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A macrophage-hepatocyte glucocorticoid receptor
axis coordinates fasting ketogenesis
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In brief

Fasting metabolism and immunity are
tightly linked; however, little is known
about how immune cells engage in fasting
homeostasis in healthy subjects. Using a
cell-type-resolved genomics approach,
Loft et al. demonstrate how
glucocorticoid signaling in resident liver
macrophages directly influences
glucocorticoid signaling and ketogenesis
in hepatocytes during fasting.
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SUMMARY

Fasting metabolism and immunity are tightly linked; however, it is largely unknown how immune cells
contribute to metabolic homeostasis during fasting in healthy subjects. Here, we combined cell-type-resolved
genomics and computational approaches to map crosstalk between hepatocytes and liver macrophages dur-
ing fasting. We identified the glucocorticoid receptor (GR) as a key driver of fasting-induced reprogramming of
the macrophage secretome including fasting-suppressed cytokines and showed that lack of macrophage GR
impaired induction of ketogenesis during fasting as well as endotoxemia. Mechanistically, macrophage GR
suppressed the expression of tumor necrosis factor (TNF) and promoted nuclear translocation of hepatocyte
GR to activate a fat oxidation/ketogenesis-related gene program, cooperatively induced by GR and peroxi-
some proliferator-activated receptor alpha (PPAR«) in hepatocytes. Together, our results demonstrate how
resident liver macrophages directly influence ketogenesis in hepatocytes, thereby also outlining a strategy
by which the immune system can set the metabolic tone during inflammatory disease and infection.

INTRODUCTION et al., 2016; Weis et al., 2017). For example, anorexia was
recently shown to protect against bacterial infection by lowering
glucose utilization and increasing circulating ketone levels,

thereby limiting reactive oxygen species induced by antibacte-

The nutritional status influences immune responses, and
cellular metabolism plays an important role in immune cell

biology with chronic malnutrition causing immunodeficiencies,
as illustrated by common infections being a frequent cause of
death in undernutritioned children (Bourke et al., 2016).
Conversely, controlled caloric restriction or periodic fasting im-
proves the outcomes of multiple inflammatory and autoimmune
diseases via metabolic rewiring of immune cells (Okawa et al.,
2020). Moreover, during infections, immune cells acutely trigger
sickness behavior and metabolic adaptations that confer tissue
tolerance to bacterial infections (Ganeshan et al., 2019; Wang

Gheck for
Updates

rial inflammation (Wang et al., 2016). Thus, fasting metabolism
impacts on both the immune system and the consequences
of its activation; however, little is known about the direct influ-
ence of immune cells on key metabolic cell types during fasting
in healthy subjects and their contribution to homeostatic meta-
bolic control.

During fasting, the liver plays a central role by activating glyco-
genolysis/gluconeogenesis- and fatty acid oxidation (FAO)/keto-
genesis-related gene programs to generate energy substrates

Cell Metabolism 34, 473-486, March 1, 2022 © 2022 Elsevier Inc. 473


mailto:sfs@bmb.sdu.dk
mailto:jan.tuckermann@uni-ulm.de
mailto:stephan.herzig@helmholtz-muenchen.de
https://doi.org/10.1016/j.cmet.2022.01.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmet.2022.01.004&domain=pdf

¢ CellPress

for the brain, muscle, and other peripheral organs. Accordingly,
the transcriptional regulation of these programs in the paren-
chymal hepatocytes has been intensively studied (Goldstein
and Hager, 2015). Key fasting activated transcription factors
(TFs) include cAMP-response-element-binding protein (CREB),
peroxisome-proliferator-activated receptor alpha (PPARa), and
the glucocorticoid receptor (GR/NR3C1) (Herzig et al., 2001;
Kersten et al., 1999; Opherk et al., 2004) that operate at fast-
ing-induced enhancers to collectively promote the fasting gene
programs (Goldstein et al., 2017). In contrast, molecular insights
into the fasting response of immune cells in the liver, such as the
liver macrophage population, are limited. Furthermore, whereas
liver macrophages have been proposed to play a central role in
the disruption of glucose homeostasis in pathophysiological
conditions such as the metabolic syndrome and obesity (Huang
et al., 2010; Lanthier et al., 2010; Stienstra et al., 2010), it is not
known whether these cells contribute to metabolic homeostasis
during fasting in healthy subjects.

Here, we generated time-resolved profiles of fasting-induced
changes in the chromatin and gene landscapes of liver macro-
phages and hepatocytes and investigated the crosstalk between
these cell types. We identified the macrophage GR as a key
driver of the dynamic genomic and transcriptional changes in
macrophages, including suppression of cytokine expression,
and of fasting-induced ketogenesis through potentiation of syn-
ergistically activated GR/PPARa target genes in hepatocytes.
Our data thereby identify an intercellular nuclear receptor (NR)
communication pathway necessary for full execution of hepatic
ketogenesis during fasting.

RESULTS

Cell-type-specific profiling of the hepatic fasting
response

To investigate the temporal, cell-type-specific changes in the liver
during fasting, we applied the “isolation of nuclei tagged in spe-
cific cell types” (INTACT) methodology, allowing Cre-lox-driven
cell-type-specific labeling and subsequent affinity purification of
nuclei from intact tissues (Deal and Henikoff, 2010; Loft et al.,
2021a, 2021b; Mo et al., 2015). Specifically, we used HEP-
INTACT mice to allow for a selective pull-down of hepatocyte
nuclei and MAC-INTACT mice to target the myeloid nuclei within
the liver (Figures S1A-S1F). For simplicity, the GFP+ nuclei from
MAC-INTACT mice are henceforth termed macrophage nuclei.
Importantly, for both HEP-INTACT and MAC-INTACT mice, we
confirmed a strong enrichment of established cell-type-specific
markers (e.g., Alb in HEP-INTACT mice and Clec4f in MAC-
INTACT mice), whereas markers of the other cellular lineage
were depleted in the GFP+ nuclei (Figures S1G and S1H).

We then subjected female HEP-INTACT and MAC-INTACT
mice to a fasting protocol starting at the onset of their active
phase (ZT12), and after 3, 8, 16, and 24 h, livers were collected
for INTACT followed by RNA- and ATAC-seq analyses (Fig-
ure S1l). Ad libitum fed controls were sacrificed at each time
point to account for diurnal variations in gene expression. Impor-
tantly, we found comparable body weight loss, a similar overall
pattern in blood metabolites and hormones, and similar expres-
sion patterns of key hepatic fasting genes between the HEP-
INTACT and MAC-INTACT mice during fasting (Figure S1J; Table
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S1), suggesting an overall similar response to fasting in the livers
of these two mouse lines. This was supported by the fact that
total liver nuclei from HEP-INTACT and MAC-INTACT mice
clustered closely together in PCA analyses of the generated
RNA-seq data, which further illustrated a strong separation of
GFP+ nuclei from the livers of HEP-INTACT and MAC-INTACT
mice (Figure S1K).

Transcriptional networks controlling the hepatocyte
fasting response

We first evaluated the transcriptional fasting response in hepato-
cytes and clustered fasting-regulated, hepatocyte-selective
genes based on their temporal changes during fasting (Fig-
ure 1A). Functional enrichment analysis showed enrichment of
gluconeogenic, FAO, and PPAR signaling pathways for the clus-
ters containing genes rapidly induced within 3 h of fasting (i.e.,
clusters 1 and 2) (Figures 1B, 1C, and S2A). To identify the TFs
coordinating these changes, we performed ATAC-seq analyses
of GFP+ hepatocyte nuclei (Figures S2B-S2D) and further
applied motif response analysis to estimate TF motif activities
as well as target enhancers and genes based on integration of
ATAC- and RNA-seq data using IMAGE (Madsen et al., 2018)
(Figure 1D; Table S2). For fasting-induced genes, these included
well-known fasting responsive factors such as Forkhead box
protein O1 (FOXO1) and FOXO3 along with GR (Figure 1E). The
latter showed a very rapid activation within 3 h of fasting and a
dramatic transient decline after 16 h of fasting, which accurately
corresponded to the temporal expression profile of the classical
GR target gene, Fkbp5, in hepatocytes and of serum glucocorti-
coid levels (Figures 1F-1H). Reassuringly, the predicted GR
target enhancers were enriched in liver GR binding as assessed
by mining public ChlP-seq data from the CistromeDb and the
predicted GR target genes were downregulated in Nr3c17%;
Albumin-Cre*’~ (GRMEP) mice (He et al., 2015) (Figures S2E
and S2F), further confirming the validity of this integrative
approach.

Fasting dynamics of the liver macrophage
transcriptional networks

Next, we investigated the temporal fasting response in macro-
phages and identified more than 1,000 macrophage-specific,
fasting-regulated genes (Figure 2A). Many of these genes en-
coded for signaling molecules (Figure 2B), indicating that commu-
nication with other hepatic cell types could be affected in the
fasted mice. Notably, we also identified a cluster of genes pro-
gressively repressed during fasting that was strongly enriched
for pathways related to the cell cycle (Figure 2B). In line with
this, expression of cell cycle and proliferation markers, such as
Mki67, was dramatically reduced in macrophage nuclei during
fasting (Figures 2C and S3A). Accordingly, immunohistochemical
analyses showed that both the fraction of KI67+/CLEC4F+ macro-
phages and the abundance of CLEC4F+ macrophages decreased
during a 24-h fast, indicating that fasting decreases the abun-
dance of resident liver macrophages through suppression of
macrophage proliferation (Figures 2D, 2E, and S3B).

ATAC-seq analyses of GFP+ macrophage nuclei (Figures S3C-
S3E), combined with motif activity response analyses (Figure 2F;
Table S3), predicted signal transducer and activator of transcrip-
tion 2 (STAT2) and several members of the interferon regulatory



Cell Metabolism ¢? CellP’ress

ene expression clustering B Vl Cl uster
A G ion clusteri B ] C Pck1 (Cluster 1
o
2 s g ~ 800007P,,<0.0001  « Adiib
E 5 _; N E 3 = Fasted
1 TS558 85 S 60000 wewr
c ® o
o s 2 £ 8 ]
£5825%% T 40000
s . 3582 8% K
593983 ¢ S
o >8231zn 2 2 20000
2 g8z82¢¢ £
a 2% X = & o <]
a womh o z 0 - . . .
8 16 24
3 Hmgcs2 (Cluster 2)
. l. = 100000 P;,,<0.0001
£ 60000 l/\/l
k-3
5 & 40000
s
£ 20000 o— . —F—
o
i S
(h) 3 8 16 24 3 8 16 24 Z-score -log10(p-value) Duration (h)
Ad lib Fasted 2 -2 0 10
D Motif activity clustering E Predicted key regulators F GR (NR3C1) motif activity
- Ad lib
FOXO1 2 0.03;Per0090T L kage
1 FOXO3 2 002 -
o
MLXIPL S oot
NR3C1 8 0.00-
) NR3C2 = o1l
FOXJ3 G ’ 3 8 16 24
ml):llljs § Fkbp5 expression
3 NR2F6 5 400004 p, <0.0001
FOXJ3 £ 30000 *%*
FOSL2 E 20000 - *
4 ZFP64 T 10000
SREBF2 £ 0. o
RORC z 3 8 16 24
5 EQL?;;“ Corticosterone
FOXA3 H 10000, 00001
FOXA1 g o
6 € =y
H c
2
(h) ] Log2(Obs/Exp)
€ ® n
N 2 2 RNA clusters 25 2.5 3 8 16 24
Ad lib Fasted - : Duration (h)

Figure 1. Transcriptional networks controlling the hepatocyte fasting response

(A-G) GFP+ nuclei were obtained from ad libitum fed and fasted HEP-INTACT mice at the indicated time points followed by RNA-seq, ATAC-seq, and IMAGE
analyses.

(A) Fuzzy C-means clustering of differentially expressed genes (adjusted p < 0.05, membership score > 0.5).

(B) Gene ontology enrichment for the indicated gene clusters.

(C) Expression of (upper) Pck1 and (lower) Hmgcs2 (n = 4).

(D) Fuzzy C-means clustering of significantly altered motif activities (adjusted p < 0.05, membership score > 0.35).

(E) Enrichment of IMAGE-predicted target genes for indicated TFs in the RNA-seq clusters over a random distribution (observed/expected).

(F) Activity of the GR (encoded by Nr3c1) motif 1 (n = 4).

(G) Gene expression of Fkbp5 (n = 4).

(H) Serum corticosterone levels (n = 4).

(Line plots in A, D, and E) Colored lines, individual genes/motif activities; black lines, cluster mean; dashed gray line, log, fold change (log2FC) = 0 or (C and F-H)
blue squares (fasted) and green circles (ad libitum fed) represent the mean at each individual time point and vertical lines indicate + SEM.

Statistical significance was determined using two-way ANOVA with post-hoc Sidak’s multiple comparison test between ad libitum fed and fasted mice at the
individual time points and indicated by *p < 0.01, **p < 0.01, ****p < 0.0001.

See also Figures S1 and S2.

factor (IRF) family as key regulators of genes that were repressed  ures 2H-2J). In macrophages, the set of predicted GR target
in macrophages during fasting (Figures 2G and S3F). Notably, also  enhancers was highly similar with published macrophage GR cis-
in macrophages, GR appeared to be a key regulator of genes tromes (Figure S3G), and both predicted target enhancers and
induced early in fasting (Figure 2G), and the motif activity resem-  target genes were very different from those predicted in hepato-
bled both macrophage-selective GR target gene expression pat-  cytes (Figure S3H) consistent with previous studies on cell-type-
terns and the levels of glucocorticoids in blood during fasting (Fig-  specific GR binding and action (John et al., 2011).
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Figure 2. Transcriptional networks controlling the fasting response in liver macrophages

(A-C, F-H, and J) GFP+ nuclei were obtained from ad libitum fed versus fasted MAC-INTACT mice at the indicated time points followed by RNA-seq, ATAC-seq,
and IMAGE analyses.

(A) Fuzzy C-means clustering of differentially expressed genes (adjusted p < 0.05, membership score > 0.5).

(B) Gene ontology enrichment for the indicated gene clusters.

(C) Expression of Mki67 in whole liver nuclei (n = 2) and GFP+ nuclei from MAC-INTACT or HEP-INTACT mice (n = 4).

(D) Representative staining of CLEC4F+ (green) and KI67+ cells (red) as well as DAPI+ nuclei in 24-h ad libitum fed (upper) and fasted (lower) B6/N mice. White
bars indicate 50 um.

(E) Quantification of the % of KI67+/CLECA4F+ cells of total CLEC4F+ cells (n = 9-10). Every dot represents one individual mouse. Horizontal line indicates the
median and whiskers indicate min to max.

(F) Enrichment of IMAGE-predicted target genes of indicated factors in the RNA-seq clusters over a random distribution (observed/expected).

(G) Fuzzy C-means clustering of significantly altered motif activities (adjusted p < 0.05, membership score > 0.35). m1/m2 = motif 1/motif 2.

(H) Activity of the GR (encoded by Nr3c1) motif 1 (n = 4).

() Serum corticosterone levels (n = 4).

(J) Cd163 and Fkbp5 expression (n = 4).

(Line plots in A, F, and G) Colored lines, individual genes/motif activities; black lines, cluster mean; dashed gray line, log, fold change (log2FC) = 0. (C) Every dot
represents one individual mouse and colored bars indicate mean + SEM or (H-J) red squares (fasted) and orange circles (ad libitum fed) represent the mean at
each individual time point and vertical lines indicate + SEM.

Statistical significance was determined by (C) two-way ANOVA with Tukey’s multiple comparison test (for simplicity only the comparison between nuclei at the
24-h time point is highlighted), (E) unpaired t test, or (H-J) two-way ANOVA with Sidak’s multiple comparison test between ad libitum fed and fasted mice at the
individual time points and indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

See also Figure S3.

Mutual crosstalk between liver macrophages and programs in the two populations, we used NicheNet (Browaeys
hepatocytes during fasting et al., 2020). First, we predicted whether fasting-regulated, he-
To explore potential intercellular communication between mac-  patocyte-derived ligands had the potential for regulating macro-
rophages and hepatocytes modulating fasting-regulated gene  phage-selective gene programs enriched in each of the temporal
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Figure 3. Computational prediction of intercellular communication during fasting
(A and B) NicheNet analysis of upstream ligand-receptor pairs modulating fasting-regulated gene programs in liver macrophages (LM).
(A) NicheNet workflow (left), the activity of top-five predicted upstream hepatocyte ligands (middle), and interaction potential for the predicted receptors in LM (right).

(legend continued on next page)
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clusters (Figures 2A and 2B). The top-five prioritized hepatocyte
ligands with the highest predicted activity in fasting were partic-
ularly associated with chemokine signaling, cell adhesion mole-
cules, and cell cycle, and all had several receptors with high
interaction potential on macrophages (Figures 3A and 3B). The
expression of the genes encoding the potential ligands in hepa-
tocytes was generally downregulated during fasting, which
correlated with the expression pattern of the predicted cell-cycle
target genes in macrophages (Figures 3C and 3D).

Next, we asked which macrophage-derived ligands had the
potential to regulate fasting-regulated gene programs in hepato-
cytes (Figures 1A and 1B). Here, the fasting-repressed TNF was
predicted to have the highest regulatory potential for genes
belonging to PPAR signaling and FA degradation pathways (Fig-
ures 3E and 3F). In line with this prediction, the suppression of
Tnf expression in macrophages temporally coincided with
suppression of the motif activity of the downstream TF v-rel
avian reticuloendotheliosis viral oncogene homolog A (RELA) in
hepatocytes as well as with induction of several key fasting-
induced hepatocyte genes (Figures 3G-3J).

Macrophage GR modulates intra-hepatic crosstalk and
ketogenesis during fasting

Since our motif activity response analyses pointed toward GR
as the main driver of the transcriptional changes that occurred
in macrophages during fasting, we next asked whether macro-
phage GR also plays a role in the intercellular communication to
hepatocytes and thereby affects systemic fasting metabolism.
To address this question, we used GR™; LysM-Cre*'~ (GRMA)
mice (Kleiman et al., 2012) and littermate controls (GR") and
fasted them for 8 h. Notably, GR deficiency in macrophages
significantly impaired the induction of blood B-hydroxybutyrate
levels (Figure 4A), whereas no significant effects were observed
on blood glucose, body/tissue weights, or liver triglycerides
(Figures 4B and S4A-S4E). RNA-seq in livers from fasted
GRMAC and GR"* mice revealed significant changes for both
macrophage and hepatocyte-selective genes (as defined by
our INTACT data) as well as a robust overlap with hepato-
cyte-specific, fasting-regulated genes (Figures S4F-S4H).
Functional enrichment analyses revealed that the induction of
the hepatocyte-selective FAO/PPAR gene programs during
fasting was impaired in GRMAC mice (Figure 4C), which included

Cell Metabolism

key ketogenesis and FAO genes, such as Hmgcs2, Cyp4ai4,
and Hadhb (Figure 4D). We observed no changes in serum
nonesterified fatty acid (NEFA) levels or the activation status
of hormone-sensitive lipase in the adipose tissue in GRMAC
mice (Figures S41 and S4J), suggesting that the observed ef-
fects on ketogenesis were not due to altered fatty acid flux
from adipose tissue. To further confirm the notion that the
impaired ketogenesis was caused by local signaling effects in
the liver, we crossed GR™ mice to mice expressing the Cre un-
der direction from the Clec4f promoter (Sakai et al., 2019; Scott
et al., 2016) ablating GR specifically in the liver resident Kupffer
cell (KC) population (Figures S4K-S4M). Indeed, when we
fasted these mice (GR%®) and their littermate controls (GR")
for 8 h, we found a significant impairment in the induction of
B-hydroxybutyrate levels as well as a decrease in several of
the genes linked to FAO and ketogenesis, similar to the effects
observed in the GRMAC mice (Figures 4E, 4F, and S4N). Condi-
tioned medium experiments further confirmed that GR in liver
macrophages could promote the expression of FAO and keto-
genesis genes in hepatocytes independent of other hepatic
cell types (Figures 4G, 4H, and S40).

We then explored the molecular mechanisms underlying the
direct GR-dependent macrophage-to-hepatocyte crosstalk dur-
ing fasting. To this end, we identified a set of macrophage-selec-
tive, fasting-regulated genes annotated to encode for secreted
proteins (Xiong et al., 2019) that trended to be regulated in
the opposite direction in GRMAC mice (Figures S4P-S4Q). By
gPCR, we confirmed that 10 out of 34 of these fasting-regulated
secretome genes were significantly altered in the opposite
manner in both GRMA® and GRX® mice (Figures 41, S4R, and
S48), indicating that GR in resident liver macrophages regulates
a broad program of secreted factors during the early fasting
response. This secretome gene signature included GR-induced
genes, such as Cd7163 and Pla2g7, and GR-repressed genes,
such as Tnf, and generally correlated with fasting ketone levels
(Figure 4J). TNF was also among the top predicted regulators
of various fasting-induced hepatocyte gene programs (Fig-
ure 3E), suggesting that its suppression by GR is required for
full induction of fasting ketogenesis. In support of this, protein
expression of TNF was elevated in fasted GRMAC versus GR
mice (Figure S4T), and TNF was predicted as the main regu-
lator by NicheNet analysis using predicted fasting-regulated

(B) Predicted interaction links between hepatocyte-derived ligands and their putative LM target genes associated with the indicated KEGG pathway.
(C) Expression change (fasted versus ad lib fed) of the genes encoding the top-five predicted upstream ligands in hepatocyte nuclei (left) and of their top target

genes in LM nuclei belonging to the indicated KEGG pathways (right).

(D) Gene expression of Plg (left) and Ccna2 (right) (n = 4) in GFP+ nuclei from ad libitum fed and fasted HEP-INTACT (left) and MAC-INTACT (right) mice at the

indicated time points.

(E and F) NicheNet analysis of upstream ligand-receptor pairs regulating the fasting-regulated gene programs in hepatocytes (Hep).
(E) NicheNet workflow (left), the activity of top-five predicted upstream LM ligands (middle), and interaction potential for the predicted hepatocyte re-

ceptors (right).

(F) Predicted interaction links between LM-derived ligands and their putative hepatocyte target genes associated with the indicated KEGG pathway.
(G) Expression change (ad lib fed versus fasted) of the genes encoding the top-five predicted upstream ligands in LM nuclei (left) and of their top target genes in

hepatocyte nuclei belonging to the indicated KEGG pathways (right).

(H-J) Gene expression of (H) Tnf and (J) G6pc and Adh7 as well as () motif activity of RELA (n = 4) in GFP+ nuclei from ad libitum fed and fasted (H) MAC-INTACT

and (I and J) HEP-INTACT mice.

(D and H-J) Red squares (fasted) and orange circles (ad libitum fed) indicating GFP+ nuclei from MAC-INTACT mice or blue squares (fasted) and green circles (ad
libitum fed) indicating GFP+ nuclei from HEP-INTACT mice represent the mean at each individual time point and vertical lines indicate + SEM.
Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparison test between ad libitum fed and fasted mice at the individual time

points and indicated by *p < 0.05, **p < 0.01.

478 Cell Metabolism 34, 473-486, March 1, 2022



Cell Metabolism ¢? CellP’ress

A B D
B-hydroxybutyrate - GRA¢ Blood glucose - GRYA¢ Ketogenesis and FAO gene expression - GRYA¢
e [ GR"x
2.5 Pgonoype<0-05 12+ ns [ GRfex 1.5 . Il GRVAC
—‘ c GR
E GR¥© 2
2.0+ 4 o
10 i
, IR , §10
3151 ns L 3 °
o 8 2
£ e £ ns 2
E E s 0.5
1.0 ° g 0
- T# )
T T T T T T
0.5
2V A Q & » »
T T 4 T T qo" G,bb'\ 2 VAR ‘<\°&\
oOh 8h oh 8h o LIPS P\
C Functional enrichment analysis E B-hydroxybutyrate - GR*® F Ketogenesis and FAO gene expression - GRX®
HEP MAC 2.5 Porcnu<0.05 1 [ GR™*
S &S [ GRK®
PRSP 8
PPAR signaling pathways 2.0 o §
Peroxisome _a é
Fatty acid degradation _ g 1.5 ns ;
Complement & coagulation g 8 g ) £ T
Drug metabolism Tl ? ? - ° °
? 1.04 2 o) flox O
Steroid hormone biosynth. 2 4 n EJ B eR
! 2 bees Sese [ GRX¢ 0—— T T T T T
Cell adhesion molecules > 2 0 A 9 N R
2 0.5- o \ N N o) W~
Phagosome v oh 8h 690 o’b QP‘Q Qb(b N\ ‘(\'06
< L - A
G CM on HEPG2 H cM on primary heps | Secretome gene expression - GR"A®
GRfx GRvAc WT mice 2.5 - 3.0 [ GRx
- X .
Hmgcs2 * % 2.0 . ’—‘ * 25 Il GR ¢
HMGCS2 Acadi1 @ ;—‘ .
ca 4 o e o
g 15 2.0 *x N
ACADT1 Cyp4a10 3 10 é:‘ ,—‘ |—§ |_‘ % |_‘
o
CYP4A11 Cypdat4 % 1.5 g i
merL | Mgl 3 05 s 5 a 1.0 é g g
HADHB | Hadhb 0 2 — 051 1+—— T T T
Dex Dex - + & & P N W@ & X\ v e N
9 O <
Log2FC to veh 06" ?\51' o 0"'0\ & < (¢ (¢ Vo"' Q°
[ m | m
-2 2 -0.75 0.75 Fasting-induced Fasting-repressed
J Correlation MAC- ) MAC- .
cd163 K Top receptors of GR¥A%regulated ligands Top targets of GR"A°regulated ligands
Pla2g7 GR“AC-regulated o o . .
Cclé ligands O A T N T IR TN T 3ol S S SRS > L& SRS 4 L
Cxelt3 1 B O I
Edil3 c TNF
Tnf g CCL2
Cel7 £ CXCL13
@ PSAP
Ccl2 Q
Loxi3 @ ceLr
Psap 1 Ligand activity Ligand-receptor interaction potential Ligand-target regulatory potential
[E—
Ketone body levels 0 0.05 0 02 04 06 0 0.002 0.004

Figure 4. Macrophage GR modulates intrahepatic crosstalk and ketogenesis during fasting

(A and B) Blood levels of (A) B-hydroxybutyrate and (B) glucose in GRMAC versus GR"* mice fasted for 8 h (n = 10). Every dot represents one individual animal.
(C) Functional enrichment analyses of significantly regulated genes identified in Figure S4F divided into hepatocyte and macrophage-selective genes (as defined
by INTACT RNA-seq data).

(D) Expression (qPCR) of ketogenesis and FAO genes in the livers of GRMAC versus GR™* mice (n = 5). Every dot represents one individual animal.

(E) Blood levels of B-hydroxybutyrate in GR¥C versus GR™ mice fasted for 8 h (n = 7-8).

(F) Expression (GPCR) of ketogenesis and FAQO genes in the livers of GRXC versus GR"* mice (n = 7-8). Every dot represents one individual animal.

(G) Row-scaled median expression (QPCR) in HEPG2 hepatocytes treated with liver-macrophage-conditioned medium (LM-CM) (cultured with vehicle (-) or
dexamethasone [Dex]) obtained from GR"* or GRMAC mice (n = 6).

(H) Log2FC (Dex versus veh CM) in mean expression (QPCR) in primary hepatocytes treated with LM-CM obtained from WT B6/J mice (n = 5).

(I) Expression (QPCR) of indicated secretome genes in GRMAC versus GR®* mice fasted for 8 h (n = 5). Every dot represents one individual animal.

(J) Spearman correlation coefficient between the expression (QPCR) of indicated GR-regulated secretome genes and ketone blood levels in GR™ and GRMAC
mice fasted for 8 h.

(K) NicheNet analysis of upstream ligand-receptor pairs regulating early fasting-induced genes repressed in the livers of GRMAC versus GR* mice. Activity of the
predicted upstream LM-derived ligands (left), interaction potential for the predicted hepatocyte receptors (middle), and the regulatory potential for the predicted
top target genes (right) expressed by hepatocytes associated with each LM ligand.

(A, B, D-F, and I) Horizontal line indicates the median, and whiskers indicate min to max.

(legend continued on next page)
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macrophage ligands and hepatocyte target genes significantly
altered in the GRMAC mice (Figure 4K).

Macrophage GR modulates ketogenesis in endotoxemia
To explore whether macrophage GR modulates ketone body
levels in conditions other than fasting, we investigated the
response of GRMA® mice to endotoxemia, where macrophage
GR (Bhattacharyya et al., 2007; Kleiman et al., 2012) and keto-
genesis (Paumelle et al., 2019; Van Wyngene et al., 2020; Wang
etal., 2016) both have been shown to promote survival. We there-
fore administered GRYAC and GR"* mice with a single intraper-
itoneal injection of lipopolysaccharide (LPS) and followed the
mice for an 8-h period (Figures S5A-S5G). Indeed, we found an
impaired induction of blood B-hydroxybutyrate levels in GRMAC
mice (Figure S5A), which was accompanied by changes of the
macrophage secretome gene signature and of FAO/ketogenesis
genes in hepatocytes highly similar to those observed in fasted
GRMAC mice (Figures S5H-S5J). Thus, the regulation of ketogen-
esis by macrophage GR appears to be a more general regulatory
principle in metabolic health and disease.

GR in liver macrophages promotes cooperative GR- and
PPAR«-dependent gene expression in hepatocytes

Next, we asked which TFs in hepatocytes responded to the GR-
dependent modulation of the macrophage secretome. Epige-
netic landscape in silico deletion analysis (Qin et al., 2020) found
that enhancers near hepatocyte-selective, GRM"®-repressed
genes were enriched for both binding and motifs of GR and
PPARa (Figures 5A and 5B), suggesting that macrophage GR
signals to these two NRs in hepatocytes. In further support of
this notion, hepatocyte-selective genes with decreased expres-
sion in GRMAC mice were generally repressed in mice with hepa-
tocyte-specific deletion of GR or PPARa and induced by treat-
ment with their respective ligands dexamethasone (Dex) or
fenofibrate (Figure S6A) (He et al., 2015; Montagner et al.,
2016). Notably, genes repressed both in mice with hepatocyte-
specific deletion of GR or PPARa were preferentially repressed
in GRMA mice compared with genes repressed in only one of
these models (Figure 5C), suggesting that GR in macrophages
promotes cooperativity between GR and PPAR« in hepatocytes.
To further explore this, we investigated the response of hepato-
cyte-selective, GRMAC-repressed genes to ligand activation of
GR and PPARq. alone or in combination in primary hepatocyte
cultures (Ratman et al., 2016). Indeed, this gene program was
robustly activated by coactivation of these two NRs in hepato-
cytes, whereas the response to individual ligand was less pro-
nounced (Figure 5D). Moreover, genes synergistically activated
by the combined treatment displayed a markedly higher degree
of overlap with hepatocyte-selective, GRMC-repressed genes,
compared with genes induced by only one ligand and coopera-
tively induced genes (Figure 5E). Mechanistically, loss of macro-
phage GR did not alter protein levels of PPARa or GR in whole
liver lysates, and circulating corticosterone levels were unaltered

Cell Metabolism

in GRMAC mice (Figures S6B and S6C). This further supported the
notion that changes in the FAO and ketogenesis gene programs
were consequences of local signaling events in the liver, post-
translationally controlling the activity of these NRs in hepato-
cytes. Interestingly, we observed decreased nuclear localization
of GR but not PPAR. in livers of GRMAC mice (Figure 5F) and
further confirmed that GR was less abundant in HNF4o+ hepato-
cyte nuclei from GRMAC compared with GR™ mice (Figures 5G
and S6D), thus indicating direct crosstalk between GR in macro-
phages and GR in hepatocytes during fasting.

TNF selectively represses PPARqa target genes highly
dependent on hepatocyte GR

Since TNF was predicted as the main mediator of the macro-
phage-to-hepatocyte crosstalk observed in the GRMAC mice,
we next investigated the effects of TNF in primary hepatocytes
co-treated with PPAR« and GR ligands. Here, we found repres-
sion of several of the key fasting-induced genes shown to be
repressed in the GRMAC mice even at very low TNF doses (Fig-
ure 6A). By RNA-seq analyses, we further demonstrated an
overall repressive effect by TNF on the hepatocyte-selective
gene program found to be repressed in the GRMAC mice (Fig-
ure S6E). Furthermore, TNF-repressed genes were robustly
activated by GR ligand alone or the combinatorial PPAR«/GR
ligand treatment of primary hepatocytes, whereas the PPARa
ligand alone had a very limited effect on these genes (Ratman
et al., 2016) (Figure 6B). To further explore this observation,
we treated primary hepatocytes for 8 h with GR and PPARu li-
gands alone or in combination to initially determine how 14
different PPAR« target genes involved in FAO and ketogenesis
depended on GR coactivation under our specific conditions
(Figures 6C, S6F, and S6G). We then explored which of these
genes were most sensitive to an 8-h treatment of primary hepa-
tocytes with TNF or, as a control, the related inflammatory cyto-
kine IL1pB, which has previously been shown to inhibit PPARa
activity (Stienstra et al., 2010). Using this setup, we did not
observe significant effects on Ppara expression with neither
IL1B nor TNF treatment (Figure SEH), suggesting that any
observed effects were consequences of posttranscriptional
signaling events. Interestingly, IL1B broadly repressed all 14
PPARa target genes, including genes with a low GR depen-
dency index, such as Pdk4, whereas TNF affected only genes
highly dependent on GR coactivation, such as Hmgcs2 and
Cyp4ai4 (Figures 6D and 6E). Thus, TNF repressed only the
subset of PPARa target genes that were co-activated by GR,
and in line with this, we found that TNF attenuated ligand-
induced GR nuclear translocation in primary hepatocytes (Fig-
ures 6F and 6G). This resemblance with our observations of
decreased nuclear translocation of hepatocyte GR in the
GRMAC mice indicates that macrophage GR promotes nuclear
translocation of hepatocyte GR and coactivation of selected
FAO and ketogenesis genes at least in part via suppression of
local TNF signaling during fasting.

Statistical significance was determined by (A, B, E, and G) two-way ANOVA with post hoc (A, B, and E) Sidak’s multiple comparison test (GRMC/GRXC versus
littermate GR™> mice) at the individual time points or (G) Tukey’s multiple comparison test between all conditions (indicated is significance level to HEPG2 cells
treated with Dex LM-CM from GR" mice), (D, F, and I) multiple t test with FDR correction, (H) paired ratio t test, or (J) unpaired t test and indicated by *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001 or when corrected for multiple testing by *q < 0.05, **q < 0.01, ***q < 0.001, ****q < 0.0001; ns, not significant

See also Figures S4 and S5.
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Figure 5. GR in liver macrophages promotes cooperative GR and PPAR« target gene activation in hepatocytes

(A and B) LISA enrichment analysis of (A) TF binding (ChlP-seq from CistromeDB) and (B) motifs of the TFs depicted in (A) near hepatocyte or macrophage-
selective genes significantly regulated in GRMAC versus GR™ mice (as defined in Figure S4F).

(C) Log2FC in whole liver expression in GRMA versus GR"* for genes downregulated only by knockout of GR (261 genes), only by knockout of PPARo, (298
genes), or by both knockout of PPARa and GR (22 genes) (adjusted p < 0.05) identified by microarray analysis of livers from PPARa"5F versus PPAR4"* and
GR"EP versus GR"* mice.

(D) Log2FC in the expression of hepatocyte-selective, downregulated genes in GRMAC versus GR* (as defined in Figure S4F) in dexamethasone (Dex) versus
vehicle (Veh)-treated (light green), GW7647 (GW) versus Veh-treated (yellow), and dual Dex/GW versus Veh-treated (dark green) primary hepatocytes.

(E) Enrichment (indicated by odds ratio) of hepatocyte-selective, downregulated genes in GRMAC versus GR" mice (as defined in Figure S4F) for genes induced
in primary hepatocytes by Dex only (light green) and GW only (yellow) as well as genes cooperatively (green) and synergistically (dark green) induced by Dex and
GW co-treatment.

(F) Protein expression of nuclear GR (left) and nuclear PPARa. (right) in GR" and G mice. Protein expression was normalized to Lamin A/C nuclear
expression. The western blots depicted are pools of individual mice (n = 5), and the Lamin A/C blot is duplicated due to the use of the same membrane for
detection of GR, PPARa, and Lamin A/C.

(G) Quantification of hepatocyte GR nuclear signal (average nuclear median fluorescence intensity [MFI]) as determined in double DAPI+/ HNF4a+ nuclei from
livers of GR" and GRMA® mice.

(C, D, F, and G) Horizontal line indicates the median, and (C and D) whiskers indicate 1.5x IQR or (F and G) min-to-max. (E) Circle indicates odds ratio with a 95%
confidence interval indicated. Statistical significance was determined by (C) Kruskal-Wallis’ one-way analysis and (D) Friedman’s test with post hoc Dunn’s
multiple comparison test between conditions or (F and G) unpaired t test and indicated by exact p value or *p < 0.05, **p < 0.01; ns, not significant.

See also Figure S6.

RMAC

GR in liver macrophages is required for hepatocyte combinase expression from the hepatocyte-specific LP1 pro-
GR-dependent fasting ketogenesis moter (Kulozik et al., 2011; Nathwani et al., 2006; Rose et al.,
Finally, since our data suggested that macrophage GR is 2011), to achieve GR KO in macrophages (GRV4°), hepatocytes
required for activation of GR in hepatocytes and full activation  (GRHEF), or in both of these cell populations (GRPK®) (Figure 7A).
of fasting ketogenesis, we hypothesized that depletion of hepa-  As expected, we observed decreased whole liver expression of
tocyte GR mice should phenocopy the impaired fasting ketogen-  Nr3c7 only in GR™EP and GRPK® mice (Figure S7A) and effects on
esis in GRMAC mice, whereas loss of GR in both populations the macrophage secretome gene program predominantly in
should be redundant compared with depletion in just one popu-  GR™AC and GRPX® mice (Figures S7B and S7C), whereas Ppara
lation. To investigate this, we administered GRMAC and GR"* levels were not changed in any of the groups (Figure S7A).
mice with an adeno-associated viral vector (AAV) driving Crere-  Indeed, loss of GR in hepatocytes decreased fasting-serum
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Figure 6. TNF attenuates hepatocyte GR nuclear translocation and induction of cooperatively activated GR/PPAR« target genes in hepa-
tocytes

(A) Expression (QPCR) of the indicated genes in primary hepatocytes treated for 8 h with vehicle or TNF (n = 4).

(B) Log2FC in the expression of genes downregulated in TNF versus vehicle (Veh)-treated primary hepatocytes in dexamethasone (Dex) versus Veh-treated (light
green), GW7647 (GW) versus Veh-treated (yellow), and dual Dex/GW versus Veh-treated (green) primary hepatocytes.

(C) Expression (qPCR) of Pdk4, Hmgcs2, and Cyp4a14 in primary hepatocytes treated for 8 h with vehicle, corticosterone (Cort), WY-14643 (WY), or a combi-
nation of Cort+WY.

(D) Expression (QPCR) of Pdk4, Hmgcs2, and Cyp4a14 in primary hepatocytes treated for 8 h with control or a combination of Cort+WY together with vehicle (Veh),
IL1B, or TNF.

(E) Row-scaled mean expression (qPCR) of indicated PPARa target genes in primary hepatocytes treated for 8 h with control or a combination of Cort+WY
together with vehicle (Veh), IL1B, or TNF.

(F) Representative stainings showing GR+ (white) and DAPI+ (blue) nuclei in primary hepatocytes treated for 1 h with vehicle or a combination of Cort+WY with or
without TNF. The merged picture shows an overlay of the two stainings. White scale bar, 25 um.

(G) Quantification of GR nuclear signal (average nuclear median fluorescence intensity [MFI]) as determined in DAPI+ nuclei from primary hepatocytes treated as
described in (F) (n = 3).

(A. C, D, and G) Every dot represents primary hepatocytes isolated from one individual mouse and colored bars represent mean and vertical lines indicate + SEM
or (B) horizontal line indicates the mean and whiskers indicate 1.5x IQR.

Statistical significance was determined by (A, C, D, and E) one-way ANOVA with post-hoc (A, D, and E) Dunnett’s multiple comparison test between (A) vehicle
and the TNF treatment conditions and (D and E) the treatment with Cort+WY+Veh and the other conditions, or (C) Tukey’s multiple comparison test between all
conditions, (B) Friedman’s test with post hoc Dunn’s multiple comparison test between conditions, or (G) two-way ANOVA with post hoc Tukey’s multiple
comparison test between all conditions and indicated by exact p value or *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; ns, not significant.

See also Figure S6.
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Figure 7. GR in liver macrophages and hepa-
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ketone levels to a similar extent as loss of GR in macrophages,
whereas there was no further impairment in GRPX® mice (Fig-
ure 7B). Similarly, GR was generally required in both cell types
to activate TNF-sensitive FAO/ketogenesis genes, such as
Cyp4al4 and Hmgcs2, above the levels observed in GRPKC
mice (Figures 7C and 7D). In contrast, TNF-insensitive genes,
such as Pdk4 and Ehhadh, were generally not repressed in
GRMAC mice and particularly not in GRME® mice (Figures 7C
and 7D). Taken together, our data demonstrate that GR in resi-
dent liver macrophages is required for repression of TNF and
activation of GR nuclear translocation in hepatocytes to enhance
fasting-induced ketogenesis via cooperative activation of GR-
and PPARa-dependent FAO/ketogenesis genes in hepatocytes.

DISCUSSION

The liver plays a central role in systemic metabolic homeostasis in
mammals by switching between catabolic and anabolic carbohy-
drate and lipid metabolism in response to circulating endocrine
cues. Whereas the regulation of these processes in the paren-
chymal hepatocytes is well characterized, less is known about
how nonparenchymal cells such as liver macrophages contribute
to metabolic homeostasis during fasting. In our study, we propose
that transcriptional programs of hepatocytes and macrophages
during fasting are shaped by mutual crosstalk, including modula-
tion of several macrophage-derived, fasting-regulated cytokines
predicted to impact on FAO and ketogenesis gene programs in
hepatocytes. Interestingly, macrophage GR was required for
modulation of these macrophage secretome genes and activation
of ketogenesis during fasting. Mechanistically, loss of GR in mac-

rophages disrupted a gene program synergistically regulated by
GR and PPARu. in hepatocytes, most likely via decreased nuclear
localization of hepatocyte GR. This appears to be caused by
increased TNF expression in GRMAC mice since GR nuclear local-
ization in primary hepatocyte cultures was highly sensitive to this
cytokine. Whereas previous studies have reported mutual inhibi-
tion of GR and TNF-activated RELA transcriptional activities via
competition for cofactors (Dendoncker et al., 2019; Gerber et al.,
2021; Schmidt et al., 2016), this is to our knowledge the first report
of TNF controlling nuclear translocation of GR. Further studies are
needed to identify the pathways activated by TNF to promote nu-
clear exclusion of GR specifically in hepatocytes. Physiologically,
the contribution of macrophage and hepatocyte GR to fasting
ketogenesis adds to the previously described contribution of GR
in adipocytes to fasting ketogenesis via induction of adipose tis-
sue lipolysis (Mueller et al., 2017) and raises the possibility that
cell-type-specific actions of GR across multiple tissues and cell
types combine to a hitherto unappreciated importance of GR for
fasting ketogenesis and energy homeostasis.

The intriguing capacity of resident liver macrophages to con-
trol hepatocyte function during periods of fasting may also
have implications during obesity, where the function of liver mac-
rophages has been well documented (Huang et al., 2010; Lanth-
ier et al., 2010; Stienstra et al., 2010) and where intervention with
fasting and caloric restriction regimens has proven efficient.
Indeed, perturbation of hepatocyte ketogenesis and mitochon-
drial acetoacetate metabolism in resident macrophages was
recently shown to accelerate diet-induced hepatic fibrosis (Pu-
chalska et al., 2019). Thus, macrophage-GR-promoted ketogen-
esis in hepatocytes may feedback to shape an antifibrotic
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metabolic profile of resident macrophages. In this context, the
suppression of resident macrophage proliferation observed
upon prolonged fasting and possibly mediated via repression
of hepatocyte-derived ligands, predicted to regulate cell-cycle
genes in macrophages, may also be important. Interestingly, he-
patocyte plasminogen, which had the highest predicted regula-
tory activity for macrophage-associated cell-cycle genes, was
also among a panel of secreted factors, the fasting-regulation
of which was recently proposed to mediate the reduction of
the circulating monocyte pool by the hepatic energy sensors
AMPK and PPARa (Jordan et al., 2019). Thus, extensive bidirec-
tional crosstalk with hepatocytes may affect the abundance and
metabolic state of liver macrophages to contribute to the effec-
tiveness of fasting and caloric restriction regimens as interven-
tions for chronic inflammatory conditions, such as metabolic-
associated fatty liver disease.

Several recent studies have reported essential roles of keto-
genesis for tissue tolerance and survival during bacterial infec-
tions (Paumelle et al., 2019; Van Wyngene et al., 2020; Wang
et al., 2016); thus, it is also tempting to speculate that the macro-
phage-to-hepatocyte GR axis has evolved to provide the
immune system direct local control of ketogenesis during infec-
tions. Indeed, we observed impaired induction of ketogenesis in
GRMAC mice in response to LPS administration, possibly contrib-
uting to the previously reported impaired survival of these micein
response to LPS-induced endotoxemia (Bhattacharyya et al.,
2007; Kleiman et al., 2012). High levels of inflammatory cyto-
kines, such as TNF, have previously been proposed to suppress
ketogenesis in the context of infection (Beylot et al., 1992; Pailla
et al., 1998). Our findings extend this observation and indicate
that this response is actively counteracted by macrophage GR,
which thereby has the capacity to protect hepatic ketogenesis
during endotoxemia.

Whereas TNF is well described under inflammatory conditions,
it has to our knowledge not been described in the context of the
feeding to fasting transition in healthy subjects with low circulating
levels of TNF. Combined with the previously described lipogenic
(Feingold and Grunfeld, 1987) and mitogenic (Peng et al., 2018) ef-
fects of TNF on hepatocytes, our results now indicate that repres-
sion of TNF by GR represents a novel local macrophage-derived
signal that facilitates a switch from anabolic metabolism in the
fed state to catabolic metabolism upon fasting. A necessity of
reduced basal macrophage cytokine expression for full induction
of ketogenesis would expand the concept of homeostatic or phys-
iological inflammation to local control of hepatic metabolism via
suppression of hepatocyte glucocorticoid resistance.

Limitations of study

In this study, we highlight secreted molecules potentially respon-
sible for the impact of liver macrophage GR on fasting ketogen-
esis. Based onin vitro observations, we suggest that suppression
of local TNF signaling contributes to the induction of fasting keto-
genesis in hepatocytes by permitting nuclear translocation of he-
patocyte GR. To formally prove this, one would need to rescue
the ketogenesis defect caused by macrophage GR deficiency,
by perturbing TNF in liver macrophages or components of the
TNF signaling pathways acting upstream of GR in hepatocytes.
Furthermore, the preferential suppression of genes synergisti-
cally activated by GR and PPARg. upon loss of macrophage GR
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supports a model involving additional parallel signals to PPARGa..
Thus, fasting-induced, highly macrophage-GR-dependent fac-
tors, such as CD163 and PLA2G7, may also contribute to the
decreased fasting ketogenesis in GRMA® mice. Further in vivo
studies are needed to determine the relative contributions of
these macrophage-GR-modulated factors and their individual
mechanisms of action upstream of hepatocyte GR and PPARa..
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SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-GFP antibody

Rabbit monoclonal anti-HNF-4-alpha antibody [EPR16885-99]

Mouse monoclonal anti-HNF-4-alpha antibody [K9218]
Rabbit monoclonal anti-F4/80 [D2S9R]

Rat monoclonal anti-F4/80 [CI:A3-1]

Goat polyclonal anti-CLEC4F

Rat monoclonal anti-Ki67

Rabbit monoclonal anti-Glucocorticoid Receptor [D6H2L]

Rabbit polyclonal anti-Glucocorticoid Receptor

Mouse monoclonal anti-Glucocorticoid Receptor [BuGR2]

Rabbit polyclonal anti-PPAR alpha

Rabbit polyclonal HSL antibody

Rabbit polyclonal Phospho-HSL (Ser660) antibody
Rabbit polyclonal Phospho-HSL (Ser565) antibody
Rabbit Monoclonal Anti-TNF Antibody [EPR19147]
Mouse monoclonal anti-B-Actin antibody [AC-15)
Mouse monoclonal anti-Lamin A/C [4C11]

Mouse monoclonal anti-a-Tubulin [TU-02]

Mouse monoclonal anti-VCP [clone 5]

Donkey anti-goat IgG, Alexa Fluor 555

Donkey anti-mouse IgG, Alexa Fluor 555

Goat anti-mouse IgG, Alexa Fluor 488

Goat anti-rabbit IgG, Alexa Fluor 594

Goat anti-rabbit IgG, Alexa Fluor 647

Goat anti-rat I9gG, Alexa Fluor 647

Rabbit anti-rat 1gG, Biotinylated

Goat anti-rabbit IgG, Cyanine3

Life Technologies

Abcam

Thermo Fisher Scientific
Cell Signaling Technologies
Abcam

R&D Systems

Synaptic Systems

Cell Signaling Technologies
Proteintech

Thermo Fisher Scientific
Abcam

Cell Signaling

Cell Signaling

Cell Signaling

Abcam

Sigma

Cell Signaling Technologies
Santa Cruz

Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Vector Laboratories
Thermo Fisher Scientific

Cat: G10362; RRID: AB_2536526
Cat: ab231167; RRID: AB_2895610
Cat: MA1-199; RRID: AB_2633309
Cat: 70076; RRID: AB_2799771

Cat: ab6640; RRID: AB_1140040
Cat: AF2784; RRID: AB_2081339
Cat: HS—398117; RRID: AB_2744641
Cat: 12041; RRID: AB_2631286
Cat: 24050-1-AP; RRID: AB_2813890
Cat: MA1-510; RRID: AB_325427
Cat: ab24509; RRID: AB_448110
Cat: 4107; RRID: AB_2296900

Cat: 45804; RRID: AB_2893315
Cat: 4137; RRID: AB_2135498

Cat: ab183218; RRID: AB_2889388
Cat: A1978; RRID: AB_476692

Cat: 4777; RRID: AB_10545756
Cat: sc-8035; RRID: AB_628408
Cat: ab11433; RRID: AB_298039
Cat: A—21432; RRID: AB_2535853
Cat: A—31570; RRID: AB_2536180
Cat: A—11001; RRID: AB_2534069
Cat: A—11012; RRID: AB_2534079
Cat: A—21245; RRID: AB_2535813
Cat: A—21247; RRID: AB_141778
Cat: BA—4001; RRID: AB_10015300
Cat: A—10520; RRID: AB_2534029

—

=3

Swine polyclonal anti-rabbit IgG, HRP Agilent Cat: P0399; RRID: AB_2617141
Goat polyclonal anti-mouse IgG, HRP Agilent Cat: P0447; RRID: AB_2617137
Bacterial and virus strains

AAV-LP1-Cre This study N/A

AAV-LP1-Cremut This study N/A

Chemicals, peptides, and recombinant proteins

Streptavidin linked CY5 (Zymax Grade) Thermo Fisher Scientific 438316

Alexa-488-phalloidin Thermo Fisher Scientific A-12379

ProLong Gold antifade reagent Thermo Fisher Scientific P36934

Primary Hepatocyte Thawing and Plating Supplements Thermo Fisher Scientific CM3000

Primary Hepatocyte Maintenance Supplements Thermo Fisher Scientific CM4000

Corticosterone Sigma C2505

WY-14643 Sigma C7081

Recombinant murine IL13 Peprotech 211-11B

Recombinant murine TNF Peprotech 315-01A

Lipopolysaccharide Sigma Cat: L2880; Batch: 05M4013V
Percoll GE Healthcare 17089102

(Continued on next page)
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Dexamethasone Sigma D4902
TRIzol Life Technologies 15596018
EDTA-free Protease Inhibitor Cocktail Roche 11873580001
RNasin Plus Rnase Inhibitor Promega N2615
Igepal CA-630 Sigma 56741
Protein G Dynabeads Life Technologies 10004D
Amphotericin-B Gibco 15290-026
DAPI Sigma D9542
Hoechst 33342 Thermo Fisher Scientific 62249
Critical commercial assays

Insulin ELISA Crystal Chem 90082
Corticosterone ELISA Enzo 900-097
NEFA-HR(2) R1 and R2 Wako 434-91795; 436-91995
Serum Triglyceride Determination Kit Sigma TRO100
QuantiTect Reverse Transcription Kit Qiagen 205311
VAHTS Stranded mRNA-seq Library Kit for lllumina Vazyme NR602
NEBNext Ultra RNA Library Prep Kit for lllumina New England Biolabs E7530L
TruePrep DNA Library Prep Kit V2 for lllumina Vazyme TD501
AMPure XP beads Beckman AB3881
MinElute Reaction Cleanup kit Qiagen 28204

Deposited data

Microarray of livers from Ppara™;

Albumin-Cre*’~ and Ppara* mice, mice treated
with vehicle or fenofibrate.

Mircoarray of livers from Nr3c17;
Albumin-Cre*~ (GR™EP) mice and Nr3c1™* mice,
mice treated with vehicle or dexamethasone.
RNA-seq of primary hepatocytes treated with
vehicle, dexamethasone, GW7647 or a
combination of dex/GW

(Montagner et al., 2016)

(He et al., 2015)

(Ratman et al., 2016)

GEO: GSE73298

GEO: GSE75682

SRP058743

INTACT RNA-seq data This study GEO: GSE147923

INTACT ATAC-seq data This study GEO: GSE147922

Whole liver RNA-seq data This study GEO: GSE147924

Primary hepatocyte RNA-seq data This study GEO: GSE184765

Original code This study Zenodo Data: http://doi.org/10.5281/
zenodo.5810134

Original western blot images This study Zenodo Data: http://doi.org/10.5281/
zenodo.5810202

Experimental models: Cell lines

HEPG2 ATCC ATTC HB-8065

Experimental models: Organisms/strains

B6;129-Gt(ROSA)26Sor M (CAG-Sunt/siGFP)Nat JAX Stock: 021039

B6N.Cg-Speer6-ps1794ib-cre)21Man JAX Stock: 018961

B6N.129P2(B6)-Lyz2!m(Crollfos JAX Stock: 018956

Nr3c1 tm2Gsc L yzztm 1(cre)ifo /J
C57BL/6J-Clec4f™Cro/dassy
Nr3c1 thGscCIe c 4fem1 (cre)Glass /J
C57BL/6J (B6/J)

C57BL/6NCrl (B6/N)

(Kleiman et al., 2012)
JAX

This study

JAX

Charles River

N/A

Stock: 033296
N/A

Stock: 000664
Strain code: 027
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for detection of Nr3c1: Nr3c1_f: This study N/A

ggcatgcacattactggccttct

Primers for detection of Nr3c1: Nr3c1_r1: This study N/A

gtgtagcagccagcttacagga

Primers for detection of Nr3c1: Nr3c1_r2: This study N/A

ccttctcattccatgtcagceatgt

qPCR primers This study Table S4

Recombinant DNA

Plasmid: pdsAAV-LP1-Cre This study Zenodo Data: http://doi.org/10.5281/
zenodo.5810475

Plasmid: pdsAAV-LP1-Cremut This study Zenodo Data: http://doi.org/10.5281/

zenodo.5810475

Software and algorithms

STAR
HISAT2
BWA aligner
Samtools
iRNA-seq
DESeq2
HOMER
IMAGE
Mfuzz
goseq
KEGG PATHWAY database collection
Lisa

Dobin et al. (2013)
Kim et al. (2019)

Li and Durbin (2009)
Li et al. (2009)
Madsen et al. (2015)
Love et al. (2014)
Heinz et al. (2010)
Madsen et al. (2018)

Kumar and Futschik, 2007

Young et al. (2010)
Kanehisa et al. (2019)
Qin et al. (2020)

v2.4.2a/v2.6.1a

v2.1.0

v0.7.5a-r405
v0.1.19-44428cd

viA

v1.24.0

v4.10

vi.1

v2.44.0

v1.36.0
https://www.genome.jp/kegg/
http://lisa.cistrome.org/

NicheNet Browaeys et al. (2020) v0.1.0

CistromeDB toolkit / GIGGLE Layer et al. (2018) http://dbtoolkit.cistrome.org/
ImageJ Schneider et al. (2012) https://imagej.net/software/fiji/
Other

Rodent Chow Pellets Altromin 1314

RPMI-1640 Sigma R8758

William’s E Medium Sigma w1878

DMEM, low glucose Gibco 11885084

DMEM, no glucose, no glutamine, no phenol red Gibco A1443001

FBS Sigma F7524

FBS Gibco 10270

Corning BioCoat Collagen | cell culture plates VWR 734-0166

EconoSpin Micro/Mini Columns Epoch 3010-250/1920-250

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephan

Herzig (Stephan.herzig@helmholtz-muenchen.de).

Materials availability

New reagents and materials generated in this study are listed in the key resources table and will be made available on request, but we
may require a completed Materials Transfer Agreement if there is potential for commercial application.
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Data and code availability

o RNA-seq and ATAC-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Original western blot images have been deposited at Zenodo and are publicly
available as of the date of publication. The DOl is listed in the key resources table. Microscopy data reported in this paper
will be shared by the lead contact upon request.

e All original code has been deposited at Zenodo and is publicly available as of the date of publication. The DOl is listed in the key
resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models and experiments

All animal studies were conducted in accordance with German animal welfare legislation and protocols were approved by the state
ethics committees and government of Upper, Bavaria (License # 55.2-1-55-2532-49-2017 and 55.2-1-54-2532.0-40-15) and the Re-
gierungsprasidium Tibingen (License #1332 and #1512). All mice were maintained in a climate-controlled environment at ~23°C and
constant humidity with specific pathogen-free conditions under strict 12 h dark-light cycles (6:00 a.m. to 6:00 p.m.). All mice had ad
libitum access to food and water and before the start of experiments, all mice were maintained on a regular chow diet (Altromin,
1314). For fasting studies, food was removed 30 min before lights off for the indicated duration of time.

B6;129 Gt(ROSA)26Sor™3(CAG-Sun1/sIGFRINaY; | mice (Vo et al., 2015) used in this study were backcrossed to C57BL/6NCrl (B6/N)
(Charles Rivers) using a speed congenics approach to ensure a > 95 % genetic B6/N background. These were then crossed with
B6N.Cg-Speer6-ps179@ib-crel21Many j (Alh-Cre) (Postic et al., 1999) or B6N.129P2(B6)-Lyz2!™ €/ (LysMCre) (Clausen et al., 1999)
mice to generate HEP-INTACT and MAC-INTACT mice with hepatocyte-specific and myeloid-specific GFP tagging of the nuclear mem-
brane. Mice referred to as GRMA€ mice were generated from GR"®* (Nr3c 17™%5°) crossed to LysMCre mice (Nr3c11mGsCL yzotm19(relifoy )
and maintained on a C57BL/6J (B6/J) background, as previously described (Kleiman et al., 2012). GR® mice were generated
from GR™ (Nr3c1™m%°) crossed to C57BL/6J-Clec4f*™ €®G1ass/j mice (Sakai et al., 2019) purchased from JAX, and maintained on
a B6/J background. To confirm a specific deletion of GR in liver macrophages, DNA was isolated from indicated organs and tissues
of the GRX® mice and the PCR reaction was set up using OneTag Hot Start DNA polymerase (NEB) and primers to detect bands cor-
responding to the floxed and deleted Nr3c1. Resulting PCR products were run on a 1.5% agarose gel.

For sepsis experiments, 10-12-weeks-old male GR™" or GRMAC |ittermates were injected intraperitoneally with 10 mg/kg lipopoly-
saccharide (LPS) (Sigma) or saline vehicle. Mice were weighed and core temperature determined by rectal probe every 4 h.

For double knockout experiments, 8-10-weeks-old female and male GR™* or GRMAC littermates were injected intravenously with
adenovirus associated virus encoding the Cre recombinase (AAV-Cre) or a mutated form of Cre (AAV-Cre™"). 4 weeks post injection
mice were fasted for 8 h, as indicated. At least once per week the health status of mice was monitored and weight was recorded, and
all mice used for experiments displayed good general health. During the mouse experiments, animal caretakers and investigators
conducting the experiments were generally not blinded to the group allocation of mice. The total number of mice analyzed for
each experiment is detailed in the figure legends.

Isolation and culture of primary cells and cell lines

Mouse primary hepatocytes were isolated from 8-12 weeks old B6/N mice and liver macrophages were isolated from 8-12 weeks old
B6/J, GR"™ and GRM"C mice by perfusing the liver of mice with 15 mL of pre-perfusion buffer (Hanks’ balanced salt solution (HBSS)
(Sigma), 10 mM HEPES, 0.5 mM EDTA)), followed by 15 mL of collagenase digestion buffer (HBSS, 5 mM CaCl,, 1 mM HEPES,
0.4 mg/mL collagenase (Sigma #C5138) using a peristaltic pump (VWR). Liver cells were released and passed through a 70-pm
cell strainer (Greiner) and centrifuged at 50g for 1 min at 4 °C to pellet the parenchymal cells, which subsequently were washed twice,
resuspended and stored in suspension buffer as described in Godoy et al. (2013). To pellet the non-parenchymal cells, the super-
natant was then centrifuged at 300g for 5 min at 4 °C. The pellet was resuspended in erylysis buffer and incubated for 15 min at
4°C before centrifugation at 300g for 5 min at 4 °C . Resulting pellet was resuspended in 25 % Percoll (GE Healthcare) in DMEM
(Sigma) and centrifuged at 300g for 10 min at 4°C . Resulting pellet was resuspended in RPMI-1640 medium (Sigma) supplemented
with 10 % fetal bovine serum (FBS) (Sigma), 1% penicillin-streptomycin (Sigma) and 1% amphotericin-B (Gibco) and cultured at 37°C
and 5% CO, for up to 3 d. Liver macrophages isolated from GR"* and GRMA® were treated with either vehicle (DMSO) or Dex
(100 nM) (Sigma) for 8 h, then washed 3x with PBS to remove all residual Dex. Medium was replaced with RPMI-1640 containing
10 % FBS and conditioned for 24 h. HEPG2 cells (passage < 12) were cultured in DMEM (Gibco) containing 10 % FBS and 1 %
PS and subsequently treated with liver-macrophage-conditioned medium, diluted 1:1 with serum free DMEM (Sigma).

For primary hepatocyte culture experiments, 400.000 cells per well were plated in collagen-coated 12-well plates (Corning) in
plating medium (William’s Medium E (WME) (Sigma) containing 5 % FBS (Gibco), 1x Thawing and Plating Supplements (minus
Dex) (Thermo Fisher Scientific) and 1 pM corticosterone (Cort) (Sigma)) and maintained at 37 °C and 5 % CO,. After 1 h, cells
were washed with PBS (Thermo Fisher Scientific) and medium was changed to maintenance medium (WME, containing 1x Main-
tenance Supplements (minus Dex) (Thermo Fisher Scientific) and 0.1 uM Cort). After 6 h, medium was changed to starvation medium
(DMEM without glucose (Gibco), 1 % P/S, 1 % FBS, and 5-mM glucose) and incubated 16 h. Cells were then treated for 8 h with 1 uM
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Cortand 10 uM WY-14643 (WY) (Sigma) alone or in combination, and co-treated with 0.2, 1, or 5 ng/mL TNF (PeproTech) or 1 ng/mL
IL1B (PeproTech) as indicated. For conditioned media experiments, primary hepatocytes were treated with liver-macrophage-condi-
tioned medium supplemented with 1 uM Cort and 10 uM WY for 8 h.

METHOD DETAILS

Adeno-associated virus (AAV) generation

pdsAAV-LP1-Cre was generated by insertion of the Cre transgene into pdsAAV-LP1-GFPmut-miR-NC (Rose et al., 2011) thereby
removing the regions harboring GFPmut and miR-NC.pdsAAV-LP1-Cremut was generated through disruption of the start codon
of Cre and generation of 2 stop codons proximal to the translational starting point. AAV packaging and titer determination by
gPCR against viral genomes was performed by Vigene, using the pDGAVP helper plasmid (Grimm et al., 1998) and a mutated
p5E18-VD2/8 expression vector (Gao et al., 2002) encoding AAV2 rep and a mutated AAV8 cap protein (aa 589-592: QNTA to GNRQ).

Isolation of GFP-tagged nuclei

Liver tissue from INTACT mice was rapidly dissected in PBS and snap-frozen in liquid nitrogen and GFP+ hepatocyte- and liver
macrophage-nuclei were enriched using the INTACT liver protocol (Loft et al., 2021a, 2021b). In brief, liver tissue was crushed
into fine powder using a Tissuelyzer Il (Qiagen) and subsequently washed in PBS. The tissue was Dounce homogenized using
10X loose pestle in 5 mL of low sucrose buffer (LSB: 0.25 M sucrose, 25 mM KCI, 5 mM MgCl,, 20 mM Tris-HCI (pH 7.5), 1 mM
1,4-dithiothreitol (DTT), 0.15 mM spermine, 0.5 mM spermidine, 1x EDTA-free protease inhibitor cocktail (PIC) (Roche), and
60 U/mL RNasin Plus Rnase Inhibitor (Promega)) per 0.5 mg of tissue, then added 0.35 % Igepal CA-630 (Sigma) and left on ice
for 5 min followed by further douncing 5x with the tight pestle. The homogenate was filtered through a 100um CellTrics filter unit
(Sysmex Deutschland) and spun down 600g for 10 min at 4 °C. The pellet was resuspended in 9x high sucrose buffer (same as
LSB, but with 2 M sucrose) and centrifuged 15,000g for 15 min at 4 °C. The nuclei pellet was subsequently resuspended in wash
buffer (LSB with 0.35 % Igepal CA-630) and an aliquot of whole liver nuclei was kept on ice for later analyses. Pre-clearing of nuclei
(15 mill nuclei per HEP-INTACT mouse and 80 mill nuclei per MAC-INTACT mouse) was done by incubating with 20 uL of Protein G
Dynabeads (Life Technologies) for 15 min. After removal of the beads on a magnet, the solution was incubated with 3 pg rabbit mono-
clonal anti-GFP antibody (Life Technologies) for 30 min. Then 80 puL of Dynabeads was added and the solution was incubated for
additional 20 min. Bead-bound nuclei were washed 3x in 2 mL wash buffer (without RNasin) using a magnet. All steps were per-
formed on ice or in the cold room, and all incubations were carried out using an end-to-end rotator.

Serum, plasma and liver assays

Blood glucose and B-hydroxybutyrate in mice were measured directly via blood from the tail tips using a GK dual glucose and ketone
meter (Swiss Point of Care). Measurements of serum insulin (Crystal Chem) and corticosterone (Enzo) in mice were performed using
enzyme immunoassay kits and serum NEFA was measured using a colorimetric assay (Wako). For measurements of liver TG levels,
50 mg liver was homogenized in isopropanol and supernatant was collected for enzymatic colorimetric measurements (Sigma).

Histology and image analyses

Dissected liver samples from 8-12-weeks-old HEP-INTACT, GR"* and GRMAC mice were flash frozen in liquid nitrogen and cryosec-
tioned at 12 um. Immunohistochemical staining on sections from HEP-INTACT mice was performed using rabbit anti-HNF4. (1:2000;
Abcam) and Cyanine3-conjugated anti-rabbit (1:100; Thermo Fisher Scientific), and co-staining was performed on sections from
GR™* and GRMA® mice using anti-GR (1:200; Proteintech), anti-HNF4a. (1:100; Thermo Fisher Scientific), anti-rabbit Alexa Fluor-
647 (1:300; Thermo Fisher Scientific) and anti-mouse Alexa Fluor-488 (1:300; Thermo Fisher Scientific). Liver tissue specimen
from 8-12-weeks-old B6/N and MAC-INTACT mice were fixed in 4 % (w/v) neutrally buffered formaldehyde solution and subse-
quently routinely embedded in paraffin. 3 um thick sections from B6/N mice were co-stained using anti-CLEC4F (1:50; R and D Sys-
tems), anti-KI67 (1:100; Synaptic Systems), anti-goat Alexa Fluor-555 (1:100; Thermo Fisher Scientific), anti-rat biotin-linked
IgG (1:300; Vector Laboratories) and streptavidin-linked Cyanine5 (1:100; Thermo Fisher Scientific). 5 um thick sections from
MAC-INTACT mice were co-stained using anti-F4/80 (1:200; Abcam), anti GFP-tag (1:75; Thermo Fisher Scientific), anti-rat Alexa
Fluor-647 (1:400; Thermo Fisher Scientific) and anti-rabbit Cyanine3 (1:100; Thermo Fisher Scientific). After washing, nuclei were
stained with Hoechst-33342 or DAPI and mounted using ProLong Gold antifade reagent (Thermo Fisher Scientific). Fluorescence
stainings from INTACT mouse livers were photographed with an Axio Imager Z1 (Zeiss) and visualized with the Axio Vision 4.6.3 soft-
ware (Zeiss). Stained slides from B6/N mouse livers were digitally scanned with an Axio Scan.Z1 scanner (Zeiss, Germany), using a
20x objective. Morphometric evaluation of the stained sections was performed using the commercially available software Definiens
Developer XD 2 (Definiens AG). For INTACT mice, the calculated parameters were the percentage of GFP+ nuclei and double GFP+/
HNF4o+ or GFP+/F4/80+ based on total number of nuclei. For B6/N mice, we calculated the percentage of double CLEC4F+/KI67+
nuclei of total CLEC4F+ nuclei as well as the CLEC4F+ area per total sectioned liver area. Stainings from GR"* and GRMAC mice liver
were photographed with a Leica TCS SP8 microscope (Leica) and analyzed with Imaged (Schneider et al., 2012). GR nuclear fluo-
rescence intensity was determined by analyzing the GR signal in double DAPI+/HNF4a+ hepatocyte nuclei using an average of all
hepatocytes in 3 fields per mouse.
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For immunohistochemical analyses of primary hepatocytes and liver macrophages, these were fixed in 4% PFA for 15 minat 4 °C,
washed 2x with PBS then permeabilized with 0.1 % TritonX-100 (Sigma) in PBS for 10-30 min at 4 °C. Liver macrophages were
blocked overnight in blocking buffer (0.1 % TritonX-100, 1 % FBS (Sigma) in PBS) at 4 °C. After washing, cells were incubated
with anti-F4/80 (1:200 in blocking buffer; Cell Signaling Technologies) and incubated overnight at 4 °C. Cells were washed with
PBS, then incubated for 2 h at RT with anti-rabbit Alexa Fluor-594 (1:300; Thermo Fisher Scientific). Cells were again washed and
stained with DAPI. Fluorescence was imaged using a Leica DWI 6000 B microscope with a Leica DFC 365 FX camera at 10X original
magnification and the percentage of F4/80+ cells was determined using ImagedJ. Primary hepatocyte cultures were blocked in 10 %
horse serum for 10 min at RT and subsequently treated with anti-GR (1:100 in 5 % horse serum; Thermo Fisher Scientific) for 1 h. Cells
were washed 3x in PBS and incubated for 1 h with anti-mouse Alexa Fluor-555 (1:1000; Thermo Fisher Scientific) and Alexa-488-
phalloidin (1:200; Thermo Fisher Scientific). Subsequently cells were washed 2x with PBS and stained with DAPI, then mounted
onto glass slides with 0.1 g/mL Mowiol. Immunofluorescent samples were analyzed using a Laser Scanning Confocal Microscope
(Olympus Fluoview 1200, Olympus) equipped with an Olympus UPlanSApo 60x 1.35 and an UPlanSApo 40x 1.25Sil Oil immersion
objective (Olympus). Quantification of the mean fluorescence per nuclei was performed in individual images after background sub-
traction with a minimum of 30 cells from three biological replicates using ImageJ.

Protein analysis

Frozen liver tissue was homogenized directly in cell lysis buffer (1 % Igepal, 150 mM NaCl, 50 mM Tris-Hcl (pH 6.8), 1 MM EDTA, 0.5 mM
DTT) using the Tissuelyzer Il. For nuclear protein extraction, 50-100 mg of liver tissue was Dounce homogenized using 10x loose and
10x tight pestle in 1 mL nuclei preparation buffer (0.25 M sucrose, 10 mM KCI, 1.5 mM MgCl,, 10 mM Tris-HCL (pH 7.5), 0.2 mM DTT,
0.5 mM spermidine, 1x EDTA-free protease inhibitor, and 1x PhosSTOP). The homogenate was filtered through a 70 um CellTrics filter
unitand isolated nuclei was obtained by washing and spinning 3x 500g for 10 min at 4 °C. Isolated nuclei was resupended in RIPA buffer
(50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1 % Igepal CA-630, 0.1 % SDS, 0.5 % sodium deoxycholate
(Sigma) supplemented with 1x PIC and 1xPhosSTOP). Adipose tissue was homogenized in RIPA buffer using the Precellys 24 (Peglab).
For immunoblot analysis, 20-30 nug of whole liver lysates, 7.5 pg of nuclear extracts or 20 pg of adipose tissue lysates were run on an
SDS-PAGE gels (Novex WedgeWell, Tris-Glycine Mini Gels; Thermo Fisher Scientific, or Mini-PROTEAN Precast Gels; Bio-Rad Lab-
oratories), transferred to 0.45 uM polyvinylidene difluoride membranes and incubated with primary antibodies against GR (1:1000;
12041; Cell Signaling), PPARa. (1:2000; ab24509; Abcam), TNF (1:2000; ab183218; Abcam), Lamin A/C (1:4000; 4777; Cell Signaling),
VCP (1:10000; ab11433; Abcam), HSL (1:1000; 4107; Cell Signaling), Phospho-HSL (Ser660) (1:1000; 45804; Cell Signaling), Phospho-
HSL (Ser565) (1:1000; 4137; Cell Signaling), B-actin (1:2000; A1978; Sigma) and «-Tubulin (1:1,000; sc-8035; Santa Cruz). The
following HRP-tagged secondary antibodies were used: Swine Anti-Rabbit Immunoglobulins (1:10000; P039901-2; Dako/Agilent)
and Goat Anti-Mouse Immunoglobulins (1:10000; P044701-2; Dako/Agilent). Protein bands were detected with Immobilon Classico
Western HRP substrate (Merck Millipore) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) using
an Amersham Imager 680 (GE Healthcare) or ChemiDoc MP Imager (Bio-Rad) and quantified with ImageJ.

RNA isolation and quantitative PCR analysis

Cultured liver macrophages and hepatocytes were washed once with cold PBS and lyzed using TRIzol (Life Technologies). Liver tis-
sue was homogenized directly in TRIzol using a Tissuelyzer Il (Qiagen). Whole liver nuclei as well as bead-bound and supernatant
nuclei prepared from INTACT mice were directly resuspended in TRIzol. RNA purification was performed using EconoSpin columns
(Epoch) with on-column DNase digestion (Qiagen). cDNA was transcribed using the QuantiTect Reverse Transcription Kit (Qiagen).
RT-PCR was conducted using SYBR Green PCR Master Mix (Life technologies, Darmstadt, Germany) and the reaction was per-
formed using the QuantStudio6 system (Life technologies, Darmstadt, Germany). All values were initially normalized to the reference
gene Tbp, and subsequently all values within an experiment were adjusted to set the mean of the control condition to 1. Primary he-
patocyte experiments were corrected for batch effects on overall expression levels, by dividing all values obtained from one mouse
with the average across all the conditions from that mouse. For estimation of GR dependency, 14 genes were initially confirmed as
PPARq. target genes (significantly induced between the cort and cort+wy conditions), and their GR dependency index (GRp)) was
calculated using the formula: GRp = log2 Wr ot — jog2 WY
RNA-seq library construction and sequencing

For RNA-seq of nuclei from INTACT mice, total RNA (50-100 ng) was prepared for sequencing using VAHTS Stranded mRNA-seq
Library Kit for lllumina (Vazyme) following manufacturer’s recommendations, except that no selection for poly-adenylated RNA
was performed. For RNA-seq of whole liver, library preparation and sequencing were performed in house or by Novogene. In brief,
atotal amount of 500-1000 ng of total RNA was used and sequencing libraries were generated using NEBNext Ultra RNA Library Prep
Kit for lllumina (NEB) following manufacturer’'s recommendations. Prepared PCR products were purified and size-selected on
AMPure XP beads (Beckman), and library quality was assessed on the Agilent Bioanalyzer 2100 system. The prepared libraries
were sequenced (paired-end) on an lllumina platform.

ATAC-seq library construction and sequencing
Approximately 25,000 bead-bound nuclei from INTACT animals were transposed in a 50 pL volume of 1X TTBL bufferand 3.5 uL TTE
Mix V50 (from TruePrep DNA Library Prep Kit V2 for lllumina, Vazyme) for 30 minutes at 37°C. ATAC-seq reactions on GFP+ nuclei
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obtained from livers of MAC-INTACT mice were made in technical duplicates. Fragmented genomic DNA was recovered using Buffer
ERC coupled with MinElute spin column purification (Qiagen). Transposed genomic DNA was amplified by 12-14 cycles of quanti-
tative PCR. Amplified DNA was purified and size-selected on AMPure XP beads (Beckman), analyzed on an Agilent Bioanalyzer, and
sequenced (paired-end) on an lllumina HiSeq 4000 platform.

Processing and analyses of INTACT RNA-seq data

For INTACT RNA-seq libraries, the STAR aligner (v2.4.2a) (Dobin et al.,, 2013) with modified parameter settings
(—twopassMode=Basic) was used for split-read alignment against the mouse genome assembly mm10 and UCSC knownGene
annotation. Quantification of the number of mapped reads of each gene was performed using iRNA-seq (v1.1) (Madsen et al.,
2015) specifying the "-count gene" option. For INTACT RNA-seq data obtained in hepatocytes and macrophages, we collected a
set of cell type-selective genes regulated at one or more time points during fasting using DESeq2 (v1.24.0) (Love et al., 2014) spec-
ifying “independentFiltering” to be FALSE. This was accomplished by first determining differential expression (padj < 0.05) at the
individual time points between the fed and the fasted conditions in hepatocytes and macrophages, respectively. Further, to define
genes that were selectively expressed in macrophages in the liver, all IP fed or fasted conditions were tested against all input fed or
fasted conditions. The set of macrophage genes were then identified as genes expressed in a macrophage-selective manner in both
the fed and fasted conditions (padj < 0.05). A set of macrophage-expressed genes not regulated at any time point during fasting (padj
> 0.05) were also defined. Hepatocyte-selective genes (padj < 0.05) were determined using a similar strategy by comparing the gene
expression between hepatocytes and macrophages. Additionally, input-selective genes (padj < 0.05) were filtered out from the list of
hepatocyte-selective genes. The resulting list of cell type-selective, fasting-regulated genes was subjected to soft clustering using
Mfuzz (v2.44.0) (Kumar and Futschik, 2007) based on the log2FC in gene expression between fed and fasted condition at each in-
dividual time point. For this purpose, we defined the expression change at fasting start point as “zero” and standardized the expres-
sion changes at all other time points using “standardise2” (i.e., so that the expression change at fasting start point was regarded as
zero and the standard deviation of the expression changes of individual genes was set at 1). Furthermore, we calculated the minimum
centroid distance for a range of cluster numbers as a reference to choose an optimized number of clusters and only included genes
with a membership value higher than 0.5 for further analyses. Functional enrichment analyses of genes within each cluster were per-
formed with ‘goseq’ (v1.36.0) (Young et al., 2010) using the KEGG PATHWAY database collection (Kanehisa et al., 2019), excluding
generic terms with more than 1,000 genes as well as disease terms (i.e. 05XXX).

NicheNet ligand activity and secretome analyses

To perform ligand activity analysis, we first defined the set of potentially active ligands in the “sender” cell population. Database
information on ligand-receptor interactions were downloaded from https://zenodo.org/record/3260758/files/Ir_network.rds and
all fasting-regulated ligands for which at least one specific receptor was expressed (average mean expression over all condi-
tions > 1 tag / kilobase (kb)) in the receiver cell population (i.e., hepatocytes or macrophages) was considered for further an-
alyses. We then used NicheNet (v0.1.0) (Browaeys et al., 2020) to rank the ligands based on how well they predicted if a
gene belongs to a gene set of interest compared to the background gene set. The gene sets of interest for macrophages
and hepatocytes were defined as the fasting-regulated, KEGG-annotated genes belonging to the cluster in which the indicated
KEGG pathway was enriched. As background, we used all other genes expressed in the receiver population (average mean
expression over all conditions > 1 tag / kb). Ligand activity scores were calculated as the Pearson correlation coefficient be-
tween the ligand-target regulatory potential scores of each selected ligand and the target indicator vector, which indicates
whether a gene belongs to the gene set of interest or not. For the top 5 ligands with highest ligand activity, the corresponding
receptors were depicted in a ligand-receptor heatmap, where the ligand-receptor potential score accords to the weight of the
interaction between the ligand and receptor in the weighted ligand signaling network downloaded from https://zenodo.org/
record/3260758/files/weighted_networks.rds. Furthermore, the most prominent target genes for the top 5 ligands were selected
based on the regulatory potential score, where genes depicted belonged to the indicated gene set of interested and were
among the 2,500 most strongly predicted targets of at least one of the top 5 ligands. Ligand-target gene interactions was dis-
played in a circle plot using the R-package ‘circlize’ (v0.4.9).

Since NicheNet infers ligand activities based on a priori knowledge models on ligand-receptor-target interactions, we also under-
took a more unbiased approach to identify novel putative, regulatory macrophage-derived secreted factors in fasting. Here, we ob-
tained a comprehensive mouse secretome database from Xiong et al. (2019), which was intersected with the gene list containing
macrophage-selective genes regulated at early time points (i.e., 3h and/or 8h) during fasting. We also used this gene list to explore
how macrophage secretome genes were affected by loss of GR in macrophages. In this case, the Lyz2 gene was removed from the
gene list, since Cre is inserted into this gene in GRMA€ mice.

The NicheNet analyses on GRMAC mice were performed using essentially the same strategy, as described above, except that the
set of potentially active ligands were defined from macrophage-specific secretome genes confirmed to be regulated by macrophage
GR by gPCR. Furthermore, the gene set of interest was defined as hepatocyte-specific, GRMC-repressed genes, which were among
the most highly induced (padj < 0.00001) in hepatocytes after 3 and 8 h of fasting. For visualization purposes, the regulatory potential
score was set to 0 if the score was among the 10 % lowest interaction scores between the top 5 ligands and their respective top
targets.
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Processing and analyses of bulk RNA-seq data

For whole liver RNA-seq libraries, paired-end reads were mapped to the mouse genome assembly mm10 using HISAT2 software
(v2.1.0) (Kim et al., 2019) or the STAR aligner (Dobin et al., 2013). Quantification of the number of mapped reads of each gene
were performed using iRNA-seq (v1.1) (Madsen et al., 2015) specifying the "-count gene" option. iRNA-seq was also used to call
differentially expressed genes using standard parameters for the primary hepatocyte RNA-seq data. We called differentially ex-
pressed genes in GRMAC vs GR" mice using DESeq?2 (padj < 0.05) with default settings. These lists of regulated genes were
intersected with the lists of hepatocyte and macrophage-selective genes identified from the INTACT RNA-seq analyses, and func-
tional enrichment analyses of the different gene groups were performed using ‘goseq’ (v1.36.0) (Young et al., 2010), as
described above.

Epigenetic landscape in silico deletion analysis

To predict TFs and chromatin regulators responsible for the regulation of G -regulated gene programs, we performed epigenetic
Landscape In Silico deletion Analysis (Lisa) (Qin et al., 2020) using the online application (http://lisa.cistrome.org/). In brief, Lisa
computes a TF ranking table by combining the cistrome regulatory potential (Peak-RP) method, and H3K27ac/DNase-seq
in silico deletion of TF ChIP-seq peaks. From this table, we selected the top predicted regulatory TFs for both hepatocyte-selective
and macrophage-selective genes based on the most significant median p-values obtained from 4 different ChlP-seq profiles for each
TF. For these top predicted TFs, we further inspected the related p-values from the TF ranking based solely on chromatin profile
knockout of motif hit site, i.e., independent of ChlP-seq data.

RMAC

Processing and analyses of ATAC-seq data

Sequence tags from ATAC-seq libraries were aligned to the mm10 using the BWA aligner (v0.7.5a-r405) (Li and Durbin, 2009). Post-
alignment processing of reads was performed with Samtools (v0.1.19-44428cd) (Li et al., 2009) by removing duplicate reads and filtering
for high quality reads using Samtools view using the following settings ”-b -h -f 1 -F 4 -F 8 -F 256 -F 2048 -q 30”. Furthermore, we only
used reads with a fragment length < 100bp, corresponding to the reads located in nucleosome-free regions. ATAC seq peaks were iden-
tified, annotated and tags in peaks were counted using HOMER (v4.10) (Heinz et al., 2010). Tag directories from conditions with technical
duplicates were combined into one before further analyses. For visualization purposes, the individual tag directories of one condition
were merged into one and bedgraphs were generated using HOMER makeUCSCfile specifying ‘-fragLength 70’ and ‘-fsize 20e’. For
identification of accessible chromatin regions, peaks were called in each library with HOMER findPeaks using the following settings:
‘peaks’, ‘-fragLength 70’, ‘-style factor’, ‘-minDist 140’, ‘-size 70’. For all peak files, overlapping peaks were merged and collected in
one master peak file. Tags were then counted in a 200 bp window around the peak centers for each individual library in the resulting
master peak file. From this peak file mitochondrial peaks were removed, and high confident peaks were identified as having at least
20 tags per 200 bp window in all 4 replicates for one or more of the conditions. Peaks with different tag count between hepatocytes
and macrophages were identified using DESeq2 and macrophage-selective peaks were removed from the hepatocyte peak file and
vice versa before subsequent analyses (padj < 0.1). For both cell types, we identified dynamic enhancers as ATAC-seq peaks regulated
at one or more time points during fasting in the particular cell type (padj < 0.05). The resulting list of dynamic enhancers was subjected to
soft clustering using Mfuzz (v2.44.0) (Kumar and Futschik, 2007) using a similar strategy as described above for gene expression clus-
tering (i.e., clustering was done based on the log2FC in ATAC-seq tag count between fed and fasted condition at each individual time
point, only including sites with a membership value higher than 0.5).

TF motif activity, target sites and genes

To compute the relative contribution of TF motifs to enhancer activity and gene expression in a given condition, we used IMAGE (v1.1)
that applies a motif response analyses approach to integrate enhancer (ATAC-seq) and gene expression (RNA-seq) activities. We
calculated the activity of a particular motif for a given sample by estimating the average contribution of that motif to the activity of
all identified enhancers. Dynamic motifs were defined as motif activities changed at one or more time points during fasting in the
particular cell type, which was calculated using an unpaired two-tailed Student’s t test corrected by the Benjamini & Hochberg
method (padj < 0.05). The resulting list of dynamic motif activities was subjected to soft clustering using Mfuzz (v2.44.0) (Kumar
and Futschik, 2007) using a similar strategy as described above for gene expression clustering (i.e., clustering was done based
on the delta value in motif activity between fed and fasted condition at each individual time point, only including motifs with a mem-
bership value > 0.35). We also used IMAGE to predict target sites and target genes (TGs) for all motifs and used this information to
predict key regulators of each RNA-seq cluster from the list of IMAGE-predicted causal TFs. This was done by asking if the individual
RNA-seq clusters were enriched for IMAGE-predicted TGs of each individual TF assigned to a motif activity cluster over a random

TGeRNAseqCl
distribution, essentially as previously described (Rauch et al., 2019): Enrichmentrg = Ioggﬂ%:"és. For each RNA-seq cluster we
selected the top 5 IMAGE-predicted causal (confidence 1 or 2) TFs with highest TG enrichment and at least 2-fold over random
and depicted the enrichment of these TFs for all RNA-seq clusters in a heatmap. Furthermore, we validated the predicted GR target
sites by calculating the similarity between the IMAGE-predicted GR target sites and the comprehensive collection of TF/chromatin
regulator bulk sequencing data from the Cistrome Data Browser (CistromeDB) using the Giggle score (Layer et al., 2018) via the

CistromeDB toolkit (http://dbtoolkit.cistrome.org/).
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Analyses of public datasets

We used GEOZ2R to analyze microarray data obtained from livers of Ppara™>; Albumin-Cre*”~ (PPAR«HEP) mice and PPARa™ mice
treated with vehicle or fenofibrate for 10 d (GEO: GSE73298) (Montagner et al., 2016) as well as GR'E” and GR™ mice treated with
vehicle or dex for 6 h (GEO: GSE75682) (He et al., 2015). From these datasets, we defined PPARa target genes as either being down-
regulated in PPARaHE® versus PPARa mice and GR target genes as being downregulated in GRMEF versus GR™ mice (padj <
0.05), as well as dual PPARa/GR hepatocyte targets genes being regulated in both conditions. By analyzing the microarray data
from GR"* and GRHEF mice, we validated IMAGE-predicted TGs for GR in hepatocytes. We further downloaded RNA-seq data
from the NCBI-SRA repository (SRP058743) of primary hepatocytes treated 19 h with veh, dex, GW7647 (GW) or a combination
of the two ligands (Ratman et al., 2016). We used DESeq?2 to determine differentially expressed genes between all conditions (pair-
wise comparisons, padj < 0.05). We determined if there was a significant interaction between the two ligand treatments for each in-
dividual gene using DESeq2 and selected genes that were synergistically induced by the dual dex/GW treatment as genes with a
significant interaction that also were significantly induced by the dual treatment compared to vehicle and the single treatments
and had a greater log2FC than the sum of the log2FCs induced by the single treatments. Cooperatively induced genes were defined
as genes significantly induced by the dual treatment compared to vehicle and single treatments that did not belong to the group of
synergistically induced genes.

flox

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Statistical analyses of non-sequencing data were performed using GraphPad Prism software (version 9.2.0). Sequencing data were
analyzed in R (3.6.2) with statistical tests as indicated. Further details (including statistical tests and definitions of centers and disper-
sion) are available in the figure legends. Unless stated otherwise, all bar plots show data as mean + standard error mean (SEM) and
box plots depict the first and third quartiles as the lower and upper bounds of the box, with a thicker band inside the box showing the
median value. Whiskers in boxplots indicate either min to max with all data-point shown (< less than 15 data points) or 1.5x the in-
terquartile range (IQR) (> 15 data points), as indicated. Normal distribution of experimental groups at the 0.05 level was evaluated
using the D’Agostino-Pearson omnibus normality test and statistically significant outliers was identified using the ROUT method
(Q = 5 %). Statistical difference between one comparison of two experimental conditions for normally distributed data was deter-
mined using an unpaired t test and a paired t test if the samples were paired. For data not normally distributed, a Wilcoxon rank
sum test with continuity correction was applied and a Wilcoxon signed rank test with continuity correction was used to determine
if the median of a sample was different from 0. P-values obtained from multiple t test were corrected using the two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli, using an FDR cutoff < 10%. One-way analysis of variance (ANOVA) was
used to determine if there were statistically significant differences between three or more independent groups and a 2-way
ANOVA was performed to estimate the effect of two different categorical independent variables on one continuous dependent var-
iable. If data were not normally distributed, a Kruskal-Wallis one-way analysis (for unmatched samples) or a Friedman test (for paired
samples) were performed. In all cases, the criterion for statistical significance was p < 0.05. In post-hoc analyses, p-values were cor-
rected for multiple testing according to Tukey, Dunnett, Dunn or Sidak, as indicated. To investigate the significance of overlap be-
tween gene groups, the Fisher’s exact test was used for determination of the p values, the odds ratio and the 95% confidence in-
terval. Correlation between two variables was assessed using the Spearman correlation coefficient. No power calculations were
used to predetermine sample sizes.
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