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Apolipoprotein-B (APOB)-containing lipoproteins cause atherosclerosis.
Whether the vasculatureis the initially responding site or if atherogenic
dyslipidemia affects other organs simultaneously is unknown. Here we
show that the liver responds to a dyslipidemic insult based oninducible
models of familial hypercholesterolemia and APOB tracing. An acute
transition to atherogenic APOB lipoprotein levels resulted in uptake by
Kupffer cells and rapid accumulation of triglycerides and cholesterol in the
liver. Bulk and single-cell RNA sequencing revealed a Kupffer-cell-specific
transcriptional program that was not activated by a high-fat diet alone

or detected in standard liver function or pathological assays, evenin the
presence of fulminant atherosclerosis. Depletion of Kupffer cells altered
the dynamic of plasma and liver lipid concentrations, indicating that these
liver macrophages help restrain and buffer atherogenic lipoproteins while
simultaneously secreting atherosclerosis-modulating factors into plasma.
Our results place Kupffer cells as key sentinels in organizing systemic
responses to lipoproteins at the initiation of atherosclerosis.

Apolipoprotein-B (APOB)-containing lipoproteins, including low-
density lipoprotein (LDL), are the causal agents of atherosclerosis due
totheir ability to beretained, modified and engulfed at susceptible sites
inthevasculature'. Theliver is central to atherosclerotic cardovascular
disease (ACVD) because it plays a primary role in APOB lipoprotein
production and clearance by hepatocytes’. Notably, non-parenchymal
liver cells, especially resident macrophage Kupffer cells (KCs), can
also take up substantial amounts of APOB lipoproteins in both rats*

and rabbits’® in vivo, in human cell lines® and in the specific context of
hypercholesterolemic mice with hereditary hemochromatosis’. How-
ever, theresponse of the liver and its constituent cells at the initiation
of atherosclerosis remains unexplored.

Inadditiontotheir well-recognizedroleininitiating and sustaining
atherosclerosis, APOB lipoproteins canalso contribute to pathologies
in other organs, including the liver itself*’. Metabolic dysfunction-
associated steatotic liver disease (MASLD) describes a range of liver
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disorders that are thought to start with simple lipid accumulation—
steatosis—through toirreversible cirrhosis™. Inquiries into how lipids
contribute to MASLD have traditionally focused on free fatty acids
released by dysfunctional adipose tissue. This simplified view has
been challenged by the contributions of APOB lipoproteins to the
disease process. MASLD and atherosclerosis also share comorbidities,
including diabetes, and both can be associated with elevated levels
of triglycerides and remnant APOB lipoproteins. However, MASLD
confers anincreased risk of ACVD beyond the sum of these individual
componentsinamanner thatis poorly understood™ . Atherosclerosis
and MASLD may also share similar mechanisms of disease initiation, as
APOB lipoproteins can be retained in the liver by binding to heparan
sulphate proteoglycans (HSPGs), similar to subendothelial retention
at the onset of atherosclerosis™*.

Wild-type mice have low levels of APOB lipoproteins in circula-
tion, even when subjected to Western-style high-fat diets (HFDs), and
common genetic and diet-based mouse models of MASLD often lack
an elevated APOB lipoprotein component. This resultant low level
of APOB lipoprotein, with cholesterol largely being transported in
non-atherogenic high-density lipoprotein (HDL), excludes examin-
ing the impact of MASLD in atherosclerosis in wild-type mice. Mouse
models of familial hypercholesterolemia (FH), such as the apolipopro-
tein E-deficient (Apoe™") and LDL receptor-deficient (Ldlr”") strains,
which have been used for decades in atherosclerosis research®, have
recently proven their utility in understanding MASLD'. In particular,
aninflammatoryrole for the oxidation-specific epitopes that can form
inlipoproteins hasbeen shown in established and late-stage MASLD*".

Theinitiation of MASLD and, specifically, the contribution of APOB
lipoproteins to the onset of primary steatosis remain largely unex-
plored, asthe Apoe” and Ldlr”" strains are born with elevated plasma
cholesterol and, hence, in a state of allostasis. It is currently unknown
whichliver cells, if any, first respond to the ‘dyslipidemic insult’ caused
by high concentrations of circulating atherogenic APOB lipoproteins
and if such putative responses are protective or pathogenic toward
ACVD. The kinetics of any such response to atherogenic dyslipidemia
arealso obscured: are days, weeks or months needed before aresponse
oftheliveris detected?

We hypothesized that rapidly switching the adult mouse into a
state of atherogenic dyslipidemia would capture the initiation of liver
steatosis mediated by APOB lipoproteins. Here we introduce two com-
plementary approachesto achieve hypercholesterolemia, with either
inducible deletion of Apoe or overexpression of the human PCSK9
D374Y mutation. In our strains, liver lipid accumulation was rapid,
within 10 d of initiating dyslipidemia, and was accompanied by both
common and strain-unique liver responses. Subjecting the micetoan
HFD revealed a response dominated by genes of the immune system
that was conserved between strains and correlated with human liver

PCSK9 levels. By constructing a reporter mouse strain that allows for
ex vivo monitoring of cellular APOB lipoprotein uptake and combin-
ing this with single-cell RNA sequencing (scRNA-seq) and deletion
experiments, we reveal that KCs dominate the liver response through
secretion of atherosclerosis-modulating factors but also by restrain-
ing circulating APOB lipoprotein levels. Together, we propose that
understanding of atherosclerosis initiation should expand beyond
vasculature-centric models.

Results

Mouse models for acute inducible dyslipidemia

We constructed two mouse models of inducible dyslipidemia through
targeting APOE and LDLR. Therationale behind thisis to discover com-
mon in vivo responses, rather than specific APOE or LDLR gene func-
tions, after acute dyslipidemia.

To complement our previously described inducible model of dys-
lipidemia based upon conditional loss of Apoe'®, we created a second
model by inserting the human PSCK9 variant D374Y into the ROSA26
locus. This was crossed with the tamoxifen-inducible and ubiquitously
expressed Creline ROSA26***2, Hence, both conditional loss of Apoe
(Apoe”"ROSA26 %2 herein referred to as APOE cKO) and inducible
expression of hPCSK9 D374Y (ROSA26C ER/MPCSKIDIAY herein referred
to as D374Y) can be achieved by tamoxifen administration (Extended
Data Fig. 1a). Plasma hPCSK9 increased 11-fold in D347Y mice versus
littermate controls (mean, 2,325 ng ml™” versus 213 ng ml™) 3 d after
tamoxifen (Extended Data Fig. 1b). Plasma cholesterol levels become
significantly elevated already 24 h after tamoxifen dosing (Extended
Data Fig. 1c,d), consistent with loss of liver LDLR protein (Extended
DataFig.le).

We next compared the plasmalipidsin these two strains 10 d after
tamoxifen administration and maintained on a chow diet (Fig. 1a).
Cholesterol levels were increased inboth APOE cKO (158 mg dI™ versus
55 mg dI™Y) and D374Y (150 mg dI'versus 67 mg dI™) as were phospho-
lipid levels (89 mg dI versus 63 mg dI™' in APOE cKO and 106 mg dI™*
versus 71 mg dI™'in D374Y and controls). Noticeably, the D374Y strain
displayed increased plasma levels of triglycerides (182 mg dI™ versus
119 mg dI™) and glycerol (4.6 mg dI” versus 3.7 mg dI™), changes that
were not observed in the APOE cKO mice (Fig. 1a), whereas free fatty
acid levels were similar. In both the APOE cKO and D374Y strains, cho-
lesterol was incorporated in the VLDL/chylomicron remnant fraction
of lipoproteins, whereas, in D374Y, a more prominent accumulation
inthe LDL fraction was additionally present, asexpected (Fig.1b). The
enhancedtriglycerides presentin D374Y mice wereincorporatedinto
the VLDL/chylomicron remnantfraction. Lipid rapidly accumulatedin
theliverin APOE cKO and D374Y mice fed achow diet (Fig. 1c), but this
steatosis was notimmediately apparent through histological analysis
(Fig.1d and Extended Data Fig. 1f).

Fig.1|Development of mouse models for inducible APOB lipoprotein
dyslipidemia. a, Plasmallipid levels 10 d after tamoxifen administrationin

APOE cKO (green bars) and D374Y (blue bars) strains together with respective
littermate controls in male and female mice fed normal chow (Cholesterol:
n=22APOE cKO and n=19 littermate control mice; n=14 D374Y and n=19
littermate control mice. Triglycerides: n = 11 APOE cKO and n = 11 littermate
control mice; n=7D374Y and n =9 littermate control mice. PLs: n=10 APOE cKO
and n = 11littermate control mice; n =9 D374Y and n = 11 littermate control mice.
Glycerol: n =10 APOE cKO and n =11 littermate control mice; n =9 D374Y and
n=11littermate control mice. FFA: n =10 APOE cKO and n = 11 littermate control
mice; n=9D374Y and n =11 littermate control mice). b. Plasmalipoprotein
fractionation profiles (umol L™) at 10 d after tamoxifen dosing. All curves were
calculated as an average of two separately run plasma pools from male and
female mice (plasma from 4-6 micein each pool). ¢, Cholesterol and triglyceride
measurements (ug mg ™ of protein) after liver Folch extraction from male and
female mice (Cholesterol: n =9 APOE cKO and n =11 littermate control mice; n=35
D374Y and n = 6 littermate control mice. Triglycerides: n=9 APOEcKO andn=11

littermate control mice; n =5D374Y and n = 6 littermate control mice).

d, Representative pictures of liver section stained with ORO in APOE cKO and D374Y
mice with respective littermate controls 10 d after dyslipidemia induction (scale
bar,100 pum). e, Circulating cholesterol and triglycerides (mg dI™) measured in
dyslipidemic APOE cKO, D374Y and respective littermate controls after 8 weeks
onanHFD (Cholesterol: n=5APOE cKO and n = 3 littermate control mice; n=35
D374Y and n = 3 littermate control mice. Triglycerides:n=7 APOEcKOandn=3
littermate control mice; n = 6 D374Y and n = 3 littermate control mice). f, Hepatic
cholesterol and triglyceride levels measured as total liver cholesterol (mg) and
total liver triglycerides (mg) in APOE cKO and D374Y with respective littermate
controls (Cholesterol: n=7 APOE cKO and n = 3 littermate control mice;n =5
D374Y and n = 3 littermate control mice. Triglycerides:n=7 APOEcKOandn=3
littermate control mice; n = 5D374Y and n = 3 littermate control mice). g, ORO
representative liver sections of dyslipidemic APOE cKO and D374Y littermate
control mice after 8 weeks on an HFD (scale bar, 100 um). All plots are +s.e.m.
exceptla(zs.d.). For statistical analysis, a two-sided t-test was used (a,c,e,f). FFA,
free fatty acid; VLDL, very-low-density lipoprotein.
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We next fed both strains an HFD for 8 weeks, which resulted in
sustained high plasma cholesterol levels in APOE cKO and D374Y mice
(mean, 646 mg dI™ and 845 mg dI7, respectively) and also especially

high levels of triglycerides in D374Y mice (mean, 1,538 mg dI™) but
not in APOE cKO mice (Fig. 1e). Liver cholesterol levels were again
increased in both APOE cKO and D374Y mice relative to controls, but
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triglyceridelevels wereincreased only in the APOE cKO strain (Fig. 1f).
This increased liver lipid content was again not manifested as clear
histological differences between littermate controls and the two strains
(Fig.1g).Finally, liver function assays including aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) indicated impaired
liver function upon switching to an HFD. However, this was not exac-
erbated in either the chow-fed or HFD-fed APOE cKO or D374Y strains
relative to littermate controls (Extended Data Fig. 1g). Notably, after
8 weeks of HFD, fulminant atherosclerosis was present in both APOE
cKO and D374Y strains, whereas the aortic roots of control mice were
healthy, as expected (Extended Data Fig. 1h).

In summary, the APOE cKO and D374Y strains allow for inducible
atherogenic dyslipidemia in adult mice, which results in rapid liver
cholesterol and triglyceride accumulation that is not immediately
apparent by histological or liver function analysis.

A conserved inflammatory response coalesces upon sustained
atherogenic dyslipidemia

We next sought to determine if prolonged APOB lipoprotein dyslipi-
demia alters the liver transcriptome. APOE cKO and D374Y strains
together with littermate controls were placed on 8 weeks, 12 weeks
or 20 weeks of HFD. High plasma cholesterol levels were maintained
in both APOE cKO and D374Y after 20 weeks of HFD, and extensive
liver lipid accumulation was presentin all strains, including littermate
controls (Extended Data Fig. 2a-c). Bulk mRNA sequencing (mRNA-seq)
oftheliver revealed 72 genes being similarly upregulated inboth APOE
cKO and D374Y strains compared to littermate controls at all timepoints
(Fig.2a), with only eight genes unique to either the APOE cKO or D374Y
strain (Extended Data Fig. 2d). These 72 genes were strongly enriched
among the residentimmune cells of the liver”, especially KCs (identity
genes Axl, Clec4f, Cd5land Folr2) (Fig. 2b), with no hepatocyte-specific
genes present. CLEC4F was also upregulated at the protein level onthe
cell surface of KCs (Extended Data Fig. 2e).

Next, we analyzed the 72 conserved genesin human liver samples
(n=261) and found that 34 of these genes also showed significant
positive correlation with PCSK9 transcript levels (Fig. 2c,d) and were
also enriched in human myeloid cells, including KCs, as shown by
data from the Human Protein Atlas*** (Extended Data Fig. 2f). We
depleted KCs using clodronate liposomes (Fig. 2e and Extended Data
Fig.2g) and performed bulk liver mRNA-seq on D374Y mice maintained
on an HFD for 8 weeks. Expression of 58 of the 72 conserved genes
was lost upon clodronate depletion versus liposome-control-treated
D374Y mice (Fig. 2f), as was production of CD5SL protein in the liver
(Extended Data Fig. 2h). The 14 remaining genes not affected by KC
removal were enriched in other liver myeloid populations, especially
lipid-associated macrophages (LAMs) (Extended Data Fig. 2i), consist-
ent with these surviving clodronate depletion (Fig. 2g,h). Clodronate

depletionalso lowered the total cholesterol content of the liver (Fig. 2i).
Finally, plasmaIl18BP concentration was significantly increased after
8 weeks of HFD in both strains relative to littermate controls (Fig. 2j).
1118BP plasma protein levels also positively correlated with liver PCSK9
transcriptionin humans (Extended Data Fig. 2j).

Altogether, we observed that the liver response to sustained ath-
erogenic dyslipidemia is specifically characterized by a conserved
myeloid and especially KC signature.

Theinitial liver response to APOB lipoprotein dyslipidemia
The mouse models allow for temporal and immediate induction of
atherogenic dyslipidemia. We next determined how APOB lipoprotein
accumulation initially affects liver gene transcription through bulk
mRNA-seq of the liver 10 d after tamoxifen with mice maintained ona
normal chow diet. The APOE cKO and D374Y mice differed consider-
ably in their initial response to acute atherogenic dyslipidemia, with
35 genes differentially expressed in the APOE cKO and 1,111 genes dif*-
ferentially expressed in the D374Y, as determined by bulk mRNA-seq
of the whole liver (Extended Data Fig. 3a,b). However, both strains
had similar dysregulation in a core set of 10 genes, including several
known liver macrophage and KC identity genes (C6, Cd5l, Folr2 and
1l18bp) (Fig. 3a,b), and increased I118BP protein levels could also be
detected in the plasma at this early timepoint (Fig. 3c). Most of these
10 genes were also enriched in human KCs, as shown by data from
the Human Protein Atlas?>” (Extended Data Fig. 3c), and upregula-
tion of five of these genes continued after 20 weeks of HFD (Fig. 3d).
APOE cKO showed additional upregulation of myeloid genes (Ccl24,
Cfp, Clec4f and MpegI), virus immunity genes (Oas2, Oas3, Oasl2 and
TrexI) and dysregulation of metabolic factors (Abcgl, Fabp$s, Nr1dl,
Scdl and Slc10a2), including Apoe itself (Extended Data Fig. 3d),
whereas unique gene expression signatures in D374Y were domi-
nated by metabolic pathways (Extended Data Fig. 3e). The steatosis
observed at day 10 of dyslipidemia could not be explained by a gen-
eralincrease in de novo lipogenesis or cholesterol metabolism genes
(Extended Data Fig. 3f). Taken together, these results indicate that
the acute transition to initial atherogenic dyslipidemia in the liver is
distinguished by a conserved myeloid cell response independent of
lipogenesis.

Identifying liverimmune cells that recognize APOB
lipoproteins

To characterize which cells could take up APOB lipoproteins, we
tagged the APOB protein at the N-terminus with the mCherry fluo-
rescent protein (Extended Data Fig. 4a) and crossed this together
with the D374Y strain. Widespread mCherry fluorescence could be
detected in the liver (Extended Data Fig. 4b), and only full-length
mCherry-APOB was detected in plasma (Extended Data Fig. 4c).

Fig.2| The transcriptional response of the liver to sustained dyslipidemia.

a, Heat maps of bulk mRNA-seq of whole liver showing the 72 significant
differentially expressed genes common to both dyslipidemic strains versus
respective littermate controls after 8 weeks, 12 weeks and 20 weeks on an HFD
(n=2-5).b, Expression of the 72 conserved genes in liver cells using clusters
taken fromref. 19. ¢, Pie chart showing how expression of the 72 conserved

genes correlates with PCSK9 transcript levels in human liver samples (n = 261).

d, Correlations with human PCSK9 levels for 12 of the 34 positively correlating
genes from c. e, Representative ORO liver sections (top) and confocal images of
F4/80 immunofluorescence (bottom) in the livers of D374Y dyslipidemic mice
treated with clodronate liposomes and Dil liposomes (control) for 8 weeks while
onanHFD (scale bar,100 um; n =2 D3747 control and n = 2 D3747 clodronate,
where every nrepresents a different mouse). f, Effect of long-term administration
of clodronate liposomes on the 72 differentially expressed genes (n = 2-3). g, Top,
percentages of blood and liver monocytes (live CD45°CD19°CD3e CD64 Ly6C")
and liver KCs (live CD45°CD19"CD3e CD64Ly6C F4/80"TIM4") in D374Y
dyslipidemic mice after 8 weeks of treatment with clodronate liposomes (n =2

D374Y clodronate and n =3 D374Y control mice). Bottom, heat maps showing
variations in the expression of signature genes for KCs, monocytes, LAMs and
CD207" macrophages inthe liver of D374Y mice after long-term clodronate
exposure (n=2D374Y clodronate and n = 3 D374Y control mice). h, Transcript
per million values for a clodronate-sensitive gene (Cd5l) and a clodronate-
insensitive gene (Ctsd) from D374Y and littermate control and D374Y treated
with Dil liposomes or clodronate liposomes (n = 3 littermate control, n = 5D374Y,
n=3D374Y control and n=2D374Y clodronate mice). i, Total liver cholesterol
(mg) in D374Y dyslipidemic mice treated with either clodronate liposomes or

Dil liposomes for 8 weeks while on an HFD (n =2 D374Y clodronateandn=3
D374Y control mice). j, Plasma levels of ILISBP (ng mI™) after 8 weeks onan HFD
indyslipidemic APOE cKO and D374Y mice versus respective littermate controls
(n=5APOE cKO and n = 3 littermate control mice; n=5D374Y and n =S littermate
control mice). All plots are +s.e.m. Two-sided t-test (g,i,j). cDC, conventional
dendritic cell; HSPC, hematopoietic stem and progenitor cell; ILC, innate
lymphoid cell; Macs, macrophages; Mig., migratory; NK, natural killer;

pDC, plasmacytoid dendritic cell.
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Cholesterol levels were noticeably increased after tamoxifen admin-
istration, indicating that mCherry-APOB was functional (Extended
DataFig. 4d).

Analysis by flow cytometry of the liver from animals maintained
on a chow diet, 10 d after tamoxifen administration, revealed mul-
tiple immune cell classes to be positive for mCherry, compared to
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Fig.3|A conserved KCresponse at the initiation of acute APOB dyslipidemia.
a, Transcript per million (TPM) as determined by mRNA-seq for the 10
differentially expressed genes common to both APOE cKO (n =4 versus n=4)
and D374Y (n=2versus n=2)10 d after tamoxifen treatment. b, Expression

of the conserved day 10 differentially expressed genes in myeloid cell clusters
generated according to ref. 19 ¢, Secreted ILI8BP (ng m1™) in APOE cKO and
D374Y versus respective littermate controls 10 d after tamoxifen administration

(n=4 APOE cKO and n =5 littermate control mice;n=6D374Yandn=>5
littermate control mice). d, TPM values for five of the 10 conserved genes whose
upregulation is maintained after 20 weeks on an HFD (n =3 APOE cKO and
n=2littermate control mice; n =4 D374Y and n = 2 littermate control mice).
Allplots are +s.e.m. Two-sided ¢-test (c). cDC, conventional dendritic cell;

Mac, macrophage; Mig., migratory.

D374Y-only mice (Fig. 4a). We sorted live CD45" mCherry cells from
the liver and performed 10x scRNA-seq (Fig. 4b). We identified 10
clusters (Fig.4c and Extended Data Fig. 4e) of cells consisting of cluster
1 (hepatocytes: Alb, Matla and CPsI); clusters 2, 6 and 7 (KCs: Adgrel,
Timd4 and Csf1r); cluster 3 (neutrophils: SIO0A8, SI00A9 and Clec4e);
cluster 4 (macrophages: Cxc3r1, MHCII and Apoe); cluster 5 (endothe-
lial cells: Clec4g, Igfbp7 and Kdr); cluster 8 (dendritic cells: Cst3, Crip1,
Flt3and MHCII); cluster 9 (T cells: Trbc2, Cd3g and Lck); and cluster 10
(B cells: Cd79a, Ebf1 and Pax5). Notably, the KC cluster 7 population
additionally expressed an array of acute inflammatory genes (/[1b, Tnf,
Cxcl12, Ccl3, Ccl4, Fosb and Fgrl). RNA velocity* analysis of the sCRNA-
seq dataindicates that this subset 7 could be derived from the main KC
population cluster 2 (Fig. 4d).

Thethree KC populations were enriched for receptors that uptake
APOB lipoproteins (Fig. 4e and Extended Data Fig. 4f) and the con-
served set of 10 genes dysregulated at day 10 after tamoxifen, in both
APOE cKO and D374Y strains (Fig. 4f). Furthermore, the KCs were
positive for the recently identified core set of KC genes (Cd163, Clec4f,
Cd207, Gfra2, Hmox1, Marco, Slc40al, Tmem26, Vcaml and Vsig4)'>*,
including those that control lipid handling (/d3, Nr1h3 and Spic)***,
as well MrcI but not Esam (Fig. 4g). The absolute number of KCs did
not change in the liver (Extended Data Fig. 4g). We next purified and
fluorescently labeled LDL from D374Y mice and injected this into APOE
cKO mice. Thirty minutes after injection, LDL could be observed co-
localized with F4/80" cellsin the liver (Fig. 4h), which was further con-
firmed as KCs by flow cytometry (Fig. 4i and Extended Data Fig. 4h,i).
Additionally, plasma from mCherry-APOB D374Y also associated with
KCs after injectioninto APOE cKO (Extended Data Fig. 4j).

These observations led us to conclude that, upon transition to a
steatotic liver, KCs can take up APOB lipoproteins and induce aninflam-
matory gene expression profile.

Liver KCs coordinate the liver response to APOB lipoprotein
dyslipidemia

To determine the role of KCs during the transition to steatosis, we
injected mice on a chow diet with clodronate liposomes®. This effec-
tively depleted KCs (Extended Data Fig. 5a,b) but not liver monocytes
(Extended Data Fig. 5¢), monocytes and granulocytes in the blood or
bone marrow (Extended Data Fig. 5c) or adipose tissue macrophages
(Extended Data Fig. 5d). As expected, livers from the APOE cKO and
D374Y strain administered with clodronate liposome, versus mice
injected with control Dil liposomes, had strongly downregulated expres-
sions of KC identity genes, such as Clec4f, Timd4 and Cd5! (Fig. 5a,b),
asdetermined by mRNA-seq. The molecular signature for liver mono-
cytes, LAMs and central vein (CV) and capsule macrophages remained
intact in clodronate-treated APOE cKO (Extended Data Fig. 5e) and
D374Y (Fig. 5c) strains. The conserved and upregulated day 10 genes
(C6,Cd5l, Folr2, Grn, Inf2 and 1l18bp) displayed decreased expressionin
clodronate-treated mice, consistent with these being KC genes (Fig. 5d).
1118BP was also significantly decreased in the plasma of clodronate-
treated versus control-treated mice of both strains (Fig. 5e). We also
compared littermate control mice and D374Y mice, both treated
with clodronate liposomes. Strikingly, the large-scale gene expres-
sion changes normally seen at day 10 in D374Y mice were absent,
with only 29 largely hepatocyte-specific genes being differentially
expressed (Fig. 5f).
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To exclude the possibility that KC ablation prevented athero-
genic dyslipidemia as an alternative explanation for this lack of liver
response, we measured plasma and liver lipids in both APOE cKO and

LDL-AF-488 —————>

D374 strains. Loss of KCs strongly and specifically increased the plasma
concentrations of both cholesterol (approximately 600 mg dI™) and tri-
glycerides (approximately 400 mg dI™") in D374Y compared to controls,
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Fig. 4 |Monitoring uptake of atherogeniclipoproteins throughin vivo
labeling of APOB lipoproteins. a, Flow cytometry from immune cells extracted
fromthe liver revealing mCherry expression in male D374Y mCherry-APOB
(D374Y-APOB) or D374Y mice alone. Cells were gated as indicated above each
histogram. b, UMAP plot indicating clusters from scRNA-seq of liver female
CD45'mCherry” cells. ¢, Dot plot for identity markers from clusters 1-10.

d, RNA velocity analysis of the scRNA-seq data. e, Expression of receptors
capable of APOB lipoprotein uptake in clusters 1-10. f, Identification of cell
clusters expressing the day 10 conserved genes. g, Expression of core KC identity
genes within each cluster. All experiments were conducted on day 10 after

tamoxifen treatment, and mice were maintained on anormal chow diet.

h, Representative confocal images of F4/80 (red) and AF-488-labeled LDL (green)
inliver sections of APOE cKO mice. AF-488-labeled LDL or PBS (control) was
injected intravenously into dyslipidemic APOE cKO mice that received tamoxifen
10 d prior. Mice were euthanized 30 min after injection. Scale bars, 100 pm, top
panel, and 20 um, bottom panel; n = 6 LDL-AF-488 and n = 2 control, where every
nrepresents a different liver section. i, Flow cytometry of liver KCs showing
uptake of LDL-AF-488 (LDL-AF-488 in green; control in black). DC, dendritic cell;
pDC, plasmacytoid dendritic cell; UMAP, uniform manifold approximation

and projection.

eventhough the mice were maintained on anormal chow diet (Fig. 5g).
Clodronate treatment also decreased liver cholesterol levels in D374Y
mice and liver triglyceride levels in APOE cKO mice (Fig. 5g), without
affecting the expression of the respective lipogenesis genes (Extended
Data Fig. 5f).

CD5L is a secreted pro-atherosclerotic factor?” and canonical
KC marker?. Cd5l was the only factor upregulated in both strains at
all timepoints tested: day 10 chow diet and week 4, 8,12 and 20 HFD.
Plasma CD5L wasincreased in D374Y mice already at 10 d after tamox-
ifen on a chow diet (Fig. 5h). Furthermore, a 10-fold increase in CD5L
in Dil liposome-control-treated D374Y mice versus clodronate-treated
littermate controls was evident, and clodronate treatment of D374Y
mice reversed this increase (Fig. 5i).

Insummary, KCs are essential for the liver response to dyslipidemia
and modulate plasmaand liver atherogeniclipoprotein concentrations.

Liver responses are unique to APOB lipoproteins and require
CDS8 T cells
To examine the role of KCs and APOB lipoproteins during the establish-
ment of liver steatosis, we subjected our mouse strains to ashort 4-week
HFD regime after tamoxifen administration. This diet and timepoint
further elevated cholesterol compared to day 10 on chow (Extended
DataFig. 6a), and steatosis and ballooning were clearly visible in both
genotypes (Extended Data Fig. 6b). Bulk mRNA-seq determined that
28 genes were upregulated and four were downregulated inboth APOE
cKOand D374Y strains compared to their respective littermate controls
(Fig. 6a and Extended Data Fig. 6¢). Noticeably, those increased tran-
scripts included well-established pro-inflammatory mediators, such
asCcl2,Ccle, Ccl24, CdSl, Irgl, Lgals3, Lgmn, P2rx7, Pla2g7, Scimp, Sell,
Slc15a3 and Tyrobp, and acute phase proteins Saal, Saa2 and Saa3.
Analysis of the day 10 scRNA-seq data (Fig. 6b) and liver cell atlas
(Extended Data Fig. 6d) revealed strong enrichment among the KC
clusters for this inflammatory 4-week HFD signature, and the Human
Protein Atlas confirmed that many of these genes were also enrichedin
humanKCs (Extended DataFig. 6e). Circulating CD5L also increased in
plasma of both week 4 HFD APOE cKO and D374Y CD5L mice (Fig. 6¢).
Next, using only the littermate controls, we compared the gene
expression changes between day 10 chow-fed and week 4 HFD-fed con-
trolmice, and, hence, in the absence of atherogenic APOB lipoproteins,
to determine the effects of HFD alone on the liver. We identified strong

overlapsbetween the littermate controls of both strains, with463 genes
similarly dysregulated (Fig. 6d) and metabolic pathways enriched
(Extended Data Fig. 6f). In noticeable contrast to the APOB lipopro-
tein-induced gene expression changesin APOE cKO and D374Y mice, HFD
alone activated a hepatocyte-driven response (Extended Data Fig. 6g),
and none of the 32 genes differentially expressed after 4 weeks of HFD
inthe APOE cKO and D374Y strains was dysregulated by HFD alone, thus
indicating that this specific response requires APOB lipoproteins (Fig. 6e).

CDS8T cells are necessary for maintaining adipose macrophages®
and KCs”’. We antibody depleted CD8 T cells during the 4-week HFD
regime (Extended Data Fig. 7a) as an alternative approach to clo-
dronate-mediated depletion. Splenic macrophages were unaffected
by this treatment (Extended Data Fig. 7d), but we did observe specific
downregulation of the KC gene expression program in APOE cKO and
D374Y strains but not of other liver myeloid cell types (Extended Data
Fig. 7c). Only 10 of the 28 conserved genes remained upregulated in
both APOE cKO and D374Y mice after CD8 depletion (Fig. 7a,b). As an
additional control, we used anti-CD20 in D374Y mice to delete B cells
(Extended Data Fig. 7d), as these can also uptake mCherry-APOBbut are
not known to deplete KCs. In contrast to anti-CD8 treatment, no loss of
the conserved gene expression program was now observed (Extended
DataFig. 7e). Finally, as in the clodronate administration experiment,
plasma APOB lipoprotein levels also increased upon loss of CD8 T
cellsin D374Y mice relative to control treated (Extended Data Fig. 7c).

Discussion

APOB lipoproteins have a decisive pathological role in the develop-
ment of atherosclerosis and can also contribute to MASLD'. To date,
whether responses to the acute onset of an atherogenic lipid profile
exist outside the vasculature has not been determined. In the present
study, we generated mouse models to investigate the dynamics of
how APOB lipoproteins canaccumulate in the liver based oninducible
loss-of-function or gain-of-function alleles that mimic human FH. Our
experimental approach allows us to abruptly induce an atherogenic
lipid profileinadult mice that have previously been untouched by this
dyslipidemicinsult.

KCs rapidly responded and had key functional responsibility for
signaling asystemic response at the onset of atherogenic dyslipidemia.
This conclusionis based on multiple lines of evidence. First, bulk mRNA-
seq analysis of the liver revealed known KC genes being differentially

Fig. 5| Ablating KCs prevents the hepatic response to atherogenic
dyslipidemia. a, Volcano plot of genes downregulated in female D374Y mice
treated with clodronate liposome during 10-d post-tamoxifen administration
while maintained on achow diet (n = 3 versus n = 3; Pvalue from DESeq2 two-
sided Wald test). b,c, Effects of clodronate liposomes on the expression of core
identity genes of KCs (b), LAMs, monocytes and CV and capsular macrophages
(c)intheliver of D374Y mice. d, Effect of clodronate liposomes on the day 10
conserved gene expression in both APOE cKO and D374Y mice. e, ILI8BP plasma
levels in dyslipidemic APOE cKO and D374Y mice given clodronate liposomes
or Dil liposomes controls (ng ml™, APOE cKO n =3 and D374Y n = 4).f, Volcano
plot and heat map indicating minimal response of the liver to dyslipidemia when
comparing littermate control versus D374Y with both treated with clodronate
liposomes, as determined by mRNA-seq (n = 3 versus n = 3; Pvalue from DESeq2

two-sided Wald test). g, Total plasma (mg d1) and liver (ug mg™ of protein)
cholesterol and triglyceride measurementsin dyslipidemic APOE cKO and D374Y
mice given clodronate liposomes or Dil liposomes controls with respective
littermate controls also administered clodronate liposomes (APOE cKO n =4
versusn=3versusn=4andD374Y n=3versusn=4versusn=3).h,Plasma

CDSI (ug ml™) concentrations as determined by ELISA in D374Y and littermate
control mice 10 d after tamoxifen administration (n =9 versusn=9).i, Plasma
CD5I (g mI™) concentrations in dyslipidemic D374Y mice and littermate control
mice given clodronate liposomes and dyslipidemic D374Y mice administered

Dil liposomes controls (n =3 versus n = 4 versus n = 3). All experiments were
conducted on day 10 after tamoxifen treatment, and mice were maintained
onanormal chow diet. All plots are +s.e.m. Two-sided ¢-test (e,h) or one-way
ANOVA (g,i).
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regulated upon transition to dyslipidemia. Second, through use of
the mCherry-APOB reporter mouse, KCs were shown to recognize
APOB lipoproteins in the context of atherogenic dyslipidemia. KCs
also dominated the landscape of an unbiased scRNA-seq analysis of
mCherry-APOB-positiveimmune cells. Deleting KCs directly through
clodronate liposomes almost completely abolished the whole-liver

a b

transcriptional response to acute dyslipidemia. Indirectly deleting
KCs via anti-CD8 administration also extinguished the KC-specific
inflammatory response, whereas control anti-CD20 did not. Finally,
KCs were shown to directly uptake labeled APOB lipoproteinsin vivo.

One subset of KCs was enriched for pro-inflammatory media-
tors, such as /l1b, Tnf and Ccl4. One possibility that requires further
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4 HFD analysis in the liver day 10 scRNA-seq dataset. ¢, ELISA for secreted CDSL

O & & N O
~ \@6\ Q(Ld- Q'b\ Q\&g

T T T T T T
LD
c_,cl)\& %Q/

I L
2

,\g)zrb 6\& é@q’&%b 009
&% « /\&a/\&@ ESNEN\

APOE cKO
Littermate control

Day10 Week4

D374Y
Littermate control

Day10 Week4

AB124611
Abcg1
B430306NO03Rik
Ccdc148
Ccl2
Ccl24
Ccl6
Cd5l
Crip1
Cxcl10
Efr3b
Gp49a
Gpnmb
Irg1
Lgals3
Lgmn
P2rx7
Parvg
Pla2g7
Saal
Saa2
Saa3
Scimp
Slc15a3
Tmc3
Tmem26
Tmem86a
Tyrobp
2810007J24Rik
Ctsl
Ugt2b37
Vma21

in plasma after 4 weeks on an HFD (APOE cKO n=5versusn=5and D374Yn=8
versus n = 8).d, Identification of conserved transcriptional response to 4 weeks
of HFD from littermate controls only of both strains. e, Heat map for expression
of conserved genes from APOE cKO and D374Y mice compared to littermate
controls aloneinresponse to 4 weeks of HFD. All plots are +s.e.m. Two-sided
t-test(c).

experimentation is that this inflammatory subset represents a dif-
ferentiation step occurring after APOB lipoprotein uptake. KCs have
recently been subdivided into KC1 and KC2 populations, with KC2
reportedly regulating metabolism®>*', although this interpretation has
been challenged'*2. We only observed Esam expression, used to define
KC2,intheendothelial cluster. Hence, APOB lipoprotein responses by
KCs do not seem to involve this claimed KC2 subset.

Notably, deleting KCs markedly increased plasmacholesterol and
triglyceride levelsin D374Y mice and decreased cholesterol and triglyc-
eride contentinthelivers of D347Y and APOE cKO mice, respectively.
KCsin rabbits and rats are known to take up considerable amounts of
circulating LDL*®. Taken together with observations from Apoe” mice
in the specific context of HFD and hereditary hemochromatosis’, our
results further underscore the critical role that KCs play in regulating
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plasmalipoproteinlevels. Taking all this evidence together, liver uptake
of APOB lipoproteins is not the sole privilege of hepatocytes.

KCs have a potentially ambivalent function: they express and
secrete pro-inflammatory and anti-inflammatory factors into plasma
but, at the same time, retain circulating pro-atherogenic APOB lipo-
proteins. In this sense, KCs are operating as hepatic sentinels of athero-
sclerosisinitiation. Hepatic KC responses may further modulate plaque
responses at distant sites. In line with this, we observed increases in
systemic levels of secreted proteins that canboth promote (CD5L*) and
prevent (ILISBP*) atherosclerosis. This raises questions regarding the
overalllong-term effects of KCs on atherosclerosis development. Such
questions will be difficult to address. However, individually targeting
these factors in KCs may provide insight. One possibility is that there

are multiple subsets of liver KCs, similar to aortic phagocytic cells,
that respond to elevated levels of APOB lipoproteins®*. However, it is
possible that there is a cell type outside of the liver that is sensitive to
clodronate depletion thatalso contributes to the production of CD5L
and IL18BP in plasma.

Subjecting our mice to asustained HFD over many weeks revealed
that the strains had considerable convergence in whole-liver transcrip-
tional response, dominated by genes associated withimmune function,
thereby underlining the inflammatory nature of chronic steatosis. This
prominent inflammatory signal is specific to hypercholesterolemic
APOE cKO and D374Y strains, as littermate controls did not similarly
respond to an HFD. Noticeably, the APOB lipoprotein response was
centered on KCs, whereas the HFD-only response was hepatocyte
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dominated. These results are consistent with a recent report indicat-
ing that macrophages play a non-inflammatory role in mouse models
of non-alcoholic steatohepatitis that also lacked an atherogenic dys-
lipidemic component®. In agreement with this, liver function testing
and standard histology did not reveal this APOB lipoprotein response.
Hence, the initiation of atherogenic dyslipidemia seems to result in
hepaticresponsesthatare ‘silent’ to traditional measures of liver health.

APOE also has additional properties beyond lipoprotein transport,
including ananti-inflammatory function'®*® and restraining germinal
center formation’®*, and human alleles of APOE are implicated in the
risk of developing multiple complex diseases, including cardiovas-
cular disease®. The benefit of comparing both APOE cKO and D374Y
miceis thatit allows for broad conclusions as to whether atherogenic
dyslipidemia or, rather, gene-specific effects are driving phenotypes.
Approximately half of all genes that were upregulated in both strains at
8 weeks, 12 weeks and 20 weeks of HFD were positively correlated with
human liver PCSK9 expression levels. Similarly, the mouse KC genes
thatare dysregulatedinresponseto atherogenic dyslipidemiaare also
enriched in human KCs. Our approach of combining two inducible
dyslipidemic strains may, therefore, be suitable as a preclinical model
forunderstanding how perturbationsinlipoprotein handling canlead
to systemicresponses. Indeed, mouse models have proven very useful
for studying atherosclerosis®. However, the strains described here, as
well aslegacy Apoe™ and Ldlr”" mice, remain models of FH and, thus,
likely represent the far end of the spectrum of disease states caused by
elevated levels of APOB lipoproteins.

In summary, we created an experimental platform that allows
for the discovery of how atherogenic dyslipidemia can initiate and
sustain tissue damage. By using these tools, we identified liver KCs as
key mediators of the hepatic response at the onset of atherosclerosis.
Further investigation using these strains will likely reveal additional
organs that pathologically respond to APOB lipoprotein-mediated
dyslipidemia.

Methods

Ethical approval statement

The Stockholm Board for Animal Ethics approved the experimental
protocols for the mouse studies. Allhuman protocols were approved
by the Human Research Ethics Approval Committee of Stockholm, and
writteninformed consent was obtained from all participants according
to the Declaration of Helsinki.

Mice and experimental diets

The APOE cKO mice were described previously'**” and were maintained
onthe C57BL/6 genetic background, and mice aged 10-12 weeks were
used. Allmice were housed inaspecific pathogen-free vivariumat the
KarolinskaInstitutet. Thelight/dark period was 12 h/12 h,and mice were
kept under standard temperature and humidity conditions (20-22 °C
and 45-55% relative humidity). All mice had ad libitum access to food
and water. Breeding mice were fed chow diet R36 (12.6 megajoules per
kilogram (M) kg™, 18% protein and 4% fat; Lantminnen). Experimental
mice received chow diet (R70, Lantminnen, 12.5 MJ kg™, 14% protein
and 4.5% fat) or HFD (R638, Lantminnen, 15.6 MJ kg,17.2% protein, 21%
fat and 0.15% cholesterol) as stated in each experiment. Female mice
were predominately used as they are thought to be more susceptible
to atherosclerosis at early timepoints. Male mice were includedin the
mRNA-seq of weeks 8,12 and 20 of HFD diet regimes so that the 72 genes
upregulated atall timepointsinboth strains canbe applicable toboth
male and female genders.

18,37

Generating hPCSK9 D374Y and mCherry-APOB mouse strains

We created a conditionally activated hPCSK9 D374Y gain-of-function
mouse model by inserting D374Y mutated hPCSK9 into the Rosa26
locus. The ROSA26 gene-targeting vector was constructed from
genomic C57BL/6N mouse strain DNA (genOway). PCSK9 D374Y human

sequence wasinserted downstream of alox-STOP-lox cassette. Knock-in
insertion within the ROSA26 locus is done within ROSA26 intron 1, in
anti-sense orientation. Homology arms cover 2.8 kb of ROSA26 intron
1. When the floxed STOP cassette is removed by CRE recombinase,
human PCSK9 D374Y expression is driven by the CAG promoter. The
linearized targeting vector was transfected into C57BL/6 embryonic
stemcells (ESCs) (genOway). Proper integration of the knock-in vector
was assessed by a variety of PCR screening, including PCR covering the
mutant PCSK9 cDNA and the homology arms and PCR with primers
hybridizing within the homology arm and upstream/downstream of
the homology arm. Integration was validated by Southernblot, and the
integrity of the locus was further assessed by sequencing of the whole
recombined locus, including the expression cassette and the homology
arms. The ROSA2°“**P37# mice were crossed with ROSA26 2 mice*’,
creating ROSA26TER2/PCSKIDIAY ax perimental mice. Littermates without
the D374Y insert (Rosa26*** or Rosa26 TR cretR2) were always used
as controls.

For the knock-in insertion of mCherry into exon 2 downstream
of the Apob signal peptide in exon 1, a flexible linker ((GGGGS)x3)
was inserted between the mCherry sequence and the Apob sequence
encoding forits mature form. The targeting vector contains the 5’ part
of ApoB mouse exon2, mCherry coding sequence followed by the linker
andtheneomycinresistance cassette, flanked by loxPsites, within ApoB
intron 2. Homology arms are mouse genomic sequences encompassing
3 kb upstream and 2.1 kb downstream of exon 2. G-418-resistant ESC
clones were subsequently validated by PCR, using primers hybridizing
withinand outside the targeted locus, and Southern blot, to assess the
proper recombination eventonboth sides of the targeted locus. Recom-
bined ESC clones were microinjected into C57BL/6 blastocysts and gave
rise to male chimeras with a substantial ESC contribution. The Apob-
mcherny/* mice were bred with C57BL/6 Cre-deleter mice to remove the
neomycin cassette between exon 2 and exon 3 to generate heterozygous
mice carrying the reporter allele. These Apob™ ™" mice were then
bred to homozygosity and further crossed with ROSA26eERi2/PCSKoD374Y
to create ApobmCherry/mCherryR05A26Cre£RQ/PCSK90374Y and Apobmcherry/mcherry
ROSA26TE R/ CreER2 [ittermate controls.

Induction of dyslipidemia

Mice aged 10-14 weeks were induced with oral tamoxifen as previously
described'®. We administered 9 mg of tamoxifen dissolved in 150 pl of
peanut oil +10% ethanol, via single-dose oral gavage, to experimental
mice and their littermate controls. The induction efficiency was evalu-
ated by measuring the plasma cholesterol levels. Occasional APOE cKO
and D374Y mice that did not show the expected elevationin cholesterol
levels were excluded from the study.

Plasma lipid analyses, composition and ELISA
Blood was drawn via cardiac puncture, transferred to EDTA-coated
tubes and centrifuged at room temperature for 5 minat 500g. Plasma
was separated and stored at =80 °C for further analyses. Plasma total
cholesterol and triglycerides were measured with enzymatic colori-
metric kits (Randox) according to the manufacturer’sinstructions.

Phospholipids (PLs) were evaluated with a Phospholipids C Kit
(Fujifilm, Wako Diagnostics). Plasma-free (non-esterified) fatty acid
concentrations were assessed by an enzymatic colorimetric method
(NEFA-HR? Wako Chemicals). Plasma concentration of glycerol was
determined by an enzymatic colorimetric assay (Free Glycerol FS, Diag-
nostic Systems GmbH). Lipoprotein fractionation was performed for
plasmapools of 4-6 mice by fast performance liquid chromatography*.
The concentration of cholesterol, triglycerides and PLs ineach fraction
was computed by enzymatic methods using a CHOD-PAP Kit (Roche
Diagnostics), a GPO-PAP Kit (Roche Diagnostics) and a Phospholipids
CKit (Fujifilm, Wako Diagnostics), respectively.

AST, ALT, albumin, globulin and bilirubin were tested in plasma
using the clinical chemistry analyzer Samsung PT10V.
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The concentration of hPCSK9 was measured in tail vein blood by
usingaHuman PCSK9 Quantikine ELISA Kit (R&D Systems) according to
kitinstructions. The lower limit of quantification (LLOQ) of hPCSK9in
mouse plasmawas 625 pg ml™. Mouse CD5L and IL18PB in plasma were
determined using dedicated ELISA kits (CD5L: Invitrogen, EM15RB,
LLQQ=8.19 pg mlI™; IL18pb: Abcam, ab254509, LLQQ = 468.75 pg ml ™).

Quantification of liver lipids

Liver lipids for the day 10 timepoint were extracted according to the
Folch method, as previously described in detail*. In brief, liver lipids
were extracted by adding 5 ml of Folch solution (chloroform: metha-
nol—2:1v/v) to 100 mg of snap-frozen samples. After serial drying
steps, including adding 1 ml (0.9% NaCl) to separate the phases and
adding1mlof1% Triton X-100 in chloroform, lipids solubilized in 0.5 ml
of water were obtained. We corrected the total lipids by the protein
content in liver though the modified Lowry microassay in plate pro-
tocol, with a D Protein Assay Kit (Bio-Rad), with a protein concentra-
tion range of 5-250 pg ml™. Liver cholesterol and triglycerides for
timepoints other than day 10 (4 weeks and 8 weeks onan HFD) and for
mice treated with clodronate were extracted from liver tissues and
quantified using dedicated kits (cholesterol: Abcam 65359, LQQ: 1 g
per well; triglycerides: Abcam 65336, LQQ: 1 nmol per well) following
the instructions provided. Final lipid concentrations were adjusted
for the protein content of each sample (Pierce BCA Protein Assay Kit,
Thermo Fisher Scientific, 23225).

Plasma cholesterol and triglyceride concentrations in the total
lipids were determined using CHOL2 and TRIGL kits (Roche Diagnos-
tics). CHOL2 has a measuring range of 3.86-800 mg dI™, and TRIGL
has a measuring range of 8.85-885 mg dI™.

Histology

Hematoxylin and eosin staining was performed on 8-um-thick, 4%
Zn-formaldehyde-fixed, paraffin-embedded liver sections. Sections
were deparaffinized in Histolab Clear and rehydrated in gradually
decreasing ethanol solutions (99%, 95% and 70%). They were then
stained with hematoxylin (H-3404, Vector Labs) and eosin (01650,
Histolab), dehydrated in ethanol and xylene and mounted in Pertex
(00801, Histolab). Slides were scanned using a VS200 slide scanner
(Olympus), and pictures were acquired using OlyVIA version 3.4.1
software.

Oil Red O (ORO) was prepared as previously described®. Fresh
liver and heart tissues were frozenin Tissue-Tek OCT (45830, Histolab)
and then sectioned using a Microm HMS560 cryostat. Sections of liver
(8 um) and aorticroot (10 um) were then fixed in 4% paraformaldehyde
for 10 min and incubated with a filtered ORO solution (0.6 g of ORO,
00625, Sigma-Aldrich, dissolved in 60 ml ofisopropanol and 40 ml of
distilled water) for 20 min. After rinsing with tap water, hematoxylin
was applied for 1 min. Hematoxylinin excess was then washed out with
water, and slides were mounted in Kaiser’s glycerin gelatin. Pictures
were acquired with a Leica DMRB light microscope.

Immunofluorescence confocal microscopy

Next, 10-um-thick sections of liver were thaw mounted to slides that
were subsequently fixed withice-cold acetone or 4% paraformaldehyde
for10 minand stored at -20 °C. Slides were thawed, and sections were
incubated in washing buffer TBST (1x Tris-buffered saline with 0.1%
Tween 20) for 5 minand thenblocked with 5% BSA for 30 min. Primary
antibodies against CD68 (clone MCA1957, Serotec,1:10,000) and F4/80
(30325S, Cell Signaling Technology, 1:400) wereincubated at 4 °C over-
night. For CD68, the secondary antibody (biotinylated anti-goat IgG
(Vector Labs, 1:300)) was incubated first for 1 h at room temperature
and then for 1 h with streptavidin-DyLight 647 (Vector Labs, 1:300).
For F4/80, DyAlexa 488 anti-rabbit (1:300) was incubated for 1 h at
roomtemperature. Slides were then incubated with DAPI (Invitrogen,
1:50,000) for 20 min. The sections were washed 3 x 3 min in washing

buffer after each incubation step. The slides were then mounted with
fluorescent mounting media (Dako). Negative control stainings were
performed by omitting the primary antibodies from the protocol.
Immunofluorescence images were taken with a Nikon Ti-2E confocal
microscope using NIS Elements software.

Immunohistochemistry

Immunohistochemical labeling of CD5L was obtained from 8-pm-thick
frozenliver sections, fixed in 4% paraformaldehyde for 10 min. Endog-
enous peroxidase was quenched with 0.3% H,0, for 15 min, and slides
were subsequentially incubated with avidin (15 min) and biotin (15 min).
After blocking for 30 min with 5% horse serum, the slides were incu-
bated with anti-CD5L antibody (Abcam, ab45408, 1:100) overnight
at 4 °C. An anti-rabbit biotinylated secondary antibody (BA-1000,
Vector Labs, 1:200) was added on the sections for 30 min at room
temperature. Slides were incubated with avidin-biotin-complex-PO
(PK-6100, Vector Labs) for 30 min and developed in DAB (5 min, room
temperature, SK-4100, Vector Labs). Finally, sections were stained
with hematoxylin and mounted with Pertex. Slides were scanned with
a VS200 slide scanner (Olympus), and pictures were acquired using
OlyVIA version 3.4.1software.

For immunohistochemistry of adipose tissue, visceral (peri-
gonadal) white adipose tissue was dissected and fixed for 48 hin10%
formalin solution (Sigma-Aldrich, HT501128) at room temperature.
The fixed tissues were imbedded in paraffin, sectioned at 5 pm and
mounted on glass slides. For immunostaining, slides were deparaffi-
nized and rehydrated, and antigen retrieval was performed by boiling
theslidesincitrate buffer (10 mM citrate acid, 0.05% Tween 20, pH 6.0)
inamicrowave, followed by cooling overnight. Antibody labeling was
performed using an F4/80 rabbit monoclonal antibody (D4C8V, Cell
Signaling Technology, 1:100) together with the anti-rabbit HRP-DAB
Cell and Tissue Staining Kit (1545297, R&D Systems) according to the
manufacturer’s protocol. To show tissue morphology, slides were sub-
sequently stained with hematoxylin and eosin, dehydrated, mounted
with Pertex (00840, Histolab) andimaged using aLeicaICC50W bright-
field microscope at x40 magnification.

qPCR analysis of macrophage marker CD68in adipose tissue
Visceral (peri-gonadal) white adipose tissue was dissected and lysed
using 1 mlof QlAzol and 5-mm stainless steel beads (both Qiagen) ina
TissueLyser at 30 Hz for 3 min. RNA was isolated by chloroform extrac-
tion followed by the RNAeasy Mini Kit and the RNAse-free DNase Set
(74004 and 79254, Qiagen). RNA was eluted using RNase-free water,
and concentration was measured using NanoDrop. Then, 1 pg of RNA
was reverse transcribed using SuperScript Ill First-Strand Synthe-
sis SuperMix (11752-050/250, Invitrogen), and qPCR was performed
using TagMan Fast Advanced Master Mix, MicroAmp Fast Optical
96-Well Reaction Plates (4444556 and 4346906, Applied Biosystems)
and TagMan primers for mCd68 (Mm03047343_m1) and mouse mTBP
(MmO00446971_ml).

Westernblot

Liver total proteins were extracted with RIPA lysis buffer, and pro-
tein concentrations were determined with a BCA protein concentra-
tion assay kit (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific,
23225). Under reducing conditions, 10% SDS-PAGE was used to sepa-
rate proteins, which were subsequently transferred onto PVDF mem-
branes and blocked with 5% non-fat milk at room temperature for 1 h.
The membranes were then incubated with primary antibody solu-
tions (LDLR, LSBio, 1:500; -actin, Sigma-Aldrich, 1:2,000; mCherry,
Abcam, 1:1,000; albumin, Thermo Fisher Sciedntific, 1:600) over-
night at4 °C. The next day, the membranes were incubated with HRP-
conjugated secondary antibodies at room temperature for 45 min
and, after washing with TBST, were developed using a high-sensitivity
ECL system.
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Bulk sequencing and scRNA-seq

Mice were euthanized with carbon dioxide and perfused by infusing
PBSviatheleft ventricle. Asmall sample fromone liver lobe was taken,
carefully avoiding the gall bladder. Livers were stored in RNALater
(Qiagen) at —20 °Cuntil RNA extraction. The livers were solubilized in
QIAzol lysisreagent using the TissueLyser, and extracted RNA was iso-
lated to the upper fraction by chloroform. Purification was performed
with the RNeasy MiniKitincluding on-column DNAse treatment, using
a QlAcube robot. RNA was selected using a Poly(A) RNA Selection
Kit (Lexogen), and sequencing libraries were prepared with Lexogen
QuantSeq version 2. DNA fragments 200-800 bp for RNA-seq were
selected. Cluster generation and sequencing was carried out by using
an Illlumina HiSeq version 4 system with a read length of 50 nucleo-
tides (single-read) or NovaSeq with a read length of 150 nucleotides
(paired-end) and aligned to the mouse transcriptome genome assembly
version of July 2007 (NCBI37/mm9) using TopHat version1.4.1or mouse
genome assembly version of December 2011 (GRCm38/mm10) using
STAR2.4.2a*in the transcriptome-guided alignment mode. Reads per
gene were counted using HTSeq version 0.5.3 with the overlap resolu-
tion mode set to union. Differential expression of mMRNA was analyzed
using DeSeq2 software at default settings, with a false discovery rate
set at 0.1for all experiments, as previously described**.

For scRNA-seq, live CD45'mCherry” cells were sorted from the
liver. A small sample from one lobe was cut into small pieces and
digestedin 0.2 mg ml™ collagenase IV for 30 minat 37 °Cin RPMI1640.
The cell suspension was passed through an18-gauge syringe 10 times to
remove any clumps and thena 70-um cell strainer. The cell suspension
was then washed with FACS buffer and stained with CD45 (V500 30-F11,
1:500), LIVE/DEAD Aqua (Invitrogen) and TotalSeq-A0301 anti-mouse
Hashtag 1 antibody (BioLegend) to determine liver cells. Cells were
sorted on a Sony SH800S cell sorter and processed immediately for
GEM generationand barcoding on al0x Chromiumusing Next GEM 3’
version3.1reagents (10x Genomics), followed by sequencing and pro-
cessing on Cell Ranger. Data analysis was performed in Rusing Seurat
version 4 (ref. 45) with the gene Gm42418 removed from the dataset.

Human samples and data

Liver biopsies were obtained from patients undergoing aortic valve
and/or ascending aortic surgery as part of the Advanced Study of Aortic
Pathology (ASAP)*°. Gene expression was measured in liver samples
(n=261) using the Human Transcriptomic Array 2.0 (Affymetrix),
as previously described”. Samples were hybridized and scanned at
the Karolinska Institutet Affymetrix core facility, and raw data were
pre-processed using Robust Multichip Average (RMA) normaliza-
tion as implemented in the Affymetrix Transcriptome Analysis Con-
sole (TAC). Expression values were log, transformed as part of the
RMA normalization.

The Single Cell Type section of the Human Protein Atlas contains
data from human scRNA-seq experiments retrieved from published
studies based on healthy human tissues®*”. Transcriptomic expression
datafor 76 consensus single cell types were obtained from the Human
Protein Atlas for the two sets of conserved genes between mouse and
human. Analyses were performed using R statistical software*®, and
the ‘pheatmap™’ package was used to visualize expression profiles.
The dendrograms were obtained by hierarchical clustering of dis-
tances based on gene expression levels for all single cell types, using
Ward'’s criterion.

Detection of cell types by flow cytometry

Spleens were ground with syringe plungers and prepared as single-cell
suspensions by pressing through sterile 70-um mesh size cell strain-
ers. Cells were stained with conjugated antibodies onice for 30 min.
Liver was processed as described above for scRNA-seq. The following
antibody clones were used: CD3¢e (PB500A2,1:2,000), CD8 (FITC53-6.7,
1:500), CD4 (BV750 GK1.5, 1:500), CD45 (V500 30-F11, 1:500), CD19

(PEeBiolD3,1:500),B220 (APC-Cy7 RA3-6B2,1:500), CD172 (BV711 P84,
1:500), Ly6G (PB 1A8, 1:250), CD11b (PerCP/Cyanine5.5 M1/70,1:500),
CD11c (APC N418, 1:500), MHCII (AF700 M5/114.15.2, 1:500), F4/80
(BV510 BMS, 1:250) and TIMD4 (PerCP-eF710 54, 1:500). Immune cell
populations were defined as liver KCs (CD3°CD19 Ly6C F4/80'TIMD4
*CD64"), liver plasmacytoid dendritic cells (CD19°B220*CD172"), liver
neutrophils (F4/80°CD11b*Ly6G"), liver dendritic cells (CD11¢*"MHCIIY),
liver B cells (CD19°B220%), spleen CD8 T cells (CD3"CD4 CD8") and
spleen B cells (CD45°CD19'B220"). The samples were acquired with
NorthernLights or Auroraspectral flow cytometers (Cytek) with Spec-
troFlo software and analyzed with FlowJo software version 10.8.1.

Antibody administration and lymphocyte cell depletion

CD8 cellswere depleted with anti-CD8a antibody (ratIgG2b anti-mouse
CD8a YTS 169.4, Bio X Cell) or anti-mouse CD20 (mouse Ig2c anti-
mouse CD20 MB20-11, Bio X Cell). Mice were injected with 250 pg of
antibody in 150 pl of PBS (anti-CD8) or 100 pg of antibody in 200 pl
(anti-CD20) or similar volume of PBS intraperitoneally once weekly.
Five days after the first injections, tamoxifen was administered via
oralgavage, and the micebegan receiving an HFD. This diet and weekly
injections continued for 4 weeks.

Clodronate administration and liver macrophage depletion
Clodronate liposomes or Dil liposomes control containing PBS
(LIPOSOMA) were given via intravenous tail vein injections (100 pl of
5 mg ml™ suspension). For short-term clodronate treatments, mice
received a total of three injections on days 0, 4 and 8 from tamoxifen
administration. For long-term clodronate treatment, mice received
oneinjectionof clodronate per week for atotal of 8 weeks while being
subjected toan HFD.

Lipoprotein labeling and/or administration
LDL lipoproteins were purified from plasma of D374Y mice using an
LDL/VLDL PurificationKit (Cell Biolabs) and labeled with AF-488 using
anAlexaFluor Antibody Labeling Kit (Life Technologies). Then, 100 pl
ofthe obtained solution (AF-488 LDL = 5.45 mg ml™) was administered
intravenously to a dyslipidemic APOE cKO mouse induced with tamox-
ifen 10 d prior. PBS was administered as control to a different mouse.
Both mice were euthanized 30 min after receiving the injections.
Next,100 pl of plasma from three different mCherry-APOB D374Y
mice previously subjected to 8 weeks of high-fat feeding was pulled
together and administered intravenously to an APOE cKO mouse
induced with tamoxifen 10 d prior. The same amount of plasma from
threedifferent D374Y mice also subjected to 8 weeks of high-fat feeding
was given to another induced APOE cKO mouse as control. Mice were
euthanized 30 min after injection.

Statistical analysis

Data are presented as mean + s.e.m. A two-tailed unpaired Student’s
t-test was used for comparing two experimental groups. A two-tailed
ANOVA followed by Fisher’s least significant difference was used
for comparisons of more than two groups. The Pearson correlation
coefficient was used to compare transcript levels in human livers.
P < 0.05 was considered significant. Statistical analyses were per-
formed using GraphPad Prism 9 software. Figures were assembled in
Adobe llustrator.

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

Data availability

The mRNA-seq (GSE254879) and scRNA-seq (GSE254971) data are
available at the Gene Expression Omnibus. Source data are provided
with this paper.
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Code availability
Processing of scRNA-seq can be found at https://github.com/yuyzha/
Malin-Group_NCR.
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Extended DataFig.1|a, Schematic diagram of the APOE cKO and D374Y alleles.
b, Enzyme-linked immunosorbent assay for plasma hPCSK9 proteinininducible
male and female D374Y mice (blue line) and their littermate controls (black line)
before and at 3 and 10 days after tamoxifen dosing (D374Y littermate control day
0:n=1,Day3:n=2and Dayl0: n =5,D374Y day O: n = 6, Day 3: n = 3 and Day10:
n=6).c, Plasma total cholesterol measurements (D374Y littermate control day
0:n=6,Day3:n=6andDayl0: n=6,D374Y day 0: n =3, Day 3: n = 5and Day10:
n=6).d, Cholesterol measurements 24 hours after tamoxifen administration
frominducible male and female D374Y mice, (n= 6 D374Y and n = 5littermate
control mice). e, Immunoblot for LDLR expression in liver of D374Y mice or
littermate controls after 10 days following tamoxifen induction maintained on
achowdiet (n=3D374Y and n =2 control, where every n represents a different
mouse). f, Representative hematoxylin and eosin (H&E) sections of liver from
APOE cKO, D374Y and respective littermate control mice at 10 days chow-fed or
8 weeks HFD diet following tamoxifen administration. Arrows indicate possible

immune cell infiltration. Black scale bars represent 200 pum.n=2vs2ineach
group (where every nrepresents a different mouse) g, Circulating levels of AST,
ALT, albumin, globulin, bilirubinand A/G ratio in dyslipidemic APOE cKO and
D374Y mice with littermate controls, 10 days post tamoxifen induction while
maintained ona chow diet and after 8 weeks on a high fat diet (10 days post
tamoxifen: n = 8 APOE cKO and n = 8 littermate control mice; n = 9 D374Y and

n =7 littermate control mice. 8 weeks post tamoxifen while on a high fat diet:
n=8APOE cKO and n = 6 littermate control mice; n = 8 D374Y and n = 8 littermate
control mice). h, Histology showing ORO staining of atherosclerotic lesions in the
aorticroot of dyslipidemic APOE cKO and D374Y mice with littermate controls
after 8 weeks on a high fat (scale bar =100 umn =3 vs 3in each group (where every
nrepresents a different mouse). All plots are mean + SEM. Statistical analysis was
performed with mixed model 2-way ANOVA (b,c), two-sided ¢-test (d) or one-way
ANOVA (g).
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Extended Data Fig. 2| Conserved and divergent responses to sustained
atherogenic dyslipidemia. a, Plasma levels of cholesterol in dyslipidemic APOE
cKO and D374Y mice with respective littermate controls, maintained on a high fat
diet for 20 weeks. (APOE cKOn =16 vs11;and D374Y n=7vs 3). Plots are + SEM,
two-sided t-test b, Representative liver sections stained with ORO in APOE cKO
and D374Y mice after 20 weeks on a high fat diet (scale bars =100 pm,n=2vs 2
for D374Y and n =3 vs 3 for APOE cKO, where nindicates a different mouse). c,
Representative liver sections stained with H&E in APOE cKO and D374Y mice after
20 weeks ona high fat diet (scale bars =100 pm, n=2vs 2in each group wheren
indicates a different mouse).d, Unique and common upregulated genes in both
strainsat 8,12, and 20 weeks on a high fat diet. Unique genes for each strain are

indicated at the bottom. e, Flow cytometry of CLEC4F levels on Kupffer cells from
female D374Y versus littermate control after 8 weeks of high fat diet.

f,Heatmap of the 72 genes upregulated at all time points in both strains,
expressed in 76 human single cell types. g, Flow cytometry plots showing
percentages of blood and liver monocytes, and liver Kupffer cells in dyslipidemic
D374Y mice given clodronate liposome or Dil liposomes control for 8 weeks while
onahighfatdiet. h,Immunohistochemistry of liver to detect CD5L production
incontrol or clodronate treated D374Y mice after 8 weeks of high fat diet (scale
bars=100 pm). i, The 14 genes not affected by clodronate-induced Kupffer cells
depletion, expressed in liver myeloid cell clusters.j, Correlation between plasma
IL18BP and liver PCSK9 expression in humans.
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Extended Data Fig. 3| Conserved and divergent responses to initial
atherogenic dyslipidemia. a, Volcano plots of bulk mRNA-seq of whole liver
from female APOE cKO (n =4 vs4) and D374Y (n =2 vs 2) mice versus their
respective littermate controls (p value from DESeq2 two-sided Wald test).
Bulk mRNA-seq was performed 10 days after tamoxifen dosing on whole liver
infemale mice aged 10-12 weeks atinduction. b, Venn diagramindicating
unique and overlapping differentially expressed genes. ¢, Expressionin 76
humansingle cell types of the 10 conserved genes from APOE cKO and D374Y

alleles day 10 after tamoxifen. d, TPM (transcript per million) of selected genes
differentially regulated only in the APOE cKO strain. All plots are + SEM and each
point represents anindividual liver (n = 4 vs 4). e, Reactome pathways of genes
differentially regulated only in the D374Y strain. f, TPM for genes implicated
inlipids synthesis pathways after 10 days post dyslipidemia inductionin both
strains.n =4 APOE cKO and n =4 littermate control;n=2D374Y andn=2
littermate control. All plots are mean + SEM. *indicates a false discovery rate < 0.1
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Extended Data Fig. 4 | Characterisation of mCherry-APOB responsive cells.

a, Schematic of targeting strategy of the Apob locus to produce mCherry-APOB.
b, Confocal analysis of liver from D374Y and D374Y-APOB strains 10 days after
tamoxifen treatment and maintained on a chow diet. Scale bars are 100uM,
n=2D374Y-APOB and n = 4 D374Y, where nrepreset a different liver sections.

¢, Western blot of plasma from D374Y-APOB mice probed with anti-mCherry
antibody. d, Plasma total cholesterol measurements from female mCherry-APOB
and D374Y- mCherry-APOB after 4 weeks of high-fat diet following tamoxifen-
induction (n =4 D374Y and n =3 littermate control mice). Plots are + SEM.
statistical analysis was performed with two-sided ¢-test. e, Heatmap of the top 5
marker genes for every cluster using Seurat analysis of scRNA-seq data from Live
CD45+mCherry-APOB+ cellsisolated from digested liver of female D374Y 10 days
after tamoxifen administration and maintained onachow diet. Yellow indicates
high expression of a particular gene, and purple indicates low expression.

f, Expression of receptors that are capable of APOB lipoproteins uptake in the cell

types found in amouse liver. g, Quantification of liver Kupffer cells (defined Live
CD45 + CD3-CD19-Ly6G-CD64 + F4/80 + TIM4 + ) in male D374Y and littermate
controls 10 days after tamoxifen administration and maintained on a chow diet.
n=6D374Y and n = 8littermate control mice. Data are shown as mean + SEM.

h, Representative gating strategy applied to Kupffer cells analysis by flow
cytometry. i, Histogram representing the different cell populations responsible
for LDL uptakein the liver of a dyslipidemic APOE cKO mouse injected i.v. with
asolution containing purified LDL-AF-488. j, Histogram and mean fluorescent
intensity for mCherry in the liver of a APOE cKO mouse injected i.v. with D374 Y-
mCherry plasma (red line), compared to a APOE cKO mouse injected with
non-labelled D374Y plasma (black line) (n = 7 individual samples obtained from
theliver of the injected APOE cKO mouse and n =3 individual samples obtained
fromthe liver of the injected littermate control mouse). Data are presented as
mean + SEM. statistical analysis was performed with two-sided ¢-test. In all cases,
mice were administered tamoxifen 10 days prior and maintained on a chow diet.
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Extended Data Fig. 5| Specificity of Liver KC ablation by clodronate
liposomes. a, Confocal microscopy of liver D374Y mice stained with

anti-CD68 and b, APOE cKO mice stained with F4/80, with and without
clodronate liposome treatment as indicated (scale bar =100 pum,n=2vs 2

ineach group, where n represents a different mouse). ¢, Absolute numbers

of myeloid cell types in blood, bone marrow (BM), and liver in male APOE

cKO mice and littermate controls with and without clodronate treatment, as
determined by Flow cytometry. Bone marrow granulocyte were defined as live
CD45 + CD11b + Ly6G +, bone marrow monocytes as live CD45 + CD11b + Ly6G-
Ly6C +, liver monocytes as live CD45 + CD19-CD3e-TIMD4-Ly6C+ liver Kupffer
cells as CD45 + CD19-CD3e-TIMD4 + Ly6C-F4/80 + CD64 +, blood granulocytes as
live CD45 + CD19-B220-CD11b + Ly6G+ and blood monocytes as live CD45 + CD19-
B220-CD11b + Ly6G-Ly6Clo to hi. n = 4 littermate control (Control),n =4
littermate control (Clodronate), n =3 APOE cKO (Control), and n =4 APOE cKO

(Clodronate) mice. d, Immunohistochemical detection of F4/80 in the adipose
tissue of dyslipidemic APOE cKO mice treated with clodronate or Dil liposome
control (scale bar indicates 40 mm). On the right, qPCR analysis showing no
difference in the expression of CD68 in the visceral white adipose tissue of the
same mice. Datais presented as average delta CT normalized to TBP + /- SEM
(n=4 APOE cKO clodronate and n = 3 APOE cKO control). e, Effects of clodronate
liposomes on Kupffer cells, LAMs, Monocytes and CV and capsular macrophages
as determined by bulk RNA seq of whole liver of APOE cKO mice (n=3vs 3)

f, TPM after clodronate administration showing no significant reductionin the
expression of de novo lipogenesis genes in APOE cKO mice, and cholesterol
synthesis genes in D374Y mice (APOE cKOn=3vs3;and D374Y n=3vs 3).
Statistical analysis was performed with one-way ANOVA (c) or two-sided ¢-test
(d). Allexperiments were performed 10 days after tamoxifen treatment in mice
maintained on anormal chow diet. All plots are + SEM.
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Extended DataFig. 6 | The liver response to four weeks of high-fat diet.

a, Plasma (mg/dl) and liver (ug/mg protein) cholesterol measurements in male
and female APOE cKO and female D374Y mice together with their respective
littermate controls 4 weeks after Tamoxifen administration and maintained
onaHFD. Plasma: n =7 APOE cKO and n = 3 littermate control mice; n =10 D374Y
and n =12 littermate control mice. Liver: n =8 APOE cKO and n =7 littermate
control mice; n=5D374Y and n = 6 littermate control mice. All plots are + SEM.
Statistical analysis was performed with two-sided ¢-test. b Hematoxylin

and eosin staining of paraffin sections of the liver from D374Y and littermate
control mice 4 weeks after Tamoxifen administration and maintained ona

HFD (scale bar =100 pm, n =2 vs 2 in each group, where nrepresents a different
mouse). ¢, Volcano plot of differentially expressed genes after 4 weeks of high-fat
diet following tamoxifen-induction in APOE cKO or D374Y mice versus respective
littermate controls as determined by mRNA-seq (p value from DESeq2

two-sided Wald test). d, Expressionin liver cells of the differentially expressed
genes conserved in both strains. e, Expression in 76 human single cell types of the
27 conserved genes from APOE cKO and D374Y alleles 4 weeks after Tamoxifen
administration and maintained on a HFD. f, Reactome pathways of genes
differentially regulated only in littermate control mice after 4 weeks of HFD.

g, expression pattern of HFD-only induced genes in the liver cells.
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Extended DataFig. 7| B cells are not required for the KC response to
atherogenic dyslipidemia. a,b, Absolute numbers of Spleen CD8 T cells (a) and
CD11b + CD3-CD19- myeloid (b) in female APOE cKO and D374Y mice treated with
anti-CD8 antibody relative to PBS treated mice as determined by flow cytometry.
Mice were maintained on HFD for 4 weeks following Tamoxifen administration.
CD3 +CD8:n=5APOE cKO and n = 5APOE cKO +aCD8 mice; n=5D374Y andn= 6
D374Y +aCD8 mice. CD11b + CD3-CD19-: n = 5 APOE cKO and n =4 APOE cKO +
aCD8 mice; n=5D374Y and n = 6 D374Y + aCD8 mice. ¢, Heatmaps of bulk mRNA
seq of whole liver showing variations in the expression of core identity genes

for KCs, LAMs, monocytes, CV and capsular macrophages following CD8 T cell
depletioninboth strains. d, Absolute numbers of Spleen B cell (CD19 + B220 +)

in D374Y female mice treated with anti-CD20 antibody relative to PBS treated
mice as determined by flow cytometry. Mice were maintained on HFD for 4 weeks
following Tamoxifen administration (n =4 D374Y and n = 6 D374Y + aCD20 mice).
e, Overlap of genes upregulated in both APOE cKO and D374Y mice versus those
upregulated in D374Y mice but treated with anti-CD20 antibody, in all cases

after 4 weeks of high-fat diet following tamoxifen-induction. All plots are + SEM.
Statistical analysis was performed with two sided ¢-test (a,band d).
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A minimum of two biological replicates were used for each comparison. Sample size was determined and limited by availability of mouse litter
sizes for each genotype and the sex of the mice, so that sex-matched littermates could be used. The maximum amount of matching mice
available were used. No size calculation was used. For human data, Patients underwent elective open-heart surgery for ascending aortic
disease and/or aortic valve disease, consecutively included. Liver biopsies were collected from 261 patients with no relation to their aortic-
aortic valve disease, no known liver disease and pre-operative liver values with no abnormalities detected. No size calculation was used

Occasional APOE cKO and D374Y mice that did not show the expected elevation in cholesterol levels were excluded from experimental
batches and not evaluated further. For bulk mRNA-seq, principle component analysis of whole transcriptome normalised counts was used to
determine inclusion. For the week 8 HFD clodronate analysis, 2 experimental samples were excluded based on incomplete depletion of
kupffer cells. For human data, gene correlations were analyzed in all patients with no stratification. No co-variates were included in the
analysis.

No technical replicates are included in the study. All attempts at replication were successful. All individual points represent a single data point
from one mouse or human as indicated. Blood lipid analysis has been replicated at least twice to confirm the dyslipidemic phenotype of the
mice. HPLC of plasma lipoprotein levels was successfully replicated once. Analysis of hepatic lipids levels was successfully replicated by Oil Red
O staining in independent experiments once for every mouse group. For mRNA-seq experiments, biological replicates from independent
experiments were combined when possible. The mRNA-seq of APOE cKO or D374Y livers was performed independently of each other. To
further replicate the mRNA-seq results, selected secreted factors were measured in plasma by ELISA in independent cohorts. Due to the high
sequencing costs, there was no attempt to replicate the scRNA-seq experiment. The flow cytometry of mCherry-APOB was replicated at least
once and all attempts were successful. The human analysis was not replicated due to a lack of comparable cohort.

Where applicable, mice of the same genotype were randomly assigned to treatment groups.

Investigators were not blinded to the genotype of the mice. Sample collection and processing was performed blinded with the exception of
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Blinding plasma analysis, as the dyslipidemic status of individual mice is often apparent in the sample. In no experiment was animal handling, sample
processing and data analysis performed by the same investigator. For human data, no patient or analysis stratification was performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies [ ] chip-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Animals and other organisms

Clinical data

XOOXXOS
CIX X0

Dual use research of concern

Antibodies

Antibodies used CD3e (BV785 145-2C11 Biolegend cat. no.100355), CD8 (FITC 53-6.7 BD Biosciences cat. n0.553031 lot n0.1029933), CD4 (BV750
GK1.5 Biolegend cat. no.100467 lot no.B341266), CD45 (V500 30-F11 BD Biosciences cat. n0.561487 lot n0.1131052 ), CD19 (PE
eBio1D3 eBioscience cat. n0.12-0193-85 lot n0.4277554), B220 (APC-Cy7 RA3-6B2 Biolegend cat. n0.103224 lot n0.B321245 ),
CD172 (BV711 P84 BD Biosciences cat. no.740766 lot n0.1263446), Ly6G (PB 1A8 Biolegend cat. no.127612 lot no.B336505), CD11b
(PerCP/Cyanine5.5 M1/70 Biolegend cat. n0.101228 lot no.B326435), CD11c (APC N418 Biolegend cat. n0.117310 lot no.B331091),
MHCII (AF700 M5/114.15.2 Biolegend cat. n0.107622 lot no.B350375), F480 (BV510 BMS8 Biolegend cat. no.123135 lot no.B305280),
TIMD4 (PerCP-eF710 54 invitrogen cat. no.46-5866-82 lot n0.2178334), Ly6C (BV650 HK1.4 Biolegend cat. no.128049 lot
n0.B329651), CD64 (BV421 X54-5/7.1 Biolegend cat no.139309).

Cell depletion antibodies: CD8 cells were depleted with anti-CD8a antibody (Rat IgG2b anti-mouse CD8a YTS 169.4, BioXcell cat.
no.BEO117 lot n0.728419M1) or anti-mouse CD20 (Mouse Ig2c anti-mouse CD20 MB20-11 BioXcell cat. no.BEO356 lot no.MB20-11).

Western blot: LDLR: LifeSpan Biosciences, unconjugated, cat n. LS-C146979, lot n0.203769/100. Anti-B-Actin: AC-15, Sigma-Aldrich,
unconjugated, cat n. A1978 lot n0.088M4804V. Serum albumin: Bioss, unconjugated, cat n. bs-2256R, lot n0.BC2221037. Anti-
mCherry: abcam, unconjugated, cat n. ab167453, lot no. GR3297302.

Confocal microscopy and immunohistochemistry: CD68 ( MCA1957, Serotec, clone FA-11), F4/80 (30325S, CellSignaling clone
D4C8V), CDSL (abcam, ab45408, clone CT-2 lot no.GR180210-43).

Validation Cell depleting antibodies (anti-mouse CD8a and anti-mouse CD20) were validated by flow cytometry for loss of relevant cell type and
confirmed in the manuscript. According to the manufacturer website, both antibodies have been previously validated by numerous
studies. Flow cytometry antibodies were validated by information available on company websites and our experience in routine flow
cytometry analysis of lymphoid organs.

FACS

CD3e BV785 145-2C11 Biolegend Catalogue number: 100355 https://www.biolegend.com/fr-ch/products/brilliant-violet-785-anti-
mouse-cd3epsilon-antibody-12081?GrouplD=BLG248

CD8 FITC 53-6.7 BD Biosciences Catalogue number: 553031 https://www.bdbiosciences.com/en-eu/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/fitc-rat-anti-mouse-cd8a.553031

CD4 BV750 GK1.5 Biolegend Catalogue number: 100467 https://www.biolegend.com/en-ie/products/brilliant-violet-750-anti-
mouse-cd4-antibody-15756

CD45 V500 30-F11 BD Biosciences Catalogue number: 561487 https://www.bdbiosciences.com/en-eu/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/v500-rat-anti-mouse-cd45.561487

CD19 PE eBio1D3 eBioscience Catalogue number: 4277554 https://www.thermofisher.com/antibody/product/CD19-Antibody-clone-
eBio1D3-1D3-Monoclonal/12-0193-82

B220 APC-Cy7 RA3-6B2 Biolegend Catalogue number: 103224 https://www.biolegend.com/en-ie/products/apc-cyanine7-anti-mouse-
human-cd45r-b220-antibody-1938

CD172 BV711 P84 BD Biosciences Catalogue number: 740766 https://www.bdbiosciences.com/en-se/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv711-rat-anti-mouse-cd172a.740766

Ly6G PB 1A8 Biolegend Catalogue number: 127612 https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-ly-6g-
antibody-6082

CD11b PerCP/Cyanine5.5 M1/70 Biolegend Catalogue number: 101228 https://www.biolegend.com/en-gb/search-results/percp-
cyanine5-5-anti-mouse-human-cd11b-antibody-4257?GrouplD=BLG10552

CD11c APC N418 Biolegend Catalogue number: 117310 https://www.biolegend.com/en-gb/products/apc-anti-mouse-cd11c-
antibody-1813?GrouplD=BLG11937

MHCII AF700 M5/114.15.2 Biolegend Catalogue number: 107622 https://www.biolegend.com/fr-ch/products/alexa-fluor-700-anti-
mouse-i-a-i-e-antibody-3413?GrouplD=BLG4736

F480 BV510 BM8 Biolegend Catalogue number: 123135 https://www.biolegend.com/en-gb/sean-tuckers-tests/brilliant-violet-510-




anti-mouse-f4-80-antibody-8934?GrouplD=BLG5319

TIMD4 PerCP-eF710 54 invitrogen Catalogue number: 46-5866-82 https://www.thermofisher.com/antibody/product/TIM-4-
Antibody-clone-54-RMT4-54-Monoclonal/46-5866-82

CD64 BV421 X54-5/7.1 Catalogue number: 139309 https://www.biolegend.com/ja-jp/products/brilliant-violet-421-anti-mouse-cd64-
fcgammari-antibody-8992?GrouplD=BLG8805

Ly6C BV650 HK1.4 Biolegend Catalogue number: 128049 https://www.biolegend.com/ja-jp/search-results/brilliant-violet-650-anti-
mouse-ly-6c-antibody-17378?GrouplD=BLG7242

Depleting antibody

anti-CD8a YTS 169.4, BioXcell Catalogue number: BE0117 https://bioxcell.com/invivomab-anti-mouse-cd8a-be0117?
gad_source=1&gclid=CjwKCAIA5L2tBhBTEiwAdSxJXx5epkE3aN-7m7w-
VXbabiapzpQI4RK_4NEfNFqwY92pX4DCs8dxEhoCANsQAVD_BwE

anti-mouse CD20 MB20-11, BioXcell Catalogue number: BE0356 https://bioxcell.com/invivomab-anti-mouse-cd20-be0356

Western Blot

LDLR LifeSpan Biosciences Catalogue number: LS-C146979 https://www.labome.com/product/LifeSpan-Biosciences/LS-C146979.html
B-Actin AC-15 Sigma Catalogue number: A1978 https://www.sigmaaldrich.com/SE/en/product/sigma/a1978

mCherry abcam Catalogue number: ab167453 https://www.abcam.com/en-se/products/primary-antibodies/mcherry-antibody-
ab167453

Albumin Bioss Catalogue number: bs-2256R https://www.biossusa.com/products/bs-2256r

Confocal microscopy

and IHC

CD68 FA-11, Serotec Catalogue number: MCA1957 https://www.bio-rad-antibodies.com/monoclonal/mouse-cd68-antibody-fa-11-
mcal957.html?f=purified&JSESSIONID_STERLING=4DAD7B299E517EEEOD02D657D7F5F9CC.ecommerce2&evCntrylang=SE-
en&cntry=SE&thirdPartyCookieEnabled=true

F4/80 D4C8V CellSignaling Catalogue number: 30325S https://www.cellsignal.com/products/primary-antibodies/f4-80-d4c8v-xp-
rabbit-mab/30325

CD5L CT-2, abcam Catalogue number: ab45408 https://www.abcam.com/en-se/products/primary-antibodies/cd5I-ct-2-antibody-
ab45408

Confocal microscopy

and IHC

CD68 FA-11, Serotec MCA1957 https://www.bio-rad-antibodies.com/monoclonal/mouse-cd68-antibody-fa-11-mcal957.html?
f=purified&JSESSIONID_STERLING=4DAD7B299E517EEEOD02D657D7F5F9CC.ecommerce2&evCntrylang=SE-
en&cntry=SE&thirdPartyCookieEnabled=true

F4/80 D4C8V CellSignaling 30325S https://www.cellsignal.com/products/primary-antibodies/f4-80-d4c8v-xp-rabbit-mab/30325
CD5L CT-2, abcam ab45408 https://www.abcam.com/en-se/products/primary-antibodies/cd5|-ct-2-antibody-ab45408

Animals and other research organisms

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

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

All mice used were aged between 10-14 weeks at the start of the experiment. The APOE cKO mice were maintained on the C57BL/6
genetic background and described previously PMID: 29880490. We created a conditionally activated hPCSK9 D374Y gain-of-function
mouse model by inserting D374Y mutated hPCSK9 into the Rosa26 locus and targeting of C57BL/6 embryonic stem cells. The
ROSA2PCSK9D374Y mice were crossed with ROSA26CreERt2 mice (PMID: 17251932) creating ROSA26CreERt2/PCSKID374Y
experimental mice. Littermates without the D374Y insert (Rosa26CreERt2/+ or Rosa26 CreERt2/ CreERt2) were always used as
controls. mCherry was inserted into exon 2 of Apob. The ApobmCherry/+ was bred with C57BL/6 Cre-deleter mice to remove the
neomycin cassette between exon 2 and 3 in order to generate heterozygous mice carrying the reporter allele. These ApobmCherry/+
were then bred to homozygosity and further crossed with ROSA26CreERt2/PCSK9D374Y to create ApobmCherry/mCherry
ROSA26CreERt2/PCSK9D374Y and ApobmCherry/mCherry ROSA26CreERt2/ CreERt2 littermate controls. All mice were housed in a
specific pathogen-free vivarium at the Karolinska Institute. The light/dark period was 12h/12h, and mice were kept under standard
temperature and humidity conditions (20-22°C, 45-55% RH). All mice had ad libitum access to food and water. Breeding mice were
fed chow diet R36 (12.6 MJ/kg, 18% protein, 4% fat; Lantmannen, Sweden). Experimental mice received chow diet (R70,
Lantmannen, Sweden, 12.5 MJ/kg, 14% protein, 4.5% fat) or HFD (R638, Lantmannen, Sweden, 15.6 MJ/kg, 17.2% protein, 21% fat,
0.15% cholesterol) as stated in each experiment. Littermates controls were used.

The Study did not invovle wild animals

Either Male or female mice were used as stated in the manuscript for all experiments with the exception of plasma lipid analysis were
mixed male and female samples were combined.

The study did not involve field-collected samples

The Stockholm board for animal ethics approved the experimental protocols.

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

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Not a clinical trial. Clinical samples have been reported elsewhere PMID: 21620721.

Study protocol Patients undergoing elective open-heart surgery for ascending aortic repair and/or aortic valve disease at the Karolinska University
Hospital, Stockholm. Liver samples were collected during surgery PMID: 21620721.

Data collection Data published in PMID: 24927523 & 20562444, Transcriptomics using HTA Affymetrix. Samples were hybridized and scanned at the
Karolinska Institute Affymetrix core facility. Output in (.cel format). Only omics data that have passed the quality control by the
manufacturers and providers was included in the analysis. Data was quality-checked by our in-house criteria. Gene expression
(Affymetrix Exon array) data has been deposited (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE26155).
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Outcomes not applicable.

Flow Cytometry

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

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Spleens were ground with syringe plungers and prepared as single-cell suspensions by pressing through sterile 70 um mesh
size cell strainers. Cells were stained with conjugated antibodies on ice for 30 minutes. For liver, a small sample from one
lobe was cut into small pieces and digested in 0.2 mg/mL collagenase IX for 30 min at 37 °C in RPMI 1640. The cell suspension
was passed through an 18 g syringe 10 times to remove any clumps and then a 70uM cell strainer.

Instrument Spectral Flow cytometry was performed with Cytek Northern Lights or Aurora spectral flow cytometers with Spectroflo
software.

Software FlowJo software v10.8.1

Cell population abundance Purity was determined post-sort by analyzing an aligout of the sorted material with a threshold of 95% purity accepted

Gating strategy Immune cell populations were defined as: liver Kupffer cell (CD3-CD19-Ly6G-F4/80+TIMD4+ CD64+), liver pDC (CD19-B220

+CD172+), liver neutrophil (F4/80-CD11b+Ly6G+), liver DC (CD11c+MHCII+), Liver B cell (CD19+B220+), spleen CD8 T-cell
(CD3+CD4-CD8+) and spleen B cell (CD45+CD19+B220+). Bone marrow granulocyte were defined as CD45+CD11b+Ly6G+,
bone marrow monocytes as CD45+CD11b+Ly6G-Ly6C+, liver monocytes as CD45+CD19-CD3e-TIMD4-Ly6C+, blood
granulocytes as CD45+CD19-B220-CD11b+Ly6G+ and blood monocytes as CD45+CD19-B220-CD11b+Ly6G-Ly6Clo to hi. Cell
populations were gated first on FSC-H and SSC-H to remove debris and FSC-H versus FSC-H to define singlets. Compensation
(spectral unmixing) were always performed for each antibody that was used in the gating strategy and used to define positive
and negative populations.

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