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Peritoneal and pleural resident macrophages in the mouse share common features and in each compartment exist as two dis-
tinct subpopulations: F4/80" macrophages and MHC II* CD11¢* macrophages. F4/80" macrophages derive from embryonic
precursors, and their maintenance is controlled by Gata6. However, the origin and regulatory factors that maintain MHC II
macrophages remain unknown. Here, we show that the MHC II* macrophages arise postnatally from CCR2-dependent precur-
sors that resemble monocytes. Monocytes continuously replenish this subset through adulthood. Gene expression analysis
identified distinct surface markers like CD226 and revealed that the transcription factor IRF4 was selectively expressed in
these macrophages relative to other organs. Monocytes first entered peritoneal or pleural cavities to become MHC II* cells that
up-regulated CD226 and CD11c later as they continued to mature. In the absence of IRF4 or after administration of oral an-
tibiotics, MHC 11"CD226°CD11c™ monocyte-derived cells accumulated in peritoneal and pleural cavities, but CD11¢* CD226*
macrophages were lost. Thus, MHC II* resident peritoneal and pleural macrophages are continuously replenished by blood
monocytes recruited to the peritoneal and pleural cavities constitutively, starting after birth, where they require IRF4 and
signals likely derived from the microbiome to fully differentiate.
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INTRODUCTION
Macrophages can be classified into two broad groups accord-
ing to whether they originate from embryonic precursors
or adult blood monocytes (Lavin et al., 2015; Ginhoux and
Guilliams, 2016). Most peripheral tissues contain a dominant
resident macrophage population that is maintained by local
self-proliferation without relying on circulating monocytes to
be replenished (Schulz et al.,2012; Hashimoto et al.,2013;Yona
et al.,2013). In addition, there is often a second, quantitatively
more minor resident macrophage subpopulation, such as that
described in the heart (Epelman et al., 2014a,b; Molawi et al.,
2014), lung (Schneider et al., 2014), liver (Yona et al., 2013),
skin (Tamoutounour et al., 2013), and peritoneum (Ghosn et
al., 2010). Whether there is a common relationship between
the two macrophage populations within a given organ re-
mains unclear. In some instances, the second population may
be a transitional stage for the major population and simply
appear phenotypically distinct. However, in some organs like
skin and heart, one population appears to be derived from
local proliferation and another from circulating precursors
(Tamoutounour et al., 2013; Epelman et al., 2014b; Molawi
et al.,2014). Furthermore, in the liver, the two subpopulations
occupy distinct anatomical niches (Yona et al., 2013).

Here, we extended recent studies on resident perito-
neal macrophages to consider the second resident peritoneal
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macrophage population. Peritoneal macrophages, and pleural
macrophages that resemble them (Rosas et al., 2014), are di-
vided into two distinct populations based on size and phe-
notype, originally referred to as large and small peritoneal
macrophages, with terms large and small referring both to
cell size and relative frequency (Ghosn et al., 2010). Large
peritoneal macrophages express high F4/80, whereas small
macrophages highly express MHC II and low F4/80. They
also express CD11c, which led us in the past to wonder if
they were closely related to DCs, but profiling studies clearly
classified them as macrophages (Gautier et al., 2012). The
transcription factor Gata6 is crucial for maintenance of ho-
meostasis in the F4/80" large macrophage subpopulation
within the peritoneal or pleural microenvironment (Gautier
et al., 2012, 2014; Okabe and Medzhitov, 2014; Rosas et al.,
2014).Yet, the small MHC II" macrophage subset that resides
in the same microenvironment neither expresses nor depends
on Gata6. We thus considered the possibility that it was ap-
parently unaffected by the absence of Gata6 because it simply
served as a transient precursor for the Gata6™ macrophage, as
previously proposed (Cain et al., 2013). We therefore set out
herein to better understand the life cycle of the small resi-
dent peritoneal macrophage.
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RESULTS AND DISCUSSION

MHC 1I* macrophages are distinguished by CD226
expression in peritoneal and pleural cavities

All peritoneal and pleural macrophages express CD115
(Csflr) and CD11b (Itgam). These macrophages can be di-
vided into Gata6-dependent F4/80" ICAM2" large mac-
rophages and Gata6-independent F4/80° MHC II" small
macrophages. Consistent with predictions stemming from
gene expression profiling (Fig. 1 A and Table S1), CD226,
also known as DNAX accessory molecule-1 (DNAM-1), was
selectively expressed on MHC II" macrophages but not on
F4/80" ICAM2" macrophages in peritoneum and pleura or
on macrophages elsewhere (Fig. 1, A and B). Blood mono-
cytes expressed CD226 weakly if not at all (Fig. 1 B). Peri-
toneal F4/80" ICAM2" macrophages comprised >90% and
MHC II" macrophages comprised <10% of total macro-
phages in the peritoneum, respectively (Fig. 1 C). Although
most MHC II" macrophages expressed CD226, a remnant
consisting of <15% of this macrophage subset did not express
CD226 (Fig. 1 C). Similar results were observed in the pleural
cavity (Fig. 1 D). As expected (Gautier et al., 2012), flow cy-
tometric analysis revealed high levels of CD11c on CD226"
peritoneal macrophages, but not F4/80" ICAM2" macro-
phages (Fig. 1 E). In CD11c-EYFP reporter mice, EYFP
was homogeneously expressed on CD226" macrophages but
not on the CD226~ macrophages within the MHC 11" mac-
rophage subpopulation (Fig. 1 F), nor on blood monocytes
(Fig. 1 G).To investigate whether MHC II" CD226~ mac-
rophages were similar to Ly6C" or Ly6C" blood monocytes,
we analyzed the expression of a panel of blood monocyte
markers. MHC II" macrophages were GFP* in CCR2-GFP
mice (Fig. 1 H), indicating recent expression of CCR2, but
they lacked the expression of Ly6C that marks most blood
CCR2" monocytes (Fig. 1 H). Whereas Ly6C" monocytes
expressed TremL4 (Ingersoll et al., 2010), MHC 11" CD226~
macrophages did not. Thus, MHC II'" CD226~ macrophages
did not directly overlap in phenotype with Ly6C" monocytes
or Ly6C" monocytes, but did share monocyte properties
(Fig. 1 H). We thus wondered whether the CD226™ fraction
of MHC II" macrophages might derive from monocytes and
whether these CD2267 cells in turn might serve as precursors
for the CD226" MHC II" macrophages that comprised the
majority of this subpopulation.

CD226" resident macrophages develop postnatally

To investigate whether MHC II" macrophages derive from
infiltrating monocytes, we analyzed cells from peritoneal la-
vage of CD11c-EYFP pups, starting after birth (PO) through
postnatal day 12 (P12). In this early period, we observed
three distinct populations; F4/80" ICAM2" macrophages
corresponding to the major subset of resident macrophages
(Gautier et al., 2012) and ICAM2™ macrophages that were
MHC II" or MHC II* (Fig. 2 A). The finding of F4/80"
ICAM2" macrophages in newborn mice supports the conclu-
sion that they are seeded before birth (Hashimoto et al., 2013;
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Yona et al., 2013). Although ICAM2~ MHC II" macrophages
were detected between PO and P2, CD226" macrophages
were not. They were first detected between P4 and P6, pro-
gressively increasing so that by P12 the frequency observed in
adult was reached (compared Fig. 2 [B and C] with Fig. 1 C).
In contrast, the population of MHC I ICAM2™ cells was
proportionally more prominent in the first few days after
birth than any later time. These MHC II" cells, analyzed from
P4 pups, expressed high Ly6C and were uniformly GFP" in
CX;CR18"* mice (Fig. 2 D), indicating that the MHC 11"
cells were similar to monocytes (Geissmann et al., 2003) and
may arise from monocytes recruited to the perinatal perito-
neal cavity. Similar to adult mice (Fig. 1 F), EYFP expres-
sion in CD11c-EYFP pups was homogeneously expressed
on MHC II" CD226" macrophages but not on the MHC
I1° population (Fig. 2 E), again consistent with the fact that
Ly6C"™ monocytes do not express CD11c (Ingersoll et al.,
2010). Between PO and P8, MHC II" CD226~ macrophages
heterogeneously expressed EYFP (Fig. 2 E) and were hetero-
geneous for GFP expression in CX;CR 18" mice (Fig. 2 D).
However, after the emergence of CD226" macrophages that
peaked by P12-14, few EYFP" MHC II" CD226~ cells were
detectable (Fig. 2 E). We wondered whether this was be-
cause their conversion to EYFP® MHC II" CD226" mac-
rophages was occurring rapidly by P12 (Fig. 2 E). These data
are consistent with the possibility that both CD11c" CD226"
macrophages are replenished through MHC II" CD11c¢”
CD226™ precursors that in turn arise from Ly6C" MHC 11°
monocytes. The earlier appearance and close resemblance of
CD226~ macrophages to blood Ly6C" monocytes suggest a
possible model in which monocytes are first recruited into
the peritoneum to become CD226™ macrophages that serve
as intermediates to more differentiated CD226" macrophages.

CD226" macrophages are continuously replenished from
circulating CCR2* monocytes
If MHC IT* macrophages are derived from Ly6C™ monocytes,
reductions in blood Ly6C" monocytes would be expected
to reduce the number of CD11c™ CD226" macrophages or
MHC II" CD226~ macrophages. Accordingly, we examined
the peritoneal MHC II" macrophages in CCR2-deficient
mice in which Ly6C" monocytes do not efficiently enter
blood from bone marrow (Serbina and Pamer, 2000). As ex-
pected (Newson et al., 2014; Okabe and Medzhitov, 2014),
F4/80" peritoneal macrophages were not affected by CCR2
deficiency. However, MHC II" macrophages were mark-
edly reduced in CCR2-deficient mice (Fig. 3 A), including
both MHC II" CD226~ macrophages and CD226" macro-
phages (Fig. 3 B), suggesting that both are downstream of a
CCR2-dependent precursor, likely the Ly6C™ monocyte.
Monocyte expression of CX;CR1 allows them to be
studied in fate mapping experiments using CX;CR 1< F*
(Yona et al., 2013). To further investigate whether circulating
cells like monocytes may contribute to the maintenance of
peritoneal CD226™ macrophages in adult mice, we set up fate

mice
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Figure 1. MHC II* macrophages divide into CD226* and CD226~ subpopulations in peritoneum and pleura. (A) Heat map depicts mean ex-
pression intensity of mRNA transcripts for genes differentially expressed between MHC II* peritoneal macrophages and other macrophages. Transcripts
highlighted in red text are those studied in this body of work. Cut-off for depiction includes transcripts expressed more than fivefold in MHC II* versus
F4/80* ICAM2* peritoneal macrophages. (B) Gating strategy used for identification of peritoneal macrophages (top dot plot panels) and histograms of
CD226 expression on F4/80% ICAM2* and MHC II* macrophages or blood monocytes (bottom panels). (C and D) Quantification of macrophages in B in
peritoneum (C) or pleural cavity (D). Data are combined from three independent experiments (n = 9-11, mean + SEM). P-values, unpaired Student's t test:
% P < 0.0001. (E) CD11c expression on peritoneal F4/80" and CD226" macrophage subpopulations. (F and G) EYFP expression in CD11¢-EYFP mice within
MHC II* macrophage subpopulations in peritoneum and pleura (F) or within blood monocytes (G). Data are representative of at least three independent
experiments. (H) CCR2-GFP, Ly6C, and TremL4 expression in peritoneal macrophage subpopulations or Ly6C” blood monocytes. Data are representative of

three independent experiments.

mapping experiments using CX;CR 1R X R osa26 domae
mice. Tamoxifen was given in the diet for 3 wk, and then an-
imals were analyzed for reporter expression in peritoneal and
pleural macrophages. As expected (Yona et al., 2013), Tomato
reporter poorly labeled F4/80" ICAM2" peritoneal (1.2 *
0.2%) and pleural macrophages (6.2 + 0.8%; Fig. 3 C). However,
most CD226" macrophages were positive for Tomato reporter
in the peritoneal (89 = 1.5%) and pleural cavity (88 = 1.6%).
Similar to CD226" macrophages, MHC II" CD226~ macro-
phages were efficiently labeled by Tomato reporter in perito-
neum (79 £ 3.1%) and pleura (86 £ 4.0%).The proportion of

JEM Vol. 213, No. 10

Tomato labeling was significantly increased in both CD226"
macrophages and MHC II" CD226~ macrophages, compared
with the Tomato expression of Ly6C" monocytes (67 % 1.6%;
Fig. 3 C). Because reporter expression is slightly delayed in
comparison with the induction of the gene driving Cre, the
progressive increase in reporter expression from monocytes to
CD226™ MHC II" to CD226" MHC II" macrophages might
imply a progressive developmental relationship between all of
these CCR2-dependent cells. Alternatively, CX;CR1 expres-
sion might be up-regulated in MHC II'* macrophages as they
reside in the visceral cavities. To distinguish these possibilities,
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Figure 2. CD226" macrophages develop after birth. (A and B) Peritoneal cells after pregating CD11b* CD115* macrophages (A) and the MHC II* mac-

rophage subpopulation (B) from P2, P4, P6, P8, or P12 in CD11c-EYFP mice. (C) Quantification of total cell, F4/80*ICAM2*, MHC 11, or MHC II* macrophage
subpopulations shown in A and B. P-values from multiple comparisons of two-way ANOVA: *, P < 0.05; **, P < 0.01; *** P < 0.0001. Mean + SEM. (D) Ly6C
and GFP expression on MHC II* and MHC I1° cells from P4 in CX;CR19™* mice. Data are the representative of two independent experiments (n = 3 mice/
experiment). (E) EYFP expression by MHC I1° cells, CD226" macrophages, and MHC II* CD226~ macrophages in CD11c-EYFP mice. (A-C and E) Data are pooled

from at least four independent experiments (PO-2, n = 8 mice; P4-6, n = 8 mice; P8-10, n = 4 mice; P12-14, n = 4 mice).

we analyzed MHC II" macrophages in CX;CR 18" mice.
GFP was expressed on most MHC 11" CD226~ macrophages
in peritoneum (84 * 4.2%) and pleura (92 * 3.4%). However,
GFP expression by CD226" macrophages in CX;CR1¢%/*
mice was significantly reduced in the peritoneum (41 £ 1.2%),
consistent with previous work (Cain etal.,2013),and pleura (47
+ 1.6%;Fig. 3 D).Thus, we conclude that CX;CR 1 expression
is down-regulated during the differentiation of CD226" mac-
rophages, once CX3;CR 1 -expressing precursors arrive in the
peritoneal or pleural cavity from blood. These data, together
with the analysis in CCR2-deficient mice, support the model
developed from examination of the peritoneal cavity after
birth in which monocytes are recruited into the peritoneum
and progressively differentiate into MHC 11" CD226~ macro-
phages and then finally into MHC II" CD226" macrophages.

1954

To further test whether CD226" macrophages may de-
rive from blood monocytes, we established parabiotic pairs
between CD45.2 CD11c-EYFP and CD45.1 WT mice. 2
mo after the surgery, T cells (46 £ 5%) and B cells (42 £ 3%)
in peritoneum were equally distributed between parabiotic
pairs. However, as expected, Ly6C" monocytes were only
partially equilibrated in this 2-mo period (Liu et al., 2009),
and F4/80" ICAM2" macrophages in both peritoneum and
pleura showed only 2.2 * 1.7% chimerism and 8.9 * 5.1%
chimerism, respectively, again as expected (Hashimoto et al.,
2013). CD226" macrophages exchanged to 19 * 6.4% in
peritoneum and 22.6 £ 7.6% in pleura, closely correspond-
ing to the exchange between circulating Ly6C"™ monocytes
(Fig. 3 E). Finally, adoptive transfer of monocytes i.v. revealed
that monocytes entered the peritoneal cavity and became

IRF4 controls MHC II* serosal macrophages | Kim et al.
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Figure 3. CD226" macrophages are replenished by circulating monocytes. (A and B) Quantification of peritoneal F4/80* ICAM2* or MHC II* mac-
rophages (A) or CD226* or CD226™ subsets of MHC II* macrophages (B) in CCR2** and CCR27/~ mice. Data are from three independent experiments (n
= 4-5 mice/genotype, mean + SEM). P-values, unpaired Student's ¢ test: *, P < 0.05. (C) Representative histogram and the quantification (graph just be-
neath the histogram) of Tomato reporter expression within F4/80* macrophages and MHC II* macrophage subpopulations in both peritoneum and pleura
from tamoxifen-treated CX;CR1“*® x Rosa26™™® mice. Data are pooled from three independent experiments (n = 9-10 mice per group, mean + SEM).
(D) CX;CR1 expression and its quantification on peritoneal and pleural F4/80%, CD226*, and MHC II* CD226 macrophages as assessed in CX;CR1¢%* mice.
Data are combined from two independent experiments (n = 3-6 mice per group, mean + SEM). (E) Representative flow cytometric analysis of CD45.2 expres-
sion on CD226"macrophages in peritoneum and pleura from the CD45.1-expressing parabiont during parabiosis and the chimerism from CD45.1:CD45.2
CD11cEYFP parabiotic mice. Data are pooled from three independent experiments (n = 6-10, mean + SEM). (C-E) P-values, multiple comparisons in one-way
ANOVA:** P < 0.01;**, P < 0.001; ***, P < 0.0001. (F) Peritoneal cell analysis of congenic CD45.1 recipient mice at day 2.5 and day 4 after adoptive transfer
of monocyte from CD45.2 CCR29* mice. Pregated on CD45.2* GFP* events. Black dots indicate donor cells, and gray dots indicate recipient cells. Data are

representative of three independent experiment, with n = 1 mouse/experiment per time point.

CD226~ MHC II" macrophages 2.5 d after transfer and
CD226" MHC II" macrophages 4 d after transfer (Fig. 3 F).
We conclude that CD226" macrophages and MHC II*
CD226™ macrophages of peritoneal and pleural cavities derive
from blood monocytes not just postnatally but also in adults.

Antibiotic treatment and loss of IRF4 blocks

differentiation of CD226* macrophages

Transcriptional regulators that control the development and
maintenance of MHC II" macrophages in the peritoneal and
pleural cavities are unknown. Our microarray data identi-
fied interferon regulatory factor 4 (IRF4) as a candidate to
control peritoneal MHC II" macrophages, as it was one of
few transcription factors that distinguished this subset from
other macrophages (Fig. 1 A and Table S1). Thus, we stud-

JEM Vol. 213, No. 10

ied whole-body IR F4-deficient mice or conditional IRF4-
deficient mice with IRF4 deletion driven by the CD11c¢ pro-
moter (CD11cCre X IRF4"%) The percentage and absolute
numbers of peritoneal MHC II" macrophages were reduced,
whereas F4/80" ICAM2" macrophages were unaffected in
the absence of IRF4 (Fig. 4, A and B). Strikingly, CD226"
macrophages within the MHC II" macrophage subpopula-
tion were not detected in the peritoneal cavity, indicating that
they are completely dependent on IRF4. However, the num-
ber of CD226™ macrophages was unchanged in the absence
or presence of IRF4, suggesting the CD226™ population was
not regulated by IRF4 (Fig. 4, A and C). Blood monocyte
counts were also normal in IRF4™~ mice (Fig. 4 D). Possibly,
IR F4 regulates the progressive differentiation of the CD226~
population into the CD226" macrophage.
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Figure 4. IRF4 governs the development of CD226" macrophages. (A) Flow cytometric analysis of F4/80" ICAM2* and MHC II* macrophage subpop-

ulations in IRF4*"* and IRF4~/~ mice. (B-D) Quantification of peritoneal F4/80* macrophages and MHC II* macrophages (B), MHC II* macrophage subpop-
ulations (C), and blood monocytes (D) in IRF4*"* and IRF4~/~ mice. Data are from two independent experiments (n = 5-7, mean + SEM). P-values, unpaired
Student's t test: **, P < 0.01. (E) Flow cytometric analysis of F4/80* ICAM2* macrophages and MHC II"* macrophage subpopulations in peritoneal cavities of
CD11c*"™ mice and controls that were Cre™ IRF4™/" littermates or age- and sex-matched Cre* mice not bearing IRF4 floxed alleles. (F and G) Quantification
of F4/80" macrophages and MHC II* macrophages (F) and MHC II* macrophage CC226~ or CD226* subpopulations (G) in peritoneal cavities of CD11c2f
mice (AIRF4) and controls. (H and I) Quantification of F4/80* ICAM2* or MHC II* macrophages (H) and MHC II* macrophage subpopulations (1) in pleural
cavities of CD11¢*™™ mice (AIRF4) and controls. (F-1) Data are representative of three independent experiments (n = 3-4 mice/experiment, mean + SEM).

P-values, unpaired Student's t test: *, P < 0.05;*, P < 0.01.

We also analyzed mice expressing Cre recombinase
driven by CD11c promoter crossed with mice bearing floxed
IRF4 alleles. Flow cytometric analysis showed peritoneal
F4/80" macrophages were not affected by IRF4 deficiency
in CD11c¢™ x IRF4"% (CD11c*™™) mice. However, the
number of MHC II" macrophages was significantly reduced
in CD11c*™™ mice compared with littermate control mice
lacking Cre or age-matched Cre" mice carrying nonfloxed
IR F4 alleles (Fig. 4, E and F). Similar to IRF4™'~ mice, perito-
neal CD226" macrophages gated on MHC II'" macrophages
were significantly reduced in CD11c*™ ™ mice, whereas the
number of MHC II" CD226~ macrophages was increased
(Fig. 4, E and G). A similar pattern was observed in the pleu-
ral cavity (Fig. 4, H and I). These data support the conclusion
that IRF4 controls the development or persistence of MHC
II" CD226" macrophages even though their precursors in
blood and MHC II" CD226~ macrophages that serve as their
immediate precursors do not depend on IRF4.

Finally, although the function of CD226" macrophages
remains unknown, we considered the possibility that mi-
crobial exposure after birth and continuously in adulthood
might generate signals driving ongoing monocyte recruit-
ment and differentiation to CD226" macrophages. We thus
wondered whether this subset of macrophages in adult mice
might be eliminated by antibiotics. Indeed, whereas the num-
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ber of F4/80" ICAM2" macrophages remained unaffected by
oral antibiotics, MHC II" macrophages were markedly re-
duced (Fig. 5 A), following a similar pattern as observed with
IR F4 deficiency in which a relative accumulation of CD226~
macrophages with especially marked loss of CD226" mac-
rophages was apparent (Fig. 5 B). However, the number of
Ly-6C™ monocytes in the blood was unaffected (Fig. 5 C).
Thus, we conclude that the differentiation of CD226™ perito-
neal macrophages from CD226~ macrophages, derived from
infiltrating monocytes, may be driven not only by IRF4 but
also by microbial exposure that in turn is suppressed by anti-
biotic treatment. Clearly, the relationship between the F4/80"
and MHC II" peritoneal and pleural macrophage subpop-
ulations in each compartment is distinct. Future studies are
now needed to determine whether CD226" macrophages are
crucial in host defense and whether microbial signals drive
expression of IRF4 within their precursors.

MATERIALS AND METHODS

Mouse strains

Mice were housed in specific pathogen—free barrier facili-
ties, maintained by the Division of Comparative Medicine,
Wiashington University School of Medicine. CD226™'~ mice
(Gilfillan et al., 2008) and CCR2™"" mice (Satpathy et al.,
2013) were generated as previously described. CX;CR 1R
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mice were reconstituted from the cryopreserved sperm pro-
vided from S. Jung (Weizmann Institute of Science, Rehovot,
Israel; Yona et al., 2013), and IRF4™'~ mice were a gift from
K.M. Murphy (Washington University School of Medi-
cine, St. Louis, MO). CD11c-EYFP mice (B6.Cg-Tg(Itgax-
Venus)1Mnz/J; Lindquist et al., 2004), Rosa26TdTomato
mice (B6.Cg-Gt(Rosa)26Sor™ ! HCAG-Tdlomawo)Hze /1. No disen
et al, 2010), CD45.1 mice (B6.SJL-PtPrc'PePc®/Boy]),
CX;CR18P* mice (B5.129P(Cg)-Ptprc’ CX;CR 1™t/
Litt];Jung et al.,2000), CD11c“" mice (B6.Cg-Tg(Itgax-cre)1-
1Reiz/J; Caton et al., 2007), IRF4% mice (B6.129S1-Irf4™"
IR7). Klein et al., 2006),and CCR2™~ mice (Cch“‘“/fc;Boring
et al., 1997) were purchased from The Jackson Laboratory. All
experimental procedures were approved by the Animal Stud-
ies Committee at Washington University School of Medicine.

Microarray analysis

Macrophage purifications and Affymetrix-based microarray
analysis were performed as part of the Immunological
Genome Project,as previously described (Gautier etal.,2012).
In the ImmGen database, small MHC II" macrophages are
annotated as MEII+480lo.PC, and their expression profile
can be searched at http://www.immgen.org. Here, we
performed new analysis of this existing, highly standardized
dataset. The GEO accession code for these data is GSE15907.
In the present analysis, all unannotated genes were excluded.
For genes with multiple transcripts in the array set, the one
with the highest intensity was chosen to carry through the
analysis. This left 18,616 transcripts available for comparison.
We then used a Student’ ¢ test to find differences between
MHC II" peritoneal macrophages and all other macrophage
populations in the comparison (F4/80" peritoneal
macrophages, lung macrophages, brain [central nervous
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system| macrophages, and red pulp macrophages from the
spleen). Bonferroni correction for multiple comparisons
was then applied. Using this approach, only comparisons
with a Student’s ¢ test with a p-value <2.69 X 107 were
carried forward. Probes with a signal intensity <120
across all populations indicated those not expressed in any
macrophages; these were removed. 112 genes were deemed
to be highly expressed in MHC II" resident peritoneal
macrophages but not others, by a factor of 1.8-99-fold. The
full list of these differences can be found in Table S1.

Cell isolation and quantification of peritoneal

and pleural macrophages

Peritoneal cells were harvested after a 5-ml injection of HBSS
containing 2 mM EDTA and 2% FBS into the peritoneal
space. Peritoneal cells of pups were harvested by 50—100-pl
injection of HBSS containing 2 mM EDTA and 2% FBS into
peritoneal space with insulin syringe (29 1/2G). In the pups,
peritoneal cell harvest was repeated two to three times, and
the lavage from each wash combined. Pleural cells were har-
vested after a 0.8—1-ml injection of HBSS containing 2 mM
EDTA and 2% FBS into the pleural space. For the analysis
of blood monocytes, 200-300 pl of peripheral blood was
collected from puncture of the submandibular cheek vessel;
then red blood cells were removed with lysis buffer (BD).
Total peritoneal and pleural macrophages, or total leukocytes
in blood, were counted by using an automated cell counter
(Nexcelom). Then this number was multiplied by the per-
centage of CD11b* CD115" macrophages stained for large
macrophage markers ICAM?2 and F4/80 or small macrophage
markers MHC II and CD226, as analyzed by flow cytom-
etry. Monocytes were stained with anti-CD45, anti-CD11b,
anti-CD115, and anti-Ly6C.
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Antibodies and flow cytometric analysis

The following antibodies were purchased from BioLegend:
anti-CD11b (M1/70), anti-CD102 (ICAM2; 3C4; MIC2/4),
anti-F4/80 (BMS), anti-MHC 1I (I-A/I-E; M5/114.15.2),
anti-CD226  (DNAM-1;  10E5), anti-CD45  (30-F11),
anti-CD11¢ (N418), anti-Ly6C (HK1.4), anti-CD45.2 (104),
anti-Ly6G  (1A8), and anti-CD19 (6D5). These antibodies
were purchased from eBioscience: CD115 (AFS98), anti-CD4
(RM4-5), anti-CD8a (53-6.7), anti-CD45.1 (A20), TCR-p
(H57-597), and anti-CD3e (145-2C11). Cells were analyzed
on Fortessa or LSR II (BD) flow cytometers, and data were
analyzed with FlowJo software (Tree Star).

Fate mapping study

CX5CR1“FR mice were crossed onto Ro0sa26™™ mice. To
induce the cre recombination fused with estrogen receptor,
tamoxifen-enriched diet was purchased from Envigo and
fed ad libitum to CX;CR1F*R 05a26™™ mice for 3 wk
before the execution of experiments.

Parabiosis approach

Parabiotic mice were produced as described previously (Liu
et al., 2009). In brief, mice were shaved. 3 d later, an incision
in the skin extending from the knee of hind leg to elbow
and ligament of forepaw was made and then sutured with
the skin of another mouse bearing a similar incision. Sutures
were closed with 7-mm and 9-mm stainless steel wound
clips. Mice were treated with 150 pl buprenorphine (30 pg/
ml) mixed with 500 pl of 5% dextrose for pain relief. An-
tibiotic-treated water was provided for 3 wk after the sur-
gery to prevent infections. Wound clips were removed after
2 wk after the surgery.

Adoptive transfer of monocytes

Splenocytes from CD45.2" CCR28"" mice were filtered
through a 70-um strainer, and red blood cells were re-
moved by lysis buffer (BD). Taking advantage of biotinylated
anti-CD115 antibody (eBioscience) and streptavidin-mag-
netic microbeads (Miltenyi Biotech), splenic monocytes
were enriched using a MACS LS column. Cells were stained
with anti-CD11b, anti-CD115, and anti-Ly6C antibodies,
and Ly6C" monocytes expressing GFP were sorted using a
FACSAria II system (BD). Sorted cells (>95% purity) were
injected i.v. into congenic CD45.1 mice (1.2 X 10° cells/
mouse). Recipient mice were sacrificed and analyzed at day
2.5 or day 4 after injection.

Antibiotic treatment

Adult C57BL/6 mice were treated orally with a combina-
tion of broad-spectrum antibiotics, as previously described
(Baldridge et al., 2015): vancomycin (0.5 g/liter; Sigma-
Aldrich), neomycin (1 g/liter; Sigma-Aldrich), ampicillin
(1 g/liter; Sigma-Aldrich), and metronidazole (1 g/liter; MP
Biomedicals) dissolved in grape Kool-Aid (20 g/liter; Kraft
Foods). This solution was substituted for drinking water for
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2-3 wk before euthanasia and cell analysis; control mice re-
ceived the grape Kool-Aid without antibiotics.

Statistical analysis

The statistical significance of differences in mean values was
analyzed by unpaired, two-tailed Student’s ¢ test or ANOVA
for multiple comparisons using Prism software (GraphPad
Software), as indicated in each legend. P-values <0.05 were
considered statistically significant. Error bars show the SEM.

Online supplemental material

Table S1 lists all mRNA transcripts that were statistically
significantly elevated in peritoneal MHC II" small
macrophages from the Immunological Genome Project
database, using the method for analysis described in Materials
and methods. Online supplemental material is available at
http://www.jem.org/cgi/content/full/jem.20160486/DC1.
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