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Summary

Generation of different CD4 T cell responses to commensal and pathogenic bacteria is crucial for 

maintaining healthy gut environment, but the associated cellular mechanisms are poorly 

understood. Dendritic cells (DCs) and macrophages (Mfs) integrate microbial signals and direct 

adaptive immunity. Although the role of DCs in initiating T cell responses is well appreciated, 

how Mfs contribute to the generation of CD4 T cell responses to intestinal microbes is unclear. 

Th17 cells are critical for mucosal immune protection and at steady state are induced by 

commensal bacteria, such as segmented filamentous bacteria (SFB). Here, we examined the roles 

of mucosal DCs and Mfs in Th17 induction by SFB in vivo. We show that Mfs, and not 

conventional CD103+ DCs, are essential for generation of SFB-specific Th17 responses. Thus, 

Mfs drive mucosal T cell responses to certain commensal bacteria.

Introduction

How the mucosal immune system integrates signals from vastly diverse types of antigenic 

stimuli, such as food antigens, invasive pathogens, and various commensal bacteria in order 

to maintain a healthy gut without compromising protective immunity remains of critical 

interest. The intestinal lamina propria (LP) contains a dense network of mononuclear 

phagocytes (MNPs), which play an essential role in inducing specific immunity or 

maintaining tolerance.
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LP MNPs consist of conventional dendritic cells (DCs), most of which express the integrin 

CD103, and CX3CR1+ intestinal macrophages (Mfs) (Bogunovic et al., 2012; Farache et al., 

2013). LP DCs develop from DC-restricted precursors and require the cytokine Flt3L 

(Bogunovic et al., 2009; Varol et al., 2009). Although originally classified as DCs, 

CX3CR1+ Mfs are distinguished by expression of the macrophage-specific markers CD64 

and F4/80, derive from CCR2+Ly6Chi blood monocytes at steady state, and depend on 

CSF-1 for their development (Bain et al., 2013; Bogunovic et al., 2009; Tamoutounour et 

al., 2012; Varol et al., 2009; Zigmond and Jung, 2013). A distinguishing feature of intestinal 

Mfs, compared to other tissue Mfs (e.g., peritoneal macrophages, alveolar macrophages, 

microglia), is that they express high levels of MHCII, suggesting that, similarly to DCs, they 

may actively participate in priming, activation, or maintenance of mucosal effector CD4 T 

cell responses.

The differential functional roles of LP MNP subsets in intestinal T cell homeostasis are a 

topic of intense investigation, but remain poorly defined, especially in vivo. LP DCs are 

professional antigen presenting cells that migrate to the mesenteric lymph nodes (MLN), 

where they prime effector CD4 T cells to intestinal antigens and imbue them with gut-

homing capabilities (Bogunovic et al., 2012; Farache et al., 2013; Grainger et al., 2014). In 

contrast, LP Mfs are generally confined to the mucosa and control local intestinal immune 

responses via production of IL-10 during the steady state, or via production of pro-

inflammatory cytokines during active immune responses or inflammation (Cerovic et al., 

2014; Murai et al., 2009; Rivollier et al., 2012; Schreiber et al., 2013).

The role of MNP subsets in LP Th17 cell induction in vivo is unclear. Previous studies have 

proposed either LP DCs or Mfs as mediators of Th17 cell induction (Atarashi et al., 2008; 

Denning et al., 2011; Scott et al., 2014). However, this was largely based on assessing the 

ability of isolated MNP subsets to skew T cell differentiation in vitro and their differential 

roles under physiological conditions are not clear. The small intestinal LP contains a distinct 

DC subset, termed double-positive DCs (DP DCs), because of the co-expression of CD103 

and CD11b. Deficiencies in DP DC generation result in partial decrease of Th17 cells in 

vivo (Lewis et al., 2011; Persson et al., 2013; Schlitzer et al., 2013; Welty et al., 2013). 

Therefore, DP DCs are considered essential for Th17 cell responses in vivo, although 

whether these cells are required for commensal-induced Th17 responses has not been 

investigated. We previously showed that at steady state resident mucosa-associated bacteria, 

called segmented filamentous bacteria (SFB), induce LP Th17 cells (Ivanov et al., 2009). 

We also showed that most SFB-induced Th17 cells are SFB-specific and that presentation of 

SFB antigens for Th17 cell induction requires MHCII expression by CD11c+ LP MNPs 

(Goto et al., 2014). Here, we took advantage of this tractable system to investigate the 

contribution of individual CD11c+ MNP subsets to commensal induction of LP Th17 cells 

in vivo. We found that CD103+ DCs are dispensable for induction of antigen-specific Th17 

cell responses following SFB colonization. In contrast, intestinal Mfs were essential for this 

process. Nongenotoxic depletion of intestinal Mfs prior to SFB colonization resulted not 

only in a loss of Th17 cell induction, but in a loss of SFB-specific T cells in the LP, 

suggesting that LP Mfs are required for acquisition and presentation of SFB antigens. These 
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results demonstrate a crucial role for intestinal Mfs in mediating antigen-specific Th17 cell 

responses to mucosa-associated commensals.

Results

We recently showed that commensal Th17 cell induction is mediated by the antigen-

presenting function of CD11c+MHCII+ MNPs in the small intestinal (SI) LP (Goto et al., 

2014). To characterize the role of different MNP subsets in this process we examined Th17 

cell induction by SFB following genetic ablation. Four major CD11c+MHCII+ MNP subsets 

were followed throughout this study using the gating strategies in Figure 1A and S1A. 

Conventional CD103+ LP DCs consist of gut-specific CD103+CD11b+ DCs (DP DCs) 

controlled by the transcription factors Notch2 and IRF4 (Lewis et al., 2011; Persson et al., 

2013; Schlitzer et al., 2013) and CD103+CD11b− DCs (CD103 SP DCs) that require BATF3 

and IRF8 for their development (Edelson et al., 2010). The remaining CD103−CD11b+ 

MNPs express the chemokine receptor CX3CR1 and consist predominantly of intestinal 

Mfs, which were identified based on expression of CD64 and F4/80 (Tamoutounour et al., 

2012), and a smaller population of CD64−F4/80− MNPs, that express intermediate levels of 

the monocyte/Mf marker CX3CR1, but also express the DC markers CD24 and CD26 

(Figure S1B). Although CD103−CD11b+CD64−CD24+ cells may represent a phenotypically 

and developmentally heterogeneous population (Cerovic et al., 2013; Denning et al., 2011; 

Scott et al., 2014), we refer to them here as CD11b single positive DCs (CD11b SP DCs).

DP DCs are dispensable for Th17 cell induction

DP DCs have been shown to promote Th17 cell differentiation in vitro (Denning et al., 

2011). In addition, we and others have shown a decrease in LP Th17 cell numbers in mice 

with genetic deficiency of DP DCs, suggesting a role for this MNP subset in vivo (Lewis et 

al., 2011; Persson et al., 2013; Schlitzer et al., 2013; Welty et al., 2013). However, the 

specific role of DP DCs in microbiota-mediated induction of Th17 cells has not been 

examined. To this end, we colonized DP DC-deficient mice and wildtype (WT) littermates, 

with SFB and examined Th17 cell induction and induction of SFB-specific CD4 T cells in 

the SI LP.

Langerin-DTA mice (Kaplan et al., 2005) express diphtheria toxin (DT) under 

transcriptional control of the human Langerin promoter resulting in selective ablation of 

epidermal Langerhans cells as well as DP DCs in the SI LP (Figure 1A,B, Table S1 and 

(Welty et al., 2013)). Migratory DP DCs were also absent in MLN of Langerin-DTA mice 

(Figure 1C,D). Colonization of WT littermates with SFB led to induction of RORγt+ and 

IL-17+ (Th17) CD4 T cells in the SI LP (Figure 1E–J). In addition, SFB colonization 

resulted in induction of SFB-specific CD4 T cells as demonstrated by the enrichment of 

Vβ14+ Th17 cells (Goto et al., 2014; Yang et al., 2014) (Figure 1G,J) and by the response of 

purified SI LP CD4 T cells to SFB antigens in vitro (Figure 1K,L). When Langerin-DTA 

mice were colonized with SFB, Th17 cells in the LP expanded similarly to those in WT 

littermates (Figure 1E–J). Moreover, significant induction of SFB-specific Vβ14+ Th17 cells 

and response of LP CD4 T cells to SFB antigens in vitro were evident (Figure 1J–L). These 
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results demonstrate that DP DCs are dispensable for both T cell priming and Th17 cell 

differentiation following SFB colonization.

We obtained similar results using another model of DP DC depletion. DP DC development 

depends on Notch2 and conditional deletion of Notch2 in CD11c+ cells leads to significant 

loss of DP DCs (Lewis et al., 2011). Similarly to Langerin-DTA mice, loss of DP DCs in 

CD11c-Cre/Notch2-flox mice did not affect Th17 cell induction by SFB (Figure S2).

CD103 DCs are dispensable for Th17 cell induction by SFB

CD103 SP DCs are capable of migrating to the MLN, share a developmental pathway with 

CD8α+ splenic DC, and are proficient in cross-presentation (Cerovic et al., 2013; Cerovic et 

al., 2015; Edelson et al., 2010; Ginhoux et al., 2009). Whether they play a non-redundant 

role in commensal CD4 Th17 cell responses is not known. To address their role in SFB-

induced Th17 cell differentiation, we colonized SFB-negative BATF3-deficient mice and 

heterozygous littermates with SFB and compared Th17 cell induction and induction of SFB-

specific CD4 T cells (Figure S3). As previously reported (Edelson et al., 2010), BATF3-

deficient mice lacked CD103 SP DCs in LP and MLN (Figure S3A–D). Nevertheless, Th17 

cell induction after SFB colonization was unaffected in these animals. Similarly, induction 

of SFB-specific CD4 T cells and response to SFB antigens were similar to littermate 

controls (Figure S3E–M). Therefore, CD103 SP DCs are not required for commensal-

induced Th17 cell priming and differentiation.

The two subsets of CD103+ DCs represent the main conventional DC subsets in the LP and 

have both been shown to migrate to MLN and prime CD4 T cell responses (Bogunovic et 

al., 2009; Cerovic et al., 2013; Schulz et al., 2009; Varol et al., 2009). To account for 

potential redundant functions of these subsets in Th17 responses to SFB, we crossed 

Langerin-DTA mice and BATF3-deficient mice (Figure 2). The resulting double-knockout 

(DKO) mice lacked all CD103 DC subsets in both SI LP and MLN (Figure 2A–D and Table 

S1). Despite the absence of virtually all CD103 DCs, colonization of DKO and littermate 

control mice with SFB led to a similar induction of RORγt+ and IL-17+ CD4 T cells in the 

SI LP (Figure 2E–J). In addition, there was a significant induction of Vβ14+RORγt+ and 

Vβ14+IL-17+ SFB-specific CD4 T cells in the DKO small intestine (Figure 2E,G,H,J), and 

isolated SI LP CD4 T cells from DKO mice responded to SFB antigens in in vitro 

proliferation assays similarly to WT CD4 T cells (Figure 2K,L). We generated another 

model of CD103 DC deficiency by crossing BATF3-deficient mice and CD11c-Cre/Notch2-

flox mice. These animals also lacked both CD103+ DC subsets and showed normal Th17 

cell responses to SFB (data not shown). These results demonstrate that LP CD103 DCs are 

dispensable for priming of SFB-specific CD4 T cells and Th17 cell induction in response to 

SFB.

Conventional DCs are dispensable for commensal Th17 cell induction at steady state

Conventional intestinal DCs depend on the DC-specific growth factor Flt3L (Bogunovic et 

al., 2009; Koscso et al., 2015; Scott et al., 2014). To determine if conventional DCs in 

general play a role in generation of SFB-induced Th17 cells, we examined Th17 cell 

induction in Flt3L-deficient mice. Similarly to CD103+ DCs, CD11b+CD103− DCs have 
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been shown to derive from pre-DC precursors, be dependent on Flt3L and are, significantly 

decreased in Flt3L-deficient mice (Scott et al., 2014). We established SFB-negative Flt3L-

deficient mice and compared Th17 cell induction following SFB colonization. CD103+ DC 

were almost absent from the SI LP in these animals (>90% reduction, compared to 

heterozygous littermates). Flt3L-deficient mice also had significantly diminished CD11b SP 

DCs, in agreement with previous studies (Scott et al., 2014) (Figure 3A,B and Table S1). All 

subsets of migratory DCs were also severely reduced in MLN (Figure 3C). In contrast, the 

total number of CD64+ Mfs in the SI LP was similar between control littermates and Flt3L-

deficient mice (Figure 3A,B). Surprisingly, despite the severe defect in DC numbers, as well 

as possible defects in lymphocyte development in Flt3L-deficient animals, SFB still induced 

normal levels of Th17 cells (Figure 3D–I). In addition, priming and generation of SFB-

specific CD4 T cells was virtually unperturbed, as was the generation of antigen-specific 

Th17 cells (Figure 3I–K).

Based on the combined data in Figures 1–3, we conclude that conventional gut CD103+ DCs 

and Flt3L-dependent CD103− DCs are not required for the acquisition and presentation of 

SFB antigens, priming of SFB-specific T cells and induction of Th17 cells in the SI LP.

Nongenotoxic depletion of intestinal monocyte-derived cells prevents SFB-specific Th17 
cell responses

To directly examine the role of intestinal Mfs we utilized a transient depletion system. 

Although only a fraction of LP Mfs express high levels of CCR2 (Figure S6A), steady state 

intestinal Mfs are derived from CCR2+ blood monocytes (Bain et al., 2013; Bogunovic et 

al., 2009; Varol et al., 2009) and can be depleted in CCR2-DTR mice following diphtheria 

toxin (DT) treatment (Hohl et al., 2009; Kinnebrew et al., 2012). A single DT injection led 

to a near complete ablation of intestinal Mfs beginning at 24h and lasting until at least 72 

hours post treatment (Figure S4D). Depletion of Mfs could be maintained with DT 

injections every 2 days for at least 12 days (Figure 4A). DT treatment did not affect CD103 

DP DCs, which were still present in the LP and in the migratory DC population in MLN in 

treated CCR2-DTR mice (Figure 4B–E). In addition, few LP CD4 T cells and SFB-induced 

Th17 cells expressed CCR2 and DT treatment did not affect Th17 cell numbers or the 

presence of SFB-specific Th17 cells in SFB-positive CCR2-DTR mice (Figure S4A–C). To 

assess the role of monocyte-derived Mfs, SFB-negative CCR2-DTR mice and littermate 

controls were treated with DT every 48 hours for 10 days. The mice were colonized with 

SFB on Day 2 and Th17 induction was analyzed 8 days later (Figure 4A). SFB colonization 

was similar between the two groups (Figure S4E). SFB induced high levels of Th17 cells in 

control animals with induction of Vβ14+ SFB-specific Th17 cells and proliferation of SI LP 

CD4 T cells in response to SFB antigens (Figure 4F–J and Figure S4G–I). In contrast, SFB 

colonization did not lead to Th17 cell induction in DT treated CCR2-DTR mice (Figure 

4F,G and Figure S4G,H). Moreover, SI LP CD4 T cells from CCR2-DTR mice depleted of 

Mfs did not respond to SFB antigens in vitro and did not contain Vβ14+ SFB-specific Th17 

cells (Figure 4F,H,I,J and Figure S4G,I). These results suggest that monocyte-derived cells 

are required for induction of SFB-specific Th17 cell responses.
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Transfer of exogenous monocytes rescues defects in Th17 cell induction following Mf 
depletion

DT treatment in CCR2-DTR mice resulted in depletion of all CCR2 monocyte-derived 

subsets. However, we found that prolonged treatment also affected certain DC subsets. 

Prolonged DT treatment led to a loss of CD103 SP DCs (Figure 4B,C). In addition, DT 

treatment led to depletion of a subset of CD11b SP DCs that express CCR2 (Scott et al., 

2014) (Figure S6A). However, as shown earlier, CD103 SP DCs and Flt3L-dependent 

CCR2+ CD11b SP DCs (Scott et al., 2014) are dispensable for SFB-mediated Th17 cell 

induction (Figure 3 and S3). Prolonged DT treatment also resulted in a decrease in total 

migratory DCs in the MLN, although the numbers of MLN CD103+CD11b+ DCs (DP DCs) 

were normal (Figure 4D,E and S4F).

To better investigate whether the defect in Th17 cell induction is due to the lack of 

monocyte-derived cells, and to further exclude the possibility that DT treatment affects CD4 

T cells or other non-monocyte derived populations, we performed gain-of-function 

experiments. We isolated Lin−Ly6C+CCR2+ monocytes to high purity from bone marrow 

(BM) of CD45.1 C57BL/6 congenic mice. Lineage markers included CD3, B220, NK1.1, 

CD11c, and c-Kit, to eliminate dendritic cell progenitors and hematopoietic stem cells 

(Samstein et al., 2013). CD45.2 CCR2-DTR mice were treated with DT every 60 hours to 

maintain depletion of endogenous monocytes. After the initial DT injection, one group of 

CCR2-DTR mice received 5–10 × 106 CD45.1+ BM monocytes. Control mice received DT, 

but did not receive any recipient cells. Following the monocyte graft, mice were colonized 

with SFB and Th17 cell induction was assessed 10 days later (Figure 5A). In agreement with 

previous studies (Varol et al., 2009), transferred monocytes exclusively reconstituted the 

CD64 Mf compartment and donor-derived CD45.1 cells were not detectable in any of the 

other MNP subsets, neither in SI LP nor in MLN (Figure 5B,C and Figure S5C,D). Similarly 

to previous experiments, SFB colonization did not induce SFB-specific Th17 cells in control 

CCR2-DTR mice without transfer. In contrast, transfer of monocytes and recovery of the LP 

Mf population, resulted in recovery of SFB-specific Th17 cell responses, including the 

presence of CD4+RORγt+ cells, CD4+IL-17+ cells in the LP, and response of LP CD4 T 

cells to SFB antigens in vitro (Figure 5E–L). Interestingly, monocyte transfer also led to 

partial increase in endogenous CD45.2+ (host-derived) DCs, especially in the migratory DC 

fraction of MLN (Figure 5D and S5A,B), although it did not significantly increase the 

number of CD103 SP DCs, underscoring the fact that this subset is dispensable for Th17 cell 

induction. These results demonstrate that monocyte-derived LP Mfs are essential for 

initiation and maintenance of SFB-specific Th17 cell responses, possibly with help from 

migratory DCs.

Specific depletion of CD64 Mfs leads to loss of SFB-mediated Th17 cell induction

To further confirm the role of CD64 Mfs, we sought to implement an independent depletion 

model. In contrast to DCs, intestinal Mf development and maintenance depends on CSF1R 

(also known as M-CSFR) (Bogunovic et al., 2009). Injection of a CSF1R-blocking antibody 

(clone AFS98) can specifically deplete intestinal Mfs in a dose-dependent manner without 

affecting resident DC subsets (Koscso et al., 2015; Mortha et al., 2014; Muller et al., 2014). 

We therefore treated WT C57BL/6 mice with a high dose of AFS98, or control IgG, prior to 
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SFB colonization. As shown in Figure 6, AFS98 treatment led to a significant and specific 

depletion of intestinal Mfs. The average depletion was ~95% in the CD64 Mf fraction. In 

contrast, LP DC subsets, including CD103 SP DCs, DP DCs, and CD11b SP DCs were not 

affected by this treatment (Figure 6A,B and S6B and Table S1). Moreover, we did not detect 

any noticeable defects in the number and phenotype of migratory DC subsets in the MLN 

(Figure 6D,E). SFB colonization led to Th17 cell induction in mice treated with control IgG 

8 days after introduction of the bacteria, which included induction of CD4+RORγt+ and 

CD4+IL-17+ cells and induction of SFB-specific Th17 cells as demonstrated by the 

induction of Vβ14+RORγt+ and Vβ14+IL-17+ cells (Figure 6F–K). In contrast, in mice 

treated with AFS98, RORγt+ and IL-17+ Th17 cells, as well as SFB-specific Th17 cells were 

significantly reduced and were similar to the levels in SFB-negative controls (Figure 6F–K). 

These results demonstrate that intestinal CD64 Mfs are essential for initiation of antigen-

specific Th17 cell responses to an intestinal commensal.

Discussion

The functional specialization of intestinal MNP subsets is important in regulating steady-

state homeostasis and inflammatory immune responses. CD103+ DCs express CCR7 and 

migrate to MLN to deliver antigens for T cell priming (Bogunovic et al., 2009; Cerovic et 

al., 2015; Johansson-Lindbom et al., 2005; Koscso et al., 2015; Schulz et al., 2009). 

Previous studies have shown that purified DP DCs are efficient in skewing non-commensal 

transgenic CD4 T cells toward Th17 cell differentiation in vitro (Denning et al., 2011). 

Moreover, loss of DP DCs has been associated with a decrease in Th17 cells in the LP 

(Lewis et al., 2011; Persson et al., 2013; Schlitzer et al., 2013; Welty et al., 2013). However, 

the induction of Th17 cell responses by SFB was not examined in these studies. Our results 

clearly show that CD103+ DCs, including DP DCs, are not required for presentation of SFB 

antigens and induction of mucosal Th17 cell responses by SFB. Therefore, different APC 

subsets may mediate Th17 cell induction in response to different microbial antigens. For 

example, CD103+ DCs mediate Th17 cell responses to an intestinal pathogen (Schreiber et 

al., 2013). Whether Th17 cells induced by different microbes, e.g. commensal versus 

pathogenic bacteria, are phenotypically and functionally different will be important to 

examine in future studies. In the case of SFB, Langerin-DTA/BATF3-deficient (DKO) mice, 

which lack all CD103+ DCs and Flt3L-deficient mice, which lack pre-DC-derived DCs 

showed normal induction of antigen-specific Th17 cells by SFB. Because CD103+ DCs 

were absent in LP and MLN of DKO mice we conclude that they are not required for SFB-

specific CD4 T cell priming and Th17 differentiation. In Flt3L-deficient mice, all examined 

DC subsets were drastically decreased in both LP and MLNs. This had a marked effect on 

mucosal CD4 T cell priming, for example leading to a significant decrease in Foxp3+ 

regulatory T cell numbers (data not shown) in agreement with published studies (Darrasse-

Jeze et al., 2009). Despite this profound loss of DCs we did not observe any effects on the 

levels of SFB-specific Th17 cells (Figure 3), which were also induced with normal kinetics 

after SFB gavage (data not shown). However, small numbers of CD24+ MNPs were still 

present in Flt3L-deficient mice (Figure 3) and we cannot, therefore, exclude a role for these 

cells in Th17 cell priming.
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In contrast to DC-depletion models, depletion of CD64 Mfs led to loss of SFB-specific Th17 

cell responses even in the presence of conventional DCs, including migratory DCs in the 

MLN. In addition, exogenous monocytes were able to rescue Th17 cell defects in DT treated 

CCR2-DTR mice. Donor monocytes differentiated and reconstituted exclusively CD64 Mfs 

in the intestine and we did not detect significant contribution to any other LP or MLN MNP 

subsets. These experiments confirm that intestinal Mfs drive Th17 cell responses in CCR2-

DTR mice and are therefore required for this response. This was further supported by our 

antibody depletion experiments, where specific depletion of intestinal Mfs led to similar loss 

of SFB-induced Th17 cell responses, even in the presence of normal numbers of all other LP 

and MLN DC subsets. The CD11b+CD103−CD64+ Mfs may be a heterogeneous population 

of monocyte-derived cells. These cells express high levels of CX3CR1 (Figure S1B), high 

levels of MHCII and co-stimulatory molecules, and have also been referred to as monocyte-

derived DCs in early studies. However, in contrast to conventional DCs, they depend on 

CSF1, and express variable levels of Mf markers, such as CD64 and F4/80. Unlike other 

tissue-resident Mfs (Hashimoto et al., 2013; Yona et al., 2013), these cells are short-lived 

and are replenished by blood monocytes in vivo (Bain et al., 2014; Bogunovic et al., 2009; 

Varol et al., 2009), which explains their rapid depletion in CCR2-DTR mice ((Kinnebrew et 

al., 2012) and Figure 4) and reconstitution by transferred BM monocytes ((Varol et al., 

2007) and Figure 5). Combined, our data suggest that CD64 Mfs are essential for initiation 

of Th17 cell responses to SFB. Because depletion of Mfs led to loss not only of Th17 cell 

differentiation, but also of SFB-specific responses, we conclude that Mfs are required for the 

initial acquisition of bacterial antigens from this commensal.

Although Mfs were essential, none of the examined models contained only Mfs in the 

absence of all DCs and therefore Mfs may not be the only MNP subset that participates in 

the process of Th17 cell induction by SFB. Mfs may collaborate with or support the function 

of a subset of DCs for optimal Th17 cell responses. Based on our results, such a subset must 

be contained in the CD11b SP DC fraction. CD11b SP DCs are a phenotypically and 

developmentally heterogeneous subset that is relatively understudied. They express both DC 

(CD24, CD26) and monocyte (CX3CR1) markers (Figure S1B). A proportion of CD11b SP 

DCs, express CCR2 and represent a pre-DC-derived, Flt3L-dependent subset, that was 

recently shown to promote IL-17 production by CD4 T cells in vitro (Scott et al., 2014). 

CCR2+ CD11b SP DCs were depleted in CCR2-DTR treated mice (Figure S6A) that lack 

Th17 cell induction, however they depend on Flt3L and are presumably absent in Flt3L-

deficient mice (Scott et al., 2014), which showed normal Th17 cell induction (Figure 3), 

suggesting that CCR2+ CD11b SP DCs are not required for Th17 cell induction by SFB. In 

addition, CCR2+ CD11b SP DCs were not depleted in AFS98 treated mice, which showed 

loss of Th17 cells (Figure S6B), demonstrating that they are not sufficient for the process. 

However, it is formally possible that other CD103−CX3CR1+ MNPs, refractory to depletion 

in our DC models, participate in Th17 induction together with intestinal Mf.

Combined, our results demonstrate that monocyte-derived CX3CR1+ MNPs (that include 

Mfs and possibly a subset of CD11b SP DCs) prime SFB-specific T cells and direct Th17 

cell differentiation and that CD64 Mfs are required and play a central role in initiating this 

response (Figure 7).
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The detailed roles of intestinal Mfs and other CX3CR1+ cells, such as CD11b SP DCs, will 

be important to elucidate in future studies. Our results support a model in which intestinal 

Mfs first acquire SFB antigens and subsequently induce CD4 T cell priming and Th17 cell 

differentiation possibly with a contribution from a subset of CD11b SP DCs. Because Mfs 

are generally resident to the LP, CD11b SP DCs may be required for transport of Mf-

acquired SFB antigens to MLN for priming of T cell responses. Indeed, evidence for such 

mode of antigen transfer in SI LP has recently been reported (Mazzini et al., 2014). 

CX3CR1+ Mfs have also been shown to migrate to MLN under certain conditions (Diehl et 

al., 2013) and may deliver SFB antigens without prior transfer to DCs in the LP similarly to 

what has been reported for lung monocytes (Samstein et al., 2013). At the same time, we 

have recently shown that induction of Th17 cell responses by SFB occurs normally in MLN 

and PP-deficient mice (Goto et al., 2014), and therefore, delivery of SFB antigens to MLN 

may not be required for SFB-specific Th17 cell responses. Instead, intestinal Mfs may 

promote T cell priming and Th17 cell induction locally in the LP (Figure 7). Mfs may also 

provide trophic signals for certain DC subsets or modify DC migration or function. Indeed, 

we observed a relative increase in host-derived migratory DCs in MLN following monocyte 

transfer (Figure 5D).

How Mfs acquire SFB antigens and whether they also participate in later stages of Th17 cell 

differentiation remains to be ascertained. A distinguishing feature of SFB is their close 

association with the intestinal epithelium (Klaasen et al., 1992). Indeed, SFB represent the 

majority of mucosa-associated bacteria in laboratory mice (Farkas et al., 2015). At the same 

time, intestinal Mfs are located close to the epithelial layer and have been shown to extend 

dendrites into the gut lumen (Niess et al., 2005; Rescigno et al., 2001). Thus intestinal Mfs 

may be perfectly positioned to acquire SFB antigens.

Our data demonstrate a crucial in vivo function of intestinal Mfs in controlling effector T 

cell-homeostasis to luminal bacteria. Identification of the exact mechanisms of antigen 

acquisition and the location of T cell priming will be important future questions to address. 

Regardless of the details, this mechanism must be distinct from conventional sampling of 

luminal antigens by DCs at steady state or by the DC/Mf-mediated acute immune response 

to invasive pathogens. Because of the specific nature of the interaction of SFB with the host, 

we propose that this pathway may represent a more general mechanism for inducing 

localized effector Th17 cell responses to mucosa-associated non-invasive bacteria.

Experimental Procedures

Mice

Langerin-DTA, Batf3−/−, Notch2F/F, CX3CR1-GFP and CD11c-Cre mice were obtained 

from the Jackson Laboratory. Flt3l−/− mice were obtained from Taconic farms and derived 

SFB-free by antibiotic treatment of a founder breeding pair, followed by fecal 

transplantation of Jackson (SFB-negative) microbiota. CCR2-DTR and CCR2-GFP mice 

have been previously described (Hohl et al., 2009). CCR2-DTR mice were re-derived by 

embryo transfer and kept SFB-negative in our colony. All mice were bred and housed under 

specific pathogen-free conditions at Columbia University Medical Center under IACUC 
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approved guidelines. To control for microbiota and cage effects, all experiments were 

performed with littermate control animals housed in the same cage.

SFB colonization and Th17 cell induction

All mice, regardless of origin, were screened at multiple points for the presence and levels of 

SFB by quantitative PCR (Farkas et al., 2015). Bacterial genomic DNA isolation from fecal 

pellets and quantitative PCR for the SFB 16S rRNA gene were performed as previously 

described (Farkas et al., 2015; Ivanov et al., 2009). SFB colonization was performed by oral 

gavage with SFB-containing fecal pellets. To control for SFB levels in the feces used for 

gavage, as well as for other constituents of the microbiota between experiments, all gavages 

were performed with frozen stocks from a single batch of feces obtained from 10 SFB-

positive Taconic B6 mice. Control mice were gavaged with fecal pellets from SFB-negative 

littermates in our colony or with PBS. SFB colonization levels were confirmed by 

quantitative PCR and normalized to levels of total bacteria (UNI). SI LP Th17 cell induction 

was assessed 8–10 days after gavage unless otherwise noted.

Lamina propria cell isolation and in vitro co-culture experiments

Lamina propria (LP) lymphocytes, intracellular cytokine staining, and RORγt staining were 

performed as previously described (Ivanov et al., 2009). LP CD4+ T cells were purified by 

positive selection using anti-CD4 magnetic microbeads and MACS columns (Miltenyi 

Biotec). 3–5 × 104 CD4 T cells were co-cultured in 96-well U-bottom plates with 5 × 104 

MACS purified splenic CD11c+ cells as APCs in the presence or absence of autoclaved 

bacterial lysates prepared from feces of SFB-monocolonized mice (SFB) or SFB-negative 

Jackson C57BL/6 mice (Jax) as previously described (Farkas et al., 2015; Goto et al., 2014). 

T cell proliferation was assessed 72 hours later by counting the number of live proliferated 

CD4 T cells.

DT treatment for ablation of intestinal Mfs

SFB-negative CCR2-DTR mice and littermate controls were treated with 20 ng/g diphtheria 

toxin (DT) i.p. on Day 0 and every 48 or 60 hours after that for the duration of the 

experiment (a total of 6 or 5 injections respectively). On Day 2 some mice were gavaged 

twice with SFB-containing fecal homogenates. Th17 cell induction was examined on Day 

10.

Adoptive transfers

SFB-negative CD45.2 CCR2-DTR mice were treated with DT on Day 0 and every 60 hours 

after that (total of 5 injections). On Day 1.5 some of the mice received 5–10 × 106 

Lin−GFP+ bone marrow monocytes, purified from congenic CD45.1 CCR2-GFP mice (Hohl 

et al., 2009) or Lin−Ly6Chi bone marrow monocytes from CD45.1 C57BL/6 mice by cell 

sorting. Transfer of a large number of BM monocytes was required to reconstitute the LP Mf 

compartment in monocyte-depleted CCR2-DTR mice to significant levels. Recipient mice 

were gavaged with SFB on Day 2 and DC subsets and Th17 cell induction were examined 

on Day 12. The Lin(eage) cocktail included B220, CD3, NK1.1, CD11c, and CD117 (c-Kit). 

Sorting was performed on a FACS Aria II (BD).
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Macrophage depletion

For macrophage depletion, four days prior to SFB colonization, SFB-negative C57BL/6 

mice were injected intra-peritoneally with 150 ug/g of body weight of CSF1R blocking 

antibody (clone AFS98 (Sudo et al., 1995)), purified from a hybridoma as described earlier 

(Hashimoto et al., 2011)

Cell numbers and statistics

To compensate for differences in yield between experiments, in some figures numbers of 

lamina propria and mesenteric lymph node mononuclear cell subsets are represented as 

percentage of total live single cells (gate R1 in Figure S1B). Significance was determined by 

the Student’s unpaired two-tailed t test unless otherwise noted. P values were represented on 

figures as follows: ns, p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001, 

***** p < 0.0005, ****** p < 0.0001. Error bars on all figures represent standard deviation 

of the mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Intestinal CD103 DCs are dispensable for induction of Th17 cells by a gut 

commensal

• Intestinal CX3CR1 macrophages are required for Th17 cell induction by SFB

• Intestinal CX3CR1 macrophages are required for a commensal antigen-specific 

response
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Figure 1. CD103+CD11b+ (DP) DCs are dispensable for commensal Th17 cell induction
(A,B) CD11c+MHCII+ MNP subsets in SI LP of Langerin-DTA mice and control wildtype 

littermates (WT LM). (A left) FACS plots gated on CD11c+MHCII+ cells. A (right) 

Distribution of CD64 Mfs and CD11b SP DCs within the CD103−CD11b+ gate. Numbers 

represent percentage of cells in the corresponding gate. (B) Total number of cells in 

individual MNP subsets as defined in (A). (C,D) Total cell numbers and cell numbers in 

MNP subsets in the migratory DC fraction of mesenteric lymph nodes (MLN). Plots in (C) 

are gated on Lin−CD11cloMHCIIhi migratory DC. (E–G) Induction of RORγt+ Th17 cells by 
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SFB in small intestinal (SI) LP. Plots gated on TCRβ+CD4+ cells. (H–J) Induction of IL-17+ 

Th17 cells by SFB in SI LP. Plots gated on TCRb+CD4+ cells. (K,L) Response of purified 

SI LP CD4 T cells to SFB antigens or control bacterial antigens (Jax antigens) prepared as 

described in Methods. Open circles in bar graphs in all panels represent data from individual 

animals. Data from three experiments with similar results.
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Figure 2. CD103+ DCs are dispensable for commensal Th17 cell induction
(A,B) CD11c+MHCII+ MNP subsets in SI LP of Langerin-DTA X Batf3−/− (DKO) mice 

and control littermates. (A left) FACS plots gated on CD11c+MHCII+ cells. Numbers 

represent percentage of cells in the corresponding gate. (B) total number of cells in 

individual MNP subsets. (C,D) Total cell numbers and cell numbers in MNP subsets in the 

migratory DC fraction of mesenteric lympn nodes (MLN). (E–G) Induction of RORγt+ Th17 

cells by SFB in small intestinal (SI) LP. Plots gated on TCRβ+CD4+ cells. (H–J) Induction 

of IL-17+ Th17 cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (K) Response to 
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SFB antigens of purified SI LP CD4 T cells from DKO and control littermates. SI LP CD4 T 

cells were isolated before (No SFB) and after (+SFB) colonization with SFB and incubated 

with CD11c+ splenic DCs for 72 hours in the presence of SFB antigens. (L) Proliferation of 

purified SI LP CD4 T cells in response to SFB antigens. LP CD4 T cells were isolated and 

cultured as in K in the presence of SFB antigens as described in Methods. Open circles in 

bar graphs in all panels represent data from individual animals. Data from three experiments 

with similar results.
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Figure 3. Conventional DCs are dispensable for commensal Th17 cell induction
(A,B) CD11c+MHCII+ MNP subsets in SI LP of Flt3l−/− mice and control heterozygous 

littermates (Flt3l+/−). (A left) FACS plots gated on CD11c+MHCII+ cells. Numbers 

represent percentage of cells in the corresponding gate. (B) total number of cells in 

individual MNP subsets. (C) Total cell numbers and cell numbers in MNP subsets in the 

migratory DC fraction of mesenteric lymph nodes (MLN). (D–F) Induction of RORγt+ Th17 

cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (G–I) Induction of IL-17+ Th17 

cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (J,K) Response of purified SI LP 
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CD4 T cells to SFB antigens and antigens isolated from SFB-negative feces (Jax antigens). 

CD4 T cells were isolated from the SI LP of SFB-colonized Flt3l+/− or Flt3l−/− mice and 

assessed for antigen reactivity as described in Methods. Open circles in bar graphs represent 

data from individual animals. Data combined from two experiments with similar results.
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Figure 4. Intestinal Mfs are required for mucosal Th17 cell induction
(A) Experimental design. CCR2-DTR mice and WT littermates were treated with DT every 

48h as described in Methods. SFB colonization occurred on Day 3 and Th17 cells were 

examined on Day 12. (B,C) CD11c+MHCII+ MNP subsets in SI LP of CCR2-DTR mice and 

control littermates (WT LM) treated with DT for 12 days. (B left) FACS plots gated on 

CD11c+MHCII+ cells. Numbers represent percentage of cells in the corresponding gate. (C) 

Number of cells in individual MNP subsets represented as percentage of total live SI LP 

cells (gate R1 in Figure S1B). (D,E) Cell numbers represented as percentage of total live 
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single cells (D) and MNP subsets in the migratory DC fraction of mesenteric lymph nodes 

(MLN). Plots in (E) are gated on Lin−CD11cloMHCIIhi migratory DCs. (F–H) Induction of 

RORγt+ Th17 cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (I) Response to SFB 

antigens of purified SI LP CD4 T cells from DT-treated CCR2-DTR and control littermates. 

(J) Proliferation of purified SI LP CD4 T cells. LP CD4 T cells were isolated and cultured as 

in (I) in the presence of SFB antigens or control bacterial antigens (Jax antigens) as 

described in Methods. Open circles in bar graphs represent data from individual animals. 

Data combined from two out of three experiments with similar results.
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Figure 5. Exogenous monocytes recover Th17 cell induction in Mf-depleted mice
(A) Experimental design. DT-treated CCR2-DTR mice were reconstituted on Day 1.5 with 

5–10 × 106 Lin−Ly6Chi monocytes purified from bone marrow of CD45.1 congenic mice. 

(B) Reconstitution of CD64 Mfs in SI LP by transfer of BM monocytes (+Mono). (C) SI LP 

MNP subsets represented as percentage of total live single cells (D) Cell number of 

migratory DCs in MLN represented as percentage of total live single cells. (E–G) Induction 

of RORγt+ Th17 cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (H–J) Induction 

of IL-17+ Th17 cells by SFB in SI LP. Plots gated on TCRβ+CD4+ cells. (K,L) Response of 
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purified SI LP CD4 T cells to SFB antigens. Open circles represent data from individual 

animals. Data combined from four independent experiments.
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Figure 6. Treatment with CSF1R–blocking antibody impedes Th17 responses to SFB
(A,B) MNP subsets in the SI LP of C57BL/6 mice treated with high dose of anti-CSF1R 

monoclonal antibody (AFS98) or control IgG four days before SFB colonization. (C) SFB 

levels in feces of AFS98 and control IgG treated mice normalized to total bacterial DNA 

(UNI). (D,E) Total cell numbers and cell numbers in MNP subsets in the migratory DC 

fraction of mesenteric lymph nodes (MLN). (F–H) RORγt+ Th17 cells in SI LP 8 days after 

SFB gavage. Plots gated on TCRβ+CD4+ cells. (I–K) IL-17+ Th17 cells in SI LP on Day 8 

post SFB gavage. Plots gated on TCRβ+CD4+ cells.
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Figure 7. Central role of intestinal Mfs in generation of commensal-induced Th17 cells
Intestinal Mfs acquire antigens from epithelium-associated SFB and initiate SFB-specific 

Th17 cell responses. CD103+ DCs are dispensable for the induction of Th17 cells. Intestinal 

Mfs may participate in the Th17 cell differentiation stage locally in the LP or collaborate 

with CX3CR1+ DCs for antigen transfer into MLN or Th17 cell priming/maintenance in the 

LP.
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