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Bhlhe40 and Bhlhe41 transcription factors regulate
alveolar macrophage self-renewal and identity
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Abstract

Tissues in multicellular organisms are populated by resident macro-
phages, which perform both generic and tissue-specific functions.
The latter are induced by signals from the microenvironment and
rely on unique tissue-specific molecular programs requiring the
combinatorial action of tissue-specific and broadly expressed tran-
scriptional regulators. Here, we identify the transcription factors
Bhlhe40 and Bhlhe41 as novel regulators of alveolar macrophages
(AMs)—a population that provides the first line of immune defense
and executes homeostatic functions in lung alveoli. In the absence
of these factors, AMs exhibited decreased proliferation that
resulted in a severe disadvantage of knockout AMs in a competitive
setting. Gene expression analyses revealed a broad cell-intrinsic
footprint of Bhlhe40/Bhlhe41 deficiency manifested by a downreg-
ulation of AM signature genes and induction of signature genes of
other macrophage lineages. Genome-wide characterization of
Bhlhe40 DNA binding suggested that these transcription factors
directly repress the expression of lineage-inappropriate genes in
AMs. Taken together, these results identify Bhlhe40 and Bhlhe41 as
key regulators of AM self-renewal and guardians of their identity.
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Introduction

Specialized macrophages populate virtually all tissues where they

provide a first line of defense against pathogens, mediate tissue

homeostasis through clearance of apoptotic cells, and fulfill other,

often tissue-specific, functions. The latter can be exemplified by the

facilitation of pulmonary surfactant turnover by lung alveolar

macrophages (AMs). While some of these tissue-resident popula-

tions, such as intestinal and dermal macrophages, are constantly

replenished by circulating monocytes (Tamoutounour et al, 2013;

Bain et al, 2014), other subsets, such as microglia in the brain (Gin-

houx et al, 2010) and epidermal Langerhans cells (Merad et al,

2002; Hoeffel et al, 2012), are strictly of fetal origin and rely on local

self-renewal to maintain their numbers in adulthood. A number of

macrophage subsets show contribution from both fetal and adult

hematopoiesis (reviewed in Ginhoux & Guilliams, 2016; Perdiguero

& Geissmann, 2015). This category includes peritoneal macro-

phages, red pulp macrophages of the spleen, liver Kupffer cells, and

several other macrophage subsets. The relative contribution of adult

hematopoiesis to these populations is highly age- and tissue-depen-

dent (Sieweke & Allen, 2013; Ginhoux & Guilliams, 2016).

AMs exhibit low to undetectable contribution of adult hematopoi-

esis in the steady state (Guilliams et al, 2013; Gomez Perdiguero

et al, 2014; Sawai et al, 2016). However, upon intranasal adoptive

transfer into AM-deficient Csf2rb�/� mice, the yolk sac-, fetal liver-,

and adult bone marrow (BM)-derived precursors can all generate

AMs that not only show an identical cell-surface phenotype but have

extremely similar gene expression profiles irrespective of their origin

(van de Laar et al, 2016). Similarly, AMs can be generated by adult

hematopoiesis in irradiation BM chimeras. Such BM-derived AMs
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exhibit dependencies on transcription factors (Schneider et al, 2014)

and growth factors (Yu et al, 2017) that are indistinguishable from

those of their fetal counterparts, suggesting that they differentiate

along the same developmental path. These results, as well as studies

of other tissue-resident macrophage populations (reviewed in Amit

et al, 2015; Lavin et al, 2015), highlight an important role of the

tissue microenvironment in controlling resident macrophage identity.

How exactly a given tissue microenvironment can induce the dif-

ferentiation of a corresponding tissue-resident macrophage subset is

an area of intense investigation, and recent studies have begun to

identify signaling pathways and downstream transcription factors

that regulate the differentiation of various tissue-resident macrophage

populations (Lavin et al, 2015). For example, retinoic acid-induced

expression of the transcription factor GATA6 is important for the dif-

ferentiation of peritoneal macrophages (Gautier et al, 2014; Okabe &

Medzhitov, 2014; Rosas et al, 2014). Likewise, the differentiation of

AMs is regulated by the GM-CSF and TGFb pathways that converge

on the induction of the nuclear receptor PPARc, which in turn

induces a large part of the AM-specific transcription program (Shibata

et al, 2001; Bonfield et al, 2003; Guilliams et al, 2013; Schneider

et al, 2014; Yu et al, 2017). Nevertheless, it seems likely that unique

properties of tissue-resident macrophages are regulated by more

complex transcriptional networks rather than by the action of one or

few transcription factors. Indeed, as PPARc is expressed by several

macrophage populations including AMs and red pulp macrophages

(Gautier et al, 2012a,b), the induction of the unique AM-specific gene

expression program likely depends on cooperation with other factors.

We recently identified the two closely related basic-helix-loop-helix

transcription factors Bhlhe40 (also known as Dec1, Sharp2, or Stra13)

and Bhlhe41 (Dec2 or Sharp1) as key regulators of the differentiation

and self-renewal of B-1a cells (Kreslavsky et al, 2017)—a tissue-resident

innate-like B lymphocyte subset that is predominantly generated by

fetal and neonatal hematopoiesis (Kreslavsky et al, 2018). We therefore

hypothesized that these factors may also play a role in other tissue-resi-

dent self-renewing cell populations. Here, we report that AMs lacking

these two transcription factors exhibited impaired proliferation that

resulted in a severe disadvantage of Bhlhe40/Bhlhe41-deficient AMs in

a competitive setting. In the absence of competition with wild-type

(WT) cells, Bhlhe40/Bhlhe41-deficient AMs were able to maintain their

numbers and displayed normal expression of the most commonly used

cell-surface markers. However, genome-wide expression analysis of

these Bhlhe40/Bhlhe41-deficient AMs revealed an unexpectedly broad

cell-intrinsic dysregulation of the AM expression program, as indicated

by the upregulation of a multitude of genes that are normally expressed

in other macrophage lineages. Genome-wide profiling of Bhlhe40 bind-

ing in ex vivo AMs indicated that these factors may directly repress the

expression of many lineage-inappropriate genes in AMs.

Results

Normal numbers and cell-surface phenotype of tissue-resident
macrophages in steady-state Bhlhe40/Bhlhe41-deficient mice

To start assessing a possible role of the transcription factors Bhlhe40

and Bhlhe41 in tissue-resident macrophages, we first interrogated

their expression in various macrophage populations by analyzing

the Immgen Database (Heng & Painter, 2008). Expression of Bhlhe41

was restricted to AMs and microglia, while Bhlhe40 was expressed

more broadly and had the highest level of expression in alveolar

and peritoneal macrophages (Fig 1A). RNA flow cytometry con-

firmed these results at the single-cell level (Fig 1B). To test the

effects of Bhlhe40 and Bhlhe41 deficiency on tissue-resident macro-

phages, we next compared macrophage populations in WT and

Bhlhe40/Bhlhe41 double-knockout (DKO) mice. The cell-surface

phenotype, frequency and numbers of alveolar, peritoneal and red

pulp macrophages, as well as microglia and Kupffer cells, were

normal in DKO mice compared to WT mice (Figs 1C and D, and

EV1A). It was recently reported that Bhlhe40-deficient mice have a

mildly reduced peritoneal macrophage compartment (Jarjour et al,

2019), however, when we assessed numbers of peritoneal macro-

phages in Bhlhe40 single KO mice we did not observe a significant

change in numbers of these cells compared to WT mice (Fig EV1B).

As Jarjour et al reported that the phenotype becomes much more

pronounced upon induction of type 2 immune responses, it is

conceivable that the discrepancy between our observations reflects

differences in the environments of animal facilities, resulting in

exposure of mice to different spectra of commensals and/or patho-

gens. Despite the lack of major changes in cell-surface phenotype of

tissue-resident macrophages in the DKO mice, we noticed that DKO

AMs expressed increased levels of CD11b (Fig 1C), a marker that is

normally downregulated upon AM maturation (Schneider et al,

2014), and had an increased side scatter (see below).

Competitive disadvantage of Bhlhe40/Bhlhe41-deficient cells in
AM compartment

We next tested if a role for Bhlhe40 and Bhlhe41 in tissue-resident

macrophages could be revealed in a competitive situation. Most

tissue-resident macrophages, including AMs, Kupffer cells, and peri-

toneal and splenic macrophages, can be reconstituted by adult

hematopoiesis in irradiation BM chimeras (A-Gonzalez et al, 2013;

Hashimoto et al, 2013; Bain et al, 2016; Scott et al, 2016), in line

with the limited but measurable contribution of BM hematopoiesis

to some of these populations in the steady state (Guilliams et al,

2013; Gomez Perdiguero et al, 2014; Perdiguero & Geissmann, 2015;

Sawai et al, 2016). We therefore tested if Bhlhe40/Bhlhe41 defi-

ciency can impact tissue-resident macrophage populations in

competitive BM chimeras. To this end, a 1:1 mixture of lineage-

depleted WT (CD45.1) and DKO (CD45.2) BM cells was transferred

into lethally irradiated heterozygous CD45.1/CD45.2 recipients. The

resulting chimeras exhibited a close to 1:1 ratio of cells of WT and

DKO donor origin in the HSC-containing Lin�Sca1+c-Kit+ (LSK) cell

compartment as well as among common myeloid progenitors (CMP)

and splenic monocytes (Fig 2A). However, F4/80hi large peritoneal

macrophages were predominantly of WT origin, and AMs were

derived almost exclusively from WT donor cells in these chimeras

(Fig 2A–C). Kupffer cells and F4/80lo small peritoneal macrophages

were also moderately biased toward the WT donor, but this effect

did not reach statistical significance (Fig 2A). On the contrary, red

pulp macrophages were generated more efficiently from the DKO

cells (Fig 2A).

In line with the expression patterns of Bhlhe40 and Bhlhe41

(Fig 1A and B), the analysis of mixed BM chimeras generated with

Bhlhe40�/� or Bhlhe41�/� donor cells demonstrated that AMs were

affected only when both Bhlhe40 and Bhlhe41 were missing
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Figure 1. Expression of Bhlhe40 and Bhlhe41 in myeloid cells and cell-surface phenotype of DKO alveolar and peritoneal macrophages.

A Expression of Bhlhe40 (gray) and Bhlhe41 (orange) in the indicated cell populations, data are from the Immgen Database (microarray dataset). CMP—common
myeloid progenitors. MΦ—macrophages.

B Flow cytometry detection of the Bhlhe40 (gray) and Bhlhe41 (orange) transcripts by the PrimeFlow RNA assay in alveolar (right) and peritoneal (left) macrophages.
A probe specific for the Cd8a mRNA (black line) was used as a negative control. Results are representative of at least four independent experiments.

C, D Cell-surface phenotype and numbers of alveolar (C; digested lung) and peritoneal (D) macrophages in WT and DKO mice. Additional gating for CD11b+ cells was
applied for peritoneal macrophages as indicated. Levels of CD11b expression on WT and DKO AMs are shown, and median fluorescent intensity for CD11b
expression was quantified (C, bottom left; three mice per genotype). Absolute numbers of CD11chiCD11bloSiglecFhi alveolar macrophages from digested lungs (C)
and CD11b+F4/80hi peritoneal macrophages (D) from WT and DKO mice are shown (bottom; four mice per genotype). Representative results of two independent
experiments. Horizontal lines indicate the mean and error bars represent s.d. ***P < 0.001 (Student’s t-test).
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(Fig EV1C and D). These results are consistent with the redundancy

between Bhlhe40 and Bhlhe41 observed in other systems (Rossner

et al, 2008; Shahmoradi et al, 2015; Kreslavsky et al, 2017). In

contrast, the Bhlhe40 deficiency was solely responsible for the

competitive disadvantage in peritoneal macrophages (Fig EV1C and

D), in line with a recent report (Jarjour et al, 2019).

Full-body irradiation can cause damage to lung tissue that could

potentially alter properties of the resident phagocytes. To test if

Bhlhe40/Bhlhe41 deficiency affects AM competitiveness when such

damage is limited, we next performed mixed BM chimera

experiments using recipients, whose lungs were shielded during

irradiation. To allow for some reconstitution of the AM compart-

ment, these recipients were treated with a single low dose of

chemotherapeutic drug busulfan (Hubbard et al, 2008). Eight weeks

after the reconstitution, the recipient mice exhibited a high contribu-

tion of both WT and DKO donor cells to the hind leg BM LSK

compartment as well as to splenic monocytes (Fig 2D). In contrast,

AMs remained largely of the recipient origin with only 3–5% contri-

bution of donor cells. These rare donor-derived AMs, however, were

predominantly of WT origin (Fig 2D). Thus, Bhlhe40/Bhlhe41
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Figure 2. Competitive disadvantage of Bhlhe40/Bhlhe41-deficient cells in AM compartment.

A Frequency of WT donor (CD45.1), and DKO donor (CD45.2) and recipient (CD45.1/2) cells in the indicated BM (LSK, CMP), splenic (monocytes and red pulp
macrophages), liver (Kupffer cells), peritoneal and alveolar macrophage populations of lethally irradiated recipients ≥ 6 weeks after transfer of a 1:1 mixture of
lineage-depleted BM cells from WT and DKO mice. P values < 0.05 (paired Student’s t-test) between LSK and other populations are shown for frequencies of WT
cells. Three mixed BM chimeras were analyzed; error bars represent s.d. Representative results of three independent experiments.

B, C Representative flow cytometric analysis of lung (B) and peritoneal (C) macrophages as in (A) (left). The expression of CD45.1 and CD45.2 on donor and recipient cells
is shown next to the indicated gates (right).

D Frequency of WT donor (CD45.1), and DKO donor (CD45.2) and recipient (CD45.1/2) cells among the BM LSK cells, splenic monocytes, and alveolar macrophages of
the recipients that were irradiated with lung shielding, treated with one dose of busulfan as described in Materials and Methods, transferred with a 1:1 mixture of
lineage-depleted BM cells from WT and DKO mice, and analyzed ≥ 8 weeks after transfer. Representative flow cytometry results for alveolar macrophages (left) and
quantification (right) is shown. Single experiment with three chimeras. Error bars represent s.d.

E Surface phenotype of cells from the digested lungs (right) and quantification of donor contribution to the AM compartment (left) of AM-deficient
Csf2rb�/�Csf2rb2�/� recipients (CD45.2) that were subjected to intranasal transfer of a 1:1 mixture of sorted fetal liver monocytes from WT (CD45.1/2) and DKO
(CD45.2) E18.5 embryos at days 1 or 2 after birth and analyzed ≥ 7 weeks after the transfer. Cell-surface phenotype of lung cells from a Csf2rb�/�Csf2rb2�/� mouse
that was not subjected to the transfer is shown for comparison. Single experiment with seven recipients. **P < 0.01 (paired Student’s t-test).

F Frequency of donor- and recipient-derived AMs in WT and DKO recipients transferred at days 1 or 2 after birth intranasally with WT CD45+ cells sorted from
neonatal lungs and analyzed ≥ 7 weeks after the transfer. Results for quantification (lower panel) are pooled from three independent experiments with a total of
eight WT and nine DKO recipients; various combinations of CD45.1 and CD45.2 were used to distinguish donor and recipient cells. Horizontal lines indicate the
mean and error bars represent s.d. **P < 0.01 (Student’s t-test).
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deficiency results in a competitive disadvantage of AMs in mixed

BM chimeras even when the damage to the lung tissue is limited.

The observations described above clearly demonstrate that adult

hematopoietic cells that lack Bhlhe40 and Bhlhe41 fail to contribute

to the AM compartment efficiently in the presence of WT competitor

cells. However, at the steady-state situation, the majority of AMs in

adult mice are of fetal origin. To test if Bhlhe40 and Bhlhe41 are also

required for competitive fitness of fetal-derived AMs, we next took

advantage of the observation that intranasal transfer of AM precur-

sors into neonatal mice with a defective AM compartment, but not

into WT mice, can result in efficient engraftment of the transferred

cells (Schneider et al, 2014; van de Laar et al, 2016). We first used

neonatal GM-CSF receptor knockout (Csf2rb�/�Csf2rb2�/�) mice,

that lack AMs, as recipients, transferred intranasally a 1:1 mixture

of sorted fetal liver monocytes from WT (CD45.1/CD45.2 heterozy-

gous) and DKO (CD45.2) embryos and analyzed the mice

≥ 7 weeks after reconstitution. As expected, untransferred control

mice did not have any cells with a CD11c+Siglec F+ AM phenotype

in the lungs (Fig 2E). Intranasal transfer resulted in reconstitution

of the AM compartment, and AMs were predominantly of WT

origin (Fig 2E). In a complementary approach, we tested if the AM

defect caused by the absence of Bhlhe40 and Bhlhe41 rendered the

neonatal DKO mice themselves receptive to intranasal transfer of

WT AM precursors. To this end, we transferred equal numbers of

WT hematopoietic cells sorted from neonatal lungs intranasally into

congenically distinguishable WT and DKO neonates and analyzed

these mice ≥ 7 weeks after transplantation. While only

0.32 � 0.19% contribution of donor cells to the AM compartment

was observed in WT recipients, 10.6 � 7.3% of donor cells were

detected in DKO recipients (Fig 2F). Importantly, we did not

observe alterations in the composition of the lung myeloid

compartment of neonatal DKO mice (Fig EV1D), suggesting that

the increased engraftment of transferred cells was not due to a

decreased abundance of AM precursors in the DKO recipients.

Taken together, these experiments demonstrate that inability of

DKO AMs to compete against their WT counterparts is not

restricted to cells generated by adult hematopoiesis and also applies

to AMs of fetal origin. These results further support the notion that

a competitive disadvantage of DKO AMs can be observed in the

absence of irradiation-induced lung damage.

Regulation of AM proliferation by Bhlhe40 and Bhlhe41

We next aimed to identify the mechanisms underlying the competi-

tive disadvantage of the DKO macrophages. As a recent report

attributed competitive disadvantage of Bhlhe40�/� peritoneal

macrophages to their impaired proliferation (a phenotype that

required induction of the type 2 immune response to be clearly

detected; Jarjour et al, 2019), we focused our analysis on AMs. DKO

AMs did not show an increase in apoptosis (data not shown), but in

mixed BM chimeras exhibited reduced proliferation, as judged by a

twofold decrease in EdU incorporation (Fig 3A). These results

suggested that the competitive disadvantage of DKO AMs in

chimeras can, at least in part, be explained by their impaired prolif-

eration. To test if this defect can only be observed in AMs of BM

origin, we next compared EdU incorporation by AMs in unmanipu-

lated WT and DKO mice. These experiments again demonstrated a

twofold decrease in the proliferation of DKO AMs (Fig 3B and C).

Moreover, when CellTrace Violet-labeled WT and DKO AMs were

co-cultured in the presence of GM-CSF, DKO cells again exhibited

impaired proliferation and were rapidly outcompeted by WT AMs

(Fig 3D), while the extent of cell death was identical in cultured WT

and DKO AMs (Fig EV2A). We conclude that DKO AMs exhibit a

decrease in proliferation that results in a severe disadvantage of

these cells under competitive conditions.

To begin the characterization of the molecular mechanisms

underlying the defective proliferation of DKO AMs, we next

compared their gene expression profiles to that of WT AMs by RNA-

seq. These experiments revealed the downregulation of many prolif-

eration-associated genes in DKO AMs (Fig EV2B). A similar down-

regulation was observed in DKO peritoneal macrophages

(Fig EV2B), confirming the recently published observations made

for Bhlhe40-deficient peritoneal macrophages (Jarjour et al, 2019).

It was previously suggested that the low expression of the transcrip-

tion factors Maf and Mafb, which function as negative regulators of

macrophage proliferation (Aziz et al, 2009), contributes to the self-

renewal capacity of AMs (Soucie et al, 2016). Consistent with the

low proliferative rate of DKO AMs, Maf and Mafb were strongly

upregulated in the DKO AMs both in the steady state and in mixed

BM chimeras (Fig 3E). Interestingly, the expression of previously

reported Maf/Mafb-repressed self-renewal associated target genes

(Myc, Klf2, Klf4; Soucie et al, 2016) was not significantly changed in

DKO AMs (data not shown), suggesting that Maf and Mafb regulate

the proliferation of AMs via additional regulatory circuits. We

conclude that the impaired self-renewal-associated proliferation of

DKO AMs is associated with increased expression of Maf and Mafb,

two negative regulators of macrophage self-renewal.

Accumulation of lipids in AMs in the absence of Bhlhe40
and Bhlhe41

We next sought to test whether Bhlhe40/Bhlhe41-deficient AMs are

functionally normal. A key function of AMs is the facilitation of

pulmonary surfactant turnover (Garbi & Lambrecht, 2017), and the

impaired function of AMs in many knockout strains is manifested

by the accumulation of lipid droplets in these cells—a phenotype

that is thought to reflect their impaired ability to catabolize lipid-rich

surfactant (Baker et al, 2010; Schneider et al, 2014; Suzuki et al,

2014; Yu et al, 2017). Oil Red O staining of cytospun cells from

bronchoalveolar lavages (BAL) revealed the presence of cells with a

high lipid droplet content in DKO but not WT mice (Fig 4A and B).

We also noticed that AMs in DKO mice exhibited an increase in side

scatter (SSC), a parameter that reflects the internal complexity of a

cell (Fig 4C, middle). To test if these alterations also reflect the

accumulation of lipids, we performed staining with the lipophilic

dyes BODIPY 493/503 (Fig 4C) and Nile Red (not shown). The

staining closely reflected the side scatter but not forward scatter

characteristics of the cells, and DKO cells exhibited both an overall

increase in staining and emergence of SSChiBODIPYhi cells (Fig 4C).

We conclude that, despite their normal numbers, AMs in Bhlhe40/

Bhlhe41-deficient mice may be functionally impaired, as evidenced

by the accumulation of lipids in these cells. This dysfunction of AMs

in DKO mice did, however, not result in the development of alveolar

proteinosis that is observed in mice with a complete block in AM

differentiation (Dranoff et al, 1994; Guilliams et al, 2013; Schneider

et al, 2014; Suzuki et al, 2014; Yu et al, 2017), as judged by the
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normal levels of surfactant pulmonary associated protein D in BAL

of DKO mice (Fig EV2C).

To test if the accumulation of lipids by DKO AMs could be

rescued by the presence of WT AMs, we compared the lipid content

of WT and DKO AMs in mixed BM chimeras. As the numbers of

DKO AMs are very scarce in this setting, we utilized flow cytometry

to analyze the lipid droplet content by staining AMs from chimeras

with BODIPY. In this setting, no increase in BODIPY staining or side

A B C

EdU

0.04

104 105
0

50K

100K

150K

200K

250K
no EdU

21.1

WT

9.6

DKO

FS
CE

dU
+  (%

 o
f A

M
s)

0

5

10

15

WT DKO

E
dU

+  (%
 o

f A
M

s)

***

D

WT DKO

***

58.9

39.7

103 104 105

0

10
2

10
3

11.9

86.9

101 102 103 104 105 101 102 103 104 105

CD45.1 (WT)

C
D

45
.2

 (D
K

O
)

CellTrace Violet

Day 0 Day 7
E

WT DKO

Maf Mafb

Steady state

0

1

2

3

0

100

200

0

1

2

3

0

100

200

E
xp

re
ss

io
n 

(T
P

M
)

Mixed BM
chimeras

WT DKO WTDKO

C
el

ls
 (%

 o
f m

ax
)

Alveolar MΦ, steady state
Alveolar MΦ

mixed BM chimeras
Alveolar MΦ
steady state

Cultured alveolar MΦ

0

5

10

15

20

25

Figure 3. Impaired proliferation of DKO AMs.

A Mixed WT:DKO BM chimeras established as in Fig 2A were injected with EdU on three consecutive days. EdU incorporation was analyzed 1 day after the last
injection. Results pooled from two independent experiments; nine BM chimeras were analyzed in total. ***P < 0.001 (Student’s t-test).

B, C Steady-state WT and DKO mice were injected with EdU and analyzed as in (A). Representative flow cytometry plots of EdU incorporation by AMs (C) and their
quantification (results pooled from two independent experiments, seven WT and six DKO mice were analyzed in total) (B) are shown. Horizontal lines indicate the
mean, error bars represent s.d. ***P < 0.001 (Student’s t-test).

D WT (CD45.1) and DKO (CD45.2) AMs were sorted, mixed in a 1:1 ratio, labeled with CellTrace Violet, and cultured in the presence of GM-CSF. The ratio of CD45.1 and
CD45.2 cells and CellTrace Violet dilution was analyzed prior to culture (day 0) and after 7 days of culture as described in Materials and Methods. Results
representative of two independent experiments.

E RNA-seq analysis of Maf and Mafb expression in WT and DKO AMs, which were isolated by flow cytometry from mice in steady state (top) or from mixed BM
chimeras (bottom). Error bars represent s.e.m.; two biological replicates per genotype.
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scatter could be detected for DKO AMs (Fig 4D and data not shown).

This result is reminiscent of a much less pronounced accumulation of

lipid droplets in PPARc-deficient AMs in a mixed BM chimera setting

compared to that observed in the steady state (Schneider et al, 2014).

These results can have two alternative explanations: either the

observed accumulation of lipid droplets in AMs of DKO mice is caused

solely by cell-extrinsic factors, or a cell-intrinsic defect in processing of

lipid-rich surfactant by DKO AMs is masked in mixed BM chimeras by

efficient clearing of old surfactant by the abundant WT AMs. While

future functional studies will be required to directly test these possibili-

ties, we checked if our RNA-seq comparison of WT and DKO AMs

may provide some evidence for one of these hypotheses. We focused

our analysis on the genes that were downregulated in DKO AMs in a

cell-intrinsic fashion both at steady state and in mixed BM chimeras.

These DKO-downregulated genes were enriched in genes encoding

factors involved in very long-chain fatty acid metabolic processes

(GO:0000038; P = 0.002; Acot4, Cyp4f18, Hsd17b4) and lipid meta-

bolic processes (GO:0006629; P = 0.059; Acap1, Acaa1b, Hsd17b4,

Hsd11b1, Lpcat4, Pnpla5) (DAVID functional annotation tool; Huang

et al, 2008). This included the downregulation of genes encoding two

enzymes important for fatty acid b-oxidation—acetyl-coenzyme A

acyltransferase 1B (Acaa1b) and hydroxysteroid 17-beta dehydroge-

nase 4 (Hsd17b4; Fig 4E) that were also downregulated in PPARc-defi-
cient lung macrophages, possibly contributing to lipid droplet

accumulation in these cells (Schneider et al, 2014). Thus, while lipid

accumulation in DKO AMs can be rescued by the presence of WT

AMs, DKO macrophages exhibit a cell-intrinsic downregulation of

genes encoding factors involved in lipid metabolism.

Regulation of Bhlhe40 and Bhlhe41 expression in
AM development

To test when Bhlhe40 and Bhlhe41 are induced in AM differentia-

tion, we assessed the expression of these genes in myeloid cells

from embryonic day 17.5 (E17.5) livers and lungs, as well as from

postnatal day 2 (P2) and adult lungs by RNA flow cytometry

(Fig EV3A and B). Ly6chi monocytes of fetal liver origin are thought

to colonize the lung during late embryonic development and, after

Ly6c downregulation and progression through a transitional pre-AM

stage, give rise to cells with a mature CD11chiSiglec Fhi AM pheno-

type after birth (Guilliams et al, 2013). Our RNA flow cytometry

analysis demonstrated that, while fetal liver monocytes were

uniformly Bhlhe40 negative or low, this gene was upregulated and

showed a broad range of expression levels in monocytes from fetal

lungs, with Bhlhe40-negative cells being confined within a fraction

of cells with the highest levels of Ly6c expression (Fig EV3A). In

contrast, myeloid cells expressing high levels of Bhlhe41 were

absent from E17.5 lungs and only emerged at P2. Expression of this

factor coincided with upregulation of CD11c and Siglec F and was

restricted to cells that upregulated these markers (Fig EV3A and B).

These results demonstrate that Bhlhe40 is induced already in fetal

monocytes, possibly upon their entry into the lung, while Bhlhe41

upregulation occurs at late stages of AM differentiation and coin-

cides with acquisition of a mature AM cell-surface phenotype.

To identify pathways that may contribute to Bhlhe40 and Bhlhe41

upregulation in developing AMs, we performed analysis of publicly

available gene expression profiles of AMs mutant for Pparg (Schneider

et al, 2014), Csf2rb (Suzuki et al, 2014), and Tgfbr2 (Yu et al, 2017).

Pparg and Csf2rb deficiency did not alter Bhlhe40 and Bhlhe41 expres-

sion (Fig EV3C), indicating that PPARc and GM-CSF signaling were

dispensable for the expression of these factors by lung macrophages.

On the contrary, ItgaxCre Tgfbr2fl/fl AMs exhibited a moderate reduction

in Bhlhe40 and Bhlhe41 expression compared to their WT counterparts

(Fig EV3C). Of note, these changes may underestimate the role of TGF-

b signaling in Bhlhe40/Bhlhe41 activation, as only 60% Tgfbr2 deletion

was observed in AMs in ItgaxCre Tgfbr2fl/fl mice (Yu et al, 2017). We

next tested if TGF-b signaling is sufficient to induce Bhlhe40 and

Bhlhe41 upregulation in fetal liver monocytes in vitro. A 24-h treatment

with TGF-b1 resulted in a mild but significant upregulation of Bhlhe40

but not Bhlhe41 in cultured fetal liver monocytes when compared to

cells cultured in the presence of a blocking anti-TGF-b1 antibody

(Fig EV3D). Taken together, these results are consistent with a model

in which Bhlhe40 is upregulated already in fetal monocytes—possibly

upon their first exposure to the lung microenvironment and activation

of TGF-b signaling, while Bhlhe41 upregulation occurs during late

stages of AM differentiation.

Broad footprint of Bhlhe40/Bhlhe41 deficiency on the
AM transcriptome

Detailed comparison of the RNA-seq expression data of WT and

DKO AMs revealed an unexpectedly broad footprint of Bhlhe40/

Bhlhe41 deficiency, with 957 genes being significantly upregulated

and 591 genes significantly downregulated in DKO AMs (> 2-fold,

adjusted P < 0.05; Appendix Fig S1A). A similar analysis of WT and

DKO peritoneal macrophages identified only 311 upregulated and

281 downregulated genes (Appendix Fig S1A). Comparison of the

differentially regulated genes indicated that the Bhlhe40/Bhlhe41

transcription factors regulate partially overlapping but largely

distinct expression programs in the two macrophage populations

(Appendix Fig S1B).

The extensive change in gene expression in AMs of the DKO

mice, carrying germline mutations in Bhlhe40 and Bhlhe41, could be

caused by non-cell-intrinsic mechanisms. It was also conceivable

that, due to the self-renewal defect of DKO AMs, these cells may

have been replaced by macrophages of BM origin and, in such a

scenario, the gene expression changes could reflect a difference in

the origin of the cells. To address these possibilities, we again took

advantage of the mixed BM chimera approach, as adult BM-derived

monocytes can give rise to AMs with gene expression profiles very

similar to that of fetal-derived AMs (van de Laar et al, 2016). As

DKO AMs had a severe competitive disadvantage in mixed BM

chimeras (Fig 2A and B), we mixed WT and DKO BM cells at a 1:20

ratio to obtain sufficient DKO AMs for RNA-seq analysis. Even

under these conditions, DKO cells represented only 6–7% of total

AMs (Appendix Fig S1C), further highlighting the extremely poor

ability of the DKO AMs to compete against their WT counterparts.

In this setting, few DKO AMs were therefore residing in the lung of

WT recipient mice that were largely “serviced” by WT AMs of both

donor and recipient origin. Comparison of WT and DKO donor-

derived AMs by RNA-seq revealed gene expression changes that

correlated well with those observed in steady-state DKO AMs

(Fig 5A; Pearson correlation coefficient 0.715). These results indi-

cated that most of the observed changes in the transcriptome of

AMs resulted from cell-intrinsic effects of Bhlhe40/Bhlhe41 defi-

ciency. Moreover, as these changes were observed in mixed BM
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chimeras where both WT and DKO macrophages originate from

BM-derived monocytes, these gene expression changes did not

reflect differences in macrophage origin. To focus strictly on the

cell-intrinsic effects of Bhlhe40/Bhlhe41 deficiency, we restricted

most of the subsequent analyses to genes that exhibited significant

changes in the same direction both in steady state and in BM

chimeras.

We next tested if the broad changes in gene expression in DKO

AMs might be explained by differences in the expression of known

AM regulators. Genes encoding signaling molecules of the GM-CSF

and TGF-b pathways, the nuclear receptor PPARc and its

heterodimerization partners of the retinoid X receptor (RXR) family,

or the transcription factors Bach2, Zeb2, and C/EBPb were not

downregulated in DKO AMs (Fig 5A), indicating that Bhlhe40 and

Bhlhe41 do not execute their function in AMs by inducing the

expression of these factors.

To identify genes that are likely to be directly regulated by the

transcription factors Bhlhe40 and Bhlhe41, we utilized an optimized

tagmentation-based ChIP protocol (Gustafsson et al, 2019) that

allowed us to map genome-wide binding of Bhlhe40 directly in

ex vivo AMs (Figs 5B and EV4A). Peak calling with a stringent

P value of < 10�10 identified 12,740 Bhlhe40-binding regions, and

assignment of the peaks to the nearest gene within a 50-kb window

defined 6,517 Bhlhe40 target genes (data not shown). De novo motif

discovery identified the CACGTG version of the E-box (Fig 5C) that

we and others previously described as the Bhlhe40/Bhlhe41 binding

motif (Jolma et al, 2013; Kreslavsky et al, 2017). Almost half of the

Bhlhe40-binding sites were observed within gene bodies, whereas

only 28% of the binding sites were present in intergenic regions

(Fig 5D).

It was previously reported that Bhlhe40 and Bhlhe41 function

predominantly as transcriptional repressors in many (Ow et al,

2014) but possibly not all (Numata et al, 2018) cellular contexts. In

line with the repressive function of these transcription factors in

AMs, gene set enrichment analysis (GSEA) demonstrated that genes

associated with Bhlhe40 peaks were enriched among genes upregu-

lated in DKO AMs (Figs 5E and EV4B). Stratification of Bhlhe40

peaks by their P values indicated that this enrichment was particu-

larly pronounced for genes in the vicinity of high-ranking Bhlhe40

peaks (Fig 5E) but remained significant even for the low-scoring

peaks (Fig EV4B). Accordingly, genes upregulated in the DKO AMs

were more frequent among those that had Bhlhe40 binding in their

vicinity and this increase was again more prominent for high-

ranking Bhlhe40 peaks (Fig EV4C). On the contrary, the frequency

of genes downregulated in DKO AMs was not significantly influ-

enced by presence or absence of Bhlhe40 binding (Fig EV4C). While

this analysis cannot fully exclude a possible activating role of

Bhlhe40/Bhlhe41 at some loci, it suggests that the major function of

these transcription factors in AMs is transcriptional repression.

It was previously suggested that Bhlhe40 and Bhlhe41 repress

gene expression at least in part through recruitment of histone

deacetylases (HDACs; Sun & Taneja, 2000; Garriga-Canut et al,

2001; Kato et al, 2014; Ow et al, 2014)—but genome-wide effects of

the ablation of these transcription factors on histone acetylation

were, to our knowledge, not assessed to date in any cell type. We

therefore compared H3K27 acetylation (H3K27ac) in ex vivo WT and

DKO AMs by ChIP-seq. Many regulatory elements that exhibited

Bhlhe40 binding showed an increase in H3K27 acetylation in DKO

AMs (Figs 5B and F, and EV4A and D). The frequency of regions

with increased H3K27 acetylation in DKO AMs was higher for regu-

latory elements that exhibited Bhlhe40 binding than for those that

did not have a Bhlhe40 peak in their close proximity (AM ATAC-seq

peaks (Yoshida et al, 2019), see Materials and Methods for details)

(Figs 5F and EV4D). In line with the effects of Bhlhe40 binding on

gene expression described above, increased H3K27 acetylation in

DKO AMs was most pronounced at the regulatory elements associ-

ated with the high-ranking Bhlhe40 peaks (Figs 5F and EV4D). We

conclude that Bhlhe40 binding is associated with a decrease in

H3K27 acetylation at a subset of the binding sites.

Genes encoding the negative regulators of macrophage prolifera-

tion, Maf and Mafb, that were upregulated in DKO AMs, were

located 196 kb (Maf) and 53 kb (Mafb) away from the nearest

Bhlhe40 peaks. Additional strong Bhlhe40 peaks were detected 279

and 156 kb downstream of Maf and Mafb, respectively, and

Bhlhe40/Bhlhe41 deficiency resulted in increased H3K27 acetylation

of these regulatory elements in AMs (Fig EV4E). It remains to be

tested if Bhlhe40/Bhlhe41 repress Maf and Mafb genes through

these distant enhancers or by an indirect mechanism.

Taken together, these results show an unexpectedly broad cell-

intrinsic footprint of Bhlhe40/Bhlhe41 deficiency on the transcrip-

tome of AMs and suggest that some of this regulation happens

through direct repression of genes by these transcription factors,

likely occurring at least in part through histone deacetylation.

Bhlhe40 and Bhlhe41 regulate AM identity

While DKO AMs exhibited normal expression of the most commonly

used AM cell-surface markers, with the exception of the mild upreg-

ulation of CD11b (Fig 1C), the broad transcriptional footprint of

Bhlhe40/Bhlhe41 deficiency prompted us to analyze the expression

of the AM signature genes in these cells. To this end, we utilized the

“AM signature” and “non-AM macrophage signature” gene sets

◀ Figure 4. Accumulation of lipids in AMs of DKO mice.

A Staining of bronchoalveolar lavage cytospins from WT and DKO mice with the lipophilic dye Oil Red O. Representative results of two independent experiments.
B Quantification of Oil Red O-positive cells in WT and DKO mice for individual animals. Horizontal lines indicate the mean and error bars represent s.d. *P < 0.05

(Student’s
t-test). Results pooled from two independent experiments; four WT and five DKO mice were analyzed in total.

C Flow cytometric analysis of AMs from WT and DKO mice stained with the lipophilic dye BODIPY 493/503. Representative results of two independent experiments with
three mice per group.

D Analysis as in (C) performed with WT:DKO mixed BM chimeras. Gating on CD45.1 and CD45.2 was applied to identify cells of WT and DKO donor origin. Representative
results of two independent experiments with at least three chimeras.

E RNA-seq analysis of Acaa1b and Hsd17b4 expression in WT and DKO AMs, which were isolated by flow cytometry from mice in steady state (top) or from mixed BM
chimeras (bottom). Error bars represent s.e.m.; two biological replicates per genotype.
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previously defined based on their exclusive expression or exclusive

lack of expression, respectively, by AM, when compared to other

tissue-resident macrophage populations (Gautier et al, 2012b;

Schneider et al, 2014). Strikingly, most of the “non-AM macrophage

signature” genes were upregulated in DKO AMs, while many genes

from the “AM signature” showed the opposite trend, albeit to a

lesser degree (Figs 6A and EV5A). Both changes—the upregulation

of “non-AM macrophage signature” and the downregulation of the

“AM signature”—were significant when compared to the total

number of upregulated or downregulated genes in DKO macro-

phages, respectively (P < 0.0001, Fisher’s exact test). These changes

included the downregulation of genes encoding the AM-specific

adhesion molecule EPCAM (Epcam) and acetyl-coenzyme A acyl-

transferase 1B (Acaa1b), which is involved in lipid metabolism, as

well as the upregulation of genes that are broadly expressed by

tissue-resident macrophage populations other than AMs, including

those encoding the complement component C1q (C1qa, C1qb,

C1qc), transcription factor MafB (Mafb), cholesterol carrier

apolipoprotein E (Apoe), and chemokine-like receptor 1 (Cnklr1)

(Fig 6A).

The dysregulation of the AM signature genes, the upregulation of

AM lineage-inappropriate genes, and the accumulation of lipid

droplets in DKO AMs were reminiscent of the phenotype observed

in PPARc-deficient AMs (Baker et al, 2010; Gautier et al, 2012a;

Schneider et al, 2014). While Cd11c-Cre Ppargfl/fl AMs also failed to

acquire a mature Siglec F+CD11blo/int cell-surface phenotype (Sch-

neider et al, 2014), a defect that was not observed in DKO mice, we

nevertheless compared the transcriptome changes resulting from

Bhlhe40/Bhlhe41 deficiency with those previously described for

PPARc-deficient AMs (Schneider et al, 2014). Unexpectedly, despite

normal expression of Pparg by DKO AMs (Fig 5A) and normal

expression of Bhlhe40 and Bhlhe41 by Cd11c-Cre Ppargfl/fl AMs

(Fig EV3C), this analysis revealed striking similarities in the tran-

scriptome changes observed in these two mutant AMs (Fig EV5B).

This overlap was particularly pronounced for genes co-repressed by

PPARc and Bhlhe40/Bhlhe41 and was less evident for activated

genes (Fig EV5B). The expression changes of PPARc-regulated
genes in the DKO cells were cell-intrinsic as they were also observed

in mixed BM chimeras (Fig EV5B). Many of the co-regulated genes

exhibited Bhlhe40 binding in their proximity, suggesting that they

may be directly regulated by Bhlhe40 (Fig EV5B–D). In the absence

of published PPARc-binding data for AMs, we utilized the existing

PPARc ChIP-seq dataset for thioglycollate-elicited peritoneal macro-

phages to determine possible direct targets of this factor in myeloid

cells (Menéndez-Gutiérrez et al, 2015). From all of the AM-

expressed genes (TPM > 5), 36% exhibited PPARc binding in their

proximity in thioglycollate-elicited peritoneal macrophages

(Fig EV5C). This frequency increased to 53% for the genes that

were repressed by PPARc in AMs (Schneider et al, 2014) and further

went up to 78% for the direct Bhlhe40 target genes that were co-

repressed by Bhlhe40/Bhlhe41 and PPARc (Fig EV5C). Analysis of

individual genes suggested that PPARc and Bhlhe40 bind to overlap-

ping but distinct sets of regulatory elements in the proximity of the

co-regulated genes (Fig EV5D). While direct assessment of genome-

wide PPARc binding in AMs is desirable in the future, these results

suggest that Bhlhe40/Bhlhe41 and PPARc regulate overlapping parts

of the AM transcriptional program and that this co-regulation may

occur through direct binding of these transcription factors to regula-

tory elements of the common target genes.

Upregulation of the AM lineage-inappropriate genes by DKO AMs

prompted us to assess the expression of signatures characteristic for

other tissue-resident macrophage populations. Strikingly, signature

genes for red pulp macrophages, peritoneal macrophages, and, to a

lesser extent, microglia were upregulated in DKO AMs both in the

steady state and in mixed BM chimera setting (Figs 6A and EV5A).

All of these changes were statistically significant when compared to

the total number of genes upregulated in DKO macrophages

(P < 0.0001, Fisher’s exact test for all three signatures). The upregu-

lated genes included those encoding transcription factors [Sox4 and

Zfp691 expressed by microglia; Spic, encoding a master regulator of

red pulp macrophages (Kohyama et al, 2008); Ahr, Maf and Mafb

more broadly expressed by macrophages and included in the red

pulp macrophages signature (Gautier et al, 2012b)], surface recep-

tors (Cd93 and Msr1, expressed by peritoneal macrophages, and

Vcam1, a marker for red pulp macrophages), components of the

complement and coagulation cascades (C4b and F13a1, part of peri-

toneal macrophage signature), and other genes (Fig 6A). Many of

these genes, including Ahr, Spic, Vcam1, Msr1, Cd93, Sox4, and

Zfp691, had detectable Bhlhe40 binding in their proximity (Figs 5B

and 6A, and EV4A) suggesting that Bhlhe40 and Bhlhe41 in WT

AMs may directly repress their expression. Interestingly, gene set

enrichment analysis showed that DKO peritoneal macrophages

◀ Figure 5. Genome-wide analysis of Bhlhe40 and Bhlhe41 function in AMs.

A Comparison of changes in gene expression induced by Bhlhe40/Bhlhe41 deficiency in steady-state knockout mice (horizontal axis) and in mixed BM chimeras
(vertical axis). Log2-transformed DKO/WT fold changes are plotted. Genes with expression of > 5 TPM in at least one of the samples are displayed. Genes highlighted
in magenta indicate known and putative regulators of AMs. Closed symbols—Bhlhe40-bound genes (Bhlhe40 ChIP-seq peak assigned to the nearest gene within a
50 kb window). Open symbols—genes without Bhlhe40 binding.

B Presence of RNA transcripts (RNA-seq; top) at the Gas7 and Acaa1b genes in WT and DKO AMs; the ChIP-seq analysis of H3K27 acetylation in WT and DKO AMs
(middle) and Bhlhe40 binding in WT AMs (bottom). All analyses performed with ex vivo AMs.

C Consensus Bhlhe40-binding motif identified by de novo motif discovery (MEME-ChIP suite; E-value, 8.6 × 10�121).
D Distribution of Bhlhe40 peaks at intergenic regions, the gene body or the promoter in AMs.
E Gene set enrichment analysis (GSEA) on dataset ranked by DKO/WT fold change in steady-state AM RNA-seq using set of genes assigned to top 1,000 Bhlhe40 peaks

(ranked by P value) (left) or a random set of 1,000 genes (right). Similar results were obtained with all three random sets tested. NES—normalized enrichment score.
FDR—false discovery rate.

F Pairwise comparison of H3K27 acetylation in WT and DKO AMs performed on 2-kb regions around the Bhlhe40 peak summits [right—for all Bhlhe40 peaks called
with P value of < 10�10; center—for top 3,000 Bhlhe40 peaks (ranked by P value)] and around WT AM ATAC-seq peaks (Immgen) that did not have a Bhlhe40 peak in
their close proximity (filtered as described in Materials and Methods) (left). Volcano plots show adjusted P values (vertical axes) and log2 fold change (horizontal axes)
for H3K27ac pairwise comparison in WT vs. DKO AMs; genes assigned to some of the Bhlhe40-binding regions are labeled on the left plot.
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likewise downregulated AM signature genes and upregulated red

pulp macrophage signature genes, while expression of microglia

signature did not show a unidirectional trend in these cells

(Fig EV5A). These results suggested that low levels of some AM

signature genes are expressed by peritoneal macrophages in a

Bhlhe40-dependent manner and indicated that Bhlhe40/Bhlhe41

may play a role in the repression of a part of the red pulp macro-

phage program across different tissue-resident macrophage subsets.
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Figure 6. Repression of AM lineage-inappropriate genes by Bhlhe40 and Bhlhe41.

A Comparison of changes in gene expression induced by Bhlhe40/Bhlhe41 deficiency in steady-state knockout mice (horizontal axis) and in mixed BM chimeras (vertical
axis) as shown in Fig 5A, but filtered for the indicated signatures (no TPM filter applied). Closed symbols—genes with associated Bhlhe40 binding (as in Fig 5A)
revealed by ChIP-seq. Open symbols—genes without Bhlhe40 binding. Insets show Bhlhe40 ChIP-seq track for selected dysregulated genes.

B Flow cytometric comparison of expression of the indicated cell-surface markers (identified in panel A) on WT and DKO AMs. A narrow forward/side scatter gate was
applied to correct for possible differences in autofluorescence. Representative results of two independent experiments with three and four mice per group.
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The RNA-seq experiments described above could not discrimi-

nate if these lineage-inappropriate genes were induced in all DKO

AMs or only in a small subset. We therefore next took advantage of

the fact that a number of the dysregulated genes encode cell-surface

molecules and assessed expression of their corresponding proteins

at the single-cell level by flow cytometry. We confirmed the down-

regulation of the adhesion molecule EPCAM (AM signature), the

upregulation of the scavenger receptor Msr1 and C-type lectin CD93

(peritoneal macrophage signature), as well as the upregulation of

VCAM1 (red pulp macrophage signature) in DKO AMs. Importantly,

most of these alterations in cell-surface phenotype occurred in the

majority of the DKO AMs (Fig 6B). Thus, despite normal expression

of the commonly used AM markers, the broad dysregulation of gene

expression in DKO AMs was also reflected by alterations in their

cell-surface phenotype. Taken together, these results demonstrate

that the transcription factors Bhlhe40 and Bhlhe41 are required for

the expression of a subset of the AM signature genes, while repress-

ing a surprisingly broad spectrum of genes normally expressed by

other macrophage lineages. ChIP-seq results indicate that many of

these changes may be explained by direct repression of these genes

by Bhlhe40/Bhlhe41.

Discussion

Almost all tissues possess resident populations of phagocytes that

have both generic and tissue-specific functions. This dual function-

ality of tissue-resident macrophages at the molecular level is

reflected by the existence of a core macrophage gene expression

program (Gautier et al, 2012b; Mass et al, 2016) controlled by

broadly expressed macrophage lineage-defining transcription factors

such as PU.1 and C/EBP family members, that is overlaid by tissue-

specific programs that are activated by the tissue microenvironment

through induction of tissue-specific transcription factors (Okabe &

Medzhitov, 2015). In recent years, a number of such factors that

regulate the differentiation of tissue-resident macrophage subsets

were identified. Among others, this includes LXRa that controls

macrophage development in the marginal zone of the spleen

(A-Gonzalez et al, 2013), PPARc, which is crucial for the differentia-

tion of AMs (Schneider et al, 2014), Spi-C that regulates red pulp

macrophage development (Kohyama et al, 2008), and GATA6 that

orchestrates the peritoneal macrophage gene expression program

(Gautier et al, 2014; Okabe & Medzhitov, 2014; Rosas et al, 2014).

Of note, in many cases there is no simple one-to-one relationship

between a macrophage subset and a transcription factor. For exam-

ple, LXRa regulates marginal zone and metallophilic macrophages

in the spleen and Kupffer cells in the liver (A-Gonzalez et al, 2013;

Scott et al, 2018), and PPARc is highly expressed by both AMs and

red pulp macrophages (Gautier et al, 2012a,b). Therefore, the

unique tissue-specific identities of macrophage subsets are likely to

be controlled by a combinatorial action of multiple transcription

factors, some of which may be expressed more broadly than the

others. In line with this notion, it was recently reported that the

widely expressed transcription factor Zeb2 controls subset-specific

molecular programs in AMs, microglia, Kupffer cells, and splenic

and colonic macrophages (Scott et al, 2018).

Here, we identified the two closely related transcription factors,

Bhlhe40 and Bhlhe41, as novel regulators of tissue-resident

macrophages. These factors are expressed by several macrophage

populations but are not required for the maintenance of their

numbers at the steady state. However, in a competitive setting, the

absence of these factors resulted in a severe disadvantage for alveo-

lar and peritoneal macrophages and, on the contrary, positively

affected red pulp macrophage numbers. A recent report addressed

the role of Bhlhe40 in the regulation of peritoneal macrophage self-

renewal (Jarjour et al, 2019). In this study, we focused our attention

on the role of both Bhlhe40 and Bhlhe41 in AMs—a population that

exhibited the strongest dependency on these regulators. Bhlhe40

and Bhlhe41 were required to maintain a normal rate of the self-

renewal-associated proliferation in AMs, which was likely achieved

through indirect repression of Maf and Mafb. Repression of Maf and

Mafb by Bhlhe40 is also thought to regulate self-renewal of peri-

toneal macrophages (Jarjour et al, 2019), suggesting that this mech-

anism is conserved for both macrophage populations. The self-

renewal defect of Bhlhe40/Bhlhe41-deficient AMs resulted in a

severe competitive disadvantage of these cells evident both in mixed

BM chimeras and in experiments with intranasal transfers of AM

precursors into neonatal recipients. Taken together, these results

indicate that Bhlhe40 and Bhlhe41 are required for the competitive

fitness of AMs that are generated both by fetal and adult hemato-

poiesis. In addition to the self-renewal defect, AMs exhibited a very

broad cell-intrinsic transcriptional footprint of Bhlhe40/Bhlhe41

deficiency, associated with upregulation of numerous genes that are

normally expressed by macrophage subsets other than AMs.

A broad dysregulation of the AM molecular program was also

reported previously for AMs deficient for the transcription factors

PPARc (Schneider et al, 2014), Zeb2 (Scott et al, 2018), and Bach2

(Nakamura et al, 2013), although, in the latter case, cell-intrinsic

and cell-extrinsic aspects of the changes in the expression program

remain to be fully understood (Ebina-Shibuya et al, 2017). Together

with this report, these studies highlight a remarkable complexity of

the transcription factor network controlling the AM molecular

program. Recent studies demonstrated that tissue-specific molecular

programs of resident macrophages, at least in some cases, represent

reversible or partially reversible states that require constant instruc-

tive signals from the tissue environment for their maintenance,

rather than stable differentiation programs. For example, peritoneal

macrophages rapidly lose expression of their lineage-defining tran-

scription factor Gata6 in vitro and in vivo in the absence of retinoic

acid (Gosselin et al, 2014). Moreover, while mature peritoneal

macrophages failed to fully transdifferentiate into self-renewing

AMs upon transfer into the lungs (van de Laar et al, 2016), they lost

a substantial part of their molecular signature, including expression

of Gata6, and instead gained expression of approximately 70% of

the genes of the AM signature, including the transcription factor

PPARc (Lavin et al, 2014). The plasticity of tissue-resident macro-

phage programs and their dependence on cell-extrinsic cues suggest

that alterations either in signals coming from the tissue microenvi-

ronment or in sensing and interpreting these signals by macro-

phages can result in pronounced distortions in these molecular

programs that can be interpreted as “identity loss”.

While in some cases, the loss of identity is manifested by altered

expression of “canonical” cell-surface markers, this is not always

the case. For example, conditional inactivation of the pan-macrophage

transcription factor Zeb2 resulted in profound changes in expres-

sion of subset-specific genes in AMs, microglia, Kupffer cells, and
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splenic and colonic macrophages, with minor effects on the expres-

sion of cell-surface markers usually used to identify these cells

(Scott et al, 2018). The same study also demonstrated that loss of

the nuclear receptor LXRa also left a broad footprint on the Kupffer

cells’ transcriptome without affecting numbers and frequency of

F4/80+CD64+ Kupffer cells in the liver. Together with our finding

that Bhlhe40/Bhlhe41 DKO AMs have grossly normal expression of

most commonly used AM markers and yet show drastic changes

in their transcriptome, these results highlight the importance of

genome-wide approaches and/or utilization of broad marker panels

in such studies.

The transcriptional programs of tissue-resident macrophages are

thought to be induced upon colonization of tissues by cues from

local microenvironments (Okabe & Medzhitov, 2015). Indeed,

Bhlhe40 was not expressed by fetal liver monocytes but was upregu-

lated in a fraction of monocytes that colonized fetal lungs. In contrast

to this early induction of Bhlhe40 in AM development, Bhlhe41 was

upregulated only at the late stages of AM differentiation in cells

acquiring a mature AM phenotype. Activation of TGF-b signaling in

developing AMs may contribute to Bhlhe40 upregulation as both

Bhlhe40 and Bhlhe41 were downregulated upon partial inactivation

of this pathway in AMs (Yu et al, 2017) and, as we report here,

expression of Bhlhe40 was enhanced by TGF-b in cultured fetal liver

monocytes. This observation is in line with previous reports on the

role of TGF-b signaling in activating Bhlhe41 and Bhlhe40 in a variety

of non-hematopoietic cell types (Kato et al, 2014).

We first identified the transcription factors Bhlhe41 and Bhlhe40

as regulators of the development and self-renewal of fetal-derived

innate-like B-1a cells (Kreslavsky et al, 2017). The results reported

here indicate that these factors are important regulators of another

self-renewing tissue-resident leukocyte population—AMs. While the

Bhlhe40/Bhlhe41 deficiency resulted in a severe competitive disad-

vantage for both cell types in mixed BM chimeras, the functions of

these factors in the two cell types are different. Bhlhe40/Bhlhe41-

deficient B-1a cells exhibited impaired pro-survival cytokine signal-

ing due to downregulation of genes encoding subunits of IL-5/IL-3/

GM-CSF receptor family, including Csf2rb (Kreslavsky et al, 2017),

while no such downregulation was observed in DKO AMs. On the

contrary, while DKO B-1a cells, despite reduced numbers, exhibited

increased proliferation, the proliferation of DKO AMs was impaired,

which likely contributed to their competitive disadvantage in

chimeric mice. Thus, the regulation of self-renewal of B-1a cells and

AMs by Bhlhe40 and Bhlhe41 is caused by distinct cell type-specific

mechanisms.

Materials and Methods

Mice

All mice used in this study were maintained on the C57BL/6 genetic

background. The Bhlhe41�/� mice (Rossner et al, 2008), Bhlhe40�/�

mice (Sun et al, 2001), and Csf2rb�/�Csf2rb2�/� mice (Scott et al,

2000) were described previously. B6.SJL and F1 progeny of C57BL/

6J and B6.SJL were used as WT donors and recipients, respectively,

for mixed BM chimera generation. Mice analyzed in this study were

at least 7 weeks old, unless stated otherwise. Mice were bred and

maintained at the animal facility of the Research Institute for

Molecular Pathology (Vienna, Austria) or at Comparative Medicine

Biomedicum facility of Karolinska Institutet (Stockholm, Sweden).

All animal experiments were carried out according to valid project

licenses, which were approved and regularly controlled by the

Austrian and/or Swedish Veterinary Authorities.

Antibodies

Monoclonal antibodies specific for CD11c (N418), CD11b (M1/70),

SiglecF (E50-2440), MHC class II (I-A/I-E; M5/114.15.2), F4/80

(F4/80 and BM8), TIM-4 (54 (RMT4-54)), EpCAM (REA977), MSR1

(REA148), CD93 (AA4.1), VCAM-1 (REA971), Ly6C (HK1.4), CD115

(AFS98), Gr-1 (RB6-8C5), CD117/c-Kit (2B8), Sca-1 (D7), CD34

(MEC14.7 and RAM34), CD16/CD32 (93) CD45.1 (A20), CD45.2

(104) were purchased from BD Biosciences, Thermo Fisher Scien-

tific, BioLegend, or Miltenyi Biotec and were used at a dilution of

1:200 or as specified by the manufacturer. In addition, the following

antibodies from the same manufacturers were used in “lineage” mix

for LSK and CMP identification: CD4 (GK1.5), CD8a (53-6.7), CD11b

(M1/70), CD11c (N418 or HL3), CD19 (6D5 and 1D3), Gr-1 (RB6-

8C5), NK1.1 (PK136), TCRb (H57-597), TCRcd (GL3), Ter119

(Ter119).

Definition of cell types by flow cytometry

Leukocyte populations, unless stated otherwise, were gated as

follows: Lin�Sca-1+c-Kit+ (LSK) cells (CD4�CD8�TCRb�TCRcd�

NK1.1�CD19�CD11b�CD11c�Gr-1�Ter119�c-Kit+Sca-1+), common

myeloid progenitors (CMP) (Lin� (as for LSK), c-Kit+Sca-1�

CD34+CD16/CD32lo), microglia (CD45intCD11b+), Kupffer cells

(CD11b+F4/80+), red pulp macrophages (CD11bloF4/80hi), alveolar

macrophages (CD11c+CD11blo/intSiglecF+), F4/80lo small peri-

toneal macrophages (CD11b+MHCIIhi F4/80lo), F4/80hi large peri-

toneal macrophages (CD11b+MHCIIlo F4/80hi with additional gating

on TIM-4+ cells when indicated).

Flow cytometry was performed on LSR Fortessa and FACSCanto

instruments (BD Biosciences), and sorting was performed on a

FACSAria III (BD Biosciences) or Sony SH800 (Sony Biotechnology)

cell sorter. Data were analyzed using FlowJo software (Treestar).

Tissue processing for the analysis of resident macrophages

For red pulp macrophage, Kupffer cell, AM, and microglia analy-

ses, spleens, livers, lungs, and brains, respectively, were cut into

small pieces with scissors and digested with 1 mg/ml collagenase

type 4 (Worthington) and 33.3 unit/ml DNase I (Sigma-Aldrich) in

IMDM medium for 45–60 min at 37°C with shaking. After diges-

tion, single-cell suspensions were obtained by pipetting and

mechanical dissociation of the remaining pieces through cell

strainers (BD Falcon). Microglia was further purified by centrifugation

in 36% Percoll (20 min, room temperature, 800 g, without brakes).

Livers were perfused with PBS prior to harvest to minimize blood

contamination. In some experiments (where indicated), AMs were

isolated from BAL fluid that was obtained by insertion of a blunt needle

into a cut in the trachea and flushing lungs eight times with 500 ll of
ice-cold PBS with 5 mM EDTA. Peritoneal cells were isolated by peri-

toneal lavage performed with 10 ml of FACS buffer [PBS with 2%

fetal calf serum (FCS)].
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Generation of mixed BM chimeras

BM cells from WT (B6.SJL, CD45.1) and Bhlhe40�/�, Bhlhe41�/�, or
Bhlhe40�/�Bhlhe41�/� mice (CD45.2) were stained with CD4, CD8,

TCRb, TCRcd, NK1.1, CD19, CD11b, CD11c, Gr-1, and Ter119 PE-

labeled antibodies followed by magnetic depletion with anti-PE

MicroBeads (Miltenyi Biotec). WT and DKO cells were mixed at a

1:1 or 1:20 ratio (as indicated), and 2 × 106 cells were transferred

intravenously into lethally irradiated (split dose—500 rads, twice)

CD45.1/CD45.2 heterozygous (C57BL/6J × B6.SJL F1) recipients.

Chimeras were analyzed > 6 weeks after reconstitution.

For establishment of lung-shielded BM chimeras, C57BL/

6J × B6.SJL F1 recipients were anesthetized with isoflurane and the

lung was protected from irradiation using custom-made lead shields,

covering the upper part of the abdomen. Mice were irradiated (sin-

gle dose—1,000 rad), a single dose of busulfan (20 mg/kg body

weight) was injected intraperitoneally 6 h later followed by transfer

of lineage-depleted BM cells 12 h after injection of busulfan as

described above for regular BM chimeras.

Intranasal transfers

For competitive reconstitution of Csf2rb�/�Csf2rb2�/� mice,

CD45+CD11b+ F4/80int fetal monocytes were sorted from the livers

of E18.5 WT (CD45.1/.2) and DKO (CD45.2) embryos. Neonatal P1–

P2 Csf2rb�/�Csf2rb2�/�recipient mice were anesthetized with isoflu-

rane, and a mixture of 5 × 104 fetal monocytes for each genotype

was administered intranasally in 10 ll PBS.
For transfers into neonatal WT and DKO mice, CD45+ cells were

sorted from lungs of P1 WT (CD45.1 or CD45.1/.2) mice and

1 × 105 cells were transferred as described above for fetal liver

monocytes into WT (CD45.1/.2) or DKO (CD45.2) P1–P2 recipient

mice. Recipients were analyzed > 7 weeks after the transfer.

In vitro measurement of AM proliferation and survival

CD11c+CD11blo/int Siglec F+ AMs were sorted from digested lungs

of WT (CD45.1) and DKO (CD45.2) mice, mixed in 1:1 ratio, labeled

with CellTrace Violet (1 lM, labeling was performed in 0.1% BSA in

PBS solution for 7 min at 37°C), and cultured in RPMI medium

containing 10% FCS, 25 mM HEPES, 1 mM L-glutamine, 1 mM

sodium pyruvate, and 50 lM b-mercaptoethanol in the presence of

30 ng/ml of recombinant GM-CSF (Peprotech). CellTrace Violet dilu-

tion and ratio of CD45.1+ and CD45.2+ cells were analyzed immedi-

ately after labeling and 7 days after the initiation of the cultures. For

assessment of survival, WT and DKO AMs were isolated from BAL

fluid by plastic adherence (60 min at 37°C), cultured (WT and DKO

cells separately) as described above and stained with Fixable Viabil-

ity Dye eFluorTM780 (Thermo Fisher Scientific) directly on the plate

(to prevent detection of cell death events that occurred during

harvesting). Supernatant containing few floating cells were also

harvested, stained with Fixable Viability Dye, and pooled with the

rest of the sample before analysis on flow cytometer.

Culture of fetal monocytes

Fetal monocytes (CD45+Ly6G�Ly6C+CD11b+CD64int) were sorted

from fetal livers (E15.5) and cultured at 40,000 cells per well in

48-well plates in complete DMEM (PAN Biotech), plus 1 mM

Sodium Pyruvate, 1× GlutaMAX (Gibco), 10% FCS, 1% Pen/Strep

(Gibco), 10 mM HEPES (Gibco) with 50 ng/ml GM-CSF (Biolegend).

Cultures were supplemented with either 8.6 mg/ml mouse IgG1

isotype control (MOPC-21, BioXcell), 8.6 mg/ml anti-pan TGF-b1
antibody (clone: 1D11.16.8, BioXcell), or with 10 ng/ml hTGF-b1
(PeproTech) for 24 h. Cells were then processed for RNA isolation.

Quantitative RT–PCR (qRT–PCR)

Total RNA was isolated using Quick-RNA MicroPrep Kit (Zymo

Research). cDNA was synthesized with M-MLV reverse transcriptase

(Invitrogen), and qRT–PCR was performed on a C1000 Touch

Thermo Cycler (Bio-Rad) using SYBR Green master mix (Bio-Rad).

Polr2a was used as a housekeeping gene, and delta Ct method was

used for quantification. The following primers were used: Pol2-F

CTG GTC CTT CGA ATC CGC ATC, Pol2-R GCT CGA TAC CCT GCA

GGG TCA, Bhlhe40-F CTC CTA CCC GAA CAT CTC AAA C,

Bhlhe40-R CCA GAA CCA CTG CTT TTT CC, Bhlhe41-F TCG AAA

CGG ACA GCC ATT GA, Bhlhe41-R GAG CGC TCC CCA TTC TGT

AA.

In vivo assessment of cell proliferation by measurement of EdU
incorporation

To measure in vivo AM proliferation, mice were injected with 1 mg

of 5-ethynyl-20-deoxyuridine (EdU; Sigma-Aldrich or Thermo Fisher

Scientific) intravenous three times on three consecutive days. Mice

were harvested 1 day after the last injection and EdU incorporation

by AMs was measured by flow cytometry using the Click-iT Plus

EdU Pacific Blue Flow Cytometry Assay Kit (Thermo Fisher Scien-

tific), following manufacturer’s instructions.

RNA flow cytometry

RNA flow cytometry measurement of Bhlhe40 and Bhlhe41 expres-

sion was performed using the PrimeFlow RNA Assay (Thermo

Fisher Scientific) according to the manufacturer’s instructions. High-

sensitivity Alexa Fluor 647 probes were used for Bhlhe40 and

Bhlhe41. Alexa Fluor 647 Cd8a probe was used as negative control.

Staining for lipid content

Oil Red O staining was performed on BAL fluid cytospins from WT

and DKO mice. Slides were fixed with 4% PFA in PBS for 10 min,

washed twice with water (5 min each), placed in absolute propylene

glycol for 5 min followed by staining with 0.5% Oil Red O solution

in propylene glycol for 10 min at 60°C. Slides were then rinsed with

85% propylene glycol solution for 5 min, washed twice with water

(5 min each), counterstained with hematoxylin solution for 30 s,

washed with tap water, mounted with aqueous mounting medium,

and scanned with a Pannoramic FLASH 250 III slide scanner

equipped with an Adimec Quartz Q12A180 camera (40× objective).

For BODIPY 493/503 staining, cells were stained with antibodies

against cell-surface markers, washed with PBS, and incubated in

1 lg/ml BODIPY 493/503 (Thermo Fisher Scientific) solution in PBS

for 15 min at room temperature, washed three times with FACS

buffer, and analyzed by flow cytometry.
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ELISA for Surfactant Pulmonary Associated Protein D (SP-D)

ELISA for Surfactant Pulmonary Associated Protein D (SP-D) was

performed on BAL fluid of WT and DKO mice using Mouse SP-D

DuoSet ELISA Kit (R&D Systems) according to the manufacturer’s

instructions. BAL fluid from Csf2rb�/�Csf2rb2�/� mice that develop

lung proteinosis was used as a positive control.

ChIP-seq analysis of Bhlhe40 binding and H3K27 acetylation

AMs for Bhlhe40 ChIP were isolated from BAL fluid of WT mice by

adherence to plastic (60 min at 37°C) and fixed directly on the

plates with 1% PFA in PBS in the presence of 1% FCS at room

temperature. Fixation was stopped after 10 min by addition of

glycine in PBS (final concentration 0.1 M), and cells were harvested

with a cell scraper. AM purity was confirmed to be > 95% by flow

cytometry. Cells were washed with 0.1 M glycine solution in PBS

and frozen. For H3K27ac ChIP, lungs of WT and DKO mice were

digested as described above, stained with antibodies against cell-

surface markers, and fixed with 1% PFA in PBS in the presence of

1% FCS at room temperature. Fixation was stopped after 10 min by

addition of glycine in PBS (final concentration 0.1 M), and

CD11c+CD11blo/int Siglec F+ AMs were sorted and frozen. ChIP and

library preparation was performed as recently described (Gustafsson

et al, 2019) with minor modifications. 7.5 × 105 (for Bhlhe40) or

1 × 105 (for H3K27Ac) fixed frozen AMs were thawed at room

temperature, pelleted and diluted with SDS lysis buffer (50 mM

Tris/HCl pH 8, 0.5% SDS, and 10 mM EDTA pH 8). Cells were soni-

cated using a Bioruptor Plus sonicator (Diagenode). To neutralize

the SDS, Triton X-100 was added to a final concentration of 1%

along with cOmplete protease inhibitor. Samples were incubated at

room temperature for 10 min. For Bhlhe40 ChIP, streptavidin

sepharose magnetic beads (GE Healthcare) were used for chromatin

“pre-clearing”. For ChIP, 3 lg of rabbit polyclonal anti-Bhlhe40 anti-

body (Novus Biologicals, NB100-1800, lot C2) or 3 lg of anti-

H3K27Ac antibody (Diagenode #C15410196) was added to 10 ll
Protein G-coupled Dynabeads (Thermo Fisher Scientific) in PBS

with 0.5% BSA and incubated with rotation for 4 h at 4°C. Anti-

body-coated Dynabeads were washed with PBS with 0.5% FCS and

mixed with cell lysate in PCR tubes. Tubes were incubated rotating

overnight at 4°C. Immunoprecipitated chromatin was washed with

150 ll of low-salt buffer (50 mM Tris/HCl, 150 mM NaCl, 0.1%

SDS, 0.1% sodium deoxycholate, 1% Triton X-100, and 1 mM

EDTA), high-salt buffer (50 mM Tris/HCl, 500 mM NaCl, 0.1%

SDS, 0.1% sodium deoxycholate, 1% Triton X-100, and 1 mM

EDTA) and LiCl buffer (10 mM Tris/HCl, 250 mM LiCl, 0.5%

IGEPAL CA-630, 0.5% sodium deoxycholate, and 1 mM EDTA),

followed by two washes with TE buffer (10 mM Tris/HCl and 1 mM

EDTA) and two washes with ice-cold Tris/HCl pH 8. For tagmenta-

tion, bead bound chromatin was resuspended in 30 ll of tagmenta-

tion buffer. 1 ll of transposase (Nextera, Illumina) was added, and

samples were incubated at 37°C for 10 min followed by two washes

with low-salt buffer. Bead bound tagmented chromatin was diluted

in 30 ll of water. 15 ll PCR master mix (Nextera, Illumina) and

5 ll indexed amplification primers (Buenrostro et al, 2013;

0.125 lM final concentration) were added and libraries prepared

using the following PCR program: 72°C 5 min (adapter extension);

95°C 5 min; followed by 11 cycles of 98°C 10 s, 63°C 30 s and 72°C

3 min. All steps from sonication to library amplification PCR were

performed in the same PCR tube. A “mock” precipitation sample

without antibody but with streptavidin sepharose magnetic beads

(GE Healthcare) was processed in parallel to generate the control

library. After PCR amplification, library cleanup was done using

Agencourt AmPureXP beads (Beckman Coulter) at a PCR mix to

bead ratio of 1:1. DNA concentrations in purified samples were

measured using the Qubit dsDNA HS Kit (Invitrogen). Libraries

were subjected to Illumina deep sequencing (HiSeqV4 SR50 for

Bhlhe40 ChIP; NextSeq SR50 for H3K27ac ChIP).

Analysis of ChIP-seq data

For Bhlhe40 ChIP-seq, the reads were aligned to the mouse genome

assembly version of July 2007 (NCBI37/mm9), using the Bowtie

program version 1.0.0. Peaks were called with a P value of < 10�10

by using the MACS program version 1.3.6.1 (Feng et al, 2012) with

default parameters, a genome size of 2,654,911,517 bp (mm9), and

a track from the “mock” precipitation described above as a control

track. The identified peaks were then assigned to target genes as

described (Revilla-i-Domingo et al, 2012). Bhlhe40 peaks overlap-

ping with the transcription start site (TSS) were referred to as

promoter peaks in Fig 5D. For our H3K27ac ChIP-seq samples and

for Immgen AM ATAC-seq sample (GSM2692306) (Yoshida et al,

2019), reads were aligned to the mouse genome assembly version of

July 2007 (NCBI37/mm9), using the Bowtie2 program (Langmead &

Salzberg, 2012) (usegalaxy.eu; galaxy version 2.3.4.2). Peak calling

for ATAC-seq was performed as described above for Bhlhe40 ChIP-

seq. ATAC-seq peaks that do not have Bhlhe40 peaks in their prox-

imity were identified using Multovl tool version 1.2 using exact

borders for called ATAC-seq peaks and regions extending � 1 kb

from peak summits for Bhlhe40 peaks. Peaks with P value of

< 10�10 were used both for ATAC-seq and for Bhlhe40 ChIP-seq in

this analysis. The analysis identified 26,501 out of 36,406 ATAC-seq

peaks. For H3K27ac pairwise comparison, reads within � 1 kb

regions from ATAC-seq or Bhlhe40 ChIP-seq summits were counted

using HTseq version 0.5.3 (Anders et al, 2014). The datasets were

analyzed using the R package DESeq2 version 1.2.10 (Love et al,

2014) using the default DESeq2 settings.

The PPARc ChIP-seq dataset for thioglycollate-elicited peritoneal

macrophages (Menéndez-Gutiérrez et al, 2015; GSM1555714 in GEO

database) peak set with a P value of < 10�10 was obtained from

ChIP-Atlas database (SRX769794).

For motif discovery, we used the MEME-ChIP suite (version

4.9.1; Machanick & Bailey, 2011) to predict the most significant

motifs present in the 300 bp centered at the peak summit of the top

300 sequences, as sorted by the fold enrichment score of the MACS

program.

RNA-seq analysis

RNA-seq experiments were performed on double-sorted

CD11c+CD11blo/int Siglec F+ AMs and CD11b+F4/80+MHCIIintTim4+

large peritoneal macrophages from steady-state WT and DKO mice as

well as on double-sorted CD45.1+ WT and CD45.2+ DKO

CD11c+CD11blo/int Siglec F+ AMs from mixed BM chimeras as previ-

ously described (Kreslavsky et al, 2017) with minor modifications. In

brief, RNA was isolated with RNeasy Plus Mini or Micro Kits (Qiagen),
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and mRNA was obtained by poly(A) selection with a Dynabeads

mRNA purification kit (Thermo Fisher Scientific), followed by fragmen-

tation by heating at 94°C for 3 min (in fragmentation buffer). The

fragmented mRNA was used as a template for first-strand cDNA

synthesis with random hexamers and a Superscript VILO cDNA Synthe-

sis kit (Thermo Fisher Scientific). The second-strand cDNA was synthe-

sized with 100 mM dATP, dCTP, dGTP, and dUTP in the presence of

RNase H, Escherichia coli DNA polymerase I and DNA ligase (Thermo

Fisher Scientific). Sequencing libraries were prepared with the

NEBNext Ultra II DNA Library Prep Kit for Illumina (New England

BioLabs). For strand-specific RNA-sequencing, the uridines present in

one cDNA strand were digested with uracil-N-glycosylase (New

England BioLabs), as described (Parkhomchuk et al, 2009), followed

by PCR amplification with NEBNext UltraII Q5 Master Mix (New

England BioLabs). Libraries were subjected to Illumina deep sequenc-

ing (HiSeqV4 SR50). All RNA-seq experiments were performed with

two biological replicates.

Bioinformatic analysis of RNA-seq data

Sequence reads that passed the Illumina quality filtering were

considered for alignment. Reads corresponding to mouse ribosomal

RNAs (BK000964.1 and NR046144.1) were removed. The remaining

reads were cut down to a read length of 44 bp and aligned to the

mouse transcriptome (genome assembly version of July 2007

NCBI37/mm9) using TopHat version 1.4.1 (Trapnell et al, 2009).

The calculation of RNA expression values was all based on the

RefSeq database, which was downloaded from UCSC on January 10,

2014. The annotation of immunoglobulin and T cell receptor genes

was incorporated from the Ensembl release 67 (Cunningham et al,

2015). Genes with overlapping exons were flagged, and double

entries (i.e. exactly the same gene at two different genomic loca-

tions) were renamed. Genes with several transcripts were merged to

consensus genes consisting of a union of all underlying exons using

the fuge software (I. Tamir, unpublished), which resulted in 25,726

gene models.

For analysis of differential gene expression, the number of reads

per gene was counted using HTseq version 0.5.3 (Anders et al,

2014) with the overlap resolution mode set to “union”. The datasets

were analyzed using the R package DESeq2 version 1.2.10 (Love

et al, 2014). Sample normalizations and dispersion estimations were

conducted using the default DESeq2 settings. Transcripts per million

(TPM) were calculated from RNA-seq data, as described (Wagner

et al, 2012).

GSEA was performed using the GSEA software from the Broad

Institute (Subramanian et al, 2005). Genes were ranked on the basis

of their change in expression (log2 fold values) as determined by the

DESeq2 package and were compared to gene sets from the MSigDB

or defined gene sets from literature. Random gene sets were gener-

ated using http://www.molbiotools.com/randomgenesetgenerator.

html tool.

PPARc-regulated AM genes were identified as genes that signifi-

cantly (adjusted P value < 0.05) changed their expression more than

twofold in adult PPARc-deficient AM samples compared to their WT

counterparts [GSE60249 dataset (Schneider et al, 2014)] using

GEO2R tool. Tissue-resident macrophage gene expression signatures

used in this study were described previously (Gautier et al, 2012b;

Schneider et al, 2014).

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 7 soft-

ware. Statistical significance of differences between two experimen-

tal groups in all experiments, with the exception of those involving

NGS-based approaches, was assessed by two-tailed Student’s t-test

analysis. The statistical evaluation of the RNA-seq data is described

in the section dealing with the bioinformatic analysis of RNA-seq

data. Analysis of enrichment in signature genes was performed

using Fisher’s exact test in GraphPad Prism 7 software; this analysis

was focused on the genes that were significantly up- or downregu-

lated over twofold threshold in AMs both in mixed BM chimeras

and in steady-state settings.

Data availability

RNA-seq and ChIP-seq data first reported in this study are available

at the Gene Expression Omnibus (GEO) repository under the acces-

sion number GSE135018 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE135018). The following previously published ATAC-

seq, ChIP-seq, microarray, and RNA-seq datasets were used in this

study: GSM2692306 (https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSM2692306) (AM ATAC-seq; GEO), GSM1555714 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1555714) (ChIP-

seq for PPARc in thioglycollate-elicited peritoneal macrophages;

GEO), GSE60249 (https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE60249) (microarray analysis of Itgax-Cre Ppargfl/fl

AMs; GEO), GSE60528 (https://www.ncbi.nlm.nih.gov/geo/que

ry/acc.cgi?acc=GSE60528) (microarray analysis of Csf2rb�/�

AMs; GEO), E-MTAB-6028 (https://www.ebi.ac.uk/arrayexpress/

experiments/E-MTAB-6028/) (RNA-seq analysis of ItgaxCre Tgfbr2fl/fl

AMs; ArrayExpress).

Expanded View for this article is available online.
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