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In brief

Macrophage heterogeneity is well
appreciated across tissues, but the
diversity within the same tissue is often
overlooked. Blériot et al. reveal the
coexistence of two Kupffer cell
subpopulations in murine liver with a
minor CD206"CD36" one (KC2) endowed
with metabolic functions, involved in
regulating liver oxidative stress
associated with obesity.
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SUMMARY

Tissue macrophages are immune cells whose phenotypes and functions are dictated by origin and niches.
However, tissues are complex environments, and macrophage heterogeneity within the same organ has
been overlooked so far. Here, we used high-dimensional approaches to characterize macrophage popula-
tions in the murine liver. We identified two distinct populations among embryonically derived Kupffer cells
(KCs) sharing a core signature while differentially expressing numerous genes and proteins: a major
CD206'°ESAM™ population (KC1) and a minor CD206™ESAM* population (KC2). KC2 expressed genes
involved in metabolic processes, including fatty acid metabolism both in steady-state and in diet-induced
obesity and hepatic steatosis. Functional characterization by depletion of KC2 or targeted silencing of the
fatty acid transporter Cd36 highlighted a crucial contribution of KC2 in the liver oxidative stress associated
with obesity. In summary, our study reveals that KCs are more heterogeneous than anticipated, notably
describing a subpopulation wired with metabolic functions.

INTRODUCTION

Resident tissue macrophages (RTMs) are a diverse population of
immune cells characterized by tissue-specific phenotypes and
exhibiting a wide range of functions within their tissue of resi-
dence (Blériot et al., 2020a). The liver harbors a population of
RTMs called Kupffer cells (KCs) lining liver sinusoids, specialized
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in detoxifying the blood traveling from the gut to the liver via the
portal vein, which might contain microbionts, harmful entero-
pathogens or toxic by-products of digestion. Thus, KCs can
break down old or damaged red blood cells; engulf incoming
threats; and play a central role during inflammation, notably in
the development of liver pathologies such as viral hepatitis,
fibrosis, hepatocellular carcinomas, alcohol-related disorders,
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Figure 1. Unbiased approaches reveal KC heterogeneity
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mice, and libraries of mMRNA were generated and sequenced using the chromium

technology. Seurat analysis was conducted defining nine clusters with distinct patterns of gene expression. Each dot corresponds to a single cell, colored
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or non-alcoholic steatohepatitis (NASH)/fatty liver disease
(NAFLD) (Krenkel and Tacke, 2017). However, even if the involve-
ment of KCs in these pathologies is undisputable, their precise
modes of action remain largely unknown.

KCs derive from fetal liver monocytic precursors (Hashimoto
et al., 2013; Hoeffel et al., 2015; Schulz et al., 2012; Yona et al.,
2013), which acquire their identity early during embryonic
development (Mass et al., 2016) and maintain themselves
throughout life. Although early post-natal circulating monocytes
contribute a minor fraction of KCs shortly after birth (Scott
et al., 2016), KC renewal is almost completely independent of
bone-marrow-derived cells in the steady state. However, under
inflammatory conditions or when native embryonic KCs are
depleted, monocyte-derived macrophages can replace dying
embryonic KCs (Blériot et al., 2015; Scott et al., 2016). More-
over, alongside KCs, other minor populations of ontogenically
and functionally unrelated macrophages—including capsular
macrophages, or even peritoneal macrophages recruited after
injury—reside in the liver (Blériot and Ginhoux, 2019; Sierro
et al., 2017; Wang and Kubes, 2016). This results in a mosaic
of hepatic macrophage populations that are heterogeneous in
origin, phenotype, and functions, among which KCs are by
far the most abundant.

Within the murine KC population, the existence of distinct sub-
sets at steady state has been proposed in various studies (Beat-
tie et al., 2016; David et al., 2016; Han et al., 2017; Klein et al.,
2007), but their conclusions have proven difficult to distinguish
between embryonic KCs and monocyte-derived macrophages.
Whether these distinct populations play different roles in the
pathophysiology of liver diseases also remains elusive. In human
studies, while recent single-cell transcriptomic studies suggest
the existence of two major subsets of liver macrophages, the
functions of these distinct subsets also remain elusive (Aizarani
et al.,, 2019; MacParland et al., 2018; Ramachandran et al.,
2019). Here, we aimed at clarifying KC heterogeneity by
combining single-cell transcriptomics to specific monocyte
fate-mapping models and functional validation. We revealed
the existence of two distinct KC populations in the steady-state
murine liver: a major population of CD206'° ESAM™ that we
termed KC1 and a minor population of CD206"™ ESAM* termed
KC2. We confirmed the common embryonic origin of these pop-
ulations and their independence from inflammatory monocytes
and Tim4~ capsular macrophages. Functionally, we found that
KC1 and KC2 have specific transcriptomic and proteomic signa-
tures, and CD206"™ ESAM* KC2 are involved in the regulation of
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liver metabolism in a murine model of obesity via their high
expression of the fatty acid transporter CD36.

RESULTS

Unbiased approaches reveal KC transcriptomic
heterogeneity

To assess the KC heterogeneity in an unbiased manner, we first
employed single-cell RNA sequencing (RNA-seq) technology.
We purified liver CD45" leukocytes from steady-state murine liver
and profiled thousands of individual cells by using the chromium
single-cell gene expression technology (10X). A Seurat analysis
(Butler et al., 2018) of this dataset with a uniform manifold approx-
imation and projection (UMAP) dimension-reduction analysis
(Becht et al., 2018) and an automatic clustering identified 9 main
clusters (#0 to #8) in the CD45" cell population (Figure 1A). These
clusters were manually annotated by using canonical population
markers: #0 represents B cells, #1 T cells, #4 monocytes and con-
ventional dendritic cells (cDCs), #5 NK cells, #6 NKT cells, #7 plas-
macytoid dendritic cells (pDCs), and #8 capsular macrophages.
Concerning clusters #2 and #3, these cells co-expressed many
genes being classically highly expressed by KCs such as Adgre1
(encoding F4/80), Timd4, Csfir, and Clec4f (Figure 1A). When
focusing on total Adgre1™ cells, a population that can be consid-
ered as liver macrophages, we identified a sub-cluster of Cx3cr1™*
Timd4~Clec4f ™ cells corresponding to capsular macrophages (Si-
erro et al., 2017) and two clusters of Cx3cr1~Timd4*Clec4f" KCs
expressing differentially genes such as Mrc1 (CD206) and Lamp2
(CD107b) (Figure 1B). In addition, using the high-resolution
SMARTseq2 platform (Picelli et al., 2013), we have observed
that sorted liver CD64*F4/80* cells could be split into four clusters
(Figure 1C) (De Simone et al., 2021). From these clusters, only the
two main ones, ¢3 and c4, harbored the canonical KC signature,
while ¢c1 and c2 displayed unrelated signatures, arguing from a
contamination during cell sorting (Figure S1A). Then, by inte-
grating the low-resolution 10X data generated on thousands of
cells with the deeper but number-restricted SMARTseq2 data,
we validated the presence of two clusters of KCs observed with
two different single-cell RNA-seq technologies (Figure 1D). We
then used the Scenic analytical pipeline (Aibar et al., 2017) to
reveal regulatory networks in the most sensitive SMARTseq?2 sin-
gle-cell RNA-seq dataset. This confirmed that the full KC popula-
tion harboring a pattern of regulon activity consistent with liver
macrophages—with a high expression of canonical KC transcrip-
tion factors such as Nr1h3 (liver X receptor alpha) and Spic (Mass

according to the clusters identified. Expression of a few representative genes is overlaid to define each cluster, and a heatmap of the most highly differentially

expressed genes (DEGs) in the different clusters is displayed.

(B) Zoom on the Adgre1* macrophage population showing the Cx3cr1* capsular macrophages and the two clusters of Timd4* Clec4f* KCs. Violin plots show

expression of selected genes in the two KC clusters.

(C) t-Distributed stochastic neighbor embedding (tSNE) projection of sorted CD45* CD64" F4/80* liver cells sequenced according to SMARTseq2 protocol
(De Simone et al., 2021). Each dot corresponds to a single cell, colored according to the clusters identified. KC clusters correspond to c3 and c4.

(D) Integration of SMARTseq?2 (probes) and chromium (reference) datasets focused on Clec4f* KCs for validation of the clustering.

(E) Scenic analysis of the high-resolution SMARTseq2 dataset with the overlay of the four clusters identified in the Seurat analysis. Two stable states within the
macrophage population corresponding to Seurat c3 and c4 are visible. The number of genes included in each regulon is provided in parentheses.

(F) Dot plot representation of the expression of the indicated markers projected onto a tSNE analysis showing the different clusters in live liver CD45" singlets
analyzed with a 37-marker extended CyTOF panel. The unsupervised analysis was done with the Phenograph algorithm and revealed 15 clusters, manually

assigned as indicated populations thanks to lineage markers.

(G) Analysis with the OneSENSE algorithm of live liver CD45* singlets. F4/80* Tim4* KC cells are shown within a dashed black frame.

See also Figure S1.
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Figure 2. KCs can be divided into two sub-
populations sharing a common origin

(A) Flow cytometry plots showing Tim4" KCs and
MHCII"' capsular macrophages among total mac-
rophages (left) and CD206°ESAM~ KC1 and
CD206"ESAM* KC2 among KCs (right). For the
quantification, each dot represents an individual,
and the median is indicated by a red line.

(B) Scanning electron and optical (cytospin) mi-
croscopy images of flow cytometry sorted liver
KC1, KC2, capsular macrophages, and mono-
cytes. Scale bars, 1 pm.

(C) Flow cytometric measurement of the frequency
of Tomato expression in indicated populations in 8-
week-old Ms4a3°® x Rosa’™®° mice. Each dot
represents an individual, and the median is indi-
cated by a red line.

See also Figure S2.

KC1KC2

CD206 and CD107b, but also CD81,
CD107a, and Lyve1 (Figure 1G). Therefore,
by combining unbiased transcriptomic and
proteomic approaches, we uncovered
that KCs can be subdivided in CD206"
CD107b~ (=KC1) and CD206™ CD107b*
(=KC2) populations.
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et al., 2016; Scott et al., 2018)—could be split into two different
states (Figure 1E). Moreover, each cluster of KCs displayed a spe-
cific regulon activity profile, (e.g., with Runx3 being more active in
c3 and KIf6 more active in c4; Figure S1B).

Our unbiased single-cell RNA-seq approaches revealed two
distinct subsets of KCs present at steady state. To validate these
findings at the protein level, we used the mass cytometry technol-
ogy to monitor the expression of an extended panel of common
myeloid markers and putative markers identified by the
unbiased single-cell transcriptomic approach such as CD206
and CD107b (Figures 1F and 1G). By integrating the expression
of these markers in live CD45* cells from steady-state murine liver,
we identified the major immune cell subsets present in the liver:
CD19" B cells (#3), CD90* T cells (#1, #4, #8, and #13), CD49b™*
NK cells (#12), SiglecH'BST2" pDCs (#7), Ly6C* monocytes
(#14), CD11c* cDCs (#5), SiglecF* eosinophils (#10), Ly6G* neu-
trophils (#11), and a large population of F4/80*Tim4* KCs
comprising two clusters (#6 and #15) (Figures 1F and S1C).
Focusing on this KC population, a One-SENSE (one-dimensional
soli-expression by nonlinear stochastic embedding) analysis al-
lowing the manual definition of lineage and marker dimensions
(Cheng et al., 2016) revealed some markers differentially ex-
pressed by the two clusters within this population: notably,
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Clec4F* cells with low expression of
CD11b and Ly6C (Figure S2A). We used CD206 and CD107b
to identify and sort KC1 and KC2 and generate transcriptomic
signatures of these two populations (Figure S2B). Among the
top differentially expressed genes (DEGs) was Esam, a previ-
ously reported marker for splenic dendritic cells (Lewis et al.,
2011). Therefore, we retained CD206 and ESAM as two reliable
markers and used them later to define CD206'° ESAM~ KC1
and CD206™ ESAM* KC2 by conventional flow cytometry (Fig-
ure 2A). We also measured expression of other markers
highlighted as overexpressed by KC2 with high-throughput ap-
proaches, including CD63, CD81, CD107a, and Lyvel on the
two populations (Figure S2C). All these markers were expressed
by KC2, and we could not identify any specific markers of KC1.
However, KC1 and KC2 could be clearly distinguished either by
manual gating based on CD206 and ESAM expression or by us-
ing algorithm-based dimension reduction (Figure S2D). Sorted
KC1 and KC2 had comparable morphology and were indistin-
guishable by cytospin and electronic microscopy (Figures 2B
and S2E).

We and others have shown that KCs derive from fetal liver
monocytes with a minimal contribution of bone marrow mono-
cytes to maintain the adult KC population (Hashimoto et al.,
2013; Hoeffel et al., 2015; Schulz et al., 2012; Yona et al.,
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Figure 3. KC1 and KC2 have overlapping
distribution patterns in the liver

(A and B) Low magnification (A) and high magnifi-
cation (B) of immunofluorescence microscopy im-
ages of liver vibratome sections from WT C57BL/6
mice. Sections are labeled for Clec4F and CD206
and stained with DAPI. Scale bars, 20 um (A) and
10 um (B).

(C) Single Z-slices of fluorescent micrographs of
single channels (CD206, red; F4/80, green) and
merged images including DAPI [blue]) depicting
examples of KC1 and KC2 after in vivo CD206 la-
beling. Scale bars, 5 um.

(D) Immunofluorescence microscopy images of
liver sections from Mrc1°®ER72 x Rosa’®™3 mice
treated with a single injection of tamoxifen 24 h
before analysis. Sections are labeled for F4/80 and
stained with DAPI. Scale bars, 20 um. Quantifica-
tion of F4/80*CD206° (KC1) and F4/80*CD206"
(KC2) cells on independent fields is displayed.
See also Figure S3.

Similar observations could be made by
analyzing the S700a4°® x Rosa™" he-
matopoietic stem cell (HSC) fate-mapping
mouse model (Hashimoto et al., 2013;

2013). But several reports have shown that monocyte-derived
cells could acquire KC identity in non-homeostatic conditions
(Beattie et al., 2016; Bonnardel et al., 2019; Sakai et al., 2019;
Scott et al., 2016). Thus, to clarify the origin of the two subpop-
ulations and accurately categorize them as bona fide KCs, we
first checked when heterogeneity within the KC population
emerged and analyzed the presence of KC1 and KC2 from birth
to adulthood. While the ratio of monocytes to macrophages was
dynamic during the first postnatal weeks, the ratio between KC1
and KC2 populations was very stable, being already established
at birth, suggesting that they both arise from prenatal precursors
(Figure S2F), even if we could not formally exclude that each sub-
population emerged during distinct waves in embryogenesis. We
then used our monocyte fate-mapping Ms4a3°® x Rosa’°™at
mouse model (Liu et al., 2019) to assess any possible monocytic
contribution. As expected, monocytes and monocyte-derived
capsular macrophages were highly tagged in adult mice,
whereas KC1 and KC2 exhibited equal and very low tagging (Fig-
ure 2C). In addition, high and comparable reporter expression
was observed in KC1 and KC2 in Csf1r®" mice, confirming
the macrophage nature of both subpopulations (Figure S2G).

Hoeffel et al., 2015), which displayed low

and similar tagging for KC1 and KC2, sug-

gestive of their independence from the

&05 fully labeled adult monocyte contribution

(Figure S2H). We have also confirmed

this by analyzing CD45.1/CD45.2 parabi-

otic mice in which the non-host chimerism

eg was very low after 3 months of shared sys-

° temic circulation in both KC1 and KC2, in

contrast to monocyte-derived capsular

macrophages (Figure S2l), as previously

shown (Sierro et al., 2017). Taken

together, these results show that both

KC subsets are bona fide embryonically derived KCs and, there-

fore, do not represent ontogenically distinct populations but
rather two different states of KCs.

et

KC1 and KC2 have overlapping distribution patterns

in situ

To assess a potential differential sublocalization of the two sub-
sets in the liver, we first checked their accessibility to an intrave-
nously injected anti-CD45 antibody. KC1 and KC2 were labeled
with a comparable efficiency, confirming their sinusoidal locali-
zation (Figure S3A). We then used two-photon microscopy to
look at these cells in situ coupled with immunofluorescence mi-
croscopy of liver sections from wild-type (WT) mice for more
detailed analysis. Clec4F* KCs were easily distinguished from
the Clec4F~ CD206" liver sinusoidal endothelial cells (LSECs),
and KC2 were detected as Clec4F* or F4/80" KCs also express-
ing CD206 (Figures 3A-3C). To fully validate this, we generated
Mrc1°°ER72 mice (Figure S3B) and bred them with Rosa’®™at
mice in order to establish a model in which we can track cells ex-
pressing CD206 after tamoxifen induction. By immunostaining,
we observed that around 15% of KCs were tagged with Tomato
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Figure 4. KC2 express endothelial markers but are distinct from LSECs
(A) Flow cytometry plots of the total liver onto which CD45~ CD31* LSEC, CD45" Lin™ F4/80* CD64* Tim4* ESAM CD206'° KC1 and CD45* Lin~ F4/80* CD64*
Tim4* ESAM*CD206" KC2 are projected.
(B) Flow cytometry profiles of the intensity of expression of indicated markers on the three populations.
(C) Imaging cytometry (image stream) analysis of liver cells. KC1 (blue) and KC2 (red) are shown.

(D) Scanning electron microscopy images of sorted liver LSECs and KC2. Scale bars, 1 um. Fenestrae indicated by white arrows are shown in the magni-
fied image.
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in these mice, in accordance with the proportions observed by
using the CD206 marker in conventional flow cytometry analysis
(Figure 3D). We also measured the distance between F4/
80*CD206'° KC1 and F4/80*CD206" KC2 and their closest por-
tal triad to assess whether hepatic metabolic zonation (Geb-
hardt, 1992; Jungermann and Saase, 1978) influenced KC1
and KC2 distribution. No significant differences were observed
concerning the zonation of the two populations (Figure S3C).
Taken together, these observations suggest that KC1 and KC2
have overlapping distribution patterns in the liver.

KC2 express LSEC-associated markers but are distinct
from LSEC

Being macrophages, KC1 and KC2 express canonical macro-
phage markers such as F4/80, Tim4, Clec4F, and Vsig4. But
KC2 also displayed markers known to be expressed by LSECs
such as CD206, CD31, ESAM, and even Lyvel that we have
recently identified as a broad macrophage marker (Figures 4A
and 4B) (Chakarov et al., 2019; Lim et al., 2018). To understand
such expression patterns and exclude the possibility that their
detection arose from phagocytosis of LSECs by KCs, we per-
formed an image stream analysis coupling flow cytometry with
microscopy, allowing the imaging of individual cells. We
observed that ESAM and CD206 labeling was uniformly distrib-
uted across KC2 cells, arguing for surface expression of these
markers (Figure 4C). Furthermore, LSECs have fenestrae on their
surface, which were absent on KC2 cells (Figure 4D). Moreover,
we analyzed Lyz2°"® x Rosa""" mice in which cells expressing the
canonical myeloid gene Lyz2 are tagged and observed that KC1
and KC2 were both highly labeled while LSECs were not tagged
(Figure 4E). We also confirmed the macrophage nature of KC1
and KC2 by using the Rhapsody technology, which allows rapid
parallel sequencing of 400 markers in thousands of single cells
(Mair et al., 2020). Comparing this lower-resolution single-cell
transcriptomic profile of sorted KC1 and KC2 to the whole liver
leukocyte population, we found that both KC1 and KC2 clearly
clustered in the macrophage population, further confirming their
macrophage identity (Figure S4A). At the functional level, we
used the clodronate liposome (CLL) approach (van Rooijen and
Hendrikx, 2010) to test the phagocytic capacity of both popula-
tions: upon liposome injection, KC1 and KC2, but not LSECs,
were similarly depleted, indicating comparable phagocytic activ-
ity (Figure 4F). In addition, KC depletion is known to induce a
recruitment of monocytes that quickly acquire KC-like pheno-
types even if few key KC genes such as Timd4 are not re-ex-
pressed before several weeks (Scott et al., 2016). When CLL-
mediated depletion was performed in Ms4a3°® x Rosa'®™%®
mice, we observed that CD64*Tomato*Tim4~ monocyte-derived
macrophages quickly gave rise to both CD206'° ESAM~ KC1-like
and CD206" ESAM* KC2-like populations in a ratio comparable
to steady state (Figure 4G). This underlined the fact that recruited
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naive adult monocytes have the capacity to acquire both KC1-
and KC2-like profiles and suggests that both KC1 and KC2 iden-
tities are strongly dictated by the liver microenvironment.

KC1 and KC2 exhibit distinct gene and protein
expression signatures

We then sorted CD206" ESAM™ KC1 and CD206" ESAM* KC2
to perform a deeper transcriptomic analysis using the SMART-
seqg?2 protocol for bulk RNA-seq to better understand their func-
tions. At this high resolution, the two populations were clearly
separated from each other (Figures 5A-5C) and are distinct
from sorted CD45 CD31* LSECs (Figures S4B and S4C). KC1
and KC2 expressed similarly canonical macrophage genes
including Clec4f, Lyz2, Vsig4, Csf1r, and Adgre1 (F4/80) (Figures
S4D and S4E). In addition to this macrophage signature, as we
found before, KC2 highly expressed numerous LSEC-associ-
ated genes—notably, Mrc1, Pecami1 (CD31), Esam, Kdr,
and Lyvel.

To confirm that these LSEC-associated genes were indeed
expressed by KC2 and were not detected due to phagocytosis
of LSECs, we assessed the actively transcribed RNA (transla-
tome) of the two populations using the RiboTag strategy (Haimon
et al., 2018; Sanz et al., 2009). We generated Lyz2°"® x Rpl22""
mice in which we could purify the ribosomes from both KC1
and KC2 and sequenced the RNA associated with them. Using
this method, even though the quantity of initial material and,
accordingly, the global detected expression dropped, the di-
chotomy between KC1 and KC2 remained, including KC2
expression of the LSEC-associated genes Mrc1, Esam, and
Lyve1 (Figures 5D-5F). At the protein level, we also measured
expression of around 4,500 proteins in sorted KC1 and KC2 by
mass spectrometry and found comparable differentially ex-
pressed proteins (DEPs)—notably, ESAM and CD31—that
were more abundant in KC2 (Figures 5G-5I). Finally, we inte-
grated the transcriptome, translatome, and proteome data to
generate robust KC1 and KC2 pan-omics identities (Figures 5J
and S5A): while the core KC program was conserved across
both populations (Figure S5B), pathway analysis identified a
stronger immune signature for KC1, whereas cell adhesion and
genes related to metabolic pathways—notably, Cd36 —were up-
regulated in KC2 (Figures 5K and S5C-S5E).

KC2 exhibit metabolic functions

We further explored the significance of this pan-omics pro-
nounced metabolic signature highlighted in the KC2 population.
As we observed an upregulation of genes involved in carbohy-
drate and lipid metabolisms in KC2, we chose to use a model
of high-fat diet (HFD) feeding, which induces obesity and its
related metabolic disorders, including glucose intolerance and
liver steatosis in mice (Figure 6A) (Jaitin et al., 2019; Wang and
Liao, 2012). We noticed an increase in the relative frequency of

(E) Flow cytometric measurement of the frequency of YFP expression in indicated populations in 8-week-old Lyz2°" x Rosa"™ mice. KC1 (blue) and KC2 (red) are
overlaid at each step of the gating strategy. Each dot represents an individual, and the median is indicated by a red line.
(F) Flow cytometric measurement of the frequency of LSEC, KC1, and KC2 populations in C57BL/6 mice after clodronate liposome (CLL)-mediated KC depletion.

Each dot represents an individual, and the median is indicated by a red line.

(G) Flow cytometric measurement of the frequency of KC1 and KC2 populations in Ms4a3°™ x Rosa’°™@ mice after CLL-mediated KC depletion. Each dot

represents an individual, and the median is indicated by a red line.
See also Figure S4.
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Figure 5. KC1 and KC2 exhibit distinct gene and protein expression signatures
(A) Principal-component analysis of the transcriptomes from bulk RNA-seq of sorted liver KC1 and KC2.

(B) Dot plot representation of the expression of genes expressed by KC1 and KC2. Genes known to be highly expressed in macrophages are highlighted in purple,
and those described to be predominantly expressed in LSECs are in green.

(legend continued on next page)
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the KC2 population as compared to mice fed a normal diet (Fig-
ure 6B). As reported previously (Jaitin et al., 2019; Morgantini
et al., 2019), we did not notice any significant monocyte recruit-
ment into the livers of our monocyte fate-mapper Ms4a3°" x Ro-
5a"°™3%° mice in the 9 first weeks of HFD (Figure S6A). The label-
ing of KC2 in the liver of Ms4a3°"® x Rosa’®™* mice under HFD
increased after 18 weeks, suggesting that the growth of the KC2
population was partially dependent on monocyte recruitment
only at late time points of HFD (Figures S6A and S6B). We then
compared the transcriptomic profiles of the two populations of
KCs sorted from mice fed a HFD for 2 months. The dichotomy
between the two KC subpopulations was conserved (Fig-
ure S6C), even if we noticed that both acquired a more pro-
nounced metabolic-oriented signature upon HFD (Figures 6C—
6E and S6D). Notably, genes involved in fatty acid processing
were upregulated, and the ones related to amino acid catabolism
were downregulated, in KC2. We found Cd36 among the genes
upregulated upon HFD, a gene extensively described in the liter-
ature for its role in lipid uptake and oxidative stress modulation in
macrophages (Kunjathoor et al., 2002; Silverstein and Feb-
braio, 2009).

Accordingly, we checked the expression of Cd36 by KC2 in a
recently and independently published murine liver single-cell
RNA-seq dataset (Kolodziejczyk et al., 2020). By focusing on
the Clec4f* KC population, we observed that Cd36 was more ex-
pressed in Mrc1* KCs (Figure 6F). We then used conventional
flow cytometry to validate these transcriptomic results and
observed that the CD36 marker signal was indeed strongly
elevated in KC2 compared to KC1 at steady state and was upre-
gulated upon HFD (Figure 6G). These data highlighted KC2 as a
metabolically responsive macrophage population with lipid
handling being modulated during diet-induced obesity.

CD36-specific targeting in KCs modulates liver
metabolism

To further study the role of KC2 in liver metabolism, we finally
adopted an interventional approach by targeting KC2 in the
context of metabolic challenges induced by HFD. As all macro-
phage-oriented fate-mapping models failed to discriminate KC1
and KC2, we were unable to specifically target KC2 with these
tools. Therefore, we used our pan-omics signatures (Figure 5)
to identify KC2-specific markers that could be used to target
them and to investigate their functional significance in HFD-fed
mice. Cdh5 is considered as a core KC gene (Scott et al.,
2018), but in parallel, the Cdh5°°ERT2 x Rosa’®™° model has
been successfully used to label endothelial cells (Gentek et al.,
2018). Cdh5 was more expressed in KC2 both at RNA and pro-
tein levels, and KC2, but not KC1, were specifically tagged in
Cdh5°ERT2 x RosaT®™° mice fed with tamoxifen for 7 days (Fig-
ure S7A). Of note, the labeling of the two subsets was very stable
across time, with no observed changes for 13 weeks post-
tamoxifen treatment, excluding a conversion from one subset
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to another one at steady state. Therefore, we made Cdh5°°ERT2

x Rosa®™ mice and generated chimeras (Cdh5°*7"2 x RosaP™"
bone marrow engrafted into WT recipients to avoid targeting of
radioresistant LSECs that also express Cdhb) to establish a sys-
tem allowing inducible and specific depletion of KC2 (Fig-
ure S7B). After tamoxifen induction, we validated this system
by injecting Diphteria toxin (DT) into tamoxifen-treated chimeric
Cdh5°ERT2 x RosaP™ mice and followed the kinetics of KC2
depletion. Tim4* CD206" ESAM* KC2, but not Tim4* CD206'
ESAM™ KC1, were efficiently depleted after a single injection of
DT (Figure S7C), while adipose tissue macrophages were not
impacted (Figure S7D), supporting the specificity of such a strat-
egy to target KC2.

We then fed tamoxifen- and DT- treated Cdh5°°7" x Ro-
saP™ chimeras (KC2-deficient group) with HFD for weeks to
assess the role of KC2 in the HFD-driven metabolic changes.
HFD did not induce any weight gain in KC2-deficient animals,
while KC2-sufficient animals gained weight over the period of
HFD (Figures 7A and S7E). Considering the noticeable regulation
of genes involved in lipid metabolism and oxidative stress in KC2
upon HFD feeding, we monitored the amounts of both reactive
oxygen species (ROS) H,O,, which is a well-known marker of
oxidative stress, and the lipid peroxidation by-product malon-
dialdehyde (MDA) following KC2 depletion. As expected, HFD
induced an increase of ROS and MDA (Figure 7B) (Azzimato
et al., 2020). However, KC2 depletion resulted in a decrease of
both ROS and MDA, suggesting that KC2 could contribute to he-
patic lipid peroxidation and oxidative stress associated with
obesity. This was accompanied by improved glucose tolerance
and a less-pronounced steatosis in KC2-depleted animals (Fig-
ures 7C, 7D, S7F, and S7G). However, even if metabolic impair-
ments including obesity, oxidative stress, steatosis, and glucose
intolerance were reduced, serum concentration of triglycerides
(TGs) was increased (Figure 7E). In line with these results, indi-
rect calorimetric measurements revealed that KC2-depleted an-
imals had lower food intake, higher energy expenditure related to
respiratory exchange ratio of VO, and VCO,, and increased loco-
motor activity compared to KC2-sufficient animals during the
early phase of HFD (Figures 7F, 7G, and S7H). Considering the
entanglement of metabolic functions between different organs
including the liver, pancreas, adipose tissue, and brain, these
observations could reflect a profound metabolic rewiring
consecutive to KC2 depletion and would deserve future detailed
investigations.

But to circumvent such possible systemic effects, we finally
used a more targeted strategy based on glucan-encapsulated
small interfering RNA (siRNA) particles (GeRPs) for specific
silencing of Cd36 in KCs (Aocuadi et al., 2009; Barreby et al.,
2019). While we had previously shown that GeRPs are specif-
ically delivered to macrophages in the liver, but not to macro-
phages or other cells in other organs (Azzimato et al., 2020; Jour-
dan et al., 2017; Morgantini et al., 2019; Tencerova et al., 2015),

C) Heatmap of the DEGs between the two populations.

G-l) Same analysis as in (A)-(C), but with proteomes.

(
(D-F) Same analysis as in (A)=(C), but with the translatomes obtained from Lyz2°"® x Rp/22"* mice (RiboTag approach).
(
(

J) Principal-component analysis of the integrated transcriptome, translatome, and proteome datasets.

(K) Heatmap of the top 10 metabolism-related DEGs between KC1 and KC2.
See also Figure S5.
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Figure 6. KC2 exhibit metabolic functions

KC1

cD36 KC2

(A) Images of H&E staining of normal diet (ND)- or high-fat diet (HFD)-fed mouse livers after 9 weeks of diet.

(B) Flow cytometry plots showing the frequency of KC1 and KC2 among KCs in mice fed with HFD for the indicated time. Each dot represents an individual, and

the median is indicated by a red line.

(C) Pathway analysis using total DEGs between KC1 and KC2 sorted from ND- and HFD-fed mice.
(D) Heatmap and pathway analysis of the DEGs between KC1 sorted from ND and HFD mice. Canonical DEGs are displayed in the boxes.

(E) Heatmap and pathway analysis of the DEGs between KC2 sorted from ND and HFD mice. Canonical DEGs are displayed in the boxes, and integrated network

analysis of DEGs between ND and HFD is provided.

(F) Single-cell RNA-seq data (55, 118 cells) were extracted from Kolodziejczyk et al. (2020). KCs were identified according to their high expression of Clec4f. Cd36

and Mrc1 expressions are overlaid on the KC population.

(G) Flow cytometry profiles of the intensity of expression of CD36 on the indicated populations and quantification of the mean fluorescence intensity (MFI).

See also Figure S6.
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Figure 7. CD36 is involved in KC2 modulation of liver metabolism

(A) Absolute weight in control and KC2-depleted mice during the 6 first weeks of HFD.

(B) Hydrogen peroxide and malondialdehyde assays in the liver of the indicated mice.

(C) Glucose tolerance test was performed on overnight fasted mice during week 6 of HFD.

(legend continued on next page)
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we first used FITC-GeRPs to verify the specificity of the targeting
within the hepatic cell populations. When intravenously injected,
FITC-GeRPs were retrieved only in KC1 and KC2 and not in
other liver cells such as LSECs and monocytes, confirming
the equal phagocytic abilities of both KC subpopulations (Fig-
ure S7I). Then, mice were fed a HFD for 7 weeks and treated
with GeRPs loaded with either a control scrambled siRNA or a
Cd36 targeting siRNA for 2 weeks. This treatment allowed for
the short-term specific silencing of Cd36 in KCs (Figure 7H).
Cd36 expression remained unchanged in monocytes and
adipose tissue macrophages, confirming the specific delivery
of GeRPs to KCs (Figure S7J). Even if we did not observe any sig-
nificant effect on weight gain during the 2-week treatment period
(Figure S7K), both glycaemia and glucose tolerance were
improved in Cd36 siRNA-treated animals (Figure 7). To further
investigate the effect of Cd36 on KC phenotype, we then
analyzed their transcriptomic profile following Cd36 silencing
and observed a modulation of genes involved in lipid metabolism
(Figure 7J).

Finally, we tested the effect of Cd36 silencing on hepatic ROS
and MDA concentrations. Consistent with our hypothesis, Cd36
silencing decreased accumulation of both MDA and ROS (Fig-
ures 7K and S7L). This occurred independently of liver TG con-
tent (Figure S7M). Taken together, these data highlight a pivotal
role of CD36 specifically expressed by KC2 in obese mice for
liver metabolic homeostasis regulation.

DISCUSSION

Herein, we report the presence of two phenotypically and func-
tionally distinct subsets of KCs in the healthy murine liver. The
liver is now recognized as a common niche for several macro-
phage populations, but these two populations of KCs share a
common embryonic origin, clearly differentiating them from the
other monocyte-derived liver macrophages (Blériot and Gin-
houx, 2019). KC1 and KC2 are present at steady state and are
not the result of the recruitment of monocytes, which occurs
neonatally or in inflammatory conditions (Blériot et al., 2015;
Scott et al., 2016). These two populations share the common
core macrophage signature with a high expression of well-
known KC-core markers including Clec4f, Lyz2, or Csf1r, while
KC2 additionally express a set of genes previously thought to
be restricted to LSECs.

These results are in line with a previous study showing that
cultured primary KCs share several functional antigens with
LSECs (Okada et al., 2016); however, the global approach
used in the mentioned study did not allow the detection of a spe-
cific subpopulation of KCs. Although recent work has detected
potential contamination of KC populations by LSECs using con-
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ventional flow cytometry (Lynch et al., 2018), we were able to
identify and exclude this minor contamination in our single-cell
RNA-seq dataset. Thus, the KC2 population that we identified
is composed of bona fide KCs, evidenced by fate-mapping
models and the high expression of macrophage-core genes. In
line with our study, the existence of a CD206" population of
KCs has been already reported (David et al., 2016; Han et al.,
2017; Wan et al., 2014) and even suggested in humans in a
recently published study (Wu et al., 2020). Furthermore, a
Lyve1*CD206" population of macrophages harboring similarities
with KC2 is also present in atherosclerotic plaques, suggesting
that such “metabolic” macrophages could actually be present
in other niches than the liver (Kim et al., 2018). Of note, a role
in active phagocytosis of blood-borne cellular material has
been proposed for the CD206" macrophages (A-Gonzalez
et al.,, 2017). Together, these data argue for a central role of
this receptor in macrophage biology, and CD206 should be sys-
tematically included in future analyses of these cells. This also
parallels our recent findings of two populations of lung interstitial
macrophages and across tissues discriminated by differential
Lyve1 and CD206 expression (Chakarov et al., 2019). The other
important biomarker that we have identified is ESAM. This mole-
cule, whose expression was thought to be restricted to LSECs, is
also expressed by a subset of splenic DCs (Lewis et al., 2011),
but until now was not thought to be expressed by macrophages.
Although Lyve1, Cd206, and Esam have been long considered as
endothelial-restricted genes, our results in the liver and previous
ones in other organs are revisiting this concept and clearly show
that these genes can also be expressed by RTMs, even if the
complete functional roles of these markers in RTMs need to be
further investigated.

The dichotomy between CD206~ and CD206" populations is
completely independent of the origin of the macrophages (i.e.,
monocyte- or embryonically derived) and should be dictated
only by the niche of residence, reinforcing the concept of the
niche being one dominant factor driving macrophage identity
(Blériot et al., 2020a; Guiliams and Scott, 2017). However,
here, we have failed to identify a distinct sub-liver niche for
each subset. Metabolic zonation in the liver is important and
shapes the transcriptomic pattern of hepatocytes (Halpern
et al.,, 2017) and LSECs (Halpern et al., 2018), but KC1 and
KC2 seem to be randomly distributed within the acini. Thus, their
polarization is likely linked to unknown factors other than oxygen
or nutrient availability. Identification of these determinants is a
considerable challenge and should extend our comprehension
of what we can call the distinct “niches” present within the liver.
This also stresses the need to investigate the heterogeneity of
the other different cell types of the liver, including stellate cells
and LSECs, that could contribute to KC1 versus KC2 identity.

(D) H&E staining of liver slices from indicated mice.
(E) Measurement of circulating TGs in indicated mice.

(F and G) Mice were placed individually in metabolic cages during the first week of the HFD, and energy intake and expenditures were measured.

(H) Mice were injected with GeRPs containing scrambled RNA (Scr) or siRNA directed against Cd36 (si-CD36) three times a week for 2 weeks, and Cd36
expression was assessed by qPCR at the end of the treatment on indicated sorted cells.

(I) Glycemia and glucose tolerance test (GTT) were measured at the end of the treatment.

(J) Bulk RNA-seq was performed on total liver macrophages. Data from CD36 KD and Scr-treated mice were compared, and pathways modulated are displayed.
(K) Measurement of oxidative stress markers MDA and H,O, in the liver of the same mice. Each dot represents an individual, and the median is indicated by a

red line.

For (A)-(G), two independent experiments were conducted. Groups were composed of 3-4 mice. See also Figure S7.
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Indeed, recent studies in a mouse model of depletion of embry-
onic KCs have shown that liver-entering monocytes were re-
programmed into KC-like cells via crosstalk with hepatic stellate
and LSECs (Bonnardel et al., 2019; Sakai et al., 2019). These two
studies have identified a key liver triptych composed of hepatic
stellate cells, LSECs, and macrophages. Therefore, deciphering
the crosstalk among these three different cell types and their po-
tential subpopulations and, notably, its modulation in the context
of different liver pathologies will be a challenge for further
studies.

In the context of the KC subsets identified here, we want to
emphasize that KC2 are already present in the steady state
and are poised to respond to metabolic challenges. Therefore,
determining how this cell identity is generated will be useful for
understanding liver pathologies, considering that almost a
quarter of the human population is affected by NAFLDs (Lonardo
et al., 2016; Younossi et al., 2016). In line with this, the cellular
liver triptych also seems to be present in humans, as evidenced
by the identification of key “stellakines,” which are secreted by
hepatic stellate cells during NASH (Xiong et al., 2019) and
cirrhosis (Ramachandran et al., 2019) and impact macrophage
biology. As exemplified in these two elegant studies, the recent
progress of single-cell transcriptomics and the subsequent
release of several atlases in both mouse (Han et al., 2018; Tabula
Muris Consortium, 2018) and human (Aizarani et al., 2019; Mac-
Parland et al., 2018; Mulder et al., 2021; Ramachandran et al.,
2019; Sharma et al., 2020) will improve our knowledge of hepa-
tology and liver diseases, even if the existence of corresponding
functionally distinct KC1 and KC2 populations in humans re-
mains to be formally established.

Functionally, we identified a specific metabolic role for KC2.
However, it would be misleading to claim that only KC2 are
involved in liver metabolism regulation. Our data, rather, high-
light that both KC subpopulations participate to this function,
even if KC2 population seems to be more wired to do so.
Furthermore, it is noticeable that KC2 are present in steady
state and do not depend on the monocyte recruitment that oc-
curs in the late stages of obesity. In line with this, a previous
study indicated a central role of liver macrophages in meta-
bolism considering KCs as a homogeneous population (Mor-
gantini et al., 2019). The authors showed that the non-inflam-
matory factor insulin-like growth factor-binding protein 7
(IGFBP7) was important in metabolic regulation by KCs.
Importantly, in addition to Cd36, we observed that Igfbp7
was among the top DEGs between KC1 and KC2, being highly
overexpressed in KC2. Hence, it is tempting to hypothesize
that the effect reported in the aforementioned study could
be mostly driven by the KC2 population. In addition, we pro-
vide direct evidence for a role of the KC2-expressed receptor
CD36 in liver metabolism regulation. These results are
perfectly in line with the emerging central role of CD36 in
NASH development and obesity-related disorders (Rada
et al., 2020). While further investigations are needed to better
understand the systemic effect of KC2 depletion, our targeted
approach to silence the lipid transporter CD36 revealed an
important role of these cells in the regulation of glucose ho-
meostasis and oxidative stress. It has been previously re-
ported that decreasing oxidative stress in KCs in obesity can
improve liver metabolism and decrease ROS concentrations
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(Azzimato et al., 2020). Here, we refine this observation by
showing that KC2 play a major role in this process by process-
ing lipids via CD36.

However, we should recognize that a precise understanding
of NASH etiology is not yet achieved and that humans probably
develop a spectrum of convergent diseases. So, we cannot
exclude that KCs could be differentially involved in other exper-
imental models of NASH. For example, it has been shown that
inflammatory monocytes enter the liver and induce transient
changes in liver macrophage homeostasis in a NASH model
induced by a methionine-choline-deficient (MCD) diet (De-
visscher et al., 2017). Furthermore, very recent studies using
different diets report that embryonically derived KCs disap-
peared after several weeks and were replaced by a population
of monocyte-derived lipid-associated macrophages (LAMs)
linked with the development of pathologies (Remmerie et al.,
2020; Seidman et al., 2020; Tran et al., 2020) and comparable
to those already reported in adipose tissue from obese individ-
uals (Jaitin et al., 2019). However, these studies used essen-
tially rodent-based models, which, by definition, can be limited
in their abilities to mimic human diseases. As an example,
MCD-induced NASH is associated with a severe and quick
loss of weight, liver inflammation, and subsequent fibrosis.
Even if the latter could be close to the human situation, the first
is not observed clinically and might be responsible for model-
specific side effects. On the contrary, HFD-induced NASH
could reflect more human-obesity-induced disorders but is
less efficient to induce liver fibrosis. So, it appears fundamental
to remind that there is not yet a model universally recognized to
fully recapitulate human NAFLD/NASH (Hebbard and George,
2011). This being said, the model of HFD that we used herein
does not induce a significant recruitment of monocytes in the
liver at early stages. So, while most of the studies were focused
on monocyte-derived LAMs recruited in the metabolically chal-
lenged liver, our study indicates that a fraction of embryonic
KCs is already fated to assume metabolic functions. Further
studies should refine their precise roles in this context or
even in other ones, allowing for the design of innovative thera-
pies targeting metabolic function of KC2 for the modulation of
liver metabolic diseases.

Finally, in parallel to the current study in which we described
the two distinct KC1 and KC2 populations and KC2 metabolic
functions, we have investigated their capacities to present anti-
gens in a mouse model of hepatitis B virus pathogenesis. This
has revealed key differences between the two populations,
with KC2 being notably responsive to interleukin (IL)-2 signaling
and involved in mounting efficient T-cell-mediated responses to
hepatocellular antigens (De Simone et al., 2021). This study re-
ports a specific effect of the KC2 subpopulation in mounting im-
mune responses and validates our approach of investigating
heterogeneity of tissue-resident macrophage populations.
Indeed, even if the literature often assumes that macrophages
from one common tissue compose a uniform population, our
data reported here and previously (Chakarov et al., 2019) have
shown that sub-tissular niches exist, inhabited by different
macrophage populations. Thus, development of macrophage-
based therapeutic strategies will have to take this heterogeneity
into account to improve the specificity and efficiency of innova-
tive treatments.
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Limitations of study

While we extensively describe here a discrete metabolic subset
of KCs, our data have been generated by using rodent models.
Future investigations would, therefore, have to validate these
findings in human subjects. Indeed, even if the first reports
have already confirmed human KC heterogeneity (MacParland
et al., 2018; Ramachandran et al., 2019; Wu et al., 2020; Xiong
et al., 2019), analysis of this KC heterogeneity with a metabolism
focus remains to be performed. In addition, the description of
KC2 metabolic functions can appear limited here, and more in-
depth approaches should be applied to dissect how KC2 and
related cells in other tissues (e.g., adipose tissue, brain) are inte-
grated in a global metabolic regulation of the organism.
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IDENTIFIER

Antibodies

BUV395 Rat Anti-Mouse CD45

BV650 anti-mouse/human CD11b Antibody
PE-CF594 Hamster Anti-Mouse CD3e
PE-CF594 Rat Anti-Mouse CD19
PE-CF594 Rat Anti-Mouse Ly-6G
PE-CF594 Rat Anti-Mouse CD49b
APC/Cyanine7 anti-mouse F4/80 Antibody
BV711 anti-mouse CD64 (FcyRI) Antibody
PE/Cyanine7 anti-mouse Tim-4 Antibody
AF700 anti-mouse |-A/I-E Antibody

BV605 anti-mouse CD31 Antibody
PerCP/Cyanine5.5 anti-mouse Ly-6C Antibody
PE ESAM Monoclonal Antibody

AF647 anti-mouse CD206 (MMR) Antibody
AF488 LYVE1 Monoclonal Antibody

PE/Cyanine7 anti-mouse CD36 Antibody
Anti-Mouse CD45 (30-F11)-89Y
CD19 Monoclonal Antibody (6D5)

Purified anti-mouse CD48
InVivoMab anti-mouse MHC class Il (I-A)
Purified anti-mouse CD107b (Mac-3)
InVivoMab anti-mouse IL-12 p40
Purified anti-mouse Ly-6A/E

Purified anti-mouse CD88

Rat Anti-Ly-6G Monoclonal Antibody
Purified anti-mouse Ly-6C

CD9 antibody

Siglec-F antibody

LEAF Purified anti-mouse Tim-4
Purified anti-mouse CD49b

CD11b antibody

CD86 antibody

Rat Anti-Mouse CD68 Monoclonal antibody
BST2 Antibody (120G8.04)

Mouse Mer Antibody

Purified anti-mouse CD11c antibody
Clec4F antibody

F4/80 antibody

Purified anti-mouse CD206

Purified anti-mouse CD43

CD81 antibody

BD Biosciences
BioLegend
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

Thermo Fisher Scientific

BioLegend

Thermo Fisher Scientific

BioLegend
Fluidigm

Thermo Fisher Scientific

BioLegend

Bio X Cell
BioLegend

Bio X Cell
BioLegend
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend
BioLegend

BD Biosciences
BD Biosciences
Bio-Rad

Novus
R&Dsystems
BioLegend
R&Dsystems
Bio-Rad
BioLegend
BioLegend

BD Biosciences

BD Biosciences Cat# 564279; RRID: AB_2651134
BioLegend Cat# 101239; RRID: AB_11125575

BD Biosciences Cat# 562286; RRID: AB_11153307
BD Biosciences Cat# 562291; RRID: AB_11154223
BD Biosciences Cat# 562700; RRID: AB_2737730
BD Biosciences Cat# 562453; RRID: AB_11153857
BioLegend Cat# 123117; RRID: AB_893489
BioLegend Cat# 139311; RRID: AB_2563846
BioLegend Cat# 130009; RRID: AB_2565718
BioLegend Cat# 107622; RRID: AB_493727
BioLegend Cat# 102427; RRID: AB_2563982
BioLegend Cat# 128012; RRID: AB_1659241

Thermo Fisher Scientific Cat# 12-5852-82; RRID:
AB_891537

BioLegend Cat# 141712; RRID: AB_10900420

Thermo Fisher Scientific Cat# 53-0443-82; RRID:
AB_1633415

BioLegend Cat# 102615; RRID: AB_2566121
Fluidigm Cat# 3089005B; RRID: AB_2651152

Thermo Fisher Scientific Cat# Q10379; RRID:
AB_10563403

BioLegend Cat# 103402; RRID: AB_313017

Bio X Cell Cat# BE0178; RRID: AB_10949066
BioLegend Cat# 108502; RRID: AB_313383

Bio X Cell Cat# BE0051; RRID: AB_1107698
BioLegend Cat# 108101; RRID: AB_313338
BioLegend Cat# 135802; RRID: AB_1953295

BD Biosciences Cat# 551459; RRID: AB_394206
BioLegend Cat# 128002; RRID: AB_1134214

BD Biosciences Cat# 553758; RRID: AB_395032
BD Biosciences Cat# 552125; RRID: AB_394340
BioLegend Cat# 130004; RRID: AB_1227800
BioLegend Cat# 108902; RRID: AB_313409

BD Biosciences Cat# 553308; RRID: AB_394772)
BD Biosciences Cat# 553689; RRID: AB_394991
Bio-Rad Cat# MCA1957; RRID: AB_322219
Novus Cat# DDX0390P-100; RRID: AB_2827525
R&Dsystems; Cat# BAF591

BioLegend Cat# 117302; RRID: AB_313771
R&Dsystems; Cat# AF2784

Bio-Rad Cat# MCA497; RRID: AB_2098196
BioLegend Cat# 141702; RRID: AB_10900233
BioLegend Cat# 143202; RRID: AB_11124103
BD Biosciences Cat# 559518; RRID: AB_397259

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

CD226 (DNAM-1) Monoclonal Antibody

Purified anti-mouse CD103 antibody

Purified anti-mouse CD64 (FcgammaRl) antibody
Purified anti-mouse CD169 (Siglec-1) antibody,
anti-CCR2 antibody

LYVE1 Monoclonal Antibody

CD102 (ICAM-2) Monoclonal Antibody

Thermo Fisher Scientific

BioLegend
BioLegend
BioLegend
R&Dsystems

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific Cat# 16-2261-81; RRID:
AB_1724031

BioLegend Cat# 121402; RRID: AB_535945
BioLegend Cat# 139302; RRID: AB_10613107
BioLegend Cat# 142402; RRID: AB_10916523

R and D Systems Cat# MAB55381-100; RRID:
AB_2749828

Thermo Fisher Scientific Cat# 14-0443-37; RRID:
AB_2864884

Thermo Fisher Scientific Cat# 16-1021-82; RRID:
AB_2573077

Purified anti-mouse CD107a (LAMP-1) antibody BioLegend BioLegend Cat# 121602; RRID: AB_572021
Purified anti-mouse Siglec H antibody BioLegend BioLegend Cat# 129602; RRID: AB_1227757
CD172a antibody BD Biosciences BD Biosciences Cat# 552371; RRID: AB_394371
Purified anti-mouse CD24 antibody BioLegend BioLegend Cat# 101802; RRID: AB_312835
Purified anti-mouse CD200R (OX2R) antibody BioLegend BioLegend Cat# 123902; RRID: AB_1227747
InVivoMab anti-mouse Thy1 (CD90) Bio X Cell Bio X Cell Cat# BE0212; RRID: AB_2687698
Monoclonal Anti-HA antibody Sigma-Aldrich Sigma-Aldrich Cat# H9658; RRID: AB_260092
1gG1 Isotype Control Sigma-Aldrich Sigma-Aldrich Cat# M5284; RRID: AB_1163685
Alexa Fluor® 488 anti-mouse F4/80 antibody BioLegend BioLegend Cat# 123120; RRID: AB_893479
APC anti-mouse CD206 (MMR) antibody BioLegend BioLegend Cat# 141708; RRID: AB_10900231
Alexa Fluor® 594 anti-mouse CD38 antibody BioLegend BioLegend Cat# 102725; RRID: AB_2566435
Chemicals, peptides, and recombinant proteins

Lysyl EndopeptidaseR (Lys-C) Wako Wako Cat# 129-02541

Collagenase type IV Sigma Sigma Cat #C5138

DNasel Thermo Fisher Scientific Thermo Fisher Scientific Cat# EN0521
Sequencing Grade Modified Trypsin Promega Promega Cat# V5117

RNasin® Ribonuclease Inhibitor Promega Promega Cat# N2511

Cycloheximide Sigma Sigma Cat# 66-81-9

Dynabeads Protein G
O.C.T.
DAPI

FluorSave Reagent

Thermo Fisher Scientific
Killik Bio-Optica

Sigma

Millipore

Thermo Fisher Scientific Cat# 10003D
Killik Bio-Optica Cat# 05-9801

Sigma Cat# 28718-90-3

Millipore Cat# 34578

Critical commercial assays

Pierce BCA Protein Assay Kit
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit

Lipid Peroxidation (MDA) Assay Kit (Colorimetric/
Fluorometric)

Arcturus PicoPure® RNA Isolation kit
DNA High Sensitivity Reagent Kit
lllumina Nextera XT kit

Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Thermo Fisher Scientific
Perkin Elmer
lllumina

Thermo Fisher Scientific Cat# 23227
Thermo Fisher Scientific Cat# A22188
Abcam Cat# ab118970

Thermo Fisher Scientific Cat# KIT0204
Perkin Elmer Cat# CLS760672
lllumina Cat# FC-131-1024

Deposited data

Single-cell RNaseq data

This manuscript

NCBI Gene Expression Omnibus(GEO) accession
#168989. GEO:168989.

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory C57BL/6 colony
Oligonucleotides

5'-GCAAAUGCAAAGAAGGAAA-3 Dharmacon N/A
5-CAGUCGCGUUUGCGACUGG-3 Dharmacon N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

FlowJo V10 FlowJo https://www.flowjo.com/

Rv4.4 The R Foundation https://www.r-project.org

CytofKit Chen et al., 2016 https://bioconductor.riken.jp/packages/3.3/
bioc/html/cytofkit.html

Seurat v2 Butler et al., 2018 https://satijalab.org/seurat/

Seurat v3 Stuart et al., 2019 https://satijalab.org/seurat/

One sense Cheng et al., 2016 N/A

MaxQuant 1.6.7.0
Subread package
edgeR

LIMMA R package

COMBAT

Short Time-series Expression Miner (STEM)

Imaris bitplane

MaxQuant
N/A
Robinson et al., 2010

Ritchie et al., 2015

Wang et al., 2017

N/A
Imaris

https://www.maxquant.org
http://subread.sourceforge.net
http://bioconductor.org/packages/release/
bioc/html/edgeR.html
https://bioconductor.org/packages/release/
bioc/html/limma.html
https://cran.r-project.org/web/packages/
COMBAT/index.html
https://www.cs.cmu.edu/~jernst/stem/
https://imaris.oxinst.com/products/imaris-for-cell-
biologists?gclid=Cjo0KCQiAgomBBhDXARIs
AFNyUqOQMD64vZvZMyBoHWFOYRm_
ZPxHWLb_tWDIOpGijii8ZVNDKW-
UNtRgaAnhfEALw_wcB

Other

LSRII BD Biosciences N/A
Imagestream Amnis Merk N/A
FACSAria Il BD Bioscience N/A
FACSAria lll BD Bioscience N/A
Mindray BS-240 Pro BioSentec N/A
Easy LC 1000 Thermo Scientific N/A
Obritrap Fusion Lumos Thermo Scientific N/A
Agilent Bioanalyser Agilent N/A
Perkin Elmer Labchip Perkin Elmer N/A
lllumina HiSeq 4000 system lllumina N/A
Chromium Single Cell 3’ (v3 Chemistry) 10x Genomics N/A
SP5 confocal microscope Leica Microsystem N/A
JSM-6701F scanning electron microscope JEOL Ltd. N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Florent
Ginhoux, Florent_Ginhoux@immunol.a-star.edu.sg.

Materials availability
This study did not generate new unique reagents.

Data and code availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers
are listed in the key resources table. Any additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.
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METHOD DETAILS

Animal models

Mice

All mouse experiments and procedures were approved by the Institutional Animal Care and Use Committee of the Biological
Resource Center (Agency for Science, Technology and Research, Singapore) in accordance with the guidelines of the Agri-Food
and Veterinary Authority and the National Advisory Committee for Laboratory Animal Research of Singapore (ICUAC No. 181402).
The C57/BL6 mice were obtained from the Jackson Laboratory. All mice were bred and housed in the Biological Resource Centre
animal facility under Specific Pathogen-Free conditions and are maintained on a C57BL/6 background. All mice used in the in vivo
experiments were aged 7 to 12 weeks unless specified. Mice were given high fat diet (60% fat - #D12492 Research Diets Inc.) ab
libitum or tamoxifen-enriched diet (Teklad TD.130855 EnVigo) when specified. For the glucose tolerance test, mice were fasted over-
night and then received 2 g.kg™ of glucose by oral gavage according to Andrikopoulos et al. (2008). Glycaemia was then measured at
indicated time points.

Indirect calorimetric measurement (metabolic chamber)

For the metabolic cage study, mice were housed individually in metabolic chambers and maintained on a 12-hr dark-light cycle with
lights from 6am to 6pm at 22°C. Oxygen consumption, CO, emission, food consumption, movement and energy expenditure were
measured using TSA metabolic chambers (TSA System, Germany) in an open-circuit indirect calorimetric system.

GERPs administration

GERPs were prepared as previously described (Tesz et al., 2011). Mice fed with HFD for 8 weeks were first randomized according to
their body weight and glucose tolerance. Then mice were treated with a total dose of 2mg GERPs loaded with siRNA against Cd36
(5'-GCAAAUGCAAAGAAGGAAA-3') or with negative control (Scr: 5'-CAGUCGCGUUUGCGACUGG-3') (Dharmacon) (80ug), and
Endoporter (0,1mM). Mice received six doses of fluorescently labeled (FITC) GERPs by i.v injections over 15 days.

Mouse biochemical parameters

Liver samples were collected and immediately flash frozen. From these, total triglyceride (TG) content was determined by a commer-
cially available colorimetric kit (Roche; TG 12016648). TG concentration was normalized against protein concentration as determined
by the Pierce BCA protein assay kit (Thermofisher;23227) following the manufacturer’s instructions. Intracellular amount of H202 was
measured using Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Life Technologies; A22188). Malondialdehyde content was
measured using a Lipid Peroxidation (MDA) Assay Kit (Colorimetric/Fluorometric) (Abcam; ab118970). Plasma multi-analyte profiling
was performed using a clinical chemistry analyzer (Mindray BS-240 Pro, BioSentec) with the indicated colorimetric kits (all from Bio-
sentec). All assays were performed following manufacturer’s instructions.

Cell preparation

Cell isolation, flow cytometry and sorting of macrophages

Standard labeling procedures were used to prepare the cells for flow cytometry analysis. Hepatocytes were isolated by centrifugation
using a density gradient as previously described (Aparicio-Vergara et al., 2017). For macrophages, liver lobules were digested in
collagenase/DNase | (0.2 mg.ml™" of collagenase, 5 units.ml™ of DNase | and 10% FBS in RPMI) for 30 minutes at 37°C and disso-
ciation was finalised by several passages through a needle 18G. No enrichment was performed to avoid any cell loss and isolated
cells were directly stained for flow cytometry after red blood cell lysis. The antibodies used are listed in the key resources table. Data
were acquired by LSRII (BD Bioscience) or Imagestream Amnis (Merck) and analyzed by Flow Jo (Tree Star, Inc.). Cells were sorted
using a FACS Aria Il or lll (BD Bioscience).

CyTOF

Cells were prepared, labeled and data recorded as previously described (Blériot et al., 2020b). Briefly, cells were prepared as for
conventional flow cytometry and stained with cisplatin to determine cell viability. Antibodies used are listed in Table S2. Results
were analyzed using CytofKit (Chen et al., 2016) and One-sense algorithms (Cheng et al., 2016).

Mass spectrometry

Sorted cell populations were lysed in Urea lysis buffer (8M Urea /Tris-HCI 50mM, pH 8), reduced in presence of TCEP 20mM for
20 min at room temperature and further alkylated with 55mM chloroacetamide. Following dilution with 100mM triethylammonium bi-
carbonate (TEAB, pH8.5; Sigma-Aldrich #T7408) samples were digested with Lysyl endopeptidase (LysC, Wako #129-02541) and
Trypsin (Promega, #V5117) in ratio (1:100) for 4h and 18h respectively. Samples were further acidified with trifluoroacetic acid
(TFA Sigma-Aldrich #T6508; 1% v/v) spun down 14,000 RPM for 10min at room temperature and desalted using HLB 96 well plate
(Waters, #WAT058951). Following crude step high pH reverse phase fractionation (4 fractions, Reposil-Pur Basic C18 10um, Dr
Maisch Gmbh #r10.b9.0025). Each fraction was separated on a 50cm (id 75um) EASY-Spray RP-C18 LC column (Thermo Scientific)
in a 75 minutes gradient of solvent A (0.1% Formic acid in water) and solvent B (99.9% acetonitrile, 0.1% Formic acid in water) on
Easy LC 1000 (Thermo Fisher Scientific), coupled to Obritrap Fusion Lumos mass spetrometer (Thermo Fisher Scientific). Peak lists
were generated using MaxQuant software version 1.6.7.0. Spectra were searched against target-decoy Mouse Uniprot database
with following fixed modifications: Carbamidomethyl (C) and variable modifications: Oxidated (M), Deamidated (NQ) Acetyl (N-termi-
nal protein). Maximum 2 missed cleavages were allowed, mass tolerance: 4.5 ppm mass deviation (after recalibration) for OT-MS
survey scan and 0.5 Da for IT-MS/MS ion fragments. FDR was set to 1%. Label free LFQ quantitation was performed.
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Transcriptomics

Library preparation

For bulk RNaseq experiments, between 20,000 and 50,000 cells were FACS-sorted and total RNA was extracted using Arcturus
PicoPure® RNA Isolation kit (Arcturus® Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s protocol. All
Mouse RNAs were analyzed on Agilent Bioanalyser (Agilent, Santa Clara, CA, USA) for quality assessment with RNA Integrity Number
(RIN) range from 5.8 to 6.7 and median of RIN 6.4. cDNA libraries were prepared using 2 ng of total RNA and 1ul of a 1:50,000 dilution
of ERCC RNA Spike in Controls (Ambion® Thermo Fisher Scientific, Waltham, MA, USA) using the Smart-Seq v2 protocol (Picelli
et al., 2014) with the following modifications: 1. Addition of 20 uM TSO; 2. Use of 200 pg cDNA with 1/5 reaction of lllumina Nextera
XT kit (lllumina, San Diego, CA, USA). The length distribution of the cDNA libraries was monitored using a DNA High Sensitivity Re-
agent Kit on the Perkin Elmer Labchip (Perkin EImer, Waltham, MA, USA). All samples were subjected to an indexed paired-end
sequencing run of 2x151 cycles on an lllumina HiSeq 4000 system (lllumina) (25 samples/lane).

For Smart-seq2 single cell analysis, 288 single cells were sorted on a 96-well plate and cDNA libraries were generated using the
Smart-seq v2 protocol (Picelli et al., 2014) with the following modifications: 1. 1mg/ml BSA Lysis buffer (Ambion® Thermo Fisher Sci-
entific, Waltham, MA, USA); 2. Use of 200 pg cDNA with 1/5 reaction of lllumina Nextera XT kit (lllumina, San Diego, CA, USA). The
length distribution of the cDNA libraries was monitored using a DNA High Sensitivity Reagent Kit on the Perkin Elmer Labchip (Perkin
Elmer, Waltham, MA, USA). All samples were subjected to an indexed paired-end sequencing run of 2x151 cycles on an Illlumina
HiSeq 4000 system (lllumina, San Diego, CA, USA) (298 samples/lane). After QC filtering, 169 cells were used for analysis.

For 10X analysis, samples were processed using the Chromium Single Cell 3’ (v3 Chemistry) platform (10x Genomics, Pleasanton,
CA). Briefly, 100,000 cells CD45" Tomato™ including the KC and 100,000 cells CD45* Tomato* were pooled and sequenced on
Novaseq lanes by Novagene AIT. After QC filtering, 78,944 cells were used for analysis.

For RiboTag analysis, samples were prepared as described elsewhere (Haimon et al., 2018). Briefly, 50,000 cells were sorted and
resuspended on ice in 1ml of lysis buffer (50 mM Tris, pH 7.4, 100 mM KCI, 12 mM MgCI2, 1% NP-40, 1 mM DTT, 1:100 protease
inhibitor (Sigma Aldrich), 200 units/ml RNasin (Promega) and 0.1 mg/ml cycloheximide (Sigma Aldrich) in RNase free water). To re-
move cell debris, homogenate was transferred to an Eppendorf tube and was centrifuged at 10,000 g and 4°C for 10 min. Superna-
tants were transferred to a fresh Eppendorf tube onice and 5 pL (= 125 pg) of anti-HA antibody (H9658, Sigma Aldrich) or 5 uL (=1 pg)
of mouse monoclonal IgG1 antibody (Sigma, Cat# M5284) was added to the supernatant, followed by 4 h of incubation with slow
rotation in a cold room at 4°C. Meanwhile, Dynabeads Protein G (Thermo Fisher Scientific), 100 uL per sample, were equilibrated
to homogenization buffer by washing three times. At the end of 4 h of incubation with antibodies, beads were added to each sample,
followed by incubation overnight in cold room at 4°C. Samples were washed three times with high-salt buffer (50 mM Tris, 300 mM
KCl, 12 mM MgCI2, 1% NP-40, 1 mM DTT, 1:200 protease inhibitor, 100 units/ml RNasin and 0.1 mg/ml cycloheximide in RNase free
water), 5 min per wash in a cold room on a rotator. At the end of the washes, beads were magnetized and excess buffer was removed.
Purified RNA was then treated as the single cell samples, considering the low amount of RNA harvested. cDNA libraries were gener-
ated using the above single cell RNA sequencing method except the use of 300pg cDNA for lllumina Nextera XT kit.

For the Rhapsody experiment, all the process was done by following manufacturer’s (BD Biosciences) protocol. 16,775 cells were
captured in a single run with 12 barcoded samples pooled together. The sample was processed according to BD mRNA targeted and
sample tag library preparation with the BD Rhapsody™ targeted mRNA and Abseq amplification kit (Doc ID: 210969 Rev 3.0). Sam-
ples were then subjected to an indexed paired-end sequencing run of 2x151 cycles on an lllumina HiSeq 4000 system (lllumina, San
Diego, CA, USA) with 20% PhiX spike in.

Analysis of transcriptomic data

Raw reads were aligned to the mouse reference genome GRCm38_M13 from GENCODE using STAR 2.5.3a (Dobin et al., 2013).
Gene expression values in transcripts per million (TPM) were calculated using the same RSEM program (Li and Dewey, 2011). Dimen-
sionality reduction (PCA, tSNE and UMAP), clustering and differentially expressed genes (DEGs) analysis were conducted using
Seurat version 2.4.3 (Butler et al., 2018). Wilcoxon rank sum test was performed to calculate differentially expressed genes p value.
After got the p value, p value adjustment was performed using Bonferroni correction based on the total number of genes in the data-
set and adjusted p value < 0.05 was used as a threshold for statistical significance. 10X and SMARTSeq2 data integration was con-
ducted using Seurat version 3.0.1 (Stuart et al., 2019) with standard integration pipeline.

Imaging

Confocal imaging

KC1 and KC2 were labeled for confocal immunofluorescence imaging by i.v. injection of 2 pg F4/80 Alexa flour 488 (Biolegend
#123120) and 2 pg CD206-APC (Biolegend #141708) into WT C57BL/6 mice 10 min prior to sacrifice of the animal. Liver lobes
were fixed overnight in PBS with 4% paraformaldehyde, then incubated for 24h in PBS with 30% sucrose. Subsequently liver lobes
were either embedded into O.C.T (Killik Bio-Optica #05-9801) and cut into 60 um thick sections with a cryostat at —14°C or
embedded in 4% low-melting-point agarose (Sigma-Aldrich) for 200 uM thick vibratome sections. For O.C.T-embedded tissues, sec-
tions were blocked for 15 min with blocking buffer (PBS, 0.5% BSA, 0.3% Triton), then stained for 60 min at RT with CD38 Alexa flour
594 (Biolegend #102725) in wash/stain buffer (PBS, 0.2% BSA, 0.1% triton), washed twice for 5 min, stained with
DAPI (Sigma #28718-90-3) for 5 min, washed again and mounted for imaging with Fluorosave™ Reagent (Millipore #345789).
Images were acquired with an SP5 confocal microscope (Leica) with an 63x oil-immersion objective. For visualization purposes
and to compensate for uneven slide illumination, layer fluorescent intensity was normalized using Imaris Normalize Layers tool.
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Subsequently autofluorescence was filtered from the image by channel subtraction of a deep red autofluorescent channel from APC
signal with Imaris Channel Arithmetics tool. For agarose-embedded tissues, sections were permeabilized for 1 h in PBS supple-
mented with 0.4% Triton X-100 (Sigma-Aldrich) and 3% BSA (Sigma-Aldrich) and preincubated for 1 h in the blocking buffer (PBS
supplemented with 3% BSA). Then tissues were labeled with the appropriate primary and secondary antibodies for 2 h at room
temperature.

Scanning electron microscopy

Cells were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 1 hr (pH 7.4) at room temperature, treated with 1% osmium
tetroxide (Ted Pella Inc) at room temperature for 1 hr, and then dehydrated through a graded ethanol series from 25% to 100%
and dried using a CPD 030 critical point dryer (Bal-Tec AG, Liechtenstein). The surface on which the cells were grown and the
adhesive surface was coated with 5 nm of gold by sputter coating using a SCD005 high-vacuum sputter coater (Bal-Tec AG). The
coated samples were examined with a field emission JSM-6701F scanning electron microscope (JEOL Ltd., United States) at an ac-
celeration voltage of 8 kV using the in-lens secondary electron detector.

QUANTIFICATION AND STATISTICAL ANALYSIS
DEG analyses were performed using the Seurat v3 package (Stuart et al., 2019). All DEGs obtained from tpm/count matrixes were
calculated on normalized values with a logFC threshold of 0.25. Wilcoxon rank sum test was performed to calculate differentially

expressed genes p value. After got the p value, p value adjustment was performed using Bonferroni correction based on the total
number of genes in the dataset and adjusted p value < 0.05 was used as a threshold for statistical significance.
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