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Therapeutic blockade of ER stress and inflammation
prevents NASH and progression to HCC
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The incidence of hepatocellular carcinoma (HCC) is rapidly rising largely because of increased obesity leading to
nonalcoholic steatohepatitis (NASH), a known HCC risk factor. There are no approved treatments to treat NASH.
Here, we first used single-nucleus RNA sequencing to characterize a mouse model that mimics human NASH-
driven HCC, the MUP-uPA mouse fed a high-fat diet. Activation of endoplasmic reticulum (ER) stress and inflam-
mation was observed in a subset of hepatocytes that was enriched in mice that progress to HCC. We next treated
MUP-uPA mice with the ER stress inhibitor BGP-15 and soluble gp130Fc, a drug that blocks inflammation by
preventing interleukin-6 trans-signaling. Both drugs have progressed to phase 2/3 human clinical trials for
other indications. We show that this combined therapy reversed NASH and reduced NASH-driven HCC. Our
data suggest that these drugs could provide a potential therapy for NASH progression to HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common and
fatal cancers worldwide (1). Over the past decade, global HCC in-
cidence has increased by ~40%, rendering it the fastest-rising cause
of cancer-related deaths (2). The rise in HCC coincides with pa-
tients presenting with obesity and symptoms associated with the
metabolic syndrome, especially metabolic dysfunction—associated
fatty liver disease (MAFLD) [formerly known as nonalcoholic
fatty liver disease (NAFLD)] and the more aggressive nonalcoholic
steatohepatitis (NASH), an established HCC risk factor (3). Global-
ly, a staggering 25% of the population are estimated to suffer from
MAFLD, with around 15% of those exhibiting signs of NASH (I). A
subset of patients with NASH will develop HCC as a result of neo-
plastic transformations that occur following repetitive cycles of cell
death and repair associated with lipotoxicity (4). The low survival
rate of HCC is, in large part, due to lack of effective therapies and
preventive measures (5, 6). The most widely used HCC drug, sora-
fenib, is a general tyrosine kinase inhibitor (TKI) that extends sur-
vival time by only 3 months (7). Current efforts in HCC therapeutic
development is centered on development of more targeted systemic
therapies and combining TKIs with other drugs, such as monoclo-
nal antibodies and immune checkpoint inhibitors (ICIs) leading to
several recent phase 2 and 3 clinical trials (6). Nevertheless, a dire
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need persists for successful strategies to prevent and combat NASH-
induced HCC because, at present, alleviating NASH severity to
prevent HCC relies entirely on lifestyle interventions and bariatric
surgery aimed at reducing body weight (4).

NASH itself is one of the fastest-growing metabolic diseases and
has become the leading cause of liver transplantation in the United
States, constituting a major unmet clinical need. As expected, the
NASH drug market is estimated to reach $40 billion by 2025 (5).
Now, there are several clinical trials of new NASH drug candidates
(5, 6, 8). Most attempts to treat NASH have focused on pathways
that affect the balance between fatty acid uptake and export, de
novo lipogenesis (DNL), and fatty acid oxidation (FAO) in the
liver. While some drug candidates, such as incretins, are effective
in treating MAFLD, there are few successful therapies that target
liver lipids in patients with NASH, who present with advanced stea-
tosis and secondary liver pathologies, such as inflammation and fi-
brosis. Drug candidates to treat NASH by reducing liver steatosis
have shown promise but have failed because of unwanted side
effects (9, 10). These side effects often include hyperlipidemia
and/or hypercholesterolemia, which increase the risk of cardiovas-
cular disease (11). Previous work from our group has demonstrated
that NASH progression to HCC in high-fat diet (HFD)- or high-
fructose diet—fed MUP-uPA mice, a preclinical model that faithfully
mimics human NASH to HCC progression (5), is associated with
inflammation and endoplasmic reticulum (ER) stress (12-14). To
examine this association more deeply, we first profiled liver biopsies
of HFD-fed MUP-uPA mice at 24 weeks, a time point where all mice
have NASH but not HCC, by single-nucleus RNA sequencing
(snRNA-seq). This analysis revealed an enrichment of recently
identified disease-associated hepatocytes (daHeps) (I5) and
Trem2-positive macrophages (16—18) in livers of animals that man-
ifested HCC at the experimental end point (40 weeks) compared
with animals that remained HCC-free. In addition to Trem2-posi-
tive macrophages, daHep cells present a strong component of ER
stress response in their transcriptome.
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On the basis of the snRNA-seq data, we reasoned that the target-
ing inflammation and ER stress could be a viable approach to
NASH, even without direct effects on lipid metabolism. Of note,
ER stress inhibitors or chemical chaperones, such as tauroursodeox-
ycholic acid, prevent MAFLD/NASH in mice (12, 14), and we were
involved in development of the hydroxylamine-based small-mole-
cule BGP-15, which inhibits ER stress (19), fibrosis (20, 21), and ox-
idative stress (22), which are common features of NASH-driven
HCC. BGP-15 has entered human clinical trials and has an excellent
safety profile (23). Interleukin-6 (IL-6) signaling can either be det-
rimental (24, 25) or protective (14) in the etiology of NASH and/or
HCC. The beneficial effects are likely due to activation of the mem-
brane-bound IL-6 receptor (IL-6R)/gp130 signaling pathway that
supports maintenance of gut barrier integrity (14, 26) and adeno-
sine monophosphate (AMP)-activated protein kinase (AMPK)—
mediated increases in FAO (27, 28), resulting in prevention of
hepatic steatosis (28, 29). In contrast, IL-6 trans-signaling, a state
where soluble IL-6 combines with a soluble IL-6R/gp130, transduc-
es an indirect signal that accounts for the proinflammatory effects of
IL-6 in both sepsis (30) and atherosclerosis (31). Of note, in obesity-
driven insulin resistance, IL-6 trans-signaling blockade with soluble
gp130Fc prevented macrophage accumulation in the adipose tissue
and liver (32). The clinical form of sgp130Fc, termed Olamkicept,
was found to be safe and effective in a phase 2 clinical trial for pa-
tients with active inflammatory bowel disease (33).

Given that ER stress and inflammation are common features of
NASH-driven HCC and that BGP-15 and Olamkicept (sgp130Fc)
have both entered phase 2/3 clinical trials and are safe, we tested
whether these drugs as monotherapy, or in combination, would
prevent NASH and/or NASH-driven HCC in HFD-fed MUP-uPA
mice. Consistent with our hypothesis, we show that BGP-15/
sgp130Fc treatment can regress NASH and markedly reduces
NASH-driven HCC via inhibition of ER stress signaling and
reduced inflammation.

RESULTS

snRNA-seq reveals cell states enriched in NASH conversion
to HCC

To unveil cellular states associated with NASH progression to HCC,
we first performed snRNA-seq on liver biopsies of HFD-fed MUP-
uPA mice at a time point before malignant transformation (24
weeks) and then separated animals into tumor-bearing (TB, n =
6) and tumor-free (TF, n = 4) at end point (40 weeks) for down-
stream analyses (fig. S1A). Data were filtered, normalized, and
scaled using Seurat 4.2 (34) and then batch-corrected using
FastMNN (35) as a Seurat wrapper (see Materials and Methods).
We obtained a total of 47,501 single-nucleus transcriptomes that
clustered into 13 subsets following unsupervised clustering analysis.
On the basis of cell-specific marker expression, we were able to an-
notate each cluster as one of the nine major liver cell types: Hnf4a
(hepatocytes), F8 (endothelial cells), Adgrel (myeloid cells), Pdgfrb
(mesenchymal cells), Hnflb (biliary epithelial cells), Skapl [T and
natural killer (NK) cells], Pax5 (B cells), Siglech [plasmacytoid den-
dritic cells (pDCs)], and Bnc2 (mesothelial cells) (fig. S1, B to D).
Most cell types were represented by a single cluster, except by hepa-
tocytes and endothelial cells that clustered into two subsets and
myeloid cells that generated three clusters. Hierarchical clustering
based on the top five markers of each cell type confirms appropriate
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annotation into nine major lineages (fig. S1E and table S1). Clusters
representing the same major cell type were collapsed into one for
downstream analyses. Cell type representation in each individual
sample was calculated, revealing that immune cell types including
myeloid, T and NK cells, and pDCs were enriched in animals that
went on to develop HCC (fig. S1F). These observations are consis-
tent with the notion that NASH-related inflammation is a major
contributor to tumorigenesis. Reclustering of the myeloid lineage
revealed eight transcriptionally distinct populations corresponding
to well-characterized myeloid subsets (fig. SIG and table S2). The
four most abundant represented macrophage subtypes include em-
bryonic-derived Kupffer cells (Cd5l, Vsig4, and Clec4f); Cx3crl*
macrophages recently shown to form a niche around portal tracts
in both mouse and human liver (36, 37); Trem2" macrophages
(Gpnmb, Mmp12, and Lgals3), a subset frequently reported to
arise and expand during liver disease (17, 18, 38); and undifferen-
tiated monocytes, characterized by high Ccr2 expression. The re-
maining clusters corresponded to conventional DCs (cDC1 and
cDC2), neutrophils, and “mature DCs enriched in immunoregula-
tory molecules” (Mreg_DCs) (39). Comparison of relative propor-
tions of each subset between the TB and TF groups revealed that
Trem2" macrophages and Mreg_DCs were significantly increased,
whereas Kupffer cells decreased in mice that went on to develop
HCC, which may suggest exacerbated inflammation in the TB mice.

Since HCC is a hepatocyte malignancy, we explored this cluster
in deeper detail. Hepatocyte nuclei in the main dataset were reclus-
tered in isolation to identify further subpopulations and transitional
states that could potentially distinguish TB from TF mice. This ap-
proach unveiled four subsets that could be annotated as three hepa-
tocyte zonation phenotypes (zones 1, 2, and 3), and one cluster with
a distinct expression signature similar to that of daHep, found in
human liver (Fig. 1, A and B, and table S3) (15). High expression
of Sds, Hal, and GIs2 distinguished zone 1 hepatocytes; Glul,
Slacla2, and Lgr5 characterized zone 3 cells; and a reducing gradient
of the same markers expressed by zone 3 accompanied by high levels
of a number of unique cytochrome P450 family genes, Cyp2el,
Cyp2c29, and Cyp2c38, was the hallmark of zone 2 hepatocytes.
The daHep cluster was characterized by up-regulation of Nrgl,
Cdknla, and Bcl2 and suppression of hepatocyte metabolic func-
tional genes AcslI, Pckl, and G6pc. To confirm the identity of the
daHep cluster, we generated a gene module signature based on the
top reported previously (15) using the AddModuleScore function in
Seurat. This analysis showed that most nuclei that scored above the
cutoff for the daHep module corresponded to nuclei annotated as
daHep in our dataset (Fig. 1C). When frequencies of each hepato-
cyte subset were compared across groups, a remarkable increase was
observed in daHep, which was paralleled by a decrease in zones 2
and 3 hepatocytes in TB mice (Fig. 1D). Higher numbers of daHep
were previously shown to correlate with increased risk of HCC (15).
Our data agree with this finding and further support the notion that,
at least in NASH-driven HCC, daHep seem to replace zones 2 and 3
hepatocytes, even before HCC emergence.

To gain insight into gene regulatory programs associated with
conversion to HCC, nuclei from each major cell type were com-
bined into a single expression matrix for pseudobulk differential ex-
pression analysis comparing the TB and TF groups. This analysis
revealed differentially expressed genes (DEGs) associated with pro-
gression to HCC across all hepatic lineages (table S4). ER stress
genes such as Ddit3, Hspa5, and Atf3 were up-regulated in TB
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Fig. 1. daHeps are enriched in NASH before HCC and characterized by the exacerbated ER stress-related gene expression program. (A) Uniform manifold ap-
proximation and projection (UMAP) visualization of reclustered hepatocytes. Four subsets identified representing hepatocyte zonation phenotypes (Zone_1_Hep,
Zone_2_Hep, and Zone_3_Hep) and daHep. (B) Expression distribution of (left) zonation marker genes and (right) up-regulated and down-regulated daHep markers
in the UMAP space. (C) Mapping of daHep scores generated from Carlessi et al. (15) onto the reclustered hepatocytes UMAP. (D) (Top left) Hepatocytes UMAP visualization
split by HCC outcome at 40 weeks (TB, tumor-bearing; TF, tumor-free). (Top right) Relative frequencies of hepatocyte subsets in each sample. (Bottom) Box and whisker
plots showing frequencies of each hepatocyte subset according to HCC outcome. *P < 0.05, ***P < 0.01 by unpaired t test, TF, n = 4 and TB, n = 6. (E) Heatmap showing
average expression of 243 mouse orthologs of human UPR program from Reich et al. (40) across hepatocyte subsets. (F) Mapping of UPR scores generated from Reich et al.
(40) across hepatocyte subsets: (left) violin plot and (right) UMAP visualization. (G) Expression distribution of ER stress markers in the UMAP space, showing high levels
where daHep cells localize. (H) (Top) GSEA of log,FC ranked daHep DEGs showing the top 10 over- and underrepresented gene ontology (biological process) terms.
(Bottom) Enrichment plots for “response to ER stress” and “lipid catabolic process” gene sets.
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versus TF hepatocytes, supporting the previously proposed role for
ER stress in NASH to HCC progression (12). To determine how the
ER stress program is expressed among hepatocyte subsets, we next
examined average expression of # = 243 mouse orthologs previously
demonstrated to represent the complete unfolded protein response
in human cells (table S5) (40). This approach revealed that the vast
majority of unfolded protein response (UPR) genes were up-regu-
lated in daHep (Fig. 1E). We generated a signature module repre-
senting the top 25 DEGs in this list and then mapped the signature
score across hepatocyte subsets. This confirmed that the UPR
program, inclusive of known ER stress markers, is disproportionally
overrepresented in daHep as compared with healthy zonated hepa-
tocytes (Fig. 1, F and G). Last, we conducted gene set enrichment
analysis (GSEA) on the log,FC-ranked list of DEGs in daHep (table
S6). This analysis compared the daHep cluster to the combined
zonated hepatocyte clusters. GSEA highlighted “response to ER
stress” as the top enriched biological process in daHep and con-
firmed the underrepresentation of several metabolic pathways com-
monly associated with normal hepatocyte identity in these cells
(Fig. 1H). It must be acknowledged that the snRNA-seq experi-
ments were conducted in a single, albeit appropriate, mouse
model. This may question the clinical significance of the results. Ac-
cordingly, we investigated the expression levels of the same genes
that were observed to be increased in daHeps from our MUP-uPA
model (Ddit3, Hspa5, and Atf3), in a publicly available bulk RNA-
seq human dataset (GSE126848), where subjects were grouped ac-
cording to stage in the NAFLD spectrum (normal, obese, NAFL,
and NASH) (41). All genes were highly up-regulated in patients
with NAFL and, even more prominently, NASH compared with
healthy individuals (fig. S2, A to C). Together, the data herein
provide evidence that targeting ER stress in human NASH may
hold clinical significance, suggesting that a dual approach targeting
both inflammation and ER stress might represent an alternative
strategy to treat NASH and prevent its progression to HCC.

sgp130Fc or BGP-15 monotherapies have mild, positive
effects on NASH and HCC

Given the inflammatory and ER stress signatures described above,
we crossed MUP-uPA mice (12) with mice that overexpress soluble
gp130Fc (fig. S3A) (32, 42). At 6 weeks of age, we placed MUP-uPA,
MUP-uPA/sgp130Fc, or littermate control [wild-type (WT)] mice
on normal chow or HFD. Mice in each group were given BGP-15
in drinking water (100 mg/kg) or water alone. The dose of BGP-15
was based on a pilot bioavailability study (fig. S3A). Mice under-
went liver biopsies and blood withdrawal at 24 weeks to assess the
effect of drug treatment on NASH progression and were euthanized
after 40 weeks to evaluate the effect on NASH-driven HCC (proto-
col summarized in fig. S3B). All animals survived the liver biopsy
technique. In the three groups of mice, HFD increased body
weight as expected, but the effect of BGP-15 administration was ge-
notype dependent as it decreased (WT), increased (MUP-uPA/
sgp130Fc), or had no effect (MUP-uPA) on body weight (fig. S3,
C and D).

Initially, data from all groups were evaluated for markers of
NASH including steatosis score and collagen deposition at 24
weeks and markers of HCC at 40 weeks. Treatment of MUP-uPA
mice with BGP-15 alone had no effect on markers of NASH
markers at 24 weeks, while untreated MUP-uPA/sgp130Fc showed
some improvement in steatosis at 24 weeks (fig. S4, A to C).
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Monotherapy with either drug improved tumor incidence at 40
weeks but did not reduce either tumor number or tumor volume
compared with untreated MUP-uPA mice placed on an HFD (fig.
S5, A to C). These results were in marked contrast with combined
therapy with BGP-15 and sgp130Fc, and, given these results, we
subsequently focused our studies on MUP-uPA mice fed an HFD
compared with MUP-uPA/sgp130Fc treated with BGP-15 (com-
bined therapy).

BGP treatment of MUP-uPA/sgp130Fc mice

ameliorates NASH

To gain insight into the effect of sgp130Fc and BGP-15 combined
treatment on NASH progression, we first measured alanine amino-
transferase (ALT), a marker of liver damage in blood at 24 weeks,
and found it elevated in MUP-uPA relative to WT mice on an HFD,
as previously reported (12). There was a tendency (not significant)
for ALT to be reduced in MUP-uPA/sgp130Fc mice treated with
BGP-15 (fig. S6A). To determine the effect of combined treatment
on liver gene expression, we performed bulk RNA-seq on liver
samples obtained at biopsy from MUP-uPA mice that ultimately de-
veloped tumors and MUP-uPA/sgp130Fc mice treated with BGP-15
that did not develop liver tumors (n = 4 in each group). Principal
components analysis (PCA) and volcano plots demonstrated that
the liver transcriptome was markedly different between the two da-
tasets, with most significantly DEGs being down-regulated in the
MUP-uPA/sgp130Fc BGP-15—treated group (fig. S7, A and B).
The top-ranked DEG (fig. S7C) and pathways, as measured by
GSEA (fig. S7D), were related to collagen deposition, and immuno-
regulatory interactions were down-regulated in the MUP-uPA/
sgp130Fc BGP-15-treated group (fig. S7, E and F). Inflammatory
(43), collagen biosynthetic (44), and extracellular matrix (45) path-
ways are all known to increase during the progression from simple
steatosis to NASH.

We next quantified hepatosteatosis, lipid droplets, hepatocyte
ballooning, and inflammation in liver samples obtained at biopsy.
MUP-uPA/sgp130Fc mice treated with BGP15 displayed markedly
lower average lipid droplet area and steatosis score (Fig. 2, A to C),
indicating that inhibition of ER stress and inflammation can ame-
liorate hepatosteatosis, even at this early disease stage. However, he-
patocyte ballooning (Fig. 2D) was not affected, whereas lobular
inflammation (Fig. 2E) and overall NAFLD activity score (NAS)
(Fig. 2F) were reduced in MUP-uPA/sgpl130Fc treated with
BGP15 (Fig. 2, C to F). Liver fibrosis is defined as the excessive ac-
cumulation of extracellular matrix proteins including collagen that
occurs in most types of chronic liver diseases. Accordingly, we
quantified collagen fibers in biopsy samples using picrosirius red
(PSR) staining. BGP treatment of MUP-uPA/sgp130Fc mice de-
creased average collagen size and fibrosis score compared with un-
treated MUP-uPA mice fed an HFD (Fig. 2, G to I). To verify PSR
staining results, we used two independent imaging analyses and
compared the MUP-uPA mice with the MUP-uPA/sgp130Fc
treated with BGP-15 fed the HFD. Second-harmonic generation
(SHG) microscopy is a powerful tool for imaging fibrillar collagen
because it is highly sensitive to the collagen fiber structure and to
changes that occur in fibrotic tumors and connective tissue disor-
ders (46, 47). SHG imaging demonstrated that treatment of MUP-
uPA/sgp130Fc mice with BGP-15 markedly reduced liver collagen
deposition (Fig. 2J). Gray-level co-occurrence matrix (GLCM)
allows for classification of different tissues based on the evaluation
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Fig. 2. Treatment of MUP-uPA/
sgp130Fc mice with BGP-15 amelio-
rates markers of NASH. Liver biopsy
samples were obtained at 24 weeks.
Representative H&E staining in WT,
MUP-uPA that developed tumors and
MUP-uPA/sgp130Fc BGP-15-treated
mice that did not develop tumors (A).
Quantification of average lipid droplet
area (B), steatosis (C), hepatocyte bal-
looning (D), lobular inflammation (E),
and NAS (F). The NAS is a measure of
grade and is the sum of numerical
scores applied to steatosis, hepatocel-
lular ballooning, and lobular inflam-
mation. Collagen deposition in WT,
MUP-uPA, and MUP-uPA/sgp130Fc
BGP-15-treated mice measured by
PSR. Representative images (G),
average collagen size (H), and fibrosis
score (I). Fibrillar collagen measured by
SHG microscopy (J). Representative
images (top), intensity SHG signal
versus depth of image (bottom left),
and SHG signal at peak (bottom right).
Geometrical arrangement of collagen
fibrillar bundles measured by GLCM.
(K) Representative images (top), corre-
lation versus distance (bottom left),
and mean correlation (bottom right).
For (B), (C), (E), (F), (H), and (I): One-way
analysis of variance (ANOVA) was per-
formed. (J and K) Unpaired Welch's t
tests compared with MUP-uPA. The
following numbers of biological repli-
cates were used (independent mice)
per group in each experiment: (B) 4 to
7;(Cto F) 10 to 15; (H) 3 to 8; (1) 13 to
14; (J and K) 13 to 17. Data are ex-
pressed as means + SEM. *P < 0.05, ***P
< 0.001, ****P < 0.0001.
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of geometrical arrangement of collagen fibrillar bundles (48). A
lower mean GLCM correlation, indicative of lower collagen deposi-
tion in MUP-uPA/sgp130Fc mice treated with BGP-15 fed an HFD,
compared with MUP-uPA mice fed an HFD was observed (Fig. 2K).
Together, these data indicate that sgp130Fc overexpression, coupled
with BGP-15 treatment, in our mouse model of NASH, ameliorates

Boslem et al., Sci. Adv. 9, eadh0831 (2023)

13 September 2023

MUP-uPAIsgp130
BGP15 treated

e WT
B *  MUP-uPA
MUP-uPA/sgp130
- *
100 ®  BGP-15 treated
MUP-uPAIsgp130 5 -
BGP-15 treated g 807 e,
AN T T 8l .
- £ 60
&5 407
g ®
Z 20 .
0 [e’]
E F
* 8- L
* ok ok K 37 * L
®
* %k
S 2 . §
. . E o
5 :
E 1-
-
-
o_
* kK
Ho e X0 T
MUP-uPAlsgp130 * %k k 49
BGP-15 treated 83 .
® 2 100 o 3
£ o ®
80 E @ T 8 .
S 5o 3
° §§ 2 2 .
S ERw 8
$ES o a -
¢ - L g o
> .
<2
-50- o
o_

MUP-uPA

GLCM correlation

Inter-poxel distance

50 - ok 09 — MUPuPA
§ . 08 —_— MUP.GPANP130
<404 . 07 BGP15 treatnd
‘i cas g 06
& 30 3 05
L 04
'g 20 4 8 03 -
0.2 Fd
*
; 10 - - 01
0.0t T T T T 1
b 0 n 0 5 10 15 20 25

Distance (pixel)

steatosis, inflammation, and collagen deposition, common features
of fibrosis and NASH progression.

BGP-15 treatment of MUP-uPA/sgp130Fc mice reduces
NASH-driven HCC

To determine whether attenuated NASH progression in BGP-15—
treated MUP-uPA/sgp130 mice resulted in protection from HCC,
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livers were examined at 40 weeks. As expected, WT mice fed an
HFD did not develop tumors, whereas ~55% of MUP-uPA mice
fed an HFD developed tumors at 40 weeks (Fig. 3A). BGP-15 de-
creased HCC incidence to 16% (Fig. 3, A and B). Moreover, the
three mice in this group that developed HCC tended to have
fewer tumors (Fig. 3, C and E) with markedly lower tumor mass
compared with MUP-uPA mice (Fig. 3, D and E). ALT levels were
reduced in MUP-uPA/sgp130 mice treated with BGP15, relative to
untreated MUP-uPA mice (fig. S6B). In addition, consistent with
our data collected at biopsy, markers of NASH assessed by patho-
logical analyses of the liver histology via hematoxylin and eosin
(H&E) (Fig. 3, F and G) and PSR (fig. S8, A and B) were markedly
attenuated when comparing BGP-15-treated MUP-uPA/sgp130
mice with untreated MUP-uPA mice. As previously presented
(12), terminal deoxynucleotidyl transferase—-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining showed that both
apoptotic (nuclear fragmentation) and necrotic (diffuse cytoplas-
mic staining) cell deaths were increased in HFD-fed MUP-uPA
livers, but this was reduced in the livers from the MUP-uPA/
sgp130 mice treated with BGP-15 (Fig. 3, H and I).

BGP-15 treatment of MUP-uPA/sgp130Fc mice reduces ER
stress and inflammation

We next performed bulk RNA-seq on liver samples obtained from
HFD-fed MUP-uPA mice and MUP-uPA/sgp130Fc mice treated
with BGP-15 at 40 weeks. The PCA and volcano plots demonstrated
that the liver transcriptome was markedly altered when comparing
the two (fig. S9, A and B). The top-ranked DEG (fig. S9C) and path-
ways, as measured by GSEA (fig. S9D), revealed that some markers,
such as immunoregulatory and cell surface interactions, were down-
regulated, whereas other pathways such as those involved in activat-
ing chaperone genes and the UPR were up-regulated in the treated
group (fig. S9, E and F). To validate these transcriptomic changes,
we performed reverse transcription polymerase chain reaction (RT-
PCR) analysis. Calr, a gene encoding calreticulin, which binds mis-
folded proteins and prevents them from being exported from the
ER; Pdia6, a gene that inhibits aggregation of misfolded proteins;
hsp90aal, a gene that encodes the HSP90 protein, which aids in
the proper folding of specific target proteins; and dnajc3, a gene
that encodes a protein that inhibits double-stranded RNA
(dsRNA)-activated protein kinase (PKR), were all elevated in
livers of MUP-uPA/sgp130 mice treated with BGP-15 relative to
livers of MUP-uPA mice (Fig. 4A). In contrast, ddit4l, a gene encod-
ing DNA damage—inducible transcript 4-like protein, which inhib-
its cell growth by regulating the target of rapamycin (TOR)
signaling pathway, was down-regulated in BGP-15—treated MUP-
uPA/sgp130 livers relative to MUP-uPA livers (Fig. 4A). X-box
binding protein 1 (XBP1) mRNA splicing is an event downstream
of IRE1la activation, which is thought to be a critical UPR mediator
and a classical marker of ER stress (49). XBP1 mRNA splicing was
down-regulated in BGP-15-treated MUP-uPA/sgp130 livers relative
to livers from MUP-uPA mice (Fig. 4B). Likewise, other markers of
ER stress including C/EBP homologous protein (CHOP), heat
shock factor 1 (HSF1), phosphorylated eIF2a (p-eIF2a), and phos-
phorylated c-Jun terminal kinase (p-JNK) were all reduced in BGP-
15—treated MUP-uPA/sgp130 livers relative to those livers from the
MUP-uPA mice (Fig. 4, C to E). In contrast, calreticulin was up-reg-
ulated in BGP-15—treated MUP-uPA/sgp130 mice (Fig. 4F). To-
gether, these data demonstrate that BGP-15 treatment of MUP-
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uPA/sgp130 mice decreases ER stress and up-regulates the machin-
ery that prevents export of misfolded proteins. We next examined
markers of inflammation and initially quantified a panel of inflam-
matory genes by RT-PCR. Tumor necrosis factor (Tnf) mRNA was
markedly reduced in MUP-uPA/sgp130Fc mice treated with BGP-
15 compared with MUP-uPA mice (Fig. 4G). This pattern was also
seen for Il4 (Fig. 4H) and Erml, the gene that encodes F4/80
(Fig. 4I). We observed no differences in the mRNA expression of
IL-1B, IL-6, or TGF-P (fig. S10, A to C).

BGP-15 treatment of MUP-uPA/sgp130Fc mice does not
affect liver or plasma lipids

As discussed above, many therapeutic strategies to treat NASH have
targeted pathways that affect the balance between fatty acid uptake
and export, DNL and FAO. As we have recently discussed (11),
these strategies have led to some promising drug candidates, but
many have failed in late phase clinical trials due to adverse side
effects such as hyperlipidemia and/or hypercholesterolemia. Ac-
cordingly, we performed a comprehensive lipidomic screen on
liver and plasma samples from littermate control mice, MUP-uPA
mice, and MUP-uPA/sgp130Fc mice treated with BGP-15 on
samples collected at 40 weeks. We detected 359 liver lipid species
in total (fig. S11, A to C). As shown in the volcano plot (fig.
S11A), 23% of all lipid species were significantly altered when com-
paring WT with MUP-uPA mice, with most of these being reduced,
consistent with the histological data we observed at the biopsy time
point (see Fig. 2B). Accordingly, there was a small yet significant
decrease in total lipids when comparing liver samples from MUP-
uPA with WT mice (Fig. 5A). Given our histological data on stea-
tosis (see Fig. 2, A to C), we were somewhat surprised that only 9%
of the lipid species were significantly affected by the treatment (fig.
S11C), and total lipids were similar when comparing the livers of
MUP-uPA mice with those from MUP-uPA/sgpl130Fc mice
treated with BGP-15 (Fig. 5A). Histological steatosis scores
measure lipid droplet area and size, but neither the concentration
of lipid nor the lipid species within the droplet. We next examined
major lipid classes that are dysregulated in NAFLD including glyc-
erolipids, phospholipids, plasmalogens, sphingolipids, and sterols.
Glycerolipids make up majority of the lipid pool (~70 to 80%)
and total glycerolipids and their major subclasses, triacylglyerol
and diacylglycerol, known to be elevated in fatty liver disease, fol-
lowed the same pattern as total lipids, in that they were slightly
reduced in MUP-uPA mice relative to WT, with no differences ob-
served when comparing MUP-uPA with MUP-uPA/sgp130Fc mice
treated with BGP-15 (Fig. 5B and fig. S12, A and B). Other lipid
classes/subclass species, such as phospholipids (Fig. 5C and fig.
S12C), lysophospholipids (Fig. 5D), plasmalogens (Fig. 5E), sphin-
golipids (Fig. 5, F and G, and fig. S12, E to K), and sterols (Fig. 5, H
and I), were not different when comparing the three groups of mice.
Consistent with the results observed in the liver lipidome, plasma
triglycerides (Fig. 5]), free (Fig. 5K) and total (Fig. 5L) high-
density lipoprotein and low-density lipoprotein cholesterol, and
cholesterol ester (fig. S12L) were not different when comparing
groups. Together, these data indicate that drugs that can effectively
treat NASH and NASH-driven HCC can do so independent of liver
lipid modification. The treatment intervention did not cause plasma
hyperlipidemia and/or hypercholesterolemia, which is sometimes
the case with other NASH treatment interventions.
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Fig. 3. Treatment of MUP-uPA/sgp130Fc mice with BGP-15 ameliorates NASHdriven HCC. - Liver samples were obtained at 40 weeks. Tumor incidence in WT mice,
MUP-uPA mice, and MUP-uPA/sgp130Fc mice treated with BGP-15 (A). Representative liver images (B). Tumor number (C), maximal tumor volume (D), and representative
images (E). Representative H&E staining in WT, MUP-uPA, and MUP-uPA/sgp130 BGP-15-treated mice (F). Quantification of average lipid steatosis, lobular inflammation,
hepatocyte ballooning, and NAS (G). The NAS is a measure of grade and is the sum of numerical scores applied to steatosis, hepatocellular ballooning, and lobular
inflammation. Representative images (H) and quantification (I) for TUNEL staining. (C) and (D) were analyzed by unpaired t tests. (G) to (I) were analyzed by one-way
ANOVA. The following numbers of biological replicates were used (independent mice) per group in each experiment: (A) 18 to 22; (Cand D) 3 to 10; (F and G) 4 to 10. Data
are expressed as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4. Treatment of MUP-uPA/sgp130Fc mice with BGP-15 reduces inflammation and ER stress. Liver samples were obtained at 40 weeks. RT-PCR analyses of Calr, a
gene that encodes calreticulin; Pdia6, a gene that inhibits aggregation of misfolded proteins; hsp90aaT, a gene that encodes HSP90; dnajc3, a gene that encodes a protein
that inhibits PKR; ppp1r3g, a gene that encodes protein phosphatase 1 regulatory subunit 3G; and ddit4/, a gene encoding DNA damage-inducible transcript 4-like
protein, which inhibits cell growth by regulating the TOR signaling pathway (A). Representative image and quantification of XBP-1 mRNA splicing (B). Representative
Western blot and quantification of CHOP (C), HSF1, p-elF2a (D), p-JNK (E), and calreticulin (F). RT-PCR analyses of TNF (G), IL-4 (H), and EMRT, the gene that encodes the F4/
80 protein (I). Unpaired t tests were used to analyze all data. The following numbers of biological replicates were used (independent mice) per group in each experiment:
(A)4; (BtoF)6to 7; (G and 1) 6; (H) 7 to 12. Data are expressed as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. MUP-uPA/sgp130Fc mice treated with BGP-15 do not show reduced liver lipids. Liver and blood samples were obtained at 40 weeks. Total lipids (A), glyc-
erolipids (B), phospholipids (C), lysophospholipids (D), plamalogens (E), sphingolipids (F), ceramides (G), sterols (H), and free cholesterol (I) in liver samples and triglyc-
erides (J), free (K) and total (L) cholesterol in high-density lipoprotein (HDL) and low-density lipoprotein (LDL) in plasma samples in WT mice, MUP-uPA mice, and MUP-
uPA/sgp130 mice treated with BGP-15. One-way ANOVA with Tukey's multiple comparisons where indicated. The following numbers of biological replicates were used
(independent mice) per group in each experiment: (A to 1) 10 to 18; (J to L) 6 to 10. Data are expressed as means + SEM. **P < 0.01.
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Treatment with BGP-15 and sgp130Fc after NASH onset
results in disease regression

Our data to this point clearly demonstrated that MUP-uPA/
sgp130Fc mice treated with BGP-15 displayed decreased NASH
progression at 24 weeks and NASH-driven HCC at 40 weeks com-
pared with MUP-uPA mice fed an HFD. These data, while impor-
tant, do not provide evidence that this combination drug therapy
can halt disease progression after onset because sgp130Fc was over-
expressed from embryogenesis, and BGP-15 treatment was admin-
istered immediately after weaning. Accordingly, we next performed
a drug intervention trial in WT and MUP-uPA mice (late-onset
study). We commenced the HFD after 6 weeks of age and took bi-
opsies at 12 weeks before commencing double treatment (DT),
which included supplying BGP-15 in drinking water (as described
in the previous experiment) and injecting sgp130Fc protein (0.5
mg/kg) into the intraperitoneal space twice weekly for a further
11 weeks, as previously described (32). Control mice received no
BGP-15 in the drinking water and were injected with an equal
volume of saline at the same intervals into the intraperitoneal
space (CON) (protocol summarized in fig. S13A). This protocol
was chosen because in preliminary experiments, we observed
signs of NASH onset between 8 and 12 weeks in HFD-fed MUP-
uPA mice. While MUP-uPA mice were slightly lighter than litter-
mate controls, DT had no effect on body weight gain over the
course of the experiment (fig. S13, B and C). Consistent with
these data, neither food intake (fig. S13D) nor total energy expen-
diture (fig. S13E) was different when comparing groups. However,
DT improved glucose tolerance as measured by an oral glucose tol-
erance test (OGTT) (fig. S14A) and decreased insulin levels for a
given glucose concentration in animals in the fed state (fig. S14B),
indicating that the DT improved metabolic homeostasis. Of note,
consistent with the initial study, we also observed no difference in
plasma total lipids (fig. S14C) or plasma free fatty acids (fig. S14D)
when comparing MUP-uPA with DT.

Consistent with our pilot data, before the intervention (12
weeks), both inflammation (Fig. 6, A and B) and fibrosis (Fig. 6,
C and D) were higher in MUP-uPA compared with WT mice,
akin to patients presenting with early-onset NASH. We next exam-
ined markers of NASH using H&E and PSR staining. Steatosis and
hepatocyte ballooning increased over the 11-week intervention
period, and neither was improved by DT (Fig. 6, E to G). Of interest,
however, 13 of 24 mice in the DT group had lower inflammation
score (Fig. 6, E to H). However, the DT group did not show an im-
proved NAS compared with the MUP-UPA group (Fig. 6, E to I). As
expected, WT mice showed no signs of fibrosis progression regard-
less of treatment (Fig. 6, ] and K). In contrast, MUP-uPA mice ad-
ministered CON showed significant increases in fibrosis
progression, but this was markedly attenuated by DT. Not only
did DT halt fibrosis progression, it also ameliorated the disease in
~75% (16 of 21) of the animals (Fig. 6, ] to L). These data demon-
strate that the BGP-15 and sgp130Fc treatment can regress inflam-
mation and fibrosis, without affecting net steatosis, after onset in a
mouse model that mimics human NASH.

DISCUSSION

NASH and NASH-driven HCC are major diseases of the new mil-
lennium and urgently require new therapies. Since the most suc-
cessful, current therapies are bariatric surgery and lifestyle
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intervention, including diet and exercise, most pipeline therapeutics
to treat NASH echo those used for obesity, type 2 diabetes, and
MAFLD. The drug pipeline to target NASH and NASH-driven
HCC has largely focused on drugs that target lipid metabolism in
the liver including those that target acetyl-coenzyme A carboxylase
(ACC), AMPK, farnesoid X receptor (FXR), and glucagon-like
peptide-1 (GLP-1) (50). Recently, data from phase 3 SURPASS
trial on the efficacy of Tirzepatide, a novel first-in-class dual
gastric inhibitory polypeptide/GLP-1 agonist demonstrated im-
provement in overall glycemic control and weight loss (51). The
emergence of the dual incretin agonists as drugs to treat obesity
and MAFLD has led to growing interest and hope that such a
therapy may revolutionize drug therapy for metabolic disease
such as NASH since these drugs appear to target many tissues
and organs dysregulated in obesity including the liver (52). Many
patients present to the clinic with liver disease that has advanced
from MAFLD. In addition, and of importance to our therapeutic
strategy, advanced liver fibrosis in NASH is often accompanied by
a reduction in hepatic fat to the point of complete fat loss, so-called
"burnt-out NASH" (53). In these patients, with significant NASH,
many drugs that target lipid metabolism have failed because of
either unwanted side effects or a lack of efficacy as patients no
longer have significant steatosis. For example, MK-4074, a liver-spe-
cific ACC1/2 inhibitor, or the FXR ligand obeticholic acid is quite
effective in ameliorating liver fat but unfortunately markedly in-
creases either plasma triglycerides or cholesterol (9, 10). Enanta
Pharmaceuticals also recently discontinued development of EDP-
305 and EDP-297, FXR agonists with mechanisms of actions
similar to obeticholic acid, due to lack of efficacy in clinical trials.
Likewise, the Gilead Sciences ATLAS study, which combined firso-
costat, an ACC inhibitor, with cilofexor and FXR agonist, failed in
phase 2 clinical trials. There are even fewer therapeutic options for
the treatment of HCC, and therapeutic development has centered
on combination therapies of TKIs with ICIs leading to several
recent phase 2 and 3 clinical trials (6). However, these trials
involve patients that present with HCC rather than patients with ad-
vanced NASH at risk for HCC.

Our data, albeit collected in a preclinical model, are important
because we were able to track disease progression by performing
liver biopsies on HFD-fed MUP-uPA mice at a time point where
all mice displayed NASH, but none had HCC. snRNA-seq revealed
an enrichment of recently identified daHep (54) and Trem2-posi-
tive macrophages (16—18) in livers of mice that later progressed to
HCC, compared with animals that remained TF. NASH-afflicted
livers presented a strong component of ER stress in their transcrip-
tome, supporting the notion that the transition from NASH to HCC
depends on ER stress and inflammation. Accordingly, our thera-
peutic strategy focused on reducing ER stress and inflammation.
We were indeed successful in arresting NASH, and NASH progres-
sion to HCC, without affecting body weight or fat mass, food intake,
liver lipids, or plasma lipids. Despite these metabolic parameters
being unaltered, not only was NASH and NASH-driven HCC
markedly improved, so too were markers of glucose intolerance
and insulin resistance (fig. S13, A and B). Whether these positive
outcomes will translate into human trials is unclear, but the avail-
able data give cause for encouragement. In a small phase 2 study of
42 patients, BGP-15 improved insulin sensitivity without affecting
body weight or fasting lipids, and the drug was deemed very safe and
well tolerated (23). Data from the Olamkicept clinical trial did not
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Fig. 6. Treatment with BGP-15 and A
sgp130Fc after NASH onset results in
disease regression. WT and MUP-uPA mice
were untreated or treated with BGP-15 [in
drinking water and sgp130Fc (twice weekly
injections of 0.5 mg/kg)] for 11 weeks (DT).
Representative images of H&E (A) and quan-
tification of lobular inflammation (B), and
representative images of PSR (C) and quan-
tification of fibrosis in WT and MUP-uPA mice ¢ WT
at 12 weeks before DT or placebo treatment
(D). Representative images of H&E (E) and
quantification steatosis (F), ballooning hepa-
tocytes (G), lobular inflammation (H), and
NAS (1) in WT and MUP-uPA mice either un-
treated or DT. The NAS is a measure of grade
and is the sum of numerical scores applied to
steatosis, hepatocellular ballooning, and
lobular inflammation. Data in (F) to (I) repre-
sent the change in score from biopsy (pre- E
treatment) to cull (post-treatment). Repre-
sentative PSR images (J) and quantification of
% fibrosis (K) and change in fibrosis area (pre-
post treatment) (L) in WT, MUP-uPA, and MUP-
uPA/sgp130 BGP-15—treated mice. (B) and (D),
unpaired t tests; (F) to (1), (K), and (L), one-way
ANOVA with Tukey's multiple comparisons
where indicated. The following numbers of
biological replicates were used (independent
mice) per group in each experiment: (B and C)
26t0 38; (Ftol) 7 to 24; (Kand L) 8 to 22. Data
are expressed as means + SEM. *P < 0.05, **P
< 0.01, ¥*P < 0.001. In (L), P = 0.07 relative to
WT DT.
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mention these parameters, but like BGP-15, the drug was well tol-
erated and safe (33). Recent reviews of therapeutic pipeline drugs to
treat NASH have concluded that combination therapies addressing
multiple aspects of NASH pathogenesis are expected to provide
benefit for patients (50). Our data support the notion that combi-
nation therapies are superior to monotherapies. While BGP-15 or
sgp130Fc therapy alone produced some moderate benefits, in terms
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of arresting NASH and/or reducing tumor burden, the combination
of the two was either additive for tumor burden or indeed synergis-
tic in terms of fibrosis. It is also possible that this dual therapy strat-
egy could be used in combination with other existing drugs to
successfully target NASH and NASH-driven HCC.

In conclusion, we demonstrate that it is possible to successfully
treat and block NASH progression and NASH-driven HCC in a
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mouse model that faithfully mimic human NASH progression using
a therapeutic strategy that targets ER stress and inflammation
without affecting liver lipid content. Moreover, BGP-15 and Olam-
kicept (sgp130Fc) are well tolerated and safe in human clinical trials
for metabolic and/or inflammatory diseases. Our data suggest,
therefore, that this drug combination therapy is a realistic therapeu-
tic strategy for treating human NASH and progression to HCC, dis-
eases that are rapidly growing with a clinical unmet need.

MATERIALS AND METHODS

Experimental procedures

Mouse models

MUP-uPA mice (generated by E. Sandgren at School of Veterinary
Medicine, University of Wisconsin-Madison) originating from the
Karin laboratory (12, 26) were cross-bred with sgp130Fc transgenic
mice from the Rose-John laboratory, which overexpress human
sgp130Fc, as previously described (32). Heterozygous animals
were bred together, and litters were genotyped (Transnetyx, TN,
USA). Animals negative for the transgene were the designated
WT, and animals expressing both uPA and the sgp130Fc gene
(MUP/+sgp/+) were designated MUP-uPA/sgp130Fc. Male litter-
mate WT and MUP-uPA/sgp130Fc mice were used for the study.
MUP-uPA/sgp130Fc transgenic, MUP-uPA, and C57BL/6 WT
mice were bred and housed at the Biological Testing Facility
(Garvan Institute of Medical Research, Sydney, Australia) and the
Murine Disease Modeling Facility (Monash University, Parkville,
Australia) in a pathogen-free facility under controlled environmen-
tal conditions and exposed to a 12-hour light/12-hour dark cycle.
Animal experiments were approved by the Garvan/St. Vincent's
Animal Ethics Committee (AEC) and the Monash Institute of Phar-
maceutical Sciences Ethics Committee (MIPS AEC) and conducted
in accordance with the National Health and Medical Research
Council (NHMRC) of Australia Guidelines for Animal Experimen-
tation. All experiments commenced when mice were 6 weeks of age.
Mice were fed either a chow diet (5% of total energy from fat) or an
HEFD (36% of total energy from fat; SF03-002, Speciality Feeds, WA,
Australia) for 17 to 34 weeks depending on the experiment. Animals
were given their prescribed diet and autoclaved water ad libitum and
group housed (two to four mice per cage) in individually ventilated
cages, with weekly bedding changes. Mice were treated with or
without BGP-15 (100 mg/kg) in their drinking water from 6
weeks of age (40-week study). A liver biopsy was performed after
18 weeks of HFD (40-week study) or after 17 weeks (late-onset
study). For mice in the late-onset study, treatment with or
without BGP-15 (100 mg/kg; N-Gene) in their drinking water as
well as weekly intraperitoneal injections of sgp130 Fc (500 mg/kg;
S.R.-].) or a saline control commenced following the liver biopsy at
12 weeks.

Liver biopsy

Mice underwent a liver biopsy at 24 weeks of age (40-week study) or
12 weeks of age (late-onset study). Following aesthetic induction
(4% isoflurane) and analgesic administration presurgery (buprenor-
phine, 0.1 mg/kg), a transverse incision (~1 cm) through skin and
muscle layers was performed to expose the liver. A sterile dry cotton
tip and blunt forceps were used to maneuver the lowest liver lobe
outside the abdominal cavity to then excise a small wedge of liver
and replace it with gel-foam to stem bleeding. This liver wedge was
halved and then either fixed [10% neutral-buffered formalin (NBF)]
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for paraffin embedding and snap-frozen for RNA extraction in
liquid nitrogen. The liver was returned into the abdominal cavity
and then muscle layer was closed with a continuous suture (absorb-
able 5'0 suture). The skin was stapled closed with suture clips and
then post-surgery local analgesia was applied to the suture site (bu-
pivacaine, 0.1 mg/kg). Skin clips were removed 5 to 6 days after
surgery after wound healing.

Nucleus isolation

Nuclei were isolated from flash-frozen liver biopsies as previously
described (15). Briefly, biopsies were homogenized with a Kimble
Dounce tissue grinder (Sigma-Aldrich, D8938) in 2 ml of ice-cold
nuclei lysis buffer (10 mM tris-HCI, 10 mM NaCl, 3 mM MgCl2,
and 0.1% IGEPAL, CA-630); then, another 2 ml of nuclei lysis
buffer was added to each sample, and lysis proceeded on ice for
10 min followed by straining the lysates through 40-um cell strainers
(Falcon, Corning). Lysates were centrifuged at 500g for 5 min at 4°C
and resuspended in 4 ml of nuclei wash buffer [phosphate-buffered
saline (PBS) supplemented with 1% bovine serum albumin (BSA)
and RNasin Plus ribonuclease inhibitor (0.2 U/pl; Promega,
N2615)]. Following another round of centrifugation, nuclei were re-
suspended in 700 pl of nuclei wash buffer and stained with 4’,6-di-
amidino-2-phenylindole dihydrochloride (DAPI) at 0.1 pg/ml and
propidium iodide (PI) at 2.5 pug/ml. Nuclei preparations were
strained through 70-pm cell strainers before fluorescence-activated
cell sorting (FACS) with a two-laser configuration (488 nm, 80 mW
and 640 nm, 50 mW) BD FACSJazz stream-in-air cell sorter (BD
Biosciences), equipped with a 100-um nozzle operating at a
sheath pressure of 27 psi. Machine calibration was performed by
flow cytometry facility staff before each sort using Sphero 8-peak
rainbow calibration beads (BioLegend) to achieve optimal stream
alignment, laser alignment, and target mean fluorescence intensities
for each detector. The drop delay was determined by setting a value
that resulted in total side-stream deflection of Accudrop Beads (BD
Biosciences) sorted through a 640-nm, 5-mW laser that bisected
center and side streams. Nuclei were identified through an initial
forward scatter height/side scatter height (FSC-H/SSC-H) gate, fol-
lowed by the discrimination of single events exhibiting proportional
FSC-W/FSC-H profiles. Within single events, nuclei were identified
as PI-positive events. Two peaks of PI-positive events were visual-
ized corresponding to 2n and 4n nuclei; both peaks were pooled to-
gether for sorting and downstream 10x Genomics analysis to
maintain hepatic cell representation unaltered. A total of 50,000
PI-positive events were sorted per sample and then post-sort
nuclei concentration and quality were checked using a fluorescence
microscope and a hemocytometer.

Single-nucleus RNA library preparation and sequencing

For the construction of snRNA-seq libraries, Chromium Next GEM
Single Cell 3’ v3.1 - Dual Index reagent kits were used according to
the manufacturer’s instructions. A total of 10,000 freshly sorted
nuclei were loaded onto a 10x Genomics Chromium Single Cell 3’
v3.1 chip G and processed immediately in a 10x Chromium control-
ler. Specifically, we used 19 PCR cycles for cDNA amplification. Se-
quencing of libraries was performed as in (55). Briefly, libraries were
quantified with quantitative PCR (qPCR) using the NEBnext
Library Quant Kit for Illumina and fragment size assessed with Ta-
peStation D1000 kit (Agilent). Libraries were pooled in equimolar
concentration and sequenced using an Illumina NovaSeq 6000 and
S2 flow cells (100-cycle kit) with a read one length of 28 cycles and a
read two length of 94 cycles.
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snRNA-seq data processing and downstream analysis

Binary Base Call (BCL) files were demultiplexed and converted into
FASTQ using bcl2fastq utility of [llumina BaseSpace Sequence Hub.
FASTQ files were processed using Cell Ranger 7.0.0. using the
mm10-2020-A reference and include introns option set to True.
Raw gene-barcode matrices from Cell Ranger outputs were read
into Seurat R package v4.2 (34) using the functions Read10x and
then CreateSeuratObject. The dataset was initially filtered on the
basis of a minimum number of 200 unique features (genes) and
less than 3% of mitochondrial genes per barcode. Further filtering
excluded barcodes with less than 500 and greater than 15,000
unique molecular identifiers. Data from each original sample were
individually normalized and scaled, and the top 2000 variable fea-
tures were identified by applying the SplitObject function by “ori-
g.ident” and then passing the functions NormalizeData, ScaleData,
and FindVariableFeatures, respectively, to each orig.ident split
object. Next, we implemented Batchelor (35) using the FastMNN
Seurat wrapper for sample integration and batch correction and
then passed the top 25 components of the MNN output to the
RunUMAP and FindNeighbors functions and calculated Louvain
clusters using the FindClusters function. Next, we implemented a
manual supervised approach to remove low-quality and doublet
barcodes. The approach was based on successive rounds of cluster-
ing, identification, and removal of clusters corresponding to low-
quality and doublet nuclei. Low-quality clusters likely corresponded
to empty droplets that were contaminated with ambient RNA, and
these were characterized by presenting a low-average number of fea-
tures and expression of highly expressed cell type—specific genes
from multiple cell types. Doublets were identified and removed
on the basis of high expression of canonical cell type—specific
genes from two cell types; these clusters also presented an average
number of features above the mean of other clusters in the dataset.
This approach was implemented until no low-quality or doublet
clusters could be identified after passing the FindClusters function
with a resolution of 0.25. The final filtered and curated dataset re-
sulted in clusters driven by cell type, and a total of 47,501 nuclei
from n = 10 mice (TF, n = 4 and TB, n = 6) and 25,308 genes
were detected. Differential expression analysis was conducted
using the default Wilcoxon rank sum test with the FindAllMarkers
function retaining only those genes expressed in at least 25% of the
cells in a given cluster and a log-fold change of at least 0.25 com-
pared to all remaining cells. Clusters corresponding to hepatocytes
and myeloid lineages were subset in separate objects for recluster-
ing. Each of these subsets were reanalyzed in isolation similarly to
above. For pseudobulk differential expression analysis in cell types,
we first applied the function AverageExpression for each cell type
cluster and then ran FindMarkers with default parameters compar-
ing TB versus TF samples. Specifically, for the daHep cluster of he-
patocytes, we ran the FindMarkers function versus the combined
zonated clusters with a less stringent filter, retaining genes ex-
pressed in at least 10% of the cluster cells to capture a larger gene
set for downstream GSEA analysis. GSEA was conducted on Web-
Gestalt (56) by uploading the log,FC ranked gene list to the web
server. Functional database was set to geneontology (Biological
Process) and advanced parameters set to default. Enriched catego-
ries were first ranked on the basis of false discovery rate (FDR) and
then the top 10 significant categories were selected for plotting.
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Metabolic measurements

EchoMRI

Mouse body composition [fat mass and lean body mass (LBM)] was
measured weekly with a 4-in-1 EchoMRI body composition analyz-
er (EchoMRI, USA) and standard laboratory scales.

Oral glucose tolerance test

OGTTs (2 g/kg LBM) were performed in 5-hour—fasted mice, as
previously described (29). Blood was sampled from a lateral tail
vein nick at 0, 15, 30, 45, 60, 90, and 120 min after glucose bolus
delivery, and glucose was measured using test strip and a glucome-
ter (Accu-Chek Performa, 22001BO, McFarlane Medical and Scien-
tific, VIC, Australia).

Plasma measurements

Insulin concentrations were measured using a Mouse Ultrasensitive
Insulin ELISA kit (ALPCO) according to the manufacturer's
instructions.

Indirect calorimetry

Mice were placed into Promethion (Sable Systems International)
metabolic cages to adapt to their surroundings for 48 hours
before study. Data from two light-dark cycles were used in the anal-
ysis. Rates of O, consumption (VO,; ml kg_1 hour™!) and CO, pro-
duction (VCO,) were continuously acquired as was food intake.
These data were used to calculate the total energy expenditure,
which is the kilocalories used for all bodily activity, corrected for
lean mass (LM) over a 24-hour period.

Histology, NAS, and imaging

Freshly collected liver tissues from MUP-uPA, MUP-uPA/sgp130Fc
transgenic and C57BL/6 mice were fixed in 10% NBF or 4% para-
formaldehyde, embedded in paraffin [formalin-fixed, paraffin-em-
bedded (FFPE)], sectioned, and stained with H&E and PSR. For
frozen-block preparation, tissues were embedded in Tissue-Tek
optimum cutting temperature compound and frozen in a 2-meth-
ylbutane/dry-ice slurry and stored at —80°C until sectioning for
SHG microscopy of collagen. Representative images were captured
on an upright light (H&E and PSR), fluorescence (TUNEL), or con-
focal (SHG) microscopes (Zeiss) equipped with an AxioCam
camera. The H&E-stained liver sections were scored by a vet pathol-
ogist and three independent assessors for signs of NASH as per the
NASH Clinical Research Network histological scoring system (57).
Each individual point represents a mean score from the assessors
per section.

The resulting NAS is a sum of steatosis, ballooning, and inflam-
mation scores. Fibrosis was scored as per NASH CRN guidelines
and reported separately. Fibrosis was quantified in PSR-stained
liver sections with image quantification (FIJI software) and reported
as average collagen size in square micrometers minus WT samples
(normal collagen staining around vessels and liver capsule).

ALT assay

Plasma ALT levels were measured from plasma samples taken at 24
weeks (at biopsy) and 40 weeks (end of study) as a measure of liver
damage as per the manufacturer’s instructions (ALT Reagent,
Thermo Fisher Scientific, TR71121).

Tumor biology

At the end of the 40-week study, the remaining whole livers were
fixed (10% NBF), and tumors were microdissected out of the
liver, counted, and sized. Tumor volume was calculated using the
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modified ellipsoid method [0.5 (length x width?)] after sizing with a
digital caliper. Tumor markers alpha-fetoprotein (ab46799, Abcam,
1:100 dilution) and p62 (23214, Cell Signaling Technology, 1:250
dilution) were detected within dewaxed, rehydrated liver FFPE sec-
tions and stained overnight at 4°C in blocking reagent (Ultracruz,
Santa Cruz Biotechnology) following heat-based antigen retrieval
(15 min, 95°C in 10 mM sodium citrate buffer with buffer refresh
at 10 min). Tumor markers were visualized with chromogen DAB/
0.5% hydrogen peroxide [0.1 M tris-HCI (pH 7.6)] following horse-
radish peroxidase (HRP)—conjugated secondary antibody incuba-
tion (90 min, GTX213110-01, GeneTex, 1:250) and three PBS
washes. Sections were counterstained with hematoxylin, washed
in distilled water, dehydrated through ethanol and xylene, and
then mounted in limonene organic mounting media (Santa Cruz
Biotechnology) before visualization via light microscopy. Area of
brown DAB staining was quantified (FIJI software).

TUNEL staining

TUNEL staining was performed on liver sections using a TUNEL
assay kit (Abcam, ab66110) according to the manufacturer’s in-
structions and counterstained with DAPI. Positive areas of BrDU
incorporation into apoptotic cells were counted (FIJI software)
and reported as percentage of all cells (DAPI") in the field of view.

GLCM analysis

To assess stromal collagen fiber organization and cross-linking,
GLCM analysis was used to characterize the texture of the organo-
typic matrix samples by determining the correlation of the SHG
signal intensity within the matrix, as a function of distance, where
a slower decay shows a more organized and correlated network of
collagen fibers (58). SHG images were acquired with the laser power
adjusted to give an approximately uniform intensity between
images. For each matrix within a triplicate, five representative
regions were taken with a field-of-view of 512 by 512 um, a line av-
eraging of 32, and a scan speed of 400 Hz. The average GLCM
texture parameters were calculated between pixel offsets in 1-pixel
increments, up to 100 pixels, at 0°, 90°, 180°, and 270° orientations.
The image correlation, as a function of distance, was plotted, and
the mean correlation distance D = Y d;c(d;)/> " c(d;), where d; is
the offset of the ith pixel and ¢(d) is the GLCM correlation, as a
function of distance.

RNA-seq analysis

RNA-seq analysis from frozen liver samples was performed as pre-
viously described (14). RNA was extracted from snap-frozen liver
using the NucleoSpin RNA kit (Macherey-Nagel) according to the
manufacturer’s instructions. Library preparation for RNA-seq was
performed using TruSeq Stranded mRNA Library Prep Kit (Illumi-
na), following the manufacturer’s guidelines and best practices. For
quality control of the libraries, the samples were inspected with a
Bioanalyzer chip (DNA 1000, Agilent). Sequencing was performed
for paired-end samples on a HiSeq 2500 v4.0 system. The resulting
fastq files were quality controlled using FastQC, and adapters were
trimmed using TrimGalore! v0.4.0 (both developed at the Babra-
ham Institute) for paired-end sequenced samples. The trimmed
fastq files were aligned to the mouse reference genome (Mus_mus-
culus.GRCm38.83) using STAR aligner (v2.5.1) (59). RSEM (v1.3.0)
(60) was used to estimate gene expression levels. Downstream anal-
ysis for DEGs from the raw count table was performed using edgeR
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(61) in R. Genes were considered differentially expressed at Benja-
mini-Hochberg's FDR < 0.05. Heatmaps were drawn using the R
package gplots — heatmap.2; R package version 3.1.1; https://
CRAN.R-project.org/package=gplots. Clustering columns and
rows and the values for each row were centered and scaled.
Mapping of gene expression levels to biological pathways was per-
formed using GSEA in Reactome (https://reactome.org) following
mouse-to-human conversion of the DEGs list. Gene sets were ob-
tained from the Molecular Signatures Database (Human MsigDB,
version 5.0, collections).

qPCR

RNA samples were prepared from frozen liver tissue using Isolate II
Mini kit (Bioline) as per the manufacturer's instructions. RNA was
reverse-transcribed using a Tetro cDNA synthesis kit (Bioline), and
qPCR was performed using Tagman probes (Thermo Fisher Scien-
tific) on a Bio-Rad CFX96 machine. Relative mRNA expression was
calculated from the comparative threshold cycle (Ct) values relative
to hypoxanthine guanine phosphoribosyl transferase housekeeping
mRNA. PCR primers were designed using online using the Tagman
assay search tool for best coverage against the below gene tran-
scripts: tnf (Mm00443258_m1), il4 (Mm00445259_m1), emrl
(F4/80) (Mm00802529_m1), il6 (Mm00446190_m1), illbeta
(Mm00434228_m1), and tgfbeta (Mm01178820_m1).

XBP-1 splicing assay

RNA transcripts were probed to assay the level of XBP-1 splicing as
described previously (62). Briefly, total isolated RNA from livers
was reverse-transcribed to cDNA (see qQPCR) and primers designed
specifically to amplify XBP-1 mRNA across the splice junction (5’
oligo: AAACAGAGTAGCAGCGCAGACTGC, 3’ oligo: GGATCT
CTAAAACTAGAGGCTTGGTG) were used in a hot start PCR
under the following cycling conditions: 94°C for 30 s (initial dena-
turation), 94°/51°/68°C for 30/30/60 s, 30 cycles (denaturation/an-
nealing/extension) and 68°C for 5 min (final extension) using 5 pl of
cDNA (Hot start Tag DNA Polymerase, NEB, M0495S). Incubation
of the amplicon at 4°C occurred for 5 min before the addition of 25
ul of the Pst I restriction enzyme in restriction buffer with nuclease-
free water (Pst I-HF, NEB, and R0410S) and incubation at 37°C for
15 min. The restriction reaction was terminated by the addition of
10 pl of 6 loading dye at room temperature, and the entire 50 ul of
digested cDNA was run on a 1.5% agarose gel in 1x tris-acetate-
EDTA buffer against a 100-base pair DNA ladder (N3231S,
NEB). Total XBP-1 (unspliced) contains a Pst I restriction site,
whereas spliced (active) XBP-1 does not; therefore, the Pst I-digest-
ed total XBP-1 doublet runs faster (the lower doublet band) on the
gel. XBP-1 activity was quantified as the ratio of spliced over total
XBP-1 (expressed as fold control).

Immunoblotting and antibodies

Immunoblotting analysis was performed on liver tissue lysates that
were separated by SDS—polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Blots were incubated
with 5% (w/v) non-fat dry milk in tris-buffered saline (TBS) with
0.1% (w/v) Tween 20 (MilliporeSigma) (TBST) at room tempera-
ture for 1 hour to block nonspecific binding, overnight at 4°C
with primary antibodies in 2.5% BSA (w/v) in TBST and finally
with HRP-conjugated secondary antibody in 2.5% BSA (w/v) in
TBST. Blots were developed using the Clarity Western ECL
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Substrate detection kit (Bio-Rad). Immunoblotting was performed
with antibodies against p-JNK (9251, Cell Signaling Technology),
total JNK (9252, Cell Signaling Technology), CHOP/ddit3
(ab11419, Abcam), calnexin (2679, Cell Signaling Technology),
heat HSF1 (4356, Cell Signaling Technology), phospho-eif2a
(3579, Cell Signaling Technology), total eif2a (9722, Cell Signaling
Technology), and calreticulin (28918, Cell Signaling Technology) or
glyceraldehyde-3-phosphate dehydrogenase (2118S, Cell Signaling
Technology) loading controls. All primary antibodies were diluted
1:1000. Secondary antibodies were diluted 1:10,000.

Lipidomics

Lipid species from frozen liver samples were prepared and assayed
as previously described (14). Liver tissue was homogenized in one
volume of PBS (pH 7.4) and sonicated. Next, a bicinchoninic acid
assay protein assay was performed, and 25 pug of each liver sample
was aliquoted and used for lipid extraction. An internal standard
mixture and CHCl;-methanol (2:1) mixture was added to each
sample before it was vortexed, mixed, sonicated, and centrifuged.
Lipid-containing supernatants were removed and dried before
being resuspended in H,O-saturated butanol and sonicated again.
Methanol with 10 mM ammonium was added, the resuspended
samples were centrifuged, and the supernatants were transferred
to individual glass vials. Lipidomic determination was performed
by liquid chromatography—electrospray ionization tandem mass
spectrometry, combined with a triple quadrupole mass spectrome-
ter. Data were analyzed using Multiquant software v1.2, and all lipid
species were normalized to the total phosphatidylcholine levels of
each sample.

Statistical analysis

All data are expressed as means + SEM. Statistical analyses was per-
formed in Prism and involved either one or two-way analyses of var-
iance (ANOVAs) with multiple comparisons or f tests between
groups indicated, following confirmation that the data were normal-
ly distributed via Kolmogorov-Smironov test and others (Shapiro-
Wilk, D' Agostino-Pearson, and Anderson-Darling). If the data were
not normally distributed, equivalent nonparametric tests were
instead performed, such as Freidmen's or Mann-Whitney tests.
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