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Resident tissue macrophages (RTMs) are differentiated immune cells

that populate distinct niches and exertimportant tissue-supportive
functions. RTM maintenance is thought torely either on differentiation
from monocytes or on RTM self-renewal. Here, we used a mouse model of
inducible lung interstitial macrophage (IM) niche depletion and refilling to
investigate the development of IMs in vivo. Using time-course single-cell
RNA-sequencing analyses, bone marrow chimeras and gene targeting, we

found that engrafted Ly6C" classical monocytes proliferated locally in a Csfl
receptor-dependent manner before differentiating into IMs. The transition
from monocyte proliferation toward IM subset specification was controlled

by the transcription factor MafB, while c-Maf specifically regulated the
identity of the CD206" IM subset. Our data provide evidence that, in the
mononuclear phagocyte system, the ability to proliferate is not merely
restricted to myeloid progenitor cellsand mature RTMs but s also a tightly
regulated capability of monocytes developinginto RTMs in vivo.

RTMs are self-maintaining immune cells that are integral parts of
mammalian tissues and exert important tissue-supportive func-
tions. The original understanding that RTMs arise from bone marrow
(BM)-derived circulating monocytes, as proposed by van Furth and
Cohn', has been challenged by multiple reports showing that several
RTM populations can arise from embryonic yolk sac macrophages and
fetalmonocytes that seed the tissues before the establishment of defini-
tive hematopoiesis, and can self-maintain with minimal contribution of
monocytes®~. Nevertheless, throughout adult life, monocytes can give

riseto RTMsin proportions that depend on the tissue accessibility and
onthe nature and extent of perturbations leading to RTM depletion® ™.

Besides origin, the differentiation trajectories and the tissue cues
are thought to be essential determinants of RTM identity and func-
tion®"2, In a given niche, RTMs can respond to local trophic factors,
such as Csflfor their maintenance, and are instructed by niche-derived
signals that trigger the expression of specific transcription factors and
differentiation programs, thereby tailoring a specific identity that
fulfills the functional needs of a given tissue®"> ™,
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While currently the repopulation and maintenance of RTM niches
is thought to be achieved either through monocyte engraftment and
differentiation or through the self-renewal of mature RTMs*", the slow
turnover of RTMs at steady state and the lack of models that allow the
capture of rare events, such as monocyte-to-RTM transitioning cells,
have hampered investigations of RTM dynamicsin vivo. The lungIMs,
which are long-lived RTMs that are slowly replenished in adults by
Ly6C" classical monocytes (cMo) and encompass perivascular CD206"
IMs and nerve-associated CD206™ IMs™*?°, can be used as a model to
study monocyte-to-RTM trajectories. Here, we developed a transgenic
mouse model of diphtheria toxin (DT)-inducible IM niche depletion
that allowed us to capture and explore at the single-cell resolution the
dynamics of events that occur during monocyte-to-IM differentiation.
In this model, we found that repopulated IMs arose from BM-derived
Ly6C* cMo dependent on the monocyte chemoattractant receptor
Ccr2 that could undergo a transient Csfl receptor (Csflr)-dependent
proliferation in vacant tissue niches before their differentiation into
CD206" IMs or CD206" IMs, a process that was regulated by MafB.
Our data support the idea that tissue monocyte proliferation might
representanunderappreciated processinvolved in monocyte-to-RTM
trajectoriesinvivo.

Results

Lung interstitial macrophages express high levels of Tmem119
and Cx3cr1

We uploaded microarray data from the ImmGen database® and
published datasets'® into the Gene Expression Commons platform?
and found that IMs, as well as microglia, had high expression of the
genes encoding the fractalkine receptor (Cx3crl) and the transmem-
brane protein 119 (Tmem119; Fig. 1a,b). Flow cytometry of myeloid
cells isolated from the lungs of Cx3cr1°** mice indicated that lung
CD45'SSC°CD11b*F4/80*CD64" IMs (called IMs hereafter) expressed
high levels of GFP (Fig. 1c-e and Extended Data Fig. 1a). Next, we used
CRISPR/Cas9-mediated engineering to generate C57BL/6 mice express-
ing Cre recombinase under the control of endogenous Tmem119 (here-
after Tmem119° mice). Quantification of intracellular expression of
Cre protein by flow cytometryindicated elevated Cre expressionin the
CD206  IMand CD206" IMsubsets, but no detectable Crein other lung
myeloid cells (Fig. 1f,g), BM progenitors, blood leukocytes and RTMsin
the peritoneum, liver, spleen and gut, with the exception of microglia
(Extended DataFig.1b-iand Extended DataFig.2) in Tmem119° mice.
We crossed Tmem119° mice with the Rosa26"“%"** reporter strain®,
resulting in Tmem119“*Rosa26"-*** mice inwhich persistent enhanced
YFP protein expressionisinduced in Tmem119-expressing cells and their
progeny. Less than 25% of multipotent, myeloid lineage-committed and
common lymphoid progenitors in the BM of Tmem119Rosa26S- ¥
mice were YFP* (Extended DataFig.3a-c).Bcells, T cells, neutrophils and
eosinophilsin the blood exhibited almost no YFP labeling, while 10-30%
of cMo and Ly6C" patrolling monocytes (pMo) were YFP* (Extended
DataFig. 3d,e). While lung CD45 structural cells exhibited very low
YFP expression, ~50% of lung cMo, pMo, alveolar macrophages (AMs)
and dendritic cells (DCs) were YFP* (Extended Data Fig. 3f,g). IMs had
the highest YFP labeling (92%) among all lung myeloid cell populations

tested (Extended Data Fig. 3f,g). RTMs in other tissues exhibited vari-
able expression of YFP, with microglia (89%) and small (80%) and large
(84%) peritoneal macrophages displaying a similar patternaslungIMs
(Extended DataFig. 3h,i). Combined with the Cre staining, these results
indicated that IMs actively expressed Cre, while YFP labeling observed
inlung monocytes, DCs and other RTMs, except microglia, reflected a
history of transient Tmem119 expression in progenitor cells.

Classical monocytes give rise to interstitial macrophage
subsets upon niche depletion

Like for most RTM populations, monocyte engraftment and differentia-
tioninto IMs arerare events at steady state’®*°. Hence, to investigate the
dynamics of IM developmentinvivo, we sought to accelerate this process
by creating a vacant niche that would presumably be rapidly refilled, as
shown for other RTMs"**, To this end, we generated a transgenic model
of DT-induced lung IM depletion by crossing Tmem119“¢ and Cx3cr1*s-°™
mice?. In Tmem119“°Cx3crI"*"™ mice, referred to as IMP™ mice here-
after, cells that express both Cx3cr1 and Tmem119 should express the
diphtheria toxin receptor (DTR) and be sensitive to DT-induced death.
Intraperitoneal (i.p.) injection of IMP™ mice with 50 ng DT led to the
efficient depletion of both CD206" IMand CD206" IM subsets 24 h after
injection compared with untreated IMP™® mice, while lung AMs, cMo
and DC subsets were not affected (Fig. 2a-e). Injections (i.p.) with DT in
doses ranging from 0.1to 500 ng showed a dose-dependent depletion
of IMs in IMP™ mice 24 h after injection, but also a partial depletion of
lung cMo and pMo at the highest dose (Fig.2d). Of note, 50 ng DT i.p. did
not trigger the recruitment of lung eosinophils or neutrophils at 24 h
afterinjection (Fig. 2f), indicating that the DT-mediated death of IMs did
not trigger overt inflammation. We found no significant effect of 50 ng
DT on the numbers of BM progenitors, blood monocytes, microglia
and RTMs in the peritoneum, spleen and gut, except for anincrease in
numbers of Kupffer cells in the liver 24 h after injection in IMP™® mice
compared to untreated counterparts (Fig. 2g,h). Of note, 500 ng DT trig-
gered asignificant depletion of microglia 72 h after DT in IMP™® mice as
compared to controls (Extended Data Fig. 3j). As such, both IM subsets
were specifically depleted by 50 ng DT i.p. in IMP™® mice.

To assess whether the empty IM niche was repopulated by newly
differentiated IMs, we performed flow cytometry time-course studies
of lung myeloid cells after DT treatmentin IMP™and control littermates.
IM depletion occurred as early as 12 h after DT (Fig. 3a,b). IM num-
bers were still low in IMP™® mice at day 2 and day 3 after DT compared
to controls and this was associated with a significant increase in the
numbers of lung cMo (Fig. 3a,b). From day 3 onwards, the numbers of
IMs increased gradually to reach levels similar to the ones in control
littermates at day 7 after DT (Fig. 3a,b). The influx of cMo into the
lungs of DT-treated IMP™ mice at day 2 after DT was preceded by a
significant increase in the amount of the monocyte chemoattractant
Ccl2inthelungandserum12and 24 h after DT in IMP™ mice compared
to controls (Fig. 3¢), suggesting that cMo were attracted to the lungin
aCcr2-dependent manner.

Toinvestigate whether cMo contributed to IM replenishment, we
performed three sets of experiments. First, we generated chimeric mice
inwhichlethallyirradiated, thorax-protected CD45.2 IMP™ mice were

Fig.1|Lunginterstitial macrophage subsets canbe defined as
Cx3crI"TmemI19" cells. a, Heat map showing gene activity in the indicated
myeloid cell populations, inferred from microarray data uploaded on the Gene
Expression Commons platform. Alv, alveolar; CNS, central nervous system; Int,
interstitial; LN, lymph node; Mo, monocyte; Mac, macrophage; PC, peritoneal
cavity; SI, smallintestine; SLNs, skin-draining lymph nodes; SP, spleen. b, Gene
activities of Cx3cr1 and Tmem119in the indicated myeloid cell populations, asin
a.Thearrowindicates lung IMs. ¢, Representative flow cytometry gating strategy
showing CD45'F4/80*CDl1c* AMs, AM-excluded CD45'SSC°CD11b*F4/80*Ly6C"C
D64 cMo, AM-excluded CD45'SSC'°CD11b*F4/80*Ly6C CD64~ pMo, AM-excluded
CD45SSC°CD11b*F4/80°CD64" bulk IMs further divided into CD206" IMs and

CD206 IMs in lungs of wild-type mice at steady state. d,e, Representative flow
cytometry histograms (d) and normalized MFI (e) of GFP expressionin lung cMo,
pMo, AMs and IMs, asin ¢, and in CD45'CD11¢*"MHC-1I'CD26"'CD64 CD172a XCR1*
type 1conventional DCs (cDC1) and CD45°CD11¢*MHC-1I'CD26'CD64 CD172a*M
ARI (cDC2) from Cx3crI®**and Cx3crI”* mice. f,g, Representative histograms
(f) and normalized MFI (g) of intracellular Cre protein in lung myeloid cells, asin
dande, from Tmem119“** and Tmem119** mice. Datashow the mean +s.e.m. and
individual values (b, eand g: n =3 replicates, 3 mice and 3 mice, respectively).
Pvalues were calculated using a one-way analysis of variance (ANOVA) with
Tukey’s post hoc test and compared bulk IMs with cMo, pMo, AMs, cDCland cDC2
(eandg). "P<0.0L;""P<0.0001. MFI, mean fluorescence intensity.
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reconstituted with CD45.1wild-type BM cells. At week 4 after transfer, donor chimerism of IMs was significantly increased in the DT-treated
the donor chimerism of blood cMo was 87%, while the donor chimerism  chimeric IMP™ mice (92%) compared to untreated counterparts at day
of AMs and IMs was very low (Fig. 3d,e), indicating efficient BMdonor 7 after DT, and reached levels similar to those observed in blood cMo
reconstitution and thorax protection, respectively. When the chimeric  (Fig. 3d,e), consistent with a major contribution of BM cells to the
IMP™ mice were injected or not with DT at week 4 after transfer, the  replenishment of the IM niche. Second, we generated BM competitive
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Fig. 2| Efficiency and specificity of diphtheria toxin-induced interstitial
macrophage depletionin IM°™ mice. a, Representative merged UMAP plots

of lung single live CD45°CD11b" or CD11c" mononuclear cells analyzed by

flow cytometry 24 hafter 50 ng DT i.p. injection or no treatment in IMP™ mice
(merged data from four mice per group). Cell clusters (left) and heat map plots
depicting the expression of Ly6C, CDl1c, CD11b, F4/80, CD64 and CD206 (right).
b, Representative UMAP plot, asin a, showing cells from either untreated IM°™
mice or DT-treated IMP™ mice. ¢, Representative contour plot of Ly6C and

CD64 expression within lung single live AM-excluded CD45'SSC°CD11b*F4/80*
cells fromuntreated and DT-treated IMP™ mice, as in a. d, Absolute numbers
ofthe indicated lung myeloid cell populations quantified by flow cytometry
inIM°™ mice, at 24 h after i.p. injection with DT in doses ranging from 0.1

to 500 ng. Horizontal dotted lines represent the average number of cellsin
untreated IMP™ mice. e,f, Absolute numbers of lung CD45'CD11¢*MHC-II'CD2
6"'CD64 CD172a"XCR1" c¢DC1, CD45"CD11c*"MHC-II'CD26*'CD64 CD172a"MAR1™
¢DC2,CD45'CD11c*MHC-II'CD26*CD64 CD172a*MAR1* DCs (MARI* DC) and
CD45'CD11c*"MHC-II'CD26 CD64'CD172a* macrophages (CD64" Mac) (e) and
lung CD45'CD11b*Ly6G" neutrophils (Neu) and CD45'CD11b*SiglecF* eosinophils
(Eos) (f) quantified by flow cytometry 24 h after 50 ng DT i.p. injection or no

treatment in IMP™ mice. g,h, Numbers of BM Lin"Ly6A/E*CD117" LSK, Lin"CD1
6/32°CD117°CD135°CD34"CD115" common myeloid progenitors (CMP), Lin"C
D16/32°CD117'CD135'CD34CD115" monocyte-DC progenitors (MDP), Lin"CD
16/32*CD117°CD135 CD34*CD115 Ly6C™ granulocyte-monocyte progenitors
(GMP), Lin"CD16/32°CD117°CD135 CD34CD115 Ly6C" granulocyte progenitors
(GP), Lin"CD16/32*CD117'CD135"CD34"CD115'Ly6C* monocyte progenitors
(cMoP), Lin"CD16/32"CD117 CD115'Ly6C* monocytes (Ly6C* BMMo), Lin"CD16/
32°CD117 CD135'CD115"CD34 Ly6C common DC progenitors (CDP) (g), blood
CD45'CD3°CD19 Ly6G SiglecF CD115* Ly6C* cMo or Ly6C™ pMo, CD45'Ly6G
“SiglecF Ly6C CD115'CD11b* F4/80" large (LPM) or F4/80' small peritoneal
macrophages (SPM), liver CD45'CD31°F4/80*CD11b™CD64* Kupffer cells (KC),
spleen Lin"F4/80°CD11b red pulp macrophages (RPM), small intestinal (SI) and
colon (C) CD45'Ly6C CD11bF4/80*CD64" lamina propria macrophages (LPM)
and FSC°CD45™F4/80*CD11b*CD64*Ly6C microglia (h), as in e. Data show the
mean +s.e.m.and are pooled from 2-4 independent experiments (d-h: n = 6-15,
10, 8-10, 7, 8-10 mice per group, respectively). P values were calculated using
atwo-way ANOVA with Tukey’s post hoc test. P<0.05;"P<0.01;"P<0.001;
""P<0.0001; NS, not significant.

chimeras in thorax-protected CD45.1/CD45.2 IMP™ mice engrafted
with a 1:1 mix of CD45.1 Ccr2”* and CD45.2 Ccr2” BM cells. At week 4
after reconstitution, only a few blood cMo were of donor Ccr2”” ori-
gin, as expected® (Fig. 3f,g). When such competitive chimeras were

injected or not with DT at week 4 after transfer, the majority of IMs
(70%) were of donor Ccr2"* origin at day 7 after DT, comparable to
the blood cMo (59%; Fig. 3f,g), indicating their dependency on Ccr2.
Previous single-cell RNA-sequencing (scRNA-seq) analyses of lung
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Fig.3| A vacantinterstitial macrophage niche is repopulated by Ccr2-
dependent classical monocyte differentiating into interstitial macrophages.
a, Representative plots of Ly6C and CD64 expression within lung AM-excluded
CD45'F4/80*SSC"°CD11b* cellsat days 0,0.5,1,2, 3,7 and 14 after 50 ng DT i..p.
inIM"™ mice. b, Time course of absolute numbers of cMo, pMo, AMs, bulk IMs,
CD206" IMs and CD206" IMs quantified by flow cytometry in IMP™ and littermate
controls, asin a. Data show the mean (centerline) + s.e.m. (colored area) and

are pooled from >2 independent experiments (n = 8-10 mice per time point).

¢, Amount of Ccl2in the lung and serum of IMP™ and littermate controls at 0,12,
24 and 48 hafter DT i.p. injection. d,e, Representative CD45.1and CD45.2 contour
plots (d) and bar graphs showing the percentage of CD45.1donor and CD45.2
host chimerism (e) in the indicated cell populations from lethally irradiated
thorax-protected CD45.2 IMP™ mice reconstituted with CD45.1 wild-type BM
donor cells, injected or not with 50 ng DT i.p. 4 weeks later and evaluated at day 7

after DT. f,g, Representative CD45.1and CD45.2 contour plots (f) and bar graphs
showing the percentage of Ccr2”* donor, Ccr2”~ donor and host chimerism (g) in
theindicated cell populations from lethally irradiated, thorax-protected CD45.1/
CD45.2 IMP™ mice transplanted with a 1:1 mix of CD45.2 Ccr2”~ and CD45.1 Cer2™*
BM cells, injected with 50 ng DT i.p. 4 weeks later and evaluated at day 7 after DT.
h, Representative contour plot of Ly6C and CD64 expression within lung single
live AM-excluded CD45F4/80*SSC"°CD11b" cells in CD45.1/CD45.2 IMP™ mice
treated with 50 ng DT i.p., transferred with CD45.1 BM wild-type cMo i.v. 24 h after
DT and evaluated at days 2 and 14 after DT. Plots are representative of 5 mice, each
of them giving similar results. Data show the mean + s.e.m. and are pooled from
twoindependent experiments (c, e and g: n=4-8,4-8 and 6 mice per group,
respectively). Pvalues were calculated by likelihood ratio tests (b), two-way
ANOVA with Tukey’s post hoc tests (c,e) or one-way ANOVA with Sidak’s post hoc
tests (g). *P < 0.05; **P < 0.0L; ***P < 0.00L; ****P < 0.0001.
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Fig. 5| Trajectory analyses of interstitial macrophage development identify
transient proliferating monocytes. a, Two-dimensional UMAP plot depicting
the transcriptional identity and cell trajectories of lung cMo, Tr-Mo, CD206" IMs
and CD206" IMs, as in Fig. 4a, evaluated by Monocle analysis. b, Two-dimensional
UMAP plot depicting the pseudotime trajectory values of lung cMo, Tr-Mo,
CD206" IMsand CD206" IMs, as in a. ¢, Heat map plot depicting the DEGs along
pseudotime evaluated by tradeSeq in the common trajectory starting from cMo
(middle) and endingin CD206 IM and CD206" IM subsets. DEGs are divided

into three classes, and examples of genes and the main biological responses
enrichedin each class are represented on the left and right, respectively.d, Gene
expression of the indicated genes along pseudotime evaluated by tradeSeqin
both trajectories leading either to CD206 IM or CD206" IM subsets. e, S and G2/M
cellcycle scores of single cells within cMo, Tr-Mo, CD206™ IMs and CD206" IMs, as
depicted by violin plots (height: score; width: abundance of cells).f,cMo and IM
signatures, and S and G2/M scores depicted along pseudotime, asinb. Pvalues
were calculated by one-way ANOVA with Tukey’s post hoc tests (€). P < 0.001.

CD64" cells indicated, based on trajectory RNA velocity analyses,
that Nr4al-dependent CD16.2" monocytes might represent precur-
sors of CD206~ IMs?°. BM competitive chimeras in thorax-protected
CD45.1/CD45.2 IMP™® mice engrafted with a 1:1 mix of CD45.1 Nr4aI**
and CD45.2 Nr4al”~ BM cells showed that donor Nr4al™™ chimerism
of IMs (43%) was similar to donor Nr4al** chimerism of IMs (44%) at
day 7 after DT (Extended Data Fig. 4a), indicating that IM replenish-
ment was independent of Nr4al (ref. *°) and suggesting that CD16.2"
monocytes contributed minimally to IM repopulation as compared to

Ccr2-dependent cMo. Third, we transferred CD45.1 wild-type BM Ly6C*
cMo intravenously (i.v.) into CD45.1/CD45.2 IMP™ mice 1d after DT.
CD45.1'CD45.2 cMo were mainly detected as Ly6C'CD64 cells at day
2 after DT in the lung, while some CD45.1°CD45.2" cells were detected
asLy6C CD64" cells at day 14 after DT in the lung (Fig. 3h), indicating
that Ly6C* cMo could differentiate into IM.

Finally, we analyzed lung cMo, AMs, CD206" IMs and CD206™ IMs
from untreated IMP™ mice and repopulated lung CD206" IMs and
CD206™ IMs from DT-treated IMP™ mice at day 14 after DT by bulk
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RNA-seq. Repopulated CD206" IM and CD206™ IM subsets were largely
similar to native IMs, with only 30 and 28 differentially expressed genes
(DEGs) between native and repopulated CD206" IMs and CD206" IMs,
respectively (log, fold change + 1, adjusted P value < 0.05; Extended
Data Fig. 4b,c). Although Tmem119 mRNA expression was lower in
repopulated CD206°IM and CD206" IM subsets as compared to native
CD206" IM and CD206™ IM subsets, respectively (Extended Data
Fig. 4c), they could still be efficiently re-depleted by DT at day 14
after first DT treatment (Extended Data Fig. 4d). Thus, similar to the
steady-state situation'*'®?°, Ccr2-dependent cMo could give rise to dif-
ferentiated CD206" IMand CD206™ IM subsets in DT-treated IMP™ mice.

scRNA-seq captures interstitial macrophage development
from classical monocytes

Lung monocytes and IMs were sorted from five IM"™ mice at 0,12, 24, 48
and 96 hafter DT and were subjected to single-cell droplet encapsula-
tion with the 10x Genomics platform?, scRNA-seq and quality-control
filtering. A total of 15,941 myeloid cells were analyzed and projected to
global and time-specific uniform manifold approximation and projec-
tion (UMAP) plots (Fig. 4a,b), which led to the identification of seven
distinct cell clusters (Fig. 4a-c). Based on differential expression analy-
sis, we identified clusters corresponding to cMo (Ccr2, Ly6c2; cluster
(C)1), pMo (Ace, Nr4al; C2),CD206" IM (H2-Ab1,Cd74; C3) and CD206"
IM (Lyvel, Mrcl; C4;Fig.4d,e). C3notonly encompassed CD206™ IM but
also contained nonclassical CD16.2* monocytes (Fcgr4, Ace)™ (Extended
DataFig.5). C5upregulated apoptosis-related genes (Bax, Trp53, Tnf),
was almost uniquely present 12 h after DT and disappeared afterwards
(Fig.4b-e), likely representing DT-targeted native IMundergoing cell
death, while C7 encompassed few contaminating DCs (Zbtb46, Ccr7;
Fig.4d,e). C6 encompassed cells expressing Ccr2 and Ly6c2 that were
rare at steady state but enriched between 24 and 96 h after DT and
made a transient bridge between cMo and a branching point leading
to CD206" IM and CD206™ IM subsets (Fig. 4b-e), which we named
transitioning monocytes (Tr-Mo). RNA velocity analysis indicated that
Tr-Mo moved from cMo toward IM subsets (Fig. 4f). These experiments
thus captured the full pattern of monocyte-to-IM trajectory at the
single-cell transcriptomic level.

Transitioning monocytes transiently express cell cycling
genes

Next, we applied Monocle single-cell trajectory analysis® to the
scRNA-seq data encompassing cMo, Tr-Mo, CD206" IMs and CD206~
IMs, and identified two main trajectories, both starting from cMo, mov-
ing across Tr-Mo until abranching point, and then bifurcating toward
either CD206™ IMs or CD206" IMs, in line with the real-time analysis
(Fig. 5a,b). Genes that exhibited the same pattern of regulation along
pseudotimeinboth CD206*IM and CD206™ IM trajectories, as analyzed
using tradeSeq”, encompassed three main classes of genes. First, cMo
expressed genes enriched in cellular extravasation, leukocyte migration

and chemotaxis (Fig. 5¢,d), inline with tissue recruitment. Second, we
observed atime-restricted upregulation of genes associated with cell
proliferation (Ube2c, Aurkb, Racgapi, Cdk1, Ccnb2, Mki67; Fig. 5¢,d)
that peaked between 5 and 10 pseudotime units and corresponded
to Tr-Mo, as attested by their elevated S and G2/M cell cycle score
(Fig. 5e), indicative of DNA replication and mitosis, respectively. Such
astatewasthenfollowed by increased expression of genes enriched in
cell adhesion (Fig. 5c,d), supporting the idea of cell engraftment into
their niche'**°. By mapping cMo signature, Sand G2/M phases, as well as
IM signature scores along pseudotime, we could sequentially observe
the downregulation of cMo signature accompanied by an upregulation
of cell division-related genes, which then decreased concomitantly
to the acquisition of an IM signature that became predominant at the
end of the trajectory (Fig. 5f). These data suggested that cMo, once
inavacant niche, became Tr-Mo that could reenter the cell cycle and
expand before differentiating into CD206" IM or CD206" IM subsets.

Transitioning monocytes proliferate locallyina
Csflr-dependent way

Next, we aimed to detect the Tr-Mo in vivo during the time of IM niche
refilling. IMP™® mice i.p. injected or not with DT were i.p injected with
5-ethynyl-2’-deoxyuridine (EdU) 4 h before the analysis, at day 2 after
DT, a time point when the IM niche was depleted and Tr-Mo were
detected by scRNA-seq. Mice were treated with CD45 antibodies i.v.
10 min before killing to discriminate blood from tissue cells by flow
cytometry. Under these experimental conditions, virtually no EAU* cells
were detected in the intravascular and extravascular cMo (Fig. 6a-c),
indicating that the EdU signal did not reflect a history of proliferationin
the BM. Notably, we detected asignificantincreasein the percentage of
EdU" cellsin the lung extravascular CD45'SSC°CD11b*F4/80*CD64 ™"
cells (CD64" cells hereafter; Fig. 6a), at day 2 after DT in IMP™® mice as
compared to non-treated IMP™ mice (Fig. 6¢,d). Moreover, staining
with 4’,6-diamidino-2-phenylindole (DAPI) showed an increase in the
percentage of CD64" cellsin the S phase at day 2 after DT in IMP™ mice
as compared to non-treated IMP™ mice (Fig. 6¢,f).

Because RTMs can self-renew through proliferation, we tested
whether the EQUCD64" cells corresponded to Tr-Mo or to differen-
tiated IMs that were not depleted by DT treatment and underwent
local proliferation. The expression of IM-associated markers such as
MerTK, class Il major histocompatibility complex (MHC-II), CD206
and C1gA?° on EAU'CD64" cells was intermediate between that
detected in cMo, which was significantly lower, and that detected in
EdUCD64" cells, which was significantly higher than on EQU*CD64"
cells (Fig. 6g and Extended Data Fig. 6a), suggesting that EQU'CD64"
cells corresponded to the Tr-Mo transcriptional subset. While CD64"
cells from DT-untreated IMP™ mice contained more than 90% of IMs
(either as MHC-1I"CD206™° IM or MHC-II"CD206" IM subsets'**’), the
EJUCD64" cells from IMP™ mice at day 2 after DT were significantly
enriched in MHC-II"CD206™ monocytes (Fig. 6h,i). Conversely, like in

Fig. 6 | Transitioning monocytes can proliferate via Csflr-dependent
mechanisms. a, Representative plots of Ly6C and CD64 expression within lung
CD45i.v.*and CD45i.v.” AM-excluded CD45*F4/80*SSC°CD11b* cells from EdU-
pulsed IMP™ mice treated or not with 50 ng DT i.p. 2 d before. b, Representative
histograms of EdU levels in lung cMo and pMo, as in a. ¢, Representative
histograms of EdU levels in lung CD64" cells, asin a. d, Bar graphs showing the
percentage of EdU" cellsin lung cMo and pMo, and in lung CD64" cells, asin a.

e, Representative histograms of DAPIsignal in lung CD64" cells, asin a. f, Bar
graph showing the percentage of lung extravascular CD64" cellsin G1, S and G2/M
phases, asine.g, Expression of the indicated markers in lung cMo, EQU'CD64*
cellsand EQU CD64" cells from EdU-pulsed IMP™ mice at day 2 after DT and
inlung cMo and IMs from untreated IMP™ mice, as depicted by violin plots
(height: MFI; width: abundance of cells). h, Representative plots of MHC-11and
CD206 expression within lung CD64" cells from untreated IMP™ mice and EAU ™/
EJU*CD64" cells from DT-treated EAU-pulsed IMP™ mice, as in g. i, Percentage of
MHC-II"CD206 cellsand MHC-II" or CD206" cells within lung CD64" cells from

untreated IM°™® mice and EAU/EdU* CD64" cells from DT-treated EdU-pulsed
IMP™ mice, as in h, as depicted by violin plots (height: percentage; width:
abundance of cells). j, Representative images of AMs, CD206 IMs, CD206" IMs
and CD11b*CD206 MHC-II°Ki67" cells, identified by confocal microscopy on
lung sections from untreated and DT-treated IM°™ mice, at day 2 after DT.

k,I, Number of CD206" IMs and CD206" IMs (k) and CD11b*CD206 MHC-II"Ki67"
cells (I) per mm?, as inj. m, Representative histograms of EdU levelsin lung CD64*
cells from DT-treated IM®™ mice, asin a, and treated i.v. with Csflr antibodies (Ab)
orisotype control 6 and 28 h after DT. n, Bar graph showing the percentage of
EdU" cellsinlung CD64" cells, as inm. Data show the mean + s.e.m. and are pooled
fromtwo independent experiments (d, f, g, i, k,1and n: n =4-5,4-5,4-10,7-10, 6,
6 and 7-8 mice per group, respectively). Pvalues were calculated using a two-
way ANOVA with Sidak’s post hoc tests (b and k), a two-tailed Mann-Whitney

test (e, 1and n) or one-way ANOVA with Tukey’s post hoc tests (g and i). P < 0.05;
“"P<0.01;""P<0.001;""P<0.0001.Scalebar,10 pm.
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DT-untreated IMP™® mice, EdU"CD64" cells from IMP™ mice at day 2 after
DT were mainly composed of MHC-1I"CD206™™/° IM or MHC-1I°CD206*

IM subsets (Fig. 6h,i).

Next, we generated chimeric mice in which lethally irradiated,
thorax-protected CD45.2 IMP™® mice were reconstituted with CD45.1

wild-type BM donor cells. At day 2 after DT and 4 h after EdU i.p.
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injections, EdU'CD64" cells were almost uniquely detected among
donor cells,and not among host cells (Extended Data Fig. 6b). Confocal
microscopy of lung sections from IMP™ mice at day 2 after DT indicated
efficient depletion of CD206" IMs and CD206™ IMs and a significant
increase in CD11b"CD206 MHC-11°Ki67" monocytic proliferating cells
compared to untreated IMP™ mice (Fig. 6j-1and Extended DataFig. 6c¢).
Altogether, these data suggested that EQU'CD64" cells represented
BM-derived monocytes that proliferated locally and were in transition
between cMo and differentiated IMs.

Csflreceptor (Csflr) signaling has animportantroleintheregula-
tion of cell proliferation in the mononuclear phagocyte system®"°7,
To assess the contribution of Csflr to the proliferation of EAU*CD64"
cells in our model, IMP™ mice were injected with DT i.p. and treated
i.v. with 250 pg mouse Csflr antibodies or isotype control 6 and 28 h
after DT. The percentage of EdU" cells within CD64" cells was sig-
nificantly decreased in Csflr antibody-treated mice as compared to
isotype-treated DT-injected IMP™ mice (Fig. 6m,n). We also treated
DT-injected IMP™ mice with the Csflr small-molecule inhibitor pexidar-
tinib (PLX3397) or vehicle i.p. at days 1and 2 after DT and found that
EdUincorporationwas almost completely abrogated at day 3 after DT
inCD64" cells from PLX3397-treated mice compared to vehicle-treated
counterparts (Extended DataFig. 6d,e). In conclusion, EAU*CD64" cells
proliferatedinthetissue through Csflr-dependent mechanisms before
differentiatinginto IMs.

MafB restricts the proliferation and mediates interstitial
macrophage development
Togaininsightsinto the transcriptional control of the balance between
Tr-Mo proliferation and IM differentiation, we applied the single-cell
regulatory network inference and clustering (SCENIC) algorithm?
to our scRNA-seq data to map gene regulatory networks and predict
transcription factor activities at the single-cell level. MafB was one of
the high activity score transcription factors in CD206" IMs (Fig. 7a).
MafB restricts Csfl-dependent proliferation of myeloid progenitor cells
invivo®*, as well as the self-renewal ability of macrophages®*. TradeSeq
trajectories showed that the transient upregulation of the cycling gene
Mki67 was followed by an increase in the expression of Mafb between
10and 15 pseudotime unitsinboth CD206 and CD206" IM trajectories
(Fig. 7b), suggesting that MafB activation might restrict Tr-Mo prolif-
eration and facilitate IM development from Tr-Mo. MafB intracellular
staining of lung myeloid cells from wild-type C57BL/6 mice indicated
anelevated expression of MafB in lung IMs, especially in CD206" IMs, as
compared to lung cMo, pMo, AMs and DCs (Fig. 7c,d). We also assessed
the expression of MafB in lung CD64" cells in EAU-pulsed IMP™ mice
atday 2 after DT. MafB expression was significantly lower in EAUKi67*
and EAU’Ki67° CD64" cells as compared to cMo (Fig. 7e), supporting
that the proliferation of CD64" cells required low expression of MafB.
Next, we generated C57BL/6 Mafb™" mice and crossed them with
mice constitutively expressing Cre recombinase under the control of

the lysozyme M promoter (Lyz2") or the Ms4a3 promoter (Ms4a3“")
to generate mice with myeloid-restricted Mafb deficiency. To assess
whether MafB mediated IM development from cMo in vivo, we gener-
ated BM competitive chimeras in thorax-protected CD45.1/CD45.2
IMP™ mice engrafted with a1:1BM cell mix from CD45.1 wild-type and
CD45.2 Ms4a3“Mafb"" mice. At day 7 after DT, evaluation of myeloid
cellchimerisminthelungindicated that myeloid-restricted Mafb defi-
ciency strongly impaired the ability of cMo to repopulate the niches
of both IM subsets (Fig. 7f,g). MafB protein was absent in CD64" cells
from Lyz2“*Mafb"" mice (Fig. 7h) and the numbers of CD64" cells were
significantly decreased in Lyz2“°Mafb™" mice compared to Mafb""
mice, while the numbers of cMo and pMo were identical (Fig. 7i,j). Ki67
staining indicated an increased proliferative ability of the few CD64"
cells presentin Lyz2°“Mafb"" mice compared to Mafb"" mice (Extended
DataFig.7).Similarly, i.p. EAU treatment 4 h beforekillingindicated a
significantincrease in the percentage of EAU" cells within CD64" cells
from Lyz2“*Mafb™" mice compared to littermate controls (Fig. 7k).
Finally, we found that the percentage of dead cells was significantly
higherin CD64" cells from Lyz2“Mafb"" mice compared tolittermate
controls (Fig. 71), suggesting that the higher proliferative rate observed
in MafB-deficient CD64" cellsdid notlead to anincreasein the number
of CD64" cells because of the increased cell death. Altogether, these
datasuggested that MafB could restrict the proliferation of lung CD64*
cellsand mediate IM development.

MafB and c-Maf differentially control lung interstitial
macrophage identity
Next, we investigated to what extent the identity of CD64" cells was
impacted by myeloid-restricted MafB deficiency, as well as the contribu-
tionof myeloid-restricted c-Mafto IM maintenance and identity. MafB
and c-Maf are b-ZIP transcription factors that belong to the same family
of large Maf proteins® and can cooperate together in some contexts,
such as in the regulation of macrophage self-renewal®®, Maf activity
(Fig. 7a), Maf gene expression (Extended Data Fig. 8a,b) and Maf pro-
teinexpression (Extended Data Fig. 8c,d) were elevatedin CD206" IMs
compared to CD206" IMs. Nevertheless, unlike in Lyz2“*Mafb™" mice,
IM numbers were normalin Lyz2*Maf"" mice (Extended Data Fig. 8e,f).
Hence, we performed scRNA-seq analysis of lung cMo, pMo and
CD64" cells from Lyz2“Mafb"", Lyz2°*Maf"" and control littermates.
Compared to the lungs of Mafb™" or Maf"" control mice, which con-
tained cMo (C1), pMo (C2) and CD206" IMs and CD206™ IMs (C3), Lyz2“"
Mafb"™ mice lacked all IMs in the lung (C3), while a transcriptionally
distinctcluster of cells (Clec4b1, Mgl2, Tnip3; C4) was enriched instead
(Fig.8a-d), suggesting that the few CD64" cells presentin Lyz2““Mafb""
mice had acompletely different transcriptional profile than wild-type
IMs. Of note, we found 216 DEGs (log, fold change + 0.5, adjusted
Pvalue < 5x107%) between the wild-type IM cluster (C3) and the cluster
enriched in Lyz2““Mafb"" mice (C4; Fig. 8e). The expression of proto-
typical IM identity genes (Mrcl, Adgrel, Pf4, Tmeml176a, Tmem176b,

Fig.7 | MafB restricts proliferation and mediates interstitial macrophage
development. a, Heat map depicting predicted transcription factor (TF)
activities across lung myeloid cells analyzed by scRNA-seq, as in Fig. 4a, as
assessed by SCENIC. b, Expression of Mki67 and Mafb along pseudotime
evaluated by tradeSeqin both CD206™ IM or CD206" IM trajectories, as in Fig. 5d.
c,d, Representative histograms (c) and bar graphs showing normalized MFI

(d) of MafB expression in the indicated lung myeloid cell populations from
wild-type mice. e, Bar graphs showing expression of MafB in lung cMo and IMs
fromuntreated IMP™ mice, and in lung cMo, EQUKi67*, EdU'Ki67" or EAU Ki67
CD64" cells from EdU-pulsed IMP™ mice at day 2 after DT. f,g, Representative
CD45.1and CD45.2 plots (f) and bar graphs showing the percentage of wild-type
donor, Ms4a3“*Mafb"" donor and host chimerism (g) in the indicated cell
populations from lethally irradiated, thorax-protected CD45.1/CD45.2 IMP™ mice
transplanted with a 1:1 mix of CD45.2 Ms4a3““Mafb"" and CD45.1 wild-type BM
cells, injected with 50 ng DT i.p. 4 weeks later and evaluated at day 7 after DT.

h, Efficiency of Mafb depletion within lung CD64" cells from Lyz2“*Mafb"" mice

evaluated by MafB intracellular staining. Data are representative of five mice,
each of them giving similar results. i, Representative UMAP plots of lung
CD45'CD11b" or CD11c* mononuclear cells analyzed by flow cytometry in
Lyz2°*Mafb™" and Mafb"" littermate controls (merged data from four mice

per group). j-1, Absolute numbers of lung cMo, pMo and CD64" cells (j), bar
graphs showing the percentage of EdU* cells within cMo and CD64" cells (k)

and bar graph showing the percentage of dead cells within CD64" cells (I) from
Lyz2°*Mafb"" and Mafb"" mice. Data show the mean + s.e.m.and are pooled
from 2-3independent experiments (d, e, g,j, kandm:n=9,5-6,4-7,7,7-8 and
12 mice per group, respectively). Pvalues were calculated using a one-way ANOVA
with Tukey’s post hoc tests (d, e and g), atwo-way ANOVA with Sidak’s post hoc
tests (j and k) or a two-tailed Mann-Whitney test (m). Ind, Pvalues compare

bulk IM versus every other population, or CD206" IM versus CD206" IM.Ing,
Pvalues compare the percentage of donor CD45.1 wild-type chimerism. P < 0.05;
“P<0.0L;""P<0.001;""P<0.0001. AUC, area under the curve.
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Tmem119, Apoe, C1q, Mafb, Cd63)*° was significantly decreasedin C4 as
compared towild-type IMs (C3; Fig. 8f). Flow cytometry of CD64" cells
from Lyz2°*Mafb"" miceindicated that they exhibited decreased expres-
sion of CD64 and MertK protein compared to those from Mafb™" con-
trol littermates (Fig. 8g). Inaddition, the profile of C4 in Lyz2“*Mafb™"
mice was enriched in biological responses similar to those found at
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Fig. 8 |Interstitial macrophage identity is severely impaired in myeloid- as depicted by violin plots (height: expression; width: abundance of cells).
restricted Mafb-deficient mice. a, UMAP plots depicting the transcriptional g, Surface expression of CD64 and MerTK in lung AMs and CD64" cells, evaluated
identity of lung CD45'SSC°CD11b"F4/80* CD64” monocytes and CD64* cells by flow cytometry in Lyz2°“Mafb"" and littermate controls. h, GO enrichment
from Lyz2°*Mafb"" mice and littermate controls (n =5 pooled mice per group). analysis performed on the upregulated genes in C4 as compared to C3.i,IM and
b, UMAP feature plots representing single-cell expression of Mrcl and Lyvel in cMo signature scores within C1, C3 and C4 clusters, as depicted by violin plots
lung myeloid cells merged from Lyz2““Mafb"" mice and littermate controls, as (height: scores; width: abundance of cells). Data show the mean + s.e.m.and are
ina. ¢, Histogram showing frequency of each cluster in Lyz2Mafb"" mice and pooled from two independent experiments (g; n = 6-7 mice per group). Pvalues
littermate controls. d, Heat map depicting the single-cell expression of the ten were calculated using a Wilcoxon rank sum test (e and f), a two-way ANOVA with
most upregulated genes within each cluster. e, Volcano plot depicting DEGs Sidak’s post hoc test (g), a two-tailed Mann-Whitney U test with Benjamini—
between C3 and C4 clusters. Transcripts significantly upregulated in C3 and C4 Hochberg false discovery rate correction (h), or aone-way ANOVA with Tukey’s

are colored in green and orange, respectively (log, fold change + 0.5and adjusted  post hoctest (i). “P<0.001; P < 0.0001.
Pvalue <0.05).f, Expression of the indicated genes within C3 and C4 clusters,
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the CD206" IM subset was regulated by c-Maf?°. In line with this, CD206
protein expression was significantly decreased in IMs from Lyz2°®
Maf"" mice compared to those from Maf"" controls (Extended Data
Fig. 8j), suggesting that c-Maf had aspecificrole in the CD206" IM sub-
set. Altogether, these datashowed that CD64" cells from Lyz2“Mafb™"
mice shared similarities with Tr-Mo, and indicated a severe impairment
of IMdevelopment and identity in the absence of MafB.

Discussion

Here, we found that tissue cMo that transitioned toward IMs had the
ability to proliferate locallyin avacant niche, ina MafB-restricted fash-
ion, before undergoing differentiation into distinct IM subsets. We
used a model of lung IM niche depletion and refilling that allowed us
to characterize the transient, Csflr-dependent, proliferation of mono-
cytes, whichwouldbe difficult to capture in a steady-state setting. These
observations shed new light on the complex regulation of monocyte
proliferation versus RTM differentiation.

In the IMP™ model, we defined IMs by the combined expression
of Cx3crl and Tmem119, amarker that was previously considered tobe
microglia specific®. Around 50 ng DT specifically depleted lungIMsin
IMP™ mice, while microglia were depleted only at a higher dose. This
might be duetolower access of DT to the brain, due to the blood-brain
barrier, or alower sensitivity of microgliato DT-induced cell death, or
both. The efficient and specific IM depletion observed in DT-treated
IMP™ mice suggested that sustained Cre expression under the control
of Tmem119 and high expression of Cx3cr1, as observed inIMs, are both
required to render cells sensitive to DT-induced cell death.

Inadult mice, IMs are maintained by BM-derived Ccr2-dependent
cMo at steady state'*'®?°*°, Here, we showed that the IM™® mice accu-
rately recapitulated the steady-state ontogeny of IMs, albeit in an
accelerated way, and as such represented a relevant tool to study
monocyte-to-IM trajectories. Nr4al-dependent CD16.2" monocytes
have been suggested to be putative precursors of CD206 IMs?°, but
this was uniquely based on scRNA-seq trajectory analyses. While a
contribution of CD16.2" monocytesto CD206" IMs cannot beruled out,
no definitive proof exists so far, and their contribution would arguably
be minimal as compared to the one of Ccr2-dependent cMo.

The current viewis that, in the myeloid compartment, the ability to
proliferate is limited to progenitor cells and mature RTMs. RTM mainte-
nanceis thus thought to be achieved through either the self-renewal of
differentiated RTM, or the recruitment of monocytes that differentiate
into RTMs in a tissue-specific manner* *#153038_Qur results showed
that monocytes canalso proliferatein vacant tissue niches to contrib-
ute toRTM developmentin vivo. Such monocytes arose fromcMo and
could proliferate transiently in the tissue through Csflr-dependent
mechanisms. Our dataare consistent with the idea that alimited num-
ber of cMo cangiverise to alarger number of RTMsin tissues through
asequence of eventsinvolving firstaproliferationin response tolocal
Csflrligands, followed by the activation of common and subset-specific
transcriptional programs that drive RTM differentiation. While the
relative contribution of the Csflr ligands Csfl and IL-34 to monocyte
proliferation remains to be determined, reports indicating that IM
maintenance requires Csflrather than IL-34 would be consistent with
apreferential contribution of the Csf1-Csflr axis to this process®**,

Tr-Mo proliferation occurred before the branching toward CD206"
IMs or CD206" IMs and the phenotype of EQU*CD64" cells was inter-
mediate between those of cMo and IMs. We found that the majority of
EdU*CD64" cells did not express the IM markers MHC-11or CD206 and
were bona fide tissue monocytes. The high variability observed in the
expression levels of IM markers in EAU*CD64" cells further suggested
that this cell state was highly dynamic.

Mafb expression slightly increased in CD206 IM and CD206*
IM trajectories after the upregulation of cycling genes, and MafB
expression was decreased in proliferating monocytes and increased
inIMs compared to cMo. MafB restricts Csfl-dependent proliferation

in myeloid progenitor cells****, as well as the self-renewal ability of

differentiated macrophages™®, linking MafB activity with Csflrespon-
siveness and the balance between proliferation and differentiation.
Our dataare consistent with the hypothesis that low MafB expression
isrequired for monocyte proliferation, while subsequentincreased
MafB expression would restrict proliferation and drive their dif-
ferentiation into IMs. Supporting this claim, Mafb-deficient CD64"
cells exhibited an increased proliferation potential compared to
wild-type IMs and seemed to be held in a pre-macrophage state. Our
results emphasized a differential requirement for MafB and c-Mafin
lung IM development, as c-Maf deficiency was uniquely associated
with changes that were restricted to CD206" IMs, which have been
shown to be preferentially associated with the vasculature'. Of note,
c-Mafwas reported toregulate perivascular RTM phenotypes across
different tissues**.

RTM depletion is commonly observed in various inflammatory
contexts, and this creates vacant niches that need to be refilled".
Whether local monocyte proliferation occurs under other homeo-
static or natural challenge situations associated with RTM depletion
or expansionremains tobeinvestigated. Our findings support theidea
that systemic blood measurements of monocyte responses might not
appropriately reflect the actual immune responses and immunopa-
thology occurring in peripheral tissues. Further understanding the
molecular basis underlying Csflr-dependent monocyte proliferation
in peripheral organs will be crucial to manipulate such pathways for
preventive or therapeutic purposes.
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Methods

Mice

Thefollowing mice onthe C57BL/6 background were used in this study:
CD45.2 wild-type C57BL/6 (TheJackson Laboratory), CD45.1 wild-type
C57BL/6) (The Jackson Laboratory, 002014), Cx3cr1°™* (ref. **; The
Jackson Laboratory, 005582), Tmem119° (see below), Rosa26S-***
(ref. ?; The Jackson Laboratory, 006148), Cx3crI*S'°™* (ref. %; The
Jackson Laboratory, 025629), Ccr2” (ref.*°; The Jackson Laboratory,
004999), Nr4al” (ref.*” ;The Jackson Laboratory, 006187), Maf"™
(ref.*;kindly provided by F. Andris), Mafb"" (generated by D.P. and the
GIGA Mouse facility and Transgenics Platform, Liége University, Bel-
gium, see below), Lyz2° (ref. *’; The Jackson Laboratory, 004781) and
Ms4a3° (ref.?). Myeloid-restriced Maf or Mafb depletion was achieved
by crossing Maf"" or Mafb™™ mice with Lyz2° or Ms4a3°* mice.

C57BL/6 Tmem119“ knock-in mice were generated using CRISPR/
Cas-mediated genome engineering by Cyagen Bioscience. In brief,
the Tmem119 targeting vector was designed by cloning a genomic
fragment encompassing exon 2 of the Tmem119 gene from BAC clones
RP23-187DS5 and RP23-126P3. A Cre-polyA cassette was introduced
in the Tmem119 targeting vector upstream of the ATG start codon
between a 2.1-kb 5" homology arm and a 2.1-kb 3’ homology arm.
Tmem119-gRNA (protospacer, CAGGGGACCATGTTGAGCTATGG),
Cas9 mRNA and Tmem119targeting vector were co-injected into pro-
nuclei of C57BL/6) one-cell-stage zygotes, followed by implantation
of the zygotes into surrogate mothers to obtain targeted knock-in
offspring. FO knock-in founder animals were identified by PCR fol-
lowed by sequence analysis. TmemI19“* mice were then back-crossed
to CD45.2 or CD45.1 C57BL/6) mice for at least four generations.
Tmem119°™ mice were genotyped by PCR using the following primers:
PCR primers 1 for mutant allele (annealing temperature, 60.0 °C):
forward primer: 5- TCCGTAACCTGGATAGTGAAACAG-3’; reverse
primer: 5-ATATGTCCTTCCGAGTGAGAGAC-3’; product size: 270 bp
(mutant). PCR primers 2 for wild-type allele (annealing temperature,
60.0 °C): forward primer: 5-ACCGAGGACAGAAATGAATAAGATG-3’;
reverse primer: 5-AGGGAACGAGGATGGGTAGTAG-3’; product size:
643 bp (wild type).

C57BL/6 Mafb™ mice were generated using recombination-
mediated genetic engineering. Briefly, the genomic segment covering
the Mafb single exon was retrieved to PL253 vector using BAC recom-
bineering. The loxP-EM7-Neo-loxP cassette was cloned by PCR from
PL452 plasmid and ligated to the Mafb 5’ segment (PL253/Mafb/Neo 5)
and the cassette was ‘popped out’ by electroporating to SW106 cells
expressing Cre and 5’ loxP leftin the construct. The FRT-Neo-FRT-loxP
cassette was cloned from PL451 plasmid and ligated to the Mafb 3’ seg-
ment. The purified plasmid was electroporated into mouse embryonic
stemcellsand the cells were selected under G418 treatment for 1 week.
Thebonafide clones with successful homologous recombination were
screened by Southern blot. Successfully recombined clones were
injected into blastocysts to make Mafb"-Neo mice. These mice were
crossed to an FLP-expressing line to remove the Pgk-Neo cassette and
generate Mafb" mice. Mafb" mice were genotyped by PCR using the
following primers: forward primer: 5’- TCCATCCATCTTGGGAAAAG-3’;
reverse primer: 5-TCAGGACTGGGCTGCTAGTT-3’; productsize: 320 bp
(Mutant), 220 bp (wild type).

Tmeml119°™ and Rosa26"“*'*" mice were crossed to create
Tmem119Rosa26"*"* mice. Tmem119° and Cx3cr1**°™* mice
were crossed to create Tmem119°*Cx3cr1*>*®™" mice, referred to as
‘IMP™ mice. Since we observed some YFP labeling in CD45™ cells in
the testis and ovaries of Tmem119“*Rosa26">“*'"* mice, we did not use
Tmem119“*Rosa26" 5" or Tmem119“Cx3crI--"™ mice as breeders to
avoid any issues arising from germline recombination. CD45.1/CD45.2
IMP™ mice were generated by crossing CD45.1 Tmem119“ with CD45.2
Cx3cr1*"P™ mice.

No sex-specific differences were observed in pilot experiments. A
mix of male and female mice between 6 and 10 weeks of age were used

for each experiment, except for chimera experiments where mice
between 11 and 15 weeks of age were used. The mice were bred and
housed under specific-pathogen-free conditions at the GIGA Institute
(Liége University, Belgium), maintained in a12-h light-dark cycle, and
had access tonormal diet chow and water ad libitum. Mice were identi-
fied according to genotype and all experiments were performed with
age-matched and sex-matched littermates. For Csflr-blocking experi-
ments, mice were randomly assigned to vehicle or isotype antibodies
and anti-Csflr treatments. For experiments using IMP™ mice that were
treated or not with DT, mice were randomly allocated to DT treatment
ornot. Investigators were not blinded during the collection and analysis
ofthe data, except for the quantification of microscopy lung sections,
where investigators were blinded.

All animal experiments described in this study were reviewed
and approved by the Institutional Animal Care and Use Committee of
the University of Liége (ethical approval no. DE1956). The ‘Guide for
the Care and Use of Laboratory Animals, prepared by the Institute of
Laboratory Animal Resources, National Research Council, and pub-
lished by the National Academy Press, as well as European and local
legislations, was followed carefully. Accordingly, the temperature and
relative humidity were 21 °C and 45-60%, respectively.

Reagents and antibodies
Acompletelist of the reagents, antibodies and commercial assays used
in this paper can be found in Supplementary Table 1.

Invivo treatments with chemicals and antibodies

For DT-induced depletion of IM, IMP™® mice were injected i.p. with a
single dose of 50 ng DT (List Biological Labs, 150), unless otherwise
stated. Control mice were either untreated IM°™ mice, or Tmem119“*
littermate control mice injected with DT. For EdU incorporation
experiments, IMP™® mice were injected i.p. with 1 mg EdU (Santa Cruz
Biotechnology, sc-284628) in 200 pl PBS 4 hbeforekilling, unless oth-
erwise stated. For all experimentsinvolving EdU incorporation, 1 ug of
PerCP-Cy5.5-conjugated anti-mouse CD45 (clone 104, BD Biosciences,
552950) wasi.v.injected 10 minbeforekilling to distinguish blood circu-
lating (CD45-PerCP-Cy5.5%) and tissue leukocytes (CD45-PerCP-Cy5.57).
For Csflr-blocking experiments, 250 pg of anti-mouse Csflr-blocking
antibody (clone AFS98, Bio X Cell, BE0213) or isotype control (clone
2A3,Bio X Cell, BEOO89) was injected i.v. 6 and 28 hafter DT injection.
For experiments with Csflr inhibitors, 100 mg per kg body weight of
pexidartinib (PLX3397; MedChemExpress, HY-16749) was injected i.p.
24 and 48 hafter DT injection.

Bone marrow, blood and tissue leukocyte isolation

Blood was collected by retro-orbital plexus bleeding of terminally
anesthetized mice. Mice were then euthanized by cervical dislocation.
Peritoneal lavage was obtained by injecting 10 mI HBSS (Lonza, BE10-
508F) into the peritoneal cavity and collecting the washout. Mice were
then perfused with 10 ml PBS via the left ventricle, and lungs, brain,
liver, spleen, intestine and colon were dissected.

For BMcells, femurs and tibias were dissected and cleaned of soft
adhering tissue. Distal and proximal ends were opened, and BM cells
were flushed out. After centrifugation, cell pellets were resuspended
inice-cold PBS (Thermo Fisher, 14190094) containing 10 mM EDTA
(Merck Millipore, 1084181000) and cell suspensions were filtered
using a cell strainer (70 um, Corning, 352350) to obtain a single-cell
suspension.

Lungs, brains, liver and spleen were cutinto small pieces with razor
blades, and digested for1 hat 37 °Cin HBSS containing 5% vol/vol FBS
(ThermoFisher,10270098),1 mg ml™ collagenase A (Sigma, 14190094)
and 0.05 mg mI” DNase I (Sigma, 11284932001). After 45 min of diges-
tion, the suspension was flushed using a 18-gauge needle to dissociate
aggregates. Ice-cold PBS (Thermo Fisher,14190094) containing 10 mM
EDTA (Merck Millipore, 1084181000) was added to stop the digestion
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process and cell suspensions were filtered using a cell strainer (70 pm,
Corning, 352350). Mononuclear leukocytes from lungs and livers were
enriched usingaPercoll density gradient (GE Healthcare,17089101) and
by harvesting cells from the 1.080:1.038 g ml ' interface.

For the isolation of leukocytes from the small intestines and
colons, small intestines and colons were dissected from the pylorus
and therectum, were separated from the mesenteric tissue from Peyer’s
patches and from fat and were placed in ice-cold HBSS with 2% FBS.
Intestinal content was removed with PBS, and the small intestines
and colons were opened by alongitudinal cut and washed three times
inice-cold HBSS with 2% FBS. To remove mucus and epithelial cells,
smallintestines and colons were incubated with HBSS with 2% FBS and
1mM1,4 dithiothreitol (Sigma, 10197777001) for 20 min with constant
shaking followed by an incubation with HBSS containing 2% FBS and
1.3 mMEDTA for 40 min. Tissue pieces were then cutinto small pieces
and incubated for 1 h at 37 °C with RPMI containing 2% FBS, 2 mg ml™
collagenaselIV (Thermo Fisher,17104019) and 40 UmI*DNasel. At the
end of incubation, the suspension was homogenized with a19-gauge
syringe and filtered through a 70-pum strainer.

Generation of bone marrow (competitive) chimeras
Eighteen-week-old CD45.2 or CD45.1/CD45.2 IMP™® mice were anes-
thetized by i.p. injection of 200 pl PBS containing ketamine (75 mg
per kg body weight; Dechra, 804132) and xylazine (10 mg per kg body
weight; Bayer, 0076901). The thoracic cavity was protected with a
0.6-cm-thick lead cover and mice were lethally irradiated with two
doses of 6 Gy 15 min apart. Once recovered from the anesthesia, mice
werereconstituted by i.v.administration of 10’ BM cells from congenic
CD45.1wild-type mice. For mixed BM chimeras, mice were injected i.v.
with 107 BM cells consisting of a 1:1 mix of cells obtained from CD45.1
wild-typeand CD45.2 Ccr2”~, Nr4al™~ or Ms4a3“Mafb"" mice. Fromthe
day of irradiation, mice were treated for 4 weeks with 0.05 mg ml™ of
enrofloxacin (Baytril, Bayer) in drinking water. Chimerism was assessed
by flow cytometry in the blood 4 weeks after irradiation.

Adoptive transfer of bone marrow monocytes

BM Ly6C* monocytes were isolated from congenic CD45.1 wild-type
mice using the Monocyte Isolation Kit (Miltenyi Biotec, 130-100-629).
Around2 x10°BM Ly6C" monocytes were administered i.v.into CD45.1/
CD45.2 IMP™ mice that were injected i.p. with 50 ng DT 24 h before
monocyte transfer to deplete endogenous IMs.

Flow cytometry

Cells (0.5-5 x 10°) were pre-incubated with Mouse BD Fc Block (BD
Biosciences, 553142) to avoid unspecific binding to Fc receptors and
stained with appropriate antibodies at 4 °C in the dark for 30 min.
For EdU staining, extracellular-stained cells were permeabilized and
stained using Click-iT EAU Alexa Fluor 488 Flow Cytometry Assay Kit
(Thermo Fisher, 10632), according to the manufacturer’s instruc-
tions. For DAPI cell cycle analyses, extracellular-stained cells were
permeabilized and stained with 1 ug mI™ DAPI (BioLegend, 422801)
in the dark for 30 min at room temperature (RT). For Ki67 stainings,
extracellular-stained cells were permeabilized and stained using either
FITC Mouse Anti-Ki67 Set (BD Biosciences, 556026) or PerCP-eFluor710
Mouse Anti-Ki67 (Thermo Fisher, 46-5698-80). Cell viability was
assessed using LIVE/DEAD Fixable Near-IR (775) stain (Thermo Fisher,
L34976) and the cell suspensions were analyzed with an LSRFortessa
(BD Biosciences). Results were analyzed using FlowJo software (Tree
Star). For scRNA-seq and bulk RNA-seq, lung myeloid cells were sorted
using a FACSAria lll (BD Biosciences). The full list of antibodies used
canbefoundinthe Supplementary Tablel.

MCP-1/Ccl2 quantification
IMP™ and littermate control mice were euthanized at indicated time
points after DT administration. Blood was collected and lungs were

perfused through the right ventricle with 10 ml PBS and isolated.
Blood samples were left undisturbed for 30-45 min at RT to allow
clot formation. The serum was separated from the blood clot by cen-
trifugation for 10 min at 2,000g at 4 °C. Serum was stored at —80 °C.
Dissected lungs were snap frozen and homogenizedin 360 plice-cold
lysis buffer (40 mM Tris-HCI (pH 7.4),150 mM NaCl, 10% glycerol and
cOmplete Protease Inhibitor Cocktail (Sigma, 11697498001) using
atissue homogenizer (IKA) with the addition of 1% NP-40 (Sigma,
74385) after homogenization. Samples were then rotated for 20 min
at4 °C, followed by a centrifugation to pellet debris. Protein concen-
tration of cleared lysates was determined using Pierce BCA Protein
Assay Kit (Thermo Fisher), according to the manufacturer’s instruc-
tions. Cleared lysates were stored at —80 °C. Ccl2 levels in serum
and lung homogenates were determined using MCP-1/Ccl2 Mouse
Uncoated ELISA Kit (Thermo Fisher), according to the manufacturer’s
instructions.

Bulk RNA-seq: sample preparation and analysis

Native IM subsets, cMo and AMs were isolated from uninjected IMP™
mice, while repopulated IM subsets were isolated from IM°™® mice
that had been treated i.p. with 50 ng DT 14 d earlier. Cell populations
were FACS sorted using the gating strategy shown in Fig. 1c into TRI-
zol reagent (Thermo Fisher, 10296010). Total RNA was extracted
with the standard TRIzol RNA extraction protocol. RNA quality and
quantity were evaluated using a 2100 bioanalyzer (Agilent) and the
Quant-iT RiboGreen RNA Assay Kit (Thermo Fisher, R11490). One
hundred nanograms of RNA was used to generate the libraries using
the TruSeq Stranded mRNA kit (Illumina, 20020594). These libraries
were sequenced onanlllumina NovaSeq sequencer on an SP flow cell.
Sequence alignment with the mouse genome (GRCm38), sequence
counting and quality control were performed using the nf-core/rnaseq
pipeline. RNA-seq data were analyzed using R Bioconductor (3.5.1) and
DESeq2 package (version1.26.0)™.

scRNA-seq

To compare lung monocytes and IMs from untreated IMP™® mice (group
‘no treatment’) with those from IMP™® mice treated with 50 ng DT i.p.
96 hbefore (group ‘DT96h’), five mice from each group werekilled and
lung single-cell suspensions were obtained after enzymatic digestion.
CD11b" cells were enriched by MACS using CD11b MicroBeads (Miltenyi
Biotec,130-049-601). Lung monocytes and IMs were then FACS sorted
separately as CD45'SSC°CD11b*F4/80* CD64~ and CD64" cells, respec-
tively (Fig.1c), and the 10x Genomics platform (Single Cell 3’ Solution)
was used for scRNA-seq. The IM pool was then enriched in the final
single-cell suspension to reach a monocyte/IM ratio of 1:1. For each
sample, analiquot of Trypan blue-treated cells was examined under the
microscope for counting, viability and aggregate assessment following
FACS sorting. Viability was above 90% for all samples and no aggregates
were observed. Cell preparations were resuspended in calcium-free and
magnesium-free PBS containing 0.4 mg ml™ of UltraPure BSA (Thermo
Fisher Scientific, AM2616).

To analyze lung monocytes (CD45*'SSC'°CD11b*F4/80°CD64")
and IMs (CD45'SSC"°CD11b*F4/80"CD64") from IMP™ mice treated
12 h(group‘DT12h’),24 h(group ‘DT24’) and 48 h (group ‘DT48h’) before
with 50 ng DT i.p., and to analyze lung monocytes (CD45'SSC"
CD11b*F4/80*CD64°) and CD64" cells (CD45*'SSC'°CD11b*F4/
80'CD64") from Lyz2*Mafb"™ (group ‘Mafb-KO’), Lyz2**Maf"" (group
‘cMAF-KO’) and littermate control (group ‘control’) mice, a similar
protocol was applied, but cells from each group were barcoded with
different anti-mouse Hashtag antibodies (BioLegend) before being
pooled forencapsulationand library construction. To obtaina higher
resolution in analyzing lung myeloid cells in myeloid-restricted
Mafb-deficient and Maf-deficient mice, the pooled Mafb-KO/cMAF-KO/
control samples were composed of a ratio of monocytes:CD64" cells
of3:7instead of 1.
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Forlibrary preparation, approximately 3,000 cells per sample (for
‘DT96h’ and ‘no treatment’), or 20,000 cells for pooled hashtag-labeled
samples, were loaded into the Chromium Controller, in which they
were partitioned, and their polyA RNAs captured and barcoded using
Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10x Genom-
ics). The cDNAs were amplified and libraries compatible with lllumina
sequencers were generated using Chromium Single Cell 3’ GEM, Library
& GelBead Kit v3 (10x Genomics). For Hash Tag Oligonucleotide (HTO)
library, 1 pl HTO additive primer v2 (0.2 pM stock) were added to the
mix at the cDNA amplificationstep. Thelibraries were sequenced onan
IlluminaNovaSeq sequencer on an SP100 cell flow (read 1,28 cy; read 2,
76 cy;index1,10 cy;index 2,10 cy) at adepth of 50,000 reads per cell.

The CellRanger (v3.0.2) application (10x Genomics) was then used
to demultiplex the BCL files into FASTQ files (cellranger mkfastq), to
perform alignment (to Cell Ranger human genome references 3.0.2
GRCm38/build 97), filtering and unique molecular identifier counting
and to produce gene-barcode matrices (cellranger count).

Filtered matrix files were used for further scRNA-seq analyses
with R Bioconductor (3.12) and Seurat (3.2.1)*". The cells from pooled
hashtag-labeled samples were demultiplexed with the barcode
detected in each cell.

Filtered matrices containing cell IDs and feature names in each
sample were used to build aSeurat object. We performed quality con-
trol by filtering out the cells with less than 200 detected genes, the
genes detected in less than three cells and the cells exhibiting more
than 10% of mitochondrial genes. Gene counts in each sample were
normalized separately by default method ‘LogNormalize’ with ascale
factor of10,000 and log transformation. Two thousand highly variable
features were identified with the ‘vst’ method.

After merging cells from all samples, cell contaminants were
removed based on the expression of specific genes. Four clusters were
identified in the remaining cells using the FindClusters function and
the DEGs were calculated using the FindAlIMarkers function (Seurat
package).

Single-cell RNA velocity estimation

The counts for unspliced and ambiguous transcripts were calculated
from CellRanger output using the velocyto command-line tool (http://
velocyto.org/)*?and saved inloom files. The single-cell RNA velocities
were estimated using scVelo toolkit (https://scvelo.readthedocs.io/)™.
Briefly, the loom files were used as input for scVelo analysis. Genes
with a minimum of 20 of both unspliced and spliced counts and on
the top list of 2,000 genes were filtered, normalized and log trans-
formed (scv.pp.filter_and_normalize with default parameters). Thirty
principal components and 30 neighbors obtained from Euclidean
distances in principal-component analysis space were used for com-
puting first-order and second-order moments for each cell. We used
generalized dynamical modeling to recover the full splicing kinetics of
spliced genes, and the single-cell RNA velocities were plotted with the
same cluster labels and embedding as in Fig. 4a.

Gene Ontology enrichment analysis with differentially
expressed gene signatures

The DEG lists for enrichment analyses were calculated using Seurat
function FindMarkers with only.pos = TRUE to output only positively
regulated genes. Thresholds logfc.threshold of 0.2 and adjusted P
value of 0.01 were applied to filter the gene lists. Gene Ontology (GO)
enrichment analyses were made using enrichGO functions from clus-
terProfiler package®* with default arguments. Only biology process
terms of ontology were shown in the final results.

Immunofluorescence

For lungimmunofluorescence stainings, lungs were perfused with10 ml
PBS via the left ventricle and lungs were collected. Lungs were fixed for
4 hin4% paraformaldehyde (Thermo Fisher, F/1501/PB15) at 4 °C. Fixed

lungs were then cryoprotected in 30% sucrose (VWR, Avantor, 57-50-1) in
PBSfor4 hat4 °C, followed by embedding in optimal cutting tempera-
ture compound (OCT; Tissue-Tek, 4583) at —80 °C overnight, and lung
OCT sections were cut (7-pum-thick sections) and blocked in methanol
100% (Merck, 67-56-1) at =20 °C for 20 min. Samples were stained in
blocking buffer (PBS with 0.3% Triton X-100 (Merck, 648466) and 2%
donkey serum (Sigma Aldrich, D9663)) with rat anti-mouse antibodies
directed against MHC class Il (I-A/I-E; 1:100 dilution in blocking buffer;
cloneM5/114.15.2, eBioscience, 14-5321-82) overnight at 4 °C. After wash-
ing samples with PBS, secondary donkey anti-rat IgG antibodies conju-
gated with Alexa Fluor 594 (1:1,000 dilutionin blocking buffer; Thermo
Fisher, A21209) were added in blocking buffer and incubated for 1 hin
the dark at RT. Samples were washed with PBS and incubated with Alexa
Fluor488-conjugated rat anti-mouse antibodies directed against CD206
(clone C068C2, BioLegend, 141710; 1:50 dilution in blocking buffer),
eFluor 570-conjugated rat anti-mouse antibodies directed againstKi67
(1:200 dilution in blocking buffer; clone SolA15, eBioscience, 41-5698-
82), APC-conjugated rat anti-mouse antibodies directed against CD11b
(1:50 dilution in blocking buffer; clone M1/70, eBioscience, 17-0112-83)
inblocking buffer for 6 h at 4 °C. Finally, samples were washed one last
time with PBS and were mounted with 10 pl ProLong Antifade reagent
(Invitrogen, P36961) containing 0.1% Sytox blue nucleic acid stain (Inv-
itrogen, S11348) on glass slides and stored at RT in the dark overnight.
All samples were analyzed by spectral fluorescence microscopy.
Images of full lung sections were acquired on an LSM 980 with Airys-
can2inverted confocal microscope (Zeiss) using a LD C-Apochromat
x40/1.1 W objective and Zen Black software. All fluorophores were
excited simultaneously, and the emission spectrawere collected with
aspectral detector 32-channel GaAsP photomultiplier tube inlambda
mode at 8.8-nm bins from 411 to 694 nm. A spectral unmixing was
performed based on the monospectral spectra. Images were pro-
cessed withthe Zen Blue software. For quantification, the numbers of
CD11b*CD206"°MHC-II" IMs (CD206™ IMs), CD11b*CD206™MHC-I1'*/nt
IMs (CD206" IM) and CD11b"CD206 MHC-I1°Ki67" cells were counted
blindly and manually on a total surface of 12-16 mm? per mouse section.
Theresults were expressed in cell number per mm? of lung section.

Single-cell regulatory network inference and clustering
analysis

To predict the potential active transcription factors, Ly6C* cMo, Tr-Mo,
CD206  IMs and CD206" IMs were subjected to SCENIC analysis using
the SCENIC package®. The normalized counts, nFeature_RNA and
nCount_RNAinmerged Seurat object were used for the initial SCENIC
analysis. The genes expressed with a value of 3in 0.5% of the cells and
detected in 1% of the cells were kept for following SCENIC analysis.
Coexpression network analysis was made with GENIE3 in the SCENIC
package. To represent the SCENIC results, the results of the ‘3.4 _regu-
lonAUC’ output were added to the metadata of Seurat object so that
regulon AUC scores could be plotted using the FeaturePlot function.
The top 50 regulons with highest variance are shown with their z-scores
inthe heat map.

Monocle, tradeSeq and pseudotime analysis during
interstitial macrophage development

To evaluate trajectory-based differential expression analysis during
IM development in IMP™® mice, Ly6C* cMo, Tr-Mo, CD206™ IMs and
CD206" IMs were subjected to Monocle? analysis. The Monocle CDS
object was built with counts and metadata from Seurat object and
converted using SeuratWrappers package. Cells were clustered with
the cluster_cells function using calculated UMAP coordinates and a
resolution of 0.51 x 1072, The trajectories along pseudotime were built
using learn_graph and order_cells functions. The DEGs across trajecto-
ries were calculated using Moran’sItest (graph_test function) and only
the genes with a g value of 0 and Morans’s I value over 0.25 were kept
as significant DEGs and subjected to further analyses.
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To compare the expression patterns of DEGs across pseudotime,
the counts matrix, pseudotime and cell weights calculated above
were then used as input in fitGAM function (tradeSeq package)®. The
association of average expression of each gene with pseudotime was
tested using associationTest and the DEGs between CD206™ IM and
CD206" IMtrajectories were calculated with the diffEndTest function.
The value of the estimated smoother on a grid of pseudotimes was
estimated for each DEG using predictSmooth. The DEG with wald-
Stat > 70 and |log fold change| > 2 were annotated as ‘changed genes’,
meaning that their expression patterns were differentin CD206 and
CD206" IM trajectories, while the rest of the DEGs were considered
as ‘unchanged genes’, meaning that the expression patterns were
similarin both trajectories. Finally, the scaled estimated smoothers
calculated by predictSmooth were used to build heat maps with the
ComplexHeatmap package®.

Interstitial macrophage and monocyte signature scoring

The IM-specific, cMo-specific and CD16.2* Mo-specific gene signa-
tures were calculated using previously published scRNA-seq data®
by comparing IM, cMo or CD16.2" Mo populations to all other cell
types in the dataset using the FindMarker function (Seurat). The
genes with |log fold change| > 1 and only positively regulated ones
were considered as the IM, cMo or CD16.2* Mo signature. The signa-
tures were then used to calculate the scores for each cell using the
VISION package’® (Fig. 8i) or with AddModuleScore function (Seurat;
Extended Data Fig. 4e). The scores were stored in Seurat object and
plotted with Seurat package.

Statistical analysis

Graphs were prepared with Prism 9 (GraphPad) or R Bioconductor
(3.5.1)”, and ggplot2 for data in Fig. 3b. No statistical methods were
used to predetermine sample sizes, but our sample sizes are similar
to those reported in previous publications'®****%, Data distribution
was assumed to be normal when parametric tests were performed,
but this was not formally tested. Data from independent experiments
were pooled for analysisin each data panel, unless otherwise indicated.
No data were excluded from the analyses. Statistical analyses were
performed with Prism 9 (GraphPad), and with R Bioconductor (3.5.1)%
and DESeq2 (ref.*°) or Seurat (3.2.1.)* for bulk and scRNA-seq data,
respectively. The statistical analyses performed for each experiment
areindicated intherespective figure legends. We considered a Pvalue
lower than 0.05 to be significant (, P<0.05;",P<0.01;",P<0.001;"",
P<0.0001).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Single-cell RNA-seq and bulk RNA-seq data have been deposited at the
Gene Expression Omnibus and are publicly available under accession
GSE194021.Acompletelist of the data generated and used in this paper
canbefoundinSupplementary Table 2. Source dataare provided with
this paper.

Code availability

All original codes have been deposited at GitHub and are available at:
https://github.com/BlanQwall/Lung_IM_differentiation. Any additional
information required to reanalyze the data reported in this paper is
available from the corresponding author upon request.
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Extended Data Fig. 1| Flow cytometry gating strategies to delineate lung Lin-CD16/32"CD117 CD115'Ly6C" monocytes (Ly6C* BMMo), Lin"CD16/32"

DCs, BM progenitors, blood immune cells and RTM. Flow cytometry gating CD117°CD135'CD115°CD34 Ly6C” common DC progenitors (CDP) (c), blood
strategy used to delineate lung CD45°CD11c*"MHC-II'CD26'CD64 CD172a™X CD45'CD3"CD19 T cells, CD45'CD3 CD19" B cells, CD45°CD3"CD19 Ly6G Sigle
CR1"type1conventional DC (cDC1), CD45'CD11c*MHC-II'CD26°'CD64 CD172 cF"CD115" Ly6C* cMo or Ly6C” pMo, CD45°CD3 CD19 Ly6G*CD11b" neutrophils
a'MAR1 type 2 conventional DC (cDC2), CD45'CD11c"MHC-II'CD26'CD64 C (Neu), CD45'CD3°CD19 CD11b'SiglecF* eosinophils (Eos) (d), CD45'Ly6G~
D172a*MARI* DCs (MART* DC) and CD45'CD11c*MHC-1I'CD26 CD64"CD172a* SiglecF'Ly6C CD115'CD11b* F4/80" large (LPM) or F4/80' small peritoneal
macrophages (CD64*Mac) (a), BM Lin"Ly6A/E*CD117* LSK (b), Lin"CD16/32"C macrophages (SPM) (e), liver CD45"CD31 F4/80*CD11b™CDé64" Kupffer cells (KC)
D117°CD135'CD34CD115" common myeloid progenitors (CMP), Lin"CD16/32" (f), spleen Lin"F4/80*CD11b" red pulp macrophages (RPM) (g), small intestinal
CD117'CD135'CD34"CD115" monocyte-DC progenitors (MDP), Lin"CD16/32*C CD45'Ly6C CD11b'F4/80*CD64 " lamina propria macrophages (SILPM) (h) and
D117°CD135°CD34*CD115 Ly6C" granulocyte-monocyte progenitors (GMP), colon CD45'Ly6C CD11b*F4/80"CD64" lamina propria macrophages (CLPM) (i).
Lin"CD16/32°CD117'CD135 CD34*CD115 Ly6C" granulocyte progenitors (GP), Mac, macrophage.

Lin"CD16/32"CD117'CD135"CD34'CD115'Ly6C" monocyte progenitors (cMoP),
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Extended Data Fig. 2| Assessment of intracellular Cre protein expressionin
BM progenitors, blood leukocytes and RTM. a-c, Representative histograms
of Creintracellular expression in BM progenitors, as in Extended Data Fig. 1b,c
(a),inblood leukocytes, as in Extended Data Fig. 1d (b), and in small and large
peritoneal macrophages (SPM and LPM, respectively), Kupffer cells (KC), red
pulp splenic macrophages (RPM), smallintestinal (SI) and colon (C) lamina
propriamacrophages (LPM), as in Extended Data Fig. 1e-i (c) from Tmem119**
(blue) and Tmem119“"*/* (red) mice. d, Flow cytometry gating strategy to show
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(blue) and Tmem119“*/* (red) mice. f-h, Bar graphs showing normalized Cre
expression inthe indicated cell populations from the BM (f) and the blood
(g),and in tissue RTM (h). Data show mean + SEM (n =4 mice per group).Inh,
Pvalues compare microglia vs. every other population and were calculated
using a one-way analysis of variance (ANOVA) with Tukey’s post hoc tests.
Raw data and Pvalues are provided as asource datafile.”™,
CDP, common plasmacytoid and dendritic cell progenitor; cMoP, common
monocyte progenitor; CMP, common myeloid progenitor; GMP, granulocyte-

P<0.0001.

brain FSC°CD45™F4/80*CD11b*CD64*Ly6C” microglia. e, Representative
histograms of Cre intracellular protein expression in microglia from Tmem119**

monocyte progenitor; GP, granulocyte progenitor; LSK, lineage(Lin) Sca-1"cKit"

multipotent progenitor; MDP, monocyte-dendritic cell progenitor.
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Extended Data Fig. 3| See next page for caption.
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Extended DataFig. 3| Assessment of YFP labeling in Tmem119“Rosa26"S-*"**
mice and of microglia depletion in IM"™ mice. a, Flow cytometry gating
strategy to show Lineage(Lin) Sca-1"c-Kit" (LSK) multipotent progenitors,
Lin"Sca-1"c-Kit"/" myeloid lineage-committed progenitors (MyP) and Lin"Sca-
1™c-Kit™ common lymphoid progenitors (CLP). b-c, Representative histograms
of YFP expression (b) and bar graphs showing % of YFP* cells (c) in BM LSK, MyP
and CLP (c) from Tmem119"7*Rosa26"" 5" (blue) and Tmem119“*Rosa26 “S-***
(red) mice. d-e, Representative histograms of YFP expression (d) and

bar graphs showing % of YFP* cells (e) in blood CD45"'CD3"CD19™ T cells,
CD45'CD3°CD19" B cells, CD45'CD3"CD19 Ly6G SiglecF"CD115" Ly6C*
cMoorLy6C pMo, CD45°'CD3 CD19 Ly6G*CD11b" neutrophils (Neu),
CD45'CD3 CD19 CDI11b'SiglecF* eosinophils (Eos) from Tmem119**Rosa26---'"*
(blue) and Tmem119“"*/*Rosa26“*'** (red) mice. f-g, Representative histograms
of YFP expression (f) and bar graphs showing % of YFP cells (g) in lung cMo, pMo,
¢DC1,cDC2, AMs, IMs and CD45" structural cells from TmemI19”*Rosa26"“ 5"

(blue) and Tmem1I19"**Rosa26“*'** (red) mice. h-i, Representative histograms
of YFP expression (h) and bar graphs showing % of YFP* cells (i) in small and large
peritoneal macrophages (SPM and LPM, respectively), Kupffer cells (KC), red pulp
splenic macrophages (RPM), small intestinal (SI) and colon (C) lamina propria
macrophages (LPM) and microglia from Tmem119**Rosa26"-**" (blue) and
Tmem119°**Rosa26 ““*'** (red) mice. j, Numbers of microglia quantified by flow
cytometry in IM°™ and littermate control mice injected i.p. with 50 or 500 ng DT
and evaluated 24 or 72 h post-DT injection. Data show mean + SEM and are pooled
from 2independent experiments (c,e,g,i,j) (c.e,g,i: Tmem119”*Rosa26'-*"";
Tmem119°*Rosa26“-*": n = 4;6 mice per group, respectively; j: n = 3-4 mice per
group). Pvalues were calculated using a two-way (c,e,g,i) or a one-way (j) analysis
of variance (ANOVA) with Tukey’s post hoc test. In g, Pvalues compare IMs vs.
every other population. Raw dataand Pvalues are provided as a source datafile. ",
P<0.05;"",P<0.0001.ns, not significant.
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Extended Data Fig. 4 | IM niche refilling is independent of Nr4al and
repopulated IMs are largely similar to native IMs 14 days post-DT in IMP™®
mice. a, Bar graphs showing % of Nr4al** donor, Nr4al”~ donor and host
chimerismin the indicated cell populations from lethally-irradiated, thorax-
protected CD45.1/CD45.2 IMP™ mice transplanted with a1:1 mix of CD45.2
Nr4al” and CD45.1Nr4al”* BM cells, injected with 50 ng DT i.p. 4 weeks later
and evaluated at day 7 post-DT. b, Principal Component (PC) analysis plot with
% indicating the variability explained by each PC component, obtained by bulk
RNA-seq analysis of lung cMo, AMs, CD206" IMs and CD206" IMs from untreated
IMP™mice, and of lung CD206™ IMs and CD206" IMs from DT-treated IMP™ mice
atday 14 post-DT (n =3 pooled mice per replicate, 3 replicates per condition).

-1 0 1
Fold change (log,)

¢, Volcano plots depicting the DEG between native and repopulated CD206™ IMs
(left) and native and repopulated CD206" IMs (right). Transcripts significantly
upregulated in native and repopulated IM subsets are colored inblue and red,
respectively (log, fold-change + 1and adjusted Pvalue <107%).d, Bar graph
showing lung IM numbers assessed by flow cytometry in IMP™ mice treated or
notwith DTi.p.atday O and 14, and analyzed 24 h after the last DT treatment
(day15). Data show mean + SEM and are pooled from 2 independent experiments
(a,d) (a,d: n=4,7-8 mice per group, respectively). Pvalues were calculated using a
one-way ANOVA with Tukey’s post-hoc tests, and compare donor CD45.1 Nr4al”*
chimerism between cell populations in a. Raw dataand Pvalues are provided as a
source datafile.”, P<0.01; ", P<0.0001. ns, not significant.
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Extended DataFig. 6 | Tr-Mo are BM-derived cells in transition between

cMo and IMs and whose proliferation is inhibited by Csflr antagonists. a,
Expression of the indicated markers in lung cMo, EQU'CD64" and EQU CD64*
cells from EdU-pulsed IMP™ mice at day 2 post-DT. Values obtained from
individual mice are connected with a dashed line. b, Bar graph showing the % of
EdU’ cells in CD45.1donor and CD45.2 host cells from lung cMo and CD64 cells
fromlethally irradiated, thorax-protected CD45.2 IM°™ mice reconstituted with
CD45.1BMwild-type cells, injected i.p. with DT and evaluated 2 days post-DT and
4 hours after EdU i.p. treatment by flow cytometry. ¢, Representative pictures
of CD11b"CD206"MHC-II'Ki67* AMs, CD11b*CD206"°MHC-II" IMs (CD206™ IM),
CD11b*CD206"MHC-II'"/"[Ms (CD206 IM) and CD11b*CD206 MHC-II°Ki67"

cells, identified by confocal microscopy on lung sections from untreated and DT-
treated IMP™® mice, at day 2 post-DT. d, Representative histograms of EdU levels in
lung extravascular CD64" cells from DT-treated IMP™® mice that were treated with
DTi.p.3 days before, with the Csflr antagonist PLX-3397 or with vehiclei.p.1and 2
days before, and with EdU i.p. 8 hbefore. e, Bar graph showing the % of EAU" cells
inlung extravascular CD64" cells, as in d. Data are pooled from 2-3 independent
experiments and show individual values (a) (n = 8 mice), or mean + SEM (b,e) (b,e:
n=10,5-8 mice per group). Pvalues were calculated using a two-way ANOVA with
Tukey’s post hoc tests (b) or atwo-tailed Student’s ¢ test (e). Raw data and Pvalues
areprovided asasource datafile.”, P<0.01; ", P<0.0001; ns, not significant.
Scalebar:10 pm.
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Extended Data Fig. 7 | Lung CD64" cells from Lyz2“*Mafb"'" mice exhibit
ahigher proliferative potential as compared to those from littermate
controls. a, Representative histograms of Ki67 stainings within lung lung
extravascular CD45*SSC'°CD11b*F4/80*CD64 "M cells (CD64" cells) from
Lyz2“*Mafb™" and littermate controls. Insets indicate the % of Ki67"* cells within
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CD64" cells. b, Bar graph showing the % of Ki67* cells within lung CD64" cells. Data
show mean + SEM and are pooled from 2 independent experiments (b) (n = 7 mice
per group). Pvalues were calculated using an unpaired two-tailed Mann-Whitney
test. Raw dataand Pvalues are provided as a source datafile. ™, P< 0.001.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | C-Maf specifically controls the identity of the CD206*
IM subset. a, Heatmap plot depicting the DEG along pseudotime evaluated

by tradeSeq in the subset-specific trajectories starting from cMo (middle) and
endingin CD206 IMand CD206" IM subsets. b, Gene expression of the indicated
genes along pseudotime evaluated by tradeSeq in both trajectories leading
either to CD206" IM or CD206" IM subsets. ¢, Representative histograms of

c-Maf protein expression in the indicated lung myeloid cell populations from
wild-type mice. d, Bar graphs showing normalized MFI of c-Maf expression, as

inc. Pvalues compare bulk IMs vs. every other population, or CD206" IMs vs.
CD206 IMs. e, Efficiency of Maf depletion within lung IMs from Lyz2“Maf""
mice evaluated by c-Maf proteinintracellular staining. Data are representative of
Smice, each of them giving similar results. f, Absolute numbers of lung cMo, pMo
and IMs quantified by flow cytometry in Lyz2°*Maf"" and Maf"" mice. g, UMAP
plot depicting the transcriptional identity of lung CD45'SSC°CD11b*F4/80*

CD64 monocytes and CD64" cells from Lyz2"*Maf"" mice and littermate
controls (n =5 pooled mice per group). h, Histogram showing frequency of
each cluster in Lyz2“Maf"" and Maf"" mice. i, Volcano plot depicting the

DEG between lung IMs (C3) from Lyz2““Maf"" and Maf"" mice. Transcripts
significantly upregulated in IMs from Maf"" and Lyz2“Maf"" mice are colored
inred and blue, respectively (log, fold-change + 0.5 and adjusted P value < 0.05).
Jj, Surface expression of MerTK and CD206 in lung AMs and IMs, quantified by
flow cytometry in Lyz2“°Maf"" and Maf"" mice. (d,f,j) Data show mean + SEM
and are pooled from 3 independent experiments (n = 9 mice per group) (d) or 2
independent experiments (n = 4-5mice per group) (f,j). Pvalues were calculated
using a one-way ANOVA with Tukey’s post-hoc test (for bulk IMs) or a two-tailed
Mann-Whitney test (for IM subsets), or atwo- way ANOVA with Tukey’s post-hoc
test (f,j). Raw dataand Pvalues are provided as asource datafile., P< 0.05; ",
P<0.0001; ns, not significant. Ab, antibody.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 [JOKXK [0
OO0 X X XONX XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Bulk RNA-seq: Sequence alignment with the mouse genome (GRCm38), sequence counting and quality control were performed using the
nfcore/rnaseq pipeline.
scRNA-seq: Cell Ranger (v3.0.2) (10x Genomics) was then used to demultiplex the BCL files into FASTQ files (cellranger mkfastq), to perform
alignment (to Cell Ranger human genome references 3.0.2 GRCm38/build 97), filtering, UMI counting and to produce gene barcode matrices
(cellranger count).
Flow cytometry: BD FACSDiva 7 and 8 (BD Biosciences)
Microscopy: ZEN Black (Zeiss)

Data analysis RNA-seq data were analyzed using R Bioconductor (3.5.1) and DESeq2 package (version 1.26.0). scRNAseq analyses were performed with R
Bioconductor (3.12), Seurat (3.2.1), velocyto (0.6), SCENIC (1.2.4), Monocle3 (1.0.0), tradeSeq (1.4.0), VISION (2.1.0) and clusterProfiler
(3.18.1). All original codes have been deposited at GitHub and are available via this link: https://github.com/BlanQwall/
Lung_IM_differentiation.
Flow cytometry: FlowJo 10 (TreeStar)
Microscopy: ZEN Blue (Zeiss)
Statistics: Prism 8 (GraphPad) & R Bioconductor using packages DESeq2, Seurat, tradeSeq and multcomp.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single-cell RNA-seq and bulk RNA-seq data have been deposited at GEO and are publicly available under GEO accession GSE 194021.
All original codes have been deposited at GitHub and are available via this link: https://github.com/BlanQwall/Lung_IM_differentiation.
Any additional information required to reanalyze the data reported in this paper is available from the corresponding author upon request.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender n/a

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in previous publications

(PMID: 28329706; PMID: 31481690; PMID: 31591573). Data distribution was assumed to be normal when parametric tests were performed,
but this was not formally tested.

Data exclusions  No data were excluded from the analyses.

Replication For each experiment, each experimental group was composed of 3-5 mice constituting biological replicates. Each experiments have been
repeated two to four times. All attempts at replication were successful and gave similar readout.

Randomization  Mice were identified according to genotype and all experiments were performed with age- and sex-matched littermates. For Csf1r blocking
experiments mice were randomly assigned to vehicle or isotype Ab and anti-Csflr treatments. For experiments using IMDTR mice that were

treated or not with DT, mice were randomly allocated to DT treatment or not.

Blinding Investigators were not blinded during the collection and analysis of the data, except for the quantification of microscopy lung sections, where
investigators were blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used The following antibodies were used for flow cytometry. 3
Anti-Cre Recombinase Monoclonal Antibody (Rabbit, clone D7L7L), unconjugated;Cell Signaling Technology;15036 Sy

<

Anti-mouse C1gA Monoclonal Antibody (Mouse, clone JL-1), biotin conjugated;Bio-techne;NBP1-511408

Anti-mouse CD3 Monoclonal Antibody (Rat, clone 17A2), eFluor450 conjugated ;ThermoFisher;48-0032-82

Anti-mouse CD3e Monoclonal Antibody (Armenian Hamster, clone 145-2C11), PE conjugated;BD Biosciences;553064
Anti-mouse CD11b Monoclonal Antibody (Rat, clone M1/70), BUV395 conjugated;BD Biosciences;563553

Anti-mouse CD11b Monoclonal Antibody (Rat, clone M1/70), BUV563 conjugated;BD Biosciences; 741242

Anti-mouse CD11b Monoclonal Antibody (Rat, clone M1/70), FITC conjugated;BD Biosciences;557396

Anti-mouse CD11b Monoclonal Antibody (Rat, clone M1/70), PE-Cy7 conjugated;BD Biosciences;552850

Anti-mouse CD11c Monoclonal Antibody (Hamster, clone HL3), BV786 conjugated;BD Biosciences;563735

Anti-mouse CD16/32 (Mouse BD Fc Block™) Monoclonal Antibody (Rat, clone 2.4G2), unconjugated;BD Biosciences;553142
Anti-mouse CD16/32 Monoclonal Antibody (Rat, clone 2.4G2), APC-Cy7 conjugated;BD Biosciences;560541

Anti-mouse CD19 Monoclonal Antibody (Rat, clone 1D3), PE conjugated;BD Biosciences;553786

Anti-mouse CD31 Monoclonal Antibody (Rat, clone 390), APC conjugated;ThermoFisher;17-0311-82

Anti-mouse CD34 Monoclonal Antibody (Rat, clone SA376A4), BV421 conjugated;BioLegend;152207

Anti-mouse CD45.1 Monoclonal Antibody (Mouse, clone A20), BUV395 conjugated;BD Biosciences;565212

Anti-mouse CD45.1 Monoclonal Antibody (Mouse, clone A20), BV510 conjugated;BD Biosciences;565278

Anti-mouse CD45.2 Monoclonal Antibody (Mouse, clone 104), BUV395 conjugated;BD Biosciences;564616

Anti-mouse CD45.2 Monoclonal Antibody (Mouse, clone 104), FITC conjugated;BD Biosciences;561874

Anti-mouse CD45.2 Monoclonal Antibody (Mouse, clone 104), PE-Cy7 conjugated;BD Biosciences;560696

Anti-mouse CD45.2 Monoclonal Antibody (Mouse, clone 104), PerCP-Cy5.5 conjugated;BD Biosciences;552950
Anti-mouse CD45.2 Monoclonal Antibody (Mouse, clone 104), V500 conjugated;BD Biosciences;562129

Anti-mouse CD64 Monoclonal Antibody (Mouse, clone X54-5/7.1), BV421 conjugated;BioLegend;139309

Anti-mouse CD115 (CSF1R) Monoclonal Antibody (Rat, clone AFS98), APC conjugated;ThermoFisher;17-1152-82
Anti-mouse CD115 (CSF1R) Monoclonal Antibody (Rat, clone AFS98), PerCP-Cy5.5 conjugated;BioLegend;135526
Anti-mouse CD117 (c-Kit) Monoclonal Antibody (Rat, 2B8), BV786 conjugated;BD Biosciences;564012

Anti-mouse CD117 (c-Kit) Monoclonal Antibody (Rat, 2B8), PE conjugated;BioLegend;105807

Anti-mouse CD135 (FIt3) Monoclonal Antibody (Rat, clone A2F10), PE conjugated;ThermoFisher;12-1351-82

Anti-mouse CD170 (SiglecF) Monoclonal Antibody (Rat, clone E50-2440), PE conjugated;BD Biosciences;552126
Anti-mouse CD170 (SiglecF) Monoclonal Antibody (Rat, clone E50-2440), PE-CF594 conjugated;BD Biosciences;562757
Anti-mouse CD172a (SIRPa) Monoclonal Antibody (Rat, clone P84), APC conjugated;BioLegend;144013

Anti-mouse CD206 (MMR) Monoclonal Antibody (Rat, clone C068C2), AF647 conjugated;BioLegend;141712

Anti-mouse CD206 (MMR) Monoclonal Antibody (Rat, clone CO68C2), PE-Cy7 conjugated;BioLegend;141719

Anti-mouse cMaf Monoclonal Antibody (Mouse, clone symOF1), PE conjugated;ThermoFisher;12-9855-42

Anti-mouse F4/80 Monoclonal Antibody (Rat, BM8), BV650 conjugated;BiolLegend ;123149

Anti-mouse F4/80 Monoclonal Antibody (Rat, BM8), FITC conjugated;BioLegend ;123108

Anti-mouse F4/80 Monoclonal Antibody (Rat, BM8), PE conjugated;Sony Biotechnology;1215550

Anti-mouse Fc?RI? (MAR-1) Monoclonal Antibody (Armenian Hamster, clone MAR-1), PE-Cy7 conjugated;BioLegend;134317
Anti-mouse I-A/I-E (MHC-II) Monoclonal Antibody (Rat, clone M5/114.15.2), AF700 conjugated;ThermoFisher;56-5321-80
Anti-mouse I-A/I-E (MHC-II) Monoclonal Antibody (Rat, clone M5/114.15.2), PerCP-Cy5.5 conjugated;Sony Biotechnology;1138125
Anti-mouse Ki-67 Monoclonal Antibody (Rat, clone SolA15), PerCP-eFluor710 conjugated;ThermoFisher;46-5698-80
Anti-mouse Ly6A/E Monoclonal Antibody (Rat, clone D7), PE-Cy7 conjugated;BD Biosciences;561021

Anti-mouse Ly6C Monoclonal Antibody (Rat, clone HK1.4), AF700 conjugated;BioLegend;128024

Anti-mouse Ly6C Monoclonal Antibody (Rat, clone AL-21), PE-CF594 conjugated;BD Biosciences;562728

Anti-mouse Ly6G Monoclonal Antibody (Rat, clone 1A8), APC conjugated;BD Biosciences;560599

Anti-mouse Ly6G Monoclonal Antibody (Rat, clone 1A8), FITC conjugated;BD Biosciences;551461

Anti-mouse Ly6G Monoclonal Antibody (Rat, clone 1A8), PE conjugated;BD Biosciences;551461

Anti-mouse Ly6G Monoclonal Antibody (Rat, clone 1A8), PE-Cy7 conjugated;BD Biosciences;560601

Anti-mouse Ly6G Monoclonal Antibody (Rat, clone 1A8), PerCP-Cy5.5 conjugated;BioLegend;127615

Anti-mouse MafB Recombinant Monoclonal Antibody (Rabbit, clone BLRO46F), unconjugated;Bethyl Laboratories Inc.;A700-046
Anti-mouse MerTK Monoclonal Antibody (Rat, clone DSSMMER), PE-Cy7 conjugated;ThermoFisher;25-5751-80
Anti-mouse XCR-1 Monoclonal Antibody (Mouse, clone ZET), APC-Cy7 conjugated;BioLegend;148223

Anti-rabbit 1gG (H+L) Cross-Adsorbed Secondary Polyclonal Antibody (Goat), AF488 conjugated;ThermoFisher;A-11008
Anti-rabbit 1gG (H+L) Cross-Adsorbed Secondary Polyclonal Antibody (Goat), AF647 conjugated;ThermoFisher;A-21244
All antibodies were used at 1:200 dilution, except for C1gA, MafB and cMaf were used at 1:50 dilution, and anti-rabbit IgGs were
used at 1:800 dilution.

The following antibodies were used for barcoding cells.
TotalSeq™-A0305 anti-mouse Hashtag 5 Antibody;BioLegend;155809




Validation

TotalSeq™-A0306 anti-mouse Hashtag 6 Antibody;BioLegend;155811
TotalSeq™-A0307 anti-mouse Hashtag 7 Antibody;BioLegend;155813
TotalSeq™-A0308 anti-mouse Hashtag 8 Antibody;BioLegend;155815
All antibodies were used at 1:100 dilution as recommended by BioLegend.

The following antibodies were used for immunofluorescence microscopy.

Unconjugated rat anti-mouse I-A/I-E (MHC-II) Monoclonal Antibody (clone M5/114.15.2; ThermoFisher; 56-5321-82; 1:100 dilution)
AF594 conjugated donkey anti-rat IgG (H+L) Cross-Adsorbed Secondary Polyclonal Antibody (ThermoFisher; A-21209; 1:1000 dilution)
AF488 conjugated rat anti-mouse CD206 (MMR) Monoclonal Antibody (clone CO68C2; BioLegend; 141710; 1:50 dilution)

eFluor570 conjugated rat anti-mouse Ki-67 Monoclonal Antibody (clone SolA15; ThermoFisher; 41-5698-82; 1:200 dilution)

APC conjugated rat anti-mouse CD11b Monoclonal Antibody (clone M1/70; ThermoFisher; 17-0112-82; 1:50 dilution)

For Csflr blocking experiments.

Unconjugated rat anti-mouse CD115 (CSF1R) Monoclonal Antibody (clone AFS98; Bio X Cell; BE0213)

Unconjugated rat anti-trinitrophenol (isotype control) Monoclonal Antibody (clone 2A3;Bio X Cell;BE0089)

Mice were injected i.v. with 250ug of anti-mouse Csflr-blocking antibody (Clone AFS98, Bio X Cell, Cat#BE0213) or isotype control
(Clone 2A3, Bio X Cell, Cat#BE0089) 6 and 28 h post-DT injection.

All the antibodies are from commercial sources that perform rigorous testing for specificity, quality control and lot to lot variability.
Specific statements of validation include:

BD bioscience
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/quality-and-reproducibility
The specificity is confirmed using multiple methodologies that may include a combination of flow cytometry, immunofluorescence,
immunohistochemistry or western blot to test staining on a combination of primary cells, cell lines or transfectant models. The
manufacturing process for the BD Biosciences antibodies and reagents adheres to standard operating procedures (SOPs) and
guidelines to ensure lot-to-lot consistency. All flow cytometry reagents are titrated on the relevant positive or negative cells.

BiolLegend

https://www.biolegend.com/en-us/quality/quality-control

Flow cytometry reagents: Specificity testing of 1-3 target cell types with either single- or multi-color analysis (including positive and
negative cell types). Once specificity is confirmed, each new lot must perform with similar intensity to the in-date reference lot.
Brightness (MFI) is evaluated from both positive and negative populations. Each lot product is validated by QC testing with a series of
titration dilutions.

TotalSeq Antibodies: Bulk lots are tested by PCR and sequencing to confirm the oligonucleotide barcodes. They are also tested by
flow cytometry to ensure the antibodies recognize the proper cell populations. Bottled lots are tested by PCR and sequencing to
confirm the oligonucleotide barcodes.

ThermoFisher

https://www.thermofisher.com/be/en/home/life-science/antibodies/invitrogen-antibody-validation.html

Invitrogen antibodies are currently undergoing a rigorous two-part testing approach. Part 1: Target specificity verification; Part 2:
Functional application validation.

Sony Biotechnology

Each lot of each antibody is quality control tested by immunofluorescent staining with flow cytometric analysis.

PE conjugated anti-mouse F4/80 Monoclonal Antibody (Rat, BM8) was validated by flow cytometry on thioglycolate-elicited BALB/c
mouse peritoneal macrophages.

PerCP-Cy5.5 conjugated anti-mouse I-A/I-E (MHC-1l) Monoclonal Antibody (Rat, clone M5/114.15.2) was validated by flow cytometry
on C57BL/6 mouse splenocytes.

Cell Signaling Technology
Anti-Cre Recombinase Monoclonal Antibody (Rabbit, clone D7L7L) was validated by Western blot analysis of extracts from 293T cells,
mock-transfected or transfected with a construct expressing Cre recombinase.

Bethyl Laboratories

https://www.fortislife.com/antibody-validation

Bethyl antibodies are highly regarded for passing strict validation testing before arriving in customers” hands. The principles that have
guided our rigorous validation practices for decades preceded a recent publication that describes five conceptual pillars for validating
antibodies in an application- and context-specific manner (PMID: 27595404).

Anti-mouse MafB Recombinant Monoclonal Antibody (Rabbit, clone BLRO46F) was validated by Western blot on whole

cell lysate from Hela, HEK293T, SK-N-MC, RPMI-8226, and Jurkat cells.

BioXcell
Anti-mouse CD115 (CSF1R) Monoclonal Antibody (Rat, clone AFS98) was validated by Western blot on purified mouse CD115.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

The following mice of the C57BL/6 background were used in this study: CD45.2 C57BL/6 wild type (WT) (The Jackson Laboratory),
CD45.1 C57BL/6J WT (The Jackson Laboratory, Strain #002014), Cx3cr1Gfp/+ (The Jackson Laboratory, Strain #005582), Tmem119Cre
(generated in house, see methods), Rosa26-LSL-EYFP (The Jackson Laboratory, Strain#006148),
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Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Cx3cr1LSL-DTR/+ (The Jackson Laboratory, Strain #025629), Ccr2-/- (The Jackson Laboratory, Strain#004999), Nr4al-/- (The Jackson
Laboratory, Strain #006187), Maffl/fl (kindly provided by Dr. Fabienne Andris), Mafbfl/fl (generated in-house, see methods),
Lyz2Cre (The Jackson Laboratory, Strain #004781) and Ms4a3Cre (kindly provided by Dr. Florent Ginhoux). Myeloid-restriced Maf or
Mafb depletion was achieved by crossing Maffl/fl or Mafbfl/fl mice with Lyz2Cre or Ms4a3Cre mice. A mix of male and female mice
between 6 and 10 weeks of age were used for each experiment, except for chimera experiments where mice between 11 and 15
weeks of age were used. The mice were bred and housed under specific pathogen-free conditions at the GIGA Institute (Liege
University, Belgium), maintained in a 12-h light-dark cycle, and had access to normal diet chow and water ad libitum. Mice were
identified according to genotype and all experiments were performed with age- and sex-matched littermates. For Csflr blocking
experiments mice were randomly assigned to vehicle or isotype Ab and anti-Csflr treatments. For experiments using IMDTR mice
that were treated or not with DT, mice were randomly allocated to DT treatment or not.

The study did not involve wild animals.

No sex-specific differences were observed in pilot experiments. A mix of male and female mice between 6 and 10 weeks of age were
used for each experiment, except for chimera experiments where mice between 11 and 15 weeks of age were used.

The study did not involve samples collected from the field.

All animal experiments described in this study were reviewed and approved by the Institutional Animal Care and Use Committee of
the University of Liege (Ethical Approval #DE1956). The ‘Guide for the Care and Use of Laboratory Animals,” prepared by the Institute
of Laboratory Animal Resources, National Research Council, and published by the National Academy Press, as well as European and
local legislations, were followed carefully. Accordingly, the temperature and relative humidity were 21°C and 45-60%, respectively.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Blood was collected by retro-orbital plexus bleeding of terminally-anesthetized mice. Mice were then euthanized by cervical
dislocation. Peritoneal lavage was obtained by injecting 10 mL HBSS (Lonza, Cat#BE10-508F) into the peritoneal cavity and
collecting the washout. Mice were then perfused with 10 mL PBS via the left ventricle and lungs, brain, liver, spleen, intestine
and colon were dissected.

For BM cells, femurs and tibias were dissected and cleaned of soft adhering tissue. Distal and proximal ends were opened,
and BM cells were flushed out. After centrifugation, cell pellets were re-suspended in ice-cold PBS (ThermoFisher,
Cat#14190094) containing 10mM of EDTA (Merck Millipore, Cat#1084181000) and cell suspensions were filtered using a cell
strainer (70 uM, Corning, Cat#352350) to obtain a single cell suspension.

Lungs, brains, liver and spleen were cut into small pieces with razor blades, and digested for 1h at 37°C in HBSS containing
5% v/v of FBS (ThermoFisher, Cat#10270098), 1mg/mL collagenase A (Sigma, Cat#14190094) and 0.05mg/mL DNase |
(Sigma, Cat#11284932001). After 45min of digestion, the suspension was flushed using a 18 G needle to dissociate
aggregates. Ice-cold PBS (ThermoFisher, Cat#) containing 10mM of EDTA (Merck Millipore, Cat#1084181000) was added to
stop the digestion process and cell suspensions were filtered using a cell strainer (70 uM, Corning, Cat#352350).
Mononuclear leukocytes from lungs and livers were enriched using a Percoll density gradient (GE Healthcare, Cat#17089101)
and harvesting cells from the 1.080:1.038 g/mL interface.

For the isolation of leukocytes from the small intestines and colons, small intestines and colons were dissected from the
pylorus and the rectum, were separated from the mesenteric tissue from Peyer’s patches and from fat and were placed in
ice-cold HBSS with 2% FBS. Intestinal content was removed with PBS, and the small intestines and colons were opened by a
longitudinal cut and washed 3 times in ice-cold HBSS with 2% FBS. To remove mucus and epithelial cells, small intestines and
colons were incubated with HBSS with 2% FBS and 1 mM 1,4 dithiothreitol (DTT, Sigma, 10197777001) for 20 min with
constant shaking followed by an incubation with HBSS containing 2% FBS and 1.3mM EDTA for 40 min. Tissue pieces were
then cut into small pieces and incubated for 1 h at 37 C with RPMI containing 2% FBS, 2 mg/mL collagenase IV (ThermoFisher,
Cat#17104019) and 40 U/mL DNase I. At the end of incubation, the suspension was homogenized with a 19G syringe and
filtered through a 70 uM strainer.

Instrument Cell suspensions were analyzed with a LSRFortessa (BD Biosciences). For scRNA-seq and bulk RNA-seq, lung myeloid cells
were sorted using an FACSArialll (BD Biosciences).

Software Results were analyzed using FlowJo software (Tree Star Inc.).

Cell population abundance Purity was between 90 and 95% and was determined by flow cytometry after sorting.

Gating strategy

Alveolar macrophages (AMs) were gated as Single Live CD45+ F4/80+ CD11c+ cells; Classical monocytes (cMo) were gated as
Single Live CD45+ SSClo CD11b+ F4/80+ Ly6C+ CD64- cells; Patroling monocytes (pMo) were gated as Single Live CD45+ SSClo
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CD11b+ F4/80+ Ly6C- CD64- cells; Bulk interstitial macrophages (Bulk IMs) were gated as Single Live CD45+ SSClo CD11b+
F4/80+ Ly6C- CD64+ cells; CD206- IMs were gated as Single Live CD45+ SSClo CD11b+ F4/80+ Ly6C- CD64+ CD206- cells;
CD206+ IMs were gated as Single Live CD45+ SSClo CD11b+ F4/80+ Ly6C- CD64+ CD206+ cells; Type 1 conventional DCs
(cDC1s) were gated as Single Live CD45+ CD11c+ MHC-II+ CD26+ CD64- CD172a- XCR1+ cells; Type 2 conventional DCs
(cDC2s) were gated as Single Live CD45+ CD11c+ MHC-II+ CD26+ CD64- CD172a+ MAR1- cells; MAR1+ DCs were gated as
Single Live CD45+ CD11c+ MHC-II+ CD26+ CD64- CD172a+ MAR1+ cells; CD64+ macrophages (CD64+ Mac) were gated as
Single Live CD45+ CD11c+ MHC-Il+ CD26- CD64+ CD172a+ cells; Lung neutrophils (Neu) were gated as Single Live CD45+
CD11b+ Ly6G+ cells; Lung eosinophils (Eos) were gated as Single Live CD45+ CD11b+ SiglecF+ cells; LSK were gated as Single
Live Lin- LyA/E+ CD117+ cells; Common myeloid progenitors (CMP) were gated as Single Live Lin- CD16/32- CD117+ CD135+
CD34+ CD115- cells; Monocyte-DC progenitors (MDP) were gated as Single Live Lin- CD16/32- CD117+ CD135+ CD34+ CD115
+ cells; Granulocyte-monocyte progenitors (GMP) were gated as Single Live Lin- CD16/32+ CD117+ CD135- CD34+ CD115-
Ly6C- cells; Granulocyte progenitors (GP) were gated as Single Live Lin- CD16/32+ CD117+ CD135- CD34+ CD115- Ly6C+ cells;
Monocyte progenitors (cMoP) were gated as Single Live Lin- CD16/32+ CD117+ CD135- CD34+ CD115+ Ly6C+ cells; Ly6C+
bone marrow monocytes (Ly6C+ BMMo) were gated as Lin- CD16/32+ CD117- CD115+ Ly6C+ cells; Common DC progenitors
(CDP) were gated as Single Live Lin- CD16/32- CD117- CD135+ CD115+ CD34- Ly6C- cells; Blood cMo were gated as Single Live
CD45+ CD3- CD19- Ly6G- SiglecF- CD115+ Ly6C+ cells; Blood pMo were gated as Single Live CD45+ CD3- CD19- Ly6G- SiglecF-
CD115+ Ly6C- cells; Small peritoneal macrophages (SPM) were gated as Single Live CD45+ Ly6G- SiglecF- Ly6C- CD115+
CD11b+ F4/80lo cells; Large peritoneal macrophages (LPM) were gated as Single Live CD45+ Ly6G- SiglecF- Ly6C- CD115+
CD11b+ F4/801hi cells; Kupffer cells were gated as Single Live CD45+ CD31- F4/80+ CD11bint CD64+ cells; Red pulp
macrophages (RPM) were gated as Single Live Lin- F4/80+ CD11b- cells; Small intestinal lamina propria macrophages (SI LMP)
were gated as Single Live CD45+ Ly6C- CD11b+ F4/80+ CD64+ cells; Colonic lamina propria macrophages (C LMP) were gated
as Single Live CD45+ Ly6C- CD11b+ F4/80+ CD64+ cells; Microglia were gated as Single Live FSClo CD45int F4/80+ CD11b+
CD64+ Ly6C- cells.
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For all experiments, cells were gated from debris based on FCS-A/SSC-A profile. Next, single cells were gated based on FSC-A/
FSC-H profile and FCS-W/FSC-H profile. Live cells were gated as LIVE/DEAD Fixable Dead Cell- cells. . Positive populations
were determined by the specific antibodies staining, which were distinct from negative populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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