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Noncoding genetic variation drives phenotypic diversity, but underlying
mechanisms and affected cell types areincompletely understood. Here,
investigation of effects of natural genetic variation on the epigenomes and
transcriptomes of Kupffer cells derived from inbred mouse strains identified
strain-specific environmental factors influencing Kupffer cell phenotypes,
including leptin signaling in Kupffer cells from a steatohepatitis-resistant
strain. Cell-autonomous and non-cell-autonomous effects of genetic
variation were resolved by analysis of F1 hybrid mice and cells engrafted
into animmunodeficient host. During homeostasis, non-cell-autonomous
trans effects of genetic variation dominated control of Kupffer cells, while
strain-specific responses to acute lipopolysaccharide injection were
dominated by actions of cis-acting effects modifying response elements
for lineage-determining and signal-dependent transcription factors. These
findings demonstrate that epigenetic landscapes report on trans effects of
genetic variation and serve as aresource for deeper analyses into genetic
control of transcription in Kupffer cellsand macrophages in vitro.

Genome-wide association studies have been highly successful in  in noncoding regions of the genome, limiting their interpretability'.
linking common forms of genetic variation to risk of disease and pro-  Defining the causal variants, the cell types in which they exert their
viding starting points for identifying new therapeutic targets. How-  effects and their mechanism of action remain major challenges. Com-
ever, most of the genetic variants identified by these studies reside  monforms of noncoding genetic variation, including single-nucleotide
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polymorphisms (SNPs) and shortinsertions and deletions (indels), can
alter gene expression by changing the sequences of DNA recognition
elements for transcription factors within enhancers and promoters.
For example, a SNP that reduces the binding of a required transcrip-
tion factor to a cell-specific enhancer may reduce expression of the
corresponding genein that cell type. Thus, the variant exerts a cell-and
gene-specificimpact viaaformof cisregulation. Such variants may have
trans effects dependent on the affected gene. For example, anoncod-
ing variant affecting expression of a transcription factor in cis may
drive cell-autonomous trans effects onits target genes. Alternatively,
acis-acting genetic variant affecting intercellular communication may
promote non-cell-autonomous trans regulation in other cell types.

Atthecis-regulation level, substantial progress has beenmadein
linking SNPs and indels responsible for gene regulation to promoters
and cell-specific regulatory elements through creation of cell-specific
cis-regulatory atlases. Dependent on context, <80% of allele-specific
differencesin cis-regulatory activity occurs through local variants®. By
contrast, few studies have quantitatively assessed trans regulationin
specific cell types of genetically diverse vertebrates in vivo®. Notably,
cis-regulatory variation may only contribute ~30% of heritability in
gene expression, with the remaining heritability being driven by trans
effects*’. An additional barrier is the limited systematic approaches
for investigating mechanisms by which genetic variation exerts
non-cell-autonomous effects on cellular phenotypes®.

Toaddress this gap, we integrated two distinct experimental strat-
egies todistinguish cell-autonomous and non-cell-autonomous effects
of genetic variation. The first strategy builds on the prior use of geneti-
cally diverse macrophages to investigate mechanisms of enhancer
selection and activationand gene expression’’. In these studies, mac-
rophages were differentiated in vitro from different inbred strains of
mice and used for transcriptomic and/or genomic studies. Roles for
~80 transcription factors were inferred through interrogating the
effects of SNPs and indels ontranscription factor binding. Theseroles
include macrophage lineage-determining factors, signal-dependent
transcription factors and other collaborative binding partners that
promote the selection and activation of macrophage-specific enhanc-
ers’. By establishing an identical differentiation program and cell
culture environment, these studies largely excluded possible effects of
genetic variation on other cell types and enabled direct assessment of
cell-autonomous effects; notably, studies in F1 hybrid mice indicated
that <90% of strain-specific enhancer activity exhibited cis regulation®.

The second experimental strategy leveraged the roles of enhanc-
ers and promoters as sensors and transcriptional effectors of the
internal and external signals that establish cellular identity and func-
tion*'°"2, Signal-dependent changes in gene expression generally
result from altered binding and/or function of transcription factors
atcis-regulatory elements. The selection and activation of enhancers
and promoters canbe quantitatively measured onagenome-wide scale
using assays for open chromatin and histone modifications associated
with activity, suchas acetylation of histone H3 at lysine 27 (H3K27ac)".
Motif enrichment analysis of these dynamically controlled enhancers
and promoters enables prediction of the transcription factors under-
lying gene activation. For example, quantitative analysis of dynamic
enhancer landscapes in monocytes undergoing Kupffer cell differen-
tiationinvivorevealed transcription factor motifs linked to validated
pathways responsible for Kupffer cell-specific gene expression, includ-
ingthe Notch, transforming growth factor-3 and liver X receptor (LXR)
signaling pathways'".

We combined these experimental strategies to define cell-
autonomous and non-cell-autonomous effects of genetic variation
on enhancer activity and gene expression in Kupffer cells. Kupffer
cellsare the major population of liver-resident macrophages and play
important roles in immunity and physiology, including detoxifying
gut-derived lipopolysaccharide (LPS) and regulating iron metabo-
lism®. These abundant macrophages are suitable for various genomics

assays requiring deep sequencing and thus are a powerful model for
evaluating the impact of genetic variation on a tissue-resident mac-
rophage population invivo. Kupffer cells areimplicated in pathological
processes of liver diseases, including non-alcoholic steatohepatitis
(NASH) development'®”. To increase generalizability, we selected three
strains of mice with different sensitivities to aNASH-inducing diet for
analysis of Kupffer cell gene expression'. We provide evidence that
strain-specific differences in Kupffer cell transcriptomes and enhancer
activity states can be used to infer consequences of genetic variation
and their mechanismof actioninother cell types thatinfluence Kupffer
cell gene expression. These findings suggest a general approach to
investigating non-cell-autonomous effects of genetic variation that
may be broadly applicable to diverse cell types.

Results

Gene-environment interactions affecting gene expression

To establishamodel system for analyzing effects of natural genetic vari-
ationonKupffer cellgene expression, we selected three commonsstrains
ofinbred mice that recapitulate major phenotypic differences observed
in human liver disease'. Each strain (A/J, BALB/c) and C57BL/6)) has a
publicly available genome” and positionally defined SNPs and indels
(Extended Data Fig.1a). Comparing strain susceptibility/resistance to
NASH confirmed documented trait segregation for developing obe-
sity, steatosis, steatohepatitis and fibrosis (Extended Data Fig. 1b-e).
Transcriptional alteration of total hepatic Kupffer cells was most pro-
nounced in NASH-susceptible strains, with minimal observed changes
in cells from NASH-resistant mice (Extended Data Fig. If).

These findings prompted us to systematically evaluate the
effects of genetic variation on the transcriptomes of Kupffer cells in
these mouse strains. In parallel, we generated transcriptomic data
for strain-specific bone marrow-derived macrophages (BMDMs) to
assess the specificity of genetic variation effects to Kupffer cells. Unsu-
pervised clustering and principal component analysis of these data
demonstrated cell type as the dominant determinant of clustering,
as expected®’, but each cell type also segregated by strain (Fig.1a,
Extended DataFig.2a-fand Supplemental Table1). Pairwise compari-
sons of Kupffer cells from each strainindicated 194-362 differentially
expressed genes, and 57-80% of genes with differential regulation by
strainwere uniquely altered in only Kupffer cells or BMDMs (Fig. 1b-d).
Examples of transcripts with strain-unique patterns of expression
in BMDMs (Fig. 1e-g) included notable regulators of inflammation
(Rgsl1, Ifi203and Aoah), responses to lipids (Ch25h, Abcgl and SdcI) and
polarization (Arg2and Marco). Likewise, examples of transcripts with
strain-unique patterns of expressionin Kupffer cells (Fig. 1h—j) included
transcriptional (A¢f5) and inflammatory (Cd300e, Irak3, Cxcl14, Cd40
and Mefv) regulators. Functional grouping of strain-unique gene
expression by Kupffer cells linked evolutionary plasticity in programs
controlling antigen processing and presentation, chemokine signal-
ing and chemotaxis suppression (Fig. 1k-m)?. These results provide
functional insights into genetic control of macrophage transcription
inacommonin vitromodel and a natural in vivo environment.

Effect of natural genetic variation on enhancer landscapes

To investigate the impact of genetic variation on potential transcrip-
tion factor binding regulatory elements in Kupffer cells, we performed
assay for transposase-accessible chromatin followed by sequenc-
ing (ATAC-seq)*. Pairwise comparisons of ATAC-seq signal by strain
(Fig.2aand Extended Data Fig. 3a) identified from ~1,000 to >7,000 dif-
ferential ATAC-seq peaks; the number of differential peaks scaled with
the level of genetic diversity. As open chromatin does not necessarily
reflect the activity of a putative regulatory element, we performed
chromatinimmunoprecipitation followed by sequencing (ChIP-seq)
for H3K27ac, which is highly correlated with enhancer and promoter
activity”. Approximately 5,000-7,000 ATAC-seq peaks had differen-
tial H3K27ac signal by strain (Fig. 2b and Extended Data Fig. 3b). Over
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Fig.1| Gene-by-environment transcriptional regulation of primary mouse
macrophages. a, Global principal component analysis for RNA-seq data from
BMDMs and Kupffer cells from the indicated strains. Data represent any gene
expressed above a TPM threshold of 8; n =2 per group; PC, principal component;
KC, Kupffer cells. b-d, Comparison of the mean TPM and the DeSeq_2 log, (fold
change) (log, (FC)) value for RNA-seq data from Kupffer cells purified from
theindicated strains. Differentially expressed genes were identified using

alog, (fold change) of >1, an adjusted Pvalue of <0.05 and a TPM of >8, as
identified using DeSeq2 Pvalue (Wald’s test with multiple testing correction
using the Benjamini-Hochberg method) and HOMER (TPM normalization);
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DEG, differentially expressed gene. e-j, Expression of representative genesin BMDMs
(e, fand g) and Kupffer cells (h, i and j) identified as A/] specific (left; eand h),
BALB/cJ specific (middle; fand i) or C57BL/6) specific (right; g and j). Genes were
defined as strain specific if they were expressed at a significantly higher level in
onestrain thanin both other strains. Data represent the mean TPM. k-m, Gene
ontology enrichment for strain-specific genes, which were defined as genes with
significantly increased expression (log, (fold change) >1, adjusted P< 0.05) in
one strain compared to both other strains, for example, increased expression in
A/) micerelative to BALB/c) mice and in A/) mice relative to C57BL/6) mice; n =2
per subgroup for transcriptional analysis.

10,000 of the ~66,000 putative regulatory elements identified were
defined as under genetic control by analysis of these intersected data
(Fig. 2c). Examples of strain-specific ATAC-seq and H3K27ac ChIP-seq
signals that correlated with strain-specific gene expression included
Cd300e, Trem2 and Irak3 (Fig. 2d).

To estimate the extent to which local genetic variants contribute
tostrain-specific differencesin ATAC-seq and H3K27ac, we determined
thefrequency of SNPs and indels within ATAC-defined open chromatin
atstrain-similar ATAC-seq and H3K27ac peaks in comparison to peaks
exhibiting a greater than twofold change in ATAC-seq or H3K27ac sig-
nal. Strain-similar peaks exhibited a background SNP/indel frequency
of15-18%, whereas peaks differing by greater than twofold exhibited a

variant frequency of 46-56% (Fig. 2e). The variant frequency increased
to57-64% atafourfold difference between strains and was similar atan
eightfold difference. Overall, ~30-50% of regions’ quantitative differ-
ences in open chromatin or histone acetylation were associated with
nearby variants controlling chromatin accessibility or activity in cis.
Motif enrichment analysis of the common set of ATAC-seq peaks
exhibiting H3K27ac yielded motifs corresponding to previously
established Kupffer cell lineage-determining factors, including PU.1,
MAF/MAFB, NF-kB, TFEB/TFEC, LXR, RBPJ and SMADs (Extended
Data Fig. 4a,b). To identify potential transcription factors driving
strain-specific enhancer selection, we performed motif enrichment
of strain-specific enhancers. In each case, PU.1 binding sites were the
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most enriched motifs, consistent with the general role of PU.lin select-
ing macrophage-specific enhancers (Fig. 2f). Additionally, putative
enhancers exhibiting preferential H3K27ac between strains included
enrichment for motifs recognizing NFIL3, AP-1and ETS factors, among
others (Fig. 2f), and indicating a likely causal relationship between
enhancer activity and the sequence-specific transcription factor(s)
inthe active strain.

To gain further insightinto mechanisms by which SNPs and indels
exertlocal effects on enhancer selection and function, we assessed the
quantitative impact of the genetic variation provided by these three
strains of mice on open chromatin and H3K27ac using MAGGIE, amotif
mutation analysis tool”>. MAGGIE associates changes of epigenomic
features at homologous sequences (for example, enhancer activa-
tion or enhancer repression) with motif mutations caused by genetic
variation to prioritize motifs that likely contribute to local regula-
tory function. Although the genetic variation provided by comparing
A/), BALB/cJ and C57BL/6) mice is substantially less than that used
in previous MAGGIE applications®?, systematic analysis of JASPAR**
transcription factor binding motifs identified >100 motifs with vari-
ants significantly associated with altered ATAC-seq and/or H3K27ac
signal (Supplemental Table 2). Many motifs identified by MAGGIE are
binding sites for related transcription factors (for example, ETS, AP-1
and IRF families; Fig. 2g). Overall, effects of motif mutations on open
chromatinand H3K27ac were highly correlated. Significance of motif
mutation enrichments were greater when associated with ATAC-seq
than H3K27ac ChIP-seq, likely due to the larger size of the ATAC-seq
input set. Mutations affecting PU.1and related ETS family motifs were
the most deleterious for chromatinaccessibility and acetylation, con-
sistent with the role of PU.1 as a macrophage lineage-determining
transcription factor>* %, Motif mutations affecting IRF, STAT, AP-1/
ATF, CREB, MAF and C/EBP families were also identified as drivers of
enhancer selection and function in Kupffer cells. Identifying a motif
for LXR/RXR heterodimers was also consistent with its established
role as a Kupffer cell lineage-determining factor that participates in
chromatin opening and enhancer activation'. Not all enriched motif
mutations could be associated with corresponding transcription fac-
tors expressed by Kupffer cells (for example, ZFP57, ZKSCAN, PAX and
NKX; Supplemental Table 2), suggesting theirinvolvementin other bio-
logical contexts or theinteraction of currently undefined transcription
factors withthese DNA elements. RBP) and SMAD both regulate Kupffer
cell differentiation'*"*; however, the SNP and indel abundance affect-
ing these motifs is limited, and analyses did not detect enrichment of
motif mutations for these factors associated with altered chromatin
accessibility or acetylation. This may reflect aselection pressure to pre-
serve the function of these elements. Collectively, these studies define
the effect of natural genetic variation on the enhancer landscapes of
Kupffer cells from three strains of mice and support functional roles
of major motifs enriched in these regulatory elements.

Inference of environmental influence on transcription

Sinusoidal endothelial cells and stellate cells regulate the expression
and activity of Kupffer cell lineage-determining transcription factors
via the Dl[4-Notch and Bmp9-ALK/SMAD pathways'>**, To gain insights

into how these and other signaling molecules affect strain-specific tran-
scriptionin Kupffer cells, we applied NicheNet, acomputational model
of intercellular signaling built from public data sources of ligand-
receptor and intracellular networks®. The NicheNet model can infer
active ligands in cell-cell communication by comparing expressed
ligand-receptor pairs in sender-receiver cells to differentially
expressed genes inreceiver cells.

Using newly generated RNA-sequencing data (RNA-seq) from
hepatocytes, stellate cells and liver sinusoidal endothelial cells (LSECs)
fromA/J, BALB/cJ and C57BL/6) mice, we determined whether ligands
expressed by hepatic cells with cognate receptor expression in
Kupffer cells could predict strain-specific Kupffer cell gene expression
(Fig.3aand Extended DataFig. 5). We also included a selection of hor-
monal ligands that may alter Kupffer cell transcription via portal blood
exposure. NicheNet scored each ligand by correlating receiver cell
gene expression predicted as induced by a given ligand to the set of
strain-specific differentially expressed genes, and we summarized
top-scoring NicheNet ligands (Fig. 3b) and ligand-target gene connec-
tions (Fig. 3¢). Hepatocyte-derived ligands included ApoE, an apoli-
poprotein that binds lipoprotein receptors (for example, LDLR and
TREM2), which was predicted to induce BALB/cJ-specific Kupffer cell
gene expression (for example, FadsI and Cxcr4; Fig.3c). LSEC-derived
ligandsincluded bone morphogenetic protein 2 (BMP2),aBMP ligand
family member, which was predicted to control A/J-specific Kupffer
cell gene expression. Predicted niche ligands of LSECs and hepatic
stellate cells included proteins encoded by Adami17 and App. App,
the gene encoding amyloid precursor protein (APP), was linked to
C57BL/6)-specific gene expression, including the inflammation
response genes Ccl5and Tnfaip3. Lep, encoding the adipokine leptin,
was a top-scoring ligand that predicts BALB/cJ-specific Kupffer cell
geneexpression, and Lepr, encoding theleptinreceptor, was expressed
highest in BALB/cJ Kupffer cells (Fig. 3d). Altogether, these analy-
ses predicted altered expression or activity of several niche ligand-
receptor signaling pathways that regulate strain-specific Kupffer cell
gene expression.

Weinvestigated the importance of differential expression of Lepr,
which is expressed highest by Kupffer cells among other cell types in
the hepatic niche (Fig. 3d). Endogenous leptin is exclusively derived
from adipose tissue and signals via the leptin receptor through phos-
phorylation and activation of STAT3 (refs. 29,30). Acute intraperito-
neal injection of leptin into fasted mice induced detectable STAT3
phosphorylation in liver tissue from C57BL/6) and BALB/cJ mice but
not A/Jmice (Fig.3e), which had the lowest Lepr expression in Kupffer
cells of the assessed strains (Fig. 3d). This result was consistent with
the NicheNet-predicted role for leptin in controlling strain-specific
differencesin Kupffer cell gene expression. The leptin-STAT3 pathway
suppressing inflammatory signaling in obese mice?” and Kupffer cells
facilitating the acute effects of leptin on hepatic lipid metabolism® sug-
gest this finding’s functional relevance. Furthermore, resident (Tim4")
Kupffer cells had significantly lower Leprexpression in an experimental
NASH modelthanincontrolmice, and expression of Leprwas minimalin
peripheralblood monocytes and recruited monocyte-derived (Tim4°)
Kupffer cellsin C57BL/6) mice with NASH (Fig. 3f)*’. Lepris also one of

Fig.2|Local and global effect of natural genetic variation on the Kupffer cell
epigenome. a, Scatter plots of log, (tag counts) for ATAC-seq signal at the union
set of irreproducible discovery rate (IDR) ATAC-seq peaks across all strains; n =4
per group. b, Scatter plots of log, (tag counts) for H3K27ac ChIP-seq signal at
the union set of IDR ATAC-seq peaks across all strains; tags are annotated with
awindow size of 1,000 base pairs (bp) centered on the middle of the IDR peak;
n=3pergroup.c,Overlap of active and accessible genomic loci for each strain.
Accessible loci are defined as sites with >16 HOMER-normalized ATAC-seq tags.
Active lociare defined as sites with >32 HOMER-normalized H3K27ac ChIP-

seq tags. d, Strain-specific epigenetic signals associated with transcriptional
activation. Cd300e expression and H3K27ac acetylation of nearby enhancers

are specific to A/ Kupffer cells. Trem2is preferentially expressed in BALB/cJ
Kupffer cells and is associated with increased acetylation of an intronic enhancer.
Irak3is preferentially expressed in C57BL/6) Kupffer cells and is associated

with C57BL/6)-specific ATAC-seq peaks and increased acetylation of nearby
enhancers; kb, kilobases. e, Enhancers were categorized into strain similar or
strain specific for both ATAC-seq and H3K27ac ChIP-seq data. The table denotes
percentages of enhancers at each fold change cutoff that harbor local genetic
variation within the 200 bp of the IDR peak. f, Motifs associated with strain-
specific active enhancers, defined as loci that had strain-specificincreasesin
H3K27ac. g, MAGGIE motif mutation analysis on strain differentially accessible
and active enhancers.
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the few genes notinduced in monocyte-derived Kupffer cells repopu-
lating the niche following experimental ablation of resident Kupffer
cells (Fig. 3g)'>. Thus, our data indicate that genetic, developmental
and environmental factors regulate Lepr expression in Kupffer cells.

Cis and trans effects of genetic variation on transcription

Next, we performed RNA-seq on the Kupffer cells from the
first-generationintercross of C57BL/6) male and BALB/c) female mice
toassess underlying mechanisms for genetic variation on transcription.
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Fig.3 | Hepatic Kupffer cell niche differences predicted using network
analysis. a, Gene expression of receptors by Kupffer cells (left) or ligand by niche
companion cells (right) from the indicated cell types (‘A’, ‘B’and ‘C’ annotations
ontherightindicate expressionin A/J, BALB/cJ and C57BL/6) mice, respectively);
Hep, hepatocytes; HSC, hematopoietic stem cells. b, Top NicheNet ligand activity
scores for each strain. Significance was normalized to z score across strains; n =2
samples per group for Kupffer cell RNA-seq, and n = 4 samples per subgroup for
niche companion cell RNA-seq. ¢, Circos plot demonstrating gene targets of the
top six NicheNet ligands from b. The width of arrows represents the NicheNet
activationscore for agiven ligand-target gene pair. d, Strain-specific expression
of theleptin receptor in hepatic cells. Pvalues are derived from DESeq2 (Wald’s
test with multiple testing correction using the Benjamini-Hochberg method);
n=2samples per group for Kupffer cell RNA-seq, and n = 4 samples per subgroup
for niche companion cell RNA-seq; NS, not significant.

e, Immunoblot assessment of total and phosphorylated STAT3 in liver tissue from
miceinjected with1 mg per kg (body weight) leptin via theintraperitoneal route.
Data are representative of three experiments. f, Expression of the gene encoding
the leptin receptor in Kupffer cells from healthy C57BL/6) mice (left) and myeloid
cellsincluding macrophages and monocytes isolated from mice fed an Amylin
liver NASH (AMLN) NASH-inducing diet for 20 weeks. Data were analyzed by
one-way analysis of variance (ANOVA); P=5.5 x 1073, n = 2 samples per subgroup.
g, Expression of the gene encoding the leptin receptor in embryonic-derived
Kupffer cells (far right) and bone marrow-derived monocytes repopulating

the liver at specific time points following depletion of resident Kupffer cells

with diptheria toxin. Data were analyzed by one-way ANOVA; P=4.9 x10°5;
n=2samples for Ly6C" monocytes, DT48 h, DT3 d and DT14 d subgroups; n=3
samples for DT24 h, DT7 d and Kupffer cell subgroups.

Nature Immunology | Volume 24 | November 2023 | 1825-1838

1830


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01631-w

In CB6F1/J hybrid mice, both parental BALB/cJ and C57BL/6) genomes
coexist withinamatched extracellular and intracellular environment.
To identify allelic biases, we mapped RNA-seq data to each parental
genome and compared the levels of perfectly mapped reads spanning
mutations between the parental strains, as described previously>”*,

Weidentified 245 genes with significant allelic bias in the F1 hybrid;
83 genesshared gene expression bias toward the same strain in RNA-seq
datafrom parental Kupffer cells (Fig. 4a). We defined cis/trans expres-
sion patterns by directly comparing the relative expression between
parental cells and allelic data*****, Strain-specific gene expression
was classified as cisdriven or trans drivenif expression was conserved
or not conserved, respectively, at the allelic level. With this approach,
we found that trans genes outnumbered cis genes in healthy Kupffer
cells (Fig. 4b), but trans genes were associated with smaller expres-
sion fold changesin the parental strain (Fig. 4c), mirroring findingsin
human expression quantitative trait loci studies’. Functional studies
of expression quantitative trait loci have shown that trans-regulatory
genetic variants associated with complex traits converge on modules
of coexpressed genes sharing common upstream regulators, yield-
ing insights into mechanisms of pathogenesis>***". We asked whether
this feature of trans genes could be used to identify transcriptional
pathways driving strain-specific Kupffer cell gene expression. Indeed,
C57BL/6) and BALB/c] trans genes were enriched for distinct biological
functions, antigen presentation and Toll-like receptor (TLR) signaling
in C57BL/6) mice and chemotaxis and wound healing in BALB/c) mice
(Fig. 4d). De novo motif analysis of trans gene promoters identified
distinct transcriptional regulators in Kupffer cells, including NF-kB in
C57BL/6) mice and RXRa in BALB/c) mice (Fig. 4e).

As trans effects might be driven by cell-autonomous and
non-cell-autonomous mechanisms, we determined their relative con-
tributions by transplanting bone marrow from C57BL/6) mice, BALB/
cJ mice or CB6F1/J) F1 hybrid mice into busulfan-conditioned NOD
scid gamma (NSG) recipients®. Busulfan treatment depletes resident
Kupffer cells, allowing engraftment of monocyte-derived Kupffer cells
from donor progenitors. Both the FO-NSG and F1-NSG transplant
Kupffer cells share asimilar hepatic extracellular environment. Thus,
genes with strain-specific gene expression bias in parental Kupffer
cells and equivalent expression in FO-NSG and F1-NSG Kupffer cells
are likely driven by environmental differences unique to the paren-
tal liver (Fig. 4f). By contrast, donor-derived Kupffer cells from the
F1-NSG model containboth parental genomesin ashared cellular and
nuclear environment. Consequently, genes exhibiting strain-specific
expression in Kupffer cells from parental mice and the FO-NSG trans-
plant model and no significantallelicimbalance in the donor-derived
F1-NSG modellikely arise from differences inintracellular signaling or
transcription factor activity. Regarding strain-specific genes, FO and
FO-NSG mice shared more differential genes than did F1I-NSG mice,
consistent with the role of the intracellular environment in maintain-
inga portion of strain-specific gene expression (Fig. 4g and Extended
DataFig. 6).

Inboth the F1hybrid and NSG models, most transcripts with allelic
bias (71/121; Fig. 4h) were trans regulated and likely driven by environ-
mental trans effects in the parental hepatic environment that were lost
inthe models. Many remaining transcripts (42/121; Fig. 4h) were defined
astransregulated duetoallelicbiasesin chimeras made with cells from
F1hybrid mice but not cells from parental mice, indicating control by
cell-autonomous differences upstream of transcription factor binding.
From these collective data, we estimate that trans-mediated genetic
variation in Kupffer cells is driven 60% by non-cell-autonomous dif-
ferencesin environmental signals and 40% by cell-autonomous differ-
encesinsignalingor transcriptional activity. Notably, these estimates
are based on semiquantitative cutoffs, and transcriptionis regulated by
varying degrees of both trans and cis effects, but we do not have amodel
to quantify the relative impact of these effects using FO and F1 data.

Cis and trans effects of genetic variation on enhancers

These findings were consistent with genetically determined differ-
ences in the hepatic environment exerting additional regulation on
Kupffer cells in vivo, and predicted trans effects of genetic variation
may be dominant drivers of chromatin landscapes in Kupffer cells.
We performed ATAC-seq and ChIP-seq for H3K27ac in Kupffer cells
isolated from CB6F1/) F1 hybrid mice and evaluated allelic biases as
discriminated by the presence of genetic variants (Extended Data
Fig.3c). Aswith gene expression, trans effects were dominant for both
ATAC-seq peaks (442 cis, 1,184 trans; Fig. 5a) and overlayed H3K27ac
ChlIP-seq signal (936 cis, 1,493 trans; DeSeq2: log, (fold change) >1,
adjusted P < 0.05; Fig. 5a). Overall, allelic bias in H3K27ac ChIP-seq data
positively correlated with allelic biases in both ATAC-seq and RNA-seq
data, suggesting that allele-specific changes in epigenetic signals and
gene expression correlate (Fig. 5b,c).

Toidentify transcription factors driving transregulation of these
effects, we performed motif enrichment analysis of the trans-regulated
1,184 ATAC peaks and 1,493 H3K27ac loci with convergent allelic signals
in F1 hybrid Kupffer cells. Motifs for ETS factors were preferentially
enriched in trans-regulated regions of open chromatin specific to
BALB/cJ Kupffer cells, whereas motifs for CTCF and IRFs were enriched
in open chromatin specific to C57BL/6) Kupffer cells (Extended Data
Fig.7a). Motifsrecognized by AP-1factors, MAF factors and FOXO1l were
enrichedin ATAC-seq peaks exhibiting higher H3K27aclevelsin BALB/
cJ Kupffer cells, whereas motifs recognized by IRF, LXR and NF-kB were
enriched in H3K27ac regions in C57BL/6) Kupffer cells (Fig. 5d). LXRa
was more highly expressed in C57BL/6) Kupffer cells (Extended Data
Fig. 7b), potentially explaining the LXRE enrichment in these
strain-specific chromatin regions. However, the majority of transcrip-
tion factors associated with strain-specific ATAC or H3K27ac peaks were
similarly expressed between strains (Extended Data Fig. 7b).

Tolink these findings with transcriptional regulation, we performed
denovo motifenrichmentin active or open enhancers associated with
identified trans genes (Fig. 4b). BALB/c) enhancers associated with
transgenes were enriched for SpiC, AP-1 (representative lociin Fig. 5f)

Fig. 4| Cell-autonomous and non-cell-autonomous trans interactions
contribute to gene expression differences in Kupffer cells. a, Differential
allelic expression in F1 hybrid mice with significantly biased genes colored by
strain (left) or allelic expression in F1 hybrid mice with overlayed FO strain-
specific genes (right). The dark-colored dots represent genes with strain-specific
bias in FO mice and allelic bias in F1 hybrid mice. The light-colored dots indicate
genes thatlost strain specificity in F1hybrid mice. Data are presented in an

‘MA plot’ format. On the x axes, data depict the log,-transformed average TPM
between samples from the displayed comparison. On the y axes, data depict
relative expression differences (log, (fold change)) calculated using DeSeq2.

b, Comparison of gene expression ratios using Kupffer cells from parental mice
(xaxis) to Kupffer cells from F1 mice (y axis). Genes with maintained expression
differences inboth comparisons are labeled ‘cis’ and are colored red; genes
differentially expressed in parental cells and without allelic bias in F1 cells are
labeled ‘trans’ and are colored light purple; genes expressed similarly in parental

dataand with allelic bias are labeled ‘mixed” and are colored dark purple; genes
expressed similarly in both comparisons are labeled ‘same’ and are colored

light beige. ¢, Cumulative distribution of allelic fold change in parental strains
associated with cisand trans genes. d, Gene ontology enrichment of BALB/cJ and
C57BL/6)-specific trans genes. e, HOMER de novo motif enrichment in promoters
associated with BALB/cJ- or C57BL/6]-specific trans genes. f, Experimental
schematic for chosen strategies used to predict cell-autonomous and non-
cell-autonomous patterns of strain-specific gene expression by Kupffer cells.

g, UpSet plot displaying intersections of BALB/cJ and C57BL/6) strain-specific
genes across the parental, FO-NSG transplant and F1-NSG transplant conditions.
Vertical bar plots illustrate the number of genes in a set, with colored dots below
the plots representing the experiments sharing a given set of differential genes.
h, Overlap of trans genes identified in Fland NSG models. The trans genes were
identified as inb. NSG trans genes were filtered to only consider genes harboring
amutation, allowing discrimination of allelic reads in F1Kupffer cells.
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and MITF motifs, whereas trans gene-associated C57BL/6) enhanc-
ers were enriched for SpiB, Rel/RelA NF-kB (representative loci in
Fig. 5f) and heterodimer PU.1-IRF motifs (Fig. 5e and Extended Data
Fig. 7c). These observations implicate strain-specific signaling
pathways upstream of AP-1 and factors in BALB/cJ Kupffer cells and
strain-specific activity of NF-kB in C57BL/6) Kupffer cells.

Genetic variationimpacts LPS responses
The differential sensitivities of C57BL/6) and BALB/cJ mice to a
NASH-inducing diet (Extended Data Fig. 1) implies strain-specific

differences in cell-type responses within and outside the liver dur-
ing dietary intervention. In NASH models, dietary effects on Kupffer
cell gene expression may be indirect, as substantial gene expression
changes in C57BL/6) Kupffer cells may not occur until after histological
changes develop in the liver®. To gain insights into how genetic varia-
tion affects Kupffer cell responses to an environmental perturbation
invivo, we assessed changes in the transcriptomes and open chromatin
landscapes of Kupffer cells from BALB/c) and C57BL/6) mice 2 h follow-
ing intraperitoneal injection of LPS, a time point capturing immedi-
ate transcriptional consequences of TLR signaling. A total of 3,268
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Fig. 5| Cis and trans analysis of epigeneticloci reveals upstream regulators
of trans transcriptional diversity. a, Comparison of ATAC-seq (left) and
H3K27ac ChIP-seq (right) tag ratios using Kupffer cells from parental mice
(xaxes) and F1 hybrid mice (y axis). All IDR ATAC-seq peaks harboring amutation
were considered for analysis. Peaks with maintained ATAC-seq tag differences
inboth comparisons are labeled ‘cis’and are colored red; peaks with differential
ATAC-seq tags in parental cells but not in the Fl model are labeled ‘trans’and

are colored purple; peaks with similar ATAC-seq tags in parental data and allelic
biasin ATAC-seq tags in Fl mice are labeled ‘mixed’ and are colored dark purple;
peaks with similar ATAC-seq tags inboth comparisons are labeled ‘same’ and are
colored beige. b, Correlation of allelic ATAC-seq and H3K27ac ChIP-seq reads at
IDR ATAC-seq peaks with at least 16 ATAC-seq and H3K27ac reads in at least one
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sample. ¢, Correlation of allelic RNA-seq reads and promoter H3K27ac ChIP-seq
reads for transcripts expressed at TPM >4 and promoters with greater than eight
H3K27ac ChIP-seq reads in at least one sample. d, Enrichment score of known
transcription factor motifs in trans BALB/cJ-specific enhancers (y axis) and in
trans C57BL/6) H3K27ac enhancers (x axis). €, De novo motif enrichment at active
enhancers (>32 H3K27ac tags) associated with C57BL/6) or BALB/c] trans genes.

f, Examples of trans-regulated epigenetic loci upstream of trans-regulated genes.
Astrain-invariant NF-kB motif lies within a trans-regulated C57BL/6]-specific
enhancer upstream of the C57BL/6) trans gene H2-Ab1 (left). An AP-1 motif with
amutation outside the core binding sequence lies in a trans-regulated BALB/
cJ-specific enhancer upstream of the BALB/cJ-specific trans gene Cxcr4 (right).
Colored tracks/bars denote BALB/c] (blue) or C57BL/6) (green) data.
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Fig. 6 | Strain-specific response to LPS determined by cis-acting changesin
motif affinity. a, Comparison of transcriptional response to LPS in C57BL/6)
(xaxis) and BALB/cJ (y axis) Kupffer cells. Mice were treated with 0.1 mg per

kg (body weight) LPS by intraperitoneal injection for 2 h before Kupffer cell
isolation. Genes were considered differentially expressed if their expression
differed with an absolute log,(fold change) > 1and adjusted P < 0.05. Genes were
separated into C57BL/6J- or BALB/cJ-specific LPS-induced genes (green and
blue, respectively) or ‘same’if LPS induced equivalent expression changes in
both C57BL/6) and BALB/c) Kupffer cells (purple); n = 2 samples per subgroup.
b, Comparison of ATAC-seq response to LPS in C57BL/6) (x axis) and BALB/cJ
(yaxis) Kupffer cells; n = 4 samples for basal C57BL/6) and BALB/cJ ATAC-seq
data,and n=2and n =3for LPS-treated C57BL/6) and BALB/c]J ATAC-seq data,
respectively. ¢, Examples of strain-similar and strain-differential transcriptional
responses to LPS. The asterisk (*) indicates a DESeq2-adjusted P value of <0.05

(Wald'’s test with multiple testing correction using the Benjamini-Hochberg
method) for the comparison between LPS and basal conditions; n =2 mice per
group for the LPS-treated RNA-seq data; ctrl, control; P,4, adjusted Pvalue; BALB,
BALB/cJ; C57,C57BL/6).d, ATAC-seq signal at nearby enhancers associated with
‘low basal’, ‘equal basal’ and ‘high basal’ genes. e, Distribution of ATAC-seq signal
in‘low basal’, ‘equal basal’ and ‘high basal’ composite enhancers. f, Number

of enhancers in each basal accessibility category. g, MAGGIE motif mutation
analysis comparing motif scores between strains associated with each category
of enhancer. ‘Motif mutation’ refers to reduced motif scores in one strain relative
to the comparison strain. Heatmap P-values refer to the motif scores in the

LPS non-responsive strainrelative to the responsive strain. h, Overlap of three
enhancer categories with cis and trans enhancer analysis performed in CB6F1/)
Kupffer cells isolated from mice treated with LPS for 2 h; P < 3 x 10 (Pearson chi-
squared Pvalue for association of basal states and cis/trans regulation).

genes were differentially regulated by LPS injection in Kupffer cells
fromthe two parental strains (DeSeq2: log, (fold change) > 1, adjusted
P <0.05, minimum average TPM > 8), with a conserved response of
1,885genes and straindivergencein1,383 genes responsivein only one

strain (Fig. 6a and Extended Data Fig. 8a). Regarding LPS-responsive
changes in chromatin accessibility (DeSeq2: log, (fold change) > 1,
adjusted P < 0.05, minimum average tags > 4), 6,887 ATAC-seq peaks
had ssignificant changes in accessibility due to LPSinjectionin Kupffer
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cells from the two parental strains (Fig. 6b and Extended DataFig. 3¢c,d);
4,276 peaks were similarly LPS responsive in both strains, whereas 2,611
peaks were LPS responsive in only one strain. Interestingly, differences
inknown motif enrichment at trans ATAC-seq peaks were less marked
with LPS treatment (Extended DataFig. 8b), and de novo motif analysis
for strain-specific enhancers demonstrated enrichment of AP-1, ETS
and IRF motifs in both strains (Extended Data Fig. 8c,d).

Because fold change is determined by the ratio of expression
under LPS and control treatment conditions, strain-specific varia-
tion in either or both values contribute to detecting strain-specific
differences (LPS-responsive strain-similar and strain-specific genes
inFig. 6¢). Forexample, Tnfis categorized as a strain-similar gene for
exhibiting nearly identical fold changes to LPS injection (-60-fold) in
BALB/cJ and C57BL/6) Kupffer cells despite basal and induced levels
of Tnfbeing approximately 50% in BALB/cJ compared toin C57BL/6)
Kupffer cells. Thus, from a functional perspective, responses to
Kupffer cell-derived Tnfwould be expected to be greaterin C57BL/6)
thanin BALB/c) mice.

We assessed strain-specific transcriptional and epigenetic mecha-
nisms by partitioning strain-specific genes by basal expression levels
(approach fromHoeksemaetal.’). Strain-specific LPS-responsive genes
were sorted into ‘low basal’ (for example, Sic7a2), ‘equal basal’ (for
example, Med21) and ‘high basal’ (for example, Plac8) states by compar-
ing Kupffer cell gene expressionin untreated BALB/cJ or C57BL/6) mice
(Fig. 6¢). ATAC-seq peaks for the Slc7a2, Med21 and Plac8 promoters
and nearby enhancers illustrated corresponding low, equal and high
basal normalized tag counts, respectively (Fig. 6d). Normalized tag
count and absolute number distributions for each ATAC-seq peak
category are illustrated in Fig. 6e. Equal, high and low basal enhanc-
ersaccounted for~77%, ~17% and -4%, respectively, of ATAC-seq peaks
exhibiting strain-specific LPS responses (Fig. 6f).

Applying MAGGIE to these basal status peak categories revealed
clear segregation of motif mutations. Deleterious motif muta-
tions for signal-dependent transcription factors, including IRFs,
JUN/JUNB and NF-kB, which have established transcriptional roles
in LPS-mediated TLR4 signaling*®~*?, were enriched in equal basal
ATAC-seq peaks from the non-responsive strain (Fig. 6g). Addition-
ally, MAFG:NFE2L1 were enriched, suggesting previously unrecog-
nized roles in LPS-induced Kupffer cell responses. Conversely, high
basal peaks from the non-responsive strain were associated with
higher motif scores for lineage-determining transcription factors,
including PU.1, ETS and C/EBP family members (Fig. 6g). A DR4 ele-
ment was the second-most significant motif mutation identified in
high basal ATAC-seq peaks. Among nuclear receptors recognizing
this motif, LXRa is the most highly expressed in Kupffer cells and an
established Kupffer cell lineage-determining transcription factor'®>4,
The enrichment of mutations improving the motif scores for Kupffer
cell lineage-determining factors in the high basal ATAC-seq peaks is
consistent with enhanced binding of these factors under basal condi-
tions. ADR1elementrecognized by RXR homodimersand heterodimers
was enriched in low basal ATAC-seq peaks, suggesting a function in
selecting a small subset of LPS-responsive enhancers; however, this
interpretationis limited by the low number of low basal peaks. Finally,
we intersected LPS treatment peaks with cis regulation, trans regula-
tion or mixed regulation with each basal peak category. Discerning
parental-specificalleles reduced the strain-specific peak set from 1,261
to 459, where 133 peaks exhibited cis regulation, 40 exhibited trans
regulation, and 22 exhibited mixed regulation (Pearson chi-squared
P<3x107;Fig. 6h). Thisindicated that strain-specific LPS responsive-
ness primarily results from local motif mutations in binding sites for
signal-dependent transcription factors.

Discussion
We characterized the impact of natural genetic variation on gene
expression and transcriptional regulatory elements in Kupffer cells

derived from three widely used inbred strains of mice that exhibit differ-
entsensitivities to diet-induced liver disease. The degree of interstrain
variation was comparable to that between a given human individual
and the humanreference genome**, suggesting that the magnitude of
gene expression effects observed herein will be comparable to com-
mon genetic variation effects in human Kupffer cells. Our finding
that strain-specific gene expression differences in Kupffer cell gene
expression are distinct from those in primary cultured macrophages
reinforces thatinterpreting common genetic variants associated with
traits and disease risk requires characterizing cell-specific regulatory
landscapes, even for related cell types* .

By acquiring and analyzing transcriptomic data for hepatocytes,
stellate cells and endothelial cells in each strain and considering can-
didate hormonal signaling molecules, we inferred ligand-receptor
pairs predicted to contribute to strain-specific differences in Kupffer
cells. Among these, we validated the prediction of enhanced leptin
signaling in livers of BALB/c) mice using the preferential expression
of Leprin BALB/cJ Kupffer cells. Further investigating the physiologic
significance of leptin signaling in Kupffer cells is of interest given that
Kupffer cells facilitate the acute effects of leptin on hepaticlipid metab-
olism®. Intriguingly, Lepr is one of the few genes that do not become
expressed inmonocyte-derived cells engrafting the liver following loss
of embryonicKupffer cells, raising questions of whether its expression
requires embryonic origin and whether its function in Kupffer cells is
limited to early life before hematopoietic stem cell-derived Kupffer
cellreplacement.

NSG transplant and F1 hybrid models provided evidence that
most strain-specific differences in gene expression, open chromatin
and histone H3K27ac resulted from trans effects of genetic variation,
agreeing with previous work showing that trans effects mediate 70% of
the heritability of gene expression*” (Extended DataFig. 9). By perform-
ing cell-type-specific analysis, we further demonstrated that >50% of
trans effects were mediated by extracellular factors. A major objective
was to investigate whether strain-specific differences in enhancers
couldbeused toinfer mechanisms underlying trans effects of genetic
variation. From analyzing ATAC-seq and H3K27ac ChIP-seq peaks
exhibiting criteria for trans regulation in F1 hybrid mice, we detected
clear biases for AP-1 and MAF family activation in BALB/cJ Kupffer
cells and IRF, NF-kB and LXR activity in C57BL/6) Kupffer cells. Apart
fromincreased expression of MAF in BALB/cJ Kupffer cells and LXRa
in C57BL/6) Kupffer cells, these differential motif enrichments can-
notbe explained by differences in mRNA levels for the corresponding
factors. Therefore, the strain-specific differences in trans-regulated
enhancer landscapes are most consistent with differences in extra-
cellular environmental signals and intracellular signaling pathway
activity. Although the genomic markers selected distinguish open and
active chromatin, further insight into strain-specific genetic regulation
could be gained with markers of poised or primed chromatin, such as
H3K4melor H3K4me?2.

Although we found a dominant role of trans regulation in deter-
mining basal states of strain-specific gene expression and transcrip-
tional regulatory elements, it was possible to exploit cis effects to
establish the functional significance of motifs required for enhancer
selectionand function, as previously documented in BMDMs?. Further-
more, we found that cisregulation predominated in the strain-specific
responses to LPS. By segregating strain-specific responses according
tothe effects of genetic variation on relative activity under basal condi-
tions, weidentified qualitatively different patterns of motif mutations
associated with each category. Mutations disrupting binding sites
for transcription factors mediating transcriptional responses to LPS
were significantly associated with impaired activation, as expected,
whereas mutationsimproving suboptimal binding sites for Kupffer cell
lineage-determining factors resulted in high constitutive basal activity
and areduced dynamic range in response to LPS. This latter observa-
tion, similar to recent findings in IL-4-treated BMDMs’, suggests the
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importance of suboptimized binding sites for lineage-determining
factors in conferring low levels of basal activity but enabling selec-
tion of primed enhancers receptive to binding and activation by
signal-dependent transcription factors.

A key future objective is investigating whether the observed
effects of natural genetic variation on Kupffer cell gene expression
are linked to liver disease mechanisms. Overall, our findings suggest
that interactions of multiple genes and cell types quantitatively con-
tribute to phenotypic differences, corresponding with implications
of most genome-wide association studies. However, our findings
alsoindicated that strain-specific pathways correlate with sensitivity
or resistance to the NASH phenotype. Notable candidate pathways
identified here include signaling through the leptin receptor, which
has anti-inflammatory roles in Kupffer cells and is expressed high-
est by Kupffer cells from NASH-resistant BALB/c] mice. Additionally,
Kupffer cells from the NASH-sensitive C57BL/6) strain had increased
trans-acting chromatin activity at elements predicted tobind NF-kB, a
transcription factor strongly linked to macrophage-mediated patho-
genesis in many chronic inflammatory diseases.

Systematically analyzing the transcriptomes and regulatory land-
scapes of Kupffer cellsin A/], BALB/cJ and C57BL/6) mice, NSG chimeras
and F1hybrid mice revealed dominant trans effects of natural genetic
variation under homeostatic conditions and dominant ciseffects on the
response toLPS. Theresulting transcriptomic and genomic datasets are
valuableresources for further understanding the mechanisms by which
genetic variation affects tissue-resident macrophage phenotypes and
susceptibility to diseases in which macrophages play pathogenic or
protectiveroles.

Quantification and statistical analyses

Sequencing data analysis

Data collection and analysis were not performed blind to the condi-
tions of the experiments.

Preprocessing and mapping. Sequencing data were assessed for
quality using fastqc and unsupervised principal component analysis.
ATAC-seq and ChIP-seq datawere mapped using Bowtie2, and RNA-seq
data were mapped using STAR***°, ATAC-seq data were trimmed to
30 bp toremove sequencing adapters, which improved mapping effi-
ciency. Strain-specific pseudogenomes for BALB/cJ and A/J cells were
generated by replacing invariant positions of mm10 sequence with
allelesreportedin the Mouse Genome Project strain-specific VCF files.
Importantly, this strategy allows for mapping of SNPs and indels but
doesnotconsider larger structural variants presentin BALB/cJ and A/)
mice. While these structural variants may contain regulatory elements,
the number of structural variants is two orders of magnitude less
than the number of SNPs and indels captured by the pseudogenome
alignment strategy'’. mm10 was used as the C57BL/6] strain-specific
genome. Samples from parental strains of mice were mapped to the
strain-specific genome. Mapped reads were shifted to the chromo-
some coordinates of the mm10 genome build using MARGE.pl shift
with -ind set to balbgj or aj for reads mapped to the BALB/cJ or A/J
genome, respectively®,

For samples from CB6F1/) samples, reads were mapped to the
mm10 and BALB/cJ genome builds. The BALB/c) mapped reads were
then shifted to the mm10 build with MMARGE, as described above.
Perfectly mapped reads spanning genetic mutations between BALB/cJ
and mm10 were identified using the MMARGE.pl allele_specific_reads
command with -ind set to BALB/cJ and a second time with -ind set to
mml1O, resulting intwo SAM files for each biological sample: one SAM
file containing reads perfectly mapped to the mm10 genome that
spanned known DNA sequence differences relative to the BALB/cJ
genome and a second SAM file containing reads perfectly mapped to
the BALB/c] genome that spanned known DNA sequence differences
relative to the reference mm10 genome.

ATAC-seq analyses. Strain-specific ATAC-seq SAM files were used to
generate HOMER tag directories, and allelic (irreproducible discov-
ery rate) IDR peaks were identified using each biological replicate.
ATAC-seq tags were quantified for differential peak analysis by annotat-
ing merged IDR peaks with ATAC-seq tag directories using the HOMER
command ‘annotatePeaks.pl’ with parameters -size 1000 -raw®. ATAC
tag counts were quantified for visualization in heat maps using ‘anno-
tatePeaks.pl’ with the following parameters: -size 1000 -norm le7
(ref. 25). Alterations in allelic signals from pooled IDR peaks were
detected using DeSeq2 and required the following thresholds: minimum
normalized average tag depth > 16, absolute log, (fold change) >1and
adjusted P < 0.05. Data quality metrics for ATAC-seq libraries are pro-
videdinSupplemental Table 4, and DESeq2 results for ATAC-seq experi-
mentsincludedin this study are provided in Supplemental Table 5.

ChlP-seq analyses. In FO mice, H3K27ac ChIP-seq tags were quanti-
fied for differential peak analysis by annotating merged ATAC-seq
peaks with ChIP-seqtagdirectories usingthe HOMER command ‘anno-
tatePeaks.pl’ with parameters -size 1000 -raw”. H3K27ac tag counts
were quantified for visualization in heat maps using ‘annotatePeaks.
pl’ with the following parameters: -size 1000 -norm 1e7 (ref. 25). In F1
mice, strain-specific SAM files were used to generate strain-specific
H3K27ac tag directories that only contained perfectly aligned reads
spanning a mutation between theintercrossed strains. H3K27acreads
spanning mutations were aggregated over IDR peaks using al,000-bp
window centered on the IDR peak. Alterations in allelic tag counts
from pooled peaks were detected using DESeq2 with the following
thresholds: normalized average tag depth > 16, absolute log, (fold
change) >1and adjusted P < 0.05. Data quality metrics for H3K27ac
ChlP-seqlibraries are provided in Supplemental Table 4, and DESeq2
results for H3K27ac ChIP-seq experiments included in this study are
provided in Supplemental Table 5.

RNA-seq analyses. Gene expression data were quantified using the
HOMER command analyzeRepeats. Raw count data were aggregated
using the following parameters: rnamm10 -condenseGenes -count exons
-noadj. TPM count datawere aggregated using the following parameters:
rnamm10-count exons-tpm*. TPMvalues were matched to the isoforms
withthe highest raw count values. Only genes with an average expression
level of >8 TPM were considered for differential gene analysis. Differen-
tially expressed genes were identified using DESeq2 with betaPrior set to
TRUE*’. DESeq2results for RNA-seq experimentsincluded in this study
are provided in Supplemental Table 5. The trans gene ontology analy-
sis was performed using HOMER findGO.pl*. All other gene ontology
enrichment analyses were performed using Metascape®.

Motif enrichment analysis. Enrichment of known transcription factor
binding motifsin ATAC-seq peaks was performed using HOMER. DNA
sequences associated with peaks containing no detectable difference
inLPS responsivenessinboth BALB/cJ and C57BL/6) cells were used as
the background for enrichment analysis of IDR ATAC-seq peaks from
FO Kupffer cells. Arandomly generated GC-matched background was
used for enrichment analysis of allele-specific IDR ATAC-seq peaks from
F1Kupffer cells. Motifs were selected for visualizationif the probability
ofenrichment over background had a g value of <0.05inonly one strain
or allele. Known motif enrichment analysis results for experiments
includedin this study are provided in Supplemental Table 6.

MAGGIE analysis. MAGGIE analysis was performed with modifica-
tions to allow analysis of three pairwise comparisons®. For eachstrain,
positive sequences (either associated with increased ATAC-seq signal
orincreased H3K27ac ChIP-seq signal) were extracted, in addition to
the corresponding negative sequence from the comparator strain.
Positive and negative sequences from all six possible foreground
and background strains were concatenated, maximal motif scores
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were calculated for each motif available in the JASPAR database?,
and the net difference in max motif score between positive and nega-
tive sequences was calculated. Following calculation of net differ-
ence inmax motifscore for all sequences, anon-parametric Wilcoxon
signed-rank two-sided test was used to assign significance to putative
motifs by comparing the distribution of motif score differences to a
null distribution centered on zero.

NicheNet. NicheNet is acomputational modelbuilt on publicly accessi-
ble cellular network data (KEGG, PathwayCommons and ENCODE) that
scores the ability of extracellular ligands toinduce expression of target
genes using network propagation?. To assess putative strain-specific
ligand activity, we first filtered the NicheNet ligand-target matrix to
only consider ligands in which the following criteria were true:
1. The ligand was expressed by a cell of the hepatic niche within
that strain at >10 TPM.
2. The receptor was expressed by Kupffer cells from that strain at
>10 TPM.

Wealsoincluded selected metabolicligands for which expression
datawerenotavailable. We did not require thatligands or their recep-
tors be differentially expressed by sender or receiver cells. Target genes
were selected to be any gene that had significantly higher expressionin
apairwise comparison of that strain (‘union’ gene set, adjusted P < 0.05,
log (fold change) > 2 and TPM > 10 expression in Kupffer cells). As
background, we considered all genes that were expressed at TPM > 10
inKupffer cells. The NicheNet ligand activity score was then computed
asthe Pearson correlation coefficient between the ligand-target score
and the binary vector, indicating whether a target gene was differen-
tially expressed. For heat maps, select top-scoring ligands from each
strain were aggregated and displayed with ligand z scores. Ligand-
receptor interaction scores were displayed for ligand-receptor pairs,
with areceptor expressed by Kupffer cellsinatleast onestrain. For the
Circos plot analysis, ligand-target interaction scores were displayed
asarrow thicknesseslinking aligand toits target gene.

Statistical analysis

Data collection and analysis were not performed blind to the condi-
tions of the experiments. No data were excluded from the analyses. No
statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications'*,
Fastqc, unsupervised clustering and mean variance analysis were used
to verify data quality before further analysis. Genome-wide signals for
RNA-seq, ATAC-seq and ChIP-seq were evaluated for differential levels
using DESeq2 (ref. 50). The raw Pvalues from DESeq2 for agiven peak or
genewere corrected for multiple testing using the Benjamini-Hochberg
procedure. Insome cases, an ANOVA was used to assess expression dif*-
ferences of a priori defined candidate genes between many groups.
Association of cis/transwithlow, equal and high basal regulation was per-
formed withaPearson chi-squared test (Python scipy.stats.contingency.
chi2_contingency). The effect of strain on NASH CRN and fibrosis score
was assessed with a Kruskal-Wallis test (R; Kruskal.test). The effect of
NASH or control diets on mass between strains across time was assessed
with alinear mixed model fit by maximum likelihood. The hierarchical
relationship of repeated measures on individual mice over time was
controlled using arandom effect termin the model (R; Ime4::Imer(Mass
~1+Week * Diet * Genotype + (1+ Week | Mouse), data = dfl, REML =F).
Thesignificance of maineffects or their interactions was assessed using
atype Il ANOVA with Satterthwaite’s method (R; anova(fittedModel)).
Within-strain interactions of Week*Diet were assessed by subsetting
dataonstrainand runningareduced linear mixed model (R; Imer(Mass
~1+Week * Diet + (1+Week | Mouse), data = strain_subset, REML =F).

Data visualization. Data were visualized using the University of Cali-
fornia Santa Cruz genome browser™ and custom R and Python scripts.
UpSet plots were generated using the UpSetPlot Python package®.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41590-023-01631-w.
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Methods

Mice

A/), BALB/cJ, C57BL/6) and CB6F1/] strains of Mus musculus used in
this study were sourced directly from Jackson Laboratories, with the
exception of C57BL/6 (lab-maintained) background mice used in NASH
experiments. Immunodeficient NOD scid /I2rg™" mice were obtained
from the University of California San Diego Moore’s Cancer Center.
Mice were housed in individually ventilated cages under standard
conditionsat22 °Cwith 40 * 5% relative humidity and a12-hlight/12-h
dark cycle. Water and a standard laboratory diet were available ad
libitum, unless indicated otherwise. All male animals were used in
these studies given the sex-specific response of laboratory mice to
NASH-inducing diets®. Eight- to 12-week-old mice were used for all
experiments. All animal maintenance protocols and procedures per-
formed were approved by the University of CaliforniaSan Diego Animal
Care and Use Committeein accordance with an approved animal study
protocol meeting AALAC standards.

Bone marrow chimeras

NSG mice were conditioned with the myeloablative agent busulfan
at 25 mg per kg (body weight) for 2 consecutive days, as previously
described®. On the third day, mice were engrafted via retro-orbital
injection (BALB/cJ and C57BL/6) mice) or tail vein injection (CB6F1/)
mice) with magnetically enriched, lineage-negative hematopoietic
stem cells (Miltenyi) from BALB/cJ, C57BL/6) or CB6F1/J hybrid donors.
Engraftment efficiency was monitored in peripheral blood after 4
and 8 weeks. Livers from chimeric recipients were collected 4 months
after transplant, and graft-derived Kupffer cells were purified by
fluorescence-activated cell sorting (FACS). In BALB/cJ chimeras, viable
graft-derived Kupffer cells were distinguished by major histocompat-
ibility complex haplotype as CD1467, F4/80", Cd11b*, H2-D* (KH95)
and H2-D% (34-2-12). In C57BL/6) chimeras, graft-derived cells were
distinguished as H2-K (SF1-1.1) and H2-K®* (AF6-88.5). Kupffer cells
fromeach group (n =3) were used downstream for RNA-seq.

NASH model diets

Mice were fed for up to 30 weeks with a NASH model diet (Research
Diets, D09100301) composed of 40 kcal% from fat, 20 kcal% from
fructose and 2% cholesterol by mass, or a custom defined control diet
(Research Diet, D15100601) composed of 10 kcal% from fat with 50 g
ofiinulin (adietary fiber) per 4,057 kcal.

Histology and pathologicscoring

Samples from NASH and control mouse livers wereincubated at 37 °C
in 1% paraformaldehyde for 24 h, paraffin embedded and sectioned
by the University of California San Diego Histology Core. Sections
were stained with hematoxylin and eosin or picrosirius red to evalu-
ate for steatosis and fibrosis, respectively. Samples were scored by
aboard-certified pathologist blinded to the sample group using the
NASH Clinical Research Network (CRN) scoring and fibrosis scoring
systems™.

Invivoresponse to leptin

Leptin stocks were prepared in Tris-HCI (pH 8.0) buffer and diluted
to 0.333 mg ml™in PBS for intraperitoneal injection at 1 mg per kg
(body weight) into overnight fasted mice (18:00 to 06:00 h). At
the indicated times, mice were humanely killed by CO,, and liver
tissues were removed, minced and homogenized in lysis buffer
(50 MM HEPES-KOH (pH 7.9),150 mM NacCl, 1.5 mM MgCl,, 1% NP-40,
1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), protease inhibi-
tor cocktail (Sigma-Aldrich) and PhosSTOP (Roche)). Lysates were
sonicated by ultrasound homogenizer (Bioruptor, Diagenode) for
10 min at 4 °C and centrifuged for 10 min at -20,000g at 4 °C. The
supernatant was used as tissue homogenate for immunoblotting.
After a protein assay (Bio-Rad Laboratories), the homogenate was

boiled at 95 °C for 5 minin NuPAGE LDS Sample Buffer (Thermo Fisher
Scientific) with NuPAGE Sample Reducing Agent (Thermo Fisher Sci-
entific), subjected to SDS-PAGE and transferred toimmobilon-P trans-
fer membranes (Merck Millipore). Immunodetection was performed
with anti-phospho-STAT3 (Tyr 705; Cell Signaling Technology, 9145;
1:2,000) or anti-STAT3 (Cell Signaling Technology, 9139; 1:2,000),
bound antibodies were visualized with peroxidase-conjugated
affinity-purified donkey anti-mouse or anti-rabbit IgG (Dako) using
Luminate Forte Western HRP Substrate (Merck Millipore), and lumi-
nescence images were analyzed with a ChemiDoc XRS+ System
(Bio-Rad Laboratories).

Invivoresponse to LPS

Littermate male mice were fasted overnight and randomized to treat-
ment with anintraperitoneal injection of 0.1 mg per kg (body weight)
Escherichia coli 0114:B4 LPS (Sigma) or no injection. After 2 h, mice
were killed by CO, exposure, and transcription was halted by hepatic
perfusionwith flavopiridol (1 mM). Liver tissue was digested in situ with
Liberase in the presence of flavopiridol, and immunolabeled Kupffer
cells were purified by FACS™*,

Hepatocyte preparation

Hepatocytes were prepared by perfusion digestion in aretrograde
fashion through theinferior vena cavato the portal vein. Inbrief, livers
were blanched with clearing buffer (HBSS + 10 mM HEPES) and digested
with a collagenase solution (HBSS supplemented with 0.3 mg ml™
collagenase D, 10 mM HEPES and one protease inhibitor cocktail
complete-EDTA free tablet per 50 ml) at 39 °C. Livers were perfused
for 18 min at 5 ml min™. The perfusion and digestion steps were per-
formed in the presence of 1 mM flavopiridol to offset transcriptional
changes associated with digestion. After digestion, individual livers
were gently dissociated using forcepsin 20 mlof Medium 199 supple-
mented with 5% fetal bovine serum (FBS) and penicillin/streptomycin/
gentamycin. Crude hepatocyte preps were carefully strained through a
100-pm strainer into a 50-mltube. An equal volume of isotonic Percoll
(90% Percolland 10%10x HBSS) was added, followed by gentle mixing
and centrifugation at 100g for 7 min at 4 °C. The supernatant was dis-
carded, and the cells were gently resuspended with 50 ml of Medium
199 and centrifuged at100g for 2 minat4 °C. Hepatocytes were gently
resuspended in Medium 199 and counted.

Hepatic non-parenchymal cell preparation

Non-parenchymal cells from digested livers were prepared as previ-
ously described***°, In brief, livers were retrograde perfused for
3 min at a rate of 5-7 ml min through the inferior vena cava with
HBSS without Ca®* or Mg* supplemented with 0.5 mM EGTA, 0.5 mM
EDTA and 20 mM HEPES. Perfusions were then switched to 40 ml of
a digestion buffer (held at 37 °C) comprised of HBSS with Ca*" and
Mg?* supplemented with 0.033 mg ml™ Liberase (Roche), 20 mg ml™
DNase I (Worthington) and 20 mM HEPES. Livers were then excised,
minced and digested for an additional 20 min in vitro at 37 °C with
gentle rotation in 20 ml of fresh digestion buffer. The perfusion and
digestion steps were performed in the presence of 1 mM flavopiridol
to offset transcriptional changes associated with digestion. After tis-
sue digestion, cells were passed through a 70-pm cell strainer, and
hepatocytes were removed by two low-speed centrifugation steps
at 50g for 2 min. Non-parenchymal cells in the supernatant were fur-
ther separated from debris by pelleting for 15 min at 600gin 50 ml of
20% isotonic Percoll (Sigma-Aldrich) at 37 °C. Cells were then washed
from Percoll-containing buffer, suspended in 10 ml of 28% OptiPrep
(Sigma-Aldrich) and carefully underlaid under 3 ml of wash buffer. The
resulting gradient was centrifuged at 1,400g for 25 minat4 °Cwithno
break, and cells enriched at the interface were saved and subjected to
isotonic erythrocyte lysis. Cells were washed after erythrocyte lysis
and immediately purified by cell sorting.
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Cell sorting and flow cytometry

Hepatic non-parenchymal cells were labeled with fluorescent antibod-
ies,and desired cell populations were purified using aBeckman Coulter
Mo-Flo Astrios EQ configured with spatially separated 355-, 405-, 488-,
561-and 642-nm lasers. Kupffer cells were defined as 355:494/20'°, SSC",
CD146™¢, CD45P%, F4/80", CDI1b™e ™ [ive and singlets. LSECs were
defined as355:494/20'°,SSC°, CD45™¢, CD146°*, live and singlets. Hepatic
stellate cells were defined as 355:494/20", SSC™ermediate Jive and singlets.

BMDMs

Femur, tibiaand iliac bones from male mice of 8-12 weeks of age (n =2
per group) were flushed with DPBS, and red blood cells were lysed
using red blood cell lysis buffer (Sigma-Aldrich). Bone marrow cells
were seeded in10-cm non-tissue culture platesin RPMB with10% FBS,
30% L929 cell-conditioned laboratory-made medium (as a source of
macrophage colony-stimulating factor (M-CSF)),100 U ml™ penicillin-
streptomycin (Thermo Fisher Scientific) and 16.7 ng mI™ M-CSF (Bio-
Legend). After 2-3 d of differentiation, cells were fed with 16.7 ng ml™
M-CSF. After an additional 2 d of culture, non-adherent cells were
washed off with 37 °C PBS, and adherent macrophages were obtained
by scraping. Cells were counted, density adjusted with RPMI supple-
mented with10% FBS and 100 U ml ™ penicillin-streptomycin, seeded
into multiwell plates and rested at 37 °C overnight. The following day,
macrophages were treated with100 ng ml™ Kdo,-lipid A (Avanti lipids),
ahighly purified E. coli LPS”".

Next-generation sequencing libraries

ATAC-seq. Transposase reactions and sequencing libraries were
generated as described previously'>?**® using 25,000 to 50,000
FACS-purified Kupffer cells. Tagmented DNA was cleaned using Zymo
ChlIP Clean & Concentrate columns and PCR amplified for 14 cycles
using barcoding primers. Libraries were size selected to 175-225 bp
using gel excision and purified as described in Texari et al.”®, For F1
samples, dual-indexed libraries were pooled for a targeted depth of
100 millionreads per sample.

ChIP-seq. ChIP-seqlibraries were generated as previously described™
with modifications to lysis,immunoprecipitation buffer and washing
buffer as describedinrefs. 32,59. Inbrief, FACS-purified cells were fixed
with 1% paraformaldehyde for 10 min at 37 °C. Next, 2.625 M glycine
was added to 125 mM to quench fixation, and cells were collected by
centrifugation withthe addition of 0.01% Tween 20 at1,200g for 10 min
at 4 °C. Cells were washed once with 0.01% Tween 20 in PBS and col-
lected by centrifugation at1,200g for 10 min at 4 °C. Cell pellets were
then snap-frozenand stored at—80 °C. For ChIPreactions, cell pellets
werethawed onice and lysed in 80 mlof LB3 (10 mM Tris-HCI (pH 7.5),
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% deoxycholate, 0.5%
sarkosyl, 1x protease inhibitor cocktail and 1 mM sodium butyrate).
Lysate was sonicated using a Covaris for 12 cycles with the following
settings: time, 60 s; duty, 5.0; PIP, 140; cycles, 200; amplitude, 0.0;
velocity, 0.0; dwell, 0.0. Samples were collected, and 10% Triton X-100
was added to afinal concentration of1%. One percent of the sonicated
lysate was saved as ChIP input. For each ChIP, aliquots of ~500,000 cells
were added to 20 pl of Dynabeads Protein Awith 2 pg of anti-H3K27ac
(Active Motif) and incubated with slow rotation at 4 °C overnight.
The following day, beads were collected using a magnet and washed
three times each with wash buffer 1 (20 mM Tris-HCI (pH 7.5),150 mM
NacCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA and 1x protease inhibitor
cocktail) and wash buffer 111 (10 mM Tris-HCI (pH 7.5), 250 mM LiCl, 1%
Triton X-100, 0.7% deoxycholate,1 mM EDTA and 1x protease inhibitor
cocktail). Beads were then washed twice withice-cold 10 mM Tris-HCI
(pH 7.5), 1mM EDTA and 0.2% Tween 20. Sequencing libraries were
prepared for ChIP products while bound to Dynabeads Protein A*®. For
F1samples, dual-indexed libraries were pooled for atargeted depth of
100 millionreads per sample.

RNA-seq. Poly(A) RNA-seq libraries were generated using 50,00 to
100,000 FACS-purified cells stored in lysis/Oligo d(T) Magnetic Beads
bindingbuffer and stored at-80 °C or 500 ng of purified RNA using the
Zymo Research Direct-zol RNA microprep kit®*®'. In brief, nRNAs were
enriched by incubation with Oligo d(T) Magnetic Beads (New England
Biolabs, S1419S) and fragmented/eluted by incubation at 94 °C for
9 min. Poly(A)-enriched mRNA was fragmented in 2x Superscript IlI
first-strand buffer with10 mM DTT (Invitrogen) by incubation at 94 °C
for 9 minand immediately chilled onice before the next step. The 10 pl
of fragmented mRNA, 0.5 pl of random primer (Invitrogen), 0.5 pl of
Oligo(dT) primer (Invitrogen), 0.5 pl of SUPERase-In (Ambion), 1 pl of
dNTPs (10 mM)and1plof DTT (10 mM) were heated at 50 °C for 3 min.
Attheend of incubation, 5.8 pl of water, 1l of DTT (100 mM), 0.1 pl of
actinomycin D (2 mg ml™), 0.2 pul of 1% Tween 20 (Sigma) and 0.2 pl of
Superscriptlll (Invitrogen) were added and incubated ina PCR machine
using the following conditions: 25 °C for 10 min, 50 °C for 50 min and
aholdat4 °C. The product was then purified with RNAClean XP beads
according to manufacturer’s instructions and eluted with 10 pl of
nuclease-free water. The RNA/cDNA double-stranded hybrid was then
added to 1.5 pl of Blue Buffer (Enzymatics), 1.1 pl of dUTP mix (10 mM
dATP, dCTP and dGTP and 20 mM dUTP), 0.2 pl of RNase H (5U mlI™),
1.05 pl of water, 1 pl of DNA polymerase I (Enzymatics) and 0.15 pl of
1% Tween 20. The mixture was incubated at 16 °C for 1 h. Theresulting
dUTP-marked double-stranded DNA (dsDNA) was purified using 28 pl
of Sera-Mag Speedbeads (Thermo Fisher Scientific) diluted with 20%
PEG8000 and 2.5 M NaCl to a final concentration of 13% PEG, eluted
with 40 pl of EB buffer (10 mM Tris-Cl, pH 8.5) and frozen at -80 °C. The
purified dsDNA (40 pl) underwent end repair by blunting, A-tailing and
adaptor ligation, as previously described”, using indexed barcoding
adapters. Libraries were PCR amplified for 9-14 cycles, size selected by
gel extraction, quantified using a Qubit dsDNA HS Assay kit (Thermo
Fisher Scientific) and sequenced on a HiSeq 4000, NextSeq 500 or
NOVA-seq (Illumina) according to the manufacturer’sinstructions. For
Flsamples, dual-indexed libraries were pooled for atargeted depth of
100 millionreads per sample.

Data availability

Alldatarequired to evaluate the conclusionsin the paper are presentin
the paper. The datasets generated during and/or analyzed during the
current study are available in the Gene Expression Omnibus reposi-
tory (accession number GSE216164). Processed data can be found on
Zenodo (https://zenodo.org/record/7829622). Additional datarelated
to this paper may berequested from the corresponding authors T.D.T.
or C.K.G.Source data are provided with this paper.

Code availability

Python and R scripts for analysis and figure generation can
be found on GitHub (https://github.com/HunterBennett/
KupfferCell_NaturalGeneticVariation).
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Extended DataFig. 1| Inbred strains vary in susceptibility to a NASH-model
diet. a, Degree of natural genetic variation between three inbred strains used
inthis study. b, Modeled weight gain assessed bi-weekly for each strain fed ad
libitum with the Amylin liver NASH model diet, or amatched control diet. Main
effects and their interaction were assessed for significance using alinear mixed
model fit by maximum likelihood [ImerModLmerTest’] and assessed by type
Il analysis of variance using Satterthwaite’s method. Sample sizes are shown
inSupplemental Table 3. ¢, Weekly weight gain in each strain on the AMLN diet.
Box-whiskers boxes denote medians and first and third quartiles, and whiskers
denote 1.5*IQR (interquartile range) as per ggplot2 defaults. All individual

data points are overlayed in place of outlier values. P-values denote t-statistic
probabilities for the diet*time interaction using Satterthwaite’s method. Data
were modeled as in b by subsetting on strain and reducing the main strain
effect. Sample sizes are shown in Supplemental Table 3. d, Histopathological

TPM
Z-Score

evidence of NASH in following 30 weeks of AMLN diet in each strain of mice
using hematoxylin and eosin (left) and Sirius red (right) staining of mouse livers.
Scale bars denote 100 microns. e, Histopathological scoring of NASH (top) and
fibrosis (bottom) in each strain of mouse following 30 weeks of AMLN diet. Strain
effects were assessed independently for NASH CRN and fibrosis score using a
Kruskal-Wallis test (R, kruskal.test). N = 5samples per group for histopathologic
data. f, Unsupervised clustering of strain-specific differential genes from Kupffer
cells from mice fed control or AMLN NASH-inducing diet, N = 2 per group for
control diet Kupffer cells, N = 4 for A/) and C57BL/6) AMLN diet Kupffer cells and
N =2 for BALB/cJ AMLN diet Kupffer cells. Differential genes were defined using
pairwise comparisons in DESeq2 with a Log2 Fold Change >1and an adjusted

p value < 0.05 (Wald’s test with multiple testing correction using Benjamini-
Hochberg method)FDR adjusted p-value ><0.05.
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Extended Data Fig. 2| Gene-by-environment control of macrophage Dataindicate the loglO(p-value). c,e, Global comparison of strain-specific gene
transcription. a, Global comparison of differentially expressed genes between expressiononlyinBMDMs, asin a. d,f, Metascape analysis of results from cand
Kupffer cells or bone marrow-derived macrophages (BMDMs) of the indicated e, as assessed inb. Gene lists for individual clusters a, cand e are provided in
strain. Data represent the row z-score of log2(tpm + 1) values. b, Gene clusters Supplemental Table 1.

identified in a. Data were subjected to Gene ontology analysis using Metascape.
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Extended Data Fig. 3| Principal component analysis of epigenetic datasets.a,  read alignment method, read alignment methods include perfectly aligned reads
PCA of parental ATAC-seq data colored by strain (top) and batch (bottom). b, PCA (pink) and perfectly aligned reads overlying mutations that discriminate between
of parental H3K27Ac ChIP-seq data colored by strain (top) and batch (bottom). BALB/cJ and C57BL/6) (maroon).d, PCA of parental LPS treated Kupffer cells with
¢, PCA of F1 hybrid ATAC-seq and ChIP-seq data with data colored by strainand control Kupffer cells as comparison, colored by strain (top) and batch (bottom).
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a De novo motif enrichment b De novo motif enrichment
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3 ZETGASTCAL 546 1977 AP-1 3 TGASTCAZ 353 1506 AP-1
4 TTTCGCTT 407 113 IRF 4 TIASEEANES 309 3218  C/EBP
5 SECTSACK 360  67/50 PAX2 5 CAGZTGAC 275 188 ARNTL
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9 %ZATTiCRICAZ 152 7/3  CHOPIMEF 9 TGACAGEGCA 86 138 NRF2
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14 TGACCISEAGTZACCT 84 1/0.2 LXR/RXR 14 CTGCCSGCTGETEGEE 35  0.3/0.02 CTCF
15 GGCCCCECCe 68 7/4 SP1 15 GLTCAIAG 35 64 CREM

Extended Data Fig. 4 | Motif enrichment analyses. HOMER de novo motif analysis of shared accessible enhancers (‘ATAC’, ATAC-seq tags > 8) shared by all 3 strains
and active enhancers (‘H3K27Ac’, H3K27Ac ChIP-seq tags > 16). a, Top 15 de novo motifs enriched at accessible enhancers as determined by HOMER. b, Top 15 de novo
motifs enriched at active enhancers as determined by HOMER.
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Extended Data Fig. 6 | Strain- and allele-specific expressionin NSG models. genes are strain specific in parental Kupffer cells and FO-NSG Kupffer cells, while
a, Comparison of strain-specific gene expression in parental C57BL/6) and BALB/ light colored genes lose strain specificity in the FO-NSG model. b, Comparison
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Extended Data Fig. 8 | Strain-specific transcriptional regulationinresponse specific expression under LPS treatment. b, Motif enrichment in strain-specific
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Software and code

Policy information about availability of computer code

Data collection  Cell sorting data was collected on a MoFlo Astrios EQ and processed with Summit (6.2 and 6.3). Immunoblotting data was collected using
ChemiDoc XRS+ System using Image Lab (5.2.1).

Data analysis Sequencing Data Preprocessing
Data was demultiplexed using bcl2fastq (v2.17). RNA-seq was mapped using STAR 2.5. H3K27Ac ChIP-seq and ATAC-seq data were mapped
using bowtie4.1.2. ATAC-seq data were trimmed to 30 bp to remove sequencing adapters, for improved mapping efficiency. Strain specific
genomes for BALB/cJ and A/J were generated from by replacing invariant positions of mm10 (https://hgdownload.soe.ucsc.edu/goldenPath/
mm10/bigZips/) sequence with alleles reported in the Mouse Genome Project strain specific VCF files (ftp://ftp-mouse.sanger.ac.uk/
REL-1303-SNPs_Indels-GRCm38/mgp.v3.snps.rsIDdbSNPv137.vcf.gz). mm10 was used as the C57BL/6J strain specific genome. Samples from
parental strains of mice were mapped to the strain specific genome. Mapped reads were shifted to the chromosome coordinates of the
mm10 genome build using MARGE.pl (v1.0) shift with -ind set to balbcj or aj for reads mapped to the BALB/cJ or A/J genome, respectively.

For samples from CB6F1/J samples, reads were mapped to the mm10 and BALB/c) genome builds. Then the BALB/c) mapped reads were
shifted to the mm10 build with MMARGE v1.0 as above. Perfectly mapped reads spanning genetic mutations between BALB/cJ and mm10
were identified using the MMARGE.pl allele_specific_reads command with -ind set to BALB/cJ and a second time with -ind set to mm10
resulting in two SAM files for each biological sample: one SAM file containing reads perfectly mapped to the mm10 genome that spanned
known DNA sequence differences relative to the BALB/cJ genome; and a second SAM file containing reads perfectly mapped to the BALB/cJ
genome that spanning known DNA sequence differences relative to the reference mm10 genome.

Tag directories were called with HOMER (4.10) for each tag directory. ATAC-seq peaks were identified with HOMER using relaxed peak finding
parameters "-L 0 -C 0 -fdr 0.9 -minDist 200 -size 200". IDR (v2.0.4) was used to test for reproducibility between ATAC-seq replicates. Peaksets




from all pairwise IDR comparisons were merged for further analysis. Feature count matrices RNA-seq were generated using HOMER
analyzeRepeats, or using annotatePeaks for ATAC-seq and ChIP-seq.

Statistical Analysis of Sequencing Data

Differential gene expression, histone acetylation, or open chromatin was assessed using DESeq2 v1.16. The raw p-values from DESeq?2 for a
given peak or gene were corrected for multiple testing using the Benjamini-Hochberg procedure. In some cases, ANOVA was used to assess
expression differences of a priori defined candidate genes between many groups. Association of cis/trans with low, equal, and high basal
regulation was performed with a Pearson Chi2 test (Python scipy.stats.contingency.chi2_contingency). Python packages used included numpy
(1.20.2) and scipy (1.6.2), matplotlib (3.1.1), seaborn (0.9.0). R packages used included bioconductor-edger (3.28.0), gridExtra (2.3), cowplot
(1.1.1), tibble (3.2.1), ggfortify (0.4.16), ggplotify (0.1.1), ggrepel (0.9.3) stringr(1.5.0), readr (2.1.4), ggplot2 (3.4.2), patchwork (1.1.2), scales
(1.2.1), lubridate (1.9.2), dplyr (1.1.2), tidyr (1.3.0), and tidyverse (2.0.0), ggridges (0.5.4), ggpubr (0.6.0), forcats (1.0.0), stringr ( 1.5.0), purrr
(1.0.1), and tibble (3.2.1)

Maggie Analysis

Maggie (1.2) analysis was performed with modifications to allow analysis of three pairwise comparisons. For each strain, positive sequences
(either associated with increased ATAC-seq signal or increased H3K27Ac ChIP-seq signal) were extracted, in addition to the corresponding
negative sequence from the comparator strain. Positive and negative sequences from all 6 possible foreground and background strains were
concatenated and maximal motifs scores were calculated for each motifs available in JASPAR database and the net difference in max motif
score between positive and negative sequences was calculated. Following calculation of net difference in max motif score for all sequences, a
non-parametric Wilcoxon signed-rank two-sided test is used to assign significance to putative motifs by comparing the distribution of motif
score differences to a null distribution centered on zero.

Niche-net
To assess putative strain-specific ligand activity, we first filtered the NicheNet ligand-target matrix to only consider ligands in which:

1. The ligand was expressed by a cell of the hepatic niche within that strain at > 10 TPM.
2. The receptor was expressed by Kupffer cells from that strain at > 10 TPM.

We also included selected metabolic ligands for which expression data were not available. We did not require that ligands or their receptors
be differentially expressed by sender or receiver cells. Target genes were selected to be any gene that had significantly higher expression in a
pairwise comparison of that strain (“union” gene set, adjusted p value < 0.05, log fold change > 2, TPM > 10 expression in Kupffer cells). As a
background we considered all genes that were expressed at TPM > 10 in Kupffer cells. The NicheNet ligand activity score was then computed
as the Pearson correlation coefficient between the ligand-target score and the binary vector indicating whether a target gene was
differentially expressed. For heatmaps select top scoring ligands from each strain were aggregated and displayed with ligand z-scores. Ligand
receptor interaction scores were displayed for ligand-receptor pairs with a receptor expressed by Kupffer cells in at least one strain. For the
circos plot analysis ligand-target interaction scores were displayed as arrow thicknesses linking a ligand to its target gene. R packages used
were circlize (0.4.11), dplyr (1.0.2), ggplot2 (3.3.5), tidyr (1.1.2), readr (1.4.0), forcats (0.5.0), stringr (1.4.0), purrr (0.3.4), nichenetr (1.0.0),
A.C.Rsuite (1.0.0).

Statistical Analysis of

The effect of strain on NASH CRN and fibrosis score was assessed with a Kruskal-Wallis test (R, Kruskal.test). The effect of NASH or control
diets between strains across time on mass was assessed with a linear mixed model fit by maximum likelihood. The hierarchical relationship of
repeated measures on individual mice over time was controlled using a random effect term in the model (R, Ime4::Imer(Mass ~ 1 + Week *
Diet * Genotype + (1 + Week | Mouse), data = dfl, REML = F). The significance of main effects or their interactions was assessed using Type IlI
ANOVA with Satterthwaite’s method (R, anova(fittedModel)). Within strain interactions of Week*Diet were assessed by sub-setting data on
strain, and running a reduced linear mixed model (R, Imer(Mass ~ 1 + Week * Diet + (1 + Week | Mouse), data = strain_subset, REML = F). R
packages used included glmmTMB (1.1.7), nlme (3.1-162), multcomp (1.4-25), tidyverse (2.0.0), sjPlot (2.8.14), Ime4 (1.1-34), and ImerTest
(3.1.3).

Analysis code is available on GitHub:
https://github.com/HunterBennett/KupfferCell_NaturalGeneticVariation

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

Data

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

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

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

The datasets generated as part of the current study are available in the Gene Expression Omnibus repository. (GSE216164).
Processed data is made available at Zenodo: https://zenodo.org/record/7829622#.ZHogly-B1gs
Sequencing data was mapped to the publicly available GRCm38/mm10 genome: https://hgdownload.soe.ucsc.edu/goldenPath/mm10/bigZips/

Mouse strains genomes were generated using publicly available Mouse Genomes Project Variant Call Format (VCF) files: ftp://ftp-mouse.sanger.ac.uk/REL-1303-
SNPs_Indels-GRCm38/mgp.v3.indels.rsIDdbSNPv137.vcf.gz

Datasets used in figure 3f were sourced from the Gene Expression Omnibus (GEO) Series GSE128337: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE128337.
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Datasets used in figure 3g were sourced from the Gene Expression Omnibus (GEO) Series GSE128657: https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?
acc=GSE128657.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Not applicable

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size calculations were performed using a power analysis method detailed in Hart et al., J Comp Bio, 2014. According to these
calculations a minimum of 2 samples would allow detection of 2-fold changes with >90% power. Therefore RNA-seq and ATAC-seq, and
H3K27Ac ChIP-seq studies used a minimum of two biological replicates per cell subset.

We determined effect sizes of our own pathological scoring data from mouse NASH experiments and determined that we had >90% power to
detect a 2-fold change in NASH CRN score at a = 0.05, and 43% power to detect a 60% fold change in fibrosis score at a = 0.05.

Data exclusions  Data quality was assessed using Spearman correlation between replicates Spearman correlation was calculated using TPM values for RNA-seq
data, and tags overlying ATAC-seq peaks for ATAC-seq and H3K27Ac ChIP-seq data. Correlation was subset per strain, cell type, and condition
and only replicates with good correlation (>0.80 typically, but determined on a case-by-case basis) were kept.

Replication RNA-seq, ATAC-seq, and H3K27Ac ChiIP-seq in Kupffer cells other non-parenchymal cell types from the inbred strains and CB6F1/J hybrids
were performed in 2 independent experiments with highly correlated findings. All assays were successfully replicated 2 or more times and
quantification and statistics are run on combined replicate experiments.

AMLN diet data included data from >5 replicated experiments.

RNA-seq from hepatocytes isolated from A/J, BALB/cJ, and C57BL/6J mice had n=2 independent samples but was not independently replicated
as this data was only used for identifying putative ligands for use in the NicheNet algorithm.

Randomization  Data was generated from littermate mice ordered directly from the Jackson laboratories. Mice from the same shipment and, when possible,
the same cage, were used within experimental groups. Littermates were assigned randomly for treatment with lipopolysaccharide or
phosphate buffered saline. When assessing response of each strain to a NASH inducing diet, littermates were split randomly into separate
cages and subsequently fed a NASH inducing diet or custom control diet for 30 weeks.

Blinding Blinding was used in the assessment of liver pathology, which was performed by a board-certified pathologist. In this case the pathologist was
given histopathologic slides with encoded IDs that were scored using the NASH CRN and fibrosis scores. These encoded IDs were then
translated back to the original sample ID by the research team. Researchers were not blinded to groupings for other experiments as mice
received identical treatments.

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
Antibodies [ 1IIX] chip-seq

[] Eukaryotic cell lines [ 1IDX| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[] Clinical data

[ ] Dual use research of concern

XXOXKXO S

Antibodies

Antibodies used Anti-Mouse/Human CD11b PE/Cy7 (clone M1/70); BioLegend; 101216; RRID: AB_312799
Anti-Mouse CD146 BUV395 (clone ME-9F1); BD Biosciences; 740330; RRID: AB_2740063
Anti-Mouse CD16/32 (clone 93); BioLegend; 101302; RRID: AB_312801
Anti-Mouse CD45 Alexa488 (clone 30F11); BioLegend; 103122; RRID: AB_493531
Anti-Mouse CD45 BB515 (clone 30-F11); BD Biosciences; 564590; RRID: AB_2738857
Anti-Mouse Cx3crl Alex647 (clone SAO11F11); BioLegend; 149004; RRID: AB_2564273
Anti-Mouse F4/80 BV421 (clone BM8); BioLegend; 123132; RRID: AB_11203717
Anti-Mouse Tim4 Alexa647 (clone RMT4-54); BioLegend; 127641; RRID: AB_2271648
Anti-Mouse Tim4 PE (clone RMT4-54); BioLegend; 130008; RRID: AB_2201843
Anti Mouse H-2Dd PE (clone 34-2-12); BioLegend; 110607; RRID: AB_313488
Anti Mouse H-2Kb Alexa647 (clone AF6-88.5); BioLegend; 116512 ; RRID: AB_492917
Anti-phospho-STAT3 (Tyr705) (clone D3A7); Cell Signaling Technology; 9145; RRID: AB_2491009
Anti-STAT3 (clone 124H6); Cell Signaling Technology; 9139; RRID:AB_331757
Donkey Anti-Mouse Immunoglobulins/HRP (Dako); no longer available on the manufacturer's website
Donkey Anti-Rabbit Immunoglobulins/HRP (Dako); no longer available on the manufacturer's website
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Validation Anti-Mouse/Human CD11b PE/Cy7 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse CD146 BUV395 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse CD16/32 - validated by manufacturer in flow assays
Anti-Mouse CD45 Alexa488 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse CD45 BB515 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse Cx3crl Alexa647 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse F4/80 BV421 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse Tim4 Alexa647 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-Mouse Tim4 PE - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti Mouse H-2Dd PE - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti Mouse H-2Kb Alexa647 - validated by manufacturer in flow assays and internally using fluorescence minus one controls
Anti-phospho-STAT3 - validated by manufacturer in immunoblotting assays
Anti-STAT3 - validated by manufacturer in immunoblotting assays

Detailed validation information is available on the product specification sheets.

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 Mus musculus laboratory mice were used in all experiments. Baseline studies were performed with male A/J, BALB/cJ, C57BL/6J and
CB6F1/J (first generation intercross of male C57BL/6J and female BALB/cJ) mice age 8-10 weeks.

NOD-scid IL2Rgnull mice age 8-10 weeks were conditioned with the myeloablative agent busulfan at 25 mg/kg for 2 consecutive days.
On the third day, mice were engrafted via retro orbital injection with magnetically enriched, lineage negative, hematopoietic stem
cells (Miltenyi) from BALB/cJ, C57BL/6J, or CB6F1/) donors. Engraftment efficiency was monitored in peripheral blood after 4 and 8
weeks.

Mice were fed for up to 30 weeks with a NASH-model diet (Research Diets, D09100301) composed of 40 kcal% from fat, 20 kcal%
from fructose, and 2% cholesterol by mass, or a custom defined control diet (Research Diet, D15100601) composed of 10% kcal from

fat with 50 g inulin (a dietary fiber) per 4,057 kcal.

Mice were housed in individually ventilated cages in standard conditions at 22°C with 40 + 5% relative humidity and a 12-h light/dark
cycle. Water and standard laboratory diet were available ad libitum, unless indicated otherwise.

Wild animals Study did not involve wild animals.
Reporting on sex Sex was not considered as a variable in these studies due to poor susceptibility of female mice of the chosen strains to NASH models.

Field-collected samples  The study did not involve samples collected from the field.




Ethics oversight All animals were maintained and all procedures performed were approved by the University of California San Diego Animal Care and
Use Committee in accordance with an approved animal study protocol meeting AALAC standards.

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

ChlIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Sequencing data generated in this study are available at GEO through accession number GSE216164.
May remain private before publication.
Graph files (HOMER peaks) are available on GEO as well as Zenodo:
https://zenodo.org/record/7829622#.ZHogly-B1gs
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Files in database submission h3k27ac_AJ_Kupffer_Control_repl_R1.fastq.gz
h3k27ac_AJ_Kupffer_Control_repl_R2.fastq.gz
h3k27ac_AJ_Kupffer_Control_rep2_R1.fastq.gz
h3k27ac_AJ_Kupffer_Control_rep2_R2.fastq.gz
h3k27ac_AJ_Kupffer_Control_rep3_R1.fastq.gz
h3k27ac_AJ_Kupffer_Control_rep3_R2.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_rep1_R1.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_repl_R2.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_rep2_R1.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_rep2_R2.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_rep3_R1.fastq.gz
h3k27ac_BALBcJ_Kupffer_Control_rep3_R2.fastq.gz
h3k27ac_C57_Kupffer_Control_repl_R1.fastq.gz
h3k27ac_C57_Kupffer_Control_repl_R2.fastq.gz
h3k27ac_C57_Kupffer_Control_rep2_R1.fastq.gz
h3k27ac_C57_Kupffer_Control_rep2_R2.fastq.gz
h3k27ac_C57_Kupffer_Control_rep3_R1.fastq.gz
h3k27ac_C57_Kupffer_Control_rep3_R2.fastq.gz
h3k27ac_cb6flj_kupffer_chow_repl R1.fastq.gz
h3k27ac_cb6flj_kupffer_chow_repl R2.fastq.gz
h3k27ac_cb6flj_kupffer_chow_rep2_R1.fastq.gz
h3k27ac_cb6f1j_kupffer_chow_rep2_R2.fastq.gz
h3k27ac_cb6flj_kupffer_chow_rep3_R1.fastq.gz
h3k27ac_cb6flj_kupffer_chow_rep3_R2.fastq.gz
input_AJ_Kupffer_Control_rep1_R1.fastq.gz
input_AJ_Kupffer_Control_repl_R2.fastq.gz
input_AJ_Kupffer_Control_rep2_R1.fastq.gz
input_AJ_Kupffer_Control_rep2_R2.fastq.gz
input_AJ_Kupffer_Control_rep3_R1.fastq.gz
input_AJ_Kupffer_Control_rep3_R2.fastq.gz
input_BALBcJ_Kupffer_Control_repl_R1.fastq.gz
input_BALBcJ_Kupffer_Control_repl_R2.fastq.gz
input_BALBcJ_Kupffer_Control_rep2_R1.fastq.gz
input_BALBcJ_Kupffer_Control_rep2_R2.fastq.gz
input_BALBcJ_Kupffer_Control_rep3_R1.fastq.gz
input_BALBcJ_Kupffer_Control_rep3_R2.fastq.gz
input_C57_Kupffer_Control_repl_R1.fastq.gz
input_C57_Kupffer_Control_repl_R2.fastq.gz
input_cb6f1j_kupffer_chow_repl_R1.fastq.gz
input_cb6f1j_kupffer_chow_repl_R2.fastq.gz
input_cb6f1j_kupffer_chow_rep2_R1.fastq.gz
input_cb6f1j_kupffer_chow_rep2_R2.fastq.gz
input_cb6f1j_kupffer_chow_rep3_R1.fastq.gz
input_cb6f1j_kupffer_chow_rep3_R2.fastq.gz

h3k27ac_f0_raw.txt
h3k27ac_f1_raw.txt

Genome browser session https://genome.ucsc.edu/s/hunterrb/glass_kupffer_strains_manuscript
(e.g. UCSC)
Methodology
Replicates N=3 independent replicates were used for each experimental subgroup. Samples with pearson correlation of H3K27Ac ChIP-seq

signal annotated over ATAC-seq peaks >0.8 were kept for analysis.




Sequencing depth Inbred strain samples were sequenced to a depth of ~5 million reads. F1 samples were sequenced to a depth of ~50 million reads to
allow sufficient detection of perfectly mapped reads spanning mutations between the parental genomes.

Antibodies Active Motif, 39685, anti-H3K27ac, RRID: AB_2793305, Clone: MABI 0309

Peak calling parameters  Our pipeline did not call H3K27Ac ChiP-seq peaks, instead ChiP-seq signal was annotated over relevant ATAC-seq peaks identified
using the irreproducible discovery rate (IDR v2.0) algorithm. IDR ATAC-seq peaks were annotated using HOMER (v4.10)
annotate_peaks command using -size 1000 flag to set a 2000bp window around the ATAC-seq peak.

Data quality Data were examined on the UCSC genome browser to ensure efficacy of the immunoprecipitation step. Outlier samples were
screened for using Spearman correlation between samples within each subgroup. All samples with a Spearman correlation > 0.90
were retained for further analysis.

Software H3K27Ac ChIP-seq was mapped to strain specific genomes (mm10 was used as the C57BL/6J strain specific genome) generated from
Mouse Genome Project VCF files. Mapping was performed using bowtie 0.12.7. Samples from parental strains of mice were mapped
to the strain specific genome. Mapped reads were shifted to the chromosome coordinates of the mm10 genome build using
MARGE.pl (v1.0) shift with -ind set to balbcj or aj for reads mapped to the BALB/cJ or A/J genome, respectively. Tag directories were
generated from SAM alignment files using HOMER v4.10.
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Flow Cytometry

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

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

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

Methodology

Sample preparation Mouse livers were retrograde perfused for 3 min at a rate of 5-7 mL/min through the inferior vena cava with HBSS without
Ca2+ or Mg2+ supplemented with 0.5 mM EGTA, 0.5 mM EDTA, and 20 mM HEPES. Perfusions were then switched to 40 mL
of a digestion buffer, held at 37°C, comprised of HBSS with Ca2+ and Mg2+ supplemented with 0.033 mg/mL of Liberase TM
(Roche), 20 mg/mL DNasel (Worthington), and 20 mM HEPES. Livers were then excised, minced, and digested for an
additional 20 min in vitro at 37°C with gentle rotation in 20 mL of fresh digestion buffer. The perfusion and digestion steps
were performed in the presence of 1 mM flavopiridol to offset transcriptional changes associated with digestion. After tissue
digestion, cells were passed through a 70-micron cell strainer and hepatocytes removed by 2 low-speed centrifugation steps
at 50 X G for 2 min. Non-parenchymal cells in the supernatant were further separated from debris by pelleting for 15 min at
600 X G in 50 mL of 20% isotonic Percoll (Sigma Aldrich) at room temperature. Cells were then washed from Percoll
containing buffer and suspended in 10 mL 28% OptiPrep (Sigma Aldrich) and carefully underlaid beneath 3 mL of wash buffer.
The resulting gradient was centrifuged at 1,400 X G for 25 min at 4°C with no break, and cells enriched at the interface were
saved and subjected to isotonic erythrocyte lysis. Cells were washed after erythrocyte lysis and immediately used purified by
cells sorting.

Instrument Beckman Coulter Mo-Flo Astrios EQ configured with spatially separated 355 nm, 405 nm, 488 nm, 561 nm, and 642 nm lasers
Software The Astrios was controlled and set up using Summit software. Some post-sort analyses were done using FlowJo (10.4.1).

Cell population abundance Post-sort purities routinely exceeded 95% as assessed by reacquisition on the same cell sorter. Transcriptomics is sensitive to
contamination and we could observe indications that our method for purifying hepatic stellate cells had varied contamination
with Kupffer cells.

Gating strategy Kupffer cells were defined as 355:494/20Low (inferred as retinol autofluorescence), SSCLow, CD146Neg, CD45Pos,
F4/80High, CD11bIntermediate, Live, Singlets. Liver sinusoidal endothelial cells were defined at 355:494/20Low (inferred as
retinol autofluorescence), SSCLow, CD45Neg, CD146Pos, Live, Singlets. Hepatic stellate cells were defined as 355:494/20High
(inferred as retinol autofluorescence), SSCIntermediate, Live, Singlets. Singlets were identified using SSC-H/SSC-A and FSC-H/
FSC-A for all populations.

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