gestational and 

pre-weaning periods in the activation and differentiation of IECs and lamina propria cells 

(Gomez de Aguero et al., 2016; Koch et al., 2016). These effects appeared to be, at least in 

part, mediated by breast milk- and placenta-derived microbial metabolite-bound antibodies 

(Gomez de Aguero et al., 2016; Koch et al., 2016), which can be directly sensed by IECs or by 

underlying lamina propria cells including B cells and ILCs (Gomez de Aguero et al., 2016; 

Koch et al., 2016; Zeng et al., 2016). These pathways operate at a critical timeframe 

between birth and weaning by boosting resistance mechanisms against pathogens as well as 

regulating excessive activation in intestinal immune cells (Verhasselt et al., 2008; Mosconi et 

al., 2010; Gomez de Aguero et al., 2016; Koch et al., 2016). Therefore, physiological cues 

derived from the gut lumen at specific life stages support the developmental fitness of the 

mucosal immune system. 

The epithelial layer is separated from the underlying lamina propria by a thin membrane of 

collagen (basement membrane). Together, the lamina propria and the epithelium harbor 

the vast majority of immune cells in the body, although the cell populations occupying each 

layer are strikingly distinct (Mowat and Agace, 2014). In addition, it is also reported that the 

T cell repertoire differs strongly between the lamina propria and the epithelium (Regnault et 

al., 1994; Regnault et al., 1996; Arstila et al., 2000; Lathrop et al., 2011; Yang et al., 2014). 

Consistent with their innate-like phenotype, TCRγδ TTT TCRαβ TIELs express restricted 

oligoclonal T cell repertoires not only in the gut, but also in the skin (Kaufmann, 1996; 

Probert et al., 2007; Gensollen et al., 2016). Intestinal TCRγδ tIELs express Vγ7 (or Vγ5 

depending on the nomenclature utilized) although their ligands are not known and this 

population seems to be influenced by dietary metabolites found in cruciferous vegetables 

(AhR ligands), rather than microbiota antigens (Li et al., 2011). The TCR repertoire of double 

negative (DN) IELs (CD8αα+
) is also oligoclonal and naturally-occurring DN IEL TCRs are 

sufficient to induce IEL differentiation when transgenically expressed in developing T cells 
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(Mayans et al., 2014; McDonald et al., 2014). In contrast, the repertoire of colonic lamina 

propria Tregs is polyclonal and shows little – if any – overlap with the repertoire of naïve or 

effector CD4
+
 T cells found at the same location, or with other peripheral Tregs (Lathrop et 

al., 2011). Likewise, the repertoire of intestinal Th17 cells differs significantly from that of 

other intestinal T cells (Yang et al., 2014). Whereas colonic commensals such as Clostridium 

spp. favor peripheral Treg development (Lathrop et al., 2011; Atarashi et al., 2013), SFB 

induces differentiation of conventional CD4
+
 T cells into Th17 cells in the distal small 

intestine (Ivanov et al., 2009; Yang et al., 2014). Additionally, a recent study found a role for 

dietary antigens in the differentiation of peripheral Tregs occupying the small intestine 

lamina propria (Kim et al., 2016). Finally, in addition to the divergence of repertoire 

between lymphocytes occupying the epithelium or lamina propria layers, a study discussed 

above also indicated that tissue adaptation involves divergence in lineage commitment 

within the same TCR, since a monoclonal, microbiota antigen-specific TCR elicited strong 

CD4
+
 pIEL development in the intestinal epithelium, but pTreg induction in the lamina 

propria (Bilate et al., 2016). Thus, the fate of T cells in the intestine is likely influenced by a 

combination of their repertoire, luminal stimulation and downstream TCR signaling.  

The aforementioned IEL “program” and cell dynamics are unique to the epithelial layer, 

while the vast majority of macrophages, dendritic cells, ILCs, B cells and Tregs reside in the 

lamina propria region. Despite differences in their cellular compositions, the epithelial layer 

constantly influences the state of the lamina propria immune cells. The commensal SFB, 

which preferentially colonizes the ileum, triggers robust Th17 and IgA responses in the same 

region (Ivanov et al., 2009). Using complementary strategies to interfere with the bacterium 

or IECs, studies demonstrated that this adaptive immune response is highly dependent on 

SFB adhesion to the ileal epithelium (Atarashi et al., 2015; Sano et al., 2015). The authors 

found that attachment of SFB to the epithelium triggered serum amyloid A (SAA) secretion 

by IECs. SAA1/2 contributed to both initial Th17 commitment (RORγt expression) in the 

draining lymph nodes and proliferation of these “poised” Th17 cells (Sano et al., 2015), a 

process apparently dependent on monocyte-derived CX3CR1
+
 cells (Panea et al., 2015).  

Reciprocal to the role of IECs in influencing neighboring lamina propria cells, the latter can 

indeed directly influence the development, proliferation, survival and activity of IECs. ILC 

subsets, which are segregated into distinct areas of the intestinal mucosa (Sawa et al., 2010; 

Nussbaum et al., 2013), are particularly relevant players in the crosstalk between the 

epithelium and lamina propria regions (Cella et al., 2009; Sanos et al., 2009; Buonocore et 

al., 2010; Geremia et al., 2011; Sawa et al., 2011; Sonnenberg et al., 2012; Fuchs et al., 

2013). Besides Th17 differentiation, SFB adhesion was linked to ILC3 production of IL-22 in 

the lamina propria of the small intestine. ILC3-derived IL-22, in turn, further enhanced IL-17 

expression via IEC-derived SAA (Atarashi et al., 2015). Nevertheless, contrary to RORγt
+
 T 

cells, RORγt
+
 ILCs constitutively secrete IL-22, which is physiologically repressed by IEC-

derived IL-25 in a microbiota-dependent manner (Sawa et al., 2011). While IL-22 plays a role 

in epithelial growth and repair (Lindemans et al., 2015), IFN-γ production by RORγt
+
 ILCs was 

reported to be required for the protection of the epithelial barrier during enteric infections 

(Klose et al., 2013).  
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Several other immune cell types actively participate in the epithelium-lamina propria 

crosstalk. A subset of B cells has been shown to migrate towards the CCL20 gradient derived 

from the FAE of the Peyer´s patches, and to influence the differentiation of the specialized 

M-cells (Golovkina et al., 1999; Ebisawa et al., 2011; Kobayashi et al., 2013). Moreover, in 

the absence of IgA secretion by lamina propria plasma cells, IECs upregulate resistance 

mechanisms such as interferon-inducible genes at the expense of their fatty acid processing 

function, resulting in lipid malabsorption (Shulzhenko et al., 2011). The above studies 

constitute several parallel examples of coordinated IEC-immune cell responses to luminal 

perturbations. 

 

Antigen-presenting cells across intestinal layers 

Macrophages and DCs are spread throughout the intestine but display distinct phenotypes 

and functions depending on the anatomical site they inhabit. A major determinant for such 

diversity is the ability of migrating monocytes to adapt to specific environmental conditions 

in the distinct regions of the intestine (Zigmond and Jung, 2013).  

Monocyte/macrophage-derived, but not pre-DC-derived, intestinal APC populations express 

the fractalkine receptor (CX3CR1) and these cells constitute the vast majority of intestinal 

APCs in the mucosal, submucosal and muscularis layers (Gabanyi et al., 2016). Gut 

macrophage populations play both protective and anti-inflammatory roles, depending on 

the region they reside or context (Denning et al., 2007b; Bogunovic et al., 2009; Bain et al., 

2013; Parkhurst et al., 2013; Bain et al., 2014; Zigmond et al., 2014). Lamina propria 

macrophages were shown to actively sample luminal bacteria through trans-epithelial 

dendrites and initiate adaptive immune responses to clear pathogenic bacteria (Rescigno et 

al., 2001; Niess et al., 2005). On the other hand, these cells were also linked to the initiation 

and establishment of tolerance to dietary antigens (Hadis et al., 2011; Mazzini et al., 2014).  

Pre-DC-derived intestinal (CD103
+
) DCs comprise less than 10% of lamina propria APCs and 

are virtually absent from the muscularis layer (Bogunovic et al., 2009; Varol et al., 2009; 

Schreiber et al., 2013). In contrast to other DC populations found in peripheral lymphoid 

tissues, but similar to other DC populations found in the lung and in the gut-draining lymph 

nodes, lamina propria DCs constitutively produce RA and TGF-β, which induce gut-homing, 

differentiation of pTregs and pIELs, and contribute to IgA class switching as discussed above 

(Mora et al., 2003; Iwata et al., 2004; Johansson-Lindbom et al., 2005; Mora et al., 2006; 

Coombes et al., 2007; Mucida et al., 2007; Sun et al., 2007; Luda et al., 2016). Similar to gut 

macrophages, lamina propria DC function has also been associated with triggering effector T 

cell differentiation and inflammation (Johansson-Lindbom et al., 2005; Laffont et al., 2010; 

Siddiqui et al., 2010; Semmrich et al., 2012; Persson et al., 2013). However, whereas lamina 

propria macrophages contact the epithelial layer through their cytoplasmic extensions, 

CD103
+
 DCs are able to migrate across the basement membrane to the epithelial barrier and 

sample entire bacteria, a process further enhanced during enteric infections (Farache et al., 

2013).  Further, while lamina propria macrophages most efficiently sample soluble luminal 

proteins (Schulz et al., 2009; Farache et al., 2013), epithelial CD103
+
 DCs, but not lamina 

propria DCs, are also capable of this process (Farache et al., 2013). Therefore, the functional 
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differentiation of dendritic cells and macrophages in the gut mucosa also appears to be a 

consequence of a regional adaptation process modulated by environmental cues. 

Gut macrophages also exhibit a high degree of functional specialization dependent on their 

proximity to the gut lumen. Lamina propria macrophages preferentially express a pro-

inflammatory phenotype whereas macrophages located at the muscularis region, distant 

from luminal stimulation but nearby neuronal plexuses, display a tissue-protective 

phenotype that includes genes associated with alternatively activated macrophages 

(Gabanyi et al., 2016). Moreover, muscularis macrophages were shown to regulate 

physiological processes such as the basal firing of enteric neurons and peristalsis via 

secretion of BMP-2 in a microbiota-dependent manner (Muller et al., 2014). Conversely, live 

imaging indicated that these macrophages are able to sense neuronal signals (Gabanyi et al., 

2016). Indeed, commensal colonization was associated with secretion of M-CSF by enteric 

neurons (Balmer et al., 2014) while enteric infections were linked to the quick activation of 

extrinsic sympathetic ganglia, which in turn modulate adrenergic β2R
+
 muscularis 

macrophages to further boost their tissue-protective program (Gabanyi et al., 2016). This 

intra-tissue adaptation of gut macrophages may have important implications for infection- 

or inflammation-induced tissue damage (Medzhitov et al., 2012). 

 

Conclusion 

Adaptation, as we propose, is a lifelong process rather than a once-for-all event. Since 

mucosal surfaces are constantly challenged by fluctuating environmental perturbations, 

these tissues themselves need to adapt continuously, and recent work has demonstrated 

that mature immune cells at these sites display a remarkable adaptive capacity. Although 

progress has been made in defining how immune cells use their plasticity to deal with 

complex environments such as skin and mucosal surfaces, several questions remain in the 

field: What are the environmental cues that trigger immune cell adaptation and how do 

they influence each particular step of lineage commitment? How do changes associated 

with cellular aging in different tissues influence immune cell adaptation? What are the 

molecular, including genetic and epigenetic, mechanisms that operate during convergence 

of distinct immune cell populations within a tissue, or divergence of identical populations in 

different tissues or under distinct insults? To tackle these questions appropriately, further 

cross talk between immunology and additional areas of biology, such as neuroscience, 

metabolism and ageing, is conditio sine qua non.  

 

Acknowledgments: We thank Laura Mackay (The University of Melbourne), Pia Dosenovic 

(The Rockefeller University), Ainsley Lockhart and additional Mucida lab members for critical 

reading of this manuscript. A.M.C.F. is supported by a sabbatical internship grant from 

FAPEMIG, Brazil (ETC-00154-16). B.S.R and D.M. are supported by the Crohn’s & Colitis 

Foundation of America. D.M. is also supported by the Burroughs Wellcome Fund (PATH award) and 

by the National Institutes of Health NIH R01 DK093674 and R21 AI131188 grants. 

 

Figure Legends  
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Figure 1. T cell plasticity during lineage commitment. Lymphoid precursors exit the bone 

marrow and migrate to the thymus where they differentiate into mature T cells. Rag1/2-

dependent TCR rearrangement gives rise to TCRγδ and TCRαβ lineages while MHC 

restriction and TCR strength leads to CD4 or CD8 commitment of the TCRαβ lineage in a 

Runx3- and ThPOK-dependent manner. Mature CD4 and CD8 T cells exit the thymus and 

receive further activation and differentiation signals in secondary lymphoid organs and non-

lymphoid tissues. Each commitment step is generally associated with loss of cell plasticity, 

although migration to particular tissue or effector sites may allow re-acquisition of various 

levels of plasticity, depending on the target tissue, contexts and intra-tissue 

microenvironments.  

 

Figure 2. Intestinal microenvironments and niches. The intestine is exposed to constant 

luminal stimulation and harbors a dense and very diverse set of immune cells. Different 

layers of the intestinal tissue and regions along the gastro-intestinal tract are subjected to 

particular stimuli, which are coupled with site-specific adaptation of immune cell subsets. 

The figure depicts the main characteristics of the intestinal layers, proximal-distal regions 

and immune cells populations exposed to chronic stimulation by dietary and microbial 

antigens. While stimulation by dietary antigens or metabolites decreases from proximal to 

distal intestine, microbial stimulation follows the opposite direction. An approximate 

illustration of the changes in abundance of each cell type per intestinal region is shown in 

the lower panel. 

 

 

References 

Arstila, T., T.P. Arstila, S. Calbo, F. Selz, M. Malassis-Seris, P. Vassalli, P. Kourilsky, and D. Guy-Grand. 

2000. Identical T cell clones are located within the mouse gut epithelium and lamina propia 

and circulate in the thoracic duct lymph. J Exp Med 191:823-834. 

Atarashi, K., T. Tanoue, M. Ando, N. Kamada, Y. Nagano, S. Narushima, W. Suda, A. Imaoka, H. 

Setoyama, T. Nagamori, E. Ishikawa, T. Shima, T. Hara, S. Kado, T. Jinnohara, H. Ohno, T. 

Kondo, K. Toyooka, E. Watanabe, S. Yokoyama, S. Tokoro, H. Mori, Y. Noguchi, H. Morita, 

Ivanov, II, T. Sugiyama, G. Nunez, J.G. Camp, M. Hattori, Y. Umesaki, and K. Honda. 2015. 

Th17 Cell Induction by Adhesion of Microbes to Intestinal Epithelial Cells. Cell 163:367-380. 

Atarashi, K., T. Tanoue, K. Oshima, W. Suda, Y. Nagano, H. Nishikawa, S. Fukuda, T. Saito, S. 

Narushima, K. Hase, S. Kim, J.V. Fritz, P. Wilmes, S. Ueha, K. Matsushima, H. Ohno, B. Olle, S. 

Sakaguchi, T. Taniguchi, H. Morita, M. Hattori, and K. Honda. 2013. Treg induction by a 

rationally selected mixture of Clostridia strains from the human microbiota. Nature 500:232-

236. 

Atarashi, K., T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara, Y. Momose, G. Cheng, S. Yamasaki, T. 

Saito, Y. Ohba, T. Taniguchi, K. Takeda, S. Hori, Ivanov, II, Y. Umesaki, K. Itoh, and K. Honda. 

2011. Induction of colonic regulatory T cells by indigenous Clostridium species. Science 

331:337-341. 

Bain, C.C., A. Bravo-Blas, C.L. Scott, E. Gomez Perdiguero, F. Geissmann, S. Henri, B. Malissen, L.C. 

Osborne, D. Artis, and A.M. Mowat. 2014. Constant replenishment from circulating 

monocytes maintains the macrophage pool in the intestine of adult mice. Nature 

immunology 15:929-937. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

Bain, C.C., C.L. Scott, H. Uronen-Hansson, S. Gudjonsson, O. Jansson, O. Grip, M. Guilliams, B. 

Malissen, W.W. Agace, and A.M. Mowat. 2013. Resident and pro-inflammatory 

macrophages in the colon represent alternative context-dependent fates of the same Ly6Chi 

monocyte precursors. Mucosal immunology 6:498-510. 

Balmer, M.L., E. Slack, A. de Gottardi, M.A. Lawson, S. Hapfelmeier, L. Miele, A. Grieco, H. Van 

Vlierberghe, R. Fahrner, N. Patuto, C. Bernsmeier, F. Ronchi, M. Wyss, D. Stroka, N. 

Dickgreber, M.H. Heim, K.D. McCoy, and A.J. Macpherson. 2014. The liver may act as a 

firewall mediating mutualism between the host and its gut commensal microbiota. Sci Transl 

Med 6:237ra266. 

Bandeira, A., T. Mota-Santos, S. Itohara, S. Degermann, C. Heusser, S. Tonegawa, and A. Coutinho. 

1990. Localization of gamma/delta T cells to the intestinal epithelium is independent of 

normal microbial colonization. J Exp Med 172:239-244. 

Bao, S., K.W. Beagley, A.M. Murray, V. Caristo, K.I. Matthaei, I.G. Young, and A.J. Husband. 1998. 

Intestinal IgA plasma cells of the B1 lineage are IL-5 dependent. Immunology 94:181-188. 

Beagley, K.W., A.M. Murray, J.R. McGhee, and J.H. Eldridge. 1995. Peritoneal cavity CD5 (Bla) B cells: 

cytokine induced IgA secretion and homing to intestinal lamina propria in SCID mice. 

Immunology and cell biology 73:425-432. 

Benveniste, J., G. Lespinats, and J. Salomon. 1971. Serum and secretory IgA in axenic and holoxenic 

mice. Journal of immunology 107:1656-1662. 

Bergqvist, P., E. Gardby, A. Stensson, M. Bemark, and N.Y. Lycke. 2006. Gut IgA class switch 

recombination in the absence of CD40 does not occur in the lamina propria and is 

independent of germinal centers. Journal of immunology 177:7772-7783. 

Bilate, A.M., D. Bousbaine, L. Mesin, M. Agudela, J. Leube, K. A., S.K. Dougan, G.D. Victora, and H.L. 

Ploegh. 2016. Tissue-specific emergence of regulatory and intraepithelial T cells from a 

clonal T cell precursor. Sci Immunol 1:pp. eaaf7471. 

Bogunovic, M., F. Ginhoux, J. Helft, L. Shang, D. Hashimoto, M. Greter, K. Liu, C. Jakubzick, M.A. 

Ingersoll, M. Leboeuf, E.R. Stanley, M. Nussenzweig, S.A. Lira, G.J. Randolph, and M. Merad. 

2009. Origin of the lamina propria dendritic cell network. Immunity 31:513-525. 

Boismenu, R., and W.L. Havran. 1994. Modulation of epithelial cell growth by intraepithelial gamma 

delta T cells. Science 266:1253-1255. 

Bollrath, J., and F.M. Powrie. 2013. Controlling the frontier: regulatory T-cells and intestinal 

homeostasis. Semin Immunol 25:352-357. 

Buonocore, S., P.P. Ahern, H.H. Uhlig, Ivanov, II, D.R. Littman, K.J. Maloy, and F. Powrie. 2010. Innate 

lymphoid cells drive interleukin-23-dependent innate intestinal pathology. Nature 464:1371-

1375. 

Cao, A.T., S. Yao, B. Gong, R.I. Nurieva, C.O. Elson, and Y. Cong. 2015. Interleukin (IL)-21 promotes 

intestinal IgA response to microbiota. Mucosal immunology 8:1072-1082. 

Cella, M., A. Fuchs, W. Vermi, F. Facchetti, K. Otero, J.K. Lennerz, J.M. Doherty, J.C. Mills, and M. 

Colonna. 2009. A human natural killer cell subset provides an innate source of IL-22 for 

mucosal immunity. Nature 457:722-725. 

Cerf-Bensussan, N., D. Guy-Grand, and C. Griscelli. 1985. Intraepithelial lymphocytes of human gut: 

isolation, characterisation and study of natural killer activity. Gut 26:81-88. 

Cerutti, A., K. Chen, and A. Chorny. 2011. Immunoglobulin responses at the mucosal interface. 

Annual review of immunology 29:273-293. 

Chaudhry, A., D. Rudra, P. Treuting, R.M. Samstein, Y. Liang, A. Kas, and A.Y. Rudensky. 2009. CD4+ 

regulatory T cells control TH17 responses in a Stat3-dependent manner. Science 326:986-

991. 

Chaudhry, A., R.M. Samstein, P. Treuting, Y. Liang, M.C. Pils, J.M. Heinrich, R.S. Jack, F.T. Wunderlich, 

J.C. Bruning, W. Muller, and A.Y. Rudensky. 2011. Interleukin-10 signaling in regulatory T 

cells is required for suppression of Th17 cell-mediated inflammation. Immunity 34:566-578. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

Chen, Y., K. Chou, E. Fuchs, W.L. Havran, and R. Boismenu. 2002. Protection of the intestinal mucosa 

by intraepithelial gamma delta T cells. Proceedings of the National Academy of Sciences of 

the United States of America 99:14338-14343. 

Cheroutre, H., and F. Lambolez. 2008. Doubting the TCR coreceptor function of CD8alphaalpha. 

Immunity 28:149-159. 

Cheroutre, H., F. Lambolez, and D. Mucida. 2011. The light and dark sides of intestinal intraepithelial 

lymphocytes. Nature reviews. Immunology 11:445-456. 

Chu, V.T., A. Beller, S. Rausch, J. Strandmark, M. Zanker, O. Arbach, A. Kruglov, and C. Berek. 2014. 

Eosinophils promote generation and maintenance of immunoglobulin-A-expressing plasma 

cells and contribute to gut immune homeostasis. Immunity 40:582-593. 

Chu, V.T., A. Frohlich, G. Steinhauser, T. Scheel, T. Roch, S. Fillatreau, J.J. Lee, M. Lohning, and C. 

Berek. 2011. Eosinophils are required for the maintenance of plasma cells in the bone 

marrow. Nature immunology 12:151-159. 

Coombes, J.L., K.R. Siddiqui, C.V. Arancibia-Carcamo, J. Hall, C.M. Sun, Y. Belkaid, and F. Powrie. 

2007. A functionally specialized population of mucosal CD103+ DCs induces Foxp3+ 

regulatory T cells via a TGF-beta and retinoic acid-dependent mechanism. J Exp Med 

204:1757-1764. 

Cortez, V.S., L. Cervantes-Barragan, C. Song, S. Gilfillan, K.G. McDonald, R. Tussiwand, B.T. Edelson, Y. 

Murakami, K.M. Murphy, R.D. Newberry, L.D. Sibley, and M. Colonna. 2014. CRTAM controls 

residency of gut CD4+CD8+ T cells in the steady state and maintenance of gut CD4+ Th17 

during parasitic infection. J Exp Med 211:623-633. 

Crago, S.S., W.H. Kutteh, I. Moro, M.R. Allansmith, J. Radl, J.J. Haaijman, and J. Mestecky. 1984. 

Distribution of IgA1-, IgA2-, and J chain-containing cells in human tissues. Journal of 

immunology 132:16-18. 

Craig, S.W., and J.J. Cebra. 1971. Peyer's patches: an enriched source of precursors for IgA-producing 

immunocytes in the rabbit. J Exp Med 134:188-200. 

Cretney, E., A. Xin, W. Shi, M. Minnich, F. Masson, M. Miasari, G.T. Belz, G.K. Smyth, M. Busslinger, 

S.L. Nutt, and A. Kallies. 2011. The transcription factors Blimp-1 and IRF4 jointly control the 

differentiation and function of effector regulatory T cells. Nature immunology 12:304-311. 

Das, G., M.M. Augustine, J. Das, K. Bottomly, P. Ray, and A. Ray. 2003. An important regulatory role 

for CD4+CD8 alpha alpha T cells in the intestinal epithelial layer in the prevention of 

inflammatory bowel disease. Proceedings of the National Academy of Sciences of the United 

States of America 100:5324-5329. 

de Andres, B., I. Cortegano, N. Serrano, B. del Rio, P. Martin, P. Gonzalo, M.A. Marcos, and M.L. 

Gaspar. 2007. A population of CD19highCD45R-/lowCD21low B lymphocytes poised for 

spontaneous secretion of IgG and IgA antibodies. Journal of immunology 179:5326-5334. 

de Lau, W., P. Kujala, K. Schneeberger, S. Middendorp, V.S. Li, N. Barker, A. Martens, F. Hofhuis, R.P. 

DeKoter, P.J. Peters, E. Nieuwenhuis, and H. Clevers. 2012. Peyer's patch M cells derived 

from Lgr5(+) stem cells require SpiB and are induced by RankL in cultured "miniguts". 

Molecular and cellular biology 32:3639-3647. 

De Simone, M., A. Arrigoni, G. Rossetti, P. Gruarin, V. Ranzani, C. Politano, R.J. Bonnal, E. Provasi, 

M.L. Sarnicola, I. Panzeri, M. Moro, M. Crosti, S. Mazzara, V. Vaira, S. Bosari, A. Palleschi, L. 

Santambrogio, G. Bovo, N. Zucchini, M. Totis, L. Gianotti, G. Cesana, R.A. Perego, N. Maroni, 

A. Pisani Ceretti, E. Opocher, R. De Francesco, J. Geginat, H.G. Stunnenberg, S. Abrignani, 

and M. Pagani. 2016. Transcriptional Landscape of Human Tissue Lymphocytes Unveils 

Uniqueness of Tumor-Infiltrating T Regulatory Cells. Immunity 45:1135-1147. 

Denning, T.L., S.W. Granger, D. Mucida, R. Graddy, G. Leclercq, W. Zhang, K. Honey, J.P. Rasmussen, 

H. Cheroutre, A.Y. Rudensky, and M. Kronenberg. 2007a. Mouse 

TCRalphabeta+CD8alphaalpha intraepithelial lymphocytes express genes that down-regulate 

their antigen reactivity and suppress immune responses. Journal of immunology 178:4230-

4239. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

Denning, T.L., Y.C. Wang, S.R. Patel, I.R. Williams, and B. Pulendran. 2007b. Lamina propria 

macrophages and dendritic cells differentially induce regulatory and interleukin 17-

producing T cell responses. Nature immunology 8:1086-1094. 

DePaolo, R.W., V. Abadie, F. Tang, H. Fehlner-Peach, J.A. Hall, W. Wang, E.V. Marietta, D.D. Kasarda, 

T.A. Waldmann, J.A. Murray, C. Semrad, S.S. Kupfer, Y. Belkaid, S. Guandalini, and B. Jabri. 

2011. Co-adjuvant effects of retinoic acid and IL-15 induce inflammatory immunity to dietary 

antigens. Nature 471:220-224. 

Derebe, M.G., C.M. Zlatkov, S. Gattu, K.A. Ruhn, S. Vaishnava, G.E. Diehl, J.B. MacMillan, N.S. 

Williams, and L.V. Hooper. 2014. Serum amyloid A is a retinol binding protein that transports 

retinol during bacterial infection. Elife 3:e03206. 

Eberl, G. 2016. Immunity by equilibrium. Nature reviews. Immunology 16:524-532. 

Ebisawa, M., K. Hase, D. Takahashi, H. Kitamura, K.A. Knoop, I.R. Williams, and H. Ohno. 2011. 

CCR6hiCD11c(int) B cells promote M-cell differentiation in Peyer's patch. International 

immunology 23:261-269. 

Edelblum, K.L., G. Singh, M.A. Odenwald, A. Lingaraju, K. El Bissati, R. McLeod, A.I. Sperling, and J.R. 

Turner. 2015. gammadelta Intraepithelial Lymphocyte Migration Limits Transepithelial 

Pathogen Invasion and Systemic Disease in Mice. Gastroenterology 148:1417-1426. 

Ellmeier, W., M.J. Sunshine, K. Losos, F. Hatam, and D.R. Littman. 1997. An enhancer that directs 

lineage-specific expression of CD8 in positively selected thymocytes and mature T cells. 

Immunity 7:537-547. 

Esterhazy, D., J. Loschko, M. London, V. Jove, T.Y. Oliveira, and D. Mucida. 2016. Classical dendritic 

cells are required for dietary antigen-mediated induction of peripheral Treg cells and 

tolerance. Nature immunology 17:545-555. 

Ettersperger, J., N. Montcuquet, G. Malamut, N. Guegan, S. Lopez-Lastra, S. Gayraud, C. Reimann, E. 

Vidal, N. Cagnard, P. Villarese, I. Andre-Schmutz, R. Gomes Domingues, C. Godinho-Silva, H. 

Veiga-Fernandes, L. Lhermitte, V. Asnafi, E. Macintyre, C. Cellier, K. Beldjord, J.P. Di Santo, N. 

Cerf-Bensussan, and B. Meresse. 2016. Interleukin-15-Dependent T-Cell-like Innate 

Intraepithelial Lymphocytes Develop in the Intestine and Transform into Lymphomas in 

Celiac Disease. Immunity 45:610-625. 

Fagarasan, S., S. Kawamoto, O. Kanagawa, and K. Suzuki. 2010. Adaptive immune regulation in the 

gut: T cell-dependent and T cell-independent IgA synthesis. Annual review of immunology 

28:243-273. 

Fagarasan, S., K. Kinoshita, M. Muramatsu, K. Ikuta, and T. Honjo. 2001. In situ class switching and 

differentiation to IgA-producing cells in the gut lamina propria. Nature 413:639-643. 

Fagarasan, S., M. Muramatsu, K. Suzuki, H. Nagaoka, H. Hiai, and T. Honjo. 2002. Critical roles of 

activation-induced cytidine deaminase in the homeostasis of gut flora. Science 298:1424-

1427. 

Fan, X., and A.Y. Rudensky. 2016. Hallmarks of Tissue-Resident Lymphocytes. Cell 164:1198-1211. 

Farache, J., I. Koren, I. Milo, I. Gurevich, K.W. Kim, E. Zigmond, G.C. Furtado, S.A. Lira, and G. 

Shakhar. 2013. Luminal bacteria recruit CD103+ dendritic cells into the intestinal epithelium 

to sample bacterial antigens for presentation. Immunity 38:581-595. 

Faria, A.M., A.C. Gomes-Santos, J.L. Goncalves, T.G. Moreira, S.R. Medeiros, L.P. Dourado, and D.C. 

Cara. 2013. Food components and the immune system: from tonic agents to allergens. 

Frontiers in immunology 4:102. 

Fransen, F., E. Zagato, E. Mazzini, B. Fosso, C. Manzari, S. El Aidy, A. Chiavelli, A.M. D'Erchia, M.K. 

Sethi, O. Pabst, M. Marzano, S. Moretti, L. Romani, G. Penna, G. Pesole, and M. Rescigno. 

2015. BALB/c and C57BL/6 Mice Differ in Polyreactive IgA Abundance, which Impacts the 

Generation of Antigen-Specific IgA and Microbiota Diversity. Immunity 43:527-540. 

Fuchs, A., W. Vermi, J.S. Lee, S. Lonardi, S. Gilfillan, R.D. Newberry, M. Cella, and M. Colonna. 2013. 

Intraepithelial type 1 innate lymphoid cells are a unique subset of IL-12- and IL-15-

responsive IFN-gamma-producing cells. Immunity 38:769-781. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

Furusawa, Y., Y. Obata, S. Fukuda, T.A. Endo, G. Nakato, D. Takahashi, Y. Nakanishi, C. Uetake, K. 

Kato, T. Kato, M. Takahashi, N.N. Fukuda, S. Murakami, E. Miyauchi, S. Hino, K. Atarashi, S. 

Onawa, Y. Fujimura, T. Lockett, J.M. Clarke, D.L. Topping, M. Tomita, S. Hori, O. Ohara, T. 

Morita, H. Koseki, J. Kikuchi, K. Honda, K. Hase, and H. Ohno. 2013. Commensal microbe-

derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504:446-

450. 

Gabanyi, I., P.A. Muller, L. Feighery, T.Y. Oliveira, F.A. Costa-Pinto, and D. Mucida. 2016. Neuro-

immune Interactions Drive Tissue Programming in Intestinal Macrophages. Cell 164:378-391. 

Gangadharan, D., F. Lambolez, A. Attinger, Y. Wang-Zhu, B.A. Sullivan, and H. Cheroutre. 2006. 

Identification of pre- and postselection TCRalphabeta+ intraepithelial lymphocyte precursors 

in the thymus. Immunity 25:631-641. 

Gensollen, T., S.S. Iyer, D.L. Kasper, and R.S. Blumberg. 2016. How colonization by microbiota in early 

life shapes the immune system. Science 352:539-544. 

Geremia, A., C.V. Arancibia-Carcamo, M.P. Fleming, N. Rust, B. Singh, N.J. Mortensen, S.P. Travis, and 

F. Powrie. 2011. IL-23-responsive innate lymphoid cells are increased in inflammatory bowel 

disease. J Exp Med 208:1127-1133. 

Golovkina, T.V., M. Shlomchik, L. Hannum, and A. Chervonsky. 1999. Organogenic role of B 

lymphocytes in mucosal immunity. Science 286:1965-1968. 

Gomez de Aguero, M., S.C. Ganal-Vonarburg, T. Fuhrer, S. Rupp, Y. Uchimura, H. Li, A. Steinert, M. 

Heikenwalder, S. Hapfelmeier, U. Sauer, K.D. McCoy, and A.J. Macpherson. 2016. The 

maternal microbiota drives early postnatal innate immune development. Science 351:1296-

1302. 

Guy-Grand, D., N. Cerf-Bensussan, B. Malissen, M. Malassis-Seris, C. Briottet, and P. Vassalli. 1991a. 

Two gut intraepithelial CD8+ lymphocyte populations with different T cell receptors: a role 

for the gut epithelium in T cell differentiation. J Exp Med 173:471-481. 

Guy-Grand, D., M. Malassis-Seris, C. Briottet, and P. Vassalli. 1991b. Cytotoxic differentiation of 

mouse gut thymodependent and independent intraepithelial T lymphocytes is induced 

locally. Correlation between functional assays, presence of perforin and granzyme 

transcripts, and cytoplasmic granules. J Exp Med 173:1549-1552. 

Guy-Grand, D., P. Vassalli, G. Eberl, P. Pereira, O. Burlen-Defranoux, F. Lemaitre, J.P. Di Santo, A.A. 

Freitas, A. Cumano, and A. Bandeira. 2013. Origin, trafficking, and intraepithelial fate of gut-

tropic T cells. J Exp Med 210:1839-1854. 

Ha, S.A., M. Tsuji, K. Suzuki, B. Meek, N. Yasuda, T. Kaisho, and S. Fagarasan. 2006. Regulation of B1 

cell migration by signals through Toll-like receptors. J Exp Med 203:2541-2550. 

Hadis, U., B. Wahl, O. Schulz, M. Hardtke-Wolenski, A. Schippers, N. Wagner, W. Muller, T. 

Sparwasser, R. Forster, and O. Pabst. 2011. Intestinal tolerance requires gut homing and 

expansion of FoxP3+ regulatory T cells in the lamina propria. Immunity 34:237-246. 

Hall, J.A., J.L. Cannons, J.R. Grainger, L.M. Dos Santos, T.W. Hand, S. Naik, E.A. Wohlfert, D.B. Chou, 

G. Oldenhove, M. Robinson, M.E. Grigg, R. Kastenmayer, P.L. Schwartzberg, and Y. Belkaid. 

2011. Essential role for retinoic acid in the promotion of CD4(+) T cell effector responses via 

retinoic acid receptor alpha. Immunity 34:435-447. 

He, B., W. Xu, P.A. Santini, A.D. Polydorides, A. Chiu, J. Estrella, M. Shan, A. Chadburn, V. Villanacci, 

A. Plebani, D.M. Knowles, M. Rescigno, and A. Cerutti. 2007. Intestinal bacteria trigger T cell-

independent immunoglobulin A(2) class switching by inducing epithelial-cell secretion of the 

cytokine APRIL. Immunity 26:812-826. 

He, X., V.P. Dave, Y. Zhang, X. Hua, E. Nicolas, W. Xu, B.A. Roe, and D.J. Kappes. 2005. The zinc finger 

transcription factor Th-POK regulates CD4 versus CD8 T-cell lineage commitment. Nature 

433:826-833. 

He, X., K. Park, H. Wang, X. He, Y. Zhang, X. Hua, Y. Li, and D.J. Kappes. 2008. CD4-CD8 lineage 

commitment is regulated by a silencer element at the ThPOK transcription-factor locus. 

Immunity 28:346-358. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

Hershberg, R., P. Eghtesady, B. Sydora, K. Brorson, H. Cheroutre, R. Modlin, and M. Kronenberg. 

1990. Expression of the thymus leukemia antigen in mouse intestinal epithelium. 

Proceedings of the National Academy of Sciences of the United States of America 87:9727-

9731. 

Hirota, K., J.E. Turner, M. Villa, J.H. Duarte, J. Demengeot, O.M. Steinmetz, and B. Stockinger. 2013. 

Plasticity of Th17 cells in Peyer's patches is responsible for the induction of T cell-dependent 

IgA responses. Nature immunology 14:372-379. 

Hooper, L.V. 2015. Epithelial cell contributions to intestinal immunity. Advances in immunology 

126:129-172. 

Hooper, L.V., and A.J. Macpherson. 2010. Immune adaptations that maintain homeostasis with the 

intestinal microbiota. Nature reviews. Immunology 10:159-169. 

Huang, Y., Y. Park, Y. Wang-Zhu, A. Larange, R. Arens, I. Bernardo, D. Olivares-Villagomez, D. 

Herndler-Brandstetter, N. Abraham, B. Grubeck-Loebenstein, S.P. Schoenberger, L. Van Kaer, 

M. Kronenberg, M.A. Teitell, and H. Cheroutre. 2011. Mucosal memory CD8(+) T cells are 

selected in the periphery by an MHC class I molecule. Nature immunology 12:1086-1095. 

Huber, S., N. Gagliani, E. Esplugues, W. O'Connor, Jr., F.J. Huber, A. Chaudhry, M. Kamanaka, Y. 

Kobayashi, C.J. Booth, A.Y. Rudensky, M.G. Roncarolo, M. Battaglia, and R.A. Flavell. 2011. 

Th17 Cells Express Interleukin-10 Receptor and Are Controlled by Foxp3(-) and Foxp3(+) 

Regulatory CD4(+) T Cells in an Interleukin-10-Dependent Manner. Immunity 34:554-565. 

Iijima, N., and A. Iwasaki. 2015. Tissue instruction for migration and retention of TRM cells. Trends in 

immunology 36:556-564. 

Ismail, A.S., C.L. Behrendt, and L.V. Hooper. 2009. Reciprocal interactions between commensal 

bacteria and gamma delta intraepithelial lymphocytes during mucosal injury. Journal of 

immunology 182:3047-3054. 

Ismail, A.S., K.M. Severson, S. Vaishnava, C.L. Behrendt, X. Yu, J.L. Benjamin, K.A. Ruhn, B. Hou, A.L. 

DeFranco, F. Yarovinsky, and L.V. Hooper. 2011. Gammadelta intraepithelial lymphocytes are 

essential mediators of host-microbial homeostasis at the intestinal mucosal surface. 

Proceedings of the National Academy of Sciences of the United States of America 108:8743-

8748. 

Ivanov, I.I., K. Atarashi, N. Manel, E.L. Brodie, T. Shima, U. Karaoz, D. Wei, K.C. Goldfarb, C.A. Santee, 

S.V. Lynch, T. Tanoue, A. Imaoka, K. Itoh, K. Takeda, Y. Umesaki, K. Honda, and D.R. Littman. 

2009. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 139:485-

498. 

Iwata, M., A. Hirakiyama, Y. Eshima, H. Kagechika, C. Kato, and S.Y. Song. 2004. Retinoic acid imprints 

gut-homing specificity on T cells. Immunity 21:527-538. 

Jabri, B., and V. Abadie. 2015. IL-15 functions as a danger signal to regulate tissue-resident T cells 

and tissue destruction. Nature reviews. Immunology 15:771-783. 

Jego, G., A.K. Palucka, J.P. Blanck, C. Chalouni, V. Pascual, and J. Banchereau. 2003. Plasmacytoid 

dendritic cells induce plasma cell differentiation through type I interferon and interleukin 6. 

Immunity 19:225-234. 

Johansson-Lindbom, B., M. Svensson, O. Pabst, C. Palmqvist, G. Marquez, R. Forster, and W.W. 

Agace. 2005. Functional specialization of gut CD103+ dendritic cells in the regulation of 

tissue-selective T cell homing. J Exp Med 202:1063-1073. 

Josefowicz, S.Z., L.F. Lu, and A.Y. Rudensky. 2012. Regulatory T cells: mechanisms of differentiation 

and function. Annual review of immunology 30:531-564. 

Jung, Y., T. Wen, M.K. Mingler, J.M. Caldwell, Y.H. Wang, D.D. Chaplin, E.H. Lee, M.H. Jang, S.Y. Woo, 

J.Y. Seoh, M. Miyasaka, and M.E. Rothenberg. 2015. IL-1beta in eosinophil-mediated small 

intestinal homeostasis and IgA production. Mucosal immunology 8:930-942. 

Kaufmann, S.H. 1996. gamma/delta and other unconventional T lymphocytes: what do they see and 

what do they do? Proceedings of the National Academy of Sciences of the United States of 

America 93:2272-2279. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

Kawamoto, S., T.H. Tran, M. Maruya, K. Suzuki, Y. Doi, Y. Tsutsui, L.M. Kato, and S. Fagarasan. 2012. 

The inhibitory receptor PD-1 regulates IgA selection and bacterial composition in the gut. 

Science 336:485-489. 

Khanna, R., S.R. Burrows, S.A. Thomson, D.J. Moss, P. Cresswell, L.M. Poulsen, and L. Cooper. 1997. 

Class I processing-defective Burkitt's lymphoma cells are recognized efficiently by CD4+ EBV-

specific CTLs. Journal of immunology 158:3619-3625. 

Kim, K.S., S.W. Hong, D. Han, J. Yi, J. Jung, B.G. Yang, J.Y. Lee, M. Lee, and C.D. Surh. 2016. Dietary 

antigens limit mucosal immunity by inducing regulatory T cells in the small intestine. Science  

Klose, C.S., K. Blatz, Y. d'Hargues, P.P. Hernandez, M. Kofoed-Nielsen, J.F. Ripka, K. Ebert, S.J. Arnold, 

A. Diefenbach, E. Palmer, and Y. Tanriver. 2014. The transcription factor T-bet is induced by 

IL-15 and thymic agonist selection and controls CD8alphaalpha(+) intraepithelial lymphocyte 

development. Immunity 41:230-243. 

Klose, C.S., E.A. Kiss, V. Schwierzeck, K. Ebert, T. Hoyler, Y. d'Hargues, N. Goppert, A.L. Croxford, A. 

Waisman, Y. Tanriver, and A. Diefenbach. 2013. A T-bet gradient controls the fate and 

function of CCR6-RORgammat+ innate lymphoid cells. Nature 494:261-265. 

Ko, H.S., S.M. Fu, R.J. Winchester, D.T. Yu, and H.G. Kunkel. 1979. Ia determinants on stimulated 

human T lymphocytes. Occurrence on mitogen- and antigen-activated T cells. J Exp Med 

150:246-255. 

Kobayashi, A., D.S. Donaldson, C. Erridge, T. Kanaya, I.R. Williams, H. Ohno, A. Mahajan, and N.A. 

Mabbott. 2013. The functional maturation of M cells is dramatically reduced in the Peyer's 

patches of aged mice. Mucosal immunology 6:1027-1037. 

Koch, M.A., G.L. Reiner, K.A. Lugo, L.S. Kreuk, A.G. Stanbery, E. Ansaldo, T.D. Seher, W.B. Ludington, 

and G.M. Barton. 2016. Maternal IgG and IgA Antibodies Dampen Mucosal T Helper Cell 

Responses in Early Life. Cell 165:827-841. 

Koch, M.A., G. Tucker-Heard, N.R. Perdue, J.R. Killebrew, K.B. Urdahl, and D.J. Campbell. 2009. The 

transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 

inflammation. Nature immunology 10:595-602. 

Komatsu, N., M.E. Mariotti-Ferrandiz, Y. Wang, B. Malissen, H. Waldmann, and S. Hori. 2009. 

Heterogeneity of natural Foxp3+ T cells: a committed regulatory T-cell lineage and an 

uncommitted minor population retaining plasticity. Proceedings of the National Academy of 

Sciences of the United States of America 106:1903-1908. 

Konkel, J.E., T. Maruyama, A.C. Carpenter, Y. Xiong, B.F. Zamarron, B.E. Hall, A.B. Kulkarni, P. Zhang, 

R. Bosselut, and W. Chen. 2011. Control of the development of CD8alphaalpha+ intestinal 

intraepithelial lymphocytes by TGF-beta. Nature immunology 12:312-319. 

Laffont, S., K.R. Siddiqui, and F. Powrie. 2010. Intestinal inflammation abrogates the tolerogenic 

properties of MLN CD103+ dendritic cells. European journal of immunology 40:1877-1883. 

Laidlaw, B.J., N. Zhang, H.D. Marshall, M.M. Staron, T. Guan, Y. Hu, L.S. Cauley, J. Craft, and S.M. 

Kaech. 2014. CD4+ T cell help guides formation of CD103+ lung-resident memory CD8+ T 

cells during influenza viral infection. Immunity 41:633-645. 

Lathrop, S.K., S.M. Bloom, S.M. Rao, K. Nutsch, C.W. Lio, N. Santacruz, D.A. Peterson, T.S. 

Stappenbeck, and C.S. Hsieh. 2011. Peripheral education of the immune system by colonic 

commensal microbiota. Nature 478:250-254. 

Lefrancois, L. 1991. Phenotypic complexity of intraepithelial lymphocytes of the small intestine. 

Journal of immunology 147:1746-1751. 

Leishman, A.J., O.V. Naidenko, A. Attinger, F. Koning, C.J. Lena, Y. Xiong, H.C. Chang, E. Reinherz, M. 

Kronenberg, and H. Cheroutre. 2001. T cell responses modulated through interaction 

between CD8alphaalpha and the nonclassical MHC class I molecule, TL. Science 294:1936-

1939. 

Lepage, A.C., D. Buzoni-Gatel, D.T. Bout, and L.H. Kasper. 1998. Gut-derived intraepithelial 

lymphocytes induce long term immunity against Toxoplasma gondii. Journal of immunology 

161:4902-4908. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

Li, Y., S. Innocentin, D.R. Withers, N.A. Roberts, A.R. Gallagher, E.F. Grigorieva, C. Wilhelm, and M. 

Veldhoen. 2011. Exogenous stimuli maintain intraepithelial lymphocytes via aryl 

hydrocarbon receptor activation. Cell 147:629-640. 

Lindemans, C.A., M. Calafiore, A.M. Mertelsmann, M.H. O'Connor, J.A. Dudakov, R.R. Jenq, E. Velardi, 

L.F. Young, O.M. Smith, G. Lawrence, J.A. Ivanov, Y.Y. Fu, S. Takashima, G. Hua, M.L. Martin, 

K.P. O'Rourke, Y.H. Lo, M. Mokry, M. Romera-Hernandez, T. Cupedo, L.E. Dow, E.E. 

Nieuwenhuis, N.F. Shroyer, C. Liu, R. Kolesnick, M.R. van den Brink, and A.M. Hanash. 2015. 

Interleukin-22 promotes intestinal-stem-cell-mediated epithelial regeneration. Nature 

528:560-564. 

Lindner, C., I. Thomsen, B. Wahl, M. Ugur, M.K. Sethi, M. Friedrichsen, A. Smoczek, S. Ott, U. 

Baumann, S. Suerbaum, S. Schreiber, A. Bleich, V. Gaboriau-Routhiau, N. Cerf-Bensussan, H. 

Hazanov, R. Mehr, P. Boysen, P. Rosenstiel, and O. Pabst. 2015. Diversification of memory B 

cells drives the continuous adaptation of secretory antibodies to gut microbiota. Nature 

immunology 16:880-888. 

Loschko, J., H.A. Schreiber, G.J. Rieke, D. Esterhazy, M.M. Meredith, V.A. Pedicord, K.H. Yao, S. 

Caballero, E.G. Pamer, D. Mucida, and M.C. Nussenzweig. 2016. Absence of MHC class II on 

cDCs results in microbial-dependent intestinal inflammation. J Exp Med 213:517-534. 

Luda, K.M., T. Joeris, E.K. Persson, A. Rivollier, M. Demiri, K.M. Sitnik, L. Pool, J.B. Holm, F. Melo-

Gonzalez, L. Richter, B.N. Lambrecht, K. Kristiansen, M.A. Travis, M. Svensson-Frej, K. 

Kotarsky, and W.W. Agace. 2016. IRF8 Transcription-Factor-Dependent Classical Dendritic 

Cells Are Essential for Intestinal T Cell Homeostasis. Immunity 44:860-874. 

Ma, L.J., L.F. Acero, T. Zal, and K.S. Schluns. 2009. Trans-presentation of IL-15 by intestinal epithelial 

cells drives development of CD8alphaalpha IELs. Journal of immunology 183:1044-1054. 

Mackay, L.K., M. Minnich, N.A. Kragten, Y. Liao, B. Nota, C. Seillet, A. Zaid, K. Man, S. Preston, D. 

Freestone, A. Braun, E. Wynne-Jones, F.M. Behr, R. Stark, D.G. Pellicci, D.I. Godfrey, G.T. 

Belz, M. Pellegrini, T. Gebhardt, M. Busslinger, W. Shi, F.R. Carbone, R.A. van Lier, A. Kallies, 

and K.P. van Gisbergen. 2016. Hobit and Blimp1 instruct a universal transcriptional program 

of tissue residency in lymphocytes. Science 352:459-463. 

Mackay, L.K., A. Rahimpour, J.Z. Ma, N. Collins, A.T. Stock, M.L. Hafon, J. Vega-Ramos, P. Lauzurica, 

S.N. Mueller, T. Stefanovic, D.C. Tscharke, W.R. Heath, M. Inouye, F.R. Carbone, and T. 

Gebhardt. 2013. The developmental pathway for CD103(+)CD8+ tissue-resident memory T 

cells of skin. Nature immunology 14:1294-1301. 

Mackay, L.K., E. Wynne-Jones, D. Freestone, D.G. Pellicci, L.A. Mielke, D.M. Newman, A. Braun, F. 

Masson, A. Kallies, G.T. Belz, and F.R. Carbone. 2015. T-box Transcription Factors Combine 

with the Cytokines TGF-beta and IL-15 to Control Tissue-Resident Memory T Cell Fate. 

Immunity 43:1101-1111. 

Macpherson, A.J., D. Gatto, E. Sainsbury, G.R. Harriman, H. Hengartner, and R.M. Zinkernagel. 2000. 

A primitive T cell-independent mechanism of intestinal mucosal IgA responses to commensal 

bacteria. Science 288:2222-2226. 

Malamut, G., R. El Machhour, N. Montcuquet, S. Martin-Lanneree, I. Dusanter-Fourt, V. Verkarre, J.J. 

Mention, G. Rahmi, H. Kiyono, E.A. Butz, N. Brousse, C. Cellier, N. Cerf-Bensussan, and B. 

Meresse. 2010. IL-15 triggers an antiapoptotic pathway in human intraepithelial 

lymphocytes that is a potential new target in celiac disease-associated inflammation and 

lymphomagenesis. The Journal of clinical investigation 120:2131-2143. 

Masahata, K., E. Umemoto, H. Kayama, M. Kotani, S. Nakamura, T. Kurakawa, J. Kikuta, K. Gotoh, D. 

Motooka, S. Sato, T. Higuchi, Y. Baba, T. Kurosaki, M. Kinoshita, Y. Shimada, T. Kimura, R. 

Okumura, A. Takeda, M. Tajima, O. Yoshie, M. Fukuzawa, H. Kiyono, S. Fagarasan, T. Iida, M. 

Ishii, and K. Takeda. 2014. Generation of colonic IgA-secreting cells in the caecal patch. 

Nature communications 5:3704. 

Masopust, D., V. Vezys, A.L. Marzo, and L. Lefrancois. 2001. Preferential localization of effector 

memory cells in nonlymphoid tissue. Science 291:2413-2417. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

Masopust, D., V. Vezys, E.J. Wherry, D.L. Barber, and R. Ahmed. 2006. Cutting edge: gut 

microenvironment promotes differentiation of a unique memory CD8 T cell population. 

Journal of immunology 176:2079-2083. 

Matzinger, P. 1994. Tolerance, danger, and the extended family. Annual review of immunology 

12:991-1045. 

Mayans, S., D. Stepniak, S.F. Palida, A. Larange, J. Dreux, B.M. Arlian, R. Shinnakasu, M. Kronenberg, 

H. Cheroutre, and F. Lambolez. 2014. alphabetaT cell receptors expressed by CD4(-

)CD8alphabeta(-) intraepithelial T cells drive their fate into a unique lineage with unusual 

MHC reactivities. Immunity 41:207-218. 

Mayr, E. 1982. The growth of biological thought: Diversity, evolution, and inheritance. Harvard 

University Press,  

Mazzini, E., L. Massimiliano, G. Penna, and M. Rescigno. 2014. Oral tolerance can be established via 

gap junction transfer of fed antigens from CX3CR1(+) macrophages to CD103(+) dendritic 

cells. Immunity 40:248-261. 

McDonald, B.D., J.J. Bunker, I.E. Ishizuka, B. Jabri, and A. Bendelac. 2014. Elevated T cell receptor 

signaling identifies a thymic precursor to the TCRalphabeta(+)CD4(-)CD8beta(-) 

intraepithelial lymphocyte lineage. Immunity 41:219-229. 

Medzhitov, R. 2008. Origin and physiological roles of inflammation. Nature 454:428-435. 

Medzhitov, R., D.S. Schneider, and M.P. Soares. 2012. Disease tolerance as a defense strategy. 

Science 335:936-941. 

Menezes Jda, S., D.S. Mucida, D.C. Cara, J.I. Alvarez-Leite, M. Russo, N.M. Vaz, and A.M. de Faria. 

2003. Stimulation by food proteins plays a critical role in the maturation of the immune 

system. International immunology 15:447-455. 

Meresse, B., Z. Chen, C. Ciszewski, M. Tretiakova, G. Bhagat, T.N. Krausz, D.H. Raulet, L.L. Lanier, V. 

Groh, T. Spies, E.C. Ebert, P.H. Green, and B. Jabri. 2004. Coordinated induction by IL15 of a 

TCR-independent NKG2D signaling pathway converts CTL into lymphokine-activated killer 

cells in celiac disease. Immunity 21:357-366. 

Meresse, B., S.A. Curran, C. Ciszewski, G. Orbelyan, M. Setty, G. Bhagat, L. Lee, M. Tretiakova, C. 

Semrad, E. Kistner, R.J. Winchester, V. Braud, L.L. Lanier, D.E. Geraghty, P.H. Green, S. 

Guandalini, and B. Jabri. 2006. Reprogramming of CTLs into natural killer-like cells in celiac 

disease. J Exp Med 203:1343-1355. 

Miyao, T., S. Floess, R. Setoguchi, H. Luche, H.J. Fehling, H. Waldmann, J. Huehn, and S. Hori. 2012. 

Plasticity of Foxp3(+) T cells reflects promiscuous Foxp3 expression in conventional T cells 

but not reprogramming of regulatory T cells. Immunity 36:262-275. 

Moon, C., M.T. Baldridge, M.A. Wallace, C.A. Burnham, H.W. Virgin, and T.S. Stappenbeck. 2015. 

Vertically transmitted faecal IgA levels determine extra-chromosomal phenotypic variation. 

Nature 521:90-93. 

Mora, J.R., M.R. Bono, N. Manjunath, W. Weninger, L.L. Cavanagh, M. Rosemblatt, and U.H. Von 

Andrian. 2003. Selective imprinting of gut-homing T cells by Peyer's patch dendritic cells. 

Nature 424:88-93. 

Mora, J.R., M. Iwata, B. Eksteen, S.Y. Song, T. Junt, B. Senman, K.L. Otipoby, A. Yokota, H. Takeuchi, 

P. Ricciardi-Castagnoli, K. Rajewsky, D.H. Adams, and U.H. von Andrian. 2006. Generation of 

gut-homing IgA-secreting B cells by intestinal dendritic cells. Science 314:1157-1160. 

Mosconi, E., A. Rekima, B. Seitz-Polski, A. Kanda, S. Fleury, E. Tissandie, R. Monteiro, D.D. 

Dombrowicz, V. Julia, N. Glaichenhaus, and V. Verhasselt. 2010. Breast milk immune 

complexes are potent inducers of oral tolerance in neonates and prevent asthma 

development. Mucosal immunology 3:461-474. 

Mota-Santos, T., H. Masmoudi, D. Voegtle, A. Freitas, A. Coutinho, and P.A. Cazenave. 1990. 

Divergency in the specificity of the induction and maintenance of neonatal suppression. 

European journal of immunology 20:1717-1721. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

Mowat, A.M., and W.W. Agace. 2014. Regional specialization within the intestinal immune system. 

Nature reviews. Immunology 14:667-685. 

Mucida, D., M.M. Husain, S. Muroi, F. van Wijk, R. Shinnakasu, Y. Naoe, B.S. Reis, Y. Huang, F. 

Lambolez, M. Docherty, A. Attinger, J.W. Shui, G. Kim, C.J. Lena, S. Sakaguchi, C. Miyamoto, 

P. Wang, K. Atarashi, Y. Park, T. Nakayama, K. Honda, W. Ellmeier, M. Kronenberg, I. 

Taniuchi, and H. Cheroutre. 2013. Transcriptional reprogramming of mature CD4(+) helper T 

cells generates distinct MHC class II-restricted cytotoxic T lymphocytes. Nature immunology 

14:281-289. 

Mucida, D., Y. Park, G. Kim, O. Turovskaya, I. Scott, M. Kronenberg, and H. Cheroutre. 2007. 

Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid. Science 

317:256-260. 

Mukherji, A., A. Kobiita, T. Ye, and P. Chambon. 2013. Homeostasis in intestinal epithelium is 

orchestrated by the circadian clock and microbiota cues transduced by TLRs. Cell 153:812-

827. 

Muller, P.A., B. Koscso, G.M. Rajani, K. Stevanovic, M.L. Berres, D. Hashimoto, A. Mortha, M. 

Leboeuf, X.M. Li, D. Mucida, E.R. Stanley, S. Dahan, K.G. Margolis, M.D. Gershon, M. Merad, 

and M. Bogunovic. 2014. Crosstalk between muscularis macrophages and enteric neurons 

regulates gastrointestinal motility. Cell 158:300-313. 

Muroi, S., Y. Naoe, C. Miyamoto, K. Akiyama, T. Ikawa, K. Masuda, H. Kawamoto, and I. Taniuchi. 

2008. Cascading suppression of transcriptional silencers by ThPOK seals helper T cell fate. 

Nature immunology 9:1113-1121. 

Niess, J.H., S. Brand, X. Gu, L. Landsman, S. Jung, B.A. McCormick, J.M. Vyas, M. Boes, H.L. Ploegh, 

J.G. Fox, D.R. Littman, and H.C. Reinecker. 2005. CX3CR1-mediated dendritic cell access to 

the intestinal lumen and bacterial clearance. Science 307:254-258. 

Nussbaum, J.C., S.J. Van Dyken, J. von Moltke, L.E. Cheng, A. Mohapatra, A.B. Molofsky, E.E. 

Thornton, M.F. Krummel, A. Chawla, H.E. Liang, and R.M. Locksley. 2013. Type 2 innate 

lymphoid cells control eosinophil homeostasis. Nature 502:245-248. 

Ohnmacht, C., J.H. Park, S. Cording, J.B. Wing, K. Atarashi, Y. Obata, V. Gaboriau-Routhiau, R. 

Marques, S. Dulauroy, M. Fedoseeva, M. Busslinger, N. Cerf-Bensussan, I.G. Boneca, D. 

Voehringer, K. Hase, K. Honda, S. Sakaguchi, and G. Eberl. 2015. The microbiota regulates 

type 2 immunity through RORgammat(+) T cells. Science 349:989-993. 

Olivares-Villagomez, D., Y.V. Mendez-Fernandez, V.V. Parekh, S. Lalani, T.L. Vincent, H. Cheroutre, 

and L. Van Kaer. 2008. Thymus leukemia antigen controls intraepithelial lymphocyte 

function and inflammatory bowel disease. Proceedings of the National Academy of Sciences 

of the United States of America 105:17931-17936. 

Pabst, O., V. Cerovic, and M. Hornef. 2016. Secretory IgA in the Coordination of Establishment and 

Maintenance of the Microbiota. Trends in immunology 37:287-296. 

Pabst, O., L. Ohl, M. Wendland, M.A. Wurbel, E. Kremmer, B. Malissen, and R. Forster. 2004. 

Chemokine receptor CCR9 contributes to the localization of plasma cells to the small 

intestine. J Exp Med 199:411-416. 

Panea, C., A.M. Farkas, Y. Goto, S. Abdollahi-Roodsaz, C. Lee, B. Koscso, K. Gowda, T.M. Hohl, M. 

Bogunovic, and Ivanov, II. 2015. Intestinal Monocyte-Derived Macrophages Control 

Commensal-Specific Th17 Responses. Cell Rep 12:1314-1324. 

Parkhurst, C.N., G. Yang, I. Ninan, J.N. Savas, J.R. Yates, 3rd, J.J. Lafaille, B.L. Hempstead, D.R. 

Littman, and W.B. Gan. 2013. Microglia promote learning-dependent synapse formation 

through brain-derived neurotrophic factor. Cell 155:1596-1609. 

Persson, E.K., H. Uronen-Hansson, M. Semmrich, A. Rivollier, K. Hagerbrand, J. Marsal, S. 

Gudjonsson, U. Hakansson, B. Reizis, K. Kotarsky, and W.W. Agace. 2013. IRF4 transcription-

factor-dependent CD103(+)CD11b(+) dendritic cells drive mucosal T helper 17 cell 

differentiation. Immunity 38:958-969. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

Plitas, G., C. Konopacki, K. Wu, P.D. Bos, M. Morrow, E.V. Putintseva, D.M. Chudakov, and A.Y. 

Rudensky. 2016. Regulatory T Cells Exhibit Distinct Features in Human Breast Cancer. 

Immunity 45:1122-1134. 

Poussier, P., T. Ning, D. Banerjee, and M. Julius. 2002. A unique subset of self-specific intraintestinal 

T cells maintains gut integrity. J Exp Med 195:1491-1497. 

Probert, C.S., L.J. Saubermann, S. Balk, and R.S. Blumberg. 2007. Repertoire of the alpha beta T-cell 

receptor in the intestine. Immunological reviews 215:215-225. 

Reboldi, A., T.I. Arnon, L.B. Rodda, A. Atakilit, D. Sheppard, and J.G. Cyster. 2016. IgA production 

requires B cell interaction with subepithelial dendritic cells in Peyer's patches. Science 

352:aaf4822. 

Reboldi, A., and J.G. Cyster. 2016. Peyer's patches: organizing B-cell responses at the intestinal 

frontier. Immunological reviews 271:230-245. 

Regnault, A., A. Cumano, P. Vassalli, D. Guy-Grand, and P. Kourilsky. 1994. Oligoclonal repertoire of 

the CD8 alpha alpha and the CD8 alpha beta TCR-alpha/beta murine intestinal intraepithelial 

T lymphocytes: evidence for the random emergence of T cells. J Exp Med 180:1345-1358. 

Regnault, A., J.P. Levraud, A. Lim, A. Six, C. Moreau, A. Cumano, and P. Kourilsky. 1996. The 

expansion and selection of T cell receptor alpha beta intestinal intraepithelial T cell clones. 

European journal of immunology 26:914-921. 

Reis, B.S., D.P. Hoytema van Konijnenburg, S.I. Grivennikov, and D. Mucida. 2014. Transcription 

Factor T-bet Regulates Intraepithelial Lymphocyte Functional Maturation. Immunity 41:244-

256. 

Reis, B.S., A. Rogoz, F.A. Costa-Pinto, I. Taniuchi, and D. Mucida. 2013. Mutual expression of the 

transcription factors Runx3 and ThPOK regulates intestinal CD4(+) T cell immunity. Nature 

immunology 14:271-280. 

Rescigno, M., M. Urbano, B. Valzasina, M. Francolini, G. Rotta, R. Bonasio, F. Granucci, J.P. 

Kraehenbuhl, and P. Ricciardi-Castagnoli. 2001. Dendritic cells express tight junction proteins 

and penetrate gut epithelial monolayers to sample bacteria. Nature immunology 2:361-367. 

Rubtsov, Y.P., R.E. Niec, S. Josefowicz, L. Li, J. Darce, D. Mathis, C. Benoist, and A.Y. Rudensky. 2010. 

Stability of the regulatory T cell lineage in vivo. Science 329:1667-1671. 

Rubtsov, Y.P., J.P. Rasmussen, E.Y. Chi, J. Fontenot, L. Castelli, X. Ye, P. Treuting, L. Siewe, A. Roers, 

W.R. Henderson, Jr., W. Muller, and A.Y. Rudensky. 2008. Regulatory T cell-derived 

interleukin-10 limits inflammation at environmental interfaces. Immunity 28:546-558. 

Sakaguchi, S., M. Hombauer, I. Bilic, Y. Naoe, A. Schebesta, I. Taniuchi, and W. Ellmeier. 2010. The 

zinc-finger protein MAZR is part of the transcription factor network that controls the CD4 

versus CD8 lineage fate of double-positive thymocytes. Nature immunology 11:442-448. 

Sano, T., W. Huang, J.A. Hall, Y. Yang, A. Chen, S.J. Gavzy, J.-Y. Lee, J. Ziel, E.R. Miraldi, R. Bonneau, 

and D.R. Littman. 2015. An IL-23R/IL-22 circuit regulates epithelial serum amyloid A to 

promote local effector Th17 responses. Cell 163, this issue.: 

Sanos, S.L., V.L. Bui, A. Mortha, K. Oberle, C. Heners, C. Johner, and A. Diefenbach. 2009. 

RORgammat and commensal microflora are required for the differentiation of mucosal 

interleukin 22-producing NKp46+ cells. Nature immunology 10:83-91. 

Sawa, S., M. Cherrier, M. Lochner, N. Satoh-Takayama, H.J. Fehling, F. Langa, J.P. Di Santo, and G. 

Eberl. 2010. Lineage relationship analysis of RORgammat+ innate lymphoid cells. Science 

330:665-669. 

Sawa, S., M. Lochner, N. Satoh-Takayama, S. Dulauroy, M. Berard, M. Kleinschek, D. Cua, J.P. Di 

Santo, and G. Eberl. 2011. RORgammat+ innate lymphoid cells regulate intestinal 

homeostasis by integrating negative signals from the symbiotic microbiota. Nature 

immunology 12:320-326. 

Sawada, S., J.D. Scarborough, N. Killeen, and D.R. Littman. 1994. A lineage-specific transcriptional 

silencer regulates CD4 gene expression during T lymphocyte development. Cell 77:917-929. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

Schenkel, J.M., K.A. Fraser, L.K. Beura, K.E. Pauken, V. Vezys, and D. Masopust. 2014. T cell memory. 

Resident memory CD8 T cells trigger protective innate and adaptive immune responses. 

Science 346:98-101. 

Schenkel, J.M., K.A. Fraser, K.A. Casey, L.K. Beura, K.E. Pauken, V. Vezys, and D. Masopust. 2016. IL-

15-Independent Maintenance of Tissue-Resident and Boosted Effector Memory CD8 T Cells. 

Journal of immunology 196:3920-3926. 

Schenkel, J.M., and D. Masopust. 2014. Tissue-resident memory T cells. Immunity 41:886-897. 

Schreiber, H.A., J. Loschko, R.A. Karssemeijer, A. Escolano, M.M. Meredith, D. Mucida, P. 

Guermonprez, and M.C. Nussenzweig. 2013. Intestinal monocytes and macrophages are 

required for T cell polarization in response to Citrobacter rodentium. J Exp Med 210:2025-

2039. 

Schulz, O., E. Jaensson, E.K. Persson, X. Liu, T. Worbs, W.W. Agace, and O. Pabst. 2009. Intestinal 

CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and serve classical 

dendritic cell functions. J Exp Med 206:3101-3114. 

Semmrich, M., M. Plantinga, M. Svensson-Frej, H. Uronen-Hansson, T. Gustafsson, A.M. Mowat, U. 

Yrlid, B.N. Lambrecht, and W.W. Agace. 2012. Directed antigen targeting in vivo identifies a 

role for CD103+ dendritic cells in both tolerogenic and immunogenic T-cell responses. 

Mucosal immunology 5:150-160. 

Seo, G.Y., Y.S. Jang, H.A. Kim, M.R. Lee, M.H. Park, S.R. Park, J.M. Lee, J. Choe, and P.H. Kim. 2013. 

Retinoic acid, acting as a highly specific IgA isotype switch factor, cooperates with TGF-beta1 

to enhance the overall IgA response. Journal of leukocyte biology 94:325-335. 

Seo, G.Y., J. Youn, and P.H. Kim. 2009. IL-21 ensures TGF-beta 1-induced IgA isotype expression in 

mouse Peyer's patches. Journal of leukocyte biology 85:744-750. 

Setoguchi, R., M. Tachibana, Y. Naoe, S. Muroi, K. Akiyama, C. Tezuka, T. Okuda, and I. Taniuchi. 

2008. Repression of the transcription factor Th-POK by Runx complexes in cytotoxic T cell 

development. Science 319:822-825. 

Shechter, R., A. London, and M. Schwartz. 2013. Orchestrated leukocyte recruitment to immune-

privileged sites: absolute barriers versus educational gates. Nature reviews. Immunology 

13:206-218. 

Sheridan, B.S., Q.M. Pham, Y.T. Lee, L.S. Cauley, L. Puddington, and L. Lefrancois. 2014. Oral infection 

drives a distinct population of intestinal resident memory CD8(+) T cells with enhanced 

protective function. Immunity 40:747-757. 

Shin, H., and A. Iwasaki. 2013. Tissue-resident memory T cells. Immunological reviews 255:165-181. 

Shulzhenko, N., A. Morgun, W. Hsiao, M. Battle, M. Yao, O. Gavrilova, M. Orandle, L. Mayer, A.J. 

Macpherson, K.D. McCoy, C. Fraser-Liggett, and P. Matzinger. 2011. Crosstalk between B 

lymphocytes, microbiota and the intestinal epithelium governs immunity versus metabolism 

in the gut. Nature medicine 17:1585-1593. 

Siddiqui, K.R., S. Laffont, and F. Powrie. 2010. E-cadherin marks a subset of inflammatory dendritic 

cells that promote T cell-mediated colitis. Immunity 32:557-567. 

Simon, V., N. Bloch, and N.R. Landau. 2015. Intrinsic host restrictions to HIV-1 and mechanisms of 

viral escape. Nature immunology 16:546-553. 

Siu, G., A.L. Wurster, D.D. Duncan, T.M. Soliman, and S.M. Hedrick. 1994. A transcriptional silencer 

controls the developmental expression of the CD4 gene. The EMBO journal 13:3570-3579. 

Sonnenberg, G.F., L.A. Monticelli, T. Alenghat, T.C. Fung, N.A. Hutnick, J. Kunisawa, N. Shibata, S. 

Grunberg, R. Sinha, A.M. Zahm, M.R. Tardif, T. Sathaliyawala, M. Kubota, D.L. Farber, R.G. 

Collman, A. Shaked, L.A. Fouser, D.B. Weiner, P.A. Tessier, J.R. Friedman, H. Kiyono, F.D. 

Bushman, K.M. Chang, and D. Artis. 2012. Innate lymphoid cells promote anatomical 

containment of lymphoid-resident commensal bacteria. Science 336:1321-1325. 

Sujino, T., M. London, D.P. Hoytema van Konijnenburg, T. Rendon, T. Buch, H.M. Silva, J.J. Lafaille, 

B.S. Reis, and D. Mucida. 2016. Tissue adaptation of regulatory and intraepithelial CD4(+) T 

cells controls gut inflammation. Science 352:1581-1586. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

Sun, C.M., J.A. Hall, R.B. Blank, N. Bouladoux, M. Oukka, J.R. Mora, and Y. Belkaid. 2007. Small 

intestine lamina propria dendritic cells promote de novo generation of Foxp3 T reg cells via 

retinoic acid. J Exp Med 204:1775-1785. 

Suzuki, H., G.S. Duncan, H. Takimoto, and T.W. Mak. 1997. Abnormal development of intestinal 

intraepithelial lymphocytes and peripheral natural killer cells in mice lacking the IL-2 

receptor beta chain. J Exp Med 185:499-505. 

Suzuki, K., M. Maruya, S. Kawamoto, K. Sitnik, H. Kitamura, W.W. Agace, and S. Fagarasan. 2010. The 

sensing of environmental stimuli by follicular dendritic cells promotes immunoglobulin A 

generation in the gut. Immunity 33:71-83. 

Suzuki, K., B. Meek, Y. Doi, M. Muramatsu, T. Chiba, T. Honjo, and S. Fagarasan. 2004. Aberrant 

expansion of segmented filamentous bacteria in IgA-deficient gut. Proceedings of the 

National Academy of Sciences of the United States of America 101:1981-1986. 

Tang, F., Z. Chen, C. Ciszewski, M. Setty, J. Solus, M. Tretiakova, E. Ebert, J. Han, A. Lin, S. Guandalini, 

V. Groh, T. Spies, P. Green, and B. Jabri. 2009. Cytosolic PLA2 is required for CTL-mediated 

immunopathology of celiac disease via NKG2D and IL-15. J Exp Med 206:707-719. 

Taniuchi, I., M. Osato, T. Egawa, M.J. Sunshine, S.C. Bae, T. Komori, Y. Ito, and D.R. Littman. 2002. 

Differential requirements for Runx proteins in CD4 repression and epigenetic silencing 

during T lymphocyte development. Cell 111:621-633. 

Tezuka, H., Y. Abe, J. Asano, T. Sato, J. Liu, M. Iwata, and T. Ohteki. 2011. Prominent role for 

plasmacytoid dendritic cells in mucosal T cell-independent IgA induction. Immunity 34:247-

257. 

Tsuji, M., N. Komatsu, S. Kawamoto, K. Suzuki, O. Kanagawa, T. Honjo, S. Hori, and S. Fagarasan. 

2009. Preferential generation of follicular B helper T cells from Foxp3+ T cells in gut Peyer's 

patches. Science 323:1488-1492. 

Tsuji, M., K. Suzuki, H. Kitamura, M. Maruya, K. Kinoshita, Ivanov, II, K. Itoh, D.R. Littman, and S. 

Fagarasan. 2008. Requirement for lymphoid tissue-inducer cells in isolated follicle formation 

and T cell-independent immunoglobulin A generation in the gut. Immunity 29:261-271. 

Umesaki, Y., H. Setoyama, S. Matsumoto, and Y. Okada. 1993. Expansion of alpha beta T-cell 

receptor-bearing intestinal intraepithelial lymphocytes after microbial colonization in germ-

free mice and its independence from thymus. Immunology 79:32-37. 

van der Heijden, F.L. 1986. Mucosal lymphocytes in the rat small intestine: phenotypical 

characterization in situ. Immunology 59:397-399. 

Van Kaer, L., H.M. Algood, K. Singh, V.V. Parekh, M.J. Greer, M.B. Piazuelo, J.H. Weitkamp, P. Matta, 

R. Chaturvedi, K.T. Wilson, and D. Olivares-Villagomez. 2014. CD8alphaalpha(+) innate-type 

lymphocytes in the intestinal epithelium mediate mucosal immunity. Immunity 41:451-464. 

Varol, C., A. Vallon-Eberhard, E. Elinav, T. Aychek, Y. Shapira, H. Luche, H.J. Fehling, W.D. Hardt, G. 

Shakhar, and S. Jung. 2009. Intestinal lamina propria dendritic cell subsets have different 

origin and functions. Immunity 31:502-512. 

Verhasselt, V., V. Milcent, J. Cazareth, A. Kanda, S. Fleury, D. Dombrowicz, N. Glaichenhaus, and V. 

Julia. 2008. Breast milk-mediated transfer of an antigen induces tolerance and protection 

from allergic asthma. Nature medicine 14:170-175. 

Wang, Y., M.A. Su, and Y.Y. Wan. 2011. An essential role of the transcription factor GATA-3 for the 

function of regulatory T cells. Immunity 35:337-348. 

Weber, B.N., A.W. Chi, A. Chavez, Y. Yashiro-Ohtani, Q. Yang, O. Shestova, and A. Bhandoola. 2011. A 

critical role for TCF-1 in T-lineage specification and differentiation. Nature 476:63-68. 

Wohlfert, E.A., J.R. Grainger, N. Bouladoux, J.E. Konkel, G. Oldenhove, C.H. Ribeiro, J.A. Hall, R. Yagi, 

S. Naik, R. Bhairavabhotla, W.E. Paul, R. Bosselut, G. Wei, K. Zhao, M. Oukka, J. Zhu, and Y. 

Belkaid. 2011. GATA3 controls Foxp3(+) regulatory T cell fate during inflammation in mice. 

The Journal of clinical investigation 121:4503-4515. 

Wu, M., L. van Kaer, S. Itohara, and S. Tonegawa. 1991. Highly restricted expression of the thymus 

leukemia antigens on intestinal epithelial cells. J Exp Med 174:213-218. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

Xu, W., B. He, A. Chiu, A. Chadburn, M. Shan, M. Buldys, A. Ding, D.M. Knowles, P.A. Santini, and A. 

Cerutti. 2007. Epithelial cells trigger frontline immunoglobulin class switching through a 

pathway regulated by the inhibitor SLPI. Nature immunology 8:294-303. 

Yang, Y., M.B. Torchinsky, M. Gobert, H. Xiong, M. Xu, J.L. Linehan, F. Alonzo, C. Ng, A. Chen, X. Lin, 

A. Sczesnak, J.J. Liao, V.J. Torres, M.K. Jenkins, J.J. Lafaille, and D.R. Littman. 2014. Focused 

specificity of intestinal TH17 cells towards commensal bacterial antigens. Nature 510:152-

156. 

Yu, X., D. Rollins, K.A. Ruhn, J.J. Stubblefield, C.B. Green, M. Kashiwada, P.B. Rothman, J.S. Takahashi, 

and L.V. Hooper. 2013. TH17 cell differentiation is regulated by the circadian clock. Science 

342:727-730. 

Zaid, A., L.K. Mackay, A. Rahimpour, A. Braun, M. Veldhoen, F.R. Carbone, J.H. Manton, W.R. Heath, 

and S.N. Mueller. 2014. Persistence of skin-resident memory T cells within an epidermal 

niche. Proceedings of the National Academy of Sciences of the United States of America 

111:5307-5312. 

Zeng, M.Y., D. Cisalpino, S. Varadarajan, J. Hellman, H.S. Warren, M. Cascalho, N. Inohara, and G. 

Nunez. 2016. Gut Microbiota-Induced Immunoglobulin G Controls Systemic Infection by 

Symbiotic Bacteria and Pathogens. Immunity 44:647-658. 

Zheng, Y., A. Chaudhry, A. Kas, P. deRoos, J.M. Kim, T.T. Chu, L. Corcoran, P. Treuting, U. Klein, and 

A.Y. Rudensky. 2009. Regulatory T-cell suppressor program co-opts transcription factor IRF4 

to control T(H)2 responses. Nature 458:351-356. 

Zhou, X., S.L. Bailey-Bucktrout, L.T. Jeker, C. Penaranda, M. Martinez-Llordella, M. Ashby, M. 

Nakayama, W. Rosenthal, and J.A. Bluestone. 2009. Instability of the transcription factor 

Foxp3 leads to the generation of pathogenic memory T cells in vivo. Nature immunology 

10:1000-1007. 

Zigmond, E., B. Bernshtein, G. Friedlander, C.R. Walker, S. Yona, K.W. Kim, O. Brenner, R. 

Krauthgamer, C. Varol, W. Muller, and S. Jung. 2014. Macrophage-restricted interleukin-10 

receptor deficiency, but not IL-10 deficiency, causes severe spontaneous colitis. Immunity 

40:720-733. 

Zigmond, E., and S. Jung. 2013. Intestinal macrophages: well educated exceptions from the rule. 

Trends in immunology 34:162-168. 

 

 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 8, 2017. ; https://doi.org/10.1101/125641doi: bioRxiv preprint 

https://doi.org/10.1101/125641
http://creativecommons.org/licenses/by-nc-nd/4.0/

