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Summary 

Regulatory T cells (Tregs) perform suppressive functions in disparate tissue 

environments and against many inflammatory insults, yet the tissue-enriched 

factor(s) that influence Treg cell phenotype and function remain largely unknown. We 

have shown a vital role for transforming growth factor-β (TGF-β)-signals in safe-

guarding specific Treg cell functions. TGF-β-signals were dispensable for steady-

state Treg cell homoeostasis and for Treg cell suppression of T cell proliferation and 

T helper-1 (Th1) cell differentiation. However, Treg cells require TGF-β-signals to 

appropriately dampen Th17 cells and regulate responses in the gastrointestinal tract. 

TGFβ-signaling maintains CD103 expression, promotes expression of the colon-

specific trafficking molecule GPR15 and inhibits expression of GPR174, a receptor 

for lysophosphatidylserine, on Treg cells; collectively supporting the accumulation 

and retention of Treg cells in the colon and control of colitogenic responses. Thus, 

we reveal an unrecognized function for TGF-β−signaling as an upstream factor 

controlling Treg cell activity in specific tissue environments.  
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Introduction 

Regulatory T cells (Tregs) that express the transcription factor Foxp3 play a central 

role in maintaining immune homeostasis, suppressing autoimmunity, and regulating 

immunity to infections and tumors (Nishikawa and Sakaguchi, 2014, Chen and Wahl, 

2003). Exhibiting functional and phenotypic heterogeneity, Treg cells mediate their 

regulatory actions in different tissues and in response to many stimuli. Responding to 

environmental cues Treg cells acquire distinct characteristics tailoring them to the 

response to be regulated (Campbell and Koch, 2011). In this regard Treg cell 

expression of the transcription factor T-bet is required for suppression of T helper-1 

(Th1) responses (Koch et al., 2009), interferon regulatory factor-4 (IRF4) for 

suppression of T helper-2 (Th2) responses (Zheng et al., 2009), STAT3 for 

suppression of T helper-17 (Th17) responses (Chaudhry et al., 2009), and GATA-3 

important for control of effector T cells (Wohlfert et al., 2011). However, the upstream 

stimuli and signals enforcing these suppressive Treg cell programs are poorly 

understood.  

Tailoring of Treg cell functionality occurs, not only at the level of the targeted immune 

response, but also by the tissue site in which these cells are to function, for example 

specialized Treg cells operate in adipose tissue (Cipolletta et al., 2012) and muscle 

(Burzyn et al., 2013). In addition interleukin-10 (IL-10) production by Treg cells is vital 

to control gastrointestinal (GI) inflammation (Rubtsov et al., 2008). To appropriately 

function in specific tissue locations, Treg cells must be recruited to and retained at 

the tissue site, as well as be able to persist in that environment. The factors 

supporting Treg cells in tissues are incompletely understood, but better 

understanding of these factors would promote development of strategies to reinforce 

Treg cell function in specific tissues during aberrant inflammation.  

By generating transgenic mice in which TGF-β receptor I (TGF-βRI) was specifically 

deleted in Foxp3+ Treg cells (Tgfbr1f/fFoxp3-cre+) we show that lack of TGF-β-signals 

to Treg cells increased their suppression of Th1 cells, but resulted in an inability to 
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control Th17 cells. Moreover, we found that deletion of Tgfbr1 on Treg cells led to a 

profound defect in recruitment and retention of Treg cells in the GI tract, resulting in 

an inability to regulate inflammation at this site. Our data indicate that TGF-β signals 

are vital for ensuring appropriate expression of integrins and G-protein coupled 

receptors that support accumulation of Treg cells in the colon. Combined, our data 

demonstrate an essential role for TGF-β signals in Treg cell suppression of specific 

T-helper subsets and to control tissue-specific immune responses. 

 

Results 

Increased Th17 cells in the GI tract of aged Tgfbr1f/fFoxp3-cre+ mice. 

We generated Foxp3+ cell-specific TGF-βRI gene-ablated mice (Tgfbr1f/fFoxp3-cre+) 

and previously demonstrated that these mice have normal development of thymic 

Treg cells (Konkel et al., 2014). To further study the role of TGF-β-signals in Foxp3+ 

cells we phenotyped Tgfbr1f/fFoxp3-cre+ and littermate controls. Unlike mice in which 

TGF-βR is deleted on all T cells (Liu et al., 2008, Li et al., 2006, Marie et al., 2006) 

Tgfbr1f/fFoxp3-cre+ mice aged 6-15 weeks exhibited no aberrant inflammation 

(Figure 1A-D and Figure S1A-C). Moreover, Treg cell frequencies were similar 

between Tgfbr1f/fFoxp3-cre+ mice and controls (Figure 1B). Treg cell expression of 

Foxp3 was also similar between Tgfbr1-/- and control cells (Figure S1D) as were 

frequencies of Nrp1+ and Helios+ Treg cells, suggesting similar ratios of tTreg and 

pTreg cells (Figure S1E). 

However, when we aged Tgfbr1f/fFoxp3-cre+ mice to one year, we noted aberrant 

immune functionality. Loss of immune control occurred within the GI tract (Figure 

1E) and skin (Figure S2A), where we saw a specific increase in IL-17 production by 

CD4+ T cells in Tgfbr1f/fFoxp3-cre+ mice (Figure 1E, H). This was not seen in other 

organs examined (Figure 1E, H) and importantly we did not see global immune 

activation (Figure S2B-D) or loss of the Foxp3+ cell population (Figure 1F). IFN-γ 

production from both CD4+ and CD8+ T cells was not elevated, in fact T cell IFN-γ 
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production was decreased in Tgfbr1f/fFoxp3-cre+ mice (Figure 1E, G and Figure 

S2E). Increased CD4+ T cell IL-17 production did not result in any overt pathology in 

either the colon or skin (Figure S2F,G). Thus, in the steady-state, in the absence of 

TGF-β-signals, Treg cells are able to function and survive as Tgfbr1f/fFoxp3-cre+ mice 

remain healthy. However, lack of TGF-β-signals to Treg cells eventually resulted in 

an inability to control CD4+ T cell IL-17 production, specifically in the GI tract and 

skin.  

 

Tgfbr1f/fFoxp3-cre+ mice show reduced Th1 but increased Th17 cells in the 

central nervous system (CNS) during EAE 

Our data suggest that TGF-βR1-deletion on Treg cells promotes selective immune 

dysfunction resulting in enhanced GI IL-17 production with age. To ascertain whether 

this was a GI specific defect or resulted from the chronic inflammatory stimuli 

experienced in the GI tract, we induced experimental autoimmune encephalomyelitis 

(EAE) in Tgfbr1f/fFoxp3-cre+ mice. IL-17 production is vital for EAE pathology 

(Langrish et al., 2005) but the inflammation is characterized by presence of Th1 and 

Th17 cells in the CNS (O'Connor et al., 2008). Tgfbr1f/fFoxp3-cre+ mice exhibited a 

similar severity of disease compared to controls (Figure 2A). Analysis of the CNS 

infiltrates showed the total numbers of the immune cells were similar between all 

mice, yet there were differences in the profiles of CNS resident cells. The frequency 

of Foxp3+ Treg cells was significantly increased in the CNS of Tgfbr1f/fFoxp3-cre+ 

mice (Figure 2B,C). Examination of cytokine production by CD4+Foxp3- T cells 

showed that Tgfbr1f/fFoxp3-cre+ mice had fewer CNS IFN-γ+CD4+Foxp3- T cells 

compared to controls (Figure 2B,C). In contrast, the frequency of CNS IL-

17+CD4+Foxp3- T cells was significantly increased in Tgfbr1f/fFoxp3-cre+ mice 

(Figure 2B,C). Examining the Treg cells in the CNS, fewer TGF-βRI-deficient cells 

produced IL-17 compared to TGF-βRI-sufficient Treg cells (Figure 2D,E). 

Collectively, these data indicate that in the absence of TGF-β-signals, Treg cells in 
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the inflamed CNS accumulate, continue to express Foxp3, do not secrete 

inflammatory cytokines and can persist in the inflamed CNS. Our data indicate 

differential control of CD4+ T cell cytokine production by Tgfbr1-/- Treg cells; 

suggesting Tgfbr1-/- Treg cells can limit CNS CD4+T cell production of IFN-γ but have 

a reduced ability to suppress Th17 cells. Although differences in EAE pathology are 

seen in mice with EAE dominated by Th1 or Th17 cells (Peters et al., 2011, 

Stromnes et al., 2008) we show that Tgfbr1f/fFoxp3-cre+ mice do not exhibit 

worsened disease.  

 

TGF-βR-deficient Treg cells are better at suppressing Th1 responses in vitro.  

Our data raised the possibility that TGF-β-signals to Treg cells enabled control of 

Th17 but not Th1 cells. Next we tested the suppressive capacity of Tgfbr1-/- Treg 

cells in well-defined in vitro suppression assays. We show that purified Tgfbr1-/- Treg 

cells were better at suppressing CD4+ T cell proliferation than controls (Figure 3A,B). 

When the same suppression assay was performed in both the absence or presence 

Th1-favouring cytokines (IL-12+IFN-γ), Tgfbr1-/- Treg cells were also better at 

suppressing IFN-γ production by effector T cells (Figure 3C-E). Indeed, compared to 

controls, Tgfbr1-/- Treg cells were approximately 5-10% better at suppressing CD4+ T 

cell IFN-γ production (Figure 3E). In contrast to the enhanced suppression of IFN-γ, 

in non-polarizing cultures Tgfbr1-/- Treg cells were less able to suppress IL-17 

production. Tgfbr1-/- Treg cells had a reduced capacity to suppress IL-17 production 

by approximately 10% (Figure 3E). These alterations in suppressive capacity were 

not merely a result of better suppression of IFN-γ causing greater IL-17 production, 

as addition of anti-IFN-γ to cultures did not alter the suppressive capacity of Tgfbr1-/- 

Treg cells (Figure S3A-C). Nor was altered suppressive capacity due to altered 

Foxp3 expression (Figure S3D). 

We next addressed whether decreased suppression of IL-17 production would occur 

in Th17 differentiation conditions. In this setting, again IL-17 production by effector 
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CD4+ T cells was higher in cultures with Tgfbr1-/- Treg cells compared to controls 

(Figure 3F). However, unlike in non-polarizing culture conditions, in IL-17 polarizing 

conditions increased IL-17 production was not due to the reduced ability of Tgfbr1-/- 

Treg cells to suppress IL-17 production. Instead, when IL-6 was added to the assays, 

the presence of the Tgfbr1-/- Treg cell itself promoted greater production of IL-17 from 

co-cultured CD4+ T cells (Figure 3G). This enhancement of IL-17 production was not 

due to elevated production of TGF-β1 or expression of the high-affinity IL-2 receptor 

(CD25) by Tgfbr1-/- Treg cells (Figure S3E), mechanisms previously shown to 

support Treg cell enhancement of Th17 polarization (Chen et al., 2011, Gutcher et 

al., 2011). Altered suppressive capacity was also not due to alterations in pro-

inflammatory cytokine production by Treg cells (Figure S3F).  

Completing the comparison of Treg cell suppressive capabilities, we show that the 

ability of Tgfbr1-/- Treg cells to suppress Th2 responses was the same as controls 

both in vitro (Figure 3E) and in vivo (Figure S3G,H).  

Combined, these data indicate that Tgfbr1-/- Treg cells exhibit an enhanced ability to 

suppress Th1 cells, yet could not limit IL-17 production from CD4+ T cells as well as 

control Treg cells. In the presence of IL-6, this altered capacity to regulate IL-17 

production was due to Tgfbr1-/- Treg cells promoting enhanced IL-17 production 

(Figure 3G).  

 

TGF-βRI-deficient Treg cells exhibit elevated T-bet expression 

We next investigated the underlying mechanisms by which Tgfbr1-/- Treg cells 

mediated enhanced suppression of Th1 cells. Most canonical Treg cell factors and/or 

signaling intermediates (e.g. CTLA-4, GITR, and phosphorylated STAT5) were 

similarly expressed in Tgfbr1-/- and control Treg cells (data not shown). However, 

more Treg cells from Tgfbr1f/fFoxp3-cre+ mice were IL-10+ compared to controls 

(Figure 4A). Moreover, Tgfbr1f/fFoxp3-cre+ mice exhibited increased frequencies of 

T-bet+ Treg cells (Figure 4B). A factor reinforcing Treg cell stability in inflammatory 
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settings is GATA-3 (Wohlfert et al., 2011), and here we show increased GATA-3 in 

Tgfbr1-/-  Treg cells following activation both in vitro and in vivo  (Figure 4C,D). 

As T-bet expression in Treg cells has been shown to support Treg cell function in 

Th1-settings (Koch et al., 2009) we queried whether elevated T-bet expression by 

Tgfbr1-/- Treg cells could account for their enhanced ability to suppress IFN-γ 

production. To achieve this we transfected Tgfbr1-/- Treg cells with a lenti-virus vector 

coding a dominant negative form of T-bet. Reduction of T-bet expression in Tgfbr1-/-  

Treg cells reduced their capacity to suppress IFN-γ production by effector CD4+ T 

cells in Th1 polarized conditions (Figure 4E). Thus increased T-bet expression 

contributed to the enhanced suppressive capacity of TGF-βRI-deficient Treg cells in 

Th1 settings.  

Given that TGF-β-signaling can modulate T-bet and GATA-3 expression in effector 

CD4+ T cells, we queried whether TGF-β could achieve this in Treg cells. Upon 

activation in vitro, TGF-β reduced expression of both T-bet and GATA-3 (Figure 

S4A,B). TGF-β-driven reduction of T-bet and GATA-3 expression occurred in both 

the presence and absence of polarizing cytokines, indicating a direct effect of TGF-β 

on Treg cell phenotype. Combined, these data outline mechanisms supporting the 

enhanced suppressive capacity of Tgfbr1-/- Treg cells in Th1 settings, notably via the 

elevated expression of T-bet in Treg cells unable to receive TGF-β-signals.  

To probe the functional defect limiting Tgfbr1-/- Treg cell suppression of IL-17 

production in non-polarizing conditions, we examined the expression of factors 

known to support IL-17 suppression by Treg cells. IL-10-signaling, mediated by 

STAT3, is vital for Treg cell suppression of Th17 cells (Chaudhry et al., 2011). 

However, Tgfbr1-/- Treg cells had no reduction in IL-10-receptor (IL-10R) expression 

compared to controls, in fact directly ex vivo Tgfbr1-/- Treg cells expressed increased 

IL-10R transcripts (Figure 4F). Moreover, STAT3 was activated similarly in response 

to both IL-6 and IL-10 in Tgfbr1-/- and control Treg cells (Figure S4C). STAT3 

expression, and also expression of Socs3 a gene downstream of IL-10 and STAT3, 
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were also similar in Tgfbr1-/- Treg cells compared to controls as well as in Treg cells 

cultured with or without TGF-β (Figure S4D,E), suggesting that the inability of Tgfbr1-

/- Treg cells to suppress Th17 cells was not attributable to defective IL-10R-pSTAT3 

signals. However, we did determine that fewer Tgfbr1-/- Treg cells expressed the 

transcription factor RORγt (Figure 4G, H). As Foxp3+RORγt+ cells have been shown 

to be effective immune regulators enriched in the lamina propria (Lp) of the GI tract 

(Yang et al., 2015, Sefik et al., 2015, Ohnmacht et al., 2015), the reduced expression 

of RORγt in Tgfbr1-/- Foxp3+ Treg cells may account, at least in part, for reduced of 

suppression of Th17 cells by these Treg cells in non-polarizing conditions, although 

this remains unproven. 

Finally, altered expression of these key transcription factors in Tgfbr1-/- Treg cells 

was also seen in EAE and in in vitro Treg cell cultures (Figure S4F,G) reinforcing 

this altered expression of T-bet and RORγt in Tgfbr1-/- Treg cells. 

 

TGF-βRI-deficient Treg cells fail to control colitis.  

To further investigate TGF-βRI-deficient Treg cell function we tested their ability to 

suppress GI responses using the T cell-transfer model of colitis. This allowed us to 

not only assess Treg cell capacities but also test these in the GI tract, the 

environment where we saw increased IL-17 in aged Tgfbr1f/fFoxp3-cre+ mice (Figure 

1). CD4+CD45RBhi T cells were transferred into Rag1-/- mice with control or Tgfbr1-/- 

Treg cells. Unlike control Treg cells, Tgfbr1-/- cells were unable to suppress colitis. 

Mice receiving colitogenic T cells and Tgfbr1-/- Treg cells developed significant weight 

loss and inflammatory cell infiltration in the colon (Figure 5A,B and Figure S5A). 

This was in stark contrast to our EAE and in vitro data where Tgfbr1-/- Treg cells were 

able to function and even exhibited enhanced suppression of Th1 cells. Importantly, 

and unlike what we saw in the CNS during EAE, failure to control colitogenic 

responses was associated with a significant reduction in colonic Tgfbr1-/- Treg cells 

(Figure 5C,D).  
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Examining the few colonic Treg cells demonstrated, similar to what was seen 

previously, that Tgfbr1-/- Treg cells exhibited elevated T-bet but reduced RORγt 

expression and the matched cytokine profile (Figure S5B,C). Moreover Tgfbr1-/- Treg 

cells expressed little CD103 (Figure 5E,F), an integrin aiding retention of cells in the 

GI tract (Casey et al., 2012, El-Asady et al., 2005). Loss of CD103 expression on 

Treg cells was also seen in the spleen of colitic mice despite similar numbers of 

splenic Treg cells (Figure S5D,E).  

We further examined the Tgfbr1f/fFoxp3-cre+ mice in which the Treg cell frequency 

was unaltered (Figure 1B and F). Despite similar frequencies of total Treg cells, the 

percent of these expressing CD103 was dramatically reduced in all tissue sites and 

lymphoid organs examined (Figure S5F,G). This included TGF-βRI-deficient Treg 

cells in the CNS during EAE (Figure S5H) and in in vitro suppression assays (Figure 

S5I). Combined these data clearly indicate that TGF-β-signals are vital for Treg cell 

expression of CD103.  

Loss of TGF-β-signals to Treg cells also resulted in altered expression of GPR174, a 

G-protein coupled receptor for lysophosphatidylserine (LysoPS). Tgfbr1-/- Treg cells 

had elevated expression of GPR174 (Figure 5G), downstream signals from which 

have been shown to limit colon Treg cell accumulation (Barnes et al., 2015). 

Moreover, Tgfbr1-/- Treg cells also exhibited reduced expression of GPR15 (Figure 

5H), a G-protein coupled receptor important in colonic T cell trafficking (Kim et al., 

2013). Increased expression of GPR174 and decreased expression of GPR15 were 

also seen on Tgfbr1-/- Treg cells post in vitro activation (Figure S5J). Collectively 

these data demonstrate that in the absence of TGF-β-signals, Treg cells not only 

have a reduced ability to accumulate in the colon but also that those present in the 

colon exhibit an elevated sensitivity to local LysoPS, shown to limit their capacity to 

be sustained in the GI environment (Barnes et al., 2015). Our data suggest that 

Tgfbr1-/- Treg cells cannot accumulate in the colon and, as such fail to regulate 

inflammatory responses at this site. 
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Tgfbr1-/- Treg cells fail to be retained within the colon.  

The low expression of CD103 and GPR15 on TGF-βRI-deficient Treg cells, alongside 

elevated GPR174, led us to hypothesize that TGF-β signals were required for Treg 

cells to accumulate in the colon. To test this hypothesis we injected CD4+CD45RBhi T 

cells into Rag1-/- mice together with both control and Tgfbr1-/- Treg cells, which were 

congenically distinct, at a ratio of 1:1 (Figure 6A). The three populations of T cells 

were co-transferred and then ratios of Treg cells in different organs examined after 4 

weeks, testing whether Tgfbr1-/- Treg cells could accumulate in the colon. Indeed, few 

Tgfbr1-/- Treg cells were found in the colonic Lp 4 weeks after transfer. In this tissue, 

control and Tgfbr1-/- Treg cells were no longer present at a 1:1 ratio, instead the ratio 

was skewed in favor of control cells (Figure 6B). This loss in Tgfbr1-/- Treg cells was 

unique to the colon, as in other tissues examined Tgfbr1-/- Treg cells were present in 

higher numbers than controls (Figure 6B) indicating that Tgfbr1-/- Treg cells did not 

exhibit a general survival defect or competitive disadvantage. Loss of Tgfbr1-/- Treg 

cells from the colon was not because transferred Treg cells had reduced or lost 

Foxp3 expression in this tissue, as when examining the ratios of transferred Treg 

cells present in different tissues based on congenic markers alone (i.e. not gating on 

Foxp3+), a similar loss of Tgfbr1-/- cells was seen specifically in the colon (Figure 

S6A). In line with this, Tgfbr1-/- Treg cells did not lose Foxp3 expression at any site 

examined (Figure S6B,C). In addition, Tgfbr1-/- Treg cells in the colon did not exhibit 

altered staining for Ki67 (a marker of proliferation) (Figure 6C) or cell survival, as 

indicated by expression of Bcl2 and ICOS (a factor supporting Treg cell maintenance 

in tissues (Smigiel et al., 2014)) (Figure 6D,E). The few Tgfbr1-/- Treg cells remaining 

in the colon expressed little CD103 (Figure 6F). These data show that Tgfbr1-/- Treg 

cells have an altered ability to specifically accumulate in the colon. Our data 

collectively outline that TGF-β imparts vital tissue-specific cues to Treg cells by 

promoting expression of CD103 and GPR15 and limiting expression of GPR174, 
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allowing Treg cells to remain in the GI environment. Thus, in the absence of TGF-β 

signals Treg cells fail to accumulate in the colon.  

 

TGF-β-signaling regulates expression of molecules supporting colonic Treg 

cell accumulation. 

To assess whether TGF-β could directly modulate GPR174 expression we cultured 

flow cytometrically sorted wild-type GFP+ Treg cells in the absence and presence of 

TGF-β and examined GPR174 mRNA transcripts Addition of TGF-β resulted in a 

reduction in GPR174 (Figure 7A), demonstrating TGF-β-signals directly affected 

GPR174 expression.  

Next we investigated the mechanisms of TGF-β regulation of CD103 expression. 

Although our data show Tgfbr1-/- Treg cells lost CD103 expression, we have not 

identified whether this was due to a failure to induce or maintain CD103. Previous 

studies have shown that TGF-β induces CD103 expression on T cells (El-Asady et 

al., 2005). Yet, in our cre-driven model TGF-βRI would be expressed on T cells until 

induction of Foxp3 raising the possibility that continued TGF-β-signals are needed to 

maintain CD103 expression. To test this we utilized mice in which the TGF-βRII was 

under the control of a tamoxifen inducible cre (Tgfbr2f/fERcre mice)(Zhao et al., 2011), 

where tamoxifen administration for 1-week results in loss of TGF-βRII expression. 

Following recent deletion of TGF-βRII expression in tamoxifen-treated mice, fewer 

Treg cells expressed CD103 (Figure S7A). To confirm that continued TGF-β-signals 

sustain CD103 expression we sorted CD103+ Treg cells and cultured these under 

conditions allowing or inhibiting TGF-β signals. Only when TGF-β was supplemented 

in cultures was Treg cell CD103 expression maintained (Figure 7B-D). When TGF-β-

signals were inhibited, or in the absence of exogenous TGF-β, Treg cells lost CD103 

expression which was seen at both the protein (Figure 7B,C) and mRNA level 

(Figure 7D), suggesting constant TGF-β-signals are needed to maintain CD103 

expression. To examine the mediators downstream of TGF-β we queried the role of 
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Smad3, a key intermediate of canonical TGF-β-signals. Treg cells from Smad3-/- 

mice had similar expression of CD103 compared to wild-type controls (Figure S7B), 

suggesting Smad3 was not key for TGF-β to maintain CD103 expression. Moreover, 

TGF-β was able to sustain CD103 expression in the absence of Smad3 (Figure 7E). 

Combined these data indicate that TGF-β-signals either via Smad2, which supports 

TGF-β-signaling in the absence of Smad3 (Takimoto et al., 2010), or that non-

canonical TGF-β-signals maintain CD103 expression on Treg cells. Of note, Smad3-

deficient Treg cells also expressed T-bet and RORγt similarly to controls (Figure 

S7C).   

To further demonstrate that TGF-β maintains CD103 expression we cultured flow 

cytometry-sorted wild-type CD103- Treg cells in the presence of TGF-β; as expected 

this promoted CD103 expression (Figure 7F). However, once CD103 expression 

was induced, if TGF-β was inhibited for an additional 24 hours, by culturing cells with 

anti-TGF-β and TGF-βRI inhibitors, CD103 expression was decreased (Figure 7F). 

Conversely, culturing Treg cells in the continued presence of exogenous TGF-β 

maintained CD103 expression (Figure 7F). These data highlight the temporal control 

that TGF-β exerts on CD103 expression, demonstrating that sustained TGF-β signals 

maintain CD103 expression on Treg cells. Maintenance of CD103 and reduction of 

GPR174 expression on Treg cells permits these cells to be retained in the GI 

environment, ensuring Treg cells can appropriately regulate immune responses in 

this dynamic tissue environment. 

 

Discussion 

That TGF-β-signals limit autoimmunity and aberrant inflammation is well-established 

(Konkel and Chen, 2011). Deletion of TGF-β receptors on T cells drives a severe 

lympho-proliferative disease that results in death of mice within weeks of birth (Liu et 

al., 2008, Marie et al., 2006, Li et al., 2006). TGF-β provides vital signals that limit 

immune activation, and enhanced mortality is seen in mice lacking TGF-β-receptor 
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expression not only on T cells but also on Dendritic cells, B cells and myeloid cells 

(Novitskiy et al., 2012, Ramalingam et al., 2012, Cazac and Roes, 2000). Given the 

vital role TGF-β plays in driving Treg cell generation (Konkel et al., 2014, Liu et al., 

2008), that we show no severe inflammatory dysfunction in mice lacking TGF-βRI 

expression specifically on Treg cells is perhaps somewhat surprising. Previous 

reports suggested TGF-β was required for Treg cell maintenance (Marie et al., 2005), 

however our data indicate that in the absence of TGF-β-signals Foxp3+ cells are 

maintained, survive and are able to control certain inflammatory responses.  

Our data demonstrate that Tgfbr1-/- Treg cells are stable and functional, and that 

these cells exhibit enhanced suppressive capabilities against IFN-γ production. We 

show that Tgfbr1-/- Treg cells express enhanced Tbet and this directly contributes to 

their elevated ability to suppress IFN-γ production by CD4+ T cells. TGF-β can inhibit 

T-bet expression in conventional T cells (Gorelik et al., 2000, Lin et al., 2005); here 

we have shown that TGF-β performs a similar function in Treg cells. Combined we 

outline a key role for TGF-β in limiting Treg cell expression of T-bet and that this 

mediates direct effects upon the suppressive capability of the Treg cell. 

Despite this, we also show that Tgfbr1-/- Treg cells do not exhibit a full arsenal of 

suppressive capabilities. Our data suggest that in order for Treg cells to appropriately 

suppress Th17 cells they must receive TGF-β-signals; revealing an unrecognized 

signal Treg cells must integrate in order to effectively control potentially damaging 

Th17 cells. We outline that (i) in non-polarizing conditions Tgfbr1-/- Treg cells have a 

reduced ability to suppress IL-17 production and that (ii) in Th17 polarizing conditions 

Tgfbr1-/- Treg cells actually enhance IL-17 production by CD4+ T cells. These data 

highlight an important dichotomy; Treg cells need to receive TGF-β-signals to control 

Th17 but not Th1 cells. Altered production of or signaling by IL-10, a factor important 

in suppressing Th17 cells (Rubtsov et al., 2008), could not account for defective 

Th17 suppression, nor could enhanced suppression of IFN-γ production by Tgfbr1-/- 

Treg cells. Although T-bet-deficient Treg cells can suppress Th17 responses 
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(McPherson et al., 2015) whether elevated T-bet expression impairs this has yet to 

be determined. RORγt+Foxp3+ Treg cells have been shown to be effective 

suppressor cells (Lochner et al., 2008, Tartar et al., 2010, Yang et al., 2015) and it is 

possible that reduced expression of RORγt in Treg cells could account for impaired 

Th17 suppression by Tgfbr1-/- Treg cells (Sefik et al., 2015). Finally, in terms of 

Tgfbr1-/- Treg cells being able to increase IL-17 production by CD4+ T cells in the 

presence of IL-6, we have shown that Tgfbr1-/-  Treg cells did not exhibit elevated 

TGF-β or CD25 expression; two factors shown to support Treg cell-aided Th17 

differentiation (Chen et al., 2011, Gutcher et al., 2011). Combined, our data reveal an 

upstream regulator tuning Treg cell function to be able to differentially control Th1 

and Th17 effector T cells. 

Finally, our data show that Tgfbr1-/- Treg cells could not control inflammation in a 

model of colitis. In probing the cause of this defective suppression, we determined 

that Tgfbr1-/- Treg cells failed to accumulate in the colon. These data highlight the 

importance of accessing Treg cell functionality outside of the intact animal, as in 

Tgfbr1f/fFoxp3-cre+ mice no defect in Treg cell frequencies in the colon was seen. 

However, in the intact mouse loss of Treg cells in the colon could be masked by 

continued Treg cell generation. Importantly, the data from transfer experiments 

clearly outline that when this cannot occur, Tgfbr1-/- Treg cells fail to accumulate 

specifically in the colon and as such cannot control colitis. The GI tract is a dynamic 

tissue environment constantly exposed to antigens from food and commensal 

microbes. This requires immune responses to be strictly regulated and consequently 

the GI tract has a high frequency of Treg cells. Our data demonstrate that TGF-β-

signals are vital to ensure Treg cells are retained within this environment. By co-

transferring wild-type and Tgfbr1-/- Treg cells, alongside effector T cells into Rag1-/- 

mice we showed that Tgfbr1-/- Treg cells exhibit a selective inability to persist in the 

colon. This was not due to increased apoptosis, reduced proliferation or loss of 

Foxp3 expression from Tgfbr1-/- Treg cells. As the GI tract is a TGF-β rich 
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environment, these data highlight one mechanism by which the gut educates Treg 

cells to ensure continued expression of molecules supporting their colonic 

localization. We have shown that TGF-β maintains expression of CD103, an integrin 

required for T cells to be retained in the GI tract (Schon et al., 1999). That TGF-β 

induces CD103 expression is well-established (El-Asady et al., 2005, Mokrani et al., 

2014), but our data outline that TGF-β is key to maintain CD103 expression on Treg 

cells. Thus, a feed-forward loop is created ensuring Treg cells that traffic to the TGF-

β rich GI tract, are effectively retained in it. A previous study reported that CD103-/- 

Treg cells were capable of suppressing colitis in the T cell transfer model disease 

(Annacker et al., 2005), but our data demonstrate additional defects in Tgfbr1-/- Treg 

cells that would further reduce colonic Treg cell and result in an inability to control 

colitis. Specifically, Tgfbr1-/- Treg cells have elevated expression of GPR174, a 

receptor for LysoPS that has been reported to limit the Treg cell niche (Barnes et al., 

2015), and reduced expression of colon-specific trafficking molecule GPR15 (Kim et 

al., 2013). We saw no differences in metabolism, apoptosis, and/or expression of 

canonical Treg cells markers. Instead our data indicate that in the absence of TGF-β-

signals, Treg cells differentially respond to colonic environmental cues. In particular, 

we show that TGF-β negatively regulates GPR174 expression, meaning Tgfbr1-/- 

Treg cells exhibit enhanced responsiveness to LysoPS, which negatively impacts 

Treg cell homeostasis (Barnes et al., 2015). Genetic studies have associated 

elevated GPR174 expression with increase susceptibility to autoimmune diseases 

(Chu et al., 2013). By demonstrating that TGF-β down-regulates GPR174 expression 

we could add yet another mechanism by which TGF-β limits immune responses.  

Combined, we outline a vital role for TGF-β in educating Treg cells about their 

environment and ensuring they are appropriately equipped to regulate responses in 

that environment. This notion was further reinforced by our data showing similar EAE 

disease severity in Tgfbr1f/fFoxp3-cre+ and control mice. In this setting, Tgfbr1-/- Treg 

cells accumulated in the CNS and, in line with our data showing that Tgfbr1-/- Treg 
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cells exhibit better suppression of Th1 but impaired suppression of Th17 cells, in the 

CNS of Tgfbr1f/fFoxp3-cre+ mice there was a reduction in IFN-γ but elevated IL-17 

production. The tissue-specific adaptation of Treg cells by TGF-β is further 

highlighted by previous reports that Treg cells do not need to receive TGF-β-signals 

to effectively regulate diabetogenic responses (Ishigame et al., 2013). Given these 

findings it will now be important to establish the mechanisms controlling expression 

of TGF-β receptors (Zhang et al., 2013) and to ascertain the TGF-β signaling 

intermediates that adapt colonic Treg cells to this TGF-β rich environment. Given the 

report that Smad2 and 3 deficient Treg cells are functional in this setting yet Tak1-

deficient Treg cells are not (Gu et al., 2012), non-canonical TGF-β signals may adapt 

Treg cells to the colon.  

The skin is also TGF-β rich, and it has been shown that direct interaction of T cells 

with keratinocytes drives CD103 expression in a TGF-β-dependent manner 

(Watanabe et al., 2015). As expression of CD103 by Treg cells in the skin is required 

for their localization (Suffia et al., 2005), it is likely that Tgfbr1-/- Treg cells would also 

fail to appropriately accumulate and therefore function in the skin.  

In sum, TGF-β signals to Treg cells are not vital to suppress all immune responses. 

Not only do Tgfbr1f/fFoxp3-cre+ mice not exhibit the systemic immune activation of T 

cell-specific Tgfbr1-/- mice, but when challenged these mice do not show globally 

elevated immune activation. Tgfbr1-/- Treg cell dysfunction instead manifests 

specifically within the GI tract, a TGF-β-rich environment.  
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Experimental Procedures; see also Supplemental Experimental Procedures 

Mice 

C57BL/6 and CD45.1 mice were purchased from the Jackson Laboratory. Tgfbr1f/f 

Foxp3-cre+ mice were generated in house by crossing Tgfbr1f/f with Foxp3-cre(Zhou 

et al., 2008) mice obtained from Y. Wan (University of North Carolina, Chapel Hill, 

NC). Tgfbr2f/fER-cre+ mice were obtained from Y. Wan. Smad3-/- mice were bred at 

the NIDCR and Foxp3GFP bred at the NIDCR and University of Manchester (latter by 

Dr. Mark Travis). All experiments were approved by the Institutional Animal Care and 

Use Committee of the NIDCR or the Home Office (UK) and performed following local 

rules. 

 

Flow cytometry 

Single-cell preparations were stained with antibodies from eBioscience, BD and 

Biolegend. For antibody details see Supplemental Experimental Procedures. Ki67 

staining was done using a Ki67 kit according to the manufacturer's instructions (BD). 

Foxp3 expression was examined using the eBioscience Foxp3 Treg kit. Dead cells 

were excluded using a Live-dead fixable dye (Invitrogen). Samples were analyzed 

using a Fortessa flow cytometer (BD Biosciences) and using FlowJo software 

(Treestar).  

  

Isolation of Immune cells from tissues 

Cells from the colonic Lamina propria were prepared as previously described(Sun et 

al., 2007). Briefly intra-epithelial lymphocytes were removed and then colons 

digested with Liberase TL (Roche) and DNase (Gibco). For preparation of cells from 

skin, back skin and ears were cleared of fat tissue prior to incubation with Liberase 

DH (Roche). Cell suspensions were then shredded through 70-µm and 40-µm cell 

strainers. 
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In vitro Treg assays 

For assessment of Treg cell suppression Foxp3+ Treg cells were flow cytometrically 

sorted from control or Tgfbr1f/fFoxp3-cre+ mice and cultured at decreasing ratios with 

flow cytometry sorted, congenic, CFSE-labeled CD4+ effector cells, T-cell depleted 

irradiated spleen cells, and 0.5µg/ml anti-CD3. CFSE-dilution of effector T cells was 

examined by flow cytometry. In some cultures the following polarizing cytokines were 

also added, after which effector T cell production of cytokine was examined by 

addition of GolgiPlug to the cultures for 4 hours and subsequent intracellular cytokine 

staining: Th1 (IFNγ at 10ng/ml and IL-12 at 10ng/ml), Th17 (IL-6 at 50ng/ml and IL-

23 at 10ng/ml), Th2 (IL-4 at 10ng/ml). See Supplemental Experimental Procedures 

for more details. 

 

Retroviral Constructs and Transduction of Regulatory T cells 

The construct pMIG-DN-Tbet-GFP encoding dominant negative mouse Tbet (Pearce 

et al., 2003) was obtained from Jinfang Zhu’s laboratory (National Institute of Allergy 

and Infectious Diseases, National Institutes of Health). cDNA encoding DN-Tbet was 

subcloned into the pMSCV-IRES-Cherry retroviral vector. Hek293T cells were 

transfected with pCL-Eco packaging plasmid and either pMSCV-DN-Tbet-Cherry or 

the empty pMSCV-IRES-Cherry vector using Turbofect (Thermofisher). Retroviral 

supernatant was harvested 24-48h after transfection. Purified Treg cells (1.5 x 

106/well) from Tgfbr1f/fFoxp3-cre+ mice were activated overnight with 1µg/ml anti-

CD3 and 1µg/ml anti-CD28 in the presence of 10ng/ml IL-2. Cells were then 

spinfected with viral supernatant and 5ug/ml polybrene at 2500 rpm for 90 min at 

32°C. 48 h later, cells were harvested, stained with antibodies and FACS-sorted for 

GFP and Cherry co-expression before being used in suppression assays. 

 

T cell transfer colitis 
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Following CD4+ T cell enrichment using MACS-beads (Miltenyi Biotech), naive 

CD4+CD45RBhi cells were purified from spleens and peripheral LNs of congenic 

C57BL/6 mice via flow cytometry (FACS Aria II, BD). Congenic Tregs were flow 

cytometry-sorted from the spleens and peripheral LN of Tgfbr1f/fFoxp3-cre+ or 

Tgfbr1f/+Foxp3-cre+ mice and co-transferred at a 1:5 ratio with naive CD4+CD45RBhi 

cells into Rag1–/– recipient mice by intraveneous injection (i.v.). 

 

Statistics 

P values were determined with Student’s unpaired t-test unless otherwise stated. 
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Figure Legends 

Figure 1. Deletion of TGF-βR1 in Foxp3+ T cells leads to enhanced T cell 

cytokine production in the gastrointestinal tract with age.  

(A) Representative flow cytometry plots show IFN-γ against IL-17 staining on 

TCRαβ+CD4+ T cells isolated from lung (left) and colonic lamina propria (Lp; right) of 

young control (Tgfbr1f/+Foxp3-cre+ or Tgfbr1f/fFoxp3-cre-) or Tgfbr1f/fFoxp3-cre+ mice. 

Lung n=4-5. Colonic Lp n=4.  

(B) Bar graph shows frequency of Foxp3+ T cells in control and Tgfbr1f/fFoxp3-cre+ 

mice. n=4-8.  

(C, D) Bar graph shows frequency of (C) CD4+IFN-γ+ and  (D) CD4+IL-17+ T cells in 

control and Tgfbr1f/fFoxp3-cre+ mice. n=3-8.  

(E) Representative flow cytometry plots show IFN-γ against IL-17 staining on 

TCRαβ+CD4+ T cells isolated from lung and colonic lamina propria (Lp) of one year-

old control and Tgfbr1f/fFoxp3-cre+ mice. n=4.  

(F) Bar graph shows frequency of Foxp3+ T cells in control and Tgfbr1f/fFoxp3-cre+ 

mice.  

(G, H) Bar graph shows frequency of (G) CD4+IFN-γ+ and  (H) CD4+IL-17+ T cells in 

control and Tgfbr1f/fFoxp3-cre+ mice.   

*p<0.05, as determined by unpaired student t-test. 

See also Figure S1 and S2. 

 

Figure 2. Tgfbr1-/- Tregs are able to control CNS inflammation as well as wild-

type Tregs.  

(A-C) Tgfbr1f/fFoxp3-cre+ (Black squares) and littermate controls (Tgfbr1f/+Foxp3-cre+ 

or Tgfbr1f/fFoxp3-cre-; open circles) were immunized with pMOG+CFA to induce 

EAE. (A) Graph shows EAE disease scores. (B, C) Bar graphs show frequency of 

Foxp3+ Treg cells and cytokine+ CD4+ T cells in the (B) Brain and (C) Spinal Cords of 

Tgfbr1f/fFoxp3-cre+ and control mice.  
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(D, E) Bar graphs show the frequency of Foxp3+cytokine+ Tregs in the (D) Brain and 

(E) Spinal Cords of Tgfbr1f/fFoxp3-cre+ and control mice.  

*p<0.05, as determined by unpaired student t-test. Data shown are representative of 

2 independent experiments with 3-4 mice/group. 

 

Figure 3. Tgfbr1-/- Tregs are better at suppressing T cell proliferation in vitro. 

(A, B) Cells were cultured with anti-CD3 and anti-CD28. Graph shows percent of 

suppression of effector T cell proliferation when co-cultured with Treg cells flow 

cytometry sorted from controls (Tgfbr1f/+Foxp3-cre+; open circles) or Tgfbr1f/fFoxp3-

cre+ (closed squares) mice. Flow cytometry plots show effector T cell CFSE dilution 

when co-cultured with Treg cells at a ratio of 1:1 (top row) or 1:2 (bottom row). 

Percent indicates frequency of undivided effector T cells. Data representative of 5 

experiments.  

(C, D) Representative flow cytometry plots show percent IL-17+ and IFN-γ+ cells 

gated on effector T cells in cultures with Treg cells at a ratio of 1:1. T cells were 

stimulated with anti-CD3 and anti-CD28 (C) alone or (D) with the addition of IL-12 

and IFNγ. Data representative of 2 experiments.  

(E) Bar graph shows percent change in suppressive capability of Tgfbr1-/- Treg cells 

compared to controls. In different polarizing conditions, the ability of Treg cells to 

suppress IFN-γ, IL-17 and IL-4 production by effector CD4+ T cells was examined. 

Graph shows data for 2-3 separate experiments per culture condition.  

(F,G) Suppression assays were established stimulating cells with anti-CD3 and anti-

CD28 in the presence of IL-6. (F) Representative flow cytometry plots show percent 

IL-17+ and IFN-γ+ cells gated on effector T cells in cultures with Treg cells at a ratio of 

1:1. (G) Bar graph shows frequency of IL-17+ effector CD4+ T cells cultured with 

control Treg cells (white bar), Tgfbr1-/- Treg cells (black bar) or no Treg cells (red 

bar). Data representative of 2 experiments.  

*p<0.05, as determined by unpaired student t-test. See also Figure S3. 
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Figure 4. Tgfbr1-/- Tregs produce enhanced IL-10 and exhibit elevated 

expression of T-bet and Gata-3. 

(A, B) Representative flow cytometry plots and bar graphs show percent of (A) IL-

10+Foxp3+ and (B) T-bet+Foxp3+ Treg cells from spleens of control (Tgfbr1f/+Foxp3-

cre+ or Tgfbr1f/fFoxp3-cre-) or Tgfbr1f/fFoxp3-cre+ mice. n=3-4 mice/group  

(C) Sorted Tgfbr1-/- Tregs were stimulated in vitro for 24 hours with anti-CD3, anti-

CD28 and IL-2.  Expression of GATA-3 was determined by qPCR. Data, 

representative of 2 experiments, is presented relative to Gata-3 expression in control 

Treg cells. *p<0.05, as determined by paired student t-test.  

(D) Representative flow cytometry plots and bar graph show percent GATA-3+Foxp3+ 

Treg cells in the colonic Lp of control and Tgfbr1f/fFoxp3-cre+ mice (n=3).  

(E) Treg cells were flow cytometry-sorted from Tgfbr1f/fFoxp3-cre+ mice and 

transfected with either an RFP+ vector or RFP+ vector containing a dominant 

negative T-bet. Transfected Treg cells where then sorted again and cultured with 

congenic CD4+ T cells in Th1 polarizing conditions at a ratio of 1:1. Graph shows 

percent suppression of IFN-γ production by effector CD4+ T cells. Flow cytometry 

plots show CD45.1 and IFN-γ staining gated on effector CD4+ T cells cultured with 

either control or dominant negative T-bet transfected Treg cells at a ratio of 1:1. Data 

representative of two experiments.  

(F) Treg cells were flow cytometry-sorted from Tgfbr1f/fFoxp3-cre+ and 

Tgfbr1f/+Foxp3-cre+ mice. IL-10Ra mRNA transcripts were examined ex vivo (-) or 

following 24hr culture with anti-CD3, anti-CD28 and rIL-2 (+). Data presented relative 

to control. Bar graphs show data from 3 experiments combined.  

(G) Representative flow cytometry plots and bar graphs show percent of 

RORγt+Foxp3+ Treg cells from spleens of control or Tgfbr1f/fFoxp3-cre+ mice. n=5 

mice/group 
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(H) Tregs were flow cytometry-sorted from Tgfbr1f/fFoxp3-cre+ and Tgfbr1f/+Foxp3-

cre+ mice. RORc mRNA transcripts were examined directly ex vivo (-) or following 

24hr culture with anti-CD3, anti-CD28 and rIL-2 (+). Data presented relative to 

control. Bar graphs show data from 3 experiments combined.  

*p<0.05, **p<0.005 as determined by unpaired student t-test, unless otherwise 

indicated. 

See also Figure S4. 

 

Figure 5. Tgfbr1-/- Tregs are unable to control colitis in a transfer model of the 

disease.  

(A) Rag1-/- mice received CD4+CD45RBhiCD45.1+ cells in combination with Treg cells 

from CD45.2+ Tgfbr1f/fFoxp3-cre+ (black squares) or Tgfbr1f/+Foxp3-cre+ (open 

circles) mice. Mice were weighed weekly post cell transfer. p<0.05 comparing Area 

Under the Curve for weight of each mouse. n=3-4 mice/group. 

(B) Bar graph shows total number of monocytes and neutrophils per colon from 2 

experiments combined.  

(C, D) Foxp3+ cells were examined in the colons of recipient mice. Bar graph shows 

frequency of Tgfbr1f/fFoxp3-cre+ and Tgfbr1f/+Foxp3-cre+ CD4+Foxp3+ Treg cells in 

the colons of recipient mice. Representative flow cytometry panels show Foxp3 

versus CD45.2 staining on colonic TCRβ+CD4+ cells.  

(E, F) CD103 expression was examined on Foxp3+ cells in the colons of recipient 

mice. Bar graph shows frequency of Tgfbr1f/fFoxp3-cre+ or Tgfbr1f/+Foxp3-cre+ 

Foxp3+ Treg cells that express CD103. Representative flow cytometry panels show 

Foxp3 versus CD103 staining on CD45.2+CD4+Foxp3+ cells in the colon. Data are 

representative of 2 experiments with 3-4 mice per group.  

(G, H) Treg cells were flow cytometry-sorted from Tgfbr1f/fFoxp3-cre+ and 

Tgfbr1f/+Foxp3-cre+ mice. mRNA transcripts of (G) GPR174 and (H) GPR15 were 



	   30	  

examined, data presented relative to control. Bar graphs show data from 3 separate 

experiments combined.  

***p<0.0001, **p<0.001 were determined by unpaired two-tailed Student t-test unless 

otherwise indicated.  

See also Figure S5. 

 

Figure 6. Tgfbr1-/- Tregs fail to persist within the colon. 

(A) Example experimental outline; Rag1-/- mice received CD45.1+CD4+CD45RBhi 

cells. At the same time they also received congenically distinct Treg cells from 

Tgfbr1f/fFoxp3-cre+ and Tgfbr1f/+Foxp3-cre+ mice, mixed at a 1:1 ratio allowing 3 

different T cell populations to be identified. Treg cells were examined 4 weeks post 

transfer.  

(B) Bar Graph shows frequency of Tgfbr1f/fFoxp3-cre+ Treg cells relative to controls; 

Ratio of 1 indicates control and Tgfbr1-/- Tregs were present at a ratio of 1:1 (red 

line). **p<0.002, ***p<0.0004 (paired two-tailed Student t-test). Representative flow 

cytometry plots show CD45.1 versus CD45.2 staining gated on transferred CD45.2+ 

Treg cells.  

(C-E) Bar graphs show frequency of control or Tgfbr1f/fFoxp3-cre+ Treg cells which 

are (C) Ki67+, (D) Bcl2+, and (E) ICOS+. (F) Bar graph shows CD103+Foxp3+ cells in 

the colon of recipient mice and representative flow cytometry plots show CD103 

versus CD45.1 staining gated on Foxp3+CD45.2+ T cells. ***p<0.0006 (unpaired two-

tailed Student t-test).  

Data representative of 2-3 independent experiments (n=4-5).  

See also Figure S6. 

 

Figure 7. TGF-β signals are constantly required to maintain Treg cell CD103 

expression 
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(A) Foxp3GFP Treg cells were flow cytometry sorted and cultured with anti-CD3, anti-

CD28 and IL-2 either with or without recombinant TGF-β. After 24 and 48 hours of 

culture GPR174 expression was examined by qPCR, data are presented relative to 

expression in cells not treated with TGF-β.  

(B, C) CD103+ Treg cells were flow cytometry sorted and cultured with irradiated 

antigen presenting cells, IL-2, anti-CD3 and either recombinant TGF-β (+TGF-β; 

black bars), or anti-TGF-β1, 2 and 3 plus TGF-β inhibitors (+inhibitors; grey bars), or 

media alone (control; white bars). CD103 expression was then examined. (B) 

Histogram shows CD103 expression following 48hours in culture. (C) Bar graphs 

show frequency of CD103+ Treg cells. Data representative of 4 experiments.  

(D) CD103+ Treg cells were flow cytometry sorted and cultured with anti-CD3, anti-

CD28, IL-2, and either recombinant TGF-β (+TGF-β; black bars), or anti-TGF-β1, 2 

and 3 plus TGF-β inhibitors (+inhibitors; grey bars), or media alone (control; white 

bars). After 18 hours CD103 mRNA transcripts were examined, data presented 

relative to control sample and representative of 2 experiments.  

(E) CD103+ Treg cells were flow cytometry sorted from wild-type or Smad3-/- mice 

and cultured with irradiated antigen presenting cells, IL-2, anti-CD3 and either 

recombinant TGF-β (+TGF-β), or anti-TGF-β1, 2 and 3 plus TGF-β inhibitors 

(+inhibitors), or media alone (control). CD103 expression was then examined. Data 

representative of 2 experiments.  

(F) CD103- Treg cells were flow cytometry sorted and cultured with irradiated antigen 

presenting cells, IL-2, anti-CD3 and recombinant TGF-β for 48 hours, after which 

cells were washed and replated with either TGF-β (+TGF-β; black bars), or anti-TGF-

β1, 2 and 3 plus TGF-β inhibitors (+inhibitors; white bars). Representative flow 

cytomtery plots show CD25 verses CD103 staining. Bar graph shows data from 2 

experiments combined. *p<0.05, **p<0.005  (unpaired two-tailed Student t-test). 

See also Figure S7. 

	  


