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Loss of embryonically-derived Kupffer cells
during hypercholesterolemia accelerates
atherosclerosis development

Rebecca Fima1, Sébastien Dussaud1, Cheïma Benbida1, Margault Blanchet 1,
François Lanthiez 2, Lucie Poupel1, Claudia Brambilla1, Adélaïde Gélineau 1,
Mattia Dessena 1,3, Marina Blanc 1, Cédric Lerévérend 1, Martine Moreau1,
Alexandre Boissonnas 2, Emmanuel L. Gautier1,4 & Thierry Huby 1,4

Hypercholesterolemia is a major risk factor for atherosclerosis and associated
cardiovascular diseases. The liver plays a key role in the regulation of plasma
cholesterol levels and hosts a large population of tissue-residentmacrophages
known as Kupffer cells (KCs). KCs are located in the hepatic sinusoids where
they ensure key functions including blood immune surveillance. However,
how KCs homeostasis is affected by the build-up of cholesterol-rich lipopro-
teins that occurs in the circulation during hypercholesterolemia remains
unknown. Here, we show that embryo-derived KCs (EmKCs) accumulate large
amounts of lipoprotein-derived cholesterol, in part through the scavenger
receptor CD36, and massively expand early after the induction of hypercho-
lesterolemia. After this rapid adaptive response, EmKCs exhibit mitochondrial
oxidative stress and their numbers gradually diminishwhilemonocyte-derived
KCs (MoKCs) with reduced cholesterol-loading capacities seed the KC pool.
Decreased proportion of EmKCs in the KC pool enhances liver cholesterol
content and exacerbates hypercholesterolemia, leading to accelerated ather-
osclerotic plaque development. Together, our data reveal that KChomeostasis
is perturbed during hypercholesterolemia, which in turn alters the control of
plasma cholesterol levels and increases atherosclerosis.

Atherosclerotic cardiovascular disease (ASCVD) and its clinical out-
comes such asmyocardial infarction are a leading cause ofmorbidity
andmortality worldwide. Multiple lines of evidence have established
that hypercholesterolemia, characterized by high concentrations of
cholesterol-rich low-density lipoproteins (LDL)1 and their oxidatively
damaged forms (oxLDL)2, is a leading risk factor in ASCVD. While the
liver and intestine are themajor organs regulating plasma cholesterol
levels, several lines of evidence suggest the immune system could
also participate. Thus, reducing3,4 or increasing5 tissue-resident
macrophage (trMac) numbers associated with plasma cholesterol

elevation or reduction, respectively. Yet, whether a specific trMac
population is primarily involved remains undefined. Though, these
models had in common a modulation in the hepatic trMacs, Kupffer
cells (KCs), arguing for their potential implication in the control of
cholesterolemia.

Located in the hepatic sinusoids, KCs are the largest trMac
population in direct contact with the blood and thus with circulating
lipoproteins. They originate from various progenitor waves during
embryogenesis and maintain by self-renewal independently from cir-
culating monocytes in the steady-state adult liver6–8. However, when
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the embryo-derived KC (EmKC) network is altered during metabolic
dysfunction-associated steatohepatitis (MASH)9–12, excessive intravas-
cular hemolysis13, bacterial14 or parasitic15 infections, bloodmonocytes
can be recruited to the liver and differentiate into KCs. Analysis of how
these monocyte-derived KCs (MoKCs) engraft the liver tissue has
revealed that KCs closely interact with liver sinusoidal endothelial cells
(LSECs), hepatic stellate cells (HSCs) and hepatocytes in order to
acquire their tissue-imprinted signature as well as the signals allowing
them to self-maintain16,17. Aside their undisputable role as an intravas-
cular immune barrier that constantly filters the blood for
pathogens18,19, but also for damaged red blood cells13, KCs have been
recently endowed with activities influencing the liver response to
metabolic diseases such as obesity20 or MASH10.

Here, we evaluated whether KCs homeostasis was altered in the
context of hypercholesterolemia using cholesterol-fed mice deficient
for the LDL receptor gene (Ldlr−/−). Our findings reveal a two-phase
adaptation of the KC pool to plasma cholesterol elevation. In a first
stage, EmKCs adapt to this environmental change by loading large
amount of cholesterol and increasing their tissue density. Then, in a
second phase, EmKCs are gradually lost over weeks and replaced by
MoKCs exhibiting a diminished ability to uptake lipoprotein-derived
cholesterol. To infer the functional consequences of EmKCs replace-
ment by MoKCs, we specifically deleted EmKCs. Replacement of
EmKCs byMoKCs in hypercholesterolemic mice resulted in perturbed
hepatic cholesterol and bile acids homeostasis with decreased activa-
tion of the retinoid X receptors (RXR)/liver X receptors (LXR) pathway
that associated with increased cholesterol content in the liver tissue
and in plasma. Overall, our results support a role for EmKCs in reg-
ulating hepatic metabolic adaptation to hypercholesterolemia.

Results
Embryo-derived Kupffer cells markedly increased shortly after
the induction of hypercholesterolemia
To characterize the potential changes in hepatic leukocyte popula-
tions that occur rapidly after the induction of hypercholesterolemia,
Ldlr−/− micewere subjected to a chow diet enrichedwith 1% cholesterol
(HC diet). After 4 days of HC diet, cholesterolemia raised by 4 times,
reaching approximately 1000mg/dL (Fig. 1A). We then performed a
flow cytometry analysis of common hepatic leukocyte populations in
livers perfused in situ with collagenase. Of note, in situ perfusion was
critical to retrieve KCs under hypercholesterolemia as classical diges-
tion protocols failed. A t-distributed stochastic neighbor embedding
(tSNE) analysis of the cytometry data revealed no major changes
between chow and HC diet conditions, except for KCs. KCs, identified
by their classical marker VSIG4, distributed very differently between
conditions in the tSNE projection (Fig. 1B). To further analyze the
impact of short-term HC diet feeding on KCs, RNA sequencing was
performed on KCs isolated from mice fed a chow or a HC diet for
4 days. This revealedmarked changes in gene expressionuponHCdiet
(Fig. 1C). KEGG pathway analysis on genes up-regulated in the HC-fed
condition showed terms associated with lysosomes and cholesterol
metabolism (Fig. 1D). Highlighted pathways were also suggestive of
intense metabolic activities (metabolism of xenobiotics, arginine bio-
synthesis, drug metabolism, ribosome). Interrogation of the GSEA
Molecular Signatures Database (MSigDB) confirmed such activities
(Xenobiotic, Mtorc1 signaling, Glycolysis) and also revealed the
induction of genes involved in cell cycling (G2m checkpoint, Mitotic
spindle) (Fig. 1D). We then assessed whether the enrichment in path-
ways linked to cell proliferation was associated with increased KC
numbers. Our previous studies have demonstrated that all CLEC2hi

leukocytes observed by flow cytometry in the healthy or diseased liver
identified KCs, including MoKCs that lack TIMD4 expression10. After
4 days of hypercholesterolemia, CD45+ CLEC2+ KCs displayed, similar
to the chow condition, homogeneous cell surface expression for the
EmKCs markers CLEC4F, VSIG4 and TIMD410,21 (Fig. 1E). Thus, all KCs

remain of embryonic origin after 4 days ofHCdiet and EmKCs absolute
numbers increased by 2–3-fold in the HC-fed condition (Fig. 1F).
Increased KC density was confirmed by immunofluorescence micro-
scopy of frozen sections using E-CADHERIN staining to demarcate
periportal regions22 and CLEC4F staining to identify KCs (Fig. 1G). This
led us to assess the proportion of KCs expressing the proliferation
markerKI-67. The results showed approximately a 4-fold increase inKI-
67+ EmKCs inmice fed the HC diet for 4 days as compared to mice fed
the chowdiet (Fig. 1H). A kinetic analysis showed that increased EmKCs
proliferation was already noticeable as soon as 3 days after the start of
HC diet feeding (Fig. S1). Thus, as suggested by our RNA-Seq data, HC
diet-induced hypercholesterolemia increased EmKCsproliferation and
density in the liver of HC diet-fed animals. We next wondered what
drove EmKCs proliferation and focused on colony-stimulating factor 1
(CSF1) that is known to play a critical role in tissue macrophage
maintenance and proliferation16,23. RT-qPCR measurement of Csf1
mRNA expression showed its progressive elevation fromday2 to day4
in the livers of Ldlr−/− mice fed the HC diet (Fig. 1I). Cell sorting of
endothelial (LSECs) and stellate cells (HSCs), themain CSF1-expressing
cells within the liver16, showed that HSCs were the cells that
expressed more Csf1 4-days post-induction of hypercholesterolemia
(Figs. 1J, S2A). DESMIN staining on liver slices also indicated that HSCs
density was increased after 4 days of HC diet in Ldlr−/− mice
(Figs. 1K, S2B), suggesting KC niche adaptation to sustain EmKCs
expansion. Finally, administration of the CSF1R inhibitor PLX3397 to
Ldlr−/− mice during the first 2-days of HC diet feeding fully blocked
EmKCs proliferation and increase in numbers (Fig. 1L). Thus, EmKCs
proliferate and expand shortly after the induction of hypercholester-
olemia in a CSF1R signaling-dependent manner and involving HSCs
activation to provide CSF1.

Massive cellular accumulation of cholesterol occurs in Kupffer
cells following induction of hypercholesterolemia
We next aimed to further characterize the cellular changes occurring
in EmKCs shortly after the induction of hypercholesterolemia (4 days).
As reported above, genes associatedwith cholesterolmetabolismwere
enriched in KCs isolated from hypercholesteremic animals (Fig. 1D).
Thus, we wondered if genes involved in cholesterol biosynthesis were
regulated in KCs after the induction of hypercholesteremia. We per-
formedGene Set Enrichment Analysis (GSEA) using a gene dataset that
include all the major genes involved in cholesterol synthesis. The
analysis revealed a clear downregulation of this pathway in the HC-fed
condition (Fig. 2A). Such expression profile is usually observed
in cholesterol-loaded cells, including foamy macrophages24. Foamy
macrophages are typically found in atherosclerotic lesions and tran-
scriptomic profiles of intimal foamy and non-foamy macrophages
were recently reported25. We thus conducted GSEA using the 250most
up-regulated genes in foamy versus non-foamy macrophages and
revealed a specific enrichment of these genes in EmKCs isolated
from HC-fed Ldlr−/− mice (Fig. 2A). Foamy macrophages found in
atherosclerotic plaques were previously characterized by their high
granularity and elevated intracellular lipid levels as revealed by bodipy
493/503 staining25. Flow cytometry analyses also showed that
hypercholesterolemia specifically elevated granularity (SSC-A para-
meter) in KCs (Fig. 2B) that associated with higher bodipy staining
(Fig. 2C). Thus, KCs expand and accumulate intracellular lipids
shortly after the induction of hypercholesterolemia. Increased
granularity and bodipy staining could be observed also in some other
tissue macrophage populations, such as spleen and kidney macro-
phages, but to a lower extent than in KCs and without changes in
tissue densities of these macrophage populations (Fig. S3). Targeted
lipidomic showed an increase in both free cholesterol (4-fold) and
cholesteryl-esters (CE) (15-fold) in KCs isolated frommice fed the HC
diet as compared to chow-fed controls (Fig. 2D). All CE species
quantified were found elevated in cholesterol-loaded KCs with CE
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derived from the monounsaturated fatty acid oleate (CE 18:1) being
the most prevailing form (Fig. 2D). We then used two-photon laser
scanning microscopy combined with Coherent anti-Stokes Raman
Spectroscopy (CARS) to detect lipids in situ in the liver of Ldlr−/− mice
fed chow and HC diet for 4 days. We observed the presence of
numerous lipid droplets in KCs of hypercholesterolemic mice
(Fig. 2E) and, as expected, larger lipid droplets were also detectable

in hepatocytes under these conditions (Fig. 2E). Lipidomic analysis of
the liver revealed that hepatic cholesterol content raised only by
2-fold after 4 days of hypercholesterolemia, and primarily in the form
of CE (Fig. 2F). Considering both KC numbers and cholesterol-
loading increase following the induction of hypercholesterolemia,
we estimated a 25-fold increase in the amount of cholesterol stored
by the KC population upon HC feeding (Fig. 2G). Nevertheless,
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despite this important increase, the amount of cholesterol stored in
KCswas only amarginal fraction of the total liver cholesterol content
as it was estimated to represent only 0.25%.

Considering the phagocytic nature of KCs, we hypothesized that
cholesterol loading in KCs would result from the uptake of modified
forms of LDL generated upon hypercholesterolemia, as it occurs in
atherosclerotic foamy macrophages. Among the different scavenger
receptors involved in modified LDLs uptake, Cd3626 and Colec1227

were found to be up-regulated in KCs from HC-fed animals (Fig. 2H).
To test the potential involvement of CD36, we administered a CD36
blocking mAbs28 or its isotype control to Ldlr-/- fed the HC diet for 1
day. Blocking CD36 led to decreased KC granularity as well as bodipy
staining (Fig. 2I). Thus, cholesterol loading is, at least partially,
dependent on CD36.

We next sought to exclude the possibility that the changes
observed in KCs were derived from other mechanisms than the
hypercholesterolemic state, such as dietary cholesterol-induced gut
microbiota dysbiosis29. To do so, Ldlr−/− mice were treated with the
selective cholesterol absorption inhibitor ezetimibe while given cho-
lesterol in the diet. A pre-treatment period with ezetimibe before
additionof cholesterol was set up to ensure full activity of the inhibitor
(Fig. 3A). Ezetimibe treatment fully blocked plasma cholesterol eleva-
tion when mice were switched to HC diet (Fig. 3B). As a result, KCs
proliferative response (Fig. 3C), expansion (Fig. 3D) and lipid loading
(Fig. 3E) were abolished, demonstrating that induction of hypercho-
lesterolemia was the only triggering factor.

Altogether, we show that EmKCs are actively mobilized during
hypercholesterolemia and accumulate large amounts of cellular cho-
lesterol, notably through the scavenging of modified forms of
cholesterol-rich LDLs from the bloodstream.

Monocyte-derived KC with reduced cholesterol-loading sustain
the KC pool that contracts during prolonged exposure to
hypercholesterolemia
We next evaluated the consequences of prolonged exposure to
hypercholesterolemia on KCs. Female Ldlr−/−micewere fed the HC diet
for up to 3 weeks and analyzed at different time points during this
period. After the initial expansion of the KCpool observed at day 4, KC
numbers then dropped and stabilized at an intermediate level
(Fig. 4A). As mentioned above, previous works revealed that TIMD4
expression is essentially absent onmonocyte-derived KCs10,21. Here, we
observed that the percentage of CLEC2+ TIMD4− cells among KCs sig-
nificantly raised after 8 days of HC diet feeding (Fig. 4B). By day 21,
approximately 50% of KCs were TIMD4- (Fig. 4C), suggesting that
MoKCs were generated to sustain the KC pool. Absolute cell quantifi-
cation during this time course analysis clearly showed the progressive

engraftment of MoKCs (Fig. 4D). We next generated Ccr2−/− × Ldlr−/−

mice, in which circulating Ly-6Chi monocyte numbers are markedly
reduced30, and showed that CLEC2+ TIMD4− MoKCswere not observed
in these animals when subjected to hypercholesterolemia for 3 weeks
(Fig. 4E). This confirmed the monocytic origin of MoKCs. After the
short expansion phase already described above, we found that EmKCs
decreased overtime, returning to steady state levels after 3 weeks of
HC diet (Fig. 4D). We thus quantified hepatic Csf1 mRNA expression
levels to determine whether the decrease in EmKCs could result from
diminished maintenance signals. Csf1 mRNA expression progressively
increased till day 8 and was then slightly reduced, remaining however
elevatedby 2-fold as compared to the control chowcondition (Fig. 4F).
Thus, the decrease in EmKCs numbers after day 4 is unlikely to be the
consequence of reduced CSF1 amounts available between day 4 and 8
as Csf1 mRNA expression kept rising during this time frame. As pre-
viously noticed in the context ofMASH10, MoKCs also presentedwith a
2–3-fold higher proliferative rate than EmKCs after 3 weeks of HC diet
(Fig. 4G). Thus, increased proliferation could confer an advantage to
MoKCs as compared to their embryonically-derived counterparts in
colonizing the KC niche in the hypercholesterolemic environment. We
then asked whether MoKCs generation kinetics would differ between
females andmales. Thus, changes in KCs homeostasis upon prolonged
hypercholesterolemia were also evaluated in male Ldlr−/− mice
(Fig. S4A). The contractionof the EmKCpool that occurs after the early
proliferative phasewas less abrupt inmales andonly started after day8
(Fig. S4B). In addition,MoKCs engraftment started only after day 8 and
their proportion among the KC pool after 3 weeks of diet was twice as
less than that seen in females (Fig. S4C). Overall, the results obtained
were comparable to thoseobtained in females, albeit slight differences
were noticeable. Having characterized changes occurring to the KC
population, we wondered whether inflammatory monocyte-derived
macrophages (MoDMacs) were also generated in the liver upon
hypercholesterolemia. To do so, we assessed whether we could iden-
tify CD64+ CLEC2− macrophages by flow cytometry. While Ly-6C+

monocytes increased in the liver after 3 weeks of HC diet, very few
MoDMacs could be found (Figs. 4H, S4D). Thus, during prolonged
exposure to hypercholesterolemia, monocytes are progressively
recruited to the liver and differentiate intoMoKCs, but onlymarginally
as inflammatory MoDMacs.

Next, we addressed whether MoKCs properties differed from
EmKCs fed the HC diet for 3 weeks. We noticed that MoKCs exhibited
reduced granularity (Fig. 4I) and intracellular lipid content (Fig. 4J) as
compared to EmKCs in female mice. Similar observations were also
made inmales (Figs. S4E, S4F). A reduction inboth free cholesterol and
all theCE species quantified accounted for thediminished lipid loading
observed in MoKCs (Figs. 4K, S4G). In addition, RT-qPCR analysis

Fig. 1 | Kupffer cell pool rapidly expands in response to induction of
hypercholesterolemia. A Plasma total cholesterol in Ldlr−/−malemice fed a chow
diet (n = 8 mice) or chow diet supplemented with 1% cholesterol (HC) (n = 7 mice)
for 4 days (2 independent experiments combined; ****p <0.0001). B tSNE projec-
tions of identified leukocytes by flow cytometry in livers of chow-fed or HC-fed
Ldlr−/− mice for 4 days. High expression of VSIG4 identifies KCs. C Volcano plot
depicting differentially expressed genes (fold change≥ 1.3 and adjusted p-value≥
0.05 in red) in sortedKCs from liversof chow-fed orHC-fed Ldlr−/−mice for 4 days.
D Pathways enriched inKCs in response to hypercholesterolemia. E Flow cytometry
analysis of KCs and histograms showing the expression of KC markers CLEC4F,
VSIG4 and TIMD4. F KC density in livers of chow- (n = 8 mice) and HC-fed (n = 8
mice) Ldlr−/− male mice for 4 days (2 independent experiments combined;
****p <0.0001). G Representative microscopy images of livers of chow- and HC-fed
(4 days) Ldlr−/− male mice showing expression of CLEC4F (red) and E-CADHERIN
(green). Nuclei (DAPI) are shown in blue. Scale bar = 100μm. Quantification of
CLEC4F+ and DAPI+ cells density in HC-fed (4 days, n = 3) and chow-fed (n = 8)
Ldlr−/− mice (****p <0.0001). H Percentage of KI-67+ cells among CLEC2+ KCs of
chow (n = 10) or HC-fed (n = 8) Ldlr−/− male mice (2 independent experiments

combined; ****p <0.0001). I Fold-change inCsf1 gene expression in livers of Ldlr−/−
malemice fed HC diet for the indicated days (n = 12, 3, 7, 6 and 10mice for day 0, 1,
2, 3 and 4, respectively). Data are expressed relative to day 0 and p values corre-
spond to statistical differences versus day 0 (1-way ANOVA and Dunnett’s multiple
comparison test; 0 vs 3 days: *p =0.04 and 0 vs 4 days: ****p <0.0001). J RT-qPCR
measurementofCsf1mRNAexpression in sortedHSCandLSECcellsofmice fedHC
(n = 3) or chow diet (n = 3). Statistical significance assessed with 2-way ANOVA
(chowHSCs vsHCHSCs: p =0.057).KQuantificationofDESMIN+andDAPI+ cells in
HC-fed (4 days, n = 3) and chow-fed (n = 3) Ldlr−/−mice (**p =0.009). L Percentage
of KI-67+ KCs and KC numbers in Ldlr−/− female mice fed a chow or HC diet for
3 days and treatedwith PLX3397 (CSF1R inhibitor) or vehicle. Statistical significance
tested with 1-way ANOVA and Tukeymultiple comparison test (n = 10, 8 and 9mice
for chow, HC and HC+ PLX respectively; Combined 2 independent experiments;
For KI-67+ KCs, chowvsHCandHCvsHC+PLX: ****p <0.0001 and for KCnumbers,
chow vs HC: **p =0.009 and HC vs HC+ PLX: *p =0.02). All data in this figure are
presented as mean values ± SEM. Statistical significance has been assessed with a
two-sided t-test unless otherwise stated on the corresponding panel legend. Source
data are provided as a Source Data File.
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showed decreased expression of the scavenger receptors Cd36,
Colec12 and Marco, but unchanged expression for Scarb1 and Msr1, in
MoKCs as compared to EmKCs (Fig. 4L). Lower cell surface expression
of CD36 protein in MoKCs was confirmed using flow cytometry
(Fig. 4M). Noteworthy that the lowest CD36 expression was found on
MoKCs that do not express VSIG4 marker, suggesting that CD36 is
progressively acquired during MoKCs maturation (Fig. S4H). Thus, we

sought to functionally assess whether decreased expression of these
scavenger receptors could impact MoKCs ability to uptake modified-
lipoproteins. Bodipy-labeled copper-oxidized LDL (oxLDL) were pre-
pared and injected intravenously to evaluate their uptake by KC sub-
sets in vivo using flow cytometry. We observed that both EmKCs and
MoKCs phagocytized bodipy-labeled oxLDL. Nevertheless, bodipy-
labeled oxLDL uptake was significantly lower in MoKCs than EmKCs
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(Fig. 4N). This was true for VSIG4+ and VSIG4- MoKCs, although the
latter exhibited the lowest capacity to scavengemodified-lipoproteins.
This result was consistent with the respective lipid contents of these
KC subsets, VSIG4- MoKCs exhibiting the lowest (Fig. S4H).

To consolidate our results demonstrating that KCs homeostasis is
perturbated in response to hypercholesterolemia, similar experiments
were repeated in a non-genetically Ldlr deficient mouse model using
liver-directed recombinant adeno-associated viral (AAV)-mediated
gene transfer. Thus, wild-type mice received a single administration
of an AAV vector encoding the gain-of-function form of murine
PCSK9D377Y. PCSK9D377Y-mediated degradation of hepatic LDL
receptors31 resulted in a marked elevation of plasma cholesterol levels
whenmicewere subjected to theHCdiet (Fig. S5A). KCs analysis of HC-
fed AAV-PCSK9D377Y injected mice provided similar results to those
obtained in Ldlr−/− mice. Thus, EmKCs pool markedly increased 4-days
post-induction of hypercholesterolemia. This pool expansion was
associated with a strong proliferative response of EmKCs. Prolonged
exposure to hypercholesterolemia resulted also in the generation of
MoKCs that exhibited a lower lipid-loading capacity as compared to
EmKCs (Fig. S5A). Analysis of spleen and kidney macrophages also
revealed no impact of hypercholesterolemia on their populations, but

moderate lipid loading in spleen macrophages (Fig. S5B). Finally, we
sought to evaluate whether cholesterol ester transfer protein (CETP),
that plays important role inhuman lipoprotein cholesterolmetabolism
and that has been shown to be expressed by macrophages and, KCs in
particular32,33, could affect our observations. Ldlr−/− mice were bred to
humanCETP transgenicmice (mice do not naturally expressCETP) and
fedHC diet for 3 weeks. CETP expression had nomajor impact, and KC
pool homeostasis was similarly remodeled by hypercholesterolemia in
Ldlr−/− mice expressing CETP or not (Fig. S6).

Altogether, these results show that hypercholesterolemia triggers
a specific adaptive response of KCswith two phases. Following amajor
EmKCs pool expansion in response to the early induction of
hypercholesterolemia, the KC pool is then remodeled with a marked
reduction in the number of heavily cholesterol-loaded EmKCs and the
engraftment of MoKCs displaying a decreased capacity to scavenge
modified-LDLs.

Protection of EmKCs from apoptosis diminished MoKCs
engraftment during hypercholesterolemia
Mitochondrial dysfunction and endoplasmic reticulum stress are
important triggers ofmacrophage foamcell apoptosis34–37. In particular,

Fig. 2 | Hypercholesterolemia generates cholesterol-loaded foamy KCs. A Gene
Set Enrichment analysis (GSEA) of the reactome_cholesterol_biosynthesis and
foamy plaque macrophages gene signatures in KC from chow- and HC-fed (4 days)
Ldlr−/− mice using the Phantasus software. The foamy plaque macrophages gene
signaturewas generated from a previously published dataset (GSE116239).BKCs in
HC-fed mice exhibit high granularity (SSC-Ahi) and (C) strongly stain for lipids
(bodipy; n = 8 chow and n = 7 HC; combined 2 independent experiments;
****p <0.0001).DChanges in cholesterol content (*p =0.0115), in cholesteryl-esters
(*p =0.0115) and various CE species in KCs sorted from chow- and HC-fed (4 days)
Ldlr−/−mice (n = 3 chow and n = 4 HC; 1 experiment). E Two-photon laser scanning
microscopy images of the liver of chow and HC-fed (4 days) Ldlr−/− mice.
Numerous lipid droplets (white spots) are detectedbyCoherent anti-Stokes Raman
Spectroscopy (CARS) in TIMD4+ KCs (red; 3D reconstruction bymask rendering on
the right images) and in the hepatocytes (autofluorescence in green) of HC-fed

mice as compared to the chowcondition. Scale bar = 10μm.FCalculated amount of
total cholesterol (**p =0.006) and of free cholesterol (FC) and cholesteryl-esters
(CE) (****p <0.0001) present in the liver of chow- (n = 6 mice) and HC-fed (4 days;
n = 8 mice; 1 experiment) Ldlr−/− mice. G Calculated amount of total cholesterol
(****p <0.0001) and of FC (**p =0.003) and CE (**p =0.003) present in the KC pool
of chow- (n = 3 mice) and HC-fed (4 days; n = 5 mice; 1 experiment) Ldlr−/− mice.
H Heatmap generated from the RNA-Seq depicting the level of expression of sca-
venger receptors in KCs from chow- and HC-fed (4 days) Ldlr−/−mice. I Changes in
the granularity (SSC-A; ***p =0.0002) and lipid content (bodipy; **p =0.005) of KCs
in mice fed HC diet overnight and injected in vivo either with anti-CD36 blocking
antibodies (n = 8) or isotype control antibodies (n = 9) (2 independent experiments
combined). All data in this figure are presented as mean values ± SEM. Statistical
significance has been assessed with a two-sided t-test unless otherwise stated on
the corresponding panel legend. Source data are provided as a Source Data File.

Fig. 3 | Hypercholesterolemia is the only trigger for KCs proliferation, pool
expansionand foamyphenotype. A Experimental plan for ezetimibe treatment to
block intestinal cholesterol absorption. B Feeding ezetimibe to Ldlr−/− male mice
fed HC diet blocked plasma cholesterol elevation (chow vs HC and HC vs HC+ Eze:
****p <0.0001), resulting in (C) no increased proliferation (as determined by KI-67
staining; chow vs HC: ***p =0.0002 and HC vs HC+ Eze: **p =0.004) (D), no

increased pool density (chow vsHC: ***p =0.0008 andHCvsHC+ Eze: **p =0.002),
and (E) no lipid loading (bodipy; chow vs HC and HC vs HC+ Eze: ****p <0.0001) of
KCs. (n = 4, 4 and 3 for chow-, HC- and HC+ eze-fed mice, respectively). All data in
thisfigureare fromone experiment and presented asmean values ± SEM. Statistical
significance tested with 1-way ANOVA and Tukey multiple comparison test. Source
data are provided as a Source Data File.
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modified formsof LDL and accumulation of cellular free cholesterol can
induce the production of mitochondrial reactive oxygen species
(ROS) that generate cellular oxidative stress and damage35,37,38.
We thus sought to determine whether the foamy KCs observed upon
hypercholesterolemia underwent mitochondrial stress. KCs were
stained with the mitochondria-specific ROS indicator Mitosox
and analyzed by flow cytometry. Mitosox fluorescence in EmKCs raised

by 1.6- and more than 3-fold when Ldlr−/− mice were fed the HC diet
for 4 and 21 days, respectively (Fig. 5A), suggesting progressive accu-
mulation of mitochondrial superoxide in EmKCs. At 21 days, mito-
chondrial ROS detection in MoKCs demonstrated significantly less
signal than that measured in EmKCs (Fig. 5B), which might be linked
to the lower amount of intracellular free cholesterol measured in
MoKCs (Fig. 4K).
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We then wondered whether protecting EmKCs from mitochon-
drial stress would influence MoKCs generation. We thus used Cd68-
hBCL239 mice exhibiting enforced expression of the mitochondrial
anti-apoptotic protein BCL2 in the myeloid lineage, including KCs.
Cd68-hBCL2 mice crossed in a Ccr2−/− background were submitted to
low-dose irradiation (3 Gy) and subsequently transplanted with bone

marrow (BM) cells expressing the green fluorescent protein (GFP).
BMGFP-transplanted Ccr2−/− mice served as controls. In this model, the
fate of bone marrow-derived cells can be traced thanks to GFP
expression. These chimeric mice were injected with AAV-PCSK9D377Y to
allow induction of hypercholesterolemia upon HC diet feeding of the
mice (Fig. 5C). After 3 weeks of HC diet, only a small proportion ( < 3%)

Fig. 4 | Long term exposure to hypercholesterolemia generates monocyte-
derived KCs with reduced lipid-loading capacity. A KC numbers before and 4, 8,
13 and 21 days after induction of hypercholesterolemia (0 vs 4 days: ****p <0.0001
and 0 vs 13 days: *p =0.04). B Representative flow cytometry of CLEC2+ TIMD4-
KCs during prolonged exposure of themice to hypercholesterolemia. C Frequency
of CLEC2 + TIMD4- KCs (0 vs 8 days: **p =0.0015, 0 vs 13 days: ***p =0.0001 and 0
vs 21 days: ****p <0.0001).D EmKCs andMoKCs numbers before and at 4, 8, 13 and
21days after inductionof hypercholesterolemia (PanelsA,C andD: n = 9, 8, 5, 4 and
8 mice for experimental points 0, 4, 8,13, and 21 days; 2 independent experiments
combined) (1-way ANOVA and multiple comparison test; EmKCs: 0 vs 4 days:
****p <0.0001;MoKCs: 0 vs 8 days: **p =0.0013, 0 vs 13 days: ***p =0.0002 and 0 vs
21 days: ****p <0.0001). E Representative FACS plots showing TIMD4- cells among
CLEC2 +KCs in Ldlr−/− and Ccr2−/− x Ldlr−/− female mice subjected to hypercholes-
terolemia for 3 weeks. F Fold-change in Csf1 expression (normalized to day 0) in
livers of Ldlr−/−mice fed HC diet (n = 5, 4, 4, 4 and 4 mice for day 0, 4, 7, 13 and 21,
respectively; 1-way ANOVA andmultiple comparison test; 0 vs 4 days: *p =0.026, 0
vs 8 days: ****p <0.0001, 0 vs 13 days: *p =0.043 and 0 vs 21 days: **p =0.007).
G Percentage of KI-67+ cells among EmKCs and MoKCs in HC-fed female Ldlr−/−

mice for 3 weeks (***p =0.0007). H Ly6C+ monocytes and MoDMacs in livers of
Ldlr−/− mice fed chow (n = 4) or HC diet (n = 4) for 21 days. (Holm-Sidak multiple
comparison test; Chow vs HC: Monocytes **p =0.002 and MoDMacs **p =0.006).
I Granularity (****p <0.0001) and (J) lipid content (****p <0.0001) of EmKCs and
MoKCs of mice (n = 9) fed HC diet for 3 weeks. K Lipidomic analysis of sorted
EmKCs and MoKCs of mice fed HC diet for 3 weeks (n = 3 mice; Chow vs HC, FC:
*p =0.04 and CE: ***p <0.001). L Heatmap of scavenger receptors mRNA expres-
sion in sorted EmKCs and MoKCs from Ldlr−/−mice after 3 weeks of HC diet (n = 4
mice).M CD36 expression (ΔMFI = CD36 MFI minus MFI of non-stained cells) on
EmKCs andonVSIG4− andVSIG4+MoKCs at 3weeks ofHCdiet (n = 4mice) showing
lower expression on VSIG4− MoKCs (**p =0.009). N FITC MFI (bodipy) for EmKCs
and for VSIG4- and VSIG4+ MoKCs after injection of oxidized-LDL labeled with
bodipy or not (1-way ANOVA; 2 independent experiments combined; EmKCs vs
VSIG4+ MoKCs: *p =0.031 and EmKCs vs VSIG4− MoKCs: ***p =0.0008). All data in
this figure are presented as mean values ± SEM. Statistical significance has been
assessed with a two-sided t-test (or multiple t-tests) unless otherwise stated on the
corresponding panel legend. Source data are provided as a Source Data File.

Fig. 5 | Protection of EmKCs from mitochondrial apoptosis limits MoKCs
generation during hypercholesterolemia. A Generation of mitochondrial ROS
determinedbymitosox staining inEmKCsofLdlr−/− femalemice fedchow (n = 5) or
HC diet for 4 (n = 4) or 21 days (n = 4). Statistical significance tested with 1-way
ANOVA and Tukey multiple comparison test (Chow vs HC4: *p =0.025, Chow vs
HC21: ****p <0.0001 and HC4 vs HC21: ****p <0.0001). B Comparative mitosox
staining between EmKCs and MoKCs of Ldlr−/− female mice fed HC diet 21 days
(n = 4mice, **p =0.0012). C Experimental strategy to track the fate ofmonocytes in
hypercholesterolemic chimeric mice with apoptosis-resistant EmKCs.

D Representative flow cytometry analysis showing the contribution of monocyte-
derived (GFP+) cells to EmKCs and MoKCs. E Frequency of MoKCs (***p =0.0009)
and (F) absolute numbers of GFP+ MoKCs (*p =0.018) in female Ccr2−/− (n = 6
mice) andCd68-hBcl2 xCcr2−/− (n = 6mice) chimeras fed theHCdiet for 3weeks (2
independent experiments combined). All data in this figure are presented as mean
values ± SEM. Statistical significance has been assessed with a two-sided t-test
unless otherwise stated on the corresponding panel legend. Source data are pro-
vided as a Source Data File.
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of EmKCs expressed GFP (Fig. 5D) in agreement with their embryonic
origin, radioresistance andmaintenance independent from circulating
monocytes. GFP+ EmKCs may correspond to the few MoKCs that
acquired TIMD4 expression with time, as previously reported10,21,40.
By contrast, more than 60% of MoKCs were GFP+ and thus derived
from GFP+ donor cells. The remaining GFP− MoKCs most likely corre-
sponded to the few host-derived MoKCs (5–6% of the KC pool at the
steady-state, Figs. 4C, S4C) that proliferated together with the KC pool
early after HC diet feeding. The overall frequency of MoKCs was
decreased by 2-fold in Cd68-hBCL2 x Ccr2−/− recipient mice (Fig. 5E).
This was also observed for absolute numbers of MoKCs, whereas
EmKCs numbers were increased (Fig. S7). Finally, quantification of
GFP+MoKCsdemonstrateddiminished amount inCd68-hBCL2xCcr2−/−

recipient mice (Fig. 5F). Altogether, these results lend support to the
conclusion that protection of EmKCs from cell death, and potentially
as a consequence of mitochondrial oxidative stress, limits the
recruitment and engraftment of MoKCs under hypercholesterolemia.

Reducing EmKCs numbers raises cholesterolemia and accel-
erates atherosclerosis
We finally sought to investigate the potential consequences of
decreasing EmKC numbers during hypercholesterolemia. To this aim,
we crossed Ldlr−/− mice to Cd207-DTR animals in which diphteria toxin
(DT) administration leads to depletion of EmKCs as previously
shown10. Micewere injected either with DT or heat (boiled)-inactivated
DT (bDT) and then fed the HC diet for 8 days (Fig. 6A). Total KC
numbers were similar in both groups after 8 days of HC diet (Fig. 6B).
However, DT administration substantially reshaped the KC pool with
diminished EmKC counts and a concomitant increase in MoKCs
numbers (Fig. 6C). Thus, while few MoKCs were detectable in the bDT
group, MoKCs represented about 60% of the KC pool in DT-treated
animals (Fig. 6D). As reported above, recruited MokCs were less lipid-
loaded than EmKCs in both bDT and DT-treated mice (Fig. 6E).
Importantly, both groups exhibited similar counts of Ly-6C+ mono-
cytes and neutrophils (Fig. 6F), confirming previous observations that
DT administration did not create chronic inflammation10,21. In parallel
to the increased intracellular lipid content observed in the KCs of
DT-treated animals (Fig. 6E), we found that plasma cholesterol con-
centrations were significantly more elevated in these mice (Fig. 6G).
This effect could not be explainedby increased lipoprotein production
(as very low-density lipoproteins, or VLDLs) by the liver of DT-treated
mice, as VLDL secretion rates were comparable in both groups
(Fig. 6H). However, plasma cholesterol elevation was undoubtedly
associated with EmKCs depletion and not DT off-target activity as DT-
treated Ldlr−/− mice fed the HC diet for 8 days did not display elevated
cholesterolemia (Fig. S8A). We then assessed whether similar obser-
vations could be donewhen theHCdietwas administered for 8 days to
Cd207-DTR x Ldlr−/− mice that received DT and then underwent a
3 weeks recovery period (Fig. S8B). This set up allows the KC pool to
reconstitute before inducing hypercholesterolemia. In this context,
EmKC numbers were also found decreased in DT-treated animals and
MoKCs counts markedly increased (Fig. S8C). Total KC numbers was
similar in both conditions (Fig. S8D) but MoKCs represented 40% of
the KC pool in DT-treated mice (Fig. S8E). Again, no overt sign of
inflammation was observed upon DT treatment (Fig. S8F). In this sce-
nario, we observed that plasma cholesterol levels were also more ele-
vated in DT-treated animals (Fig. S8G). To evaluate the long-term
consequences of EmKCs replacement by MoKCs, Cd207-DTR × Ldlr−/−

femalemice administered DT or bDT were fed the HC diet for 4 weeks
(Fig. 6I). Total KCnumberswere slightly diminished inDT-treatedmice
as compared to bDT-treated controls (Fig. 6J). This was primarily due
to a marked decrease in EmKC counts as MoKCs numbers were found
comparable to the bDT-treated controls (Fig. 6K). MoKCs represented
60% of the KC pool in bDT-treated Cd207-DTR × Ldlr−/− female mice
(Fig. 6L), as observed in Ldlr−/− female mice under prolonged

hypercholesterolemia (Fig. 4C). This proportion raised to 84% in DT-
treated animals (Fig. 6L). Consistent with our previous observations
that macrophage populations other than KCs are not targeted in
Cd207-DTR mice10, we observed no change in spleen or kidney mac-
rophage populations 4weeks after DT administration (Fig. S8H). Blood
monocytes and neutrophils also did not differ between DT- or bDT-
treated mice (Fig. S8I). Thus, even after several weeks of hypercho-
lesterolemia EmKCs were unable to reconstitute their pool after DT
treatment and remain lower in DT-treated mice. Consistent with our
findings after 8 days of HCdiet feeding, cholesterolemiawas alsomore
elevated in DT-treated mice after 4 weeks of diet (1194mg/dL vs
913mg/dL in the bDT group, p =0.0009) (Fig. 6M). As the liver plays a
key role in regulating plasma cholesterol levels, RNA-Seq was per-
formed on livers of these bDT and DT-treated mice. Transcription
factor enrichment analysis (CHEA) revealed that many of the down-
regulated genes (FC ≥ 1.3) were putative target genes of RXR, LXR and
PPARα (based on the use of the ChIP-seq liver mouse dataset
GSE3526241) (Fig. 6N), all nuclear receptors known for their pivotal
roles in the transcriptional control of lipid and bile acid metabolisms.
KEGG pathway analysis performed on the differentially expressed
genes highlighted bile secretion pathway (Fig. S8J). Thus, lipidomic
analysis on liver and feceswere conductedand confirmeddifferences in
cholesterol and bile acids contents between the two groups (Fig. 6O-S).
Notably, DT-treated mice exhibited elevated content of cholesterol
biosynthesis intermediates (squalene, lanosterol, lathosterol and des-
mosterol) (Fig. 6O). Liver free cholesterol and cholesteryl-esters were
also increased in DT-treated animals as compared to bDT-treated
controls (Fig. 6O). Then, if liver overall primary and secondary bile acid
pools were not significantly different between the two groups of mice,
some bile acid species such as cholic acid or α-muricholic acid were
found increased in DT-treated mice (Fig. 6P). Noteworthy, that these
changes were not associated with more liver suffering as measured by
plasma ALT levels (Fig. 6Q). Changes in hepatic cholesterol and bile
acids contents in DT-treated mice also associated with increased pri-
mary and secondary bile acids excretion in feces (Fig. 6R), but not of
cholesterol (Fig. 6S). Altogether, this shows that transcriptional con-
trol of cholesterol and bile acids metabolism is rewired in the liver of
mice exhibiting decreased EmKCs numbers, affecting cholesterol and
bile acids recycling. These results led us to examine whether these
changes transposed into increased susceptibility to atherosclerosis.
Quantification of atherosclerosis in the aortic sinus revealed a 1.5-fold
increase in intimal atherosclerotic lesions in DT-treated Cd207-
DTR × Ldlr−/− female mice (Fig. 6T). This experimental protocol was
also conducted in male mice and provided similar observations.
Notably, DT-treated Cd207-DTR × Ldlr−/− males exhibited significantly
reduced EmKC numbers and elevated hypercholesterolemia (Fig. S8K)
that associated with larger atherosclerotic lesions (Fig. 6T). Finally, we
could demonstrate that these effects were long lasting since similar
results were also observed in females after 2 months of HC diet
(Figs. 6U, S8L). Thus, loss of EmKCs and their subsequent replacement
by MoKCs associates with an altered metabolic adaptation of the liver
to hypercholesterolemia that further aggravates it and promotes
accelerated development of atherosclerosis.

Discussion
The consequences of hypercholesterolemia on the retention of LDL
lipoproteins in focal areas of the arterial tree with their engulfment
by macrophages to form lipid-laden foam cells have been studied for
decades as an early event in the formation of atherosclerotic lesions.
Here, our work demonstrate that hypercholesterolemia also leads to
the generation of heavily cholesterol-loaded Kupffer cells in the liver.
We also showed that EmKCs homeostasis is perturbated with a first
stage of expansion early after the induction of hypercholesterolemia
followed by their impaired maintenance and the engraftment
of monocyte-derived KCs while hypercholesterolemia becomes
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chronic. In addition, the present study lends support for a metabolic
function of EmKCs in contributing to cholesterol homeostasis and
atherosclerosis development in the context of hypercholesterolemia.

The study of the initial response of EmKCs to elevation of plasma
LDL-cholesterol concentration demonstrated a remarkable adaptation
of the pool that expanded in both male and female mice. Tran-
scriptomic analysis and KI-67 staining revealed that EmKC expansion

was due to increased proliferation. We noticed an increase in liver Csf1
mRNA expression and a CSF1R inhibitor blunted EmKCs proliferation,
strongly supporting a major role for the CSF1-CSF1R axis. More spe-
cifically, increased hepatic Csf1 gene expression was due to hepatic
stellate cells (HSCs) that we showed expressed more Csf1 and were
more numerous. Thus, the adaptative response of KC to hypercho-
lesterolemia relies also on adaptation of its niche, and notably HSCs
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with which they are in close contact16. Whether HSCs activation is a
direct response to hypercholesterolemia, ormore likely, implies a two-
cell circuit42 in which HSCs would respond to growth factors produced
by activated KCs to secrete more CSF1 and maintain a stable HSC-KC
ratio will have to be further explored.

After this rapid increase in EmKCs density, we then observed a
progressive contraction of the KC pool. The continuous increase in
Csf1 expression overtime did not suggest that EmKCs contraction was
due to a limitation in the amount of local CSF1 available to sustain
EmKCs maintenance. Rather, excessive cholesterol loading of EmKCs
may have contributed to decrease their survival capacity. Our lipi-
domic analyses revealed that, while liver tissue increased its choles-
terol content in the form of non-toxic esterified forms of cholesterol,
EmKCs accumulated large amount of both free cholesterol and
cholesteryl-esters. Excess free cholesterol in macrophages is a potent
inducer of their death. Indeed, macrophage free-cholesterol loading
has been reported to induce apoptosis, notably by triggering endo-
plasmic reticulum (ER) stress43 but also by increasing mitochondrial
oxidative stress and dysfunction38. The progressive increase in mito-
chondrial ROS we observed in EmKCs during HC diet feeding would
concur to such scenario. In addition, the involvement of CD36 in
EmKCs lipid loading suggested that cholesterol loading is driven by the
uptake of modified lipoproteins under hypercholesterolemia. This
would notably corroborate a recent study showing KCs avidity for
APOB-containing lipoproteins in the context of atherogenic
dyslipidemia44. CD36 has been linked to atherosclerosis through its
recognition of modified endogenous ligands, including oxidized-
LDL45. Macrophage uptake of such atherogenic lipoproteins potently
induces ER stress andmitochondrial oxidative stress34–36, and can even
lead to macrophage apoptosis in a CD36-dependent pathway34. Thus,
under hypercholesterolemic conditions, EmKCs could suffer similar
cellular stresses than those operant in lesional macrophages in ather-
osclerotic plaques.

Loss of EmKCs in depletion models10,17,21, in pathological contexts
whereby EmKCs are challenged10–15 or through genetic invalidation of
critical genes for KCs survival17,46 have been shown to create niche
availability and the engraftment of monocyte-derived KCs. This also
occurs in condition of hypercholesterolemia as MoKCs started to
progressively emerge when EmKC numbers diminished after the early
proliferative phase. The accelerated and stronger loss of EmKCs in
females as compared to males also coincided with a more rapid and
larger generation of MoKCs in females. It was proposed that niche
accessibility and niche availability were the predominant factors for
the engraftment of monocytes in a restricted number of niches per

organ47. The fact that almost no MoKCs were generated in Ccr2−/− ×
Ldlr−/− mice strongly suggests that signals of niche accessibility require
an operant CCL2-CCR2 axis in this pathological hypercholesterolemic
context. Nonetheless, such signaling can be overcome if the niche is
brutally emptied as demonstrated in acute depletion models carried
on the Ccr2−/− background16. Protecting cholesterol-loaded EmKCs
from death through enforced hBCL2 gene expression, thus limiting
niche availability, supported also the proposed niche concept as
we observed less recruitment of MoKCs in hypercholesterolemic
Cd68-hBCL2 chimeric mice. These data also suggested that loss
of cholesterol-loaded EmKCs upon prolonged exposure to hypercho-
lesterolemia was likely linked to mitochondrial-related stress. Such
cellular stress could be partially relieved by overexpression of the
mitochondrial membrane BCL2 protein that blocks the apoptotic
death pathway.With this inmind, reduced cholesterol uptake capacity
concomitant to diminished mitochondrial ROS in recruited MoKCs
could confer a competitive advantage to these cells over cholesterol-
overloaded EmKCs for niche occupancy. Notwithstanding that
MoKCs exhibited a higher proliferative state as compared to EmKCs, as
previously reported during MASH10.

MoKCs have been shown to activate gene expression patterns and
display phenotypic characteristics similar to those of EmKCs16,21.
Nevertheless, specific transcriptomic differences have also been
reported between the two cell types10,13,21, and functional differences
were also highlighted21,48. In the context ofMASH, we recently revealed
that EmKCs were protective over MoKCs to limit liver damage10. Here,
in the context of hypercholesterolemia, our study adds further sup-
port to a beneficial role of EmKCs as compared to MoKCs. Indeed, we
observed that both hepatic cholesterol content and circulating con-
centrations of cholesterol were increased when MoKCs replaced
EmKCs in HC-fed and DT-treated Cd207-DTR × Ldlr−/− mice. On the
basis of our transcriptomic analysis, reduced LXR and RXR signaling in
livers of DT-treated mice provides a potential explanation for such
effects. Indeed, liver-specific deletion of either Lxra49 or Rxra50 in mice
results in altered processing and elimination of dietary cholesterol
with marked cholesteryl-esters accumulation in their livers and high
plasma cholesterol levels when challenged with cholesterol-rich diets.
Moreover, excess dietary cholesterol is normally managed by
increasing bile acid production and subsequent fecal elimination, a
process in which LXR plays an important role51. We observed specific
modulation of hepatic bile acids pool composition, while fecal bile
acids content, but not fecal cholesterol, were increased in HC-fed and
DT-treated mice, suggesting altered bile acid and cholesterol recy-
cling. LXRs (LXRa and LXRb) formobligate heterodimerswith RXR and

Fig. 6 | Loss of EmKCs increases hypercholesterolemia and favors athero-
sclerosis development. A Experimental strategy used to deplete EmKCs in the
context of hypercholesterolemia (n = 7mice for bDTand n = 6mice forDT).BTotal
KC and (C) EmKCs (****p <0.0001) and MoKCs (***p =0.0002) numbers in livers of
Cd207-DTR × Ldlr−/−malemice after 8 days of HCdiet and injected either with bDT
or DT. D Percentage of MoKCs (****p <0.0001), E bodipy staining of EmKCs
(*p =0.049) and MoKCs (*p =0.034), F numbers for liver monocytes and neu-
trophils, and (G) plasma cholesterol concentrations after 8 days HC diet feeding (1
independent experiment; **p =0.0033). H Hepatic production of VLDLs in Cd207-
DTR × Ldlr−/− mice 8 days post-injection of DT (n = 5) or bDT (n = 5) and HC diet
feeding (2 independent experiments combined). Plasma triglycerides (TG) were
measured overtime after p407 injection (intravascular lipolysis inhibition).
I Experimental strategy. J Total KC (*p =0.044) and (K) EmKCs (**p =0.0027) and
MoKCs numbers in livers of Cd207-DTR × Ldlr−/− female mice after 4 weeks of HC
diet and injected either with bDT (n = 9) or DT (n = 9) (2 independent experiments
combined). L Percentage of MoKCs (****p <0.0001) and (M) plasma cholesterol
concentrations (***p =0.0009) after 4 weeks HC diet feeding. N The list of sig-
nificantlydownregulated genes (RNA-Seq) in livers of DT-treatedmice as compared
to bDT-treated controls was submitted to Enrichr for transcription factor enrich-
ment analysis (ChEA_2022). O Heat map showing fold-changes in cholesterol

biosynthesis intermediates in livers of DT-treatedmice (n = 9) as compared to bDT-
treated animals (n = 9). Differences in cholesterol (*p =0.048) and cholesteryl-
esters liver (*** < 0.001) concentrations between the two-groups are shown. P Liver
content in primary (I) and secondary (II) bile acids. Fold-change for specific I and II
bile acids species in livers of DT-treated mice (n = 5) as compared to bDT-treated
(n = 5) animals provided as a heat map. Q Hepatic damage (ALT) in Cd207-
DTR × Ldlr−/− female mice injected with bDT (n = 10) or DT (n = 11) (2 independent
experiments combined) after 4 weeks of HC diet feeding. R Bile acids (I BA:
*p =0.043 and II BA: *p =0.032) and (S) cholesterol contents in feces for both
groups (n = 6 in each group) were also determined. T Representative images of
atherosclerosis in the aortic root of Cd207-DTR × Ldlr−/−mice after 4 weeks of HC
diet and injected either with bDT or DT. Lipid lesions were quantified by ORO
staining in female (n = 6 in each group; 2 independent experiments combined;
**p =0.008) and male mice (DT, n = 9 and bDT, n = 11; 4 independent experiments
combined; *p =0.013). U Plasma cholesterol (*p =0.05) and arterial lipid lesions
(*p =0.05) of Cd207-DTR × Ldlr−/− female mice after 2 months of HC diet and
injected either with bDT (n = 7) or DT (n = 7) (2 independent experiments com-
bined). All data in this figure are presented as mean values ± SEM. Statistical sig-
nificance has been assessedwith a two-sided t-test (ormultiple comparison t-tests).
Source data are provided as a Source Data File.
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function as important regulators of cellular sterol homeostasis52.
LXR/RXR heterodimer can be activated by ligands for either partner,
and notably oxysterols and desmosterol for LXRs. Thus, decreased
activation of LXR/RXR target genes in the liver of DT-treated mice
with less EmKCs and more MoKCs could imply diminished hepatic
availability of such ligands (in particular oxysterols as desmosterol is
poorly active in hepatocytes53). Noteworthy that uncoupling of LXR
activation with reduced oxysterols availability in a context of
increased hepatic cholesterol content has been reported earlier in
condition of hepatic regeneration54. Here, whether EmKCs contribute
to hepatic cholesterol metabolism adjustment to hypercholester-
olemia by providing LXR ligands to hepatocytes andwhetherMoKCs,
with a diminished capacity to scavenge circulating oxidized-lipo-
proteins, might not be as effective as EmKCs to provide such ligands,
remain to be established.

Our data also highlight the possibility that the actual develop-
ment of nanoparticle-based therapeutic strategies to target macro-
phages within atherosclerotic lesionsmay also present a great deal of
interest to preserve KCs homeostasis and function in the liver of
hypercholesterolemic patients. In that respect, it would be highly
relevant to assess in preclinical models the beneficial actions on KCs
of nanoparticle-mediated delivery of functional miRNA55,56 or syn-
thetic LXR agonists57,58 that have been shown to promote cholesterol
efflux from foamymacrophages, or alternatively, nanoparticle-based
approaches to scavenge ROS59.

In summary, we have demonstrated that EmKCs are progressively
lost and replaced by MoKCs during hypercholesterolemia, which in
turnmay further exacerbate hypercholesterolemia and atherosclerosis
development.

Methods
Mice and treatments
Animalprocedureswere reviewed andapprovedby theCharlesDarwin
ethics committee on animal experimentation (project approval #16734
& 46344) and were performed in accordance with the French ministry
of agriculture. This investigation conformed to the European directive
2010/63/EU revising directive 86/609/EEC on the protection of ani-
mals used for scientific purposes.

Animals were on a C57BL/6 J background. UBC-GFP (C57BL/
6-Tg(UBC-GFP)30Scha/J) mice, Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J) mice,
CETP transgenic (B6.CBA-Tg(CETP)5203Tall/J), homozygous Cd207-
DTR (B6.129S2-Cd207tm3(DTR/GFP)Mal/J) mice and Ldlr−/−
(B6.129S7-Ldlrtm1Her/J) mice were from the Jackson Laboratory.
Ldlr−/− were bred in-house to Ccr2−/−, CETP and Cd207-DTR animals.
Cd68-hBCL2 mice previously generated by our team39 were bred in-
house to Ccr2−/− animals. The mice were housed in standard cages
with a 12-h light-dark cycle, at 21 °C ambient temperature and with ad
libitum access to water and food. Hypercholesterolemia was induced
in Ldlr−/− mice by feeding the animals with a chow diet (SAFE A04,
Augy, France,) containing 1% cholesterol (HC diet). For studies with
ezetimibe, the animals were fed with powdered chow diet (SAFE A04)
supplemented or not with 0.005% ezetimibe for 4 days and then
switched to powdered chow or HC diets supplemented with 0.005%
ezetimibe (Bertin Pharma, France) for 4 days. For confirmatory studies
in hypercholesterolemic mice via overexpression of PCSK9, C57BL/6 J
mice were administered intravenously 1011 vector genome copies of
a recombinant adeno-associated virus pAAV9-TBG_D377YmPcsk9
encoding the gain-of-function form of murine PCSK931 under the
liver specific control of the TBG promoter (virus production by
VectorBuilder Inc, USA). For CSF1R blocking experiments, 100mg/kg
of PLX3397 or vehicle (0.5% HPMC, 1% Tween 80, 2.5% DMSO) was
given to mice by gavage every day from day 0 to day 2 of HC diet
feeding. Mice were euthanized and analyzed on day 3. For hepatic
VLDL-triglycerides (TG) production experiments, mice were fasted for
4 h and injected i.p. with Poloxamer-407 (Sigma) in saline at the

optimal dose of 1 g/kg60. Immediately prior to injection, and at 0.5, 1, 2,
and 4 h following injection, blood samples were drawn for plasma TG
concentration measurements by commercial kits (Diasys).

Plasma, cell-sorted and tissue lipid analyses
Bloodwas collected on anesthetizedmice by retro-orbital bleeding in
tubes containing EDTA. Plasma was stored at −80 °C. Plasma alanine
aminotransferase (ALT) activity was determined on a Indiko™ Plus
Clinical Chemistry Analyzer (Thermo Fisher Scientific) using a com-
mercial kit (ALAT/GPT; Thermo Fisher Scientific). Plasma total
and free cholesterol levels were determined using commercial kits
(Diasys). Quantification of cholesterol and cholesteryl ester species
in sorted cells or liver tissue was performed by LC-ESI/MS/MS using a
Prominence UFLC and a QTrap 4000 mass spectrometer (ICANaly-
tics core facility of the institute of Cardiometabolism and Nutrition
(IHU-ICAN, ANR-10-IAHU-05). Cell pellets or liver tissues resus-
pended in methanol 70% and homogenized were supplemented with
internal standards: CE(18:1)_d7 and cholesterol_d7. Lipids were
extracted according to a modified Bligh and Dyer method in
methanol/CHCl3 (2:1) andHCl 0.01 N. Phase separationwas triggered
by addition of CHCl3 and H2O. The lower phase was dried and
resuspended in LC/MS compatible solvent. Samples were injected to
a Ascentis C18 column. Mobile phase A consisted of ACN/H2O
(60:40), 10mM ammonium formate, 0.1% formic acid and mobile
phase B of ISP/ACN (90:10), 10mM ammonium formate, 0.1% formic
acid. Lipid species were detected using scheduled multiple reaction
monitoring (sMRM). For bile acids quantification, dried feces or liver
samples were homogenized in water and, then volumes equivalent to
10mg of sample were supplemented with deuterated internal stan-
dards. 7 volumes of cold acetonitrile were added for protein pre-
cipitation. After centrifugation, the upper phases were collected,
dried and resuspended in methanol/water (50:50). Samples were
injected to anAscentis ExpressC18 columnandbile acids analyzed by
LC-ESI/MS/MS using a Prominence UFLC and a QTrap 4000 mass
spectrometer. Mobile phases consisted of water and acetonitrile
containing 0.1% formic acid. Bile acids were detected using sMRM in
the negative-ionmode. Cholesterol content in feceswasmeasuredby
GC-MS. Homogenized feces in water were supplemented with deut-
erated sterols. Esterified sterols were saponified with KOH (0.5 N) in
methanol for 20mins at 60 °C. After addition of H2O, sterols were
extracted with hexane. Total sterols were derivatized with BSTFA/
TMCS (90:10) for 1 h at 80 °C. For GC-MS analysis, samples were
injected on a 0.25 µm DB-5MS capillary column (250 °C in split
mode). Cholesterol quantification was done on a single quadripole
using electronic ionization.

Cell suspensions preparation for leukocytes analysis
Mice were euthanized by cervical dislocation. Immediately after, livers
were perfused through the portal vein with 1mL of PBS, followed by
2mL (1.5ml/min) perfusion with HBSS containing collagenase D
(0.2mU/mL, Sigma). Livers were removed and incubated for 30min at
37 °C under gentle agitation with HBSS containing collagenase D
(0.2mU/mL, Sigma) and fetal bovine serum (3%). Cell suspensions
were passed through a 100 µm cell strainer before staining. All sub-
sequent procedures were performed on ice. Spleens, lungs and kid-
neys were harvested from PBS-perfused animals and digested in HBSS
containing collagenase D (0.2mU/mL, Sigma). For isolation of lamina
propria leukocytes, freshly harvested intestines were quickly washed
in PBS, opened, and cut into smaller pieces. To remove epithelial cells,
samples were placed into 40mL of PBS (without calcium and magne-
sium) containing glucose (1 g/L), HEPES (10mM), EDTA (5mM), fetal
bovine serum (5%), and dithiothreitol (0.5%), and incubated for 30min
at 37 °C under agitation. After cells were washed (5 times), samples
were chopped with scissors and placed in a digestion solution of HBSS
(with calcium andmagnesium), fetal bovine serum (3%), collagenase D
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(1.25mg/mL, Sigma-Aldrich) and DNase (10U/mL, Sigma-Aldrich).
After 30min at 37 °C, cell suspensions were passed through a 18G
needle before filtration on a 70μm filter before staining.

Flow cytometry
Cell suspensions were first pre-incubated with anti-mouse CD16/32
antibody (93, biolegend) for 20mins to block Fc receptors. Cells were
stained for 30minon ice: antibodies usedwere Ly-6C (HK1.4; # 128012,
BioLegend), Ly-6G (1A.8, #127648, BioLegend), VSIG4 (NLA14,
#25-5752-82, ThermoFisher Scientific), CLEC4F (Polyclonal Goat IgG,
#AF2784, R&D systems), TIMD4 (RMT4-54, #130008, BioLegend),
CLEC2 (17D9, #146104, BioLegend), KI-67 (B56, #561277, BD Bios-
ciences), TCRb (H57-597, # 17-5961-81, ThermoFisher Scientific, CD8a
(53-6.7, #61-0081-82, ThermoFisher Scientific), B220 (RA3-6B2,
#103206, Biolegend), MHC-II (M5/114.15.2, #107608, Biolegend), Nk1.1
(PK136, #108704, Biolegend), CD4 (RM4-5) BV711, Cat#100557, Biole-
gend), CD115 (AFS98, 135505, Biolegend), F4/80 (BM8, #123110,Biole-
gend), CD170 (S17007L, #155506, Biolegend), CD73 (TY/11.8, #127220,
Biolegend), CD140a (APA5, #135910, Biolegend), CD61 (2C9.G2,
# 104322, BioLegend), CD31(390, #102418, BioLegend), CD64 (X54-5/
7.1, #139303 and #139306, BioLegend), CD45 (30-F11, #103154,
BioLegend), CD11c (N418, #117334, and #117310, BioLegend), CD11b
(M1/70, #48-0112-82, ThermoFisher Scientific), and CD36 (CRF D-2712,
#565094, BD Biosciences). Draq7 (BioLegend) was used to exclude
dead cells. Intracellular KI-67 staining was performed using the
Foxp3 staining kit from Thermo Fisher Scientific. Bodipy
493/503 staining was performed on cells fixed using the Cytofix/
CytopermTM kit from BD Biosciences. Mitosox staining was performed
before extracellular staining according to manufacturer’s instructions
(MitoSOX™ Red Mitochondrial Superoxide Indicator, Thermo Fisher
Scientific). To determine absolute cell counts, a fixed quantity of non-
fluorescent beads (10,000 10-μm polybead carboxylate microspheres
from Polysciences) was added to each sample tube. The following for-
mula was applied: number of cells = (number of acquired cells ×
10,000) / (number of acquired beads). The final cell counts were
expressed as the number of cells per mg of tissue. Data were acquired
on aBDLSRFortessaflowcytometer (BDBiosciences) and analyzedwith
FlowJo software (Tree Star). The dimensionality reduction algorithm
tSNE (t-Distributed Stochastic Neighbor Embedding) was run using the
plugin integrated in FlowJo. KCs (EmKCs CD45+CLEC2+TIMD4+CD31−
and MoKCs CD45+CLEC2+TIMD4−CD31−) cell sorting were performed
on a BD FACSAria II cell sorter. For cell sorting of hepatic stellate cells
(HSCs, CD45−CLEC2−CD31−UVhighCD73+PDGFRa+) and of liver sinusoidal
endothelial cells (LSECs, CD45−UV−CLEC2+CD31+CD61+), livers were cut
into small pieces with scissors, homogenized using a gentelMACS dis-
sociator (Miltenyi Biotec), incubated with collagenase D (0.2mU/mL,
Sigma) at 37 °C for 30mins with gentle shaking and further homo-
genizedwith thegentelMACSdissociator. Cell suspensionswerefiltered
through 70 µm cell strainers before sorting on a BD FACSAria II sorter.

Microscopy
Following liver removal, tissue slices measuring 3–5mm were fixed in
4% paraformaldehyde (PFA) for 24h at 4 °C, then washed in PBS and
incubated in 30% sucrose for another 24 h. The samples were
embedded in Tissue-Tek OCT compound (Sakura Finetek) and frozen
using isopentane and liquidnitrogen. Sections 8 µmthickwere cut on a
Leica CM 1900 cryostat, rehydrated in PBS for 5min, and incubated
with 0.5% Triton and 3% bovine serum albumin for 30min at room
temperature. The tissue sections were then labeled overnight at
4 °C in a humid chamber with goat anti-mouse CLEC4F (AF2784, R&D
Systems) and rat anti-mouse/human CD324 (DECMA-1, BioLegend)
antibodies. After washing with PBS, they were further incubated
for 1 h at room temperature with Cy3 AffiniPure F(ab’)2 fragment
rabbit anti-goat IgG and Alexa Fluor 647 AffiniPure donkey anti-rat
IgG secondary antibodies (Jackson ImmunoResearch Europe Ltd).

For DESMIN staining, liver cryosections were incubated overnight at
4 °C with recombinant rabbit monoclonal anti-DESMIN antibody
(ARC0235, ThermoFisher Scientific). After several PBS washes, the
samples were incubatedwith an Avidin/Biotin blocking kit (Abcam) for
15min, followed by incubation with biotinylated goat anti-rabbit IgG
antibody (Vector Laboratories) for 1 h at room temperature. Signal
amplification was carried out using the Tyramide SuperBoost kit
(ThermoFisher Scientific), according to themanufacturer’s instructions.
Finally, the slides were mounted using Vectashield mounting medium
withDAPI (Vector Laboratories) and imagedwith a Zeiss AxioImagerM2
microscope (Carl Zeiss) using Zen software. For lipid imaging of liver
tissue, Ldlr−/− mice fed a chow diet or HC diet for 4 days were anes-
thetized using Isoflurane and injected intravenously with 5 µg anti-
mouse TIM4-APC antibody (RMT4-54, BioLegend). They were then
euthanized 5min after injection by cervical dislocation and perfused
through the portal vein with PBS and then with 4% ice-cold PFA. Livers
were harvested, lobes separated and incubated overnight at 4 °C in a
fixation/permeabilization buffer (BD Biosciences) diluted 1:4. Tissue
samples were washed thoroughly with PBS before imaging. The two-
photon laser-scanning microscopy (TPL SM) set-up used was a 7MP
(Carl Zeiss) coupled to a Ti: Sapphire Crystal multiphoton laser (Cha-
meleonU, Coherent), which provides 140-fs pulses of near-infrared
light, selectively tunable between 680 and 1050nm and an optical
parametric oscillator (OPO-MPX, Coherent) selectively tunable between
1050 and 1600nm. The NLO and the OPO beams were spatially aligned
and temporally synchronized using a delay line (Coherent) allowing
Coherent anti-stoke Raman Scattering (CARS) imaging approach. The
excitation wavelength was 820nm for the NLO beam and 1070nm for
theOPObeam todetect the vibrational signature of lipid rich structures
at a frequencyof 2850 cm-1with an emissionwavelength at 665 nm.The
system included a set of external nondescanned detectors in reflection
with a combination of a LP-600-nm dichroic mirror (DM) followed by a
LP-645-nm DM with 624-/40-nm emission filter (EF) and a LP-462-nm
DM with 417-/60-nm emission filter (EF), LP-500-nm DM with 480-/40-
nm EF, LP-550 nmDMwith 525-/50-nm and 575/50 nm EFs. Images were
performed directly on the whole liver lobe with a water immersion
objective, plan apochromat × 20 (numerical aperture = 1). Mask ren-
dering and treatment were done using Imaris software (Bitplane).

Generation of bone marrowGFP-transplanted Ccr2−/− mice
Bone marrow cells were harvested from femurs of UBC-GFP donor
femalemice. 10million cellswere injected (i.v.) into 3Gy irradiatedCd68-
hBCL2 ×Ccr2−/− or Ccr2−/− female mice and a 3-week period was
allowed to warrant engraftment of donor cells and reconstitution of
blood monocytes. To ensure induction of hypercholesterolemia, mice
were then administered intravenously 1011 vector genome copies of
pAAV9-TBG_D377YmPcsk9. Mice were fed 7 days later with HC diet for
three weeks before sacrifice. Cell suspensions were prepared from livers
and analyzed by flowcytometry as described above. Absolute counts for
GFP-expressing cellswere normalized to livermonocyte chimerism (94%
and∼84% inCcr2−/− and Cd68-hBCL2×Ccr2−/− recipients, respectively).

Diphteria toxin (DT) mediated depletion of KCs in Cd207-
DTR mice
Kupffer cells were depleted following two intraperitoneal DT (Sigma)
injections (2 × 1 µg, 8 to 10 h apart) in homozygous Cd207-DTR ×
Ldlr−/− mice. Heat-inactivated DT (bDT, boiled 25mins) was used as
control.

In vivo lipid uptake blocking by CD36 neutralizing antibodies
Chow fed Ldlr−/−micewere fastedduring the day and administered i.v.
50 µg of anti-CD36 monoclonal antibody (MF3, thermoFisher Scien-
tific) or 50 µg of rat IgG2a isotype (thermoFisher Scientific) before
given access to HC diet. Antibody injections were repeated the day
after, 1 h before sacrifice.
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In vivo oxidized-LDL uptake
LDL were isolated from human plasma by sequential ultra-
centrifugation in the density range of 1.019 < d < 1.063 g/ml, dialyzed
against PBS and filter-sterilized. Oxidation was initiated by dialysis of
the LDL preparation against a 5 µM copper sulfate solution at 37 °C.
After an overnight incubation, the oxidation reaction was stopped by
extensive dialysis against PBS-EDTA 0.1mM. Changes in the electro-
phoretic mobility of LDL lipoproteins after oxidation was monitored
on agarose gel (hydrogel LIPO + Lp(a) K20, Sebia). Oxidized-LDL
(oxLDL) were then incubated with BODIPY 493/503 (4,4-difluoro-
1,3,5,7,8-pentaméthyl-4-bora-3a,4a-diaza-s-indacène, ThermoFischer
Scientific) (100 µM final) at 37 °C for 30mins and then overnight at
4 °C. Free bodipy was removed by passing the oxLDL preparation
through a PD-10 column (Pharmacia Biotech, Uppsala, Sweden) using
PBS as buffer. Finally, bodipy-labeled oxLDLwere concentrated using
Spin-X UF concentrator (Corning) to approximately 2mg protein/
mL. 150 µL of the preparation was injected i.v. into Ldlr−/−male mice
fed 3 weeks HC diet and switched for one week on chow diet to
reduce the cellular fluorescence background generated by KCs lipid
loading. oxLDL were injected in control mice. Animals were eutha-
nized 1 h after injection to measure bodipy content of Kupffer cells
using flow cytometry.

qPCR analysis
For gene expression analysis on liver tissue, total RNA preparation
was performed using the NucleoSpin RNA Plus kit (MACHEREY-
NAGEL). cDNA was synthesized using random hexamer and Super-
Script III (Thermo Fisher Scientific). For gene expression analysis on
sorted cells, total RNA was prepared from 20,000 cells using the
RNeasy Plus micro kit (QIAGEN). RNA was reverse transcribed using
the SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific).
Quantitative PCR analyses using Sybr (LightCycler 480 SYBR Green I
Master, Roche) were performed using a LightCycler 480 real-time
PCR system and dedicated software (Roche). Initial differences in
mRNA quantities were controlled using reference mouse genes 18 s,
Hprt, Rpl13a, and Nono. All primer sequences are available upon
request.

RNA-Seq
Total RNA preparation was performed from 20,000 sorted KCs using
the RNeasy Plus Micro Kit (Qiagen) and Nucleospin RNA plus kit for
liver samples. cDNA libraries for sorted KCswere generated usingNext
Ultra II Directional RNA Library Prep Kit for Illumina (New England
Biolabs). RNA-Seq libraries were sequenced on an Illumina NovaSeq
6000 (40 million reads per sample). RNA-Seq analysis was completed
using the Eoulsan pipeline. The STAR index was used tomap raw reads
to the genome and data normalization was performed with DESeq2. A
LIMMA analysiswas conducted to select differentially expressed genes
with a 1.3-fold change cutoff between at least two conditions. Adjusted
p value for multiple gene testing were used. Annotated genes with a
count mean over 100 in at least one condition and a coefficient of
variation of more than 0.5 between at least two conditions were
retained. GSEA analysis was performed using the Phantasus web plat-
form. The R packages EnhancedVolcano and EnrichR were used for
volcano plotting and pathway analyses.

Analysis of aortic lipid lesions
Atherosclerosis was assessed using serial cross-sections of the aortic
root. Mice were anesthetized with 2% isoflurane, euthanized via
cervical dislocation, and perfused with PBS. The hearts were then
collected and fixed in 4% PFA for 30min, followed by overnight
incubation in a 20% sucrose phosphate-buffered solution at 4 °C.
Next, the hearts were embedded in Tissue-Tek OCT compound
(Sakura Finetek). Sections 10 μmthick were cut through the proximal
aorta, covering the three cusps of the aortic valves. Three sections,

spaced 40 μmapart around the valves, werefixed and stainedwith oil
red O (0.3% in triethylphosphate) for 30min, followed by counter-
staining with Mayer’s hematoxylin for 1min. Images were captured
with a Zeiss AxioImager M2 microscope, and plaque area was quan-
tified using AxioVision Zeiss software.

Statistical analyses
Statistical significance of differences was performed using GraphPad
Prism (GraphPad Software). Two-tailed Student’s t test was used to
assess the statistical significance of the difference between means of
two groups. Experiments were repeated at least twice. Graphs depic-
ted themean± SEM.One-wayANOVA and Tukey’s or Dunnett post hoc
analyses were used for multiple comparison tests. Statistical sig-
nificance is represented as follows: *p < 0.05, **p <0.01, ***p <0.001,
and ****p <0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings described in thismanuscript are available
in the article, in the Supplementary Information and from the corre-
sponding author upon request. Source data are provided with the
paper. TheRNA-Seqdata generated in this studywere deposited under
the accession number E-MTAB-12611 and E-MTAB-12744. Source data
are provided with this paper.
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