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Maxime Petit,1,3 Eléonore Weber-Delacroix,1,3 François Lanthiez,1 Sandrine Barthélémy,1 Noëlline Guillou,1
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SUMMARY
Tissue-resident mononuclear phagocytes (MPs) are an abundant cell population whose localization in situ
reflects their identity. To enable assessment of their heterogeneity, we developed the red/green/blue
(RGB)-Macmouse based upon combinations ofCx3cr1 andCsf1r reporter transgenes, providing a complete
visualization of their spatial organization in situ. 3D-multi-photon imaging for spatial mapping and spectral
cytometry employing the three markers in combination distinguished tissue-associated monocytes,
tissue-specific macrophages, and three subsets of connective-tissue-associated MPs, including CCR2+

monocyte-derived cell, CX3CR1+, and FOLR2+ interstitial subsets, associatedwith distinct sub-anatomic ter-
ritories. These populations were selectively reduced by blockade of CSF1, CSF2, CCR2, and CX3CR1 and
efficiently reconstitute their spatial distribution after transient myelo-ablation, suggesting an autonomous
regulatory environment. Our findings emphasize the organization of the MP compartment at the sub-
anatomic level under steady-state conditions, thereby providing a holistic understanding of their relative
heterogeneity across different tissues.
INTRODUCTION

Tissue-resident mononuclear phagocytes (MPs), including

monocytes, macrophages, and dendritic cells (DCs), are part

of the MP system (MPS), serving as innate immune sentinels,

initiating and mediating acquired immunity and contributing to

development, homeostasis, and tissue repair. MPS cells adapt

to perform specific functions in each tissue1–4 associated with

tissue-specific gene expression and defined cell surface recep-

tors commonly employed asmarkers.5 Alongside tissue-specific

macrophages, all tissues contain interstitial macrophages

located within sub-anatomic structures. Increasingly, single-

cell RNA sequencing analysis has defined these subpopulations

associated with the vasculature, connective tissue, and nervous

tissue,6–8 although there are significant caveats to interpretation

of such data.9 Cross-tissue comparison in humans and mice

defined MPS cell subsets present in multiple organs.6,10 They

include macrophages expressing Timd4, Lyve1, Folr2 tran-

scripts (TLF+), major histocompatibility complex (MHC)-IIhigh

macrophages and CCR2+ monocyte-derived macrophages.6

Further heterogeneity was characterized based on the expres-

sion of Mrc1 (CD206) and conserved chemokine signatures

across tissue.11 Classical DCs, especially the cDC2 subset, are

difficult to define as a separate entity in non-lymphoid tissues
Cell Reports 43, 114847, Octo
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but may constitute a fourth subset.5 Tissue-specific functional

adaptation is guided by interactions with the extracellular matrix

and neighboring cells as well as the composition of surrounding

factors collectively defined as the macrophage ‘‘niche.’’12

The use of fluorescent reporter mice to track MPs in situ,

through imaging and flow cytometry, has significantly enhanced

our understanding of their tissue localization, dynamics, and

functions.13 We previously introduced the RGB-Mac mouse, a

triple-fluorescent reporter mouse generated by intercrossing

three commonly used transgenic fluorescent mouse strains.13,14

The Csf1r-mApple transgene15 shows the same ubiquitous

expression in myeloid cells, including tissue macrophages and

DCs, as observed in the Csf1r-EGFP transgenic reporter line.16

The knockin Cx3cr1egfp/+ reporter17 and the MacBlue binary

transgene (Csf1r-gal4/vp16/UAS-enhanced cyan fluorescent

protein [ECFP]),18 in which the Csf1r promoter region contains

a 105-bp deletion that removes an element required for expres-

sion of the ECFP reporter in most mature mouse tissue macro-

phages,19 resulted in a lack of ECFP expression from nearly all

tissuemacrophages except alveolar macrophages, some perito-

neal macrophages, and most microglial cells in the brain.20 Here

we utilize the RGB-Mac mouse to locate tissue monocytes and

distinct populations of resident macrophages within distinct

sub-anatomic territories within the liver, lung, kidney, visceral
ber 22, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Tissue-resident macrophages and monocytes harbor distinct fluorescent patterns in RGB-Mac mouse

(A) The RGB-Mac mouse model results of the intercross between the Csf1r-mApple transgenic mouse (red), the Cx3cr1egfp/+ knockin (green), and the Csf1r-

Gal4VP16/UAS-ECFP transgenic mouse (blue).

(legend continued on next page)
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adipose tissue (AT), and brain. We demonstrate that monocyte

and macrophage subsets were able to recover their spatial dis-

tribution after systemic myelo-ablation and were selectively

depleted by inhibition of CSF1, CSF2, CCR2, and CX3CR1.

The results indicate that subsets in defined locations are regu-

lated autonomously in steady-state homeostasis.

RESULTS

Tissue-resident macrophages and monocytes harbor
distinct fluorescent patterns in RGB-Mac mouse
We first performed flow cytometry on cells isolated from five

non-lymphoid tissues (liver, lung, kidney, visceral adipose, and

brain) to define subpopulations of cells expressing different

combinations of the reporters (mApple, EGFP, and ECFP) (Fig-

ure 1A). The macrophage colony-stimulating factor receptor

(CSF1R, also known as CD115) is expressed exclusively in

MPS cells.21 Granulocytes express Csf1r mRNA but do not ex-

press the CSF1R protein22; hence, they express the fluorescent

reporters ECFP and mApple but at lower level compared to

MP.15 Among mApplelow/� cells, only a subset of natural killer

(NK) and T cells are known to express the EGFP but not ECFP,

and DC express both with an intermediate level of mApple.13

We followed the gating strategy (Figure S1A) to define classical

monocytes (cMono, defined by Ly6C+ expression, pink gate),

non-classical monocytes (ncMono, defined by CD43+ expres-

sion, teal gate),23 and tissue-resident macrophages (CD64+F4/

80+, brick red gate). Among these, F4/80highCD11blow macro-

phages formed the majority cell population isolated from the

liver, lung, kidney, and visceral AT. CD11b+F4/80+ macro-

phages, cMono, and ncMono were less abundant (Figure S1B).

In the brain, F4/80highCD11bhigh were the predominant popula-

tion, known as microglia (Figure S1B). Relative expression of

ECFP and EGFP among all these populations indicated further

heterogeneity across tissues (Figure S1A). Four fluorescent sig-

natures were defined: (1) cells expressing only mApple (red [R+],

red gate); (2) cells expressing mApple and high level of EGFP

(red/green [RG+], green gate); (3) cells expressing mApple and

high level of ECFP (red/blue [RB+], blue gate); and (4) cells ex-

pressing mApple, high level of ECFP, and various levels of

EGFP (red/green/blue [RGB+], cyan gate) (Figure S1A lower

panels).

To better characterize the different fluorescent MP subsets

across tissues, we generated Uniform Manifold Approximation

and Projection (UMAP) among mApple+ CD64low/+ and F4/

80low/+ cells (according to the gating strategy; Figure S1A) and
(B) Representative Uniform Manifold Approximation and Projection (UMAP) plo

show the expression of different surface markers and the three fluorescent rep

mApple+ECFP+EGFP+ = RGB+ cells (cyan), mApple+ECFP�EGFP+ = RG+cells (g

cMono, classical monocyte; ncMono, non-classical monocytes; KC, Kupffer ce

(visceral); MG, microglia. See also Figures S1–S3.

(C) Pie charts show the relative proportion of the different fluorescent signatures a

the minor MPs (minor MPs), and the cMono and ncMono. Mean percentages ±

periments).

(D) In vivo BTP was performed by intravenous (i.v.) injection of anti-CD45 antibod

compartment (ivCD45+) or within the tissue (ivCD45�). ivCD45 positivity threshold

and total monocytes (gray histograms). Percentage ± SD of intravascular cells

experiments).
additional well-established phenotypic markers of tissue-spe-

cific macrophages (CLEC4F for liver tissue-resident macro-

phages [TRMs],24 SIGLEC-F for lung TRMs,10 F4/80 for renal

TRMs,24 MGL1 for AT TRMs,25 and CX3CR1 for brain micro-

glia26), as well as functional markers (MHC-II, CD206, CD163,

TIM4) (Figures 1B and S2). For each tissue, we defined clusters

corresponding to classical (pink), non-classical monocytes (teal),

the tissue-specific resident macrophages, and the various minor

MPs according to their fluorescent signature: RGB+ (cyan), RG+

(green), RB+ (blue) and R+ (red) (Figures 1B and S2).

In parallel, we assessed the expression of the fluorescent re-

porters on the DC compartment.27 We gated on F4/80� CD64�

CD11c+MHC-II+ for CD11b+DCs and on CD11c+MHC-II+

CD103+ for CD103+DCs (Figure S3A). CD103+DCs exhibited

lower expression of mApple compared to TRMs in every tissue,

and there was no expression of EGFP. In contrast, CD11b+DC

expressed lower expression of mApple compared to tissuemac-

rophages but similar expression of ECFP and various levels of

EGFP (Figure S3B). As noted by others,5,28 the distinction be-

tween CD64low/+ F4/80low/+ CD11b+ cDC2 and MHC-II+ tissue

macrophages is equivocal. For the purpose of the current study,

they are considered as a single entity referred to as MPs.

We quantified the relative proportion of these subsets in every

tissue (Figure 1C). The majority of tissue-associated monocytes

and circulating monocytes expressed the three fluorescent pro-

teins (RGB+), although EGFP expression level on cMonos was

lower compared to other ncMonos, as expected.17 A subset of

both monocyte populations lacked detectable ECFP (RG+)

(Figures 1C and S1A) but this was not associated with any other

monocyte markers (Figures 1B and S2). The monocyte signa-

tures were conserved across the different organs (Figure 1C)

and blood monocytes (Figure S1C). In contrast, the fluorescent

signatures among macrophages were more tissue specific

(Figure 1C).

In the liver, the dominant population was CD11blow, CLEC4F+,

and TIM4+ corresponding to the phenotype of Kupffer cells

(KCs).29 KCs expressed mApple (R+ KCs). Only 0.6% were

RGB+ and 0.7% RG+ (Figures 1B, 1C, and S2 liver panels). By

contrast, the minor resident MP populations, representing

12% ± 4% of the total, as reported by others,30 were either

RG+ or RGB+ (Figure 1C, liver panels).

In the lungs, the dominant MP population corresponded

to alveolar macrophages (AMs) defined as CD11blow and

SIGLEC-F+10 (Figures 1B, 1C, and S2, lung panels). Two subsets

of AM were identified; 83% ± 5% were RB+, and the remainder

expressed only mApple (R+ AMs) (Figure 1C, lung panels). Minor
ts of spectral cytometry analysis of the monocyte/macrophage compartment

orter expressions and the cluster identification in the five indicated organs.

reen), mApple+ECFP�EGFP� = R+ (red), mApple+ECFP+EGFP� = RB+ (blue).

lls; AM, alveolar macrophage; RM, renal macrophage; ATM, AT macrophage

mong the dominant tissue-resident macrophages (KC, AM, RM, ATM, andMG),

SD for each subset are indicated (n = 8 out of two or three independent ex-

y to discriminate monocyte and resident macrophage localization in the blood

was based according to ivCD45 FMO staining control for major MP, minor MP,

(in vivo CD45+) is indicated for each subset (n = 7, out of three independent
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Figure 2. Location of tissue-specific and minor MP populations in the RGB mouse

Representative two-photon laser scanning microscopy (TPLSM) 3D images of (A) liver, (B) lungs, (C) kidney, (D) visceral AT, and (E) brain from fresh explanted

tissue show the general distribution of cells according to their fluorescent signatures in the RGB-Mac mouse. To image deeper regions, the organ was cut in the

(legend continued on next page)
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macrophage populations in the lung are usually referred as

interstitial macrophages.7,10 Among this population (represent-

ing 15% ± 6%of theMP compartment), three subsets, exhibiting

the R+, the RG+, or the RGB+ signature, were identified

(Figures 1B, 1C, and S2).

In the kidney, the dominant renal resident macrophage subset

defined as CD11blow and F4/80high, as initially described,24 were

RG+, consistent with previous analysis using Cx3cr1egfp/+31

(Figures 1B, 1C, and S2, kidney panels). Similar to the lung,

among the minor MPs (representing 9% ± 2% of the MP

compartment), R+, RG+, and RGB+ subsets were detected

(Figures 1B, 1C, and S2).

In visceral adipose tissue, 96% of cells in the major macro-

phage population (AT macrophage [ATM]) (defined as

CD11blow MGL1+ TIM4+ CD206+ CD163+/�) expressed mApple

only (R+ ATM) (Figures 1B, 1C, and S2). The absence of EGFP

is consistent with low expression of Cx3cr1 mRNA5 and the

limited role of CX3CR1 in ATM accumulation during high-fat-

diet-induced obesity.32 Among the minor MP populations repre-

senting 32% ± 8% of the MP compartment, four fluorescent sig-

natures were detected (RGB+, RG+, R+, and RB+; Figures 1B and

1C), but these populations were not distinguished by any

markers other than the reporters (Figures 1B and S2, adipose

panels).

Finally, in the brain, as previously reported,15 two subsets of

CD45low CX3CR1high microglia were defined based on ECFP

expression (RGB+ 70%, RG+ 30%) (Figures 1B, 1C, and S2, brain

panels). The minor populations representing border-associated

macrophages (BAMs)33,34 represented 11% ± 6% of the MP

compartment and were predominantly RG+ expressing either

MHC-II or CD206 and CD163 and the remainder were R+ and

RGB+ expressing CD206+CD163+ but not MHC-II (Figures 1B,

1C, and S2, brain panels).

In each tissue, the relative abundance of monocyte varied

among the tissues (Figures 1C and S1B). In each case, ncMonos

were over-represented compared to blood circulating mono-

cytes (Figures 1C and S1D). ncMonos are known to exert their

patrolling activity by adhering to the abluminal side of the endo-

thelium35; hence, ncMonos are likely underrepresented in blood

draw compared to tissue samples. Nevertheless, the differential

representation of cMono/ncMono across the vascular compart-

ment of the organs might reflect a tissue-dependent vascular

accumulation of this subset.

To test this possibility, blood tissue partitioning (BTP) by in vivo

CD45 intravascular staining36 was performed (Figure 1D). In tis-

sues other than adipose, cMono and ncMono resided mostly in

the vasculature. As expected, KCs residing within liver sinusoids

were labeledwith anti-CD45, butmajormacrophage populations

in other tissues were not accessible to the injected antibody (Fig-

ure 1D). Minor resident MP subsets were expected to be located

outside the vasculature. However, anti-CD45 also bound the

minor RGB+ macrophage subset in the liver, the lung, and the
middle and imaged through the cut side. For all tissues, images show the distrib

connective-tissue regions (middle columns), and close to vasculature (right colu

harmonic generation (SHG). Tissue structures were detected by coherent anti-S

collection to visualize vasculature. Dashed line delineates the pia mater from the c

vasculature. Selected images are representative of more than five mice. Arrows
kidney, suggesting that they span the vasculature and the paren-

chyma. A similar subset was defined in the lung as non-classical

tissue monocytes.37

In overview, heterogeneous expression of the three reporters

in the RGB-Mac mouse allows discrimination between mono-

cytes, the major tissue-specific macrophage populations, and

minor subsets that can be used to visualize their spatial organi-

zation by imaging.

Location of tissue-specific and minor MP populations in
the RGB mouse
In order to map the spatial localization and organization of the

different identified MPS cells, we conducted multi-photon and

spinning-disk imaging of freshly preserved isolated organs, mini-

mizing intervention to preserve 3D tissue structure, cell organiza-

tion, andmorphology and also on thick cryo-sections of fixed or-

gans. Detection of the RGB fluorophores was combined with

second harmonic generation (SHG) to detect the collagen of

the septa and interstitial connective tissues, coherent anti-

Stokes Raman spectroscopy (CARS)38 to visualize non-fluores-

cent tissue structures (stroma, adipose, nerves, organized

epithelium and endothelium), or natural tissue autofluorescence

(elastin fibers, epithelium) with or without complementary

vascular labeling using Evans blue. We called this approach

‘‘structural imaging’’ (Figure 2).

In the liver, R+ cells, mostly corresponding to KCs, were

distributed throughout the liver (Figure S4A). These R+ cells ex-

hibited an elongated morphology, aligning along the lumen of

the liver sinusoids as expected for KCs (Figures 2A, S4A, and

S4B). Live imaging of the liver confirmed that R+ KCs remained

stationary in the lumen, sampling the flow of red blood cells,

while an RGB+ cell (which could be cMono, ncMono, or a

CLEC4F�MPsubset according to flow cytometry) was observed

crawling (Video S1). Other elongated RGB+ and stellar RG+ MPs

were identified at the surface of the liver (the Glisson capsula)

and in the interlobular interstitia, which separate the hepatic lob-

ules and contain the vessels and biliary ducts of the hepatic tri-

ads (Figures 2A and S4A). These correspond to portal tract mac-

rophages and liver DCs30 or lipid-associated macrophages and

transitioning monocytes.29

In the lungs, RB+ and R+ AMs were defined by their large,

round shape and their localization in alveolar spaces (Figure 2B).

High intensity of ECFP expression, the spectrum of which over-

laps with the one of EGFP, along with bright autofluorescence,

also produce an apparent EGFP signal that was absent in flow

cytometry (Figures 2B and S4C). Beyond the difference in shape,

size, and locations, AMs could also be discriminated from other

RGB+ andR+ cells by theCARS signal reflecting a high content of

lipid vesicles on two-photon laser-scanning microscopy

(TPLSM) images (Figure S4C upper TPLSM images). The two

subsets could be detected in close proximity, sometimes

sharing the same alveolar sac (Figure 2B). Live imaging of
ution of the different fluorescent subsets in parenchymal regions (left column)

mn). Connective tissue was visualized through collagen detection by second

tokes Raman spectroscopy (CARS). Evans blue was injected prior to organ

ortex determined by CARS in brain. Full line delineates the renal tubule from the

indicate representative cell subsets. See also Figure S4.
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alveolar space revealed that, at steady state, AMs were scarcely

motile at the surface of the pulmonary epithelium (Video S2).

Numerous smaller RGB+ cells with ameboid-shape located be-

tween alveoli were most likely the abundant monocytes

(Figures 2B and S4C) as detected by cytometry. Live imaging

showed their patrolling activity in the lung capillaries, squeezed

by the narrow space available and transiently blocking the flow

of red blood cells (Video 2). Previous analysis in explanted lungs

showed monocytes actively patrolling independently of the

blood flow.39 Some RGB+ MP subsets were also present in

collagen-rich structures, detected by SHG of the pleura and

around bronchus (Figures 2B and S4C). By contrast, RG+ cells

were positioned in stromal regions at the basement of bronchus

epithelium and perivascular (Figures 2B and S4C). Finally, we

located the rare R+ population in the ‘‘broncho-arterial intersti-

tium,’’40 around the artery defined by the typical elastin fiber or-

ganization surrounding smooth muscle fibers, detected by SHG

and autofluorescence (Figure S4C). TPLSM using CARS further

detected adipose accumulations in these regions (Figures 2B

and S4C, lower TPLSM image), indicating that lung R+ MPs

and RG+ MPs, despite their very close proximity, are associated

with different stromal structures.

RG+ cells, representing the major renal macrophage popula-

tion, were abundantly distributed throughout the kidney (Fig-

ure S4D), with an increased concentration from the cortex to

the inner medulla confirming previous studies.41 Renal cortex

was identified by the transversal and intermingled organization

of renal tubules with high autofluorescence compared to the lon-

gitudinal organization of renal tubules and less autofluorescence

in the medulla (Figure S4D). Within the medulla, we observed a

very distinct separation of RG+ cells and RGB+ cells. The inner

zone of the medulla was covered by MP subsets with an RGB+

signature, while the outer area was covered by RG+ cells

(Figures 2C and S4D). Outer and inner medulla are functionally

distinct regions of the kidney,42 suggesting a local adaptation

of the MPS depending on the anatomic region. Structural imag-

ing of different regions showed that these renal macrophages

displayed an elongated morphology in direct contact of renal tu-

bules and tubular capillaries, detected by CARS and autofluor-

escence (Figures 2C and S4D). This positioning was previously

described to allow direct sampling of the bloodstream.31 Smaller

round RGB+ cells located between the renal tubules were

assumed to be monocytes within the vasculature (Figure 2C).

Live imaging of the kidney confirmed that perivascular RG+ renal

macrophages were sessile but exhibited active protrusive activ-

ity, while the round RGB+ cells in the vascular compartment were

passed rapidly through the imaging field (Video S3). Similar to the

liver and the lungs, distinct RGB+ and RG+ cells were also de-

tected in the interstitium, defined by collagen matrix detected

by SHG (Figure 2C). Finally, R+ MPs were located in the periph-

eral septum (capsula) at the surface of the kidney, and around

the renal artery embedded in AT (Figures 2C and S4D, TPLSM

image).

In the visceral AT, the majority of MPs detected by cytometry

expressed only mApple. These R+ cells include the dominant

MGL1+CD206+CD163+/� and a minor MGL1�CD206�CD163�

MP subset (Figures 1B and S2, adipose panels). Similar subsets

were previously identified depending on their association with
6 Cell Reports 43, 114847, October 22, 2024
blood vessels and their monocytic origin.43 By imaging, R+ cells

were recovered within the parenchyma, flattened between adi-

pocytes and capillaries and in the surrounding connective tissue

detected by SHG (Figures 2D and S4E, TPLSM images). CD163

expression was largely restricted to R+ cells in close contact with

adipocytes (Figure S4E, lower panels) consistent with previous

localization of MGL1+ cells.25 Beyond that, we could not discrim-

inate the different R+ subsets in the AT, so they were considered

as a single population thereafter. Rare RG+ cells and two RB+

and RGB+ subsets were detected in the peripheral connective

tissue surrounding the adipose parenchyma (Figures 2D and

S4E). Despite the spectral overlap of ECFP in the EGFP channel,

RB+ and RGB+ signatures could be discriminated based on the

relative intensity in the EGFP channel (Figure S4E, TPLSM im-

ages). These two subsets shared similar locations and exhibited

a less elongated morphology compared to the R+ cells in the

same region (Figures 2D and S4E). Their abundance varied be-

tween regions, with some evidence of accumulation forming

crown-like structures (Figure S4E, TPLSM images) suggesting

they derived from monocytes.44 In the connective tissue, we

noted a progressive loss of ECFP intensity in individual cells sug-

gesting a transition from RB+ to R+ ATMs (Figure S4E, TPLSM

images).

In the brain parenchyma, the vast majority of RGB+ and RG+

cells exhibited a typical microglia morphology, characterized

by a small cell body and abundant dendritic branching (Fig-

ure 2E). No differences in this morphology were detected be-

tween RGB+ and RG+ cells. However, a distinct distribution of

the two subsets across the tissue was observed in brain cryo-

sections. RGB+microglia were more abundant in regions related

to gray matter (cortex), while RG+ microglia were more repre-

sented in regions related to white matter (corpus callosum, cer-

ebellum, periventricular) (Figures S4F and S4G). Structural imag-

ing identified typical BAMs, which differ from microglia in

morphology and location (choroid plexus, meningeal and peri-

vascular spaces).33,34 The rarest RGB+ population was almost

exclusively observed in the pia mater, the closest meningeal

layer imaged at the very surface of the brain, along with a more

abundant R+ subset. These two populations covered the pia

mater and were detectable in the cerebral convolutions at the

interface between the pia mater and the cortex (Figure 2E),

consistent with the identification as meningeal BAM.33 RG+ cells

represented more than half of the BAMs (Figure 1, brain panels).

Some RG+ BAMs were found in the choroid plexus and lining

brain capillaries (Figures 2E, S4F, and S4H).33 RG+ BAMs could

be divided into CD206+ CD163+MHC-II� and CD206�MHC-II+

cells (Figure S2). Additional labeling with anti-MHC-II antibody

in the brain confirmed that perivascular RG+ cells are the subset

expressing MHC-II (Figure S4H).33

RGB-Mac mouse discriminates CCR2+, CX3CR1+, and
FOLR2+ MPs in distinct tissue territories across organs
Structural imaging of the RGB-Mac mouse revealed that the

dominant tissue-specific macrophages, the minor subsets, and

the tissue-associated monocytes cover distinct tissue territories

in each organ. To extend these findings, we performed a more

detailed 3D-imaging of the bilio-vascular45 interstitium in the liver

(regrouping the hepatic triads), the broncho-vascular interstitium



(legend on next page)
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in the lungs,40 and interstitial areas in the kidney (Figure 3A).

These interstitia invaginate throughout the tissue to support

and guide neuro-vascular branching around bronchial airways

for the lungs, biliary ducts in the liver, and collecting ducts in

the kidney at the interface with the tissue parenchyma.46

In these regions, some RGB+ cells located in the vascular

lumen likely correspond to the intravascular monocytes or

vascular RGB+ MPs detected by BTP (Figure 1D). Other RGB+

cells exhibited a more elongated morphology, located within

the stroma, embedded in collagen matrix (Figures 3A and

S5A), confirming BTP analysis (Figure 1D). RG+ cells mostly ex-

hibited a more elongated and stellate shape lying at the base-

ment membrane of the epithelium where small blood vessels

could be detected (Figures 3A and S5B). RG+ cells were also

observed in the endoneurium of the largest nerves, in very close

contact with neurofibers (Figure 3B), akin to what has previously

been defined as peripheral nervous system (PNS) macro-

phages47 or nerve-associated macrophages (NAMs).48 Blood

vessels and nerves are relatively intermingled as expected (Fig-

ure 3B). It is likely that the same cell can be close to both struc-

tures. Chakarov et al., demonstrated that similar perivascular

and tissue-NAMs represented two independent populations

conserved across tissues.7 By contrast to RG+ cells, R+ cells

had a distinct location, in adipose connective tissue within peri-

bronchial regions of the lung but also at the surface of the parietal

peritoneum, in the renal capsula and renal sinus (Figure 3C), even

in small adipose islets a few micrometers apart of the sciatic

nerve (Figure 3B). R+ cells were also found in the perimysium

of striated muscle and connective tissue surrounding cardio-

myocytes of the cardiac auricle detected by CARS and SHG

(Figure 3C).

Overall, the detailed structural imaging of the interstitial MPs

confirmed the relatively tight sub-anatomic restriction of the

three fluorescent signatures across different tissues, indicating

that the diversity of the MP compartment is related to the

anatomic organization of the tissue.

We next addressed whether the minor MPS cell subsets could

be further discriminated by additional surface markers. We

developed a spectral cytometry panel (Figures 1B and S2) aim-

ing to elucidate how the CCR2+, MHC-II+, and TLF+ populations6

relate to those identified in the RGB-Mac mouse (Figures 3D

and S5C).

All subsets expressed CD64, F4/80, and SIRPa (CD172a, an

important regulator of phagocytosis49) (Figure S5C). Only a frac-
Figure 3. RGB-Mac mouse discriminates CCR2+, CX3CR1+, and FOLR

(A) TPLSM3D images showing the fluorescent signature of resident MP associated

of the RGB-Mac mouse. Dashed and full lines indicate the different tissue struc

detected by CARS and autofluorescence. Arrows indicate examples of cell subt

(B) TPLSM3D images showing the fluorescent signature of MP associated with ne

the stroma are detected by SHG. Myelin sheaths of the neurofibers detected by C

(C) TPLSM 3D images showing the fluorescent signature of MP in the stroma asso

the stroma are detected by SHG; adipose and muscular fibers are detected by C

(D) Representative histogram plots by spectral cytometry showing the expressio

(TIM4+, LYVE-1+, FOLR2+), a control antibody (Ctrl) was used to set up the cuto

expression was compared for each subset to the one using Ccr2�/� and Cx3cr1

(E) TPLSM3D images of freshly explanted tissues injectedwith anti-FOLR2 or Ctrl

compared to control antibody (bottom images). Collagen fibers of the stroma are d

by CARS. Arrows indicate examples of cell subtypes. TPLSM and spectral cytom
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tion expressed CD11c, mostly the RGB+ cells in the liver and kid-

ney (Figure S5C). RGB+ cells exhibited the same fluorescent

signature as monocytes and expressed CCR2 in all tissue but

the brain (Figure 3D). However, compared to tissue-associated

monocytes, RGB+ MPs expressed a similar level of the comple-

ment receptor C5AR1/CD88, which was described to discrimi-

nate monocytes, macrophages, and DCs in both human and

mouse50,51 but a higher level of MHC-II and various proportions

of the ectonucleotidase CD39, emerging as a potent regulator of

macrophage polarization52,53 (Figure S5C). The heterogeneous

expression of CD88 and CD39 suggested that the CCR2+

RGB+ MPs represent a variety of subsets that we suspected to

be mostly cells undergoing monocyte-derived differentiation.6

The TLF core markers (TIM4+ Lyve-1+ FOLR2+), mainly FOLR2

and TIM4, were identified on R+ cells including KCs in the liver

and the ATMs, confirming previous transcriptomic analysis indi-

cating the absence of CX3CR1 in these cells.6 In the adipose tis-

sue, the MGL1+ ATMs co-expressed FOLR2, TIM4, CD163,

CD206, and LYVE-1, suggesting a core signature of fat-associ-

ated macrophages (Figures 1 and 3D). FOLR2 expression was

confirmed by two-photonmicroscopy on KCs and adiposemac-

rophages after in situ injection of specific- or non-specific anti-

bodies on explanted fresh tissues of RGB-Mac mouse. Expres-

sion was also detected on R+ cells in the connective tissue of the

parietal peritoneum, covering a layer of adipose and the perineu-

rium of muscular fibers (Figure 3E). By default, the RG+ cells

could represent the third MHC-II+ subset defined by Dick

et al.6 We confirmed that the expression of EGFP, which is the

highest in this subset, mostly correlated with the expression of

the CX3CR1 at the membrane serving as a better discriminating

marker than MHC-II (Figure 3D). We conclude that subsets ex-

pressing CCR2 (RGB+), FOLR2 (R+), or CX3CR1 (RG+), fitting

with the three populations defined by Dick et al.,6 are associated

with distinct sub-anatomic structures.

MP populations identified in the RGB mice depend on
distinct signaling pathways
To understand homeostatic regulation of MPS subsets in tis-

sues, we examined the effect of loss of function of the major

monocyte chemokine receptors, CCR2 and CX3CR1, or anti-

body-mediated blockade of CSF1R, CSF1, and CSF2. We

generated the RGB-Mac mice with homozygous mutations in

Ccr2 or Cx3cr1 (using the Cx3cr1egfp/egfp knockin) or treated

RGB-Mac mice with anti-CSF1R, anti-CSF1, anti-CSF2, or
2+ MP in distinct tissue territories across organs

with vascular- and epithelial-associated connective tissues in different organs

tures. Collagen fibers of the stroma are detected by SHG, tissue epithelia are

ypes.

rves. Arrows indicate the RG+MP in contact with neurofibers. Collagen fibers of

ARS indicate the nerve.38 Dashed lines indicate the different tissue structures.

ciated with adipose and muscular fibers in different organs. Collagen fibers of

ARS and SHG.

n in each organ of the indicated markers for each subset. For the TLF markers

ff of positivity staining (dashed lines); for CCR2 and CX3CR1 staining, surface
egfp/egfp RGB-Mac mice.

antibody, showing FOLR2 expression onMPof different regions (upper images)

etected by SHG; adipose, liver parenchyma, and muscular fibers are detected

etry have been reproduced at least three times. See also Figure S5.



Figure 4. MP populations identified in the RGB-Mac mice depend on distinct signaling pathways

(A–E) Radar charts represent the percentage of depletion of cMono and ncMono (left panels) and macrophages (right panels; tissue-specific resident macro-

phages [dashed lines], minor MP subsets [full lines]) inCcr2�/� andCx3cr1egfp/egfpRGB-Macmice and following anti-CSF1R, anti-CSF1, and anti-CSF2 antibody

treatments. Pool of wild-type (WT) and isotype control-treated mice was used for reference. Above the reference line, populations were considered depleted

compared to control; below the reference line, populations were considered enriched compared to control. Data represent themean of six to eightmice out of two

or three independent experiments. All conditions were compared to the reference for each subset individually. Normality tests were performed to test Gaussian

distribution for each subset. When normality tests passed, one-way ANOVA with uncorrected Fisher’s least significant difference (LSD) tests were performed.

When normality tests did not pass, Kruskal-Wallis with uncorrected Dunn’s tests were performed. *p < 0.05, **p < 0.01, ***p < 0.001. No difference was observed

between WT and isotype control-treated mice so they were pooled. See also Figures S6–S10.
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isotype controls and performed flow cytometry and spinning-

disk imaging. The absolute numbers of cells per gram of tissue

in each condition were quantified (Figure S6). The percentage

of depletion of each subset is shown in (Figure 4).
CX3CR1 and CCR2 are pivotal chemokine receptors that

regulate the distribution of monocytes and macrophages.

CCR2 controls monocyte release from the bone marrow into

the bloodstream, leading to a significant reduction in circulating
Cell Reports 43, 114847, October 22, 2024 9
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monocytes in CCR2-deficient mice.54 CX3CR1 governs mono-

cyte deployment under steady state and in inflammatory condi-

tions by facilitating margination to the endothelium55 and

regulating the survival of ncMonos.56 As anticipated, CCR2 defi-

ciency resulted in a decrease in the numbers of tissue-associ-

ated cMonos and ncMonos in all organs (Figures 4 and S6).

Conversely, monocyte numbers in CX3CR1-deficient mice

were reduced only in the liver and kidney, not in the lungs, adi-

pose, and brain, confirming that tissue-associated monocyte

accumulation is differentially regulated across organs (Figures 4

and S6).

The RGB+ subsets, expressing CCR2 in every organ but the

brain (Figure 3D), were also reduced in CCR2-deficient mice,

supporting a monocytic origin. CX3CR1 deficiency reduced the

accumulation of this subset only in the liver and the kidney (Fig-

ures 4 and S6). The RG+ subset were also affected by CCR2 defi-

ciency in every tissue but to a lesser extent compared to the

RGB+ cells (Figures 4 and S6). We further analyzed the effect

of CX3CR1 deficiency on the spatial distribution of cells in the

kidney. We observed selective loss of RG+ MPs located in the

cortex (Figure S7). The reasons for this perturbed distribution

can be multiple but support a CX3CR1-dependent regulation

of renal macrophage tissue coverage. An important increase in

the number of MHC-II� RG+ MPs was also observed in the brain

ofCx3cr1egfp/egfpmice and a similar but non-significant tendency

regarding RG+ microglia (Figures 4E and S6E), suggesting that

CX3CR1 might also be involved in certain regions of the brain.

Although CX3CR1 is not essential for the distribution of micro-

glia, it has been shown to participate in the development of tha-

lamocortical synapses.57 The tissue-specificmacrophage popu-

lations were also differentially affected by CCR2 and CX3CR1

deficiency. KCs and microglial cells were unaffected. Alveolar

and adipose populations were reduced in Ccr2�/� but not in

Cx3cr1egfp/egfp, and the pattern was reversed in the kidney (Fig-

ures 4 and S6).

Although CSF1R signals are required for the maintenance of

tissue macrophages, even prolonged anti-CSF1R treatment

does not deplete blood monocytes but blocks development of

the non-classical subset.58 A mouse line lacking expression of

CSF1R in monocytes and their progenitors is not monocyte defi-

cient.59 Anti-CSF1R treatment showed a broad depletion effi-

cacy within 4 days, on both cMonos and ncMonos, in all tissues

but the visceral AT (Figures 4 and S6). This suggests that CSF1R

signals are required directly or indirectly for monocyte recruit-

ment or persistence in tissues. All tissue-resident macrophages,

except RB+ AMs and RGB+ microglia, were also significantly

depleted, suggesting that the intraperitoneal antibody treatment

reached most regions in these tissues (Figures 4 and S6).

The anti-CSF1R-mediated depletion impacted all sub-anatomic

regions in the liver (Figure S8A), the AT (Figure S8C), and the kid-

ney (Figures S9A and S9B). In the lung, pleural, and broncho-

vascular regions, MP depletion was very efficient, while AMs

persisted (Figure S8B). In the brain, the remaining macrophages

in the cortex were mostly RGB+ microglia. RG+ cells in

the choroid plexus and the corpus callosum were also depleted.

In the cerebellum, the depletion appeared less severe

(Figures S10A and S10B). Whether anti-CSF1R depletion is in-

ferred to CSF1R-signaling blockade or antibody-dependent
10 Cell Reports 43, 114847, October 22, 2024
cellular cytotoxicity is difficult to evaluate, but the differences

in the depletion efficacies observed between subsets support

the former.

In the liver, R+ KC, RGB+, and RG+ subsets were sensitive to

CSF1 but not CSF2 blockade (Figures 4A and S6A), as confirmed

by imaging (Figure S8A).

In the lungs, both AM subsets were significantly depleted after

CSF1 and CSF2 inhibition, while RGB+, RG+, and R+ interstitial

populations were sensitive only to anti-CSF1 (Figures 4B, S6B,

and S8B).

In the kidney, all defined subsets were affected by anti-CSF1R

and anti-CSF1 and barely affected by anti-CSF2 treatment, in

particular the dominant renal macrophage subset, (Figures 4C,

S6C, and S9). However, in the inner medulla, numerous RGB+

cells remained after anti-CSF1 treatment, suggesting this subset

is neither CSF1 nor CSF2 dependent (Figure S9).

In the visceral AT, the profile was similar to the kidney with all

populations depleted by CSF1R and CSF1 blockade and not by

CSF2 blockade (Figures 4D, S6D, and S8C). An accumulation of

round RGB+ cells could be detected at the surface of the AT pre-

dominantly after anti-CSF1 treatment. This accumulation could

reflect the accumulation of cMonos and ncMonos detected by

flow cytometry (Figure S6D).

In the brain, the dominant RGB+ microglia subset was

depleted by CSF1R blockade but not by CSF1 blockade, while

the RG+ microglia were significantly depleted by CSF1R and

CSF1 blockade (Figures 4E and S6E). This observation aligned

with the previous observation showing that microglia of the

graymatter depend primarily on interleukin (IL)34, whereas those

of the white matter are CSF1 dependent.60 This preferential

reduction of RG+ microglia was striking in the cortex and the

corpus callosum but to a lesser extent in the cerebellum (Fig-

ure S10B). Regarding BAM, RG+MHC-II+ and R+ cells were sen-

sitive to anti-CSF1 but RG+ MHC-II� cells were not (Figures 4E

and S6E). Imaging confirmed that pia mater-associated R+

MPs were depleted after anti-CSF1R and anti-CSF1 treatment

(Figure S10A), while macrophages in the choroid plexus were

depleted by anti-CSF1R but not anti-CSF1 treatment (Fig-

ure S10B). The R+ cells were the only BAM population signifi-

cantly depleted by CSF2 blockade (Figures 4E and S6E). By im-

aging, anti-CSF2-mediated depletion of this subset was not as

evident as after anti-CSF1, as numerous cells persisted with a

heterogeneous distribution across different fields (Figure S10A).

These observations highlight that the homing and mainte-

nance of tissue-associated monocytes and the diverse resident

MPs are differentially dependent on CSF1, CSF2, CX3CR1, and

CCR2 across organs and even within the same tissue. This un-

derscores the adaptation of each subset to its local environment

at the sub-anatomic level.

Recovery of monocyte, tissue-specific, and interstitial
macrophage populations after chemical ablation
We next explored the relative ability of macrophage subsets to

recover following treatment with cyclophosphamide (CP), a

well-defined alkylating agent that leads to myelo-ablation in the

bone marrow followed by a rebound monocytosis.61 We quanti-

fied subpopulations defined by the transgenic reporters at

different time points in each organ following a single dose of
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CP and monitored their spatial distribution during their recovery

phase (Figures 5 and S11). Tissue-associated cMonos and

ncMonos declined to a nadir 3 days after CP and recovered,

with an overshoot for cMonos, by day 7. After 21 days, their

numbers returned to normal steady state in the liver, lungs,

and kidney but remained elevated in the AT and the brain (Fig-

ure S11). Accumulation of small round RGB+ cells (monocyte-

like) was detected at the periphery of all tissue in hepatic triads

and sinusoids (Figure S12A), in the alveolar space of the lungs

(Figure S12B), in the cortex and outer medulla of the kidney (Fig-

ure S13), and in the AT (Figure S12C). In the brain, the accumu-

lation of monocyte-like RGB+ cells was only detected in the

vasculature of the pia mater (Figure S12D). Tissue-specific and

connective-tissue-associated MPs from all organs including

the brain were sensitive to CP, with maximum depletion reached

at day 7 for the liver, lungs, and kidney (Figures 5A–5C), while ad-

ipose and brain macrophages had already started to recover at

this time (Figures 5D and 5E).

R+ KCs and RGB+ MPs recovered fast, but less so than RG+

MPs (Figure 5A). These last accumulated in the hepatic triads

(Figure S12A). CP treatment led to a reduction in the global den-

sity of KCs over the liver parenchyma at day 7, and their recovery

between day 7 and day 21 was homogeneous with no notable

difference compared to control at day 21 (Figure S12A).

In the lungs, RB+ AMs showed faster reconstitution than their

R+ counterparts (Figure 5B). AMs, defined as the large round

cells located on airways, were detected in alveolar space but

relatively absent in large bronchus airways at day 7 and 14 and

were found again at day 21 (Figure S12B). RG+ cells of the pleura

were already reconstituted at day 14, while R+ and RG+ cells sur-

rounding the broncho-vascular regions recovered as in control

by day 21 (Figure S12B).

Kidney MPs were the slowest to recover, and their counts

were still significantly depleted at day 21 (Figure 5C). RG+ cells

in the cortex and RGB+ cells in the inner medulla were selectively

depleted compared to RG+ cells in the outer medulla (Fig-

ure S13). Between days 7 and 14, some RGB+ cells with elon-

gated morphology progressively accumulated in the cortex, a

likely intermediate in replacement of the RG+ cells (Figure S13).

RG+ cells in the cortex were finally back at day 21 (Figure S13)

in accordance with flow cytometry quantification (Figure 5C).

RB+ and RGB+ cells in the adipose appeared prior to R+ ATMs

(Figure 5D). Within 14 days, R+ ATMs were fully restored in both

the periphery and within the AT parenchyma (Figure S12C). RB+

andRGB+ cells exhibiting protrusions (distinct from roundmono-

cyte-like RGB+ cells) were detected in clusters, mostly at the sur-

face of the AT (Figure S12C). The different levels of ECFP expres-

sion in these clusters further supports the idea of a differentiation

series whereby RGB+ monocytes first lose EGFP expression

then ECFP.

In the brain, the depletion of RGB+ and RG+ microglia was

striking (Figure 5E). The remaining cells exhibited a perturbed

morphology with less dendritic extensions at day 7 compared

to control (Figure S12D). Between day 14 and 21, microglia

recovered their morphology and their abundance (Figures 5E

and S12D). In contrast, meningeal R+ cells located at the sur-

face were barely affected by CP treatment (Figures 5E

and S12D).
In conclusion, following chemo-mediated ablation, each MPS

cell subset recovered its abundance and spatial distribution

following chemical ablation, demonstrating a high homeostatic

regulation of the territorial coverage across all sub-anatomic

compartments.

DISCUSSION

Macrophages within tissues occupy a niche or territory. Their reg-

ular distribution within tissues may be partly cell autonomous and

partly defined by interactions with other cells or extracellular ma-

trix.3,12,62 In this study, we developed a structural imaging

approach that enabled the direct visualization of MPs at single-

cell resolution within their physiological environment, preserving

the sub-anatomic structure of blood vessels, nerves, adiposes,

epithelium, and capsular or interstitial stroma. Non-tissue-specific

macrophages are commonly designated under the generic term

of interstitialmacrophages, although the term interstitium is poorly

defined. We showed a relatively distinct compartmentalization of

the interstitial MPs from tissue-specific macrophages and uncov-

ered a previously undefined level of sub-anatomic diversity in tis-

sue interstitia, including adipose islets, epithelial layers (e.g., bron-

chus tracts, biliary duct), nerves, and smooth or striated muscle

fibers, sometimes all very intricate but each apparently harboring

a dedicated MP population. This level of information is more chal-

lenging to obtain in multiplexed immunofluorescence or mass im-

aging technologies that rely on thin tissue sections. In the RGB-

Mac mouse, the fluorescent signatures aligned with the three

conserved macrophage populations (CCR2+, MHC-II+, and

TLF+), defined by Dick et al.6 The RGB+ MPs locating either in

the vasculature or within the interstitium demonstrated distinct

phenotypic features compared to cMonos and ncMonos but ex-

pressed the same fluorescent signature as well as CCR2. Their

abundance was reduced inCcr2-knockout (KO) mice, suggesting

amonocyte origin. The TLF+ population6 overlaps theR+ signature

of the RGB-Mac mouse. In most tissue, R+ subsets expressed

FOLR2 and TIM4. Structural imaging enabled the detection of

AT surrounding organs such as the kidney, the surface of the peri-

toneum, and in the proximity of peri-bronchial arteria. The pres-

ence of these adipose islets has been described to alleviate me-

chanical constraints but might also serve as a source of energy

in accordance with a major role of macrophages in metabolic

regulation.63 Finally, R+ MPs were also found in perimysium

covering muscular fibers and on cardiac macrophages along

cardiomyocytes of the auricle, consistent with the detection of

FOLR2 on cardiac macrophages.6 Whether FOLR2+ macro-

phages from distinct tissues (KCs, ATMs, and muscular-associ-

ated MPs) share similar functional roles deserves further

investigation but they define a group of macrophages that

do not expressCX3CR1. TheR+ signature in theRGB-Macmouse

allows the direct visualization of the FOLR2+ macrophage

compartment across tissues, which cannot be observed through

the Cx3cr1egfp/+ mouse reporter, confirming that FOLR2+ and

CX3CR1+ macrophages represent two distinct compartments

and conferring to the RGB-Mac mouse a complete picture in

the mapping of resident MP.

The factors regulating the expression of the fluorescent re-

porters are not yet clear. There is evidence suggesting that
Cell Reports 43, 114847, October 22, 2024 11



Figure 5. Recovery of monocyte, tissue-specific macrophage, and interstitial macrophage populations after chemical ablation

The effect of chemotherapy (175 mg/kg) was monitored over time on dominant tissue-resident macrophage subsets (dashed line) and the minor MP (full lines) in

(A) the liver, (B) the lungs, (C) the kidney, (D) the visceral AT, and (E) the brain. In each tissue, absolute numbers of cells per milligram of tissue were quantified by

flow cytometry (left panels) and fold change compared to untreated mice was represented (right panels). Graphs represent mean ± SEM of n = 6 mice out of two

independent experiments; one-way ANOVA with Fischer LSD tests were performed to compare absolute numbers after treatment to the absolute number of

untreated control mice. Areas under the curve were calculated to compare differences in the recovery ability of the different TRM subsets in each organ (right

panels). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S11–S13.

Article
ll

OPEN ACCESS
RGB+ MPs can lose ECFP expression upon differentiation,

notably in the intestinal lamina propria where there is contin-

uousmonocyte infiltration.20 It is likely that a similar progressive

loss of ECFP and EGFP gives rise to the monocyte-derived RG+

and R+ populations in certain conditions. The expression of

ECFP in the MacBlue transgene is suspected to reflect the acti-
12 Cell Reports 43, 114847, October 22, 2024
vation of the AP1 transcription factor induced by CSF1 to sus-

tain Csf1r transcription.20,64 Some tissue macrophages retain

ECFP expression, suggesting distinct regulation of Csf1r

transcription. This is consistent with the notion that the local

environment shapes tissue-resident macrophage enhancer

landscapes.65
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Microglia and AMs are the only ECFP+ tissue-specific macro-

phages known to rely mainly on IL-34 and CSF2, respectively.

Interestingly, we found that both populations exhibited ECFP�

counterparts with slightly different sensitivity to anti-CSF1 or

anti-CSF1R. In each case, there is evidence of heterogeneity

that may not be due to different stages of differentiation. The

observation that RG+ microglia are enriched in white matter

and selectively depleted by anti-CSF1 treatment is consistent

with evidence of a distinct transcriptomic signature in white-mat-

ter microglia.66 In the kidney, ECFP expression was restricted to

the inner medulla and RGB+ subset was relatively insensitive to

anti-CSF1 but depleted by anti-CSF1R. This suggests a possible

role for IL-34 expression in the kidney.67 The identification of the

molecular factors differentially involved in the regulation of tis-

sue-specific and the various interstitial MPs will offer an oppor-

tunity to target them more specifically depending on the patho-

physiological context.

We conclude that the composition of the monocyte and

macrophage compartment in non-lymphoid organs is dictated

by the diversity of tissue structures, including the ratio between

the connective-tissue structure and parenchyma, as well as the

abundance of blood vessels, nerves, adipose, and muscular fi-

bers. At steady state, each subset appears restricted to specific

tissue territories with distinct molecular dependencies. Identi-

fying macrophages according to these distinct territories will

help to better understand their functional diversity in pathological

contexts, particularly their functional adaptation upon tumor

development.
Limitations of the study
Although the fluorescent reporters of the RGB-Mac mouse have

been widely used in different settings, it is important to note that

they do not tag only MPs. Despite lower expression of the fluo-

rescent reporters, these other subsets (neutrophils mApple/

ECFPlow, NK/T cells EGFP+) can be contaminating depending

on the context. The combination of the three fluorescent re-

porters contributes to a more accurate identification of the

different subsets along with cell size, morphology, and fluores-

cence intensity. The reasons why macrophage subsets differen-

tially expressed the fluorescent reporters as a result of their

localization is still unclear but reflects tissue-specific homeostat-

ic signals.
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Antibodies

InVivoMab anti-mouse CSF1R BioXcell Cat#BE0213;

RRID:AB_2687699

InVivoMab rat IgG2a isotype control,

anti-trinitrophenol

Bioxcell Cat#BE0089;

RRID:AB_1107769

InVivoMab anti-mouse CSF1 BioXcell Cat#BE0204;

RRID:AB_10950309

InVivoMab anti-mouse GM-CSF BioXcell Cat#BE0259;

RRID: AB_2687738

InVivoMab rat IgG1 isotype control,

anti-horseradish peroxidase

BioXcell Cat#BE088;

RRID:AB_1107775

PerCP-Cy5.5 Anti-mouse

CD45 (Clone: 30-F11)

BD Biosciences Cat# 550995;

RRID:AB_394003

PE Anti-mouse MHCII

(Clone: AF6-120.1)

BD Biosciences Cat# 553552;

RRID:AB_394919

BUV395 Anti-mouse

CD11b (Clone: M1/70)

BD Biosciences Cat#563553;

RRID: AB_2738276

Brillant Violet 750 Anti-mouse

CCR2 (Clone: 475301)

BD Biosciences Cat#747967;

RRID: AB_2872428

APC Anti-mouse FOLR2

(Clone: 10/FR2)

Biolegend Cat#153306;

RRID:AB_2721313

BUV563 Anti-mouse

Ly-6G (Clone: 1A8)

BD Biosciences Cat#612921; RRID:AB_2870206

PE Anti-mouse CD88

(Clone: 20/70)

Biolegend Cat#135806;

RRID:AB_2243735

Alexa Fluor 647 Anti-mouse

CD31 (Clone: 390)

Biolegend Cat#102416;

RRID:AB_493410

APC/Fire 810 Anti-mouse

CD45 (Clone: 30-F11)

Biolegend Cat#103174;

RRID:AB_2860600

Alexa Fluor 647 Anti-mouse

CLEC4F (Clone: 3E3F9)

Biolegend Cat#156804;

RRID:AB_2814082

eFluor 450 Anti-mouse

LYVE1 (Clone: ALY7)

eBioscience Cat#48-0443-82;

RRID: AB_2784723

Brillant Violet 650 Anti-mouse

CD206 (Clone: C068C2)

Biolegend Cat#141723;

RRID:AB_2562445

Alexa Fluor 647 Anti-mouse

CD39 (Clone: Duha59)

Biolegend Cat#143808;

RRID:AB_2563978

PerCP Anti-mouse Ly-6C

(Clone: HK1.4)

Biolegend Cat#128028;

RRID:AB_10897805

Pe/Cyanine7 Anti-mouse

MGL1 (Clone: LOM-8.7)

Biolegend Cat#145609;

RRID:AB_2566028

BUV661 Anti-mouse

CD103 (Clone: M290)

BD Biosciences Cat#741504;

RRID:AB_2870960

Brillant Violet 510 Anti-mouse

I-A/I-E (Clone: M5/114.15.2)

Biolegend Cat#107635;

RRID:AB_2561397

Brillant Violet 570 Anti-mouse

CD11c (Clone: N418)

Biolegend Cat#117331;

RRID:AB_10900261

BB700 Anti-mouse Sirpa

(Clone: P84)

BD Biosciences Cat#742205;

RRID:AB_2871427
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Brillant Violet 605 Anti-mouse

TIM4 (Clone: RMT4-54)

BD Biosciences Cat#745206;

RRID:AB_2742799

APC Anti-mouse CD163

(Clone: S15049I)

Biolegend Cat#155305;

RRID:AB_2814059

Brillant Violet 421 Anti-mouse

CD163 (Clone: S15049I)

Biolegend Cat#155309;

RRID:AB_2814063

PE-CF594 Anti-mouse

Siglec-F (Clone: E50-2440)

BD Biosciences Cat#562757;

RRID:AB_2687994

BUV737 Anti-mouse

CD43 (Clone: S7)

BD Biosciences Cat#612840; RRID:AB_2870162

Brillant Violet 711 Anti-mouse

CX3CR1 (Clone: SA011F11)

Biolegend Cat#149031;

RRID:AB_2565939

APC-R700 Anti-mouse F4/80

(Clone: T45-2342)

BD Biosciences Cat#565787;

RRID:AB_2869711

Brillant Violet 786 Anti-mouse

CD64 (Clone: X54-5/7.1)

BD Biosciences Cat#741024;

RRID:AB_2740644

ViaDye Red Fixable Viability Dye Kit Cytek Cat#SKU R7-60008

Biotin Anti-mouse NK-1.1

(Clone: PK136)

BD Biosciences Cat#553163;

RRID:AB_394675

Biotin Anti-mouse CD3e

(Clone: 500A2)

BD Biosciences Cat#553239;

RRID:AB_394728

Biotin Anti-mouse CD19

(Clone: 1D3)

BD Biosciences Cat#553784;

RRID:AB_395048

Biotin Anti-mouse CD5

(Clone: 53–7.3)

BD Biosciences Cat#553019;

RRID:AB_394557

Biotin Anti-mouse CD4

(Clone: GK1.5)

BD Biosciences Cat#553728;

RRID:AB_395012

Biotin Anti-mouse CD45R/B220

(Clone: RA3-6B2)

BD Biosciences Cat#553086;

RRID:AB_394615

Biotin Anti-mouse CD8a

(Clone: 53–6.7)

BD Biosciences Cat#553029;

RRID:AB_394566

PE-Cy5 Streptavidin BD Biosciences Cat#554062;

RRID:AB_10053563

Chemicals, peptides, and recombinant proteins

Dnase I Roche Cat#10104159001

Dispase II Gibco Cat#17105041

Collegenase IV Gibco Cat#17104019

Tissue freezing medium (OCT) Microm-Microtech Cat#F/TFM-C

Polybeads carboxylate microsphere Polysciences Cat#07759-15

Sucrose Biosolve Cat#192223

Vectashield with DAPI VectorLabs Cat#H-1200-10

Cyclophosphamide monohydrate Sigma-Aldrich Cat#C0768

True-Stain Monocyte Blocker Biolegend Cat#426103

Evans Blue Sigma Aldrich Cat#314-13-6

Mouse BD Fc Block BD Biosciences Cat#553141; RRID:AB_394656

Formaldehyde Sigma Cat#47608

Experimental models: Organisms/strains

Mouse: Cx3cr1EGFP/Kin The Jackson laboratory RRID:IMSR_JAX:005582

Mouse: Csf1rmApple https://doi.org/10.4049/jimmunol.1701488 Developed by D. Hume

Mouse: DCsf1rECFP https://doi.org/10.1189/jlb.0807585 Developed by D. Hume

Mouse: Ccr2�/� The Jackson laboratory RRID:IMSR_JAX:004999
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Software and algorithms

Prism v7 GraphPad Software https://www.graphpad.com/scientific-

software/prism/; RRID:SCR_002798

FlowJo v10 FlowJo, Treestar Inc. https://www.flowjo.com/solutions/flowjo;

RRID:SCR_008520

SpectroFlo v3.1.0 Cytek Biosciences https://cytekbio.com/pages/spectro-flo

OMIQ OMIQ inc. https://www.omiq.ai/

Zeiss Zen Carl Zeiss http://www.zeiss.com

Diva BD Biosciences https://www.bdbiosciences.com/en-us/

products/software/instrument-software/

bd-facsdiva-software

Imaris v8.0.2 - http://www.bitplane.com/imaris/imaris

RRID:SCR_007370
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Cx3cr1egfp/+,17 Csf1r-Gal4VP16/UAS-ECFP,18 Csf1r-mApple15 were intercrossed to generate the RGB-mac mouse strains. Ccr2

knock-out (KO) and Cx3cr1 KO RGB-Mac mouse were generated respectively, by intercrossing RGB-Mac mice with Ccr2�/�

mice and using homozygous expression of Cx3cr1egfp/egfp knock-in. All mice were bred at the Center d’Exploration Fonctionnelle

Pitié-Salpêtrière animal facility. All mice were maintained under SPF conditions at 22�C. Males and females between 5 and 7months

oldwere used. No difference in the abundance of tissue-specificmacrophages, other mononuclear phagocytes andmonocytes were

noticed, so the sexes were pooled.

Ethical statement
All experiment protocols were approved by the French animal experimentation and ethics committee and validated by Service Pro-

tection et Santé Animales, Environnement with the number #16890. Sample sizes were chosen to assure reproducibility of the ex-

periments and according to the 3 Rs of animal ethic regulation.

METHOD DETAILS

Antibody treatment and chemotherapy
400mg of anti-CSF1R antibody (AFS98, BioXcell) or rat IgG2a k isotype control (Clone 2A3, Bioxcell) were administered intraperito-

neally three days before harvesting the organs. Anti-CSF1 (5A1, BioXcell), anti-CSF2 (MP1-22E9, BioXcell) or isotype control (IgG1-

clone HPRN, IgG2a k-clone 2A3, BioXcell) were administered intraperitoneally with single shots of 500, 300 and 300 mg at

respectively four days, two days and 12 h before collecting the organs. Data from isotype control injected mice were pooled. Cyclo-

phosphamide (CP, Sigma-Aldrich) was injected at 175 mg/kg in the peritoneal cavity.

Blood/tissue partitioning and sample preparation
For flow cytometry, intravascular CD45 labeling was performed according to.36 Mice were injected intravenously with 1 mg of anti-

CD45 PercP-Cy5.5 antibody (clone 30-F11, BD Bioscience). Two minutes after injection, blood was drawn and mice were sacrificed

rapidly. Liver, lungs, kidney, visceral adipose tissue and brain were harvested and bathed in a large volume of PBS. Enzymatic di-

gestions of all organs were processed the same way. All tissues were chopped and enzymatically digested with 0.1 mg/mL DNase

I (Sigma-Aldrich), 1.5 U/ml Dispase II (Gibco), and 200 U/ml Collagenase Type IV (Gibco) in PBS 1X (Gibco) for 30 min at 37�C under

agitation. Samples were filtered using 70mm cell strainer and washed with PBS 1X.

Spectral and conventional flow cytometry
Cell suspensions were first incubated with true monocyte blocker (Biolegend) and Fc blocking agent (BD) for 10min and then a panel

of indicated antibodies (referenced in the key resource table) at room temperature for an additional 20 min. Cells were then washed

once in PBS 1X and analyzed directly by flow cytometry. For phenotypic analysis, data were acquired by spectral cytometry (Aurora,

Cytek) and analyzed with OMIQ software (Omiq inc.) for UMAP representation (https://omiq.ai, Santa clara CA) or FlowJo software

(Tree Star Inc., Ashland, OR, USA). For quantification of cell numbers data were acquired using a restricted antibody panel on the flow

cytometer FACS LSRFortessa X-20 (BD Biosciences, Franklin Lakes, NJ, USA) with DIVA (BD Biosciences). Calculation of absolute

cell number was performed by adding to each vial a fixed number (10.000) of non-fluorescent 10 mm polybead carboxylate
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microspheres (Polysciences, Niles, IL, USA) according to the formula: Number of cells = (Number of acquired cells x 10000)/(Number

of acquired beads). Number of cells obtained for each sample was normalized per gram of tissue.

Structural and live multi-photon imaging
The two-photon laser-scanning microscopy (TPLSM) set-up used was a 7MP (Carl Zeiss) coupled to a Ti: Sapphire Crystal, a

140-femtosecond rate, pulsed near-infrared light laser (ChameleonU, Coherent), selectively tunable between 680 and 1050 nm

and an optical parametric oscillator (OPO-MPX, Coherent) selectively tunable between 1050 and 1600 nm. The NLO and the OPO

beams were spatially aligned and temporally synchronized using a delay line (Coherent) allowing CARS imaging approach. The exci-

tation wavelength was 820 nm for the NLO beam and 1070 nm for the OPO beam to detect the vibrational signature of lipid rich struc-

tures at a frequency of 2850 cm�1 with an emission wavelength at 665 nm. Temporal synchronization of the beams provided a third

excitation ray by the combination of one photon of each beam according to the principle of sum-frequency generation (SFG) (equiv-

alent to 928 nm)68 allowing a better discrimination of ECFP and EGFP. The system included a set of external non-descanned detec-

tors in reflection with a combination of an LP-600-nm followed by LP-462-nm and LP-500-nm dichroic mirrors to split the light and

collect the second harmonic generation signal (SHG) and ECFP with a 480-/40-nm emission filter, EGFP with a 525-/50-nm emission

filter, mApple or PE conjugated antibodies with a 624-/40-nm emission filter and CARS, Evans blue or Alexa 647/APC conjugated

antibodies signals with an LP 645nm emission filter. To separate CARS and Alexa 647/APC signals, a first image was recorded using

the synchronized beams at 820 and 1070 to detect CARS and a second image was recorded using only the OPO beam at 1200 nm to

detect only the Alexa 647/APC signal.

Structural 3D imaging was performed on freshly explanted tissue from RGB-Macmice. For deeper region imaging organs were cut

in the middle and imaged toward the sectioned area. For all images the objective was a water immersion, plan apochromat 320 (nu-

merical aperture = 1). For z stack images, slices were acquired every 1 to 3 mmdepth depending on the tissue structure acquired and

3D reconstructions were done using Imaris software (Bitplane). The delimitations of tissue structures were indicated by dashed lines

in the images based on CARS, SHG and autofluorescence of the 2D or 3D images. Additional antibody staining was performed by

injecting directly into the fresh explanted organ, 50mL of PBS 1X with 2mg of anti-CD31-Alexa647, anti-FOLR2-APC, anti-CD163-

APC, anti-MHC II-PE antibodies or control antibodies of the same color (to discriminate non-specific binding and autofluorescence)

and left for 20 min at RT. The organ was then bathed in PBS for 10 min and directly imaged after.

Live lung imaging was performed as previously described.69 For liver and kidney live imaging, ventilation was not required. Mice

were anesthetized andmaintained during the imaging periodwith 2% isoflurane inmedical air, liver and kidneywere imaged using the

same imaging window than for the lung after small abdominal incisions above the organs. Real time movies were performed by im-

aging every 3s during 10–15 min.

Confocal imaging
In brief, organs were harvested and fixed in 2%PFA for 6 h and then incubated in 30% sucrose-PBS 1X overnight at 4�Cbefore being

embedded in OCT-freezing medium (MicromMicrotech, France) and frozen at�80C. Sectioning was completed on an HM550 Cryo-

stat (Microm Microtech, France) at �20�C; 5-mm or 100-mm sections were collected on Superfrost Plus Slides (Thermo Fisher Sci-

entific) and stored at�20�Cuntil use. Slides were counterstained andmountedwith VectashieldMountingMediumwith DAPI (Vector

Laboratories). Confocal images were acquired on a spinning disk microscope Nikon Eclipse TI2E microscope (Nikon Corporation,

Japon) linked with a Crest X-Light V3 (CrestOptic, Italie) using Nikon NIS-elements software. ECFP, EGFP, DAPI and mApple signals

were acquired using a combination of laser by CELESTA Light Engine (Lumencor, USA) and emission filters: laser 405nm, EmBP 405/

10 for DAPI; laser 440, EmBP460/25 for ECFP; laser 488, EmBP 510/20 for EGFP; laser 546, EmBP 603/30 for mApple. Images were

analyzed using Imaris software (Bitplane).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with Graphpad Prism 7. For absolute cell number quantifications and percentages of deple-

tion, normality tests (D’Agostino-Pearson and Shapiro-Wilk) were performed to test Gaussian distribution for each subset. When

normality tests passed, one-way ANOVA with uncorrected Fisher’s LSD tests were performed. When normality tests did not

pass, Kruskal-Wallis with uncorrected Dunn’s tests were performed. For chemotherapy recovery the Area under curves (AUC) of

the normalized data and the number of cells compared to untreated mice were compared by one-way ANOVA with uncorrected

Fisher’s LSD test. For all figures *, p < 0.05; **, p < 0.01; ***, p < 0.001. Sample sizes are indicated in each figure legend.
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