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The Journal of Immunology

Monocyte Chemoattractant Protein-1 Contributes to Gut

Homeostasis and Intestinal Inflammation by Composition of

IL-10–Producing Regulatory Macrophage Subset

Yasuhiro Takada, Tadakazu Hisamatsu, Nobuhiko Kamada, Mina T. Kitazume, Haruki Honda,

Yosuke Oshima, Riko Saito, Tetsuro Takayama, Taku Kobayashi, Hiroshi Chinen,

Yohei Mikami, Takanori Kanai, Susumu Okamoto, and Toshifumi Hibi

Lamina propria macrophages (LPMfs) spontaneously produce large amounts of anti-inflammatory IL-10 and play a central role

in regulation of immune responses against commensal bacteria. MCP-1 is a chemokine that plays an important role in recruitment

of monocytes and macrophages to inflamed tissues. We demonstrated that, in addition to IL-10, LPMfs produced large amounts

of MCP-1, even in a steady state. MCP-1 deficiency caused impaired IL-10 production by LPMfs and led to exacerbation of

dextran sulfate sodium-induced acute colitis. As an explanation of this impaired IL-10 production by LPMfs, we found that

LPMfs could be separated into two subsets with distinct side-scattered properties, namely LPMf1 (CD11b+F4/80+CD11c–SSChi)

and LPMf2 (CD11b+F4/80+CD11c–SSClo). Unlike LPMf1, the LPMf2 subset migrated in response to MCP-1 and produced

a larger amount of IL-10 in response to commensal bacteria. LPMfs isolated from MCP-1–deficient mice produced less IL-10 as

a consequence of the lack of the MCP-1–dependent LPMf2 population. This imbalanced composition in LPMf population may

be involved in the susceptibility to DSS-induced colitis in MCP-1–deficient mice. Our results suggest that endogenous MCP-1

contributes to the composition of resident LPMf subsets in the intestine. Moreover, MCP-1–dependent LPMf2 subset may play

an important role in maintenance of gut homeostasis in the steady state, and in the termination of excess inflammatory responses

in the intestine, by producing IL-10. The Journal of Immunology, 2010, 184: 2671–2676.

M
acrophages are the major population of tissue-resident

mononuclear phagocytes, and they play a key role in

bacterial recognition and elimination, as well as in the

polarization of innate and adaptive immunity. Besides these

classical antibacterial immune roles, it has recently become evident

that macrophages also play an important role in maintenance of

homeostasis—for example, inflammation dampening via the pro-

duction of anti-inflammatory cytokines such as IL-10 and TGF-b,

debris scavenging, angiogenesis, and wound repair (1–3). Fur-

thermore, recent studies have shown that M1 and M2 macro-

phages are functionally polarized in response to microorganisms

and host mediators. M1 macrophage is characterized by producing

proinflammatory cytokines such as TNF-a, IL-12, and IL-23,

whereas M2 macrophage is characterized as producing IL-10 (2).

Because the intestinal mucosa is always exposed to numerous

commensal bacteria, it is thought that the gut may possess regu-

latory mechanisms that prevent excessive inflammatory responses

against commensal bacteria. It has been reported previously that

intestinal macrophages do not express innate response receptors

(4, 5), and although these cells retain their phagocytic and bac-

tericidal functions, they do not produce proinflammatory cyto-

kines in response to several inflammatory stimuli, including

microbial components (6, 7). In contrast to splenic macrophages,

recent studies have revealed that murine intestinal macrophages

express several anti-inflammatory molecules, including IL-10, and

induce differentiation of Foxp3+ T regulatory cells (Tregs) that are

dependent on IL-10 and retinoic acid. Moreover, such intestinal

macrophages suppress the intestinal dendritic cell-derived Th1

and Th17 immunity, which is dependent on or independent of Treg

induction (7, 8). Thus, recent studies have suggested that macro-

phages located in the intestinal mucosa play important roles in the

maintenance of intestinal homeostasis by protecting the host from

foreign pathogens and negatively regulating excess immune re-

sponses to commensals (9). The regulation and composition of

macrophages in the lamina propria (LP) is still not fully understood.

MCP-1 is a CC chemokine, which plays an important role in the

recruitment of monocytes and macrophages from the bloodstream

to inflamed tissue. MCP-1 is postulated to play a pivotal role in the

pathogenesis of a variety of diseases that are characterized by

mononuclear cell infiltration. In fact, it has been reported pre-

viously that MCP-1 deficiency reduces atherosclerosis. Athero-

sclerosis is reduced in low-density lipoprotein receptor-deficient

mice, which are known as a model of atherosclerosis under MCP-

1–deficient conditions. In these mice, infiltration of macrophages

into the aortic wall is decreased (10, 11). In a mouse model of

experimental autoimmune encephalomyelitis, MCP-1 deficiency

leads to decreased local macrophage recruitment, which results in

a diminished Th1 immune response (12). Thus, it is considered

that locally infiltrated macrophages play a crucial role in the
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pathogenesis of several mouse disease models. Consistent with

those observations, in intestinal inflammation it has been reported

that MCP-1 expression is elevated at the inflamed sites in in-

flammatory bowel diseases (13). However, it remains unknown

whether recruited intestinal macrophages have a proinflammatory

phenotype that contributes to worsening of inflammation or an

immunosuppressive phenotype that terminates inflammation.

We hypothesized that intestinal macrophages recruited by

MCP-1 play a role in reducing inflammation via the production of

anti-inflammatory cytokines, such as IL-10, because intestinal

macrophages produce large amounts of IL-10. In the current study,

we demonstrate that intestinal macrophages recruited by MCP-1

produce IL-10 and play an important role in amelioration of in-

testinal inflammation in murine experimental colitis models.

Materials and Methods
Mice

Breeding pairs of MCP-1–deficient (MCP-12/2) mice on a C57BL/6
background (14) were provided by B. Rollins (Dana–Farber Cancer In-
stitute, Boston, MA). Appropriate wild-type (WT) C57BL/6 mice were
purchased from Charles River Breeding Laboratories (Boston, MA). All
animals were kept and bred at the animal facilities of Keio University
(Tokyo, Japan); only 8–20-wk-old mice were used. All experiments using
mice were approved by and performed according to the guidelines of the
animal committee of Keio University.

Isolation of lamina propria macrophages

LP mononuclear cells were isolated using a modified protocol as described
previously (15). Mice were sacrificed, and colonic tissues were removed.
Isolated colons were washed with RPMI 1640, dissected into small pieces,
and incubated in RPMI 1640 containing 2.5% FBS and 1 mM DTT
(Sigma-Aldrich, St. Louis, MO) to remove any mucus. The pieces were
incubated twice in RPMI 1640 containing 1 mM EDTA (Sigma-Aldrich)
for 20 min each at 37˚C, washed three times with RPMI 1640, and in-
cubated in RPMI 1640 containing 1 mM collagenase type IV (Sigma-
Aldrich) for 2 h at 37˚C. Digested tissues were filtered and washed twice
with RPMI 1640. Isolated cells were resuspended in 40% Percoll (Phar-
macia Biotech, Uppsala, Sweden), layered onto 75% Percoll, and centri-
fuged at 2000 rpm for 20 min. Cells were recovered from the interphase
and washed with PBS. Lamina propria macrophages (LPMfs) were pu-
rified by positive selection from LP mononuclear cells using a magnetic
cell separation system (MACS; Miltenyi Biotec, Auburn, CA) with anti-
mouse CD11b microbeads, as described previously (16, 17).

Cell sorting

Magnetically isolated LP CD11b+ cells were stained with FITC-conjugated
CD11c mAb and PE-conjugated CD11b mAb (BD Pharmingen, San
Diego, CA) after Fc receptor blockade. CD11b+CD11c–SSChi and CD11b+

CD11c–SSClo LPMf subsets were sorted with Epics Altra with the Hy-
PerSort cell sorting system (Beckman Coulter, Fullerton, CA), re-
spectively. The purity of each LPMf subset sorted was .90% by
postsorting analysis.

Preparation of bone marrow-derived macrophages

Bone marrow (BM) cells were isolated from femora of 8–20-wk-old mice.
After separation of BM mononuclear cells by gradient centrifugation,
CD11b+ cells were purified using MACS. To generate bone marrow-
derived macrophages (BMMfs), CD11b+ cells (5 3 105 cells/ml) were
cultured for 7 d with M-CSF (20 ng/ml; R&D Systems, Minneapolis, MN).

Bacterial heat-killed Ags

Enterococcus faecalis (29212; ATCC) was cultured in brain–heart infusion
medium. Bacteria were harvested and washed twice with ice-cold PBS.
Bacterial suspensions were heated at 80˚C for 30 min, washed, re-
suspended in PBS, and stored at 280˚C. Complete killing was confirmed
by 72 h incubation at 37˚C on plate medium.

Activation of LPMfs and BMMfs by whole bacterial antigens

Isolated LPMfs and BMMfs were plated on 96-well tissue culture plates
(1 3 105 cells/well) in RPMI 1640 medium supplemented with 10% FBS
and antibiotics, and stimulated by heat-killed E. faecalis (multiplicity of

infection [MOI] = 100) for 24 h at 37˚C. Culture supernatants were col-
lected, passed through a 0.22-mm pore size filter, and stored at280˚C until
the cytokine assay.

Cytokine assay

A mouse inflammatory cytometric beads array (CBA) kit (BD Pharmingen)
was used for cytokine measurements, according to the manufacturer’s
instructions. Samples were analyzed using a FACSCalibur system (BD
Pharmingen).

Flow cytometric analysis

Isolated LPMfs were stained with mAbs for mouse F4/80, CD11b,
CD11c, CD80, CD86, PD-L1, PD-L2, MHC class II, Gr-1, CD70, CD103,
TLR2, TLR4, CD115, or their isotype-matched control Abs (purchased
from BD Pharmingen or eBiosciences [San Diego, CA]) for 20 min at 4˚C.
After staining, cells were washed with PBS, stained with propidium iodide,
and analyzed using a FACSCalibur system. CellQuest (BD Biosciences,
San Jose, CA) or Flowjo (TreeStar, Ashland, OR) software was used for
data analysis.

Migration assay

LPMf migration ability was assessed using the Transwell system (24-well
plate, 6-mm pore; Corning Glass, Corning, NY), as described previously
(18). Recombinant mouse MCP-1 and control medium were added to the
lower chamber at a final volume of 600 ml. In some experiments, anti-MCP-
1 or isotype-matched control Abs (R&D systems) were added to the lower
chamber with rMCP-1. LPMfs were added to the upper chamber in a final
volume of 100 ml. These chambers were separated by a 6-mm–pore size
membrane. Cells were allowed to migrate for 4 h at 37˚C. Migrated cells in
the lower compartments were collected and counted by FACSCalibur.

Quantitative RT-PCR

Total RNA was isolated from macrophages using an RNeasy Micro Kit
(Qiagen, Valencia, CA). CDNAwas synthesized with the Quantitect RT Kit
(Qiagen). For quantitative RT-PCR, TaqMan Universal PCR Master Mix
and TaqMan Gene Expression Assays for murine IL-10, CCR2, and
CX3CR1 (Applied Biosystems, Foster City, CA) were used. PCR ampli-
fications were conducted in a thermocycler DNA Engine (OPTICON2; MJ
Research, Cambridge, MA). Relative quantifications were achieved by
normalization to the values of the b-actin gene.

Murine dextran sulfate sodium-induced colitis model

Colitis was induced in WT and MCP-12/2 mice by intake of 2.0% dextran
sulfate sodium (DSS; m.w. 50 kDa; BioResearch, Yokohama, Japan) ad
libitum for 5 d, followed by regular drinking water until 7 d. Body weight
and clinical findings were monitored every day during the experiment.
Mice were sacrificed at day 7, and colonic tissues were removed. Resected
colonic tissues were assessed macroscopically. For cytokine analysis,
LPMfs were isolated from animals with induced colitis.

Parabiosis experimental design

To assess the requirement for LPMfs, we used a parabiosis system between
WT (Ly5.1) and MCP-12/2 (Ly5.2) mice (19). Sex-matched mice were
anesthetized before surgery, and incisions were made in the skin on the
opposing flanks of the donor and recipient animals. Surgical sutures were
used to bring the body walls of the two mice into direct physical contact.
The outer skin was then attached with surgical staples. Mice were sacri-
ficed on days 14–21, and splenic and colonic tissues were removed. CD3+

T ells and LPMfs were assessed using flow cytometry.

Statistical analysis

The data are expressed as mean 6 SEM. Comparisons of the data were
performed using a nonparametric Mann-Whitney U test. p , 0.05 was
accepted as statistically significant.

Results
CD11b

+
LPMfs show an anti-inflammatory phenotype and

spontaneously produce a large amount of MCP-1

It has been reported that LPMfs reveal M2-like anti-inflammatory

phenotypes in terms of producing cytokines (2). In the current

study, we first confirmed the cytokine producing profile of LPMfs.

As a control, macrophages and splenic macrophages (SPMfs),

2672 MCP-1-DEPENDENT MACROPHAGES CONTRIBUTE TO GUT HOMEOSTASIS
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which show M1-like proinflammatory cytokine producing ability,

were used (2). Consistent with these recent findings, LPMfs pro-

duced higher IL-10, but less TNF-a compared with SPMfs (Fig.

1A). In addition, we found that LPMfs, but not SPMfs, sponta-

neously produced large amounts of MCP-1 (Fig. 1B). MCP-1 plays

a role in recruitment of monocytes or macrophages to inflamed

tissue. Therefore, we considered that hyperproduction of MCP-1

from resident CD11b+ LPMfs in a steady state might play a role in

the regulatory function of LPMfs.

Murine DSS-induced colitis is exacerbated in MCP-12/2

compared with WT mice

To determine the functional role of MCP-1 for gut homeostasis, we

examined its role in DSS-induced colitis inWTandMCP-12/2mice

(Fig. 2A). The body weight started to decline from day 4 after the

intake of DSS in WTand MCP-12/2 mice. However, after day 7 the

body weight loss was exacerbated significantly in the MCP-12/2

mice (Fig. 2B; 85.41 6 5.3% in WT versus 76.68 6 3.0% in MCP-

12/2; p , 0.01 at day 7). Macroscopic findings revealed that the

shortening (52.75 6 3.8 cm in WT versus 49.0 6 4.3 cm in MCP-

12/2; p , 0.05 at day 7) and bleeding of the colon were markedly

more severe in MCP-12/2 than in WT mice (Fig. 2C, 2D).

BMMfs from WT and MCP-12/2 mice show similar

production levels of IL-10 and TNF-a

DSS-induced colitis was exacerbated in MCP-12/2 mice; there-

fore, MCP-1 may play some role in the negative regulation of host

immunity. To confirm this, we focused on the anti-inflammatory

role of intestinal macrophages that produce cytokines IL-10 and

MCP-1. BM CD11b+ cells from WT and MCP-12/2 mice were

differentiated into macrophages with M-CSF, and differentiated

macrophages were stimulated with heat-killed E. faecalis (MOI =

100) for 24 h (Fig. 3A). BMMfs differentiated from WT and

MCP-12/2 mice showed similar production levels of IL-10 and

TNF-a in response to E. faecalis. These results suggest that MCP-

1 deficiency does not affect differentiation into anti-inflammatory

intestinal macrophages.

CD11b
+
LPMfs from MCP-1

2/2
mice produce less IL-10 than

those from WT mice

Because MCP-1 deficiency did not affect macrophage differenti-

ation, we examined CD11b+ LPMfs from WT and MCP-12/2

mice. CD11b+ LPMfs from both groups of mice were stimulated

with E. faecalis for 24 h, and production of IL-10 and TNF-a in

culture supernatant was measured. CD11b+ LPMfs from MCP-

12/2 mice produced less IL-10 than did WT mice in response to

E. faecalis (p , 0.05; Fig. 3B). In contrast, the production level of

TNF-a in CD11b+ LPMfs from MCP-12/2 mice was similar to

that from WT mice. These results suggest that MCP-1 modulates

the composition of resident intestinal macrophages or the pro-

duction of IL-10 in LPMfs.

CD11b
+
CD11c

–
LP cells can be separated into two subsets,

and CD11b+F4/80+CD11c–SSClo LPMfs are reduced

significantly in MCP-12/2 mice

Because the production level of IL-10 in CD11b+ LPMfs was de-

creased inMCP-12/2mice, we hypothesized that the phenotypes of

LPMfs themselves might be changed in MCP-12/2 mice. To con-

firm this hypothesis, we tried to classify in detail the phenotypes of

CD11b+ intestinal macrophages. When flow cytometry of gated

CD11b+CD11c– LP cells from WT mice was expanded into side

scatter (SSC) and forward scatter (FSC), CD11b+CD11c– LP cells

could be separated into two subsets (Fig. 4A). CD11b+CD11c–SSChi

and SSClo LP cells expressed F4/80, a typical macrophage marker,

on their cell surface. CD11b+F4/80+CD11c–SSChi LP cells ex-

pressed MHC class II, CD80 and coinhibitory molecule PD-L1,

while they lacked expression of CD86 and TLRs. This phenotype

was similar to the previously identified typical intestinal macro-

phage subset, which seemed to be anti-inflammatory macrophages.

Alternatively, CD11b+F4/80+CD11c–SSClo LP cells robustly ex-

pressed CD86, Gr-1 (Ly-6G), and TLR2, and to a lesser extent PD-

L2, CD70, and CD103, in addition to the markers expressed on

CD11b+F4/80+CD11c–SSChi LP cells (Fig. 4B). We stained these

two subsets in May–Grunwald–Giemsa, and both subsets showed

macrophage-like morphology that had a large cytoplasm and non-

lobular nuclei (Fig. 4C). We defined CD11b+F4/80+CD11c–SSChi

LP cells as LPMf1 and CD11b+F4/80+CD11c–SSClo LP cells as

LPMf2. LPMf2 were reduced significantly in MCP-12/2 mice

(Fig. 4A).

LPMf2 but not LPMf1 are migrated by MCP-1

LPMf2 were reduced significantly in MCP-12/2 mice; therefore,

we confirmed the MCP-1 dependency of this macrophage subset.

We examined the CD11b+F4/80+CD11c– LPMf migration ability

by MCP-1 using the Transwell system, and the mRNA tran-

scription of CCR2 and CX3CR1 in CD11b+F4/80+CD11c–

LPMfs was tested using quantitative RT-PCR. As a result of the

migration assay, LPMf2 but not LPMf1 migrated in response to

FIGURE 1. CD11b+ LPMfs showed an anti-

inflammatory phenotype and spontaneously produced

a large amount of MCP-1. A, CD11b+ SPMfs and

LPMfs (13 105 cells) from WT mice were stimulated

with heat-killed E. faecalis (MOI = 100) for 24 h. The

amount of IL-10 and TNF-a in the culture supernatants

was measured using a CBA kit. Data are expressed as

the mean 6 SEM from three independent experiments.

ppp , 0.01, compared with SPMfs (Mann-Whitney U

test). B, CD11b+ SPMfs and LPMfs (1 3 105 cells)

from WT mice were cultured for 24 h. The amount of

MCP-1 in the culture supernatants was measured using

a CBA kit. Data are expressed as the mean 6 SEM

from three independent experiments. pp , 0.05,

compared with SPMfs (Mann-Whitney U test).

The Journal of Immunology 2673
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MCP-1 in a concentration-dependent manner (Fig. 5A). Consistent

with this result, CCR2, a receptor of MCP-1, was transcribed

markedly higher in the LPMf2 subset than in LPMf1 (Fig. 5B).

Alternatively, CX3CR1 mRNA transcription was higher in

LPMf1 (Fig. 5B). These results suggest that LPMf2, but not

LPMf1, is derived from recruited monocytes and localized to the

intestinal LP, in an MCP-1–dependent manner.

LPMf2 is a major source of IL-10 in LPMfs

As shown in Fig. 3B, LPMfs in MCP-12/2 mice produced less IL-

10 compared with that in WT mice. To identify which subset of

intestinal macrophages was the major source of IL-10, we ex-

amined the mRNA transcription and secretion of IL-10 by LPMf1

and LPMf2. As a result, the level of bacteria-induced IL-10

mRNA transcripts was markedly higher in LPMf2 than in

LPMf1 (Fig. 5C). Consistent with mRNA transcription, LPMf2

produced a large amount of IL-10 in response to E. faecalis

compared with that in LPMf1 (Fig. 5C). These results suggest

that LPMf2 is a major source of IL-10.

Composition of LPMf2 is impaired in MCP-12/2 mice and

LPMf2 are derived from peripheral blood

To clarify the role of MCP-1 in the composition of resident intestinal

macrophages,we used a parabiosis system (Fig. 6A). In the spleen and

colon, CD3+ T cells were mutually mixed, and detectable numbers of

donor-derived (CD45.1+) cells were observed in MCP-12/2 recipient

(Ly5.2; Fig. 6B). A sufficient number of donor-derived (CD45.1+)

cells were also observed in LPMf1. However, the number of donor-

derived (CD45.1+) LPMf2 was decreased markedly in MCP-12/2

recipient (Ly5.2). These results suggest that MCP-1–dependent

monocyte recruitment from the peripheral blood is important for

LPMf2 composition in the steady state.

FIGURE 2. Murine DSS-induced colitis was ex-

acerbated in MCP-12/2 mice (knockout [KO]) com-

pared with WT mice. A, Murine DSS-induced colitis

protocol. B, Body weight loss in WT mice with DSS-

induced colitis (open circle, n = 8) or MCP-12/2 (KO)

mice (closed circle, n = 7). The data were collected

from two independent experiments. pp, 0.05; ppp,

0.01, compared with WT mice (Mann-Whitney U

test). C, Macroscopic findings of colons from DSS-

induced colitis in WT (upper) or MCP-12/2 (lower)

mice. D, Colon length in DSS-induced colitis in WT

mice or MCP-12/2 mice. The data were collected

from two independent experiments. pp , 0.05, com-

pared with WT mice (Mann-Whitney U test).

FIGURE 3. CD11b+ LPMfs from MCP-12/2 mice produced less IL-10

than those from WT mice. A, BMMfs (1 3 105 cells) from WT and MCP-

12/2 mice (KO) were stimulated with E. faecalis for 24 h. The amount of

IL-10 and TNF-a in the culture supernatants was measured using a CBA

kit. Data are expressed as the mean 6 SEM from three independent ex-

periments. B, CD11b+ LPMfs (1 3 105 cells) from WT and MCP-12/2

mice (KO) were stimulated with E. faecalis for 24 h. The amount of IL-10

and TNF-a in the culture supernatants was measured using a CBA kit. Data

are expressed as the mean 6 SEM from three independent experiments.

pp , 0.05, compared with levels in WT mice (Mann-Whitney U test).

FIGURE 4. CD11b+CD11c– LP cells were separated into two subsets,

and CD11b+F4/80+CD11c–SSClo LPMfs were reduced significantly in

MCP-12/2 mice. A, Flow cytometry of gated CD11b+CD11c– LP cells

from WT mice expanded into SSC and FSC. CD11b+F4/80+CD11c– SSChi

LP cells were defined as LPMf1 and CD11b+F4/80+CD11c– SSClo LP

cells as LPMf2. B, LPMf1 and LPMf2 were stained with the indicated

mAbs and analyzed by flow cytometry. Profiles of specific Ab staining

(shaded histograms) and staining with isotype controls (open histograms)

are shown. Data shown are representative of three independent experi-

ments. C, May–Grunwald–Giemsa staining of CD11b+F4/80+CD11c–

SSChi (LPMf1) and CD11b+F4/80+CD11c– SSClo (LPMf2) cells.
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IL-10–producing CD11b+ LPMf recruitment is disturbed in

DSS-induced colitis in MCP-12/2 mice

Toidentify thecauseofexacerbationofcolitis inMCP-12/2mice,we

measured the level of IL-10 production by CD11b+ LPMfs during

inflammation. IL-10 production from CD11b+ LPMfs in WT mice

increased significantly according to the progression of colitis,

whereas IL-10 production fromCD11b+LPMfs inMCP-12/2mice

increased less than that in WT mice (Fig. 7A). When we examined

the ratio of LPMf1 and LPMf2 in WTand MCP-12/2 mice in the

inflammatory state, the ratio of LPMf2/ LPMf1 in WT mice in-

creased significantly, but that in MCP-12/2 mice increased less in

the inflammatory state (Fig. 7B). These results suggested that DSS-

induced colitis was exacerbated in MCP-12/2 mice because of

impaired recruitment of IL-10–producing LPMf2.

Discussion
MCP-1 plays an important role in the recruitment of monocytes and

macrophages from the bloodstream to inflamed tissue. It has been

reported that the major source of MCP-1 in inflamed intestinal

mucosa is epithelial cells (20), but we demonstrated that intestinal

resident macrophages also produced MCP-1, even without in-

flammation.

In several rodent disease models, MCP-1–dependent infiltrated

macrophages are considered to contribute to pathogenesis (10–

12). Alternatively, it has been demonstrated that intestinal mac-

rophages contribute uniquely to the maintenance of gut homeo-

stasis (5–7). Whether recruited intestinal macrophages exacerbate

intestinal inflammation or contribute to gut homeostasis remains

unknown. Intestinal epithelial cells are thought to be a major

producer of MCP-1 in the intestine, both in a steady state and

during inflammation (20). In addition to these previous reports, we

found that LPMfs spontaneously produced significant levels of

MCP-1 in a steady state as well as intestinal epithelial cells did.

Thus, this spontaneously produced MCP-1 by both cell types may

play an important role in the normal composition of LPMfs. We

found that LPMfs could be separated into two subsets, LPMf1

and 2, according to the fluorescence intensity of side-scattered

plots in flow cytometric analysis. The LPMf2 subset, which ex-

pressed CCR2 (MCP-1 receptor), was diminished in MCP-12/2

mouse LP, even in the normal state. Thus, endogenous MCP-1 may

contribute to the composition of resident intestinal macrophages.

As previously reported, intestinal macrophages have unique char-

acteristics, as do anti-inflammatory macrophages; they produce

a large amount of IL-10, but not IL-12 and IL-23, in response to

enteric bacteria (7). Furthermore, intestinal macrophages can pro-

mote Treg development (8). In this regard, intestinal macrophages

FIGURE 5. LPMf2 is an intestinal macrophage subset that migrates to-

ward MCP-1, and is a major source of IL-10 in LPMfs. A, CD11b+ LPMfs

migration was assessed using the Transwell system. Numbers of migrated

cells in the lower compartments were counted by FACSCalibur. Data are

expressed as the mean 6 SEM from three independent experiments. ppp ,

0.01 compared with anti-MCP-1 Ab (Mann-Whitney U test). B, Levels of

CCR2 and CX3CR1 mRNA expression in sorted and LPMf2 macrophages

were analyzed by quantitative RT-PCR and shown as relative percentages of

the levels in LPMf1. C, Sorted LPMf1 and LPMf2 from WT mice were

stimulated with E. faecalis for 24 h. Levels of IL-10 mRNA expression were

shown as relative percentages of the levels in LPMf1, and the amounts of

IL-10 in the culture supernatants were measured using a CBA kit.

FIGURE 6. Composition of LPMf2 was impaired in MCP-12/2 mice,

and LPMf2s were derived from peripheral blood. A, Parabiosis experi-

mental design. B, Flow cytometry of splenic CD3+ T cells (SPT cell),

colon LP CD3+ T cells (LPT cell), and LPMf1 and LPMf2 in MCP-12/2

mice stained for CD45.1 and CD45.2.

FIGURE 7. IL-10–producing CD11b+ LPMfs recruitment was dis-

turbed in DSS-induced colitis in MCP-12/2 mice. A, CD11b+ LPMfs

were isolated from WT and MCP-12/2 mice (KO) in DSS-induced colitis

by MACS. CD11b+ LPMfs were stimulated with E. faecalis (MOI = 100)

for 24 h. The amount of IL-10 in the culture supernatants was measured

using a CBA kit. B, Flow cytometry of gated CD11b+ F4/80+CD11c– cells

expanded into SSC and FSC in DSS-induced colitis.
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in MCP-12/2 mice produced a lesser amount of IL-10 compared

with that in WT mice.

In addition to the important role of MCP-1 as a chemoattractant,

it has been reported that it can modulate the differentiation of

dendritic cells and T cells (21, 22). Dendritic cells generated in the

presence of MCP-1 display markedly reduced production of IL-

12, but not IL-10, in response to CD40L. MCP-1 promotes dif-

ferentiation of naive T cells into Th2 cells. However, in the current

study, MCP-1 did not modulate the differentiation of macro-

phages. We examined the direct effect of MCP-1 on IL-10 pro-

duction from LPMfs; however, MCP-1 did not change IL-10

production from MCP-12/2 LPMfs (data not shown). These

findings suggest that MCP-1 does not affect IL-10 production

directly, but may contribute to recruitment of IL-10–producing

macrophage subsets. Analysis of cytokine production of LPMf1

and 2 subsets revealed that LPMf2, which expresses CCR2,

produced a larger amount of IL-10 than did LPMf1.

The classification of monocytic cell lineage has been studied for

the past 20 y and has provided insights into functional human and

mouse monocyte subsets (1). A previous study has identified that

monocytes in mice can be separated into two subsets, CCR2+

CD62L+CX3CR1mid and CCR2–CD62L+CX3CR1++, according to

their expression of CCR2, CD62L, Ly6C, and CX3CR1 (23, 24).

The CCR2+CD62L+CX3CR1mid monocyte subset can migrate

toward inflammatory lesions in response to locally produced

MCP-1. Therefore, this subset has been called inflammatory

monocytes, which infiltrate inflammatory sites. However, func-

tional roles have not been identified for infiltrated monocytes or

newly recruited macrophages for perpetuation or termination of

inflammation. Infiltration of mononuclear cells has been observed

in several inflamed tissues, whereas infiltrated mononuclear cells

play an important role in wound repair (2).

LPMf2 that produced IL-10 also showed CCR2+CX3CR1mid

inflammatory monocyte-like phenotypes. An in vitro migration

assay showed that LPMf2, but not LPMf1, migrated toward

MCP-1 in a concentration-dependent manner. An in vivo para-

biosis system also implied that LPMf2 was recruited from pe-

ripheral blood in an MCP-1–dependent manner. Therefore, we

hypothesized that LPMf2 is an intestinal macrophage subset that

is recruited by MCP-1, and it may contribute to gut homeostasis

by producing IL-10 in a steady state and in inflammation. In other

words, IL-10–producing LPMf2 may be recruited by MCP-1 to

compose resident intestinal macrophages or to inhibit excess im-

mune responses and terminate inflammation. IL-10–producing

LPMf2s were increased significantly during colitis development.

Moreover, IL-10 production by whole CD11b+ LPMfs was sig-

nificantly lower in MCP-12/2 mice than in WT mice because of

impairment of LPMf2 recruitment. Consistent with our hypothe-

sis, immune homeostasis in MCP-12/2 mice is disrupted by im-

paired migration of MCP-1–dependent suppressive macrophages

(e.g., LPMf2).

In conclusion, we identified that endogenous MCP-1 contributes

to intestinal macrophage composition, and MCP-1–dependent

intestinal macrophages (e.g., LPMf2) may play an important role

in the maintenance of gut homeostasis in the steady state, and in

the termination of excess inflammatory responses in the intestine,

by producing the regulatory cytokine IL-10.

Acknowledgments
We thank T. Nakai and K. Arai (Keio University) for technical assistance.

Disclosures
The authors have no financial conflicts of interest.

References
1. Gordon, S., and P. R. Taylor. 2005. Monocyte and macrophage heterogeneity.

Nat. Rev. Immunol. 5: 953–964.
2. Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004.

The chemokine system in diverse forms of macrophage activation and polari-
zation. Trends Immunol. 25: 677–686.

3. Mosser, D. M. 2003. The many faces of macrophage activation. J. Leukoc. Biol.
73: 209–212.

4. Rogler, G., M. Hausmann, D. Vogl, E. Aschenbrenner, T. Andus, W. Falk,
R. Andreesen, J. Schölmerich, and V. Gross. 1998. Isolation and phenotypic
characterization of colonic macrophages. Clin. Exp. Immunol. 112: 205–215.

5. Smith, P. D., L. E. Smythies, M. Mosteller-Barnum, D. A. Sibley, M. W. Russell,
M. Merger, M. T. Sellers, J. M. Orenstein, T. Shimada, M. F. Graham, and
H. Kubagawa. 2001. Intestinal macrophages lack CD14 and CD89 and conse-
quently are down-regulated for LPS- and IgA-mediated activities. J. Immunol.
167: 2651–2656.

6. Smythies, L. E., M. Sellers, R. H. Clements, M. Mosteller-Barnum, G. Meng,
W. H. Benjamin, J. M. Orenstein, and P. D. Smith. 2005. Human intestinal
macrophages display profound inflammatory anergy despite avid phagocytic and
bacteriocidal activity. J. Clin. Invest. 115: 66–75.

7. Kamada, N., T. Hisamatsu, S. Okamoto, T. Sato, K. Matsuoka, K. Arai, T. Nakai,
A. Hasegawa, N. Inoue, N. Watanabe, et al. 2005. Abnormally differentiated
subsets of intestinal macrophage play a key role in Th1-dominant chronic colitis
through excess production of IL-12 and IL-23 in response to bacteria. J. Im-
munol. 175: 6900–6908.

8. Denning, T. L., Y. C. Wang, S. R. Patel, I. R. Williams, and B. Pulendran. 2007.
Lamina propria macrophages and dendritic cells differentially induce regulatory
and interleukin 17-producing T cell responses. Nat. Immunol. 8: 1086–1094.

9. Schenk, M., and C. Mueller. 2007. Adaptations of intestinal macrophages to an
antigen-rich environment. Semin. Immunol. 19: 84–93.

10. Gu, L., Y. Okada, S. K. Clinton, C. Gerard, G. K. Sukhova, P. Libby, and
B. J. Rollins. 1998. Absence of monocyte chemoattractant protein-1 reduces
atherosclerosis in low density lipoprotein receptor-deficient mice. Mol. Cell 2:
275–281.

11. Gosling, J., S. Slaymaker, L. Gu, S. Tseng, C. H. Zlot, S. G. Young, B. J. Rollins,
and I. F. Charo. 1999. MCP-1 deficiency reduces susceptibility to atherosclerosis
in mice that overexpress human apolipoprotein B. J. Clin. Invest. 103: 773–778.

12. Huang, D. R., J. Wang, P. Kivisakk, B. J. Rollins, and R. M. Ransohoff. 2001.
Absence of monocyte chemoattractant protein 1 in mice leads to decreased local
macrophage recruitment and antigen-specific T helper cell type 1 immune re-
sponse in experimental autoimmune encephalomyelitis. J. Exp. Med. 193: 713–
726.

13. Grimm, M. C., S. K. Elsbury, P. Pavli, and W. F. Doe. 1996. Enhanced expression
and production of monocyte chemoattractant protein-1 in inflammatory bowel
disease mucosa. J. Leukoc. Biol. 59: 804–812.

14. Lu, B., B. J. Rutledge, L. Gu, J. Fiorillo, N. W. Lukacs, S. L. Kunkel, R. North,
C. Gerard, and B. J. Rollins. 1998. Abnormalities in monocyte recruitment and
cytokine expression in monocyte chemoattractant protein 1-deficient mice. J.
Exp. Med. 187: 601–608.

15. Kanai, T., M. Watanabe, A. Okazawa, T. Sato, M. Yamazaki, S. Okamoto,
H. Ishii, T. Totsuka, R. Iiyama, R. Okamoto, et al. 2001. Macrophage-derived IL-
18-mediated intestinal inflammation in the murine model of Crohn’s disease.
Gastroenterology 121: 875–888.

16. Hirotani, T., P. Y. Lee, H. Kuwata, M. Yamamoto, M. Matsumoto, I. Kawase,
S. Akira, and K. Takeda. 2005. The nuclear IkappaB protein IkappaBNS se-
lectively inhibits lipopolysaccharide-induced IL-6 production in macrophages of
the colonic lamina propria. J. Immunol. 174: 3650–3657.

17. Chelvarajan, R. L., S. M. Collins, J. M. Van Willigen, and S. Bondada. 2005. The
unresponsiveness of aged mice to polysaccharide antigens is a result of a defect
in macrophage function. J. Leukoc. Biol. 77: 503–512.

18. Carr, M. W., S. J. Roth, E. Luther, S. S. Rose, and T. A. Springer. 1994.
Monocyte chemoattractant protein 1 acts as a T-lymphocyte chemoattractant.
Proc. Natl. Acad. Sci. U.S.A. 91: 3652–3656.

19. Tomita, T., T. Kanai, Y. Nemoto, T. Fujii, K. Nozaki, R. Okamoto, K. Tsuchiya,
T. Nakamura, N. Sakamoto, T. Totsuka, and M. Watanabe. 2008. Colitogenic
CD4+ effector-memory T cells actively recirculate in chronic colitic mice. In-
flamm. Bowel Dis. 14: 1630–1640.

20. Reinecker, H. C., E. Y. Loh, D. J. Ringler, A. Mehta, J. L. Rombeau, and
R. P. MacDermott. 1995. Monocyte-chemoattractant protein 1 gene expression in
intestinal epithelial cells and inflammatory bowel disease mucosa. Gastroen-
terology 108: 40–50.

21. Omata, N., M. Yasutomi, A. Yamada, H. Iwasaki, M. Mayumi, and Y. Ohshima.
2002. Monocyte chemoattractant protein-1 selectively inhibits the acquisition of
CD40 ligand-dependent IL-12-producing capacity of monocyte-derived den-
dritic cells and modulates Th1 immune response. J. Immunol. 169: 4861–4866.

22. Gu, L., S. Tseng, R. M. Horner, C. Tam, M. Loda, and B. J. Rollins. 2000.
Control of TH2 polarization by the chemokine monocyte chemoattractant pro-
tein-1. Nature 404: 407–411.

23. Palframan, R. T., S. Jung, G. Cheng, W. Weninger, Y. Luo, M. Dorf,
D. R. Littman, B. J. Rollins, H. Zweerink, A. Rot, and U. H. von Andrian. 2001.
Inflammatory chemokine transport and presentation in HEV: a remote control
mechanism for monocyte recruitment to lymph nodes in inflamed tissues. J. Exp.
Med. 194: 1361–1373.

24. Geissmann, F., S. Jung, and D. R. Littman. 2003. Blood monocytes consist
of two principal subsets with distinct migratory properties. Immunity 19:
71–82.

2676 MCP-1-DEPENDENT MACROPHAGES CONTRIBUTE TO GUT HOMEOSTASIS

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

