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Abstract

Plasmacytoid dendritic cells (pDCs) detect viruses initiating antiviral IFN-I responses. The 

microbiota is known to shape immune responses, but whether it influences pDC homeostasis 

and/or function is poorly understood. By comparing pDCs in germ-free and specific pathogen-free 

mice, we found that the microbiota supports homeostatic trafficking by eliciting constitutive levels 

of the chemokine CCL2 that engages CCR2. Mononuclear phagocytes were required for tonic 

CCL2 levels. CCL2 was particularly important for trafficking of a CCR2hi subset of pDCs that 

produced proinflammatory cytokines and was prone to apoptosis. We further demonstrated that 

CCR2 was also essential for pDC migration during inflammation. Wildtype:Ccr2−/− mixed BM 

chimeras revealed that CCR2 promotes pDC migration in a cell-intrinsic fashion. Overall, we 

identify a novel role for the microbiota in shaping immunity, which includes induction of CCL2 at 

levels that control homeostatic trafficking of pDCs.
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Introduction

Plasmacytoid dendritic cells (pDCs) are a subset of DC recognized for their ability to detect 

viral genomes through toll-like receptor (TLR) 7 and TLR9 and secrete large quantities of 

type I interferon (IFN-I), promoting early antiviral defense1–3. Unstimulated pDCs also 

contribute to immunological tolerance in steady state through multiple mechanisms. In 

contrast, inappropriately activated pDCs have been implicated in the pathogenesis of 
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autoimmune diseases characterized by an IFN-I signature such as systemic lupus 

erythematosus2, 4.

pDCs have unique trafficking properties compared to conventional DC2, 5. pDCs are 

generated in the bone marrow (BM), circulate in the blood and reach lymphoid organs as 

well as non-lymphoid tissues in steady state. During inflammation, pDCs are part of the 

inflammatory infiltrate that extravasates from the blood vessels into sites of tissue damage 

and draining lymph nodes (LNs). pDC migration is controlled by multiple chemokine 

receptors and homing molecules. In steady state, CCR5 and, to a lesser extent, CCR2 

promote pDC egress from the BM6. CD62L, CCR7 and CXCR4 mediate migration of pDCs 

into peripheral LNs and the splenic white pulp in steady state2, 5. CCR9 and its ligand 

CCL25 drive pDC migration to the thymus, where they transport peripheral antigens and 

induce tolerance7; CCR9 is also important for pDC recruitment to the small intestine8. 

Recently, it was shown that pDCs express MAdCAM-1 and β7 integrin which promote their 

trafficking into the intestinal intraepithelial compartment9. During inflammation, the ligands 

for E-selectin, β1 and β2 integrins, CXCR3, CCR5, CCR7 and the chemerin receptor 

ChemR23 drive pDC migration to sites of inflammation and draining LNs2, 5. A subset of 

human tonsil pDCs express CCR6 and CCR10, which enable them to migrate to inflamed 

epithelia in response to CCL20 and CCL2710. Additionally, pDCs have functional receptors 

for adenosine, C3a and C5a, which are released by damaged tissues5. Thus, a complex 

network of chemokines enables pDC trafficking in steady state and during disease.

The microbiota shapes mucosal and systemic immune responses by promoting homeostasis 

and function of many immune cell types including monocytes, granulocytes, DC, T cells and 

B cells11–18. However, whether and how the microbiota influences pDC homeostasis and 

functions remains largely unexplored. One study found that pDC frequencies and numbers 

were largely intact in germ-free (GF) mice, while mice bearing restricted enteric microbial 

communities had a dramatic reduction of pDCs in spleen and mesenteric LN (MLN)19, 

suggesting a potential role for specific microbial communities in influencing pDC 

development and/or distribution. Moreover, commensal microbial products, such as 

polysaccharide A (PSA), influence pDC functions, endowing them with the capacity to 

promote the differentiation of IL-10 producing regulatory T cells20. Gut-associated pDCs are 

also capable of generating mucosal B cell responses21, 22, promoting oral tolerance23 and 

may influence Th17 generation24.

Here, we analyzed pDCs in GF and specific pathogen free (SPF) mice and found that the 

microbiota was essential to sustain constitutive serum levels of CCL2 that promoted 

maintenance of pDCs in blood and peripheral tissues. Examination of pDCs subsets revealed 

that in SPF mice the ratio between CCR2lo and CCR2hi pDCs was approximately 2:1 in the 

BM and 1:1 in the periphery, whereas in GF mice the ratio was close to 2:1 also in the 

periphery, indicating a selective a reduction of peripheral CCR2hi pDCs. Functionally, 

CCR2hi pDCs were more prone to proinflammatory cytokine production, as well as 

spontaneous and glucocorticoid-induced apoptosis, compared to CCR2lo pDCs. GF mice 

also had reduced numbers of circulating Ly6ChiCD115+ inflammatory monocytes, which 

depend on CCR2 to exit the BM25–27, thus supporting a general role for microbiota in the 

migration of CCR2+ cells in steady state. The cell-intrinsic requirement for CCR2-CCL2 
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signaling for pDC trafficking in steady state was confirmed using WT:Ccr2−/− BM chimeras. 

Depletion experiments with clodronate (Clod) liposomes and anti-CSF-1R mAb revealed 

that mononuclear phagocytes were at least in part required for production of CCR2 ligands 

and pDC recruitment to LN in steady state. We further demonstrated that CCR2 was 

essential for pDC migration under inflammatory conditions. Taken together, our findings 

suggest a role of microbiota in inducing steady-state levels of CCL2, which is produced at 

least in part by mononuclear phagocytes and engenders homeostatic circulation of pDCs and 

inflammatory monocytes.

Results

Microbiota is required for homeostatic pDC distribution

To address the impact of microbiota on pDC homeostasis, we compared pDC frequencies 

and numbers in naïve SPF and GF mice. In steady state, peripheral blood pDCs were 

reduced in frequency and number in GF mice (Figure 1A). Peripheral blood monocytes were 

also markedly reduced (Figure 1A). Spleen, mesenteric lymph nodes (MLN), small intestine 

intraepithelial lymphocytes (IELs) and thymus from GF mice also revealed a reduction in 

pDCs (Figure 1B and 1C). To determine whether the defect in peripheral pDCs in GF mice 

was due to defective generation of pDCs in BM, we measured frequencies and numbers of 

mature and immature pDCs based on expression of Ly49Q and SiglecH. GF mice showed 

higher frequencies of mature pDCs (Ly49QhiSiglecH+), immature pDCs (Ly49QloSiglecH+) 

and pDC progenitors (Ly49Q−SiglecH+) and higher absolute numbers of mature pDCs than 

SPF mice in the BM (Figure 1D and data not shown). Thus, these data suggested that the 

microbiota may promote egress of pDCs from BM.

Microbiota promotes trafficking of CCR2hi pDCs through CCL2

It has been reported that pDC egress from BM in steady state depends on CCR5 and, in part, 

CCR26. In C57BL/6 mice, pDCs uniformly express CCR5, whereas, based on the amount of 

CCR2 expressed, pDCs can be divided into two distinct subsets, CCR2lo and CCR2hi 6. 

Thus, we sought to investigate whether lack of microbiota impairs pDC trafficking by 

affecting CCR5 and/or CCR2 expression. GF mice had normal levels of CCR5 on pDCs 

from BM, spleen and MLN (data not shown). However, we noted that the ratios of CCR2lo 

and CCR2hi pDCs differed between SPF and GF mice and that GF mice had a consistent 

reduction in CCR2hi pDCs in the periphery (Figure 2A), suggesting a defective release of 

CCR2hi pDCs from the BM. We further analyzed the systemic levels of CCR5 ligands 

(CCL4 and CCL5) and the CCR2 ligand CCL2 in SPF and GF mice. We found that CCL2 

but not CCL4 or CCL5 was lower in GF mice (Figure 2B), suggesting that microbiota may 

be essential for constitutive production of CCL2 that promotes exit of CCR2hi pDCs from 

the BM. To determine if CCL2 promotes pDC trafficking, mice were injected i.p. with 

recombinant CCL2 or PBS and pDC numbers in peritoneal exudate cells (PEC) were 

measured. Results showed an increase in pDC frequency and number in PEC, indicating that 

pDCs can be recruited by CCL2 (Figure 2C).

Because microbiota has been shown to promote tonic IFN-I signaling in mononuclear 

phagocytes12, 28, 29 and IFN-I is required for pDC trafficking30, we asked whether the 
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reduction of CCR2hi pDCs in GF mice was related to impaired IFN-I signaling in pDCs. 

However, wildtype and Ifnar−/− mice had comparable frequencies of CCR2lo and CCR2hi 

pDCs in BM, spleen and MLN (Figure 2D). The importance of CCR9 in pDC trafficking has 

also been documented7, 8; therefore we evaluated CCR9 expression and systemic levels of 

CCL25 in SPF and GF mice. CCR9 expression was normal on pDCs from GF mice (Figure 

2A) and serum CCL25 levels were comparable in SPF and GF mice (Figure 2B). Thus, these 

data suggested that the peripheral reduction of pDCs in GF mice, particularly the CCR2hi 

subset, was due to lower levels of CCR2 ligands rather than defective expression of CCR5, 

CCR9 and their ligands or defective IFN-I signaling.

CCR2 deficiency affects pDC trafficking in steady state

To corroborate the role of CCR2 in pDC trafficking in steady state we examined Ccr2−/− 

mice31. We found that pDC frequencies and numbers in spleen and blood were reduced 

~50% in Ccr2−/− mice (Figure 3A and 3B). To further demonstrate a role for CCR2 

signaling in maintaining the CCR2hi subset in the periphery, we examined a recently 

generated line of CCR2-eGFP gene-targeted reporter mice32. Ccr2eGFP/+ mice harbored 

eGFPlo and eGFPhi pDCs subsets, which corresponded to those observed with CCR2 

staining (Figure 3C and data not shown). In most compartments of Ccr2eGFP/+ mice 

examined, the ratio of eGFPlo to eGFPhi pDCs was 1:1, while in the BM there was a trend 

toward more eGFPlo than eGFPhi pDCs (Figure 3C). However, more eGFPhi pDCs were 

present in the BM of Ccr2eGFP/eGFP mice, which are deficient for CCR2, such that eGFPhi 

and eGFPlo pDCs were almost equally represented (Figure 3D); this implied that CCR2 

signaling preferentially promotes homeostatic trafficking of CCR2hi pDCs.

CCL2 levels were also elevated in Ccr2eGFP/eGFP mice (Figure 3E), probably due to reduced 

usage and subsequent degradation. Ccr2 and Ccr5 genes are adjacent to each other on 

chromosome 9. Because CCR5 plays a major role in pDC egress from BM in steady state6, 

we verified that CCR5 expression levels on pDCs were normal in both Ccr2−/− and 

Ccr2eGFP/eGFP mice (data not shown). Furthermore, since CCR5 ligands are made by various 

cell types, some of which may be altered or absent in the periphery of Ccr2−/− mice, we 

investigated whether lack of CCR2 results in impaired production of CCR5 ligands. In fact, 

systemic levels of CCR5 ligands were higher in Ccr2eGFP/eGFP mice relative to Ccr2eGFP/+ 

and WT mice (Figure 3E), indicating that CCR2 deficiency does not impair CCR5 signaling. 

Altogether, these results indicate that CCR2 deficiency leads to a reduction in peripheral 

pDCs.

Mononuclear phagocytes are required for production of CCR2 ligands and pDC 
homeostasis

CCL2 is produced by several cell types including mononuclear phagocytes and T cells and is 

rapidly expressed by BM mesenchymal and colonic stromal cells in response to circulating 

bacterial infection, TLR and NOD ligands33, 34. Because mononuclear phagocytes can 

produce CCL2 and are primed by microbiota16, 28, 29, 33, we tested whether that they had a 

role in the production of CCR2 ligands that drive pDC trafficking in steady state. We 

injected WT C57BL/6 mice with liposomes containing phosphate buffered saline (PBS) or 

clodronate (Clod) to eliminate mononuclear phagocytes. Two days after liposome injection, 
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we observed a ~50% reduction in total cellularity and pDC numbers in spleens of Clod-

treated mice (Figure 4A). The CCR2hi pDC subset appeared to be most affected by Clod 

treatment (Figure 4B). Analyses of MLN and inguinal LN (ILN) from PBS and Clod-treated 

mice also revealed a reduction in pDCs, particularly the CCR2hi subset (Figure 4C). 

Additionally, we measured CCR2 and CCR5 ligands in serum from PBS and Clod-treated 

mice and found that serum CCL2 was strongly reduced after Clod administration (Figure 

4D), confirming the requirement of mononuclear phagocytes for homeostatic levels of 

CCL2.

Clod treatment also reduced serum CCL4 (Figure 4D). Since we previously reported that 

pDC depletion impacts CCL4 levels35, it is possible that lower levels of CCL4 in Clod-

treated mice were a consequence of reduced numbers of pDCs. In contrast, serum CCL3 and 

CCL5 were increased in Clod-treated mice (Figure 4D) perhaps because of reduced 

consumption by pDCs and mononuclear phagocytes, which express CCR536.

Because of the toxicity associated with Clod, we also evaluated pDC numbers and serum 

CCL2 levels in B57BL/6 mice treated with anti-CSF-1R mAb, which reduces some 

mononuclear phagocyte subsets37. Serum CCL2 levels and CCR2hi pDCs in MLN were 

partially reduced (Figure 4E), although, in contrast to Clod treatment, anti-CSF-1R mAb did 

not significantly impact spleen or lymph node pDC numbers (data not shown). It is likely 

that the limited effect of anti-CSF-1R mAb treatment on CCL2 levels and pDC numbers is 

related to the incomplete depletion of monocytes and several tissue resident macrophage 

populations37. Altogether, these data demonstrate that mononuclear phagocytes are required 

for production of CCL2 that promotes pDC trafficking and distribution in steady state. We 

postulate that in steady state, CCL2 may be largely produced by mononuclear phagocytes of 

the gut. Supporting this hypothesis, we did not detect CCR2 expression on intestinal 

intraepithelial pDCs using anti-CCR2 Ab (data not shown), whereas we could clearly see 

both CCR2lo and CCR2hi pDCs in IEL from Ccr2eGFP/+ mice (see Figure 3C). This result 

suggests that gut pDCs are exposed to a high concentration of CCL2, such that CCR2 is 

occupied, downregulated and therefore undetectable by cell surface staining.

CCR2 deficiency impacts pDC trafficking during inflammation

We next assessed the contribution of CCR2 in pDC recruitment under inflammatory 

conditions. We used a local inflammation model based on footpad injection with heat-killed 

Mycobacterium tuberculosis (Mtb), which causes rapid recruitment of pDCs to draining 

popliteal lymph nodes (DLN)38, 39. On the day of analysis, absolute numbers of cells from 

DLN of Ccr2−/− mice were comparable to WT mice (Figure 5A), but, as expected, Ccr2−/− 

mice had a major reduction in CD11b+CD14+ cells (Figure 5B). pDC numbers were 

increased in DLN from both groups of mice relative to contralateral (CLN), but DLN from 

Ccr2−/− mice contained 50% less pDCs than DLN from WT mice (Figure 5C), suggesting 

the importance of CCR2 in pDC recruitment during inflammation.

pDC migration during inflammation is controlled by multiple chemokines, such as CCR5 

ligands5, which are made by a variety of cell types. Thus, it was possible that some of these 

cells may be altered or absent in the periphery of Ccr2−/− mice and that the pDC migration 

defect was secondary to a defect of another cell type or another chemokine. To exclude this 
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possibility, we measured serum levels of CCR5 ligands in WT and Ccr2−/− mice after Mtb 

injection. CCL5, CCL4, CCL3 and CCL2 levels in Ccr2−/− mice were similar to or higher 

relative to WT mice (Figure 5D). To further address whether the pDC deficit in Ccr2−/− mice 

was intrinsic or extrinsic, we generated WT and Ccr2−/− mixed BM chimeras using 

C57BL/6 mice as recipients. Mice were analyzed 8 wk after reconstitution under steady state 

and inflammatory conditions. In naïve mice, Ccr2−/− pDCs were reduced in spleen, thymus 

and MLN compared to WT pDCs but ratios of WT and Ccr2−/− pDCs were similar in BM 

(Figure 5E). After Mtb injection, DLN contained fewer Ccr2−/− pDCs (Figure 5E). Taken 

together, these data suggest that CCR2 deficiency affects pDC homing in steady state and 

during inflammation in a cell-intrinsic fashion.

CCR2hi and CCR2lo pDCs are functionally different

Finally, we sought to determine whether CCR2hi and CCR2lo pDCs that are differentially 

responsive to microbiota-induced CCL2 are phenotypically and/or functionally different. As 

pDCs develop in the BM through sequential maturation steps 40, we examined whether 

CCR2 levels correlate with pDC maturation in BM using markers such as SiglecH, CCR9 

and Ly49Q (Figure 6A and data not shown). The majority of pDC precursors were CCR2lo 

or eGFPlo (80–90%); in comparison, 50–60% of mature pDCs were CCR2lo or eGFPlo 

(Figure 6A and data not shown). Moreover, Ki67, which is a marker of proliferative 

capacity, was less expressed in CCR2hi pDCs compared to CCR2lo pDCs in BM (Figure 

6B). Thus, CCR2hi pDCs have a more mature phenotype than CCR2lo pDCs.

We next evaluated the ability of BM CCR2lo and CCR2hi pDCs to respond to TLR7/9 

stimulation ex vivo. pDC subsets were sorted from BM of CCR2eGFP/+ mice and cultured 

overnight with CpGA, CpGB, Imiquimod or murine cytomegalovirus (MCMV). CCR2lo 

pDCs produced more IFN-α than CCR2hi pDCs after stimulation with CpGA and MCMV, a 

feature of immature pDCs. In contrast, CCR2hi pDCs produced more proinflammatory 

cytokines such as IL-6 in response to Imiquimod and CpGB, a feature of mature pDCs 

(Figure 6C). We also tested the susceptibility of BM CCR2lo and CCR2hi pDCs to 

spontaneous and glucocorticoid-induced apoptosis and found that CCR2hi cells were more 

susceptible to both (Figure 6D). We finally asked if CCR2lo and CCR2hi pDCs differed in 

the periphery. Splenic CCR2lo and CCR2hi pDCs expressed similar levels of the markers: 

Sca1, CCR9, BST2, Ly6C, CD11c, CD127, CD62L, CD4, CD8, CCR7, CXCR3, CCR6, 

CCR5, CXCR2, CXCR4 (Figure 6E). However, CCR2hi pDCs expressed less Ki67 and were 

more prone to apoptosis (Figure 6B and data not shown). Altogether, these results suggest 

that CCR2hi pDCs are functionally different from CCR2lo pDCs, are more capable of 

producing proinflammatory cytokines and are prone to apoptosis.

Discussion

Our study establishes a role for the microbiota in inducing homeostatic serum levels of 

CCL2 that control trafficking and peripheral distribution of pDCs in the steady state. The 

microbiota induces CCL2 by stimulating mononuclear phagocytes, though other cells may 

also contribute to CCL2 production. Although CCR2 is expressed on several immune cell 

types, our results indicate that CCL2 acts directly on pDCs. Homeostatic CCL2 chiefly 
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impacts the CCR2hi subset of pDCs, which are more capable of producing proinflammatory 

cytokines and more prone to apoptosis than the CCR2lo subset. Moreover, our study also 

demonstrates that CCR2 is an important chemokine receptor for controlling pDC migration 

during inflammation induced by products of pathogenic bacteria.

Colonization of the intestine with commensal microbes is essential for normal development 

and homeostasis of the cellular and humoral immune system11–18. Several studies have 

shown that the gut microbiota impacts antigen presenting cells and mononuclear 

phagocytes29, 41. Similarly, intestinal Bacteroides fragilis, Segmented Filamentous Bacteria 

and Clostridia drive differentiation of Th1, Th17 and Tregs, respectively42–44. Moreover, the 

gut microbiota is a major driving force for differentiation of mucosal plasma cells and IgA 

production21, 45. Microbiota has also been shown to induce intestinal epithelial cells to 

secrete chemokines, such as CXCR2 ligands, that attract mast cells into the intestine46. 

Recently, commensal-derived signals were shown to provide tonic stimulation that 

establishes the activation threshold of the innate immune system28, 29. Moreover, commensal 

microbial products, such as PSA, were found to endow pDCs with the capacity to induce 

IL-10 producing regulatory T cells20. Our study reveals a novel function of the microbiota in 

the induction of constitutive levels of CCL2, which promote the circulation and distribution 

of pDCs as well as CCR2+ inflammatory monocytes. While CCL2 has been shown to be a 

key chemokine in the recruitment of CCR2+ inflammatory monocytes, which are involved in 

the pathogenesis of multiple diseases25, 47, 48, this is the first time that CCL2 is shown to be 

important in the steady-state circulation of pDCs. It will be important to determine whether 

CCL2 is induced by selective commensals. It is also noteworthy that lack of microbiota did 

not result in a general reduction of serum chemokines, as serum levels of CCL4, CCL5 and 

CCL25 were similar in GF and SPF mice. Thus, CCL2 is a distinctive product of host 

immune system-microflora interaction.

We envision that microbiota activates cells with a prominent capacity to secrete CCL2, 

particularly mononuclear phagocytes, although we do not exclude other cells, especially in 

the intestine, such as colonic stromal cells, which were found to produce CCL2 in response 

to pathogenic bacteria in a Nod2-dependent manner34. Supporting the role of intestinal 

mononuclear phagocytes in CCL2 production in response to microbiota priming, we did not 

detect CCR2 expression on gut pDCs using anti-CCR2 Ab (data not shown), whereas CCR2 

mRNA was expressed as demonstrated by eGFP expression in gut pDCs from Ccr2eGFP/+ 

mice. This discrepancy between mRNA and protein expression may indicate high 

concentrations of CCL2 in the gut, which downregulates CCR2 rendering it undetectable by 

cell surface staining. It is likely that mononuclear phagocytes are also necessary for CCL2 

production during inflammation, acting directly at the site of inflammation. Here, CCL2 

released by inflammatory monocytes may activate pDCs reaching the inflammatory site as 

well as CCR2+ endothelial cells, promoting pDC adhesion to the endothelium and 

transendothelial migration. A similar mechanism has been shown for monocyte-mediated 

recruitment of neutrophils during arthritis49.

It was previously shown that pDCs include CCR2hi and CCR2lo subsets and that a partial 

defect of CCR2 expression secondary to Runx2-deficiency contributes to retention of pDCs 

in the BM6. Our study advances these observations demonstrating that CCL2 controlling 
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steady-state pDC circulation is dependent on microbiota and preferentially drives the 

trafficking of CCR2hi pDCs. Moreover, we define functional differences between CCR2hi 

and CCR2lo subsets. CCR2hi pDCs produce more proinflammatory chemokines and are 

prone to spontaneous and glucocorticoid-induced apoptosis, whereas CCR2lo pDCs produce 

more IFN-I and express Ki67. Thus, it appears that expression level of CCR2 somewhat 

correlates with pDC maturation, although it remains unclear whether CCR2lo and CCR2hi 

cells develop through sequential maturation steps or are distinct subsets. In conclusion, our 

findings identify a novel role of microbiota in shaping the immune system, which consists of 

the induction of tonic levels of serum CCL2 that control trafficking and peripheral 

localization of pDCs.

Methods

Mice and Treatments

All animal studies were approved by the Washington University Animal Studies Committee. 

SPF Male and female C57BL/6 mice (CD45.2) were bred in house. Female C57BL/6 GF 

mice (7–9 wk old) were bred in house by the J. Gordon lab (Washington University, St. 

Louis, MO). Male and female Ccr2−/− mice (CD45.2) were either purchased from the 

Jackson Laboratory or bred at Washington University School of Medicine. Male C57BL/6 

(CD45.1) mice were purchased from the Jackson Laboratory for mixed BM chimera 

experiments. Ifnar−/− mice were kindly provided by A. French (Washington University 

School of Medicine). CCR2-eGFP reporter mice were generated and bred at Washington 

University School of Medicine32. Liposomes containing PBS or Clod were generous gifts 

from the G. Randolph lab (Washington University, St. Louis, MO). Liposomes were injected 

i.v. 48 h prior to analysis. Anti-CSF-1R mAb (M279) was kindly provided by Dr. Wenjun 

Ouyang (Amgen Inc.). C57BL/6 WT mice were injected i.p. with 400 µg anti-CSF-1R mAb 

or isotype control antibody (rIgG1) every 3 days for a total of 7 doses. C57BL/6 mice were 

injected with 300 ng of recombinant CCL2 (R&D systems) or PBS i.p. every other day for a 

total of 3 doses. Mice were analyzed 14 hours after the final injection.

BM Chimeras

BM from 6 wk old Ccr2−/− mice (CD45.2) and C57BL/6 mice (CD45.1) was harvested from 

tibias and femurs. After RBC lysis, cells were counted and mixed at a 1:1 ratio then injected 

into lethally irradiated (1000 rad) C57BL/6 mice (CD45.2). 3×106 cells of each genotype 

were injected i.v. 8 h after irradiation. BM chimeras were analyzed 8 wk after reconstitution.

Inflammation Assay

C57BL/6 mice, Ccr2−/− mice and mixed BM chimeras were injected in the hind footpads 

with 500 µg of heat-killed Mtb (Difco) on days −2 and 0. Serum, CLN and DLN were 

collected on day 1 for analysis.

Cell Preparations

Cell suspensions of spleen, thymus and LN were prepared by collagenase D digestion and 

passage through nylon mesh cell strainers (BD Biosciences). BM was collected from tibias 

and femurs. Whole blood was isolated by cardiac puncture for serum and flow cytometry. 
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Red blood cells were lysed with RBC lysis buffer (Sigma-Aldrich). Intraepithelial cells from 

small intestine were isolated as described with modifications50. Briefly, small intestines 

were sectioned after removal of Peyer’s patches and incubated for 20 min at room 

temperature in HBSS, 10% bovine calf serum, EDTA and HEPES with mild agitation (two 

rounds). Supernatants were passed through nylon mesh strainers and centrifuged over a 

44%-67% Percoll gradient.

Antibodies, Flow Cytometry and Sorting

The following reagents were from BD Biosciences, eBioscience or Biolegend: fluorochrome 

labeled anti-CD45.1 (A20), anti-CD45.2 (104), anti-CCR9 (eBioCW-1.2), anti-CD11c 

(HL3), anti-SiglecH (551 or 440c), anti-B220 (RA3-6B2), anti-CD4 (GK1.5), anti-CD8α 
(53-6.7), anti-CD11b (M1/70), anti-Ly6C (AL-21), anti-CD14 (Sa2-8), anti-CD62L 

(MEL-14), anti-CCR7 (4B12), anti-CCR6 (140706), anti-CCR5 (HM-CCR5), anti-CXCR4 

(2B11/CXCR4), anti-CXCR2 (TG11/CXCR2), anti-CXCR3 (CXCR3-173), anti-BST2 

(927), anti-CD127 (A7R34), anti-Sca1 (D7). Anti-Ly49Q (2E6) and anti-CCR2 (475301) 

were purchased from MBL or R&D Systems, respectively. Fc receptors were blocked before 

surface staining and dead cells were excluded with propidium iodide or by scatter. Staining 

for chemokine receptors, with the exception of CCR9, was achieved by incubating cells in 

complete medium containing Fc block and fluorochrome conjugated Abs for 30 min at 

37°C. Flow cytometry data was analyzed with FlowJo software (Tree Star, Inc.). CCR2hi and 

CCR2lo pDCs from BM and spleens of WT or CCR2eGFP/+ mice were sorted on a FACSAria 

(BD Biosciences).

Cell Culture and Stimulations

Primary cells were cultured in complete RPMI 1640 with 10% fetal calf serum (FCS), 1% 

glutamax, 1% nonessential amino acids, 1% sodium pyruvate, and 1% kanamycin sulfate 

(Gibco-Invitrogen). Sorted pDCs were stimulated overnight with CpGA 2216 (6 µg/ml, 

Operon); murine cytomegalovirus (MCMV, MOI 10:1); CpGB 1826 (6 µg/ml, Operon) or 

Imiquimod (6 µM, InvivoGen). For apoptosis studies, BM and spleen pDCs were incubated 

with medium alone or with 10−6 M methylprednisolone for 24 h. Apoptosis was assessed by 

Annexin-V and 7AAD staining. Proliferative capacity was measured by Ki67 staining.

ELISA and Cytometric Bead Array

Serum samples from mice were collected and stored at −20°C until analysis. IL-6, CCL2, 

CCL3, CCL4 and CCL5 were measured by cytometric bead array (BD Biosciences). CCL25 

and IFN-α levels were measured by ELISA (Sigma-Aldrich and PBL Assay Science).

Statistical Analysis

The statistical significance of differences in mean values was analyzed with unpaired, two-

tailed Student’s t test. p values less than 0.05 were considered statistically significant.
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Figure 1. pDCs are reduced in the periphery of GF mice and accumulate in BM
(A) Peripheral blood from SPF and GF mice was analyzed for total numbers and frequencies 

of pDCs (SiglecH+BST2+) and monocytes (CD11b+Ly6C+CD115+). (B) Frequencies of 

pDCs (CD45+SiglecH+BST2+CCR9+) in spleens, mesenteric lymph nodes (MLN) and small 

intestine IELs from SPF and GF mice. (C) Frequencies of thymic pDCs (SiglecH+CCR9+) 

and total numbers of live thymocytes in SPF and GF mice. Error bars represent the mean +/− 

SEM. (D) Frequencies and numbers of pDCs (Ly49QhiSiglecH+) in BM of SPF and GF 

mice. Other gates show immature pDCs and pDC progenitors (Ly49Qint and Ly49Qlo, 
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respectively). (A-D) Data are combined from or are representative of two or three 

independent experiments with 3–9 mice per experiment. p values indicate statistical 

significance.
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Figure 2. CCR2hi pDCs and systemic levels of CCL2 are reduced in GF mice
(A) CCR2 expression on pDCs (SiglecH+CCR9+) from spleens and MLN of SPF and GF 

mice. (B) CCL2, CCL4, CCL5 and CCL25 levels in sera from SPF and GF mice. (C) 

C57BL/6 mice were injected i.p. with recombinant CCL2 or PBS and pDC frequencies and 

numbers were measured in PEC. (D) CCR2 expression on pDCs (SiglecH+CCR9+) from 

BM, spleen and MLN of WT and Ifnar−/− mice. (A-D) Data are combined from or are 

representative of two or three independent experiments with 2–9 mice per experiment. The p 

value indicates statistical significance.
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Figure 3. pDC homeostasis is altered in Ccr2−/− mice
(A) pDC frequencies (SiglecH+CCR9+) and numbers in spleens of C57BL/6 (WT) and 

Ccr2−/− mice. (B) Frequencies of pDCs (SiglecH+CCR9+) in peripheral blood from WT and 

Ccr2−/− mice. (C) Blood, spleen, BM and IELs were isolated from Ccr2eGFP/+ mice and 

analyzed by flow cytometry. Graphs show two populations of SiglecH+CCR9+ pDCs based 

on eGFP expression in all compartments. (D) Frequencies of eGFPlo and eGFPhi pDCs in 

BM of Ccr2eGFP/+ and Ccr2eGFP/eGFP mice. (E) Systemic levels of CCL2, CCL3, CCL4 and 

CCL5 in WT, Ccr2eGFP/+ and Ccr2eGFP/eGFP mice. Medium controls are included to indicate 

background. (A-D) Data are representative of two or three experiments with 3–5 mice per 

experiment. (E) Data are combined from two independent experiments (n=7–13). p values 

indicate statistical significance.
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Figure 4. Mononuclear phagocytes produce CCR2 ligands and are required for pDC homeostasis
(A-D) C57BL/6 mice were injected i.v. with phosphate buffered saline (PBS) or clodronate 

(Clod) liposomes. Tissues and sera were analyzed 48 h post-injection. (A) Total cellularity 

and numbers of pDCs (SiglecH+CCR9+) in spleens. (B) Plots show frequencies of pDCs and 

frequencies of CCR2lo and CCR2hi pDC subsets in spleens. (C) Plots show frequencies of 

pDCs and CCR2lo and CCR2hi pDC subsets in MLN and ILN. (D) Systemic levels of CCL2, 

CCL3, CCL4 and CCL5. (E) C57BL/6 mice were injected i.p. with anti-CSF-1R mAb or 

isotype control antibody (rIgG1) every 3 days for a total of 7 doses. Mice were analyzed on 
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day 21. Graphs show serum levels of CCL2 and frequencies of CCR2hi pDCs in MLN. (A-
E) Data are representative of two independent experiments with 2–9 mice per experiment. p 

values indicate statistical significance.
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Figure 5. CCR2 deficiency impacts pDC recruitment during inflammation
(A-D) WT and Ccr2−/− mice were injected in the footpad with heat-killed M. tuberculosis 
(Mtb). (A) Total cells in contralateral (CLN) and draining (DLN) popliteal lymph nodes. (B) 

Frequencies of myeloid cells (CD11b+CD14+) in CLN and DLN. (C) Frequencies and 

numbers of pDCs (SiglecH+CCR9+) in CLN and DLN. (D) Systemic levels of CCL2, CCL3, 

CCL4 and CCL5 in WT and Ccr2−/− mice injected with Mtb. (E) Mixed BM chimeras were 

analyzed 8 wk after reconstitution for CD45.1+ (WT) and CD45.2+ (Ccr2−/−) pDCs 

(SiglecH+Ly49Q+) in spleen, thymus, MLN and BM or in DLN after Mtb injection. Graphs 
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show the ratio of CD45.1+ or CD45.2+ pDCs (%) to total CD45.1+ or CD45.2+ cells (%). 

(A-C) Data are combined from two experiments with 4–5 mice per experiment. CLN were 

pooled from mice in each experiment (experiment one: n=4; experiment two: n=5). (D) Data 

are representative of two experiments with 4–5 mice per experiment. (E) Graphs show mean 

values +/− SD (n=4). p values indicate statistical significance.
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Figure 6. CCR2lo and CCR2hi pDCs are functionally distinct
(A) BM from C57BL/6 mice was stained for Ly49Q, SiglecH and CCR2. Graphs show 

percentages of CCR2lo and CCR2hi subsets in mature pDCs (Ly49QhiSiglecH+), immature 

pDCs (Ly49QintSiglecH+) and progenitors (Ly49QloSiglecH+). (B) BM and spleen cells 

were harvested and stained for Ki67 to measure proliferative capacity. Dot plots show 

CCR2hi and CCR2lo pDCs (SiglecH+B220hi) and graphs show mean fluorescence intensities 

(MFIs) of Ki67 expression. (C) CCR2lo and CCR2hi pDCs (CCR9+SiglecH+B220hi) were 

sorted from BM of Ccr2eGFP/+ mice and incubated with TLR agonists overnight. 

Supernatants were collected and analyzed for IFN-α and IL-6. Error bars represent the mean 

+/− SEM. (D) CCR2hi and CCR2lo pDCs (SiglecH+B220hiCD11cint) were sorted from BM 

and incubated with either medium alone or with 10−6M of methylprednisolone for 24 h. 

Apoptosis was measured by Annexin-V and 7AAD staining. (E) Phenotypic analysis of 

CCR2lo and CCR2hi pDCs from spleens of Ccr2eGFP/+ mice. (A-E) Data are representative 

of two or three experiments with at least 3–5 mice per experiment. p values indicate 

statistical significance.
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