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Tissue-resident macrophages display varying phenotypic and functional properties that are largely specified by their local
environment. One of these functions, phagocytosis, mediates the natural disposal of billions of cells, but its mechanisms and
consequences within living tissues are poorly defined. Using a parabiosis-based strategy, we identified and isolated macro-
phages from multiple tissues as they phagocytosed blood-borne cellular material. Phagocytosis was circadianally regulated
and mediated by distinct repertoires of receptors, opsonins, and transcription factors in macrophages from each tissue.
Although the tissue of residence defined the core signature of macrophages, phagocytosis imprinted a distinct antiinflam-
matory profile. Phagocytic macrophages expressed CD206, displayed blunted expression of //7b, and supported tissue ho-
meostasis. Thus, phagocytosis is a source of macrophage heterogeneity that acts together with tissue-derived factors to
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preserve homeostasis.

INTRODUCTION

Most tissues are populated by macrophages, a cell type en-
dowed with both immune and nonimmune tasks that preserve
tissue integrity and proper function. Within different tissues,
macrophages acquire unique properties that reflect distinct
developmental origins, dynamics, and phenotypic attributes
(Davies et al., 2013).These tissue-restricted features of macro-
phages are now known to be driven by the expression of de-
fined repertoires of transcription factors that integrate signals
emanating from the environment and trigger specific genetic
programs (Lavin et al., 2014). Genetic deficiency in some of
these factors can lead to striking phenotypes, such as the dis-
appearance of discrete subsets of macrophages in certain or-
gans and altered homeostasis in affected tissues (A-Gonzalez
et al., 2013; Haldar et al., 2014; Rosas et al., 2014; Schneider
et al., 2014). Phenotypic and functional heterogeneity of res-
ident macrophages is therefore dictated by specific molecular
cues present in each tissue.
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A defining functional property of macrophages is their
capacity to phagocytose unwanted material during develop-
ment (Henson and Hume, 2006; Gordon, 2016), pathogenic
infections, or tissue injury, thereby contributing to the reso-
lution of inflammation (Dockrell et al., 2001; Kosmider et
al., 2012; Martin et al., 2012), or through normal tissue func-
tion (Arandjelovic and Ravichandran, 2015). In most of these
cases, the eliminated material consists of cells that become
irreversibly damaged as a consequence of external aggression
or programmed cell death, as is the case for neutrophils and
other blood cells that display a short lifespan (Pillay et al.,
2010; Tak et al., 2013). Indeed, billions of cells are eliminated
every day from a healthy organism in a way that does not trig-
ger damage but is instead part of a homeostatic clearance pro-
gram that involves engulfment by macrophages and other cells
types (Arandjelovic and Ravichandran, 2015; Gordon, 2016).

The importance of phagocytosis is illustrated in the
elimination of developing spermatocytes in the testes, epi-
thelial cells in the lungs or intestine, or circulating cells in the
spleen and liver (Suratt et al., 2001; Dong et al., 2016; Grabiec
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and Hussell, 2016; Nakahashi-Oda et al., 2016).The efficiency
of this clearance process is ensured by a series of soluble or
cell-bound molecules that mediate the attraction, recognition,
and engulfment of the target cells by macrophages (Hochreiter-
Hufford and Ravichandran, 2013). Opsonins like Annexin
A1 or milk-fat globule EGF factor 8 (Mfge8) bind phospha-
tidylserine or other marks of apoptotic cells (Hanayama et
al., 2004; Dalli et al., 2012), and are recognized directly or
indirectly by receptors on the surface of macrophages, includ-
ing T cell immunoglobulin- and mucin-domain—containing
molecule 4 (Tim4; Miyanishi et al., 2007) or the receptor
tyrosine kinase Mer (Scott et al., 2001). Uptake of the cel-
lular material can finally trigger activation of nuclear recep-
tors such as LXRa and B or PPARS and y (A-Gonzalez et
al., 2009; Roszer et al., 2011). These receptors amplify cell
clearance by promoting the transcription of genes involved
in the phagocytic cascade, while at the same time repressing
the production of inflammatory mediators, with the overall
outcome of efficient and immunologically silent removal of
the cells (Fadok et al., 1998; Huynh et al., 2002; Notley et al.,
2015). The importance of this process is further emphasized
by the development of chronic inflammatory disease in mice
lacking one or various genes involved in phagocytosis (Scott
et al., 2001; Hanayama et al., 2004; A-Gonzalez et al., 2009;
Mukundan et al., 2009; Nagata et al., 2010; Roszer et al.,
2011). Physiological cell clearance can therefore influence the
transcriptional profile of macrophages even in the steady state.

Despite the well-established connection between cell
removal and changes in transcriptional profile, it remains un-
explored whether and how phagocytosis contributes to the
functional specialization of macrophages in intact tissues.
Here, we have developed a strategy that allows identification
and purification of macrophages that are actively engulfing
cellular material, and show that macrophages residing in
different tissues use distinct molecular mediators to remove
unwanted cellular debris. We find that although phagocytic
and nonphagocytic macrophages coexist and share a similar
transcriptional profile in each tissue, phagocytosis imprints an
antiinflammatory phenotype that is only partially preserved
across different tissues. We propose that, by feeding cellular
material to different tissues, the circulatory system contributes
to the functional heterogeneity of macrophages.

RESULTS

Identification of active phagocytosis by tissue-resident
macrophages in the steady state

To identify macrophages that are actively phagocytic within
intact tissues, we conjoined the circulation of wild-type
CD45.2 DsRed™ mice and wild-type nonfluorescent
CD45.1 mice by parabiosis for over 8 wk. Because circulating
leukocytes naturally extravasate into tissues in the steady state
(Scheiermann et al., 2015), this strategy allowed exchange of
fluorescently tagged target cells (leukocytes and platelets, but
not erythrocytes; Fig. S1 A) that could be spontaneously taken
up by tissue-resident macrophages with minimal manipula-
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tion. We used flow cytometry to unambiguously define the
populations of tissue-resident phagocytic macrophages from
the CD45.1 partner that acquired fluorescence upon engulf-
ment of DsRed” cell content (Fig. 1 A), which was stable for
at least 6 h in most tissues (Fig. S1 B). Using this strategy, we
were able to identify and quantify phagocytic macrophages
during homeostasis in many tissues, including the bone mar-
row, spleen, intestine, and liver, as well as the interstitial space
of the lungs (Fig. 1 B and Fig. S1 C). We failed, however, to
detect phagocytic cells among alveolar macrophages, which
is consistent with the notion that circulating cells do not in-
filtrate alveoli of healthy mice. Cytometric identification and
isolation of macrophages based on this strategy revealed that
phagocytic macrophages were bigger and more complex than
their nonphagocytic counterparts, a morphological feature
that correlated with the presence of enlarged phagolysosomes
in those cells (Fig. 1 C), the presence of what appear to be
remnants of ingested cells or large cellular fragments (Fig. S1
D), as well as with internalized DsRed* material (Fig. 1 D).
Direct visualization of macrophages in tissues of the nonflu-
orescent CD45.1 partner revealed many DsRed" cells from
the fluorescent partner had infiltrated tissues and, in many in-
stances, appeared to be in the proximity of or even inside res-
ident macrophages (Fig. 1 E). Importantly, macrophages were
the predominant population engulfing DsRed fluorescence
in every analyzed tissue (Fig. 1 F), indicating specificity in the
uptake of material from the parabiotic partner.

We considered the possibility that, besides intact cells,
extracellular vesicles derived from fluorescent circulating cells
(including exosomes and larger microvesicles; Colombo et al.,
2014) could be mediating the transfer of fluorescence into
macrophages through a nonphagocytic process. We found that
only microvesicles, but not exosomes, present in the circula-
tion of DsRed” mice displayed low levels of fluorescence by
flow cytometry (Fig. S2 A) and fluorimetry analysis (unpub-
lished data). Intravenous transfer of exosomes or microvesicles
purified from the blood of DsRed" mice revealed that exo-
somes did not transfer fluorescence into tissue macrophages in
vivo. Interestingly, a small fraction of liver macrophages took
up DsRed” microvesicles (Fig. S2 B), suggesting that both
cells and cellular fragments contribute to label the phagocytic
population in our parabiosis method. These findings, together
with the observation that the fluorescence signal derived
from the partner’s circulation was preferentially taken up by
tissue macrophages (Fig. 1 F), indicated that our system allows
detection and quantification of macrophages that are actively
phagocytosing cellular material cleared from the circulation.

We and others have reported oscillations of leukocyte
levels in blood that follow circadian patterns of clearance
from blood (Scheiermann et al., 2012; Casanova-Acebes et al.,
2013; Nguyen et al., 2013). We speculated that if extravasated
leukocytes were bona fide target cells for tissue macrophages,
their fluctuating levels in tissues would result in circadian
patterns of phagocytosis. When we analyzed the frequency
of phagocytic macrophages at different times of the day, we
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Figure 1. ldentification and characterization of phagocytic macrophages in healthy tissues. (A) Experimental strategy used for the identification
of tissue macrophages that engulf blood-borne DsRed™ cells from their parabiotic partners by flow cytometry. Labeling of the differential CD45.1 allele
and gain of DsRed identifies phagocytic versus nonphagocytic cells. (B) Representative density plots indicating the frequencies of phagocytic macrophages
in different tissues from WT: DsRed™ parabionts; n = 9 pairs from three independent experiments. (C) Giemsa staining showing sorted phagocytic and
nonphagocytic macrophages in spleen, bone marrow, and intestine. Bar, 10 um. (D) Immunofluorescence staining of sorted CD45.1 macrophages from the
same tissues showing ingested DsRed" material from the parabiotic partner (green, F/80 or CD11b; blue, DAPI; red, DsRed). Bars, 10 um. n = 10 pairs from
four independent experiments. (E) Representative immunofluorescence images of tissues with resident macrophages (F4/80, green) and partner-derived
target cells (red), some of which are inside macrophages (insets). Bars: 50 um; (insets) 10 um. n = 4 pairs. (F) Percentage of cells subsets that uptake DsRed*
material through the parabiotic exchange, within different tissues. Bars show mean + SEM. CD45"%€ cells are also CD31"; Neutr., neutrophils; n = 5 pairs
from two independent experiments.

% DsRed+

found increased percentages of phagocytic macrophages in cyte egress from blood (Casanova-Acebes et al., 2013), further
the lung, spleen, bone marrow, and intestine at the beginning supporting that phagocytic macrophages originate by uptake
of the animal’s active phase (zeitgeber time or ZT11;Fig. 2 A of circulating leukocytes. Interestingly, this rhythmic pattern
and Fig. S2 C). This time coincides with the peak of leuko- of phagocytosis was conspicuously absent in hepatic macro-
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Figure 2. Tissue-specific dynamics and expression of phagocytic mediators. (A) Frequency of phagocytic macrophages across different tissues in the
morning (ZT3) or evening (ZT11). n = 6 per group from two independent experiments. (B) Distribution of partner-derived GFP*' neutrophils from WT: Lyz2°%
parabionts, relative to host macrophages in liver, spleen, and interstitial space of lungs. Data are from 12-46 tissue regions from two to three mice. Micro-
graphs at right show examples of distant, contacting, and engulfed neutrophils from the same parabiotic pairs. (C) Scheme showing molecules associated
with phagocytosis of target cells by macrophages. (D) Expression of genes related to phagocytosis in macrophages from bone marrow, spleen, liver, lung
(interstitial or alveolar), and large intestine. All bars show mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, as determined by unpaired Student's t test
(A) or one-way ANOVA analysis with Bonferroni correction (B and D). Int and Alv. refer to the interstitial and alveolar space of the lungs, respectively. n =
3 mice from one experiment.

phages (Fig. 2 A).The difference in the frequency of phago- numbers of neutrophils (Fig. S2 D). Thus neutrophils cleared

cytic macrophages at these times was not likely to be caused from the circulation, but possibly other circulating leukocyte
by rapid degradation of the fluorescent protein, as the signal subsets as well, enter tissues and “feed” resident macrophages.
was stable in macrophages at 37°C from explanted tissues for Apoptosis is thought to be the main form of cell death
at least 6 h (Fig. S1 B). Interestingly, rapid degradation of flu- involved in homeostatic cellular turnover (Nagata et al.,
orescence was only observed in the liver (Fig. S1 B), which 2010). We therefore asked whether apoptosis of targets cells
may explain the lack of rhythmicity in this particular organ. preceded their uptake by macrophages. Using TUNEL and

The circadian pattern of phagocytosis suggested that ~ Annexin V staining, however, we found little evidence of
circulating cells with a short lifespan and diurnal migratory ~ apoptosis among neutrophils cleared into tissues in the para-
patterns (e.g., neutrophils; Casanova-Acebes et al., 2013) might biosis model (Fig. S3, A and B). This correlated with the ab-
be preferred targets for tissue macrophages. Consistent with sence of labeling of tissue macrophages when we transferred

this possibility, mice set in parabiosis with partners that lacked =~ DsRed” apoptotic thymocytes into wild-type mice (Fig. S3
neutrophils (using DsRed"8; Mrp8““Mcl1”" mice; Dzhagalov C), suggesting that, during homeostasis, apoptosis alone is not
et al., 2007) showed decreased frequency of phagocytic mac- sufficient for phagocytosis of blood-borne leukocytes. Future
rophages in most tissues, whereas exposure to DsRed"™® neu- studies will be needed to define whether other forms of cell
trophilic partners (DsRed"8; P- and E-selectin doubly deficient death are required for phagocytosis in tissues.

or PEJKO mice; Frenette et al., 1996) resulted in more phago-

cytic macrophages in tissues (Fig. S2 D). In agreement with the Heterogeneous expression of phagocytic mediators

lack of temporal patterns in the liver, the frequency of phago- Phagocytosis of cells is a step-wise process in which target
cytic macrophages in this tissue did not correlate with the and phagocytic cells exchange signals and move toward each
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other, thereby facilitating their encounter and engulfment of’
the target cells in the relatively large space of a tissue (Me-
dina and Ravichandran, 2016). By examining various tissues
of the phagocytic mouse, we found that the position of part-
ner-derived cells relative to macrophages varied depending
on the tissue: in the interstitial space of lungs, target cells
were closest to macrophages;in the spleen, contacts between
potential target cells and macrophages were more frequent;
and the liver featured the highest frequency of target cells
that had been engulfed by macrophages (Fig. 2 B).This ob-
servation suggested that the repertoire of find-me signals,
opsonins, phagocytic receptors or downstream transcription
factors for effective phagocytosis might be tissue specific.
In addition, because tissue-resident macrophages display a
marked heterogeneity in the expression of receptors and
other phagocytic molecules (Gautier et al., 2012), we pre-
dicted that differential expression of genes related to phago-
cytosis could be influencing this tissue-specific phagocytic
activity. We thus analyzed the expression of genes encoding
proteins implicated in different stages of phagocytosis of
apoptotic cells (Fig. 2 C). We found diverse patterns of ex-
pression of Timd4, Mer, Mfge8, AnxAl, Nr1h3 (encoding
for LXRa), Nrih2 (LXRf), and Nric3 (PPARY) among
the different tissues (Fig. 2 D). For example, expression of
LXRa was particularly high in macrophages of the bone
marrow, liver, and spleen; expression of Annexin Al and
PPARY were highest in alveolar macrophages (Damazo et
al., 2011; Schneider et al., 2014), and that of Timd4 domi-
nated in the liver. In contrast, expression of LXR [} was ho-
mogeneous across all tissues (Fig. 2 D).

Thus, we identify a subset of resident macrophages
within tissues whose active phagocytic activity is timed with
the extravasation of circulating target cells, and that display
heterogeneous expression of phagocytic molecules.

Resident macrophages use unique and shared pathways for
phagocytosis among different tissues

Circulating cells are believed to infiltrate tissues and to die
by apoptosis (Nagata et al., 2010).To investigate which of the
phagocytosis-associated molecules might be involved in the
homeostatic engulfment of infiltrating cells across different
tissues, we quantified the frequency of phagocytic macro-
phages in mice deficient in molecules involved in the various
stages of phagocytosis of apoptotic cells (i.e., efferocytosis;
Hochreiter-Hufford and Ravichandran, 2013). We set up
parabiotic pairs of DsRed™® mice with mice deficient in the
PtdSer-recognition receptors Tim4 or Mer, with mice defi-
cient in the opsonins Mfge8 or AnxA1, and with mice defi-
cient in the nuclear receptors LXRaf or PPARY (Fig. 3 A).
We failed to find significant alterations in the frequency of
phagocytic macrophages in Timd4~'~ and Mer™'~ in most
of the analyzed tissues. Only the splenic red pulp macro-
phages in Mer™~ animals showed a reduction in the fre-
quency of phagocytic macrophages (Fig. 3 B). Similarly, the
opsonin AnxA1 was dispensable for the uptake of circulating
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cells in all analyzed tissues. In contrast, deletion of PPARY
(Mx1“®EPparg”" mice treated with poly 1/C; referred to as
Pparg™® mice) in adult mice resulted in deficient phago-
cytosis by bone marrow and spleen red pulp macrophages.
MfgeS™~ and LXRof ™~ mice showed reduced frequency of
phagocytic macrophages in bone marrow, liver and the lung
parenchyma but not in the red pulp of the spleen (Fig. 3 B).
To exclude confounding effects caused by the absence of
these genes in other cells, we examined phagocytosis in trans-
plantation chimeras of wild-type and those mutants that dis-
played tissue-restricted deficiencies (Mfge8, Mer, PPARYy, and
LXRap; Fig. S4). This approach, which allowed analysis of
mutant and wild-type macrophages coexisting in the same
environment, confirmed the findings in the global mutant
mice (Fig. 3 B and Fig. S4), and demonstrated that phagocytic
deficiencies were intrinsic to macrophages.

To validate these findings and to investigate how phago-
cytic macrophages may contribute to tissue homeostasis, we
analyzed the tissues that presented defective phagocytosis in
the different mutants. We found leukocyte infiltrates in the
livers of MfgeS™~ and LXRap™~ mice that formed discrete
aggregates in the parenchyma (Fig. 3 C), and similar aggre-
gates were visible in the lungs of those mice (Fig. 3 C). We
could not observe, in contrast, major histological alterations
in the bone marrow of Pparg®”, MfgeS~'~, and LXRaf ™~
mice or in the red pulp of the spleen of Pparg®’® and Mer '~
mice (Fig. S5, A—C). Cytometric analyses, however, revealed
increased numbers of neutrophils and monocytes in the bone
marrow of Pparg®’® and LXRop ™~ mice compared with
their WT counterparts (Fig. S5 B). We did not find changes
in Mfge8’~ mice (unpublished data), which suggests that
this molecule may overlap with other pathways for clearance.
Similarly, despite normal splenic architecture we found in-
creased numbers of neutrophils and monocytes in the spleens
of Pparg™’®, but not Mer™'~ mice (Fig. S5 D). In contrast,
although we could not directly assess engulfment of eryth-
rocytes in our model, we found that mutants with defec-
tive phagocytosis in the spleen (i.e., Mer and Pparg mutants;
Fig. 3 B) had normal numbers of circulating erythrocytes
(unpublished data), suggesting no major defects in erythro-
cyte clearance in these mice.

Collectively, these results suggested that phagocytosis
of circulating cells contributes to tissue homeostasis by pre-
venting accumulation of inflammatory leukocytes in tissues.
Leukocyte accumulation could originate from either local
proliferation and/or inflammatory infiltration of affected tis-
sues. Staining with the proliferation marker Ki67 in affected
tissues of several mutants, however, ruled out a significant
effect of local proliferation (Fig. S5. E and F). In contrast,
expression analyses of whole tissues revealed increased expres-
sion of the genes encoding for the inflammatory chemokines
CXCL19 and CCL2 in the livers of MfgeS~~ and LXRaf ™/~
mice, and increased expression of CXCL19 in the bone mar-
row (Fig. 3 D). These data indicated that multiple molecular
pathways required for efficient phagocytosis are active in the
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liver, and lungs of LXRaf™"", Mfge8~"~, and control mice; n = 3 mice per genotype. (E) Functional heat map of phagocytic mediators according to their
contribution across five different tissues, as determined in (B). n = 4 animals per group. All bars show mean + SEM. *, P < 0.05; *, P < 0.01; ***, P < 0.001,
as determined by unpaired Student's t test. Lung refers to macrophages in the interstitial space of lungs.

steady state, and revealed heterogeneity in how macrophages
from different tissues engulfed unwanted cells (Fig. 3 E).

Distinct transcriptional signatures of

tissue-resident phagocytic macrophages

We next sought to define the impact that phagocytosis has on
the transcriptional signature of macrophages residing in dif-
ferent tissues. We focused on splenic red pulp, large intestine,
and bone marrow macrophages, of which we could isolate
sufficient cells for analyses. We purified macrophages from
these tissues by cytometric-sorting from parabiotic pairs of
DsRed" and wild-type partners into phagocytic and non-
phagocytic subsets for transcriptomic analyses (Fig. 4 A).
Principal component analysis of all genes expressed by the
six populations under analysis revealed greater distance be-
tween intestinal macrophages compared with spleen and
bone marrow macrophages. Importantly, these analyses could
discriminate between phagocytic and nonphagocytic cells in
all three tissues (Fig. 4 B). Macrophages, however, clustered
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best by their tissue of origin than by their phagocytic activity
(Fig. 4 B) and, when we integrated our data with published
signatures of cultured macrophages classically defined as MO
(treated with M-CSF), M1 (LPS + IFN-y), and M2 (IL-4 +
IL-13; as defined in Li et al. [2015]), we found that phago-
cytic and nonphagocytic macrophages clustered more closely
between them for a given tissue than among subtypes defined
by phagocytosis, or by the M0, M1, or M2 core signatures
(Fig. 4 C). These findings revealed that, whereas the envi-
ronment dictates the core signature of macrophages for each
tissue (Lavin et al., 2014), phagocytic and nonphagocytic mac-
rophages display distinct transcriptomic signatures (Fig. 4 C).

Using a criterion of significance (P < 0.05) and expres-
sion of the genes in at least one of the six groups under anal-
ysis, we identified 634 genes that were differentially expressed
between phagocytic and nonphagocytic macrophages. We
found gene clusters that were up-regulated in phagocytic
macrophages in every tissue, genes whose expression was
down-regulated in phagocytic macrophages in all tissues, and

Heterogeneity of phagocytic macrophages | A-Gonzalez et al.
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shown. (D) K-means clustering (K = 9) of 634 differentially expressed genes in phagocytic (Pha) and nonphagocytic (Non) macrophages; n = 3 samples per
group. (E) Validation by quantitative PCR of genes identified in the transcriptomic analyses of phagocytic and nonphagocytic from bone marrow, spleen,
and large intestine; n = 5-6 samples per group from two independent experiments. All bars show mean + SEM. *, P < 0.05; **, P < 0.01, as determined by

paired Student's t test analysis.

genes specifically up- or down-regulated in only one of the
analyzed tissues (Fig. 4 D). The differential expression of se-
lected genes was further assessed by quantitative PCR anal-
yses, and confirmed up-regulation of the complement factor
C4b in the bone marrow and intestine, down-regulation of
the inflammatory gene IL1b in all tissues, and up-regulation
of the chemokine Ccl9 and the transcription factor Stat4 in
the intestine and spleen, respectively (Fig. 4 E). Expression
of other genes associated with phagocytosis and antiinflam-
matory features of macrophages (C1qb and Nos2) were dif-
ferentially regulated in phagocytic cells among the different
tissues (Fig. S5 G). In contrast, genes predicted a priori to also
be regulated by phagocytosis, including Tgfb! (Fadok et al.,
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1998) and Abcal (a transcriptional target of LXR receptors;
A-Gonzalez et al., 2009), were not differentially detected in
the RINA-seq analyses and did not show differential expres-
sion by quantitative PCR (Fig. 4 E and Fig. S5 G). Thus,
phagocytosis is associated with distinct transcriptional signa-
tures on resident macrophages across tissues.

CD206 expression allows prospective identification

of phagocytic macrophages

We next aimed at determining if genes from the core sig-
nature of phagocytic macrophages could be used to identify
phagocytic macrophages in tissues in the steady state, without
the need for experimental manipulation (e.g., our parabio-
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sis strategy). Our transcriptomic analyses identified increased
expression of Mrcl (encoding for CD206), CD163, Timd4,
and Mertk transcripts in phagocytic cells from the bone mar-
row and intestine (Fig. 5 A). Because these genes encode for
receptors that have been previously linked to phagocytosis of
apoptotic cells in vitro or under inflammatory stimuli (Scott
et al., 2001; Miyanishi et al., 2007; Jiao et al., 2013;Yoon et al.,
2015), we hypothesized that they could also mark bona fide
phagocytic macrophages in the steady state and could be use-
ful for their prospective identification. As quantitative PCR
analysis of these genes confirmed the expression profile of
Mrcl, Cd163, Timd4, and Mer in phagocytic macrophages in
the predicted tissues (Fig. 5 B), we evaluated their expression
at the protein level by flow cytometry in phagocytic and non-
phagocytic macrophages from CD45.1 mice set in parabiosis
with DsRed"® partners. We found elevated protein expression
of each receptor in the phagocytic population in at least one
tissue, with expression of CD206/Mrcl higher in BM and
intestine (Fig. 5 C), as predicted by the transcriptional analy-
ses. To determine whether macrophages prospectively defined
by high CD206 expression in the bone marrow and intesti-
nal macrophages were bona fide phagocytic macrophages, we
isolated CD206™" and CD206™"¢ macrophages from CD45.1
mice set in parabiosis with DsRed™ partners, and found
that CD206™" cells identified the phagocytic subset that had
gained DsRed fluorescence (Fig. 5 D). Transcriptional analy-
ses of CD206™" macrophages showed robust down-regulation
of II1b and increased Cd163 expression compared with
CD206™E cells in the bone marrow and intestine, a finding
that closely recapitulated the regulation seen in phagocytic vs.
nonphagocytic macrophages (Fig. 5 E). Our findings further
predicted that if CD206 was a marker of phagocytic resident
macrophages, its expression would be reduced in tissues from
mice in which phagocytosis was genetically impaired. Indeed,
both the frequency of CD206™" macrophages and the levels of
the receptor at the cell surface were reduced in macrophages
from the bone marrow of LXRap™~, Mfge8™'~,and Pparg™’®
mice relative to control animals (Fig. 5, F and G). These re-
sults thus identify CD206 as a bona fide marker of phagocytic
macrophages in several tissues, provide further validation of
the transcriptomic analyses, and demonstrate that subsets of
resident macrophages with differential phagocytic activity co-
exist within tissues and can be prospectively identified.

Phagocytosis controls removal of cellular debris and

inflammatory responses in a tissue-specific manner

Because impaired phagocytosis by genetic deficiency cor-
related with increased numbers of inflammatory leukocytes,
and this was not caused by local proliferation in those tissues
(Fig. S5, E and F), we searched for potential alterations in
cytokine production that could drive leukocyte recruitment
in those tissues. Using Ingenuity pathway analysis tools, we
found that certain genes regulated in phagocytic macrophages
of the bone marrow predicted for decreased hematological
and tissue morphology—specific functions, including quan-
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tity and accumulation of leukocytes (Table S1).To determine
whether tissue-specific defects in phagocytosis caused dysreg-
ulated expression of factors involved in inflammatory recruit-
ment or removal, we assessed gene expression in mutant and
wild-type macrophages from the spleen and bone marrow of
transplantation chimeras (Fig. 6 A). Expression of the genes
encoding for the scavenging receptors CD206 and CD163
were reduced in splenic macrophages from MfgeS™'~, Mer ',
and Pparg®* mice, with minor or no changes in the bone
marrow. In contrast, expression of the inflammatory cytokine
IL1B was elevated in splenic macrophages from Pparg®® and,
to a lesser extent, Mer~’~ mice, but was unaffected in the BM
(Fig. 6 A).Together with our previous findings on the expres-
sion of other inflammatory chemokines (Cxcl19 and Ccl2;
Fig. 3 D), these data suggested that phagocytosis regulates leu-
kocyte recruitment and removal in a tissue-specific manner.

To confirm that removal of cellular corpses relies on
tissue-specific phagocytosis, we finally quantified the pres-
ence of apoptotic cells across various tissues of the different
mutant mice. In agreement with the tissue-specific phago-
cytic pathways identified earlier (Fig. 3 E), we found accu-
mulation of TUNEL" cells in the bone marrow of Pparg™’*,
Mfge8'~, and LXRaf™~ mice, in the splenic red pulp of
Mer™’~ and Pparg™’® mice, and in the livers of MfgeS™'~ and
LXRaf™~ mice (Fig. 6, B and C). Apoptotic cells also ap-
peared in the livers of Pparg®® mice; however, this was likely
phagocytosis independent, as this nuclear receptor is known
to regulate multiple aspects of hepatic function (Gavrilova
et al., 2003). In contrast, we failed to detect accumulation of’
apoptotic cells in the lung parenchyma, including MfgeS™'~
and LXRap™ mice (Fig. 6, B and C), suggesting that alter-
native, macrophage-independent mechanisms of cell removal
may exist in the lung. Thus, tissue-resident macrophages
support tissue homeostasis through active phagocytosis, a
process that in turn limits the production of cytokines that
promote leukocyte recruitment.

DISCUSSION

Although billions of cells die during the normal function
of the organism, a more accurate dissection of their in vivo
removal by phagocytosis has remained elusive and current
knowledge of this process largely derives from in vitro exper-
iments. In this study, we have developed a strategy that allows
identification, quantification, and transcriptomic profiling
of tissue macrophages from living tissues that engulf leuko-
cytes naturally cleared from the circulation into tissues. We
have used a parabiosis-based strategy combined with multi-
ple lines of mice deficient in genes involved in various stages
of phagocytosis to characterize the dynamics of the process,
and to define tissue specificity in the use of particular me-
diators of phagocytosis. More importantly, although we find
that the tissue of residence is a dominant factor in determin-
ing macrophage identity, we provide evidence suggesting that
infiltration and engulfment of blood-borne cells and cellular
fragments imprint a transcriptional profile that is distinctive
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Figure 5. Prospective identification of phagocytic macrophages by Mrc1/CD206 expression. (A) Heat-map showing normalized expression of Mrc1,
CD163, Mertk, and Timd4 in phagocytic (Pha) and nonphagocytic (Non) macrophages. (B) Validation of the data shown in A by quantitative PCR analyses of
macrophages sorted from bone marrow, spleen, and large intestine (intest.). n = 5-6 samples per group from two independent experiments. (C) Cytometry
plots showing the expression levels of Mrc1/CD206, Tim4, Mer, and CD163 in phagocytic (DsRed*; red contours) and nonphagocytic macrophages (DsRed"?;
gray contours) from the bone marrow, spleen, and intestine of WT mice in parabiosis with DsRed™ partners. (D) Representative cytometry plots showing
expression of CD206 in macrophages from bone marrow and intestine, and the frequency of phagocytic (DsRed*) macrophages within the CD206" and
CD206™ subsets. n = 6 pairs from two independent experiments. (E) Expression of the genes encoding IL1p and CD163 in CD206" and CD206"™? macro-
phages sorted from the bone marrow and intestine; n = 6 samples per group from two independent experiments. (F) Cytometry plots showing the frequen-
cies of CD206* macrophages in the bone marrow of wild-type, Pparg*?, Mfge8™~, and LXRap~~ mice; n = 3-5. (G) Histograms and relative expression levels
of CD206 in bone marrow macrophages from the experiments shown in F. All bars show mean + SEM.*, P < 0.05; **, P < 0.01; ***, P < 0.001, as determined

by paired (B and E) and unpaired (G) Student's t test analysis.

of phagocytic macrophages. These findings support previous
evidences showing that function, and not only location, clas-
sifies tissue-resident macrophages (Haldar et al., 2014).
Alimitation of our study is that only fluorescently labeled
leukocytes exchanged between parabiotic partners marked
phagocytic macrophages, whereas engulfment of other un-
labeled cells from the host or extracellular material (e.g., ep-
ithelial cells or matrix proteins) remains undetected. In this
regard, we find that SpiC, a transcription factor up-regulated
by erythrocyte-derived heme in red pulp macrophages (Hal-
dar et al., 2014), is not up-regulated in our phagocytic red
pulp macrophages (Fig. 4 D), suggesting that erythrocytes
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and leukocytes may be engulfed by nonoverlapping subsets
of macrophages in the splenic red pulp. Therefore, it will be
important to define how phagocytosis of other abundant cell
populations, such as epithelial cells or erythrocytes, impact the
fate and function of phagocytic cells, and whether different
target cells are engulfed by dedicated subsets of phagocytes
in living tissues. Consistent with the latter, we find hetero-
geneity within macrophages in the same tissues, as illustrated
by the presence of distinct populations with different levels
of expression of CD206 in the bone marrow and intestine.
Although the observation that fluorescent labeling of mac-
rophages in our system is relatively stable supports the exis-
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tence of phagocytic and nonphagocytic subsets within tissues,
it is possible that the process of phagocytosis itself (caused,
for example, by preferential perivascular localization) also un-
derlies macrophage heterogeneity. In addition, it is possible
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that degradation of the ingested DsRed material over time
prevented accurate separation of phagocytic and nonphago-
cytic cells, which may have partially blunted the differences
in gene expression. One last limitation is the impossibility to
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unambiguously define whether intact cells or cellular frag-
ments are ultimately being phagocytosed; our data, however,
support that both can be taken up and contribute to macro-
phage heterogeneity. Particularly interesting is the case of the
liver macrophages, which show more stable DsRed" signal
over time and no circadian oscillations. This finding correlates
with the predominant uptake of microvesicles by this pop-
ulation, and suggests that the kinetics of phagocytosis may
rely on the type of preferred targets, whether they are whole
cells or cellular fragments.

Cell death in healthy individuals is part of the homeo-
static program, as best illustrated by the massive daily elimina-
tion of epithelial cells in the intestine (Nakahashi-Oda et al.,
2016), photoreceptors in the eye (Law et al., 2015), or auto-
reactive thymocytes during their selection in the developing
thymus (Dzhagalov et al., 2013). Phagocytosis of dead cells in
these tissues is accomplished by tissue-resident macrophages,
dendritic cells, and even neighboring epithelial cells (Arand-
jelovic and Ravichandran, 2015). In the case of short-lived
circulating cells, such as neutrophils, it is generally accepted
that they are eliminated in the spleen, liver, and bone marrow
(Suratt et al., 2001). However, we failed to find evidence of
apoptosis in neutrophils in the bloodstream or in tissues, thus
raising the possibility that viable cells are actively engulfed
by tissue macrophages. Nonetheless, we find that Mer and
LXRa are preferentially expressed by macrophages in these
three tissues, an observation that agrees with the reported
role of these receptors in supporting neutrophil homeostasis
(Hong et al., 2012).The observation that macrophages within
most tissues display a circadian pattern in phagocytic activity,
together with the prominence of neutrophils as potential tar-
get cells, suggests that phagocytosis may be a timed process
that coordinates with the infiltration of tissues by leukocytes
(Scheiermann et al., 2012), and may serve to optimize the
natural disposal of extravasating cells and their fragments. This
finding further parallels the reported circadian fluctuation of
macrophage function in vivo (Silver et al., 2012), and aligns
with the elimination of neutrophils by bone marrow—resident
macrophages at specific times of the day (Casanova-Acebes
et al., 2013). In this regard, the demonstration that clearance
of neutrophils in the marrow is a functional regulator of he-
matopoietic niches (Casanova-Acebes et al., 2013) raises the
possibility that phagocytosis can regulate other key functions
in tissues. Future identification, isolation, and in-depth char-
acterization of phagocytic macrophages across multiple tis-
sues should enable extending the paradigm of bone marrow
niches to other tissues.

An important finding was the identification of pre-
ferred pathways that tissue resident macrophages use in dif-
ferent tissues to phagocytose blood-borne cells. The process
of phagocytosis is finely regulated by multiple molecules that
recognize, engage, engulf, and process the cellular material
(Arandjelovic and Ravichandran, 2015). We find that the two
surface receptors analyzed here, Mer and Tim4, do not appear
to play a major role in the recognition and uptake of target
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cells in the steady state. This may be explained by the large
number of receptors that macrophages can use to recognize
apoptotic cells, microorganisms, or antigenic structures, in-
cluding CD36, MARCO, CD169, or CR3/Mac-1 (Gordon,
2016), which suggest extensive redundancy for the recogni-
tion of target cells in vivo. This finding, however, is at odds
with studies showing the importance of both receptors for
the removal of apoptotic cells (Scott et al., 2001; Bosurgi et
al., 2013; Mazaheri et al., 2014; Nishi et al., 2014), and sug-
gests that these receptors may act synergistically during the
phagocytosis of apoptotic cells, as previously shown (Miyan-
ishi et al., 2012; Nishi et al., 2014). We note, however, that
most existing studies have used in vitro or inflammatory
conditions and therefore fail to reproduce the physiological
context of healthy tissues. In addition, because the individ-
ual relevance of Tim4 in peritoneal macrophages (Wong et
al., 2010) or the trimming of photoreceptors by Mer (Law
et al., 2015) have not been explored here, we cannot rule
out their functional predominance in other microanatomi-
cal locations. Finally, an additional and intriguing possibility
is that recognition of blood-borne cells in tissues proceeds
through noncanonical pathways that do not require previous
death of target cells (Brown et al., 2015), which would be
consistent with our inability to detect apoptosis in circulating
or cleared neutrophils. It will be important in future stud-
ies to define how macrophages and target cells interact, and
to establish the mechanism of death of target cells prior or
after their uptake by macrophages, as this may influence the
mechanism of phagocytosis.

In stark contrast with the PtdSer receptors, we show that
phagocytosis in several tissues is compromised in the absence
of the nuclear receptors LXRa and f and PPARY, suggesting
less redundancy in intracellular processing and signal trans-
duction than for the initial recognition and binding of target
cells. In agreement with this, nuclear receptors are known
to amplify the phagocytic capacity of macrophages and are
critical to prevent overt inflammation and autoimmunity
(A-Gonzalez et al., 2009; Roszer et al., 2011), functions that
have both been speculated to rely on the regulation of the
macrophages’ transcriptional activity by metabolites derived
from the target cell (A-Gonzalez et al., 2009). We emphasize
that, in our studies, we have used young male mice before
the onset of autoimmunity, thus ruling out systemic inflam-
mation as the cause of leukocyte accumulation in these mice.

Finally, our transcriptional studies show that macro-
phages within a tissue share a similar signature regardless of
their phagocytic capacity. Despite this dominance of envi-
ronmental signals, phagocytic cells display a distinct tran-
scriptional profile that varies among tissues but also share
commonly regulated genes. Consistent with previous studies
(A-Gonzalez et al., 2009; Roszer et al., 2011), factors that
promote phagocytosis are elevated in the phagocytic popu-
lations across the three tissues analyzed (e.g., C1gb), whereas
important inflammatory pathways are suppressed (e.g., I11b).
Together with the observed phenotypic heterogeneity within
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tissues (Figs. 2, 4, and 5), these findings suggest that macro-
phage diversity is even broader than anticipated. Hence, we
propose that transcriptomic and functional adaptations are
imprinted both by the tissue of residence and by the mi-
croanatomical localization within a tissue. For example, areas
preferentially infiltrated by leukocytes in the steady state are
likely enriched in phagocytic macrophages that rid tissues
of these cells. This extended complexity in the classification
of macrophages within living tissues provides nonetheless a
rational context under which to study macrophage biology
based not only on it location, but also on their function—in
this case, active phagocytosis and processing of unwanted cells.

MATERIAL AND METHODS

Mice

All experiments were performed on 8-18-wk-old C57BL/6
male and female mice. Chow and water were available ad
libitum. Mice deficient in Mer, Timd4, AnxAl, Mfge§;
in both Sele and Selp (PEdKO); and in LXRoa and B
(Nhr1h3"Nhr1h2™7) have been previously described
(Frenette et al., 1996; Lu et al., 1999; Hannon et al., 2003;
Hanayama et al., 2004; A-Gonzalez et al., 2009; Rodri-
guez-Manzanet et al., 2010). Deficiency in PPARY was in-
duced by injecting 375 pg poli IC intraperitoneally into
Mx1®E Pparg”’ mice (referred to as Pparg™®) every other
day for 1 wk, as previously reported (Hevener et al., 2007).
Transgenic mice expressing DsRed under the control of
the P-actin promoter were also used. All strains were in the
C57BL6 background, except for Pparg™® mice (129Sv/
C57BL6 mixed background) for which littermate controls
were used. Mice were maintained on a 12 h light/12 h dark-
ness lighting schedule and housed in a specific pathogen—free
facility at Centro Nacional de Investigaciones Cardiovascu-
lares. Experimental procedures were approved by the Animal
Care and Ethics Comittee of the Centro Nacional de Investi-
gaciones Cardiovasculares and local authorities.

Parabiosis

To generate parabiotic pairs, we followed previously described
procedures. Anesthetized mice were shaved at the corre-
sponding lateral aspects and matching skin incisions were
made from the olecranon to the knee joint of each mouse,
and the subcutaneous fascia was bluntly dissected to create
~0.5 cm of free skin. The olecranon and knee joints were
attached by a single 5—0 polypropylene suture and tie, and
the dorsal and ventral skins were approximated by continuous
suture. A single dose of buprenorphine was injected subcuta-
neously in each partner at the end of the surgical procedure.
Mice were analyzed 6—8 wk after surgery.

Generation of mixed bone marrow chimeras

Recipient wild-type C57BL/6 (CD45.2) mice were lethally
irradiated (6.5 Gy split doses, 3 h apart), and subsequently
received 2 X 10° bone marrow donor cells. Congenic B6.SJL
(CD45.1%) and CD45.2 knock-out from the appropriate
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genotypes (Mer™”~, Mfge8’~, Nhrih3~~Nhr1h2~~, and
Ppary*”* mice) donor BM cells were harvested by flush-
ing both tibiae and femora into RPMI. Equal numbers of
wild-type CD45.1 and knock-out CD45.2 BM cells (10°
plus 10° cells each) were mixed and intravenously injected
into the same recipients.

Tissue processing

Except where indicated, tissues were collected at ZT3 for
analysis. Large intestine (colon) was cut into small pieces, first
subjected to epithelial segregation by incubation with HBSS
with 2mM of EDTA for 20min at 37C and subsequently di-
gested in HBSS with liberase (1U/ml, Roche) and DNase I
(10-3U/ml, Sigma) for 40’ at 37°C. Bone marrow, liver, lung
and spleen were minced and digested in HBSS with liberase
(1U/ml, Roche) and DNase I (10-3U/ml, Sigma) for 30’ at
37°C. After digestion, single-cell suspensions were obtained
by pipetting and mechanical dissociation of the remaining
pieces through cell strainers (BD Falcon).

Flow cytometry and sorting

For macrophage analysis, CD45.1 (Ly-5.1) and CD45.2
(Ly-5.2; Tonbo Bioscience), CD11b (clone M170; BioLeg-
end), F4/80 (clone CIA31; Serotec), Mertk (R&D Systems),
CDo64 (clone X54-5/7.1; BioLegend), CD11c (N418; Bio-
Legend), and MHCII (clone M5/114.15.2; BioLegend) anti-
bodies were used. For validation experiments, CD206 (clone
C068C2; BioLegend), CD163 (clone M96; Santa Cruz Bio-
technology, Inc.), and Tim4 (clone RMT4-54; BioLegend)
antibodies were used. Cells were stained with the indicated
antibodies for 15 min at 4°C and were analyzed by fluores-
cence activated cell sorting (FACS) on an LSR Fortessa flow
cytometer equipped with DIVA software (BD). FlowJo soft-
ware was used to analyze data. To measure the degradation of
the DsRed fluorescence signal within macrophages, extracted
tissues were processed (as explained above) and kept at 37°C
or 4°C (control) during flow cytometric analysis of macro-
phages every hour for a total of 6 h.

Isolation and characterization of

exosomes and microvesicles

Extracellular vesicles were purified from blood by sequen-
tial ultracentrifugation. In brief, blood circulating cells
were removed from plasma by centrifugation at 800 g for
10 min. To obtain microvesicles, plasma was then spun at
12,000 g for 20 min. Finally, exosomes were collected by
spinning at 100,000 g for 70 min. Exosomes were washed in
4 ml PBS and pelleted again by ultracentrifugation (50.4Ti
rotor; Beckman Coulter). Exosome size and particle num-
ber were analyzed using the NS500 or NS300 nanoparticle
characterization system (NanoSight; Malvern Instruments)
equipped with a blue (405 nm) or green (532 nm) laser, re-
spectively. The final exosome pellet was resuspended in PBS
and protein concentration was measured by BCA (Thermo
Fisher Scientific). Relative Fluorescence Units (RFU) were
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measured using Modulus II Microplate Multimode Reader
(Turner Biosystems) using green optical kit (Excitation 525
nm, Emission 580-640 nm). For flow cytometry analysis,
exosomes and microvesicles (30 pg of protein) were bound
to 8 pg aldehyde surface latex beads (Invitrogen) for 1 h
at room temperature. The unoccupied sites were saturated
with BSA 5% and Glycine 0.1 M overnight at room tem-
perature. After washing with PBS, exosomes were stained
with anti-mouse CD9 antibody (eBioscience) then analyze
by flow cytometry. For positive fluorescence control, puri-
fied exosomes were labeled with PKH26 (Sigma-Aldrich)
following the manufacturer's instructions, washed with PBS
and pelleted down by centrifugation at 100,000 g for 70
min. These controls demonstrated correct purification of
both exosomes and microvesicles.

To determine in vivo uptake of exosomes and microve-
sicles, 15 pg of exosomes or 30 pg of microvesicles (corre-
sponding to the amount present in the blood of one parabiotic
mouse) freshly purified from the blood of DsRed mice were
injected intravenously into wild-type mice, and tissues were
collected for cytometric analysis 90 min after injection.

In vivo and in vitro phagocytosis of apoptotic thymocytes
To generate apoptotic thymocytes (AT), thymi from 3—4-wk-
old DsRed"® mice were harvested and mechanically dissoci-
ated, filtered, pelleted, and resuspended in RPMI medium
supplemented with 10% FCS. Apoptosis was induced by
treatment with 1 pM of dexamethasone (Sigma-Aldrich) for
6 h. Primary peritoneal macrophages were recovered by peri-
toneal lavage from WT mice. Cells were pelleted and resus-
pended in RPMI medium supplemented with 10% FCS and
5 X 10° cells were plated. DsRed thymocytes were added to
peritoneal macrophages in a 5:1 ratio (AT /macrophages) and
cultured at 37°C for 90 min in RPMI supplemented with
10% FBS. Cells were then extensively washed, fresh RPMI
with 10% FBS was added and incubated overnight at 37°C
before RNA isolation. For in vivo phagocytosis analysis, 10
apoptotic thymocytes were intravenously injected into WT
mice. 90 min later, mice were sacrificed and tissues were har-
vested for cytometric analysis.

Histology

Tissues were collected and fixed in 4% PFA, dehydrated in
successive alcohol solutions, embedded in paraffin wax, and
sectioned for hematoxylin/eosin staining. Alternatively, after
fixation and preservation in a sucrose gradient, tissues were
embedded in OCT compound (Tissue-Tek) and snap-frozen
in liquid Nitrogen and Isopentane. 6-um frozen sections
were air-dried, blocked with 6% BSA and 2% preimmune
serum in PBS. Tissue resident macrophages were stained
using anti-F4/80 antibody (clone Cl:A3-1; provided by S.
Gordon) diluted in blocking solution and detected by Alexa
Fluor secondary antibodies (Molecular Probes). Nuclei were
stained with DAPI (Life Technologies) and mounted with
Mowiol 4-88 (Sigma-Aldrich).
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RNA Isolation, reverse transcription, and real-time PCR
Total RNA from sorted macrophages was prepared with
RNA Extraction RNeasy Plus Micro-kit (QIAGEN). For
whole tissue RNA extraction, TRIzol (Sigma-Aldrich) ex-
traction method was used. RINA was reverse-transcribed with
High-Capacity ¢cDNA Reverse Transcription reagents kit
(Applied Biosystems) according to the manufacturer’s proto-
col. Real-time quantitative PCR (SYBR Green; Applied Bio-
systems) assays were performed with an Applied Biosystems
7900HT Fast Real-Time PCR System sequencer detector.
Expression was normalized to 36b4 expression. Primer se-
quences are listed in the Table S2.

RNA-sequencing and data analysis

cDNA amplification from total RNA (200 pg) and in-
dex-tagged sequencing libraries generation were performed
using the Ovation Single Cell RNA-Seq System (NuGEN
Technologies). Libraries were quantified using a Quant-iT
dsDNA HS assay with the Q-bit fluorometer (Life Tech-
nologies). Average library size and the size distribution were
determined using a High Sensitivity DNA assay in an Ag-
ilent 2100 Bioanalyzer (Agilent Technologies). Libraries
were normalized to 10 nM using Tris-Cl 10 mM, pH 8.5,
with 0.1% Tween 20. Libraries were applied to an Illumina
flow cell for cluster generation (True Seq SR Cluster kit
V2 cBot) and sequence-by-synthesis single reads of 75 base
length using the TruSeq SBS kit v5 (Illumina) were gener-
ated on the Genome Analyzer IIx following the standard
RNA sequencing protocol. Reads were further processed
using the CASAVA package (Illumina) to split reads accord-
ing to adapter indexes and produce fastq files (ref). Read
quality was determined by analyzing reads with the applica-
tion FastQC (Schageman et al., 2013).

For data analysis sequencing adaptor contaminations
were removed from reads using cutadapt software and the
resulting reads were mapped and quantified on the tran-
scriptome (GRCm38 Ensembl gene-build 70) using RSEM
v1.17 (Li and Dewey, 2011). Only genes with at least 1
count per million in at least two samples were considered
for statistical analysis. Data were then normalized and dif-
ferential expression tested using the bioconductor package
EdgeR (Robinson et al.,, 2010). Further clustering, PCA
analysis and heat map representations were produced using
Genesis (TU Graz; Sturn et al., 2002). Genomic data are
available under the Gene Expression Omnibus (GEO)
accession no. GSE83222.

For generation of the distance tree, gene expression
data series of in vitro activated macrophages (GSE53321)
were downloaded from the NCBI GEO. The data were
normalized, log transformed and adjusted for batch ef-
fects using the comBat function implemented in the R
package SVA (Leck and Storey, 2007). Samples were clus-
tered using average linkage and the result was visualized
as an unrooted dendrogram using the R package APE
(Paradis et al., 2004).
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Statistical analysis

Data were expressed as mean + SEM. Statistical analy-
sis was performed with paired or unpaired Students ¢t
test when analyzing two groups. For multiple compari-
sons, data were evaluated by one-way analysis of variance
(ANOVA) with Bonferroni correction. P-values <0.05
were considered significant.

Online supplemental material

Fig. S1 shows characterization of target cells and phagocytic
and nonphagocytic macrophages. Fig. S2 shows characteriza-
tion of phagocytosed material, circadian patterns of phago-
cytosis, and preferential engulfment of neutrophils. Fig. S3
shows apoptosis of target cells in tissues is rare and not suf-
ficient for phagocytosis. Fig. S4 shows phagocytosis by wild-
type and mutant macrophages in transplantation chimeras.
Fig. S5 shows tissue-specific mutants show alterations in bone
marrow and spleen. Table S1 lists diseases and functions pre-
dicted for the genes regulated by phagocytosis in bone mar-
row resident macrophages. Table S2 is a list of primers used
for quantitative PCR analyses.
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Figure S1.  Characterization of target cells and phagocytic and nonphagocytic macrophages. (A) Representative FACS plots of blood from DsRed-Tg
mice showing expression of DsRed on all leukocyte subsets but no on erythrocytes (Ter119+SSC-A" cells). n = 3 mice. (B) Kinetics of degradation of DsRed*
signal within macrophages from the indicated tissues, measured by flow cytometry. Time O corresponds to the time when tissues were extracted from
mice, and maintained at 37°C until analysis. Data show mean + SEM from three mice. *, P > 0.05; ™, P > 0.001, as determined by Student's t test analysis
relative to t = O for each tissue. n = 7 pairs from three independent experiments. (C) Cytometry plots showing the strategy followed for the identification
of tissue-resident macrophages in multiple tissue of CD45.1-WT: DsRed-Tg parabionts. After at least 8 wk in parabiosis, tissues from the nonfluorescent
CD45.1 partner were processed for flow cytometry and macrophages identified following the labeling and gating strategies shown for each set of plots.
Phagocytic macrophages were identified on the basis of incorporation of DsRed* material into CD45.1 nonphagocytic cells (dotted region in the far right
plots). (D) Representative phagocytic (DsRed*) macrophages sorted from the bone marrow, spleen, and intestine of parabiotic mice, cytospun, and stained
with Giemsa. Red arrows point to what appear to be ingested material in bone marrow and spleen, whereas intestinal macrophages show large vacuoles.
n =10 pairs from four independent experiments.
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Figure S2. Characterization of phagocytosed material, circadian patterns of phagocytosis, and preferential engulfment of neutrophils.
(A) Representative cytometry plots of beads conjugated with exosomes or microvesicles, demonstrating fluorescence only associated with microvesicles.
(B) Experimental strategy: exosomes and microvesicles prepared from the blood of DsRed-Tg mice were transferred into nonfluorescent mice. Bars show
the percentage of macrophages that took up fluorescence; the levels in parabionts for each tissue are shown for comparison. n = 4 animals per group from
one experiment. (C) Cosinor-based plots (adjusted to 24-h cycles; Cornelissen, 2014) displaying the predicted oscillatory frequency of phagocytic macro-
phages in different tissues over time. The shaded rectangle indicates night. Data were extrapolated from analyses at ZT3 and ZT11; n = 6 per group from
two independent experiments. (D) Percentage of phagocytic macrophages across the indicated tissues of wild-type (nonfluorescent) mice set in parabiosis
with DsRed"™ control mice, with mice that lack circulating neutrophils (Mrp8®*€ Mcl1""; Dzhagalov et al., 2007) or with mice that are neutrophilic (deficient
in endothelial selectins; PEdKO mice; Frenette et al., 1996). Both neutrophil-deficient and neutrophilic mice expressed the DsRed transgene to allow identi-
fication of phagocytic cells, thus allowing determination of the contribution of neutrophils as targets of phagocytosis; n = 3-6 mice per group from three
independent experiments. Note that only the liver fails to display rhythmicity of phagocytosis and correlations with neutrophil numbers in blood. Plots and
bars show mean + SEM. *, P < 0.05; **, P < 0.001 as determined by unpaired Student's ¢ test.
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Figure S5.  Tissue-specific mutants show alterations in bone marrow and spleen. (A) Representative images of hematoxylin/eosin-stained sections of
bone marrows from wild-type, Ppar A LXRocﬁ‘/‘, and Mfge8‘" mice. Bar, 100 um. (B) Quantification of total bone marrow cellularity, as well as neutro-
phil and monocytes numbers in the same groups shown in A. n = 4-6 mice per group from two independent experiments. (C) Hematoxylin/eosin-stained
sections of spleens from Mer™'~ and Pparg*’ mice showing lack of structural alterations in the red pulp compared with wild-type controls. Bar, 100 um.
(D) Total splenocyte, neutrophil, and monocyte counts in the same groups shown in C. n = 4-6 mice per group from two independent experiments. Im-
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these analyses. No significant differences were found among groups in any tissue. Data are from 10 tissue regions from four mice. (G) Relative expression
of genes in phagocytic versus nonphagocytic macrophages isolated from bone marrow, spleen, and intestine of wild-type (CD45.1): DsRed™ parabionts. n =
3-6 mice per group from two independent experiments. Bars show mean + SEM.*, P < 0.05; ™, P < 0.01, as determined by unpaired Student's t test analysis.
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Table S1.  Diseases and functions predicted for the genes regulated by phagocytosis in bone marrow resident macrophages

Hematological system development and function, tissue morphology

Quantity of leukocytes ABCA1,AXL,BANK1,BCL2,C1QA,C3AR1,C4A/C4B,CCL5,Ccl9,CCR1,CCR3, CD27,CD38, CD81,CMK
LR1,CTSD,CX3CR1,EGR1,GCNT2,GNAS,HEXB,HMOX1,IGF1,IL18BP,IL1B,ITGAD,KITLG,LILRB3,LYN,MERTK,MMP13,NFATC1,PLAC8,RGS1,SER
PINB6,SIGLEC1,5rgn, TR TGFBR2,TIMD4,TIMP2,TLR4, VAV2,VCAM1

ABCA1,AXL,BANK1,BCL2,C10QA,C3AR1,C4A/C4B,CCL5,Ccl9,CCND2,CCR1, CCR3, CD27, CD38, CD81, CMKLR1,CTSD,CX3CR1,EGR1,ENT
PD1,GCNT2, GNAS, HEXB, HMOX1, IGF1, IL18BP, IL1B, ITGAD, KITLG, LILRB3, LRP6, LYN, MERTK, MMP13, NFATC1, PLAC8, RGS1, SERPINBS,
SIGLEC1, SRGN, TF, TGFBR2, TIMD4, TIMP2, TLR4, VAV2, VCAM1
Quantity of mononuclear leukocytes AXL, BANK1, BCL2, C3AR1, CCL5, CCR1, CCR3, CD27, CD38, CD81, CMKLR1, CTSD, CX3CR1, EGR1, GCNT2, GNAS, HEXB, IGF1, ITGAD, KITLG, LIL

RB3, LYN, MERTK, NFATC1, RGS1, SERPINB6, SIGLEC1, TGFBR2, TIMD4, TLR4, VAV2, VCAM1
C10QA, C3AR1, C4A/C4B, CCR3, CMKLR1, GNAS, IL18BP, IL1B, KITLG, LYN, MMP13, PLACS, TF, TIMP2, TLR4, VCAM1
Quantity of myeloid cells BCL2, C1QA, C3AR1, C4A/C4B, CCR3, CMKLR1, GNAS, IL18BP, IL1B, KITLG, LYN, MMP13, PLACS, TF, TIMP2, TLR4, VCAM1
Quantity of T lymphocytes BCL2, CCL5, CCR1, CD27, CMKLR1, CTSD, HEXB, IGF1, ITGAD, KITLG, LYN, MERTK, NFATC1, SERPINB6, SIGLEC1, TGFBR2, TLR4, VAV2, VCAM1
Hematological system development and function, inflammatory response, tissue morphology
Quantity of neutrophils C1QA, C3AR1, C4A/C4B, CMKLR1, GNAS, IL18BF, IL1B, LYN, MMP13, PLAC8, TF, TIMP2, TLR4, VCAM1
Quantity of blood platelets ABCA1, BCL2, EGR1, ENTPD1, GNAS, IL1B, LYN, TLR4
Hematological system development and function, immune cell trafficking, inflammatory response, and tissue development
Accumulation of myeloid cells BCL2, CCL5, CCR1, CCR3, CTSC, CX3CR1, EGR1, ENTPD1, GRN, HMOX1, IL1B, ITGAX, TIMP2, TLR4, VCAM1
Accumulation of leukocytes BCL2, C4A/C4B, CCL5, CCR1, CCR3, CD27, CTSC, CX3CR1, EGR1, ENTPD1, GRN, HMOX1, IL1B, ITGAX, TGFBR2, TIMP2, TLR4, VCAM1
Accumulation of phagocytes CCL5, CCR1, CTSC, CX3CR1, EGR1, ENTPD1, GRN, HMOX1, IL1B, ITGAX, TIMP2, TLR4, VCAM1
Accumulation of macrophages CCL5, CCR1, CX3CR1, ENTPD1, GRN, HMOX1, ITGAX, TLR4
Accumulation of granulocytes CCL5, CCR3, CTSC, EGR1, GRN, IL1B, TIMP2, TLR4, VCAM1
Accumulation of neutrophils CTSC, EGR1, GRN, IL1B, TIMP2, TLR4
Accumulation of mononuclear BCL2, C4A/C4B, CCL5, CD27, CX3CR1, ENTPD1, TGFBR2, VCAM1
leukocytes
accumulation of lymphocytes

Quantity of blood cells

Quantity of granulocytes

BCL2, C4A/C4B, CCL5, CD27, CX3CR1, ENTPD1, VCAM1

Table S2.  List of primers used for quantitative PCR analyses
Gene Forward (5'=3") Reverse (3'-5")
36b4  ACTGGTCTAGGACCCGAGAAG TCCCACCTTGTCTCCAGTCT
Anxal  CTTTGCCAAGCCATCCTG TGGGATGTCTAGTTTCCACCA
C4b TCTCACAAACCCCTCGACAT AGCATCCTGGAACACCTGAA
Clgb  CAGGGATAAAGGGGGAGAAA GGACCCTTAGGGCCAACTT
Ccl2 AGGTGTCCCAAAGAAGCTGTA ATGTCTGGACCCATTCCTTCT
Ccl9 ACCAGTGGTGGGTGTACCAG GGTCCGTGGTTGTGAGTTTT
Cd163  TCTCAGTGCCTCTGCTGTCA CGCCAGTCTCAGTTCCTTCT
Mrc1  CCACAGCATTGAGGAGTTTG ACAGCTCATCATTTGGCTCA
Cx3cr1 CCATCTGCTCAGGACCTCAC CAAAATTCTCTAGATCCAGTT
CAGG
Ccl19  TGTGGCCTGCCTCAGATTAT AGTCTTCCGCATCATTAGCAC
b TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG
Nos2 ~ CAGCTGGGCTGTACAAACCTTC CATTGGAAGTGAAGCGTTTCG
Nr3h1  CAACAGTGTAACAGGCGCT TGCAATGGGCCAAGGC
Nr3h2  CCCCACAAGTTCTCTGGACACT TGACGTGGCGGAGGTACTG
Abcal  GGTTTGGAGATGGTTATACAATAG CCCGGAAACGCAAGTCC
TTGT
Mertk  GAGGACTGCTTGGATGAACTGTA AGGTGGGTCGATCCAAGG
mfge8 GTGCCCTGTGGGCTACTC GTATTGGGGACGGCTGTG
Pparg GTGATGGAAGACCACTCGCATT CCATGAGGGAGTTAGAAGGTTC
Spic CTGAAAGCCAGCTGGTACAAC GGTATTCAAACAGCCGAAGC
Tgfo1 ~ CCGAAGCGGACTACTAT GTAACGCCAGGAATTGT
Vcam1 GACCTGTTCCAGCGAGGGTCTA CTTCCATCCTCATAGCAATTA
AGGTG
Stat4  CGGCATCTGCTAGCTCAGT TGCCATAGTTTCATTGTTAGA
AGC
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