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SUMMARY

Osrl regulates macrophage-mediated liver inflammation
during nonalcoholic steatohepatitis development by modu-

lating cell polarization and metabolisms. Targeting macro-
phage Osrl can be a promising treatment strategy for
nonalcoholic steatohepatitis.

BACKGROUND & AIMS: Liver macrophage-mediated inflam-
mation contributes to the pathogenesis of the nonalcoholic fatty
liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH).
0dd skipped-related 1 (Osrl) is a putative transcription factor
previously reported to be involved in NASH progression;
however, the underlying mechanisms remain unknown. The
current study focused on the role of Osrl in macrophage po-
larization and metabolism and its associated functions in the
inflammation-induced pathogenesis of NASH.

METHODS: OSR1/0sr1 expression patterns were compared in
normal and NASH patients and mouse livers. NASH was
established and compared between hepatocyte-specific Osrl
knockout (Osr14¥%?), macrophage-specific Osrl knockout
(OSrlAM¢), and wild-type (Osr1") mice fed with 3 different

chronic obesogenic diets and methionine choline-deficient diet.
Using genetic and therapeutic strategies in vitro and in vivo, the
downstream targets of Osrl and the associated mechanisms in
inflammation-induced NASH were established.

RESULTS: Osrl was expressed in both hepatocytes and mac-
rophages and exhibited different expression patterns in NASH.
In NAFLD and NASH murine models, deleting Osr1 in myeloid
cells (OSFIAM¢), but not hepatocytes, aggravated steatohepatitis
with pronounced liver inflammation. Myeloid Osrl deletion
resulted in a polarization switch toward a pro-inflammatory
phenotype associated with reduced oxidative phosphorylation
activity. These inflamed Osr14M® macrophages promoted stea-
tosis and inflammation in hepatocytes via cytokine secretion.
We identified 2 downstream transcriptional targets of Osrl, c-
Myc, and PPARy and established the Osr1-PPARy cascade in
macrophage polarization and liver inflammation by genetic
study and rosiglitazone treatment in vivo. We tested a prom-
ising intervention strategy targeting Osrl-PPARy by AAVS8L-
delivered Osrl expression or rosiglitazone that significantly
repressed NAFLD/NASH progression in Osr1” and Osr14M?
mice.

CONCLUSIONS: Myeloid Osrl mediates liver immune homeo-
stasis and disrupting Osrl aggravates the progression of
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NAFLD/NASH. (Cell Mol Gastroenterol Hepatol
2023;15:1117-1133; https://doi.org/10.1016/jjcmgh.2022.12.010)
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N onalcoholic fatty liver disease (NAFLD) is associ-
ated with metabolic syndrome, diabetes, obesity,
and hyperlipidemia; it has become one of the most common
chronic liver diseases, affecting around 25% of the global
population.””* One-third of NAFLD develops into a more
inflammatory subtype, nonalcoholic steatohepatitis (NASH),
characterized by hepatic inflammation and steatosis with or
without fibrosis.> More recent analyses show an overall
NASH prevalence of 59% in NAFLD-biopsied patients.*
Among those without an NAFLD diagnosis, 3% to 5% of
all adults are estimated to have NASH.” The classic “2-hit”
hypothesis proposed that lipotoxicity-induced oxidative
stress, endoplasmic reticulum stress, and increased inflam-
mation drive hepatic injury in NASH.® Immune imbalance
accompanied by dietary and metabolic factors and genetic
susceptibility contribute to NAFLD pathogenesis. The
increasingly accepted “multiple parallel hit” model con-
siders environmental factors, genetic and epigenetic in-
fluences, and variations in the crosstalk between multiple
tissues and organs.” In both theories, inflammation
involving macrophage actions is the central mechanism,
suggesting targeting macrophages for promising therapeutic
strategies.

In the liver, macrophages are classified into 2 major
subsets, liver-resident Kupffer cells (KCs) and recruited
monocyte-derived macrophages from peripheral blood.
Following hepatic injury, KCs recruit additional monocytes
that undergo macrophage metabolic reprogramming corre-
lated with their functional state. Although several sub-
populations were identified during liver injury, the classical
M1/M2 theory remains fundamental. In high-fat diet (HFD)
and or methionine- and choline-deficient diet (MCD)-fed
mice, there is macrophage infiltration with a dominant M1
phenotype that relies on glycolysis to sustain phagocytic
activity and cytokine production; the result is pronounced
inflammation-induced hepatic injury.” Differentiation to-
ward alternatively activated macrophages (M2 type),
dependent on oxidative phosphorylation (OXPHOS) and
fatty acid oxidation (FAO),” is associated with hepatic injury
attenuation and improved insulin sensitivity.'” These find-
ings suggest that targeting macrophage metabolism is a
promising way to address macrophage-associated inflam-
mation. Nevertheless, it remains unclear how macrophage
metabolism is regulated to alter macrophage polarization
(or vice versa), contributing to NASH pathophysiology.

0dd skipped-related 1 (Osr1) encodes a putative tran-
scription factor containing 4 C2H2-type zinc finger motifs."*
Osrl was essential for developing significant organs in a
murine model, including the heart, lung, and kidney.lz']3
Osrl is a tumor suppressor gene and a potential prog-
nostic biomarker in many cancers."*'® We recently re-
ported that Osrl is involved in NAFLD progression.'”'?
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Osr1*/" mice displayed liver injury during NAFLD induc-
tion with overactivated JNK and NF-«B signaling and
elevated hepatic expression levels of pro-inflammatory
cytokine genes. The current study investigated the cell-
specific role of Osrl in macrophage polarization and meta-
bolism, providing a better mechanistic understanding of
how macrophage-associated inflammation drives NASH
progression.

Results
OSR1/0Osr1 was Highly Expressed in
Macrophages During NASH

The expression pattern of OSR1/0srl was examined in
the liver tissues of humans and mice. In humans, strong
OSR1 expression was observed in several cell types in
healthy livers (Figure 14). Hepatocyte OSR1 expression was
predominantly found in the cytosol, which formed clusters
(Figure 1A4). By contrast, expression of OSR1 in non-
parenchymal cells (NPCs) was observed in the nucleus
(Figure 1A, green arrow). Interestingly, although OSR1
staining in the NASH liver was significantly reduced in the
hepatocytes, it was maintained in the NPCs of increased
numbers (Figure 14, red arrow).

In the mouse liver, the expression pattern of Osrl was
similar to that of the human liver. In the NASH liver, Osrl
expression was significantly decreased in the hepatocytes
but maintained in the NPCs with increased abundance
(Figure 1B and Figure 1C, red arrow). Using co-
immunofluorescence (IF) staining of Osrl and F4/80, we
found that Osrl was expressed in a subset of F4/80+ cells.
However, the staining of Osrl was not co-labeled with
Clec4f, the KC-specific marker (Figure 1D). These results
suggest that monocyte-derived macrophages are a source of
Osrl-expressing cells.

Specifically Deleting Osr1 in Myeloid Cells
Promoted HFD and MCD-induced Hepatic

Steatosis and Inflammation
To identify the cell sources in which Osr1 contributes to
the repression of NAFLD/NASH, we determined whether

Abbreviations used in this paper: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMDM, bone marrow-derived macro-
phage; CD, chow diet; FAO, fatty acid oxidation; FLIM, fluorescence
lifetime imaging microscopy; FLIRR, fluorescence lifetime redox ratio;
GO, gene ontology; hCLS, hepatic crown-like structures; HFD, high-fat
diet; IF, immunofluorescence; IL, interleukin; KC, Kupffer cell; KEGG,
Kyoto Encyclopedia of Genes and Genomes; LDL, low-density lipo-
protein; LPS, lipopolysaccharide; MCD, methionine- and choline-
deficient diet; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD
activity score; NASH, nonalcoholic steatohepatitis; NPC, non-paren-
chymal cell; OCR, oxygen consumption rate; Osr 1, odd skipped-
related 1; OXPHOS, oxidative phosphorylation; gPCR, quantitative
real-time polymerase chain reaction; RNA-seq, RNA sequencing; TG,
triglyceride; WD, Western diet.
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Figure 1. OSR1/Osr1
expression exhibits het-
erogeneity in hepato-
cytes and macrophages
during human and mu-
rine NASH. (A) Represen-
tative immunohistochem-
istry (IHC) staining of
OSR1 in normal and NASH
patient liver. (B) Relative
expression of Osrl in
normal chow, HFD or MCD
diet induced liver and
associated NPCs in mice.
(C) Representative IHC
staining of Osr1 in murine
normal and NASH liver.
(D)  Immunofluorescence
staining of Osr1 and F4/80
in  murine normal and
NASH liver. For IHC stain-
ing, macrophages were
stained in brown, and the
total number of cells occu-
pied was measured for
each section with the same wee
magnificent. Numeric data Chow o
are means =+ standard
error. n = 4. Significant | | ceececeeeeeoo
difference: **P < .01. c
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deleting Osrl in hepatocytes or macrophages would pro-
mote NAFLD/NASH progression.

osr1f, Osr1?"eP/*, and 0sr14"®’ mice were fed with
either chow diet (CD) or 60% HFD for 12 weeks (n = 8). By
the end of week 12, the Osr14”®" mice had a similar weight
and liver/body weight ratio to the Osr1” mice, regardless of
sex and dietary treatment. All groups had similar intraper-
itoneal glucose tolerance test results and developed similar
levels of steatosis (Figure 2A-D). These results suggest that
hepatocyte Osrl deletion was not the major contributor to
NAFLD progression.

With myeloid-specific Osr1l deletion, when fed with CD
for 20 weeks (Figure 34), the 0sr1M% and control mice had
similar body weight, and hepatic steatosis was not devel-
oped; however, there was more lipid deposition in the liver
of the Osr1*M? mice (Figure 3B-0).

Fed with HFD (Figure 3A4), significantly higher body weight
was observed in the Osr1*™” male (Figure 3D) but not female
mice (Figure 44-B), accompanied by worsening glucose intol-
erance (Figure 3E) and heavier liver (Figure 3F). The Osr14M9
male liver exhibited enhanced steatosis with a higher NAFLD
activity score (NAS) (Figure 3G), consistent with the higher
serum levels of alanine aminotransferase (ALT), aspartate
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aminotransferase (AST), and low-density lipoprotein (LDL)
(Figure 3H), and the increased hepatic triglyceride (TG) content
(Figure 3I). The increased steatosis in the 0sr1°M® mice was
accompanied by the increased expression of lipogenesis genes
(Figure 3J). In addition, 0sr1*M® male liver showed increased
macrophage infiltration (Figure 3K), associated with over-
activated pro-inflammatory signaling (Figure 3L) and higher
pro-inflammatory cytokine mRNA levels (Figure 3M), suggest-
ing more hepatic inflammation in 0sr1*M® mice.

In the MCD-induced NASH model (Figure 34), male
(Figure 3N) but not female 0sr1#M® mice (Figure 4C)
exhibited more advanced NASH progression, characterized
by more macrovesicular steatosis and elevated serum ALT
and LDL levels (Figure 30). Trichrome Masson and Sirius
Red staining revealed more collagen deposition in the
Osr1M9 livers (Figure 3N) with enhanced expression of
collagen-producing gene expression (Figure 3P). We
observed more inflammation in the Osr14M? livers, charac-
terized by more microgranulomas (Figure 3N, green arrow),
F4/80" macrophages, hepatic crown-like structures (hCLS)
(Figure 3N, red arrow), and increased expression of pro-
inflammatory cytokine genes (Tnf-o and II-16) (Figure 3Q).
Western  blots  demonstrated  overactivated  pro-



1120  Liu et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 15, Iss. 5

Osr1f

Osr1Ab/-

w
g

= 8007

- osrtf
- Osr1A*

1 - Osr1AD-
1 /&l]m

15 30 45 60 75 90 105 120

»
°

W]

()
(=]

Ll

o

Female CD >

Body Weight(g)

N s O
S & 3
S S o

o
o

Blood Glucose (mg/dl

El
So

>
Liver/Body weight Ratio(%)

N

Ol
Wks)0 2 4 6 8 10 12

s
Osrlf QsrlAb/+ OsraAtb/-

N
S

M]m

O L S e e e
Wks)0 2 4 6 8 10 12

lmwﬁﬁ%

(WkS)o 2 4 6 8 1012

CE
E
ga
>2
©
81

Wks) 0 2 4 6 8 10 12

Female HFD m
»
S

Body Weight(g)
n
=}

o 3

o =2 N w »oa

™o 45 s 45 e 75 90 105 120

C Osr1F

Liver/Body weight Ratio(%)

Osr1F Osr1Ab/+ QsrqAbr-

Qsr1Alb/+ Osr1Ab/-

ns 800, - Osrt”
- Osrtbie

600 = Osr1n
400
200

Od—r—r—r—T1—1—1—
(min)o 15 30 45 60 75 0 105 120

Male CD
ody Weight(g)
=W
Liver/Body weight Ratio(%)
Blood Glucose (mg/dL)

PN e e s s
S o 5 o 5 &

"Osr1F Osrifb/+ Osr1Abr-

O

800

2

600
400

e Osr1F
200 == QsriAe
= Osr1Ab"

Male HFD
ig!

Blood Glucose (mg/dL)

0l
(minjo 15 30 60 %0 120

Liver/Body weight Ratio(%)

Osr1f

Osr1Ab/+ Osr1Abr-

Figure 2. Deleting Osr1 in hepatocytes did not affect the HFD-induced NAFLD phenotype in either female or male mice.
(A) The body weight change, the liver/body weight ratlo mtraperltoneal glucose toIerance test (IPGTT), and representative

hematoxylin and eosin (H&E) staining in female Osr1”,

Osr12AP/+ " and Osr14A
body weight change, the liver/body weight ratio, IPGTT, and representatwe H&E staining in female Osr1", Osr14A%/+,

"mice fed with CD for 12 weeks. (B) The
and

Osr144P" "mice fed with HFD for 12 weeks. (C) The bodg/ Welght change, the liver/body weight ratio, IPGTT, and representatlve

H&E staining in male Osr1", Osr144%’* and Osr14

mice fed with CD for 12 weeks. (D) The body weight change, the

liver/body weight ratio, IPGTT, and representative H&E staining in male Osr1”, Osr144%"* and Osr144*"mice fed with HFD for
12 weeks (n = 8). Numeric values are presented as means + standard error.

inflammatory signaling in the 0sr14M9 liver (Figure 3Q). To
recapitulate human NASH, we further adapted 2 additional
NASH models, a relatively rapid STAM model and a chronic
Western diet (WD) model, to investigate the role of
macrophage Osrl in NASH pathogenesis (Figure 3R-S). In
both models, myeloid-specific Osrl deletion resulted in
more severe NASH. The histological investigation revealed
more steatosis and ballooning in 0sr1%M? livers, confirmed
by higher total NAS scores (Figure 3R-S). These results
suggest that myeloid Osr1 deletion induces severe NAFLD/
NASH progression, with advanced steatosis, fibrosis, and
aggravated inflammatory responses in male mice.

Deleting Osr1 in Myeloid Cells Skewed
Macrophage Polarization

To determine how Osrl deletion promotes NASH, RNA
sequencing (RNA-seq) analysis was performed on the Osr1”
and 0sr1°M? mice fed with CD or MCD (Figure 5A4). Gene
ontology (GO) analysis identified distinct Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways associated
with macrophage plasticity and polarization, including NF-
kB, PPAR, JAK-STAT, and osteoclast differentiation signaling
(Figure 54), suggesting a critical role of Osr1 in macrophage
differentiation and polarization.

To test the hypothesis that Osrl regulates macrophage
polarization, bone marrow-derived macrophages (BMDMs)
were isolated from Osr1” and Osr1%M? mice and induced to
differentiate in vitro. Osrl expression was relatively weak
initially (considered MO0), and sustained induction of Osrl
was observed after exposure to interleukin (IL)-4
(Figure 5B). However, the expression pattern of Osrl was
opposite when exposed to lipopolysaccharide (LPS)
(Figure 5B). With Osrl deletion, M2-specific genes,
including Arg1, Mrcl, Ym1, and CD36 failed to upregulate
upon IL-4 treatment for 24 hours, whereas expression
fluctuation was noted on M1-related genes Cd80, Hifla, and
Nos2 (Figure 5C). Consistently, Osrl deletion resulted in
activation of pro-inflammatory p38, JNK, NF-xB p65
(Figure 5D), and overexpression of pro-inflammatory cyto-
kines genes under basal conditions (MO0) or LPS induction
(Figure 5D). Similar Osrl-associated polarization switches
were noted in vivo. MCD-fed mice showed peak inflamma-
tory cytokine production at week 4.7 A significantly fewer
percentage of M2 macrophages was observed in the
0sr1°M? liver upon 4-week MCD feeding, resulting in a
significantly decreased M2/M1 ratio (Figure 5E).

Considering a strong response of Osr1“M® BMDMs to
LPS, we further explored this phenomenon in vivo. Osr1”
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Figure 3. Deletion of macrophage Osr1 aggravated HFD, and the MCD diet-induced hepatic steatosis and inflammation
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HFD treatment. (H) Lipid metabolism and liver damage serum markers. (/) Liver triglyceride and de novo lipogenesis-related
genes (J) in the liver upon HFD. (K) Quantification of liver macrophages. (L) liver pro-inflammatory signaling and
inflammation-related genes upon HFD (M). (N) Representative images of H&E, Tri-Chrome Masson, Sirius Red, F4/80
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and 0sr1“M? mice were exposed to HFD for 12 weeks and
were intraperitoneally injected with LPS (100 ug/kg/day)
for the last 4 weeks of HFD treatment. Liver histology
indicated that Osr1%M? mice exhibited more advanced NASH
progression with increased inflammation levels (Figure 5F),
which is consistent with our in vitro study.

PPAR~y and c-Myc are Direct Targets of Osr1 for
Regulating Macrophage Alternative M2
Polarization

Our RNA-seq analysis identified differential expression
of c-Myc and Ppary in the Osr1*M? vs Osr1” liver under both
CD and MCD. Confirmed in the BMDMs, PPARYy and c-Myc
expression were associated with Osrl level during the
phenotype switch between M1 and M2 (Figure 64). How-
ever, PPARy and c-Myc expression no longer responded to
IL-4 induction upon Osrl deletion (Figure 6B). Osrl

overexpression in RAW264.7 cells resulted in increased
expression of PPARy and c-Myc (Figure 6C). These results
suggest that PPARy and c-Myc expression depends on Osr1.

To determine whether Osr1 regulates the transactivation
of PPARy and c-Myc, we performed a bioinformatically
incorporative analysis. We identified potential genomic re-
gions of c-Myc and PPAR~y that were further determined by
chromatin immunoprecipitation quantitative real-time po-
lymerase chain reaction (qQPCR) (Figure 6D) and luciferase
reporter assay (Figure 6E). To establish the functional Osr1-
PPARy regulation in macrophage polarization, Osr1” or
Osr1M9 BMDMs were treated with IL-4 in the presence of
rosiglitazone, a PPARy agonist. Although rosiglitazone failed
to fully rescue the expression of Mrc1 and c-Myc in Osr14M?
BMDMs, it rescued the typical response to IL-4, a signature
of enhanced expression of Arg1, Ym1, and €D36 (Figure 6F).
Simultaneously, the expression level of the 4 M1 markers
except for Hiflawere similar in Osr1” and 0sr1°M® BMDMs
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(Figure 6F). These findings suggest that PPARy and c-Myc
are downstream targets of Osr1 in macrophage polarization.

Osr1 is Required for Palmitate Oxidation, and
Deleting Osr1 Shifted Macrophage Metabolism
Toward a Glycolysis-dependent ATP Production
Profile

Cellular metabolism reprogramming is a hallmark of
macrophage polarization. With glucose and pyruvate as
substrates, the total ATP production rates were similar in
Osr1¥ and Osr14M? macrophages; however, deleting Osrl
caused a 25% reduction in the OXPHOS rate (Figure 74)
(66.53% + 1.43% vs 59.38% + 2.55%; P < .001) and a
21.4% increase in the glycolysis rate (Figure 7A) (33.47% +
1.43% vs 40.6% + 2.55%; P < .001), resulting in an
increased ratio in glycolysis vs OXPHOS (Figure 7A). Simi-
larly, deleting Osr1 significantly reduced the OXPHOS rate
(Figure 7B) and increased the rate of glycolysis during M2
induction (Figure 7B). With the presence of rosiglitazone,
the skewed glycolysis and OXPHOS in Osr1 AM$ BMDMs were
recovered (Figure 7B). Deleting Osrl led to an impaired
response to PA, evidenced by about 30% lower basal and
maximal oxygen consumption rate (OCR), which were
recovered by rosiglitazone (Figure 7C). These findings sug-
gest that Osrl helps maintain FAO, which depends on
PPARy.
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Figure 4. Deleting
macrophage Osr1 did
not affect the experi-
mental NASH phenotype
in female mice. (A) The
mean bod){_ weight in fe-
male Osr1™ and Osr14M¢
mice fed with HFD for 12
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R weeks. (B) Representative
oxe? o™ o\’ images of hematoxylin and
A

eosin (H&E) staining and
NAS score for liver sec-
5+ tions from female Osri1”
and Osr1“M? mice under
HFD treatment. (C) Repre-
sentative images of H&E
staining and NAS score for
liver sections from female
Osr1© and Osr14M® mice
under MCD diet treatment
for 4 weeks. Numeric data
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The OXPHOS activity consumes NADH (increased NADH-
enzyme-bound fraction) and produces FAD (decreased FAD
enzyme-bound fraction).”” To determine whether Osrl
targets mitochondrial OXPHOS, we applied fluorescence
lifetime imaging microscopy (FLIM) to track the mitochon-
drial NAD(P)H and FAD at the single-cell level (Figure 7D).
Osrl deletion resulted in a decreased enzyme-bound
NAD(P)H intensity in the M2 but not MO and M1 BMDMs
(Figure 7D). From the mitochondrial fluorescence lifetime
redox ratio (FLIRR), defined as the fraction of bound
NAD(P)H («a2) divided by the fraction of bound FAD («1),”°
we observed significantly decreased FLIRR in the Osr14M?
M2 but not the MO and M1 (Figure 7D). These results sug-
gest an impaired mitochondrial OXPHOS in the Osr14M® M2
BMDMs. When PA was given to M2 macrophages, Osr14M?
M2 BMDMs exhibited decreased enzyme-bound NAD(P)H
intensity and FLIRR, entirely recovered by rosiglitazone
treatment (Figure 7D). A lower FLIRR value was also found
in the Osr1*M® MO BMDMs under PA treatment. These
findings suggest that deleting Osrl significantly disrupts
OXPHOS in M2 BMDMs.

Deleting Macrophage Osr1 Aggravated the
Inflammation and Fat Deposition in Hepatocytes

via Cytokine Production
To determine how inflamed Osr1*™® macrophages
disrupt lipid homeostasis and promote inflammation in
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Figure 6. Osr1 directly transactivated PPAR-vy and c-Myc in macrophages. (A) The expression level of Osr1, PPARy, and c-MYC
upon M1 induction, M2 induction, M1-M2 switch (M1 switch to M2 induction), and M2-M1 switch (M2 switch to M1 induction). (B)
Expression of the PPARy and c-MYC in MO and after exposure to IL-4 in Osr1F and Osr1“M? BMDM:s. (C) PPARy and c-MYC
expression in indicated RAW264.7 cells. (D) Chromatin immunoprecipitation-qgPCR of Osr1 in c-MYC and PPARy promoters. (E)
Relative luciferase activities compared with control. (F) M2 or M1 marker mRNA levels relative to MO in 1 uM rosiglitazone. BMDMs
were obtained from bone marrow and induced to MO macrophages with 50 ng/mL M-CSF. The induced macrophages were further
stimulated with lipopolysaccharide (LPS, 0.1 ug/mL) and interferon-gamma (IFN-+, 20 ng/mL) or with IL-4 (20 ng/mL) to induce po-
larization toward M1 or M2 phenotypes, respectively. Results are displayed as means + standard error. *P < .05; P < .01; **P < .001.

Figure 5. (See previous page). Osr1 was required for macrophage alternative M2 polarization in vivo and in vitro. (A)
Heat map and pie chart indicated differentially expressed genes (DEGs). The GO analysis and distinct KEGG pathways
associated with Osr1 level on CD or MCD. Upper panel, any —logP value higher than the dotted line was identified as significant
(P < .05). Lower panel, the y-axis indicates the percentage of DEGs. (B) Relative expression of Osr1 in resting macrophages
(M0) and after exposure to IL-4 or LPS. (C) Expression of M1 and M2 markers relative to MO after exposed to IL-4 in the
presence or absence of Osr1. (D) Pro-inflammatory signaling and cytokine production. (E) Quantification for M1 and M2
macrophages. (F) Representative hematoxylin and eosin staining and the associated NAS for Osr1™ and Osr14M® mice liver
when exposed to LPS under 12 weeks of HFD treatment (n = 6). Results were shown as means + standard error of n = 8
independent experiments. *P < .05; **P < .01; **P < .001.
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Figure 7. Osr1 deletion shifted the macrophage to glycolysis ATP production profile and disrupted the mitochondrial
palmitate oxidation during M2 polarization. (A-B) Real-time APT rate analysis in Osr1" or Osr1“M? BMDMs during M1 (A)
or M2 (B) polarization. (C) Mitochondrial respiration function assessed by Seahorse Mito Stress test using palmitate
(BSA-conjugated palmitate) as substrates. OXPHOS parameters were assessed by recording the OCR values after sequential
OM, FCCP, and Rot-+AA injection. (D) Representative images of converted NAD(P)H and FAD under FLIM. The calculated
intensity of the bounded form of NAD(P)H and mitochondrial FLIRR was plotted with indicated induction in bar graphs (right 2
panels). AA, Antimycin A; FCCP, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; OM, oligomycin; Ros, rosiglitazone;
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The analysis is completed using R programming. *P < .05; P < .01; P < .001.

BMDMs.
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Figure 8.0sr1 disruption in macrophages aggravated hepatocyte inflammation and fat deposition via cytokine
excretion. (A) Pro-inflammatory signaling in macrophage-hepatocyte co-cultured cell lysates. (B) Pro-inflammatory signaling
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cultured in the conditioned medium. Numeric data are presented as means + standard error (n = 6). Significant differences are

indicated as follows: *P < .05; **P < .01; ***P < .001.

hepatocytes, 3 sets of macrophages and hepatocytes co-
culture were conducted. First, when primary hepatocytes
were co-cultured with the Osr14M® M2 BMDMs, the cell
mixture had significantly higher Pp65/p65 and Pp38/p38
ratios than the cell mixture co-cultured with the Osr1” M2
BMDMs (Figure 84). Similarly, the cell co-culture of Osr1 amp
M1 BMDMs and hepatocytes displayed overactivation of
p38 signaling, supported by an increased Pp38/p38 ratio
(Figure 84). Second, using a transwell system, we observed

higher ratios of Pp65/p65 (P < .05) and Pp38/p38 (P = .06)
in the hepatocytes co-cultured with M1 Osr1“"9 BMDM than
those with Osr1” M1 BMDMs (Figure 8B). The hepatocytes
co-cultured with M2 0sr14M? BMDMs significantly increased
the Pp38/p38 ratio (Figure 8B). Third, hepatocytes cultured
with 0sr14M?-conditioned medium significantly increased
lipid deposition under BSA and PA treatment (Figure 8C)
associated with elevated mRNA levels of pro-inflammatory
cytokines (Tnfa, II-6, and II-13) and de novo lipogenesis
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genes (Figure 8D). These findings suggest that deleting
macrophage Osrl aggravates hepatocyte inflammation and
fat deposition by modulating cytokine production.

Pharmacological Activation of PPAR~y Signaling
Prevented HFD-induced Steatohepatitis in
Osr14M? Mice

To determine the functional role of Osr1-PPARy regu-
lation in NASH progression, we performed genetic and
in vivo pharmacological studies using rosiglitazone. In the
genetic study, compound heterozygotes of Osr1 and PPARy
(0sr1°M?/+pPARy“M%/*) and their littermate control mice
were induced to develop NAFLD. The NAFLD progression of
the Osr1“M?/* and the PPARy“M%* livers were similar.
However, the Osr14M%+PPARy “4M%/+ livers displayed more
advanced NASH with higher NAS, with higher scores in
steatosis, inflammation, and hepatocyte ballooning than
their littermate controls (Figure 94-B).

Rosiglitazone treatment significantly reduced the body
weight gain (Figure 104-B) and improved glucose intoler-
ance at week 14 in Osr14M? mice (Figure 10C), whereas the
liver weight or liver/body weight ratio remained the same
(Figure 10D). Further analysis in liver lysates indicated
more sensitized insulin signaling in rosiglitazone-treated
0sr1°M? mice (Figure 10E).

Significantly lower serum ALT and LDL levels
(Figure 10F), improved NAFLD phenotype (Figure 10G), and
reduced TG content in perfused hepatocytes and liver
(Figure 10H) were observed in the 0sr1?M? mice treated with
rosiglitazone. The 0sr1%M® mice livers revealed lower
numbers of infiltrated macrophages (Figure 10/) and deac-
tivated pro-inflammatory signaling (Figure 10/) under rosi-
glitazone treatment. A treatment effect of rosiglitazone was
also noticed in the Osr1” liver as indicated by a lower NAS
score, less steatosis and ballooning hepatocytes (Figure 10G).

Inducing Osr1 Expression Therapeutically

Improved the NAFLD/NASH of the Osr1 AMé pice
In mouse models, we assessed the feasibility of targeting

Osrl for NAFLD/NASH treatment (Figure 114). AAV8L

transduction efficiency was confirmed by fluorescence-
activated cell sorting showing that about 17% of the F4/
80" population was infected by AAVSL after AAVSL-GFP
injection for 4 weeks (Figure 11B) and before the special
diet treatment. After HFD treatment for 14 weeks, wild-type
mice injected with AAV8L-0Osr1 had about a 40% increase in
Osrl expression in hepatic NPCs by comparing with the
control group (Figure 11C). The NPC expression of PPARYy
was also increased upon AAV8L-Osrl transduction
(Figure 11C). The co-IF staining further indicated that the
AAV8L-Osrl efficiently replenished the Osrl expression in
Osr1*M? mice macrophages (Figure 11D, yellow arrow).
When fed with HFD, the body weights of 0sr14M?® mice
with AAVL-Osrl were significantly lower than those with
AAVL-control treatment. Similarly, the Osr1" mice with
AAVL-Osrl had marginally lower body weights than those
with AAVL-control (Figure 11E). AAV8L-Osrl administra-
tion reversed the glucose intolerance in 0sr1*M® mice dur-
ing HFD treatment compared with Osr1” mice (Figure 11F).
The Osr1“M? mice with AAVL-Osrl presented similar liver
weight with that of AAV8L-Osrl® mice (Figure 11G).
Regarding liver histology, Osrl replenishment improved
liver steatosis and inflammation in the Osr1“M® mice
(Figure 11H). Osrl replenishment rescued liver inflamma-
tion in the Osr1%M? mice by reduced macrophage infiltration
(Figure 11I) with recovered M2 sub-populations and M2/
M1 ratios. Interestingly, Osrl overexpression also improved
the NASH score, enlarged the M2 macrophage sub-
population, and increased the M2/M1 ratio in Osr1” mice
(Figure 11]). We also observed reduced proinflammatory
cytokine mRNA levels during AAV8BL-Osrl administration
(Figure 11K). These findings suggest that rescuing Osrl
expression improves NAFLD/NASH and liver inflammation.

Discussion

We established the role of Osrl in macrophage meta-
bolism and polarization and elucidated its associated func-
tions in the inflammation-induced pathogenesis of NASH
(Figure 12). Using mouse models with myeloid Osr1 dele-
tion, we observed aggravated NAFLD/NASH progression
induced by HFD or MCD, suggesting the protective role of
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Figure 10. Pharmacological PPARy agonist rosiglitazone prevented HFD induced liver injury and inflammation in
Osr14M? mice. (A) Schematic diagram for the study design with HFD and rosiglitazone. DMSO or rosiglitazone was admin-
istered to Osr1” and Osr1“M? mice at 10 mg/kg/day during the final 4 weeks of the total 14 weeks of HFD treatment. (B) Body
weight gain during the rosiglitazone/DMSO treatment. (C) Intraperitoneal glucose tolerance test (IPGTT) results and the area
under the curve (AUC) in indicated groups after the rosiglitazone treatment. (D) Liver weight and liver/body weight ratio in
indicated mice. (E) Prior to harvest, mice were intraperitoneally injected with insulin or DMSO. Insulin signaling of the extracted
proteins from the Osr1M? liver were inspected. (F) Lipid metabolism and liver damage serum markers. (G) NAS score,
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macrophage Osrl in NAFLD/NASH pathogenesis. Deleting
Osrl in macrophages resulted in the glycolysis-dependent
energy metabolism and a polarization switch toward an
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inflammatory M1 phenotype. We identified c-Myc and
PPAR~y as the direct downstream targets of Osrl in macro-
phage polarization. With a genetic study using myeloid-
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Figure 12.0sr1 regulates macrophage-mediated liver
inflammation in non-alcoholic fatty liver disease pro-
gression. Schematic diagram of the mechanisms of NASH
induced in Osr1“M? mice. The Osr1-PPARy cascade is a
potential driver for macrophage M2 polarization by regulating
cellular OXPHOS. Deleting Osr1 induced metabolic imbal-
ance of glycolysis/lOXPHOS in macrophages, promoting pro-
inflammatory responses and steatosis in the liver.

specific Osrl and PPARy compound heterozygote mice and
a pharmaceutical PPARy activation study, we elucidate a
functional macrophage Osr1-PPARYy transcriptional cascade
in liver inflammation and the associated NAFLD/NASH.
Most importantly, by improving liver inflammation and
recovering the macrophage M2/M1 ratio, AAV8L-Osrl
replenishment/overexpression inhibited liver inflamma-
tion, contributing to improved NASH.

Osrl has been widely studied for embryonic develop-
ment'>13?1 and tumorigenesis.“"ls'22 However, its role in
metabolism and inflammation has never been reported,
even though it has been decades since the Odd, Osrl ho-
molog in Drosophila was found to mark plasmatocyte
(Drosophila macrophage).”> In HFD/MCD diet-induced
NAFLD/NASH models, myeloid-specific Osrl deletion
resulted in decreased M2 percentiles and M2/M1 ratios
associated with elevated pro-inflammatory responses in the
liver. These results suggest that Osr1 regulates macrophage
polarization, probably by maintaining the M2 phenotype.
Our study provides solid evidence to support this finding.
First, Osrl expression increased during macrophage M2
commitment, with decreased expression when switching to
M1. Second, the Osrl expression level correlated with M2
markers during downregulation or overexpression. Finally,
Osr1-responsive genomic regions of PPARy and c-Myc were
identified. PPARy plays a pivotal role in promoting the M2
phenotype switch by upregulating CD206 and CD163** and
modulating Kupffer M1/M2 polarization.”® Similarly, c-Myc
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resolved inflammation and drove macrophage M2 polari-
zation.?® In our study, rosiglitazone rescued M2 polarization
both in vitro and in vivo, demonstrating the functional role
of the Osr1-PPARY axis in this process. Thus, we identified a
novel hierarchical network led by Osrl (involving PPARy
and c-Myc) in modulating macrophage plasticity toward M2.

Macrophage infiltration of both M1 and M2 types is a
signature of liver inflammation. Osrl expression was found
in a subpopulation of, but not all F4/80+ cells in the MCD-
induced NASH model. In vitro, strong Osrl expression was
observed in the M2 and the transitional type (M1-M2) of
macrophages. These data suggested that Osrl+ macro-
phages might be characterized by an intrinsic ability to
switch plasticity during the progression of liver inflamma-
tion. Unfortunately, our data did not further address the
exact phenotype of Osr1+ macrophages in the MCD-induced
NASH model. However, we excluded that Osrl4 macro-
phages were a source of or derived from KCs, because Osrl
did not co-express with the KC marker, Clecf4. Future
studies will need to further characterize the plasticity of
Osrl-expressing macrophages under both physiological and
pathophysiological status.

Macrophage polarization is accompanied by metabolic
reprogramming, switching from an OXPHOS-based aerobic
profile to a glycolysis-based anaerobic one and vice versa.”’
Alternative macrophage polarization relies on the tran-
scription factor PPAR-v, its coactivator PGC18, and its
downstream target CD36,>® which promote FAO and mito-
chondrial OXPHOS. A potential role of Osrl in metabolic
reprogramming was highlighted by identifying its role in
transactivating PPAR-v. In our study, deleting Osr1 resulted
in an increased ratio of glycolysis to OXPHOS in M1 and M2
BMDMs. During M2 polarization, deleting Osr1 significantly
blocked OXPHOS, suggesting that Osr1 maintains OXPHOS in
M2 BMDMs. Metabolic changes were pronounced under PA
treatment. PA is elevated in NAFLD patients’ blood and in-
duces metabolic inflammation by activating NF-«B signaling
in metabolically-activated macrophages.”*° In contrast, PA
activates the anti-inflammatory PPARy by unknown mech-
anisms.’**° In our study, deleting Osrl blocked the PA
oxidation and the anti-inflammatory effects of PPARYy, sup-
porting the notion that the anti-inflammatory effect in
macrophages is mediated by Osrl. Our FLIM data did not
determine whether Osrl regulates glycolysis because FLIM
does not resolve cytoplasmic enzyme-bound NAD(P). Osrl
may inhibit the inflammatory response of M1 BMDMs via c-
Myc signaling, considering the negative role of c-Myc in

Figure 11. (See previous page). AAV8L-delivered Osri expression rescued NAFLD/NASH of the Osr1“M? mice. (A)
Schematic diagram for the study design with special diet treatment and AAV infection. Mice were injected with pAAV8L-control
or pAAVSL-Osr1 at the dosage of 1.0 x 10'° gc/mouse at wean (3 weeks of age) through retro-orbital venous sinus delivery,
followed by HFD or MCD treatment for either 14 or 4 weeks. The time point when the fluorescence-activated cell sorting (B),
Western blot (C), and IF staining (D) were conducted were indicated. (E) Body weight at sacrifice. Mice were fed with HFD for
14 weeks. (F) Intraperitoneal glucose tolerance test (IPGTT) results at 12 weeks of HFD and associated quantification. (G) Liver
weight upon HFD treatment. (H) Representative hematoxylin and eosin (H&E) staining and NAS scoring under HFD and MCD
treatment. (/) Representative IF staining of F4/80 and quantification. (J) Macrophage polarization in the liver. (K) Pro-
inflammatory cytokines mRNA level. M1 and M2 macrophages were identified as CD457F4/80"CD11b*MHCII" CD206"
and CD45%F4/80"CD11b"CD206" MHCII", respectively. Results are presented as means + standard error of n = 5 inde-
pendent experiments. Significant differences are indicated as follows: *P < .05; **P < .01.
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macrophage glycolysis during the early stage of M1 polari-
zation.®! Further information, such as Osrl-associated
lactate production, needs to be elucidated.

Our attempts to interfere with NASH/NAFLD progres-
sion by targeting Osrl-mediated macrophage inflammation
are promising. Mice with AAV8L-delivered Osrl expression
reduced liver inflammation with less macrophage infiltra-
tion and corrected M2/M1 ratios, significantly improving
NAFLD/NASH phenotype. We could not exclude a possible
synergic effect of Osrl-overexpression in various cell types
(especially hepatocytes) on protecting NAFLD/NASH,
although we showed that deleting hepatic Osr1 did not
change the NAFLD/NASH progression. Targeting PPARYy,
rosiglitazone treatment blocked NAFLD/NASH progression
and improved insulin sensitivity, consistent with previous
1"ep01"ts.32'33 Rosiglitazone acts on many cells, including
adipocytes, hepatocytes, and macrophages. The Osr1“™
mice showed reduced body weight gain upon rosiglitazone,
possibly because of the effects on adipocytes**; however,
inhibited body weight gain was not observed in the rosi-
glitazone treated Osr1” mice that also improved NASH. The
therapeutic effects of rosiglitazone to reduce hepatic stea-
tosis may be offset by their actions to enhance PPARYy
expression on hepatocyte function.>” Thus, the amelioration
of NAFLD in our study highlights a working mechanism of
rosiglitazone targeting macrophage-mediated inflammation
and insulin sensitization. Our findings suggest a promising
treatment for NASH by targeting the macrophage-centered
inflammation mediated by the Osr1-PPARy axis.

Materials and Methods
Human Liver Samples

De-coded human liver samples came from the Tongji
Hospital, Huazhong University of Science and Technology
(Wuhan, China). The Osrl immunohistochemistry staining
was performed at the clinical pathology laboratory of Tongji
Hospital (Wuhan, China).

Animals and Treatments

The Osr/" mice were generated as described.**** Mice
were maintained in a C57BL/6 background on a 12-hour
light/dark cycle. Hepatocyte and myeloid cell-specific
Osrl-disrupted mice were generated using the Cre-LoxP
strategy. Briefly, control OsrV* or 0sr?"" (0sr1"), het-
erozygous Alb“*T0srV*(0sr14HP/ ") and LysM“*/*Osr1"/
+(0sr1#M%/%), and homozygous AL+ 0sr?" (0sr147er)
and LysM®0sr"" (0sr1°M?) mice were treated with
regular chow diet, HFD (60% fat calories, 14 weeks), MCD
(4 weeks) or Western diet (WD, 40% fat calories, 20%
fructose and 2% cholesterol, 20 weeks) at the age of 8
weeks. STAM models were induced by a single subcutane-
ous injection of 200 ug streptozocin (Sigma) 2 days after
birth and feeding with HFD for 4 weeks.

In a separate experiment, male Osr1” or Osr1?M® mice
were given daily intraperitoneal injections of either vehicle
(dimethyl sulfoxide) or rosiglitazone (10 mg/kg/day) for 4
weeks after 10 weeks of HFD treatment. For the in vivo AAV
rescue study, mice were treated with pAAV8L-control or
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pAAVBL-Osrl through the retro-orbital venous sinus at
wean, followed by 14 weeks of HFD or 4 weeks of MCD. All
animal experiments were completed according to the pro-
tocols reviewed and approved by the Institutional Animal
Care and Use Committee of Texas A&M University.

Intraperitoneal Glucose Tolerance Test

Mice were fasted overnight by transferring them to clean
cages with no food in the upper or bottom sections of the
cage. Mice were weighed and injected intraperitoneally with
20% glucose solution (2 g/kg body weight glucose). Blood
from the tail vein was obtained at 0, 15, 30, 60, 90, and 120
minutes after the injection to determine blood glucose level
with a glucose meter.

RNA Sequencing

RNA quantification was performed on a bioanalyzer
(Agilent Technologies, Santa Clara, CA). One nanogram was
used as input for library preparation using Nextera XT DNA
Library Prep Kit (Illumina, San Diego, CA) and Nextera XT
Index Kit (Illumina, San Diego, CA). Libraries were quanti-
fied, normalized to 4 nM, pooled, and diluted to be
sequenced on a NextSeq (Illumina) using 75 bp paired-end
sequencing.

Real-time PCR

qPCR was performed using SYBR Green Supermix (Bio-
Rad, Hercules, CA) on the CFX384 real-time system (Bio-
Rad). After the cycling program, melting curve analysis was
performed immediately after amplification to confirm
primer specificity. Three or more biological replicates were
used for each condition, and 2 technical replicates were
performed for each sample. Quantification data were
analyzed using methods derived from the comparative CT
method. For gene expression analysis, genes of interest
were normalized to Cyclophilin, and data were expressed as
fold change against Cyclophilin (+ standard error of the
mean).

Fluorescence Lifetime Imaging of Macrophages
and Imaging Processing

The NAD(P)H and FAD fluorescence lifetime images of
macrophages were acquired using an inverted multi-photon
fluorescence microscopy (Marianas, 3i) coupled to a 40X
water-immersion objective (1.1 NA). NAD(P)H and FAD
fluorescence were stimulated at 750 nm and 890 nm,
respectively, using a titanium:sapphire femtosecond laser
(COHERENT, Chameleon). The laser power was set at 16
mW for NAD(P)H fluorescence excitation and 30 mW for
FAD fluorescence excitation; 400- to 480-nm and 500- to
580-nm bandpass filters were used to isolate NAD(P)H and
FAD fluorescence, respectively. Two photomultiplier tubes
(Hamamatsu) were used to detect the fluorescence for each
channel. Fluorescence lifetime images were obtained using
time-correlated single-photon counting electrons (SPC-
150N, Becker, and Hickl). Each 256 x 256-pixel fluores-
cence lifetime image was obtained with a pixel dwell time of
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50 us and 5 frame repeats. The instrument response func-
tion was measured using the NAD(P)H channel from the
second harmonic generation of urea crystals excited at 900
nm.

The fluorescence lifetime analysis was performed using
SPCImage (Becker and Hickl). Fluorescence lifetime com-
ponents were obtained by deconvolving the instrument
response function and fitting the decay result to a 2-
component exponential decay model ((t) = ale — t/
11 +a2e — t/12 +C), where I(t) is the fluorescence in-
tensity as a function of time t, 71 and 72 are the short and
long lifetimes, respectively, 1l and «2 are their corre-
sponding fractions (¢l + a2 = 1), and C accounts for the
background noise. To obtain the lifetime values of each
cell, cell masks were generated by segmenting NAD(P)H
intensity images into individual cells using a semi-
automated pipeline in CellProfiler. A mean fluorescence
lifetime (tm = altl 4 «a212), lifetime redox ratio (NAD(P)H
a2/FAD «1), and mean lifetime component values for each
cell were calculated in MATLAB based on the cell masks.

Statistical Analysis

Data were expressed as means + standard deviations or
means =+ standard errors. Statistical significance was
assessed using the unpaired, 2-tailed Student ¢ tests or one-
way analysis of variance. Significant difference was indi-

cated as: *P < .05; **P < .01; and ***P < .001.
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