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Abstract

Pulmonary alveolar proteinosis (PAP) is a syndrome characterized by accumulation of
surfactant lipoproteins within the lung alveoli. Alveolar macrophages (AMs) are crucial for
surfactant clearance, and their differentiation depends on colony-stimulating factor 2 (CSF2)
and the establishment of an AM-characteristic gene regulatory network. Here we report that
the transcription factor C/EBP( is essential for the development of the AM identity, as
demonstrated by transcriptome and chromatin accessibility analysis. Furthermore, C/EBP3-
deficient AMs showed severe defects in proliferation, phagocytosis, and lipid metabolism,
collectively resulting in a PAP-like syndrome. Mechanistically, the long C/EBPJ protein
variants LAP* and LAP together with CSF2 signaling induced expression of Pparg isoform 2,
but not Pparg isoform 1, a molecular regulatory mechanism that was also observed in other
CSF2-primed macrophages. These results uncover C/EBPf as a key regulator of AM cell

fate and shed light on the molecular networks controlling lipid metabolism in macrophages.

One sentence summary:
The molecular network of surfactant lipid metabolism in alveolar macrophages is

orchestrated by the transcription factor C/EBPS.
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Introduction
Tissue-resident macrophages (TRMs) are immune sentinels, and also serve a critical
function within tissues to maintain homeostasis. Development and specialization of these
cells are adjusted to the physiological needs of their organ of residence. As such, alveolar
macrophages (AMs), the resident macrophages in the lung alveoli, play an essential role in
the maintenance of lung homeostasis, including the clearance of surfactant lipoproteins (7).
Impaired degradation of surfactant lipoproteins by AMs results in the accumulation of
excessive surfactant within the alveolar space and leads to the development of pulmonary
alveolar proteinosis (PAP), a syndrome associated with impaired respiratory function and
increased susceptibility to pulmonary infections (2).
AMs are locally self-maintaining cells that are established during embryogenesis and remain
largely independent of circulating bone marrow (BM)-derived monocyte replenishment under
physiological conditions (3). In mice, liver-derived fetal monocytes (F-Mo) start to colonize
the lung around day 14 of embryonic development (E14). Once in the pulmonary tissue, F-
Mo are exposed to environmental lung factors that direct their differentiation into immature
AMs (pre-AMs), which begin to accumulate around E18 and subsequently give rise to mature
AMs during the first postnatal days (4, 5).
Colony-stimulating factor 2 (CSF2; also known as GM-CSF), which is produced by alveolar
type Il epithelial cells (6), is an indispensable growth factor involved in the differentiation of F-
Mo and pre-AMs into mature AMs. Mice and humans that lack functional CSF2 signaling fail
to develop AMs and, as a consequence, establish PAP syndrome (2). It was previously
reported that in AMs, CSF2 signaling induces expression of the transcription factor (TF)
peroxisome proliferator-activated receptor gamma (PPARYy), which subsequently directs the
establishment of the AM-characteristic transcriptional identity and their tissue-specific
function (7). Accordingly, adult Pparg-deficient animals only harbor non-classical AM-like
cells that display phenotypical alterations, including defects in lipid metabolism and
accumulation of surfactant lipoproteins, and develop a PAP-like phenotype (7).
The TF CCAAT-enhancer binding protein beta (C/EBP) is a regulator of adipocyte
differentiation and of myeloid cell-mediated inflammatory processes, such as emergency
granulopoiesis (8-10). Moreover, the development of a few myeloid populations, namely
blood-resident Ly6C™ monocytes and peritoneal macrophages (PMs), has been described to
be C/EBPB-dependent under homeostatic conditions (77, 72). AM cell numbers were also
reported to be affected by C/EBPf-deficiency (71, 12). However, the exact molecular
function of C/EBPB in AM biology and its potential regulatory interplay with other key AM
factors remain unknown.

Here we unravel the function and molecular mechanisms of C/EBP in AMs. AMs

from adult Cebpb-deficient mice showed impaired phagocytosis, a dysregulated lipid
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metabolism and attenuated proliferation, collectively accumulating in a PAP-like pathology.
Similar changes were detected in a transgenic mouse line that expresses only the truncated,
short isoform of C/EBPB, LIP. Furthermore, our data demonstrate that AMs, in contrast to
other TRMs, expressed Pparg isoform 2 (Pparg2), while C/EBPB-deficient AMs failed to
induce specifically this Pparg isoform. We identified CSF2 signaling and C/EBPB as
necessary cofactors for the induction of Pparg2 not only in AMs, but also in other Cebpb-
expressing macrophages. These findings suggest a conserved regulatory machinery of lipid
metabolism across distinct macrophage subsets. Our results further indicate a dichotomic
regulation and function of the PPARy1 and PPARYy2 isoforms.

Collectively, our data establish C/EBPf as the missing regulatory link between CSF2
signaling and critical Pparg2 isoform selection. Targeting the CSF2:C/EBPB:PPARYy axis
appears as a promising strategy to modulate macrophage-dependent lipid turnover not only

in PAP but also in other lipid-associated diseases.
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Results

C/EBP-deficiency leads to AM alterations and PAP-like pathology in mice

The TF C/EBPB has been proposed to be involved in the regulation of AM development (72).
However, the exact molecular functions of C/EBP and the related regulatory mechanisms in
AM biology remain unknown. To investigate the role of C/EBPB in AMs, we analyzed
bronchoalveolar lavage fluid (BALF) and lung tissue of mice harboring a constitutive Cebpb
gene deletion. Using flow cytometry, we found that adult Cebpb knock-out (KO) mice (7-16
weeks) showed reduced numbers of classical AMs (CD11b"" AMs; F4/80°°° CD11b" Siglec-
F" CD11c"; Fig. 1A,B; gating strategy in fig. S1A,B). However, the lungs and BALF of KO
mice additionally contained a population of AMs, which expressed the characteristic AM
markers F4/80, Siglec-F and CD11c and displayed increased expression of the surface
marker CD11b (CD11b"%" AMs) (Fig. 1A-C).

Flow cytometry additionally revealed the presence of high amounts of debris in BALF from
C/EBP-deficient mice (Fig. 1A). This finding was in line with an increased turbidity of BALF
that was macroscopically visible and quantifiable by optical density measurement at a
wavelength of 600nm (Fig. 1D). A specific enzyme-linked immunosorbent assay (ELISA)
revealed elevated concentrations of surfactant protein D in BALF of C/EBPB KO mice (Fig.
1E), which is indicative of PAP pathology. BALF cytospins in combination with May-
Griinwald-Giemsa staining revealed that AMs from C/EBPB” mice included numerous
enlarged cells with a foamy cell-like morphology (Fig. 1F).

To investigate if C/EBPB was required for the embryonic and perinatal development of AMs,
we analyzed the lungs of C/EBPB KO mice at prenatal stage E18 and postnatal day 3 (P3;
gating strategy in fig. S1C-E). While the lungs of E18 wildtype (WT) and C/EBPB KO
embryos showed comparable numbers of F-Mo, C/EBPB KO pre-AMs were reduced
compared to WT littermates (Fig. 1G). At P3 most WT pre-AMs had developed into mature
CD11c" Siglec-F" CD11b" AMs. C/EBPB KO pups lacked these cells almost entirely, while a
population of CD11c™ Siglec-F™ CD11b"" cells, reminiscent of immature AMs (4), was
detected (Fig. 1H).

Taken together these findings show that prenatal AM development is C/EBPB-dependent,
and that C/EBP-deficiency leads to the development of a PAP-like phenotype in adult mice.

C/EBPQ directs AM identity and lipid metabolic processes

To investigate the role of C/EBPB in AMs in more detail, we analyzed FACS-isolated lung
Ly6C"™" F-Mo and pre-AMs from WT and C/EBPB KO E18 embryos and performed bulk
RNA-sequencing (RNA-seq; n=3-4 per genotype; gating strategy in fig. S1C,D; Suppl. Data
1). Comparative analysis of E18 F-Mo revealed only 39 significantly differentially expressed

genes (DEGs) between both genotypes (adj. p-value < 0.01 and |log2FC| > 2; Fig. 2A). In
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contrast, pre-AMs from C/EBP3 KO mice showed 183 downregulated genes including Pparg,
Lpl and Abcd2, while 332 genes were upregulated (e.g. Etv3, Cd209a and Clec10a; Fig. 2B)
compared to WT controls. Gene ontology (GO) enrichment analysis revealed that
upregulated genes in C/EBP3 KO pre-AMs were associated with processes such as antigen
presentation, inflammatory response, and T cell activation, while downregulated genes were
involved in foam cell differentiation, lipid storage and neutral lipid metabolic processes (Fig.
2C).

We next isolated AMs by FACS from BALF of adult WT mice, and both CD11b"" and
CD11b"™" AMs from C/EBPB KO mice, and performed transcriptomic analysis. Comparison
of the three populations revealed 1308 significant DEGs (adj. p-value < 0.01 and |log2FC| >
1 in at least one pairwise comparison; Fig. 2D and Suppl. Data 1). The DEGs could be
divided into three clusters. Cluster 1 (264 genes) comprised genes with lowest expression in
CD11b"™" KO AMs. Genes in cluster 2 (330 genes) were commonly downregulated in
C/EBPB KO AMs and cluster 3 (714 genes) contained upregulated genes in C/EBP KO
AMs. Even though we detected transcriptomic differences between CD11b"" and CD11b"9"
KO AMs (mainly represented in cluster 1), principal component (PC) and correlation analysis
revealed close similarity between both KO populations, while they were both clearly different
from WT AMs (Fig. 2E). Of note, the absence of Cebpb did not result in a compensatory
upregulation of other Cebp-family members nor did it negatively affect the surface expression
of CSF2RA and CSF2RB (Fig. 2F; fig. S2A). In contrast, the characteristic AM signature
according to a previously identified set of AM-specific genes (13) was diminished in C/EBPf
KO AMs (fig. S2B).

Next, we performed GO enrichment analysis of the identified DEGs. Cluster 1 revealed no
biologically noteworthy results, while cluster 2 comprised genes linked to lipid metabolism
pathways such as lipid catabolic process and fatty acid metabolic process, and included
Fabp1, Acox1, OIr1, Srebf2, Lsr and the key AM and lipid metabolism regulator Pparg (Fig.
2F,G). Even though Cidec and Agnptl were included in cluster 1, both genes were
significantly downregulated in both KO populations. Cluster 3 showed genes involved in
antigen presentation including Cd74 and H2-Aa and genes involved in the GO terms ‘innate
immune response’, ‘negative regulation of cell proliferation’ and ‘chemotaxis’. Furthermore,
genes required for lipid transport, such as Abcb1a and Trem2, were increased in KO AMs
(Fig. 2F,G).

Differences in housing conditions, as well as sex-related gene changes, can affect the
functions and transcriptomes of macrophages (74, 15). To control for these secondary
factors that might influence the phenotype of C/EBPB KO AMs, we performed RNA-seq
experiments of mice housed in different facilities, and of female and male C/EBPB KO mice

with their respective controls (fig. S2C-F). Housing- and sex-specific differences were indeed
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detectable in C/EBPB-deficient AMs, yet core transcriptomic changes, such as defects in
immune response (upregulated in C/EBPB KO AMs) and lipid metabolism (downregulated in
C/EBPB KO AMs), were inherent to Cebpb-deficient AMs irrespective of sex or housing
conditions (fig. S2C-F).

Since we observed the downregulation of the key AM TF Pparg in Cebpb-deficient cells at
the E18 pre-AM and adult stages, we explored the temporal sequence of Cebpb and Pparg
expression in AMs. F-Mo was the earliest precursor stage investigated, and already
expressed high levels of Cebpb, but the expression of Pparg only started to increase in
Ly6C™ pre-AMs (Fig. 2H; gating strategy in fig. S1C,D), which is in line with a previous report
(5). Notably, pre-AMs of Cebpb-deficient mice showed a strong reduction of Pparg
transcripts (Fig. 2H). We furthermore analyzed the expression of genes involved in the
KEGG PPAR signaling pathway (mmu03320) in Cebpb-deficient and WT E18 pre-AMs and
adult AMs (Fig. 2I). Genes involved in the PPAR pathway were highly expressed in adult WT
AMs and to a lesser extent also in their E18 precursors (Fig. 21). The absence of C/EBPf led
to a deregulation of PPAR signaling-related genes in immature and adult Cebpb-deficient
AMs (Fig. 2I).

Our transcriptomic data suggest a critical regulatory role of C/EBP in the lipid metabolism

and immune function of immature and mature AMs.

C/EBP-deficient AMs are functionally impaired

The transcriptomic profile of adult CD11b"" and CD11b"®" KO AMs indicated a functional
impairment in their phagocytic and proliferative capacities. To corroborate this finding, we
isolated AMs from C/EBP KO and WT littermates, incubated them with fluorescent beads
and examined bead uptake by flow cytometry. In contrast to WT AMs, both CD11b"" and
CD11b"™" C/EBPB KO AMs showed a compromised phagocytic activity (Fig. 3A). We then
used the interferon (IFN) type l-inducible Mx-Cre system (716) to test if the phagocytic
impairment of AMs was directly C/EBPB-dependent or was due to a secondary effect of the
observed PAP phenotype and the accumulation of lipids in C/EBPB-deficient lungs (Fig. 1D).
AMs from Mx-Cre Cebpb™ and Mx-Cre Cebpb** mice were isolated and cultured with CSF2
(Fig. 3B). After 7 days, cells were treated with IFNa to induce Mx-Cre-mediated Cebpb
deletion and were analyzed for phagocytic activity at day 14. As shown in Fig. 3C, Cre-
induced deletion of Cebpb resulted in significantly reduced phagocytosis (p < 0.001).

We analyzed the proliferation capacity of C/EBPBR KO AMs. Isolated WT and C/EBP KO
AMs were labeled with the fluorescent dye carboxyfluorescein succinimidyl ester (CFSE) and
were cultured for up to 7 days in vitro in the presence of CSF2 to induce proliferation. The
proportion of CFSE-negative cells was measured to detect proliferating cells. The fraction of
CFSE-negative WT AMs increased from 0% (SD+0.1%) to 85% (SD+16.0%) by day 7, while
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the CFSE-negative cell fraction in C/EBP KO only reached 25% (SD+25.5%; Fig. 3D),
indicating an impaired capacity for proliferation. Of note, CD11b"" and CD11b™" KO AMs
could not be discriminated in this assay since upregulation of CD11b expression was
observed during in vitro culture of AMs. To investigate this point in more detail, we FACS-
isolated WT and CD11b"" and CD11b"%" C/EBPB KO AMs, cultured them in the presence of
CSF2 and tracked their cell numbers over the course of two weeks (Fig. 3E). We detected a
steady increase of WT AMs, but both CD11b"" and CD11b"¢" C/EBPB-deficient cells showed
no change in cell numbers.

Finally, as our transcriptomic analysis indicated defects in lipid metabolism in C/EBPB KO
AMs, we compared the intracellular lipid storage of AMs from C/EBPf-deficient and -
proficient mice by Bodipy (Fig. 3F) and Oil Red O (Fig. 3G) staining. These assays revealed
an accumulation of neutral lipids in both CD11b"" and CD11b™®" mutant AMs.

Taken together these results demonstrate that the absence of C/EBPf in AMs impairs their
phagocytic and proliferative capacity in a cell-intrinsic manner and leads to a foamy

macrophage phenotype.

Key functional AM programs require cell-intrinsic expression of C/EBPf

The C/EBPB-dependent transcriptomic changes of AMs could either be AM-intrinsic effects
or involve indirect mechanisms via other cells. To distinguish between these possibilities, we
analyzed adult CD11c-Cre Cebpb™ and LyzM-Cre Cebpb™ mice, in which Cebpb is deleted
in CD11c” cells or myeloid cells, respectively (17). Flow cytometric analysis revealed that
CD11c-Cre Cebpb™ mice had a similar phenotype to C/EBPB KO mice with CD11b"" cells
and reduced cell numbers of BAL CD11b™" AMs (fig. S3A,B). Furthermore, the turbidity of
BALF from CD11c-Cre Cebpb™ mice was significantly increased compared to littermate
controls (fig. S3C; p < 0.001). Similar results were obtained for LyzM-Cre Cebpb™ mice,
which showed reduced AM cell numbers in BALF and lung tissue (fig. S3D-F). However, both
conditional KO lines showed an overall lower frequency of CD11b™" AMs compared to
C/EBPB KO mice (Fig. 1A; fig. S3A,D). The increase in BALF turbidity in either of the two Cre
Cebpb™ lines was also less pronounced as in C/EBPB KO mice, indicating a milder
phenotype (Fig. 1D; fig. S3C,F).

Comparison of the transcriptomes of AMs from Cebpb™, CD11c-Cre Cebpb™ and LyzM-Cre
Cebpb™ mice and their respective controls by RNA-seq showed an overlap in the expression
patterns between the different KO models. AMs from Cebpb™ and LyzM-Cre Cebpb™ mice
clustered together in PC analysis (fig. S3G,H; Suppl. Data 2). We identified a cluster of
genes that were upregulated in all KO strains including Trem2, Cd74 and Abcb1a (cluster 6),
and genes in cluster 4 comprising Pparg, Cebpb, Cidec and Fabp1 were downregulated in all

Cebpb-deficient AMs (fig. S3G-l). GO enrichment analysis revealed that cluster 6 was
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enriched for genes involved in the GO terms chemotaxis, inflammatory response, and
immune effector process, while downregulated genes in cluster 4 were enriched for lipid
catabolic process, cell division, and sterol biosynthetic process (fig. S3J).

The transcriptional differences between the KO models, together with the potentially less
severe PAP phenotype in the conditional mouse lines, may likely reflect the different
promoter-dependent temporal onsets of Cebpb gene excision (7). Cebpb is highly expressed
in pre-AMs and lung F-Mo and required for the development of AMs from at least E18
onwards (Fig. 1G, Fig. 2H). LyzM-Cre-mediated gene excision in AM precursor cells,
however, only occurs around E18, and CD11c-Cre-mediated gene excision is induced even
later with the upregulation of CD11c around postnatal day 1 (7). Therefore, early C/EBP-
dependent AM development is still unhindered in both conditional mouse lines, which may
result in phenotypic variations between the three analyzed Cebpb KO models.

Collectively, these data demonstrate that C/EBPB cell-intrinsically determines the
transcriptomic programs of key AM functions such as lipid metabolism and antigen
presentation. Additional C/EBPB-dependent effects in non-myeloid cells may further

contribute to the phenotype observed in Cebpb™ mice.

C/EBPB is required for the adaptation of monocytes to the AM niche after irradiation
Under specific conditions, such as inflammation or following lethal irradiation with BM
transplantation, monocytes are able to adapt to a vacant alveolar niche and differentiate into
functional AMs (3, 18). To examine whether C/EBPf-deficient BM-derived cells can
differentiate into AMs, we set up BM transplantation experiments, in which CD45.1/1 WT BM
cells were mixed with CD45.2/2 CD11c-Cre Cebpb™ BM cells in a 1:2 ratio and injected into
lethally irradiated CD45.1/2 recipients (Fig. 4A). 5 weeks after BM transplantation, the ratio
between CD45.2" CD11c-Cre Cebpb™ and CD45.1* WT AMs in the lungs was similar to the
ratio of reconstituted Ly6C™" monocytes in the blood, which is indicative of a functional
recruitment of Cebpb-deficient BM-derived cells to the lungs (Fig. 4B,C). In agreement with
the critical role of C/EBPB in the development of monocytes (77), the Ly6C"®" and, to a much
higher extent, the CD11c* Ly6C"" monocyte compartment, showed a lower ratio of CD11c-
Cre Cebpb™ to WT cells than lymphocytes (Fig. 4C). At 10 weeks post transplantation,
CD45.2" CD11c-Cre Cebpb™ lung and BAL AMs accounted for only a small fraction of the
AM pool (2% SD+2%) and were almost completely outcompeted by WT cells. The BALF
turbidity at 5 weeks was increased in C/EBP( mixed chimeras, during which time Cebpb-
deficient AMs were still present in the lungs. At 10 weeks after transfer, the turbidity
normalized to control levels (Fig. 4D).

To gain information about the transcriptomic programs that regulate monocyte-to-AM

differentiation, we performed bulk RNA-seq analysis at both time points using FACS-purified
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CD45.1" WT and CD45.2* CD11c-Cre Cebpb™ lung AMs from the same recipient animals
(n=3-4 per group; Fig. 4E-G). We detected 3499 genes that were differentially expressed in
at least one pairwise comparison (adj. p-value < 0.01 and |log2FC| > 1) and could be
assigned to 5 clusters (Fig. 4E-G). The expression of genes in cluster 1 increased from 5 to
10 weeks after transfer in CD45.1" WT AMs but was downregulated in Cebpb-deficient cells
at both time points. This cluster contained genes involved in the GO terms fatty acid
oxidation and lipid catabolic process, such as Pparg, Cidec and Lsr (Fig. 4G,H). Genes that
were specific to C/EBPB KO AMs, independent of the isolation time point, could be detected
in cluster 2 and were enriched for chemotaxis and lymphocyte activation. Genes involved in
innate immune response and antigen processing and presentation were generally
downregulated from 5 weeks to 10 weeks in both genotypes, but were more highly
expressed overall in C/EBPB KO cells. The absence of C/EBP also affected genes related
to cell division pathways at 10 weeks post transfer (cluster 5), which likely contributes to the
competitive disadvantage of C/EBP3 KO cells. A more detailed analysis of the KEGG PPAR
signaling pathway indicated that WT cells upregulated genes involved in PPAR signaling
from 5 to 10 weeks, while C/EBPB-deficient BM-derived AMs were not able to induce
expression of this gene set, even though the PAP phenotype and BALF turbidity was
rescued by WT cells at 10 weeks post transfer (Fig. 4D,I).

These data show that Cebpb-deficient BM-derived cells are not able to adapt to the lung
environment after irradiation. These findings suggested that C/EBP@ is cell-intrinsically
required for the establishment of the AM lipid metabolism machinery not only in embryo-
derived but also in BM-derived AMs.

The long C/EBP isoforms LAP* and LAP are required for proper AM development

The single exon Cebpb gene can be translated into three different protein isoforms by
differential usage of alternative start sites: liver-enriched activating protein* (LAP*), liver-
enriched activating protein (LAP) and the short liver-enriched inhibiting protein (LIP). The
isoforms differ by the presence of a complex N-terminal transactivation domain (LAP* and
LAP) or its absence (LIP) (Fig. 5A), and have been shown to be able to fulfill diverse and
sometimes opposing functions in various regulatory settings (79). Under physiological
conditions, AMs express all three C/EBP protein variants (Fig. 5B). To dissect the roles of
the three C/EBPf isoforms in the regulation of AMs, we analyzed the Cebpb mutant LIP
mouse line, generated by a LIP knock-in at the Cebpb locus and thus lacking the LAP* and
LAP sequence and expressing only the truncated LIP isoform (Fig. 5C; (20)). BALF analysis
of adult LIP (Cebpb-™"F) mice by flow cytometry revealed phenotypic similarities to C/EBP
KO mice, including the presence of CD11b"%" AMs, although at lower frequency (Fig. 5D,E;
Fig. 1A,B). In contrast to C/EBPB KO mice, the number of CD11b"" AMs was not reduced in

10
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LIP mice (Fig. 5D,E). Nevertheless, BALF turbidity was increased in these animals, indicating
a functional impairment of AMs similar to C/EBP KO mice (Fig. 5F).

To compare AMs from C/EBPB KO and LIP mice in more detail, we isolated AMs from LIP
mice and WT control littermates (n=3-4 per genotype) and compared their transcriptomic
profiles with those of C/EBPB-deficient AMs. By pairwise comparisons of all analyzed
populations, we detected 2684 DEGs (adj. p-value < 0.01 and |log2FC| > 1) that were
grouped in 7 clusters (Fig. 5G; Suppl. Data 3). A large proportion of genes showed similar
effects in LIP and KO AMs including the downregulation of genes involved in the GO terms
‘fatty acid oxidation’ and ‘lipid catabolic process’ (cluster 6), such as Cidec, Fabp1 and Pparg,
and the upregulation of genes related to MHCII antigen presentation, such as Cd74 and H2-
Aa (cluster 5; Fig. 5G-J). On the other hand, clusters 1 and 3 contained genes with an
altered expression profile in KO but not in LIP AMs. Upregulated genes specific to KO AMs
(cluster 3) included genes related to antigen processing via MHCI and ion homeostasis,
while cluster 1 with genes downregulated specifically in KO AMs was characterized by the
GO terms cholesterol biosynthetic process and steroid metabolic process (Fig. 5J). Genes in
clusters 2 and 7 that were differentially expressed between the KO and the LIP mouse strain
showed no specific gene enrichment and could be attributed to the different genetic
backgrounds of the two mouse lines (Fig. 5G-J).

The common downregulation of genes involved in fatty acid oxidation and lipid catabolic
process was also apparent from a markedly disturbed expression of the KEGG PPAR
pathway in both C/EBPB mutant strains (Fig. 5K). In contrast, the expression of sterol
biosynthetic process-related genes was partly rescued by LIP expression in vivo (Fig. 5L). To
validate these findings, we compared the composition of storage and membrane lipids in WT
and mutant AMs by lipidomic analysis using Orbitrap mass spectrometry. 1x10° FACS-
isolated AMs from KO (n=3), LIP (n=4) (CD11b"" and CD11b"®" AMs were pooled for both
genotypes) and WT controls (n=3) were subjected to the analysis. Both KO and LIP AMs
showed an approximately 3-fold higher lipid content compared to WT cells (Fig. 5M).
Importantly, the major components of surfactant, namely phosphatidylcholine,
phosphatidylethanolamine and phosphatidylglycerol, accumulated in both KO and LIP AMs.
In line with the RNA-seq data, cholesterol esters were also enriched in Cebpb-deficient AMs,
while their physiological concentrations were restored by LIP expression (Fig. 5N).

Together these data show that expression of the truncated C/EBPf isoform LIP is not
sufficient to overcome the C/EBPf-dependent establishment of a PAP-like phenotype.
However, LIP expression was found to rescue some of the C/EBPB-deficiency-mediated
transcriptional changes in AMs, especially those related to sterol and cholesterol biosynthetic

processes.
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DNA regions with RXRA:PPARy motifs are less accessible in C/EBPB-deficient AMs

To identify C/EBPB-dependent DNA regions and uncover TFs that might cooperate with
C/EBPB and play a role in the observed AM phenotypes, we isolated BAL AMs and
performed C/EBPB ChIPmentation (27). In comparison to input DNA control samples,
C/EBPB binding was detected at 18694 DNA regions, which could be assigned to 7604
nearest genes (Fig. 6A). Most of the C/EBP binding events were located in close proximity
to transcriptional start sites (TSS) of genes (Fig. 6A). A comparison of the identified down-
and upregulated genes in Cebpb-deficient AMs by RNA-seq (Fig. 2D) with the 7604 genes
that showed C/EBP binding revealed that 58% of the upregulated genes (p = 1.1x10®) and
77% of the downregulated genes (p = 2.2x107"®) showed at least one binding event of
C/EBPB (Fig. 6B; Suppl. Data 4). These data indicate that C/EBPB can function as a
repressor or activator of gene expression. TF motifs that were present in DNA sequences
within C/EBP binding peaks showed a significant enrichment of C/EBP and PU.1 motifs (Fig.
6C; p < 1e-1000 and p < 1e-600 respectively). Motifs belonging to Etv2, JunB, KLF and IRF
TFs, as well as PPAR motifs, were also evident in C/EBPB binding sequences. GO
enrichment analysis with all C/EBPB-bound genes revealed that this set of genes was
enriched for genes involved in immune system process, myeloid cell differentiation,
phagocytosis, and lipid catabolic processes (Fig. 6D,E; fig. S4A).

To elaborate these findings in more detail we performed chromatin accessibility analysis by
transposase-accessible chromatin-sequencing (ATAC-seq: (22)) of FACS-isolated AMs from
WT, Cebpb-deficient (n=3 per genotype) and LIP knockin animals (n=4 per genotype). In
total, 16186 differential peaks were detected in KO cells with [log2FC| > 2 and adj. p-value <
0.05 of which 5309 peaks (assigned to 2435 genes) indicated enhanced accessibility and
10877 peaks (assigned to 4054 genes) were less accessible in KO AMs (Fig. 6F and Suppl.
Data 5). The changes in LIP AMs were less pronounced compared to KO cells and we
detected 3130 peaks (assigned to 1421 genes) with a higher accessibility and 1348 peaks
(assigned to 601 genes) that were less accessible in AMs isolated from LIP mice compared
to littermates (Fig. 6F; Suppl. Data 6).

Next, we determined motif enrichment within the DNA regions corresponding to the
differential peaks. Regions that were more accessible in KO and LIP AMs compared to WT
cells were enriched for FOS and JUN motifs (Fig. 6G). Cebpb-deficiency also led to more
open chromatin regions with IRF, RELA and NFkB motifs, which is in agreement with the
C/EBPB ChIPmentation data. Peaks with decreased accessibility in both KO and LIP AMs,
were enriched for C/EBP and, importantly, RARA/RXRA/Rxra:Pparg motifs. The RNA
expression levels of the identified TFs are depicted in fig. S4B. Similar results were obtained
when we focused our analysis only on peaks in proximal TSS regions (+3kb from TSS)

instead of all detected peaks (fig. S4C-E). When we compared the chromatin accessibility
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with the transcriptomic signature of the same samples, we observed many concordant
changes (Fig. 6H). An increase of chromatin accessibility was in general accompanied by an
increase in RNA expression of the corresponding gene and vice versa. However, a fraction
of genes showed a discordant behavior as described earlier (23). We identified genes like
Pparg, which showed ATAC-seq rescue by LIP that was not accompanied by transcriptomic
rescue, indicating the requirement of the C/EBPf transactivation domain for induction of
gene expression (Fig. 61). Some genes, including Acaa’a, showed no ATAC-seq peak
changes in Cebpb mutant cells compared to WT but had lower RNA expression. Moreover,
the defects in Nfatc2 could neither be rescued on chromatin nor RNA level by LIP expression.
In summary, these data reveal that PPARy motifs are present within many C/EBPf binding
regions, and that RXRA:PPARy motifs in particular were less accessible in the absence of
C/EBPB.

Cebpb- and Pparg-deficient AMs share transcriptomic alterations

Our molecular analyses suggested an involvement of C/EBPJ in the regulation of PPARy
signaling in AMs. To further investigate this hypothesis, we compared the expression profiles
of Cebpb-deficient AMs with published microarray data of AMs isolated from CD11c-Cre
Pparg™ mice that also develop PAP pathology (GSE60249; (7)). Many of the DEGs (adj. p-

fIfl

value < 0.01, |log2FC| > 1) between AMs isolated from CD11c-Cre Pparg"" animals and WT

controls overlapped with those detected in both C/EBPB KO populations compared to WT
cells. Especially CD11b"" KO AMs clustered together with Pparg-deficient AMs in PC
analysis (fig. S5A-C). Many genes downregulated in both C/EBPB- and PPARy-deficient
AMs were genes involved in lipid metabolism, including Fabp1, Lsr and Cidec (cluster 1; fig.
S5A,C). However, also groups of PPARy KO-specific and C/EBP KO-specific genes were

detected. Thus, the data indicate an involvement of C/EBP in Pparg signaling.

C/EBPB-mediated induction of Pparg2 requires CSF2

Our analysis revealed that the phenotype of C/EBPB-deficient AMs shared some
resemblance with the phenotype observed in PPARy” AMs. Pparg transcripts exist in two
isoforms: Isoform 1 (Pparg1) is expressed across many cell types, whereas expression of
isoform 2 is more restricted, and especially reported for adipocytes (24). Another study
demonstrated expression of PPARy2 also in AMs (25). Since C/EBPf is involved in the
regulation of Pparg2 during adipogenesis (26), we speculated that a similar mechanism
might exist in AMs. Accordingly, we determined the expression of Pparg? and Pparg2 in
different TRM populations isolated from WT and Cebpb™ animals by real-time PCR (Fig. 7A;
gating strategies in fig. S1F-1). We detected Pparg1 transcripts in all investigated TRM

subsets (Fig. 7A). In contrast, Pparg2 expression was essentially restricted to AMs and only
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at low level observed in white adipose tissue macrophages (WAM). Absence of C/EBP led
to strongly reduced expression of Pparg2 in AMs (32-fold decrease in KO), indicating that
C/EBPS is specifically involved in Pparg2 regulation. Similar results were observed in AMs
isolated from LIP animals (Fig. 7B), from CD11c-Cre Cebpb flox mice (Fig. 7C) and from BM-
derived AMs 10 weeks after transplantation (Fig. 7D).

To examine whether C/EBP plays a pioneering or a constitutive role in Pparg2 expression,
we again took advantage of the IFN type I-inducible Mx-Cre system (716) as described earlier
(Fig. 3B). Cebpb expression was detected in Mx-Cre Cebpb"™ AMs before IFNa treatment at
day 7 but was lost after IFNa treatment at day 14 (Fig. 7E). At the same time, Pparg2
expression significantly decreased in IFNa-treated Mx-Cre Cebpb™ cells, indicating that
C/EBPB is essential to maintain Pparg2 expression in AMs. We used the same experimental
set up to investigate the effect of IFNa-induced C/EBPB deletion on the Pparg chromatin
status. After 7 days in culture, AMs from Mx-Cre Cebpb™ (n=3) and Mx-Cre Cebpb** (n=2)
mice were treated with IFNa and harvested for ATAC-seq analysis at day 14. Loss of
C/EBPB in IFNa-treated Mx-Cre Cebpb™ AMs led to a significantly decreased accessibility of
the Pparg2 locus, while other regions of the Pparg gene were not affected. Importantly, the
affected regions also showed strong C/EBPf binding in our ChIPmentation data (Fig. 7F).

To confirm the regulatory sequences responsible for the C/EBPB-mediated induction of
Pparg?2 expression, we cloned the Pparg1 and Pparg2 promoter regions, as well as a Pparg2
enhancer element, which showed C/EBP binding in WT AMs (Fig. 7F-G), into a luciferase
reporter vector. We transfected Cebpb-deficient mouse embryonic fibroblasts (MEFs) with
the different promoter/enhancer constructs and introduced empty vector (con) or plasmids
encoding one of the three C/EBPf isoforms, LIP, LAP or LAP*. Measurement of the relative
luciferase expression normalized to renilla luciferase activity revealed that the Pparg?
promoter was active independent of C/EBPp isoforms, while the Pparg2 promoter responded
to the long C/EBPf isoforms LAP and LAP*, but not to LIP (Fig. 7H). The Pparg2 enhancer
element, however, was even more responsive to the long C/EBPB isoforms and was
sufficient to activate luciferase expression.

Expression of Pparg in AMs was shown to be induced by CSF2, however it was not
discriminated between the different Pparg isoforms (7). Therefore we next tested if CSF2 is
obligatory for Pparg2 and Cebpb expression. We isolated WT AMs by BAL and cultured
them either with CSF1 or CSF2 for 48h. Analysis by qPCR revealed that the expression of
Pparg2 was increased when AMs were treated with CSF2 as compared to cells cultured with
CSF1 (85-fold SD+9.4), while Cebpb expression was unchanged (Fig. 71). In line with this,
inhibition of JAK1 and JAK2, an established transducer of CSF2 signaling (27), by Ruxolitinib
prevented the CSF2-mediated induction of Pparg2 but had only moderate effects on the

expression of Cebpb (fig. S6A). These data indicate that CSF2 is mandatory for the
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continuous maintenance of Pparg2 but not of Cebpb transcripts in AMs. To verify this finding
in vivo, we analyzed the transcriptomic profiles of FACS-purified pre-AMs from Csf2rb-
deficient E18 embryos and compared them to Cebpb-deficient pre-AMs (fig. S6B-F; Suppl.
Data 7; gating strategy in fig. S1C,D). Even though both genotypes showed differences in
Pparg expression and genes involved in lipid signaling, Cebpb itself was similarly expressed
in WT and Csf2rb-deficient pre-AMs (fig. S6E). These data again demonstrate that CSF2
does not induce Pparg2 by regulating Cebpb mRNA levels.

Pparg isoform expression analysis revealed the absence of Pparg2 in PMs and other TRM
populations (Fig. 7A). To test if CSF2 can induce Pparg2 also in these macrophage
populations, we cultured PMs, which express high levels of Cebpb (Fig. 7A; immgen.org),
with CSF1 or CSF2 for 48h. Treatment with CSF2 was able to induce Pparg2 in PMs, while
this isoform was barely detectable in CSF1-treated cells (83-fold SD+18.7 higher in CSF2-
cultured cells; Fig. 7J). To investigate if C/EBPf is also involved in this CSF2-dependent
induction of Pparg2 in PMs, we isolated PMs from WT, C/EBPf3 KO and LIP mice by FACS
and stimulated the cells with CSF2 for 48h. Pparg2 expression was strongly diminished in
Cebpb-deficient and LIP PMs (Fig. 7K; fig. S7A). Similar results were obtained for CSF2-
cultured BM cells generated from C/EBPf KO (Fig. 7K), CD11c-Cre Cebpb flox and LIP mice
(fig. S7B-C).

Collectively our data show that the long C/EBP isoforms LAP and LAP* can directly induce

the expression of Pparg2 in the presence of active CSF2 signaling.
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Discussion

Here we unravel the gene regulatory networks that are required for AM development and
lipid metabolism, and thus for lung integrity, and identify C/EBP as a central player. We
expand on previous studies that reported reduced AM cell numbers in C/EBPB” mice (12)
and show that the AM cell-intrinsic effects of C/EBPB deletion result in a functionally
compromised AM pool with defects in proliferation, phagocytosis and lipid metabolism,
collectively resulting in PAP-like syndrome.

The development and maintenance of AMs relies on the bioavailability of CSF2 (2). The
strong dependency of AMs on CSF2 is probably unique within the macrophage compartment,
since most other TRM populations except for intestinal macrophages (28) are largely
unaffected by genetic deletion of Csf2 or Csf2rb under physiological conditions (29, 30). One
of the reasons why CSF2 might be evolutionarily selected for its function on lung AMs is that
CSF2-signaling induces the nuclear receptor Pparg (7). In adipocytes, PPARy controls the
expression of genetic networks involved in lipid metabolism, transport and storage (37). The
presence of high lipoprotein concentrations in form of lung surfactant makes it plausible that
similar functions of PPARYy are cell-intrinsically required in AMs to transport and metabolize
ingested surfactant lipids. However, it is unlikely that CSF2-signaling induces Pparg
expression without the cooperation of additional signals or TFs. During in vitro differentiation
of pre-adipocytes, adipogenesis-supporting factors like 3-isobutyl-1-methylxanthine (IBMX)
or dexamethasone (DEX) induce Cebpb expression (32), which in cooperation with the
glucocortoid receptor activates the expression of Pparg2 (33). As a functional consequence,
Cebpb-deficient mice show deficits in adipogenesis in vivo (34). Of note, Pparg?2 is sufficient
to further drive adipogenesis in vitro, while Pparg1 is not (35). In line with these data, we
found that Cebpb-deficient AMs showed strongly reduced levels of Pparg2. Moreover, AMs
lost expression and chromatin accessibility of Pparg2 following MxCre-mediated deletion of
Cebpb in vitro, indicating a continuous role of C/EBP for Pparg2 induction. Similar to the
situation in adipocytes (36), the C/EBPf isoforms LAP* and LAP, but not LIP, were able to
interact with Pparg2 promoter and enhancer elements, while Pparg? was inhibited by all
C/EBPf protein variants. In line with recent results reported for human monocyte-derived
cells (37), expression of Pparg2 was also induced in WT, but not in Cebpb-deficient PMs or
BM-derived monocytes cultured with CSF2. Interestingly, all three macrophage subsets are
characterized by an open chromatin structure at the Pparg2 promoter region (38, 39).
C/EBPp binding at these positions was described for adipocytes (40), CSF2-cultured BM-
derived macrophages (39) and also AMs as shown here, which indicates that C/EBPJ is
important for the accessibility of the Pparg2 locus. LIP animals likewise showed an
accessible Pparg2 promoter but failed to induce its gene expression. Since LIP lacks the

C/EBPp transactivation domain, but includes the DNA-binding basic leucine zipper, the sole
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chromatin accessibility seems to be insufficient for Pparg2 induction. However, our data also
show that LIP was able to rescue some of the defects observed in C/EBPB-deficient AMs,
which is in agreement with a recent report showing that many functions of LIP are not only
dominant-negative in nature (41).

It was previously shown that C/EBP requires post-translational phosphorylation to become
an activator of adipogenesis (36). Since PMs express high levels of Cebpb and show an
accessible Pparg2 locus, but do not normally transcribe this specific isoform, it is possible
that CSF2 signaling induces post-translational modifications of C/EBPf in macrophages that
enable its function as an activator of Pparg2.

In macrophages, PPARy was shown to be involved in anti-inflammatory processes during
their inflammatory response (42, 43). However, these studies did not distinguish between
PPARy1 and PPARy2 isoforms. While Pparg1 is expressed more widely among different
TRM populations, we show here that expression of Pparg2 appears to be specific to TRM
populations with high exposure to CSF2 and/or a lipid-rich environment like AMs. This might
reflect different properties of PPARy1 and PPARY2 in macrophage biology. In line with this
notion, Vav-Cre Pparg" mice — in contrast to C/EBPB KO mice — lack classical CD11b""
AMs almost completely (7), which might suggest that the expression of Pparg? in C/EBPf
KO AMs is sufficient to overcome some of the early functional defects observed in complete
Pparg-deficient AMs.

Since our study mainly focused on C/EBPB and its molecular actions, our data cannot fully
dissect the functional differences between the two PPARYy isoforms. Pparg isoform-specific
knock-out mice and isoform rescue experiments will be required to clarify the multifaceted
roles of PPARy in more detail. Another open question concerns the cellular origin of
CD11b"" C/EBPB KO AMs. Studies suggest origin-dependent differences in the molecular
and functional properties of embryo- and monocyte-derived TRMs after experimentally
induced niche liberation (23, 44). Even though our experiments do not identify the ontogeny
of CD11b"" C/EBPB KO AMs, our data show lipid metabolism defects in Cebpb-deficient AM
precursor cells, adult AMs, and monocyte-derived AMs. This argues for a dominant role of
C/EBPS in the establishment and regulation of AM lipid metabolism and identity independent
of the cellular origin.

In summary, our data suggest C/EBPB as a central player in PAP pathogenesis due to its
function in macrophage lipid metabolism. The molecular mechanism of C/EBPf-induced
Pparg2 expression may also be relevant for other pathologies where macrophages
encounter high lipid concentrations and have to cope with lipid accumulation such as obesity

or atherosclerosis.
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Study design

The objective of this study was to investigate the functional and molecular role of C/EBPJ in
AMs. We used different mutant Cebpb mouse models to isolate AMs at different
developmental stages and examine the molecular and functional effects of C/EBP-
deficiency or specific C/EBPB isoform expression on AMs. We used flow cytometry,
transcriptomic analysis by RNA-seq and qPCR, epigenetic analysis by ATAC-seq and ChIP-
seq, lipidomics analysis and functional assays. Numbers of sampling and experimental
replicates are indicated in the figure legends. Sample sizes were chosen according to
previous comparable studies conducted in our laboratory and animal availability. Adult mice
in control and test groups were age-, background- and sex-matched. For cell quantifications
and in vitro cell cultures both male and female mice were used with no statistical differences
between the sexes. Investigators were not blinded. Outliers were only excluded in bulk RNA-

seq analyses based on poor sample quality.

Materials and Methods

Mice

The following mouse strains were used in this study: B6.Cg.129P2-C/EBPb tm1Pfj (Cebpb™
mice; (45)), B6.Cg.129P2-C/EBPtm1.2Acle (LIP mice; (20)), B6.129P2-Lyz2tm1(cre)Ifo/J
(LyzM-Cre mice; (46)); B6.SJL-Ptprca-Pepcb/BoyJ (CD45.1/1 mice); C57BL/6J-Tg(ltgax-
cre,-EGFP)4097Ach/J (CD11c-Cre mice; (47)); B6.Cg-Tg(Mx1-cre)1Cgn/d (Mx-Cre mice;
(16)), B6.129S1-Csf2rbtm1Cgb/J (Csf2rb™ mice; (29)). BALB/cJ-Cebpbtm1.1Elgaz/J
(Cebpb™ mice; (48)) backcrossed to C57BL/6 were crossed with the respective Cre lines.
The C/EBPB™ and LIP mice were kept on a mixed genetic background since these strains
are not viable on a C57BL/6 background. Animals between 7 and 16 weeks of age were
used for analysis, if not stated otherwise. For the generation of BM chimeras, 8-12 weeks old
recipient mice (CD45.1/2) were lethally irradiated (950 rad). On the following day, the
recipients were reconstituted with 5x10° BM cells, which were a mixture of 33% WT
(CD45.1/1) and 66% CD11c-Cre Cebpb™ (CD45.2/2; CD11c*°) BM cells, by tail vein
injection. The animals received an antibiotic treatment with Enrofloxacin in their drinking
water for 10 days after irradiation. BM chimeras were analyzed 5 and 10 weeks after transfer.
All mice were maintained in a special pathogen-free (SPF), temperature-controlled (22+1°C)
mouse facility on a 12-h light, 12-h dark cycle at the Max-Delbriick Center, Berlin, Germany.
Both here tested facilities (fig. S2C-E) were of FELASA SPF standard. However, in facility 1
Helicobacter spp., Rodentibacter spp. and Noroviruses were occasionally evident. Food and
water were given ad libitum. Mice were fed a usual chow diet. All animal experiments have

been approved by the LAGeSo in Berlin in accordance with international guidelines.
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Cell isolation and preparation

Adult mice were killed by CO, inhalation or intraperitoneal injection of 150mg/kg body weight
pentobarbital sodium (WDT). BALF was isolated by intratracheal instillation and withdrawal of
five times 1ml PBS with 2mM EDTA and 1% heat-inactivated fetal bovine serum (FBS;
Gibco) if not indicated otherwise. The fluid was filtered through a 100pm mesh and AMs
were harvested by centrifugation. PMs were isolated by peritoneal lavage with PBS
containing 2mM EDTA and 1% heat-inactivated FBS (Gibco). For the isolation of other TRMs
mice were intracardially perfused with PBS before spleen, kidney and visceral white adipose
tissue were removed. The spleen was dissociated through a 100um cell strainer, red blood
cells were lysed with ACK, the samples washed and then used for staining. Kidney and white
adipose tissue were minced and digested with 1mg/ml collagenase type IV (Gibco) and
2mg/ml DNase | (Roche) in RPMI medium at 37°C for 30min while shaking. Following
digestion, the samples were homogenized through a 100um cell strainer, washed and white
adipose tissue samples were stained. Kidney cell suspensions were subjected to density
centrifugation with 40% Percoll (Sigma) at 700xg, 14°C for 20min with low acceleration and
no brake before they were again washed and stained. For the isolation of BM cells, femur
and tibia were removed and flushed with PBS containing 2mM EDTA and 1% heat-
inactivated FBS (Gibco). Samples were then subjected to red blood cell lysis before further
processing.

E18 embryos from time-mated mice were sacrificed by decapitation before their lungs were
removed, minced and digested with 1mg/ml collagenase type IV (Gibco) and 2mg/ml DNase
| (Roche) in RPMI medium at 37°C for 30min while shaking. After digestion the samples were

filtered through a 100pm mesh, washed and stained.

Flow cytometry and cell sorting

All cells were blocked with anti-CD16/32 (2.4G2) before staining and antibodies against
CD11b (M1/70), CD11c (N418), Siglec-F (E50-2440), F4/80 (BM8), CD64 (X54-5/7.1),
CD115 (AFS98), Ly6C (HK1.4), Ly6G (1A8), CD3e (145-2c11), CD45 (30-F11), B220 (RA3-
6B2), MHCII (IAb; AF6-102.1), Cx3cr1 (SA011F11), Ter119, CD131 (JORO50), CSF2RA
(698423) and NK1.1 (PK136) from BioLegend, eBioscience and R&D Systems were used.
Samples were flow-sorted using Arial, Ariall or Arialll (BD Biosciences, BD Diva Software)
cell sorters. Flow cytometry analyses were performed on Fortessa or LSRII (BD Biosciences,

BD Diva Software) and analyzed with FlowJo software v.10.7.1 (BD).
Turbidity quantification of BALF

For turbidity quantification of BALF 250ul out of 5ml BALF were diluted with 250ul PBS and

the optical density measured at a wavelength of 600nm.
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ELISA of surfactant protein D (SP-D)

BAL was performed using 1ml of PBS and spun down at 100xg for 3min to separate the fluid
supernatant from the cells. Subsequently supernatant of Cebpb KO samples was diluted
1:2500 and WT samples 1:1000 in PBS. The ELISA was performed using a Systems
Quantikine ELISA Kit for Mouse SP-D (R&D) according to the manufacturer’s protocol.

May-Griinwald-Giemsa and Oil Red O staining

AMs were isolated by BAL and subjected to a Ficoll centrifugation to remove debris and dead
cells. Cytospins were performed at 500rpm with low acceleration for 5min. For May-
Grinwald-Giemsa stainings cytospins were fixed in methanol for 5min and stained with May-
Grinwald solution for 5min. Subsequently the samples were washed with water and stained
with a 5% Giemsa solution for 45min before they were again washed with water. For Oil Red
O stainings cytospins were fixed in 4% paraformaldehyde for 15min, washed with PBS,
rinsed with 60% isopropanol and then stained in a 0,3% Oil Red O (Sigma-Aldrich) solution
in 60% isopropanol for 60min. The slides were again rinsed with 60% isopropanol, stained

with heamatoxylin (AppliChem) for 50sec and washed with water.

Phagocytosis assay

AMs were isolated by BAL and seeded in RPMI complete medium (RPMI1640 GlutaMAX
supplemented with 10% FBS (Gibco), 1% sodium pyruvate (Gibco) and 1% penicillin-
streptomycin (Gibco)) in a non-tissue culture treated 6-well plate. The cells were incubated at
37°C for 2h to allow them to adhere. Next the cells were incubated with or without
fluorescent latex beads (Sigma-Aldrich) for 90min either at 37°C or on ice. Afterwards they
were washed with PBS three times, detached with trypsin, stained with surface marker
antibodies and analyzed by flow cytometry. To correct for unspecific adherence of the beads
to the outside of the cells, the median fluorescence intensity (MFI) of bead-positive cells was
calculated as follows: MFI of bead-positive cells incubated at 37°C — MFI of bead-positive

cells incubated on ice.

CFSE in vitro cell proliferation assay

AMs were isolated by BAL, resuspended in PBS with 5uM CFSE (BioLegend) and incubated
at 37°C for 20min to label the cells. Following incubation, the staining was quenched by
adding five times the staining volume of RPMI complete medium. The cells were pelleted and
seeded in RPMI medium in non-tissue culture treated 6-well plates. AMs were then
incubated at 37°C for 4h to allow them to adhere before non-adherent cells were removed

and the medium replaced by RPMI complete with 20ng/ml CSF2 (Stemcell Technologies).
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AMs were cultured for up to 7 days and every 2 to 3 days the medium was replaced. On day
1, 4 and 7 fractions of the cells were harvested by trypsinization, stained with surface marker

antibodies and analyzed by flow cytometry.

Bodipy staining

Freshly BAL-isolated AMs were stained with surface marker antibodies for flow cytometry
before half of each sample was incubated in a 1:500 Bodipy 493/503 (Thermo Fisher
Scientific) dilution in PBS at 37°C for 15min. The other half of each sample was resuspended
in a 1:500 dilution of DMSO in PBS as controls. All samples were washed with PBS three

times and analyzed by flow cytometry.

Basic lipidomic analysis

For lipidomic analysis 1x10° AMs were sorted from BALF and frozen in liquid nitrogen.
Quantitative analysis of lipids was performed by Lipotype GmbH, Dresden
(www.lipotype.com) according to their standard “Basic lipidomics analysis” procedure using
the Lipotype Shotgun Lipidomics technology together with high-resolution Orbitrap mass

spectrometry.

RNA isolation and cDNA synthesis for RNA-seq and quantitative real-time PCR

Cells (500-20,000 sorted cells for RNA-seq) were lysed with 50-200ul of lysis/binding buffer
(Life Technologies), frozen on dry ice and stored at -80°C until further use. The mRNA was
purified using a Dynabeads mRNA DIRECT Purification Kit (Life Technologies) according to
the manufacturer’s guidelines. Reverse transcription was performed with oligo(dT) primers
(Thermo Scientific) or MARS-seq barcoded RT primers and the Affinity Script cDNA
Synthesis Kit (Agilent).

Bulk RNA-sequencing

Bulk RNA-seq was performed according to a modified protocol of the original MARS-seq
protocol (49, 50). Briefly, mRNA was subjected to reverse transcription using an Affinity
Script cDNA Synthesis Kit (Agilent) and MARS-seq barcoded RT primers. Samples were
analyzed by qPCR and pooled according to their Ct values. Pooled samples were treated
with Exonuclease | (New England BioLabs (NEB)) and size selected by a 1.2X AMPure XP
beads (Beckman Coulter) cleanup. Second strand synthesis of the cDNA was performed
using a second strand synthesis kit (NEB). Afterwards samples were subjected to in vitro
transcription (IVT) with a HiScribe T7 RNA Polymerase kit (NEB). The DNA template was
removed by Turbo DNase | (Life Technologies) treatment. Subsequently, the RNA was

fragmented at 70°C using RNA fragmentation buffer (Invitrogen), and samples were purified
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by 2X SPRI cleanup. Afterwards fragmented RNA ligation with MARS-seq ligation adapter
was performed with T4 RNA ligase (NEB). In a second reverse transcription reaction using
the MARS-seq RT2 primer and an Affinity Script cDNA Synthesis Kit (Agilent Technologies)
the RNA was transcribed into cDNA. As final step the library was amplified in a nested PCR
with P5_Rd1 and P7_Rd2 primers and Kapa HiFi Hotstart ready mix (Kapa Biosystems) and
purified with a 0.7X AMPure XP beads cleanup. Library sizes and DNA concentration were
determined using a TapeStation (Agilent Technologies) and a Qubit fluorometer (Life

Technologies). The samples were sequenced using a NextSeq 500 system (lllumina).

ATAC-sequencing

For the preparation of ATAC-seq libraries 15,000-20,000 cells were used (22) as described
earlier (61). Briefly, nuclei were isolated by lysis with cold lysis buffer and centrifuged for
25min at 500xg and 4°C with low acceleration and brake using a swing-out rotor. The
supernatant was carefully removed and nuclei were resuspended in 25pl reaction buffer
containing 2ul of Tn5 transposase and 12.5ul of TD buffer (Nextera DNA library preparation
kit; lllumina). The mix was incubated at 37°C for 1h. Afterwards, the DNA was purified by
adding 5yl of cleanup buffer, 2ul of proteinase K (NEB) and 2ul of 5% SDS. After an
incubation phase of 30min at 40°C, the tagmented DNA was enriched using AMPure XP
beads (Beckman Coulter). The DNA was PCR-amplified with indexed primers and Kapa HiFi
Hotstart ready mix (Kapa Biosystems). After the PCR, tagmented DNA fragments were
selected for fragments smaller than 600bp and purified using AMPure XP beads. Libraries
were subjected to a second PCR amplification with Kapa HiFi Hotstart ready mix (Kapa
Biosystems), indexing primers and an appropriate number of reaction cycles depending on
the library concentration. Library sizes and DNA concentration were determined using a
TapeStation (Agilent Technologies) and a Qubit fluorometer (Life Technologies). Libraries
were sequenced with an average of 20 million reads per sample on a NextSeq500 system

(Hlumina).

ChIPmentation

Preparation of ChIPmentation samples was performed according to (27). 2x10° AMs were
BAL-isolated from C57BL/6 mice and fixed in a 1% PFA solution (in 10% FBS/PBS). The
fixation reaction was quenched on ice by addition of glycine (125mM final concentration) and
the samples were centrifuged at 300xg for 5min at 4°C. Subsequently cell pellets were
washed twice with cold PBS and 1X Protease Inhibitor (Roche), snap-frozen in liquid
nitrogen and stored at -80°C until further processing. The samples were thawed on ice and
resuspended in Chromatin Prep Buffer (High Sensitivity Chromatin Preparation kit, Active

Motif) with 1X Protease Inhibitor (Roche) before nuclei were released using a dounce
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homogenizer with a tight pestel (Active Motif) and centrifuged at 4°C and 1250xg for 5min.
Nuclei were then resuspended in cold Sonication Buffer and pipetted to facilitate nuclei
disruption. The chromatin was sonicated using a Diagenode Bioruptor to achieve a fragment
size ranging from 200-500bp. 1% of the sonicated chromatin was used for the INPUT sample,
the rest was incubated overnight with pre-washed A Dynabeads (Thermofisher; previously
blocked with 0.1% BSA) and 4pug of anti-C/EBPf antibody (C-19; Santa Cruz Biotechnology).
The following day, the beads were washed twice with RIPA-LS, twice with RIPA-HS, twice
with RIPA-LICI, twice with 10mM Tris-HCI pH 8.0 and finally resuspended and incubated in
the Tagmentation Solution (0.25% Tagmentation Buffer, 2mM TnS (lllumina)) for 2min at
37°C. The tagmentation reaction was stopped on ice by adding cold RIPA-LS. Later, beads
were washed twice in RIPA-LS, twice in 1X TE and finally resuspended in ChIP Elution
Buffer. Samples were de-crosslinked overnight and purified on the following day using
AMPure XP beads (NEB). Libraries were amplified using KAPA HiFi Hotstart ready mix
(Kapa Biosystems) with published indexing primers (22) and finally purified using AMPure XP
beads (NEB). Library sizes and DNA concentration were determined using a TapeStation
(Agilent Technologies) and a Qubit fluorometer (Life Technologies). Libraries were
sequenced with an average of 30 million reads per sample on a NextSeq500 system

(Nlumina). The experiment was performed in duplicates.

Processing and analysis of ATAC-seq data

ATAC-seq reads were aligned to the mouse genome v. GRCm38 using the BWA-MEM
algorithm implemented in the bwa program (52), v. 0.7.17. Peaks were called with MACS2, v.
2.2.7.1 and processed with the R package DiffBind (v. 2.14) (53, 54). Differential binding
analysis was performed using the DESeq2 R package (v. 1.26; (65)). ChiPseeker v. 1.22.1
was used for peak annotation (56). For each comparison, significant peaks were defined as
those with |log2FC| > 2 and adj. p-value < 0.05. For motif search and annotation, the MEME
suite (v. 5.0.5) was used. Motifs were first identified using DREME by comparing differential
peak sequences to background sequences, separately for up- and down-regulated peaks.
Then, identified motifs were annotated using the TOMTOM program and the Jaspar2020
database (57). For comparison between RNA-seq and ATAC-seq data, the R package disco
(v. 0.6; (68)) was used to calculate the “disco score”, a heuristic metric based on p-values
and log2FC in both comparisons. Disco score takes extreme values for features that are
either significantly regulated in the same direction in both comparisons (‘concordant”
features) or significantly regulated in opposite direction in the two comparisons (“discordant”

features).

Processing and analysis of RNA-seq and microarray data
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We used fastuniq (69) to collapse PCR duplicates and STAR v2.6.1a (60) to align unique
reads to the mouse genome (GRCm38). Gene expression was quantified using
featureCounts v1.6.3 (67) and the Gencode vM12 reference. We then used DESeq2 v1.24
(55) on selected sample groups to perform differential expression between all pairs of
conditions, with ashr shrinkage (62). Genes with adj. p-value < 0.01 and |log2FC| > 1 were
selected, and z-scores of log2 counts-per-million (CPM) values were computed to construct a
heatmap with ComplexHeatmap v2.0.0 (63), perform PC analysis, and cluster genes using
kmeans. Gene set enrichment using gene sets from Gene Ontology and KEGG was
performed for each cluster with ClusterProfiler v3.12 (64) using all genes with mean CPM > 1
as background.

For fig. S5, we downloaded microarray data of CD11c-Cre Pparg flox and control AMs from
GEO (GSE60249) using the GEOquery package and averaged expression values over all
probes for a given gene. We then combined log2(1+CPM) values from RNA-seq with
microarray expression values, removing a batch effect between RNA-seq and microarray
data with ComBat (65) after quantile normalization restricted to the intersection of the top
95% of genes from each dataset. We then performed differential expression analysis

between pairs of conditions using limma v3.40.6 (66).

Processing and analysis of ChIPmentation data

ChlPmentation data was analyzed with the Pigx pipeline for ChlP-seq data, which comprised
a read trimming with Trim Galore, read mapping to mm10 with Bowtie2 and peak calling
done by MACS (53, 54). We filtered the resulting peaks by FDR with a cutoff of 1e-05 and
merged them using Diffbind (63, 54) while retaining only those peaks found in both samples.
This resulted in 18694 peaks annotated with 7604 genes using GREAT. A coverage map of
the 18694 peaks was prepared with deeptools. We overlapped the annotated ChIP genes
with genes deregulated in WT vs. Cebpb-deficient adult AMs (Fig. 2D). To assess the

significance of overlaps shown in the Venn diagram (Fig. 6B) a Fisher test was applied.

Western blot

AMs were isolated by BAL and lysed with RIPA buffer supplemented with 1X cOmplete
ULTRA protease inhibitor cocktail (Roche) and 1mM DTT for 10min on ice. Subsequently
protein lysates were sonicated in an ultrasonic water bath for 20sec and centrifuged at
14000rpm and 4°C for 10min. The supernatant was transferred to a new tube and incubated
with SDS loading buffer at 95°C for 5min before proteins were separated by electrophoresis
on a 4-15% Criterion TGX precast gel (Bio-Rad) at 100-130V in SDS running buffer. Proteins
were blotted onto a nitrocellulose membrane using the Trans-Blot Turbo System (Bio-Rad) at
2.5Amp and 25V for 10min and the membrane blocked in milk TBS-T for 1h. Following
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overnight incubation at 4°C with a 1:500 dilution of rabbit-anti-C/EBPB (C-19; Santa Cruz
Biotechnology) antibody in milk TBS-T, the membrane was washed with TBS-T 4 times for
5min and incubated with secondary antibody solution (1:5000 ECL anti-rabbit 1gG (GE
Healthcare) in milk TBS-T) for 1h at room temperature. The membrane was again washed
with TBS-T 4 times for 5min before protein signals were detected using Immobilon Western

Chemiluminescent HRP substrate (Millipore).

Quantitative real-time PCR (qPCR)

gPCR of mouse cDNA was performed using PowerUp SYBR Green Mastermix (Thermo
Fisher Scientific) and the following primers: Actb (5-GGAGATTACTGCTCTGGCTCC-3’ and
5-AGGGTGTAAAACGCAGCTC-3’), Cebpb (5-TCGGGACTTGATGCAATCC-3 and 5'-
AAACATCAACAACCCCGC-3), Pparg? (5-AAGAAGCGGTGAACCACTGA-3' and 5-
GGAATGCGAGTGGTCTTCCA-3’), Pparg2 (5-TCGCTGATGCACTGCCTATG-3' and 5'-
CGAGTGGTCTTCCATCACGG-3’). Reactions were performed in 10l reaction volumes on a
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). All analyzed

expression levels were normalized to Actb expression.

In vitro culture and treatment of Mx-Cre AMs

AMs were isolated by BAL, seeded in RPMI complete medium in non-tissue culture treated
12-well plates and incubated at 37°C to allow the AMs to adhere. After 4h the medium was
exchanged to remove non-adherent cells. AMs were cultured in RPMI complete medium
supplemented with 20ng/ml CSF2 (Stemcell Technologies) for 7 days to expand the cells.
Every 2 to 3 days the medium was replaced. At day 7 a fraction of the AMs was harvested
for analysis, while the remaining cells were treated with 1000units/ml of mouse IFNa
(Miltenyi) to induce Cre-mediated recombination. IFNa treatment was repeated twice in two-

day intervals (see fig. 3B). At day 14 all cells were harvested for analysis.

In vitro culture of bone marrow cells, PMs and AMs

BM cells were flushed from femur and tibia, washed and red blood cells were lysed. 2x10°
cells were resuspended in 1.5ml RPMI complete medium supplemented with 20ng/ml CSF2
(Stemcell Technologies) and cells were cultured in non-tissue culture treated 6-well plates.
Every second day the medium was exchanged. At day 7, cells were harvested, centrifuged,
lysed with RNA lysis buffer (Life Technologies) and frozen until further processing for RNA
isolation.

PMs were isolated by FACS from peritoneal lavage and cultured in RPMI complete medium

supplemented with 20ng/ml CSF2 or 20ng/ml CSF1 (both Stemcell Technologies) in non-
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tissue culture treated 12-well plates. After 48h the cells were lysed with RNA lysis buffer (Life
Technologies), frozen on dry ice and stored at -80°C until further use.

AMs were isolated by BAL, seeded in RPMI complete medium in non-tissue culture treated
12-well plates and incubated at 37°C to allow AMs to adhere. After 4h the medium was
exchanged to remove non-adherent cells. AMs were cultured in RPMI complete medium
without or supplemented with 20ng/ml CSF2 (Stemcell Technologies), 20ng/ml CSF2
together with 1uM Ruxolitinib (Tocris) or 20ng/ml CSF1 (Stemcell Technologies) according to
the respective experimental setup. After 48h cells were harvested for RNA isolation as

described above.

Luciferase reporter assay

Genomic regions of the Pparg locus were cloned from C57BL/6 DNA. The following primers

were used to clone the Pparg1 promoter: forward: 5-
TTCTCGAGCCCTCTCCACCCTATGTGT-3’; reverse: 5-
GTAAGCTTGTCGTCACACTCGGT-3; the Pparg2 promoter: forward:
AGGACTCGAGCTTTTGTTCTATTCT; reverse: 5'-
CCAAAGCTTCACCCATAACAGCATAAA-3 and the Pparg enhancer fragment: forward: 5'-
GTGAGCTCTAGGATTCTGTATTCAGC-3’; reverse: 5-

TCCTCGAGGTGAGAATTTTAGTCAAGT-3'. The promoter fragments were cloned via
Xhol/HindlIl digest into the pGL4.10 (Promega) luciferase vector. The enhancer was cloned
via Sacl/Xhol digest either alone or in front of the Pparg2 promoter into pGL4.10. All clones
were sequenced to verify cloning and sequences. For transfection, 1x10* Cebpb-deficient
MEF cells were plated into 96-well plates. The next day, 50ng of test luciferase vector and
different combinations of 50ng pcDNA3.1 (Addgene) containing either no gene (control), or
LAP*, LAP or LIP were mixed in were mixed in 5ul serum free medium. To control for
transfection efficiency, 12.5ng Renilla luciferase (pGL4.70; Promega) was added. Afterwards,
5ul serum free medium containing 1.1ul 7.5mM PEI (DNA:PEI ratio 1:10) was added to the
mix and incubated for 10min. 10ul transfection mix was carefully added to each well. Firefly
luciferase and Renilla luciferase activity was measured with Luc-Pair™ Duo-Luciferase HT
Assay Kit (Genecopoeia) 48h after transfection according to the manufacturer’s protocol. A
Berthold Luminometer (Centro LB 960) was used for measurement. All analysis was

performed in duplicates and all experiments were repeated twice with similar results.

Quantification and statistical analysis
Statistical analysis (with exception of RNA-seq, ATAC-seq, ChIPmentation and lipidomic
analysis; see respective methods sections for these analyses) was performed using the

GraphPad Prism 6 software and statistical tests were chosen according to assumptions
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considering data distribution and variance characteristics. To evaluate statistical differences
between two groups a two-tailed t test with Welch's correction was applied. For comparison
of three groups a one-way ANOVA test was used followed by multiple comparison correction
with a Tukey test (in case of comparison of each group against every other group) or Dunnett
test (in case of comparison of all groups against a control group). Data in all experiments are
depicted as mean * standard deviation (SD) and statistical significance is presented as: n.s.
p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. N indicates the number of animals used in the

experiment and each dot in the graphs corresponds to one animal.
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Supplementary materials

Figure S1. Gating strategy for the identification of AMs and other TRMs

Figure S2. Influence of housing condition and sex on the transcriptome of Cebpb-deficient
AMs.

Figure S3. Analysis of AMs from conditional Cebpb-deficient mice.

Figure S4. Chromatin accessibility in the promoter regions of Cebpb” and LIP AMs

Figure S5. Comparison of Cebpb™ AMs and Pparg-deficient AMs

Figure S6. Cebpb expression is unaffected in Csf2rb-deficient pre-AMs.

Figure S7. CSF2 and C/EBPf are necessary co-factors for the induction of Pparg2 in other

macrophage subsets.

Supplementary data 1. RNA-sequencing results of Cebpb-deficient fetal monocytes, pre-AMs
and adult AMs and controls. Related to Fig. 2.

Supplementary data 2. RNA-sequencing results of Cebpb-deficient AMs isolated from adult
constitutive KO animals (Cebpb™) and different conditional Cre mice (CD11c-Cre Cebpb™ or
LyzM-Cre Cebpb™). Related to fig. S3.

Supplementary data 3. RNA-sequencing results of AMs isolated from Cebpb”, LIP
(Cebpb-™™ ") mice and respective controls. Related to Fig. 5.

Supplementary data 4: Significantly bound chromatin regions as determined by C/EBPJ
ChIPmentation. Related to Fig. 6A-E.

Supplementary data 5: ATAC-sequencing results of AMs isolated from Cebpb™ mice and
respective controls. Related to Fig. 6F,G.

Supplementary data 6: ATAC-sequencing results of AMs isolated from LIP (Cebpb-""F)
mice and respective controls. Related to Fig. 6F,G.

Supplementary data 7: Transcriptome comparison of Csf2rb-deficient pre-AMs against

Cebpb’ pre-AMs with respective controls. Related to fig. S6.
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Figure 1

Figure 1. Cebpb-deficiency leads to PAP-like syndrome in mice.

(A) Representative flow cytometric analysis of lung cells isolated by bronchoalveloar lavage
(BAL) from adult Cebpb” mice and littermate controls. Note that plots depict all cells
detected in a complete BAL sample. (B) Quantification of absolute AM cell numbers in BAL
fluid (upper panel) and lung tissue (lower panel; two experiments pooled). (C) Median
fluorescence intensity (MFI) of CD64, Siglec-F, CD11c and MHCII as determined by flow
cytometry in WT and CD11b"" and CD11b"®" Cebpb-deficient AMs. (D) Turbidity of BAL fluid
isolated from WT and Cebpb-deficient mice as assessed macroscopically (left panel) or by
optical density measurement at 600nm (right panel). (E) Surfactant protein D concentration
determined by ELISA in BAL fluid from Cebpb” mice and WT littermates (two experiments
pooled). (F) Representative May-Grinwald—-Giemsa staining of cytospins of AMs from
Cebpb”™ mice and controls isolated by BAL. Scale bar = 50um. (G) Exemplary flow
cytometric analysis (left panel) and absolute cell numbers (right panel) of fetal lung Ly6C""
monocytes (F-Mo) and pre-AMs isolated from whole lung tissue of Cebpb-deficient and -

proficient animals at E18. (H) Representative flow cytometric analysis (left panel) and
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1167  frequency quantification of CD11c” CD64" immature AMs out of CD45" cells (right panel;
1168  n=3-5 mice per genotype; mean + SD) isolated from whole lung tissue of Cebpb-deficient
1169  and control animals at P3. Experiments in A-G were performed at least twice (n=3-6 mice per
1170  genotype and experiment; mean + SD) with similar results. Each dot represents an individual
1171  mouse.
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Figure 2. Transcriptomic analysis of embryonic and adult Cebpb-deficient AMs.

(A and B) Lung Ly6C"®" fetal monocytes and lung Ly6C"™ pre-AMs were FACS-isolated from
Cebpb-proficient (n=3) and -deficient (n=4) E18 mouse embryos and analyzed by RNA-seq.
Depicted are all detected genes with DEGs (adj. p-value < 0.01 and |log2FC| > 2) marked in

red. (C) Gene ontology enrichment analysis of the DEGs between Cebpb-deficient and
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control pre-AMs. Shown are terms from the category ‘biological process’. (D) AMs from WT
littermates and CD11b™®" and CD11b"" AMs from adult Cebpb-deficient mice were isolated
by FACS and analyzed by RNA-seq (n=4 mice per genotype). Shown are genes with an adj.
p-value < 0.01 and [log2FC| > 1 in at least one pairwise comparison. Columns on the right
hand of the heatmap indicate significantly differential genes in the indicated contrasts.
Significantly upregulated genes are marked in red, significantly downregulated genes are
marked in blue. (E) Principal component analysis (upper panel) and correlation matrix (lower
panel) of the three cell populations described in D. (F) Normalized CPM read counts of AM
genes of interest (mean = SD). (G) Gene ontology enrichment analysis of the three clusters
depicted in D. Only biological process terms are shown. (H) Normalized CPM read counts of
Cebpb and Pparg expression in fetal monocytes (F-Mo), pre-AM | (Ly6C™), pre-AM I
(Ly6C"") and adult AMs isolated from WT and Cebpb-deficient mice. (I) Heatmap showing
the expression of genes involved in the KEGG PPAR signaling pathway (mmu03320) in
Cebpb-deficient and -proficient E18 pre-AMs and adult AMs. Shown are only genes that
were detected with >10 reads in at least one group. See also Suppl. Data 1 for full
description of DEGs in F-Mo, pre-AMs and adult AMs.
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Figure 3. Functional impairment of adult Cebpb-deficient AMs.

(A) Latex bead phagocytosis of WT (green) and CD11b™®" (dark red) or CD11b"" (light red)
Cebpb”™ AMs was analyzed by flow cytometry. (B) Schematic of Mx-Cre experiment. BAL-
isolated AMs were cultured with CSF2 for 7 days before IFNa was added a total of three
times in two-day intervals. Analysis was performed at day 14. (C) Latex bead phagocytosis of
Mx-Cre Cebpb™* control (black) and Mx-Cre Cebpb™ AMs (grey). Shown is the MFI of
phagocytosed beads as determined by flow cytometry. (D) CFSE analysis of wildtype and
Cebpb™ AMs. Cells were cultured for 1, 4 and 7 days with CSF2 and analyzed by flow
cytometry. Quantification of CFSE" cell frequency from two pooled experiments. (E)
Quantification of in vitro-cultured AMs. AMs from WT controls (green) and CD11b"®" (dark
red) and CD11b"" (light red) AMs from Cebpb” mice were sorted into 96-well plates in
triplicates and cultured with CSF2. Cell numbers were tracked by microscopy at day 3, 7, 10
and 14 after seeding (n=4 mice per genotype). (F) WT (green) and CD11b"®" (dark red) and
CD11b"" Cebpb™ (light red) AMs were loaded with bodipy and the MFI of bodipy was
analyzed by flow cytometry . (G) Oil Red O staining of WT (left) and Cebpb™ AM (right)
cytospins. Scale bar = 50um. All experiments were performed twice with similar results (n=2-

4 mice per genotype and experiment; mean + SD).
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(A) Schematic representation of bone marrow (BM) transplantation experiment. (B)
Exemplary flow cytometric analysis of BAL and lung AMs isolated from chimeric mice 5 and
10 weeks after BM transplantation. (C) Ratio of CD45.2* CD11c-Cre Cebpb™ to CD45.1* WT
leukocytes in the blood and lungs of recipient mice 5 weeks (upper panel) and 10 weeks
(lower panel) after BM transfer. Shown are pooled data from two independent experiments
with each n=3-5 mice per group. (D) Turbidity of BAL fluid isolated from mixed BM chimeric
mice and WT control animals as measured by the optical density at 600nm. (E) CD45.1* WT
(WTCP*) and CD45.2" CD11c-Cre Cebpb™ (CD11cX°) donor-derived AMs were FACS-
purified from the lungs of recipient mice 5 and 10 weeks after BM transplantation and
subjected to RNA-seq analysis. 3-4 animals per group were used. Shown are DEGs (ad;j. p-
value < 0.01 and |log2FC| > 1 in at least one pairwise comparison) that were clustered in 5
groups. (F) Principal component analysis of the RNA-seq samples described in E. (G) Gene
expression examples of important AM genes. Shown is the mean + SD of CPM-normalized
read counts. (H) Gene ontology enrichment analysis of the heatmap clusters depicted in E.
Only biological process terms are shown. () Expression of genes involved in the KEGG
PPAR signaling pathway (mmu03320) in the AM groups described in E. Shown are only

genes that were detected with >10 reads in at least one group.
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1239 Figure 5
1240  Figure 5. Partial rescue of the C/EBP-deficient phenotype by LIP expression.

1241  (A) Depiction of the different translational start sites of the Cebpb transcript and the resulting
1242 three alternative C/EBP protein variants. (B) Western blot analysis of C/EBP isoform
1243  expression in protein extracts of WT AMs from BAL fluid. (C) Scheme of LIP mice, which
1244  harbor a knockin of the short C/EBPB LIP isoform at the endogenous Cebpb locus. (D)
1245  Exemplary flow cytometric analysis of AMs isolated by BAL from homozygous LIP knockin
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mice (Cebpb-"""*) and littermate controls. (E) Quantification of BAL AM cell numbers in LIP
and control mice. (F) Turbidity of the BAL fluid isolated from LIP mice and littermate controls
as measured by the optical density at 600nm. All experiments depicted in D-F were repeated
at least twice (n=4 female mice per genotype and experiment; mean + SD) with similar
results. (G) CD11b"" (orange) or CD11b™" (yellow) LIP and littermate control (olive) AMs
were sorted from BAL fluid, analyzed by RNA-seq and compared to Cebpb™ AMs (n=3-4).
The heatmap shows DEGs (adj. p-value < 0.01 with a |log2FC| > 1 between at least two of
the groups). See also Suppl. Data 3 for full description of DEGs in adult LIP AMs. (H)
Principal component analysis of the RNA-seq results with color code as in G. (I) Gene
expression examples of important AM genes. The mean + SD of CPM-normalized read
counts is shown. (J) Gene ontology enrichment analysis of cluster 1 (specifically
downregulated in Cebpb” AMs) and cluster 6 (commonly downregulated in Cebpb” and LIP
strains) of the heatmap shown in G. Only biological process terms are shown. (K) Heatmap
showing the expression of genes involved in the KEGG PPAR signaling pathway
(mmu03320). Shown are only genes that were detected with >10 reads in at least one group.
(L) Heatmap showing the expression of genes involved in the GO pathway ‘sterol
biosynthetic process’ (GO:0016126). Shown are only genes that were detected with >20
reads in at least one group. (M) Total amounts of membrane and storage lipids in 1x10°
FACS-isolated AMs from WT (n=3), Cebpb™ (n=3) and LIP (n=4) mice. (N) Analysis of lipid
types in AMs from WT (green), Cebpb™ (red) and LIP (yellow) mice. Shown are lipids with p-
value = 0.05 as determined by Wilcoxon signed-rank test. The z-score is based on log2

transformed pmol/1x10° cells values.
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Figure 6. C/EBPB-dependent epigenetic changes in AMs.
(A) ChlPmentation analysis of the C/EBPB-DNA binding in BAL-isolated WT AMs was
performed in duplicates. Shown are the peak intensities and localization of C/EBPf binding

sites in respect to the closest transcriptional start site (TSS). (B) Overlap of the differentially
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expressed genes in Cebpb” AMs shown in Fig. 2D and the C/EBPB-bound genes found in
WT AMs. Significance was tested against a random set of genes with Fisher’s exact test. *
indicates a p-value of 1.1e-8 and ** p = 2.2e-16. See also Suppl. Data 4 for full description of
C/EBPB-bound regions and overlapping genes. (C) Analysis of enriched TF motifs within
C/EBP binding regions. Results are depicted as motif sequence with corresponding TF
annotation and enrichment p-value. (D) GO enrichment analysis of the 7604 genes assigned
to C/EBPB binding sites. (E) Selected examples of gene loci involved in the indicated
biological processes that show significant C/EBP binding (red areas) compared to input
control. C = ChIP sample; | = Input DNA sample. See also fig. S4A. (F) AMs from KO, LIP
and littermate controls were isolated by FACS and analyzed by ATAC-seq. Scatter plots
showing the chromatin accessibility in the KO contrast (WT vs. KO; upper graph; n=3 mice
per genotype) and in the LIP contrast (WT vs. LIP; lower graph; n=4 mice per genotype)
depicted as the average read counts of all detected peaks. Colored dots correspond to
significantly differential peaks (q < 0.05 and |log2FC| > 2; red: more accessible in mutant
strain; blue: less accessible in mutant strain). (G) The differential peaks shown in F were
used for motif enrichment analysis. Results are depicted as motif sequence with
corresponding TF annotation and enrichment p-value. Upper part: Cebpb KO contrast; lower
part: LIP contrast. (H) “Disco” plots showing the concordance between ATAC-seq and RNA-
seq data. ATAC-seq peaks were assigned to genes according to their genomic location and
their log2 fold change (FC) between WT and KO (upper graph) and between WT and LIP
(lower graph) AMs was ploted against the log2 FC of gene expression of the assigned gene
as determined by RNA-seq analysis of the same AM samples. Genes with a high
concordance (determined by the disco score) are shown in red and genes with a discordance
in blue. For each quadrant the number of concordant or discordant genes with a |disco score|
> 100 is indicated. (I) ATAC-seq IGV tracks of representative gene loci with corresponding
gene expression (shown as CPM-normalized read counts; mean + SD) of the same AM
samples as determined by RNA-seq. Grey circles indicate significant peak changes (q < 0.05
and |log2FC| > 2) in the KO contrast, grey squares indicate significant peak changes in the

LIP contrast. See also Suppl. Data 5+6 for a full list of accessible regions.
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Figure 7. C/EBPf regulates Pparg2 expression in AMs

(A) Quantitative real-time PCR (qPCR) of Cebpb, Pparg1 and Pparg2 mRNA expression in
white adipose-tissue macrophages (WAM), spleen macrophages (SM), peritoneal
macrophages (PM), kidney macrophages (KM) and AMs isolated by FACS from WT (green)
and Cebpb-deficient mice (red). n.d. = not detectable. Data is normalized to expression in
WT WAM samples. (B to D) Cebpb, Pparg1 and Pparg2 mRNA expression in AMs isolated
by FACS from (B) LIP mice (orange) and controls (olive), (C) CD11c-Cre Cebpb™ mice
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(purple) and controls (turquoise), (D) CD11c-Cre Cebpb™™ (CD11c*°) and CD11c-Cre
Cebpb** (CD11c"™) AMs isolated from mixed BM chimeras 10 weeks after transfer. Data is
normalized to expression in WT samples. (E) qPCR of Cebpb, Pparg? and Pparg2
expression in AMs isolated from Mx-Cre Cebpb™ (red) and Mx-Cre Cebpb** control mice
(green) was performed at day 7 (-IFNa) and at day 14 (+IFNa). For experimental scheme
see Fig. 3B. Data is normalized to expression in day 7 (-IFNa) WT samples. (F) Upper four
IGV tracks: ATAC-seq data derived from day 14 IFNa-treated Mx-Cre Cebpb™ (n=3) and
control Mx-Cre Cebpb** AMs (n=2; for experimental scheme see Fig. 3B). Regions with
significant changes in accessibility between the genotypes are indicated underneath the
tracks. Lower four IGV tracks: C/EBP binding as determined by ChIPmentation in WT AMs
(n=2). Input samples served as controls. Significant C/EBPB-bound regions are indicated
underneath the tracks. (G) Closer representation of ATAC-seq tracks of the Pparg locus in
WT and Cebpb” AMs. Indicated are the Pparg? promoter (violet), Pparg2 promoter (brown)
and Pparg2 enhancer (blue) regions used for luciferase reporter constructs. (H) Cebpb KO
MEFs were transfected with Pparg promoter/enhancer pGL4.10 constructs (color code as in
G) and received either control (con; pcDNA3.1) or Cebpb vectors (LAP*, LAP and LIP in
pcDNA3.1). Shown is the fold change of luciferase activity to control-treated cells. Mean with
n=2. Experiment was repeated twice. (I and J) Cebpb, Pparg1 and Pparg2 expression in
AMs and PMs cultured with CSF1 or CSF2 for 48h. Data is normalized to expression in
CSF1 samples. (K) Cebpb, Pparg1 and Pparg2 expression in PMs cultured with CSF2 for
48h (left panel) and CSF2-cultured BM-derived cells (right panel) isolated from Cebpb™ (red)
and control mice (green). Data is normalized to expression in WT samples. Data in A-E and

I-K are shown as mean fold change + SD with n=3-4 mice per genotype.
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a Gating strategy for the identification of adult AM in BAL (used throughout the study)
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Supplementary Figure 1
Figure S1. Gating strategy for the identification of AMs and other TRMs

(A) Shown is the gating strategy for the identification and sorting of adult AMs from BALF as
used throughout the study. (B) Gating strategy for adult AMs from lung tissue. (C) Gating
strategy for the identification of embryonic alveolar macrophage precursor cells (E18). (D)
Indication of the sorting gates that were used to isolate fetal monocytes, pre-AM | (Ly6Cint)
and pre-AM Il (Ly6Clow) as shown in Fig. 2A-B and fig. S6. (E) Gating strategy for postnatal

day 3 and 8 alveolar macrophages from lung tissue. (F-I) Gating strategies for the
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identification of different tissue-resident macrophages isolated from WT and Cebpb™ mice as

used in Fig. 7A. Shown are kidney macrophages (KM) in (F), white adipose-tissue

macrophages (WAM) in (G), spleen macrophages (SM) in (H) and peritoneal macrophages

(PM) in (1).
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Supplementary Figure 2

Figure S2. Influence of housing condition and sex on the transcriptome of Cebpb-deficient
AMs.

(A) Shown are the median fluorescence intensities (MFI) of CSF2RA (left panel) and
CSF2RB (right panel) levels in P8 AMs isolated from Cebpb**, Cebpb*" and Cebpb™ animals.
(B) Heatmap (left panel) and average z-score (right panel) presenting the expression of 95
AM signature genes (73) that could be detected in Cebpb-deficient AMs and controls. (C)

-

Heatmap depicting the transcriptomic differences between WT and Cebpb™ AMs from two
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different mouse facilities. CD11b"" and CD11b"%" AMs from KO animals were pooled for this
analysis. Shown are genes with adj. p-value < 0.01 and |log2FC| > 1 in at least one pairwise
comparison. Cluster 1 consists of 780 genes, cluster 2 of 1381 genes, cluster 3 of 582 genes
and cluster 4 of 245 genes. Note that lipid metabolism-related genes like Pparg, Cidec,
Fabp1 and Cd36 are part of cluster 2 and downregulated in KO AMs independent of the
facility. PC analysis indicates the similarity between the groups. Component 1 (Cebpb gene
deficiency) and not component 2 (facility) explains most of the gene expression changes. (D)
Gene expression examples of AM genes of interest. The mean + SD of CPM-normalized
read counts is shown. (E) GO enrichment analysis of the 4 clusters depicted in c. Cluster 2 is
enriched for lipid processing. (F) Heatmap depicting the transcriptomic changes between
male and female WT and pooled CD11b™" and CD11b™" Cebpb™ AMs. Shown are genes
with adj. p-value < 0.01 and |log2FC| > 1 in at least one pairwise comparison. Cluster 1
consists of 448 genes, cluster 2 of 374 genes, cluster 3 of 309 genes and cluster 4 of 468
genes. PCA analysis indicates the concordance between the groups. Component 1 (Cebpb
gene deficiency) and not component 2 (sex) explains most of the gene changes. N=2-3

animals per genotype and condition.
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Figure S3. Analysis of AMs from conditional Cebpb-deficient mice.

(A) Representative flow cytometric analysis of BALF isolated from CD11c-Cre Cebpb** and
CD11c-Cre Cebpb™ animals. (B) Quantification of CD11b"" and CD11b"®" total AM cell

numbers in CD11c-Cre Cebpb™ and CD11c-Cre Cebpb™ animals.

(C) Turbidity

measurement of BALF isolated from CD11c-Cre Cebpb** and CD11c-Cre Cebpb™ animals

at OD600nm. (D) Exemplary flow cytometric analysis of BALF isolated from Cebpb™ and
LyzM®®“*® Cebpb™ animals. (E) Quantification of CD11b°* and CD11b"®" total AM cell
numbers in Cebpb™ and LyzM®®°"® Cebpb™ animals. (F) Turbidity measurement at
0OD600nm of BALF isolated from Cebpb™ and LysM®®°"® Cebpb™ animals. (G) Heatmap
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depicting the transcriptomic differences between the indicated genotypes. Shown are genes
with adj. p-value < 0.01 and |log2FC| > 1 in at least one pairwise comparison. (H) PC
analysis indicates the similarity between the genotypes. Color code as in g. (I) AM gene
expression examples. The mean + SD of CPM-normalized read counts is shown. (J) GO
enrichment analysis of the clusters depicted in g. No significant GO enrichment was detected
for genes in clusters 1, 3 and 5. Note that Cebpb”™ (mixed genetic background), LyzM-Cre
(C57BL/6 background) and CD11c-Cre (C57BL/6 background) mice were from different

facilities. Experiments were performed with 2-6 mice per genotype and show the mean + SD.
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Supplementary Figure 4

Figure S4. Chromatin accessibility in the promoter regions of Cebpb™ and LIP AMs

(A) Additional IGV tracks for genes that show C/EBPb binding. C = ChIP sample; | = Input
DNA sample. (B) Gene expression of TFs in KO and LIP AMs whose DNA binding motifs
were identified by motif enrichment analysis in Fig. 6G. Normalized CPM-read counts + SD
are shown. Note that recent studies have described a compensatory function of the different
C/EBP TF family members in several biological settings. We did not detect a compensatory
increase of any of the detected C/EBP family members. (C) Scatter plots showing the
chromatin accessibility (depicted as ATAC-seq peaks) specifically in promoter regions (+3kb
TSS) in the KO contrast (WT vs. KO; upper graph; n=3 mice per genotype) and in the LIP
contrast (WT vs. LIP; lower graph; n=4 per genotype). Colored dots correspond to peaks

which show a significant difference between two conditions compared at q < 0.05 and
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llog2FC| > 2. (D) The identified differential promoter peaks depicted in b were used for motif
enrichment analysis. Shown are the p-value of enrichment, motif sequence and the
corresponding transcription factor annotation. Upper part: Cebpb KO comparison; lower part:
LIP comparison. (E) “Disco” plots showing concordance between promoter peak-derived log,

fold changes and p-values and transcript-derived log, fold changes and p-values.
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1411
1412 Figure S5. Comparison of Cebpb” AMs and Pparg-deficient AMs

1413  (A) Comparison of published microarray data (GSE60249) from Pparg-deficient AMs with
1414  RNA-seq data of Cebpb”™ AMs. Shown are genes with an adj. p-value < 0.01 and [log2FC| >
1415 1 in at least one of the contrasts: CD11c Cre Pparg™ vs. WT (Pparg™), KO CD11b"" vs. WT
1416  and KO CD11b"™" vs. WT. (B) Combined principal component analysis of the two data sets.

1417  (C) Gene expression examples in the different genotypes. Shown is the mean z-score + SD.

1418
1419
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Supplementary Figure 6

Figure S6. Cebpb expression is unaffected in Csf2rb-deficient pre-AMs.

(A) qPCR of Cebpb, Pparg1 and Pparg2 expression in WT AMs cultured without CSF2, with
CSF2 and DMSO or with CSF2 and Ruxolitinib for 48h. Data is normalized to expression in
untreated samples. (B) Representative flow cytometry analysis of pre-AMs isolated from
Csf2rb™ (left panel) and Cebpb™ (right panel) animals and respective controls. Ly6C'" pre-
AMs from Csf2rb” and Cebpb™ animals were FACS-purified and used for bulk RNA-seq
analysis. (C) Heatmap depicting the transcriptomic differences between the indicated

genotypes. Shown are 4112 genes with adj. p-value < 0.01 and |log2FC| > 1 in at least one
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pairwise comparison that could be assigned to 6 cluster. Clusters 4 and 5 were specific to
Csf2rb™ cells, while clusters 2, 6 and partially 1 were shared by Csf2rb” and Cebpb™ pre-
AMs. The columns on the right hand of the heatmap indicate significantly differential genes in
the Cebpb KO contrast (left column) and in the Csf2rb KO contrast (right column).
Upregulated genes in either KO are marked in red, downregulated genes are marked in blue.
(D) Scatter plot showing the log2 fold changes of Cebpb KO vs. WT gene expression in
comparison to expression differences in Csf2rb KO vs. WT. Common significant (p < 0.01)
gene changes are indicated in red (log2FC > 1) or blue (log2FC < -1). (E) Gene expression
examples of AM genes of interest. The mean + SD of CPM-normalized read counts is shown.
(F) GO enrichment analysis of the clusters depicted in b. This analysis indicates that innate
immune response-related genes are equally upregulated (Jun, Stat3 and Junb), while genes
involved in lipid processes (like Cidec, Fabp4, Olr1, and Angptl4) are commonly
downregulated. Note that Cebpb”™ animals are bred on a mixed genetic background whereas
Csf2rb™ mice are on C57BL/6 background, which might contribute to differences reflected in

cluster 5. 3-4 mice were analyzed per genotype.
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Figure S7. CSF2 and C/EBPf are necessary co-factors for the induction of Pparg2 in other
macrophage subsets.

(A) qPCR analysis of PMs isolated by FACS from LIP (Cebpb"""*; orange) and control
(olive) animals. The cells were cultured with CSF2 for 48h and Cebpb, Pparg1 and Pparg2
expression were measured. Data were normalized to the expression in WT cells. Each dot
represents one animal and the experiment was repeated twice with similar results. (B)
Schematic representation of BM culture experiments. BM cells were isolated and cultured
with CSF2 for 7 days. Medium and CSF2 was exchanged every second day (left scheme).
(C) Expression of Cebpb, Pparg1 and Pparg2 in BM-derived myeloid cells isolated from
CD11c-Cre Cebpb™ (left graph; purple) and LIP animals (Cebpb-™"; right graph; orange)
with respective controls (turquoise and olive). Each dot represents one animal and the
experiment was repeated twice with similar results. All plots in A-C show the mean fold

change % SD.

Supplementary data 1: Related to Fig. 2. RNA-sequencing results of fetal monocytes, pre-
AMs and adult AMs isolated by FACS from Cebpb-deficient mice and controls. Represented
are the fold changes and p-values of significantly differentially expressed genes in the fetal
monocyte and pre-AM contrast (related to Fig. 2A-B; Tab1 and Tab2). CPM-normalized read
counts of genes that belong to the heatmap of adult AMs depicted in Fig. 2D are presented in

Tab3. Cluster affiliation and significance is indicated.
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Supplementary data 2: Related to fig. S3. RNA-sequencing results of Cebpb-deficient AMs
isolated from constitutive KO animals (Cebpb™) or different conditional Cre mice (CD11c-Cre
Cebpb™ or LyzM-Cre Cebpb™™). Shown are the CPM-normalized read counts of the heatmap

data depicted in fig. S3G. Cluster affiliation and significance is indicated.

Supplementary data 3: Related to Fig. 5. RNA-sequencing results of AMs isolated from
Cebpb™, LIP (Cebpb~""") mice and respective controls. Shown are the CPM-normalized
read counts of the heatmap data depicted in Fig. 5G. Cluster affiliation and significance is

indicated.

Supplementary data 4: Related to Fig. 6. Depicted in Tab1 are all detected binding regions of
C/EBPB as determined by ChlPmentation. In Tab2 we provide a list of genes that show

C/EBPR binding and are significantly differentially expressed in our transcriptome data (Fig.

2B)

Supplementary data 5: Related to Fig. 6. ATAC-sequencing results of AMs isolated from
Cebpb™ mice and respective controls. Shown are all detected peaks, fold change between
WT and KO condition and p-values. The results are based on triplicate analysis of each

genotype.

Supplementary data 6: Related to Fig. 6. ATAC-sequencing results of AMs isolated from
Cebpb"™™ " mice and respective controls. Shown are all detected peaks, fold change
between WT and LIP condition and p-values. The results are based on the analysis of 4

animals per group.

Supplementary data 7: Related to fig. S6. Transcriptome comparison of Csf2rb-deficient pre-
AMs against Cebpb™ pre-AMs with respective controls. Shown are the CPM-normalized read
counts of the heatmap data depicted in fig. S6C. Cluster affiliation and significance is

indicated.
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