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SUMMARY
Metabolic dysfunction-associated steatohepatitis (MASH) is a chronic liver disease characterized by inflam-
mation and fibrosis, with enhanced interleukin-18 (IL-18) signaling. IL-18-binding protein (IL-18BP) neutral-
izes IL-18, but its therapeutic potential in MASH is unclear. We find elevated IL-18BP and IL-18 levels in
patients with MASH and mice, with free IL-18 correlating with disease severity. IL-18 stimulates interferon-
gamma (IFNg) production in CD4 T cells, increasing hepatic IL-18BP. IL-18BP-deficient mice showworsened
liver inflammation and fibrosis. We develop a human IL-18BP biologics (APB-R3) and inject it to mice to eval-
uate its pharmacologic efficacy. APB-R3 significantly improves MASH in reducing fibrosis and inflammation
and inhibits hepatic stellate cell activation via the cGMP pathway. This study proposes that abrogation of IL-
18 signaling by boosting IL-18BP can strongly inhibit the development of MASH-induced fibrosis, and our
engineered IL-18BP biologics can become a promising therapeutic candidate for curing MASH.
INTRODUCTION

Metabolic dysfunction-associated steatohepatitis (MASH) is a

chronic liver disease featured by a broad spectrum of metabolic

dysfunction-associated fatty liver disease (MAFLD) ranging from

simple fatty liver to chronic liver inflammation and remarkable

fibrotic formation.1 The prevalence ofMASH is expected to grad-

ually increase by 63% from 2015 to 2030 due to the high occur-

rence of adult obesity and increases in aging diseases.2 In partic-

ular, MASH-induced hepatic fibrosis and cirrhosis can notably

influence the mortality rate of patients with MASH by leading to

the onset of cardiovascular disease and neuro-cognitive

dysfunction.3 Hepatic fibrosis is featured by excessive deposi-

tion of extracellular matrix (ECM) and scarring through persistent

cell death and inflammation in the liver.4 Hepatic stellate cells

(HSCs) are key players in liver fibrosis progression because acti-

vated HSCs highly express proteins associated with ECM pro-

duction and scar formation, leading to the development toward

myofibroblast. Extracellular mediators such as transforming
Cell Reports Medicine 6, 102047, A
This is an open access article under the CC BY-NC-ND
growth factor b (TGF-b) released from inflammatory cells can

promote imbalanced HSC activation.4 Interestingly, inflamma-

some activation can induce fibrotic phenotypes of HSCs,

thereby triggering hepatic fibrosis in a murine model.5 Emerging

concept of inactivating HSCs to inhibit fibrotic progression has

been focused on curing hepatic fibrosis in MASH. However, an

approved therapeutic strategy to disturb HSC activation to

relieve MASH and fibrosis is currently unavailable.6

Interleukin-18 (IL-18) is a pro-inflammatory cytokine that plays

a crucial role in the immune system by regulating immune

response to infection and inflammation. IL-18 is secreted by acti-

vation of NOD-like receptor family, pyrin domain-containing 3

(NLRP3) inflammasome. IL-18 can stimulate natural killer (NK)

cells and T lymphocytes to produce type 1 cytokines such as

interferon-gamma (IFNg).7 While IL-18 is essential for mounting

an effective immune response, uncontrolled action and produc-

tion of IL-18 can lead to harmful catastrophe by causing chronic

inflammation and tissue damage. Therefore, our body employs a

natural neutralizer for IL-18 known as IL-18-binding protein
pril 15, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Hepatic IL-18BP and IL-18 are elevated under MASH condition

Male C57BL/6J mice were fed with FPC diet for 16 weeks or with MCD diet for 6 weeks.

(A) Measurement of Il18bp, Il18, and Nlrp3 mRNA levels in the livers obtained from chow or FPC diet-fed mice by quantitative reverse-transcription PCR (qRT-

PCR) (n = 8 or 9).

(B) Measurement of Il18bp, Il18, and Nlrp3 mRNA levels in the livers obtained from chow or MCD diet-fed mice by qRT-PCR (n = 3 or 8).

(C) ELISA assay was conducted to measure hepatic amounts of IL-18BP, IL-18, and free IL-18 in FPC (left, n = 5 or 8) or MCD (right, n = 8) diet-fed mice.

(D) Gene expression analysis was conducted using public datasets obtained fromGEO site at the NCBI (GSE61260). Hepatic mRNA levels of IL18were analyzed.

The data processed as quantile normalized intensity value (n = 38 for normal; n = 24 for MASH).

(legend continued on next page)
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(IL-18BP) which is a soluble protein that can directly bind to IL-

18, thereby blocking its interaction with IL-18 receptors.8 IL-

18BP can prevent pro-inflammatory activation of IL-18 and

help maintain immune homeostasis. Impaired balance of IL-18

and IL-18BP has been implicated in various disorders, including

autoimmune diseases, cancers, and infectious diseases.7

Constitutively activated NLRP3 can promote the production of

IL-1b and IL-18, resulting in spontaneous induction of hepatic

inflammation and fibrosis in mice.9 Indeed, patients with MASH

exhibit amplified activities of NLRP3 and caspase-1 in their

livers.10 Blockade of NLRP3 inflammasome after treatment

with MCC950, a selective inhibitor of NLRP3 inflammasome,

can effectively attenuate liver inflammation and scarring forma-

tion in MASH mouse models.11 Interestingly, disturbance of IL-

1b by an IL-1 receptor antagonist could not rescue the degree

of fibrosis, indicating that other NLRP3-dependent players

contribute to fibrotic activation.9 Recently, it has been found

that IL-18 can directly drive HSC activation in hyperactivated

NLRP3 models, indicating the role of IL-18 in the development

of hepatic fibrosis.12 In addition, enhanced IL-18 signaling can

exacerbate liver inflammation through NK and T cell-mediated

IFNg productions.13 Plasma concentrations of IL-18 are elevated

in patients with chronic liver cirrhosis and correlatedwith disease

severity.14 Thus, pharmacological approaches that can inhibit IL-

18 signaling might provide a promising opportunity to ameliorate

MASH-driven inflammation and fibrosis.

In severe condition of chronic liver diseases, amounts of

plasma IL-18BP are increased. However, elevated IL-18BP

levels are insufficient to prevent disease progression.14 Exoge-

nous injection of IL-18BP can ameliorate endotoxin-induced liver

damages.15 Therefore, we examined the therapeutic potential of

IL-18BP to cure liver inflammation and fibrosis in multiple MASH

models. Herein, we found that free IL-18 levels were elevated un-

der MASH conditions even if the production of IL-18BP was

increased. Systemic loss of IL-18BP largely exacerbated liver

inflammation and fibrosis in a mousemodel of MASH.We further

employed our engineered IL-18BP biologics (APB-R3), which

showed a long serum half-life in rodent and monkey. Here, we

provide clear evidence for the therapeutic potency of IL-18BP bi-

ologics to ameliorate hepatic fibrosis in multiple MASH models.

Our results suggest a novel approach of combining IL-18BP bi-

ologics with anti-steatotic agents to relieve MASH development.

RESULTS

Hepatic free IL-18 is elevated inMASH condition despite
increased expression of IL-18BP
To analyze hepatic IL-18 signaling under an experimental MASH

condition, we employed a fructose, palmitate, and cholesterol
(E) Correlation between mRNA levels of hepatic IL18 and parameters of liver injur

with MASH (n = 23).

(F) Tissue expression of IL-18BP and IL-18 in chow or FPC diet-fed mice (n = 4).

(G) ELISA assay was conducted to measure plasma concentration of IL-18BP an

(H) ELISA assay was conducted to measure concentrations of IL-18BP, IL-18, an

(I) Correlation between plasma free IL-18 and parameters of liver injuries including

*p < 0.05, **p< 0.01, and ***p< 0.001. The data represent mean ±SEM. The data w

or one-way ANOVA with Tukey’s post hoc test for multiple groups.
and trans-fat (FPC) and a methionine choline-deficient (MCD)

diet to induce steatohepatitis, fibrosis, and inflammasome activa-

tion in C57BL/6J mice.11,16 It was found that mRNA levels of

Il18bp in the liver were induced by feeding with FPC and MCD

diets (Figures 1A and 1B). Consistently, hepatic amounts of IL-

18BP proteins were increased under MASH conditions (Fig-

ure 1C). Transcriptional levels of the Il18 gene were not upregu-

lated in the livers of FPC-fed mice. However, IL-18 protein levels

were elevated because NLRP3 was activated following MASH

injury (Figures 1A–1C). Ileum-derived IL-18 was also enhanced

in MASH condition (Figure S1A). Active free IL-18 levels were still

higher in MASH livers, although amounts of IL-18BP protein were

augmented, suggesting that elevated levels of IL-18BP were

insufficient to completely inhibit IL-18 signaling (Figures 1A–1C).

Transcriptional levels of IL-18 receptors (Il18r1, Il18rap) were

also increased in MASH livers (Figure S1B). Analysis of public hu-

manNCBI database (GSE61260) showed that transcription levels

ofhepaticgenesassociatedwith IL-18BPand IL-18pathwaywere

significantly higher inMASH livers than in normal livers (Figures1D

andS1C). Interestingly, hepatic transcription levels of human IL18

showed positive correlations with MASH injury markers such as

plasma alanine aminotransferase (ALT)/aspartate aminotrans-

ferase (AST) levels and Fibrosis-4 Index (FIB_4) score (Figure 1E).

Next, we investigated the amount of IL-18BP and IL-18 in many

tissues to check local or systemic effects. Liver was not an organ

that expressed IL-18BPand IL-18 themost abundantly compared

to other organs, but FPC diet only increased amounts of IL-18BP

and IL-18 in the liver, guessing that IL-18and IL-18BPcould locally

contribute to liver diseases (Figure 1F). However, increased pro-

duction of hepatic IL-18BP and IL-18 caused by feeding the

FPC diet and a choline-deficient L-amino acid-defined high-fat

diet (CDAA-HFD) resulted in elevated plasma concentration of

IL-18BP and IL-18 (Figures 1G and S1D). We observed that con-

centrationsofplasma IL-18were increased inhumanpatientswith

MASH as well, whereas IL-18BP levels were not significantly

higher in patientswithMASHcompared to a healthy control group

(Figure 1H). Therefore, the level of circulating free IL-18 in human

was elevated under MASH condition. It exhibited prominent pos-

itive correlation with plasma ALT/AST levels, indicating that

plasma free IL-18 couldbe apredictivemarker for the progression

of catastrophic MASH (Figure 1I). Taken together, these results

propose the relevance of increased IL-18BP and activated IL-18

signaling clinically and experimentally in MASH progression.

Augmented IL-18 promotes the release of hepatic IL-
18BP via IFNg production
To further elucidate the relevance of IL-18 and IL-18BP in hepatic

inflammation, we performed immunostaining of IL-18BP in FPC

and MCD-fed mice. MASH liver tissues exhibited obvious
ies including plasma ALT, AST, and FIB_4 score in the livers of human patients

d IL-18 in FPC diet-fed mice (n = 5 or 10).

d free IL-18 in plasma of human patients with healthy and MASH (n = 9 or 17).

plasma ALT and AST levels obtained from human patients with MASH (n = 19).

ere analyzed by the unpaired two-sided Student’s t test for simple comparisons
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steatosis and inflammatory foci based on hematoxylin and eosin

(H&E) staining of tissue sections (data not shown). Herein, IL-

18BP expression levels in liver tissues were significantly

enhanced under MASH condition, especially in parenchymal he-

patocytes (Figure 2A). To delineate the inducer of IL-18BP in he-

patocytes, we stimulated primary hepatocytes with several in-

flammatory cytokines related to hepatic inflammation. Among

them, IFNg markedly induced mRNA expression and secretion

of IL-18BP on primary hepatocytes (Figures 2B and 2C). IFNg

only enhanced Il18bpmRNA levels in hepatocytes, not in stellate

cells and Kupffer cells (Figure 2D). The treatment with IFNg at

1 ng/mL for 12 h sufficiently induced Il18bp mRNA expression

(Figure 2E). Indeed, the transcriptional level of Ifng was notably

increased (Figure 2F), and the blockade of IFNg attenuated the

expression of Il18bp mRNA (Figure 2G) in the livers of MASH

mice. Crucially, levels of both IFNg and IL-18BP in the livers of

MASH mice were elevated, and their positive correlation be-

tween these proteins (Figures 2H, S2A, and S2B) suggests that

IFNg is responsible for IL-18BP expression in the livers of two

distinct MASHmodels. To gain further understanding of the IFN-

g-IL-18BP regulatory pathway, we analyzed the number of

IFNg-producing cells, including T cells, NK cells, and ILC1 in

the liver of a MASH mouse model. While normal and MASH

model mice showed comparable proportion and numbers of

CD8 T cells, NK cells, and ILC1 (Figures S2C and S2D), the num-

ber of IFNg+ CD4 T cells in the FPC andMCD diet-fed group was

substantially higher than in the control group fed with a chow diet

(Figures 2I and S2B). Furthermore, depletion of CD4 T cells using

an anti-CD4 antibody led to a decrease in Il18bp expression in

the liver, suggesting that CD4 T cells might play a role in regu-

lating the IFNg-IL-18BP axis in the liver (Figure 2J). IL-18 is a

potent stimulant that can effectively increase the production of

IFNg from CD4 T cells through IL-18 receptor-mediated path-

ways. Thus, we investigated the function of IL-18 in this regula-

tory axis. Il18bp transcription in hepatocytes was not directly

stimulated by IL-18. However, the expression of Il18bp in hepa-

tocytes was significantly enhanced by a conditioned medium

(CM) of activated CD4 T cells following anti-CD3 treatment in

combination with IL-18 (Figure 2K). Furthermore, the expression
Figure 2. Augmented IL-18 leads to release of hepatic IL-18BP via T c

(A) Representative images of IL-18BP immunostaining in FPC diet-fed liver section

(B) Measurement of Il18bp mRNA levels treated with pro-inflammatory cytokines

(C) Immunoblot for IL-18BP in cell supernatant obtained from IFNg-treated prim

(D) Measurement of Il18bp mRNA levels treated with IFNg in primary hepatocyte

(E) Primary hepatocytes were treatedwith IFNg as indicated concentrations (18 h) a

(F) Measurement of Ifng mRNA levels in the livers obtained from chow or FPC di

(G) Neutralizing antibodies against IFNg were injected in FPC diet-fed mice. Hep

(H) Correlation between hepatic amounts of IL-18BP and IFNg in livers obtained

(I) The percentages and numbers of IFNg-positive CD4 T cells in the FPC diet-fe

(J) Neutralizing antibodies against CD4 or CD8 were injected in FPC diet-fed mic

(K) Primary hepatocytes were incubated with conditioned medium (CM) from the c

Measurement of Il18bpmRNA levelswasperformedbyqRT-PCR (left, n= 4). The c

(L) Primary hepatocytes were incubated with CM from the culture of anti-CD3 or r

Il18bp mRNA levels was performed by qRT-PCR (n = 4).

(M) Isolated CD4 T cells from MASH-induced liver were treated with rIL-18 ex viv

(N) The hepatic percentage of IFNg-positive cells within IL-18Ra+ or IL-18Ra� C

(O) The percentage of IL-18Ra-positive cells within CD4 T cells obtained from liv

*p < 0.05, **p< 0.01, and ***p< 0.001. The data represent mean ±SEM. The data w

or one-way ANOVA with Tukey’s post hoc test for multiple groups.
level of IFNg in the CM corresponded to the level of Il18bp

expression (Figure 2K). Its induction was minimized by the use

of an anti-IFNg-neutralizing antibody (Figure 2L). These findings

suggest that CD4 T lymphocytes activated by IL-18 are account-

able for the release of IL-18BP from primary hepatocytes by

increasing the production of IFNg. Indeed, CD4 T cells obtained

from livers of MASH model mice exhibited a response to IL-18

and produced higher IFNg (Figure 2M). In contrast, CD8 T and

NK cells did not respond to IL-18 in terms of IFNg production

(data not shown). In particular, CD4 T cells in the livers of mice

with MASH could be grouped as either IL-18Ra+ or IL-18Ra�

CD4 T cells. The former group primarily consisted of cells that

produced IFNg (Figure 2N). Notably, the percentage of IL-

18Ra+ CD4 T cells was significantly higher in the MASH model

of mice than in the control group (Figure 2O). Collectively, our

findings indicate that elevated IL-18Ra+ CD4 T cells, which

respond to higher IL-18 levels and directly generate IFNg via

the IL-18-CD4 T-IL-18BP axis, can function as regulators of he-

patic inflammation by stimulating the expression of IL-18BP in

the MASH model.

Knockout of IL-18BP worsens liver inflammation and
fibrosis in MASH models
Given that IL-18BP has the potential to act as a modulator of

hepatitis, we generated IL-18BP knockout (KO) mice using

CRISPR-Cas9 method and investigated the effect of IL-18BP

deficiency on MASH progression (Figure S3A).17 Body weights

of mice were not significantly different between wild-type and

IL-18BP KO groups after FPC diet feeding (Figure S3B).

Compared to FPC-fed WT (WT FPC) mice, FPC-fed IL-18BP

KO (KO FPC) mice showed largely increased indicators of

MASH symptoms including liver/body weight ratio and plasma

ALT/AST levels (Figures 3A and 3B). However, lipid accumula-

tion and hepatic triglyceride (TG) levels did not differ between

WT FPC and KO FPC groups of mice, indicating that loss of IL-

18BP did not affect hepatic steatosis, although IL-18BP KO

mice showed increased transcription levels of genes related

with lipid synthesis, transport, and breakdown (Figures 3C,

S3C, and S3D). Instead, the nonalcoholic fatty liver disease
ell-driven IFNg production

s. Scale bar, 100 mm. Stained area of IL-18BPwasmeasured by ImageJ (n = 5).

in primary hepatocytes (n = 4).

ary hepatocytes.

s, hepatic stellate cells (HSCs), and Kupffer cells (KCs) (n = 4).

nd time intervals (20 ng/mL), and then Il18bpmRNA levels weremeasured (n = 4).

et-fed mice (n = 9).

atic Il18bp mRNA levels were measured (n = 10 or 4).

from chow and FPC diet-fed mice (n = 15).

d livers were analyzed by flow cytometry (n = 4).

e. Hepatic Il18bp mRNA levels were measured (n = 5 or 4).

ulture of anti-CD3 or recombinant IL-18 (rIL-18)-pretreated CD4 T cells for 18 h.

oncentrations of IFNg (right) in hepatocytesmediumweremeasured (right, n= 4).

IL-18-pretreated CD4 T cells for 18 h with anti-IFNg antibody. Measurement of

o. The percentage of IFNg-positive cells was analyzed (n = 5).

D4 T cells was analyzed by flow cytometry (n = 5).

ers of chow and FPC diet-fed mice was analyzed (n = 5 or 10).

ere analyzed by the unpaired two-sided Student’s t test for simple comparisons
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activity score (NAS) score and the number of inflammatory foci

were significantly increased in IL-18BP KO mice (Figure 3D). In

addition, more infiltration of inflammatory monocyte-derived

cells (MDCs) and IFNg-positive CD4 and CD8 T cells was

observed in the livers of KO FPC mice (Figures 3E and S3E).

Remarkably, collagen deposition and the content of liver hy-

droxyproline were notably augmented in the livers of IL-18BP-

deficient mice (Figures 3F and 3G). Immunostaining of a smooth

muscle actin (aSMA) and other collagen staining confirmed sig-

nificant induction of hepatic fibrosis by loss of IL-18BP (Fig-

ure S3F). In addition, mRNA expression levels of Ifng, Tnfa,

and chemokine (C-C motif) ligand 2 (ccl2) (inflammation-associ-

ated genes) and Col1a1, Col3a1, Acta2, and Timp1 (fibrosis-

associated genes) were largely upregulated in the livers of KO

FPC mice (Figure 3H). Consistently, IL-18 deficiency increased

the number of hepatic inflammatory foci and collagen-positive

area in MCD diet model of mice (Figure S3G). Altogether, these

results suggest that IL-18BP, a natural antagonist of IL-18, is a

crucial gatekeeper for inhibiting the progression of hepatic

inflammation and fibrosis in MASH models.

Treatment with APB-R3, a long-acting IL-18BP,
ameliorates MASH symptoms with attenuation of
hepatic inflammation via IFNg
To test the therapeutic effect of IL-18BP onMASH development,

we developed a long-acting human IL-18BP biologics, APB-R3,

recombinantly fused with an anti-Serum Albumin Fragment anti-

gen-binding (Fab)-Associated (SAFA) that could enhance the

half-life in rodents andmonkeys (Figure 4A).17 Hepatic outcomes

of APB-R3 treatment in mice with FPC diet-induced MASH were

assessed with sole or co-administration of anti-steatotic agents

(liraglutide; glucagon-like peptide-1 [GLP-1] receptor agonist)

because IL-18BP did not alter hepatic steatosis (Figure 3C). Lir-

aglutide is an agonistic peptide analog for GLP-1 receptor

(GLP1R) that can decrease liver fat contents by significantly

reducing body weight.18 The ratio of liver/body weight was not

markedly reduced by sole treatment with APB-R3, whereas

APB-R3 significantly decreased plasma ALT and AST levels

(Figures 4B and 4C). APB-R3 did not alter body weights of

mice with MASH diet, but liraglutide reduced this parameter

(Figures S4A and S4B). Hepatic steatosis was decreased by lir-

aglutide, whereas APB-R3 failed to dramatically reduce lipid

accumulation, consistent with results of IL-18BP-deficient livers

(Figures 4D and S4C). We further found that plasma free IL-18

levels were elevated in patients with MASH with complications

of diabetic mellitus and positive correlations between plasma
Figure 3. Knockout of IL-18BP worsens liver inflammation and fibrosis

8-week-old C57BL/6J wild-type (WT) and IL-18BP knockout (KO) mice were fed

(A) Representative captured livers (left) and the liver/body weight ratio at the end

(B) Measurement of plasma ALT and AST levels.

(C) H&E and oil red O-stained liver sections (left). Scale bar, 100 mm. Hepatic TG

(D) NAS score and numbers of inflammatory foci of liver histology.

(E) The numbers of Ly6Chi monocyte-derived cells (MDCs) were analyzed by flow

(F) Sirius red-stained liver sections (left). Scale bar, 100 mm. Stained positive are

(G) Measurement of hepatic hydroxyproline.

(H) Measurement of mRNA levels of pro-inflammatory and fibrosis genes such a

*p < 0.05, **p < 0.01, and ***p < 0.001. The data represent mean ± SEM. n = 5–11

hoc test for multiple groups.
free IL-18 levels and glucose levels (Figure S4D). However,

APB-R3 did not improve parameters of glucose tolerance in

mice fed with the FPC diet (Figures S4E and S4F). Interestingly,

the impact of APB-R3 was mainly associated with attenuation of

liver inflammation such as inflammatory foci and inflammatory

MDC infiltration, resulting in prominent attenuation of histological

NAS score after co-treatment with APB-R3 and liraglutide

(Figures 4E and 4F). Numbers of inflammatory foci were also

reduced by APB-R3 in the livers of mice with MCD and CDAA-

HFD-induced acute MASH (Figures S5A and S5C). The group

with APB-R3 treatment showed slight reductions in hepatic

IFNg and numbers of IFNg-positive cells (Figures 4F, 4G, and

S4G). Cytometric bead array also revealed that pro-inflamma-

tory cytokines such as IL-1a, CCL2, and granulocyte-macro-

phage colony-stimulating factor (GM-CSF) in systemic plasma

were reduced by APB-R3 (Figure 4H).

Next, we investigated the global transcriptomics of vehicle- or

APB-R3-treated livers of FPC diet-fed mice. Administration of

APB-R3 downregulatedmRNA levels of various genes especially

those associated with inflammatory responses including type 2

IFN, tumor necrosis factor, and IL-1 regulation (Figures 4I–4K).

In particular, downstream genes of IFN signaling were lowered

by APB-R3 treatment (Figure 4L). To find whether IFNg was a

major cytokine for APB-R3-mediated suppression of hepatic

inflammation, we co-injected IFNg neutralization antibody to

completely block IFNg actions. Surprisingly, the beneficial ef-

fects of anti-IFNg in attenuating MASHwere changed into harm-

ful effects, which enhanced plasma ALT/AST levels and hepatic

inflammation when APB-R3 was co-injected (Figures 4M–4O).

These results indicate that APB-R3 can inhibit inflammatory pro-

gression of MASH by decreasing the production of IFNg, a

downstream cytokine of IL-18.

APB-R3 prevents the progression of hepatic fibrosis via
HSC inactivation
Liver sections from FPC diet-induced MASHmice displayed that

APB-R3 treatment strikingly abolished collagen accumulation

and sinusoidal fibrosis (Figures 5A and 5B). However, sole treat-

ment with liraglutide failed to eradicate the regions of periportal

and pericentral fibrosis (Figures 5A and 5B). Collagen staining

using Masson’s trichrome confirmed an anti-fibrotic effect of

APB-R3 on MASH (Figure 5C). Effects of APB-R3 on hepatic

collagen deposition were also observed in MCD and CDAA-

HFD diet-fed mice (Figures S5A–S5E). Levels of hepatic

hydroxyproline and plasma procollagen type III N-terminal

(Pro-C3) as biomarkers of liver fibrosis were also decreased in
in MASH models

chow or FPC diet for 15 weeks.

of experiments (right).

levels were measured (right).

cytometry in the liver.

a was measured by ImageJ (right).

s Ifng, Tnfa, Ccl2, Col1a1, Col3a1, Acta2, and Timp1 in the liver.

per mice group. The data were analyzed by one-way ANOVA with Tukey’s post
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APB-R3-treated mice (Figures 5D and 5E). Immunostaining of

collagen type 1, aSMA, and desmin revealed that fibrotic activa-

tion of HSCs was inhibited by APB-R3 treatment (Figure 5F).

APB-R3 also reduced the hepatic expression of aSMA

(Figures 5G and S5F). Transcriptomic analysis revealed that

APB-R3 broadly downregulated the transcription levels of genes

associated with ECM organization and collagen biosynthetic

process, indicating that APB-R3 treatment could reduce

mRNA levels of hepatic fibrosis genes (Figures 4J, 5H, and 5I).

Therefore, APB-R3 combined with anti-steatotic drugs can

inhibit the progression of MASH liver with anti-lipid and -fibrosis

effects (Figures 4 and 5). We further tested the anti-fibrotic effect

of APB-R3 in carbon tetrachloride (CCl4)-induced hepatic

fibrosis model. Administration of APB-R3 remarkably alleviated

the formation of bridging fibrosis and collagen deposition

(Figures 5J and S5G). aSMA-positive area in the liver was also

reduced after APB-R3 administration (Figures 5K and S5G).

APB-R3 also reduced diagnostic plasma concentrations of

Pro-C3, indicating that neutralization of IL-18 signaling by our

engineered long-acting IL-18BP biologics could prevent hepatic

fibrogenesis in toxin-induced liver fibrosis models (Figure 5L).

Next, we examined whether blockade of IL-18 by APB-R3

could suppress the progression of MASH using the stelic animal

model (STAM) model in which mice displayed hepatic character-

istics of steatosis, ballooning, and inflammation until 12 weeks

similar to human MASH.19 Telmisartan was employed as a pos-

itive control with a disease comparator in the STAM model to

compare with the effectiveness of APB-R3 because telmisartan

could improve hepatic steatosis, inflammation, and fibrosis via

the modulation of peroxisome proliferator-activated receptors

in amousemodel of STAM (Figure S6A).20 APB-R3 did not signif-

icantly decrease the mass of liver weight, although plasma ALT

and AST activities were similarly reduced by treatment with

APB-R3 and telmisartan (Figures S6B and S6C). Unexpectedly,

APB-R3 administration improved hepatic steatosis based on

histology and reduction in amounts of TGs unlike other MASH di-

ets, indicating that insulin deficiency of the STAM model might

have caused distinct lipid alteration after APB-R3 administration

(Figures S6D and S6E). Inflammation markers such as numbers

of inflammatory foci, plasma cytokines, and inflammatory gene

transcriptions were consistently reduced after APB-R3 treat-
Figure 4. Treatment of APB-R3, a long-acting biologics of IL-18BP,

agonist

(A–I) C57BL/6J wild-type mice were fed FPC diet for 19 weeks. Drugs were adm

100 mg/kg of GLP1 agonist (Liraglutide) were administered three times a week as i

(left) and the ratio of liver/bodyweight (right). (C) Plasma ALT and AST levels werem

(left). Scale bar, 100 mm. The amount of hepatic triglycerides (TGs) wasmeasured

The numbers of Ly6Chi MDCs and IFNg-positive CD4 T cells were analyzed by fl

amounts of IFNg. (H) Bead cytokine array was conducted for blood plasma. Rep

analysis of mRNA transcripts of vehicle or APB-R3-treated livers.

(J) Representative pathways of Gene Ontology enrichment analysis for downreg

(K) Heatmap analysis of the genes related with inflammatory response in vehicle

(L) GSEA analysis for reactome of interferon signaling in vehicle or APB-R3-treat

(M–O) C57BL/6J wild-type mice were fed FPC diet for 19 weeks. Drugs were adm

were administered three times a week as indicated. (M) Plasma ALT and AST leve

foci of liver histology. (O) Measurement of mRNA levels of proinflammatory gene

*p < 0.05, **p< 0.01, and ***p < 0.001. The data represent mean±SEM. n= 4–8 per

test for multiple groups.
ment (Figures S6F–S6H). Fibrotic attenuation by treatment with

APB-R3 relative to the vehicle-treated group was observed

(Figures S6I–S6K). APB-R3 effectively downregulated the tran-

scriptional levels of fibrotic marker genes in STAM livers (Fig-

ure S6L). Pharmacological effects based on the results of diet-

and STAM-induced MASH models indicate that APB-R3 is an

attractive therapeutic drug to effectively ameliorate MASH

development.

IL-18 can directly lead to fibrotic activation of primary HSCs

when the NLRP3 inflammasome is activated.5,12 We found that

activated HSCs increased IL-18 secretion by activating NLRP3

pathways (Figures 6A–6C). We observed that IL-18 blockade

by APB-R3 incubation notably decreased transcriptional levels

of fibrotic gene markers and aSMA expression in both primary

mouse HSCs and LX-2 human HSC lines (Figures 6D–6F).

Next, we analyzed global transcriptome profiles after APB-R3

treatment and confirmed that APB-R3 altered the transcription

levels of many genes in primary HSCs (Figure 6G). DAVID

Gene Ontology analysis for downregulated genes by APB-R3 re-

vealed associations with acute-phase response, ECM organiza-

tion, and so on (Figure 6H). Consistently, APB-R3 downregulated

the transcription levels of genes associated with ECM organiza-

tion and collagen formation (Figures 6I and 6J). Interestingly,

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis found that APB-R3 blocked mRNA transcriptions of

specific genes related to the cyclic guanosine monophosphate

(cGMP)-protein kinase G (PKG) signaling pathway (Figure 6K).

Indeed, treatment of cell-permeable cGMP reversed downregu-

lated fibrosis marker genes caused by incubation with APB-R3,

indicating that disturbance of the cGMP-PKGpathwaywas a key

mechanism suppressing the fibrotic activation of HSCs upon

APB-R3 treatment (Figure 6L).

Treatment of APB-R3 after severely established MASH
ameliorates fibrosis features
Finally, we tested whether APB-R3 could block severe proper-

ties of MASH after liver fibrosis was already established. Addi-

tionally, we compared therapeutic values of APB-R3 with the

Food and Drug Administration (FDA)-approved first-in-class

MASH drug, thyroid receptor b (THRb) agonist MGL-3196 (re-

smetirom) (Figure 7A).21 APB-R3 did not change mice body
ameliorates MASH symptoms by combination therapy with GLP1R

inistered from 11 to 19 weeks. 8 mg/kg of APB-R3 (SAFA-hIL-18BP) and/or

ndicated. (A) Molecular structure of APB-R3. (B) Representative captured livers

easured at the end of experiments. (D) H&E and oil red O-stained liver sections

(right). (E) The numbers of inflammatory foci and NAS score of liver histology. (F)

ow cytometry in the liver. (G) ELISA assay was conducted to measure hepatic

resentative results for IL-1a, CCL2, and GM-CSF were exhibited. (I) Heatmap

ulated genes in APB-R3-treated livers.

or APB-R3 administration.

ed livers.

inistered from 11 to 19 weeks. 8 mg/kg of APB-R3 and/or 10mg/kg of anti-IFNg

ls were measured at the end of experiments. (N) The numbers of inflammatory

s such as Tnfa and Il6 in the livers.

mice group. The data were analyzed by one-way ANOVAwith Tukey’s post hoc
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weight, but MGL-3196 dramatically reduced this parameter (Fig-

ure 7B). Also, liver/body weight ratio was not altered by APB-R3,

whereas MGL-3196 decreased this ratio, indicating that

MGL-3196 improved lipid and ballooning in severe MASH

(Figures 7A and 7B). Plasma ALT/AST levels and the number of

inflammatory foci were similarly decreased by treatment with

APB-R3 and MGL-3196, respectively (Figures 7C and 7D). Sur-

prisingly, APB-R3 could reduce area and amounts of hepatic

collagen accumulation than levels of these markers at 19 weeks

of MASH (Figures 7E, 7F, and S7A). MGL-3196 showed similar

anti-collagen effects, but sinusoidal and periportal fibrosis

slightly remained (Figures 7E and S7A). APB-R3 further reduced

plasma pro-C3 levels than MGL-3196 (Figure 7G), and expres-

sion of aSMA was attenuated by APB-R3 treatment against

developed MASH (Figures 7H, S7B, S7C, and S7E). These re-

sults suggest that APB-R3 even ameliorates hepatic fibrosis in

severely developed MASH similar with the FDA-approved

MASH drug, resmetirom.

Finally, after 7 weeks of CCl4 injection, we started to treat mice

with APB-R3 to determine whether APB-R3 could reverse

severely progressed liver fibrosis (Figure 7I). Histological anal-

ysis revealed that APB-R3 effectively decreased established

collagen deposition into properties of early stage of liver fibrosis

(Figures 7J, 7K, and S7D). The amount of hepatic collagen was

sufficiently reduced by APB-R3 treatment to almost basal levels

(Figure 7L). Plasma Pro-C3 levels were also attenuated in this

model (Figure 7M). APB-R3 administration after a moderate

stage of liver fibrosis significantly decreased hepatic expression

of aSMA (Figures 7N and S7C–S7E).

DISCUSSION

In the present study, we found that uncontrolled free-IL-18 in the

liver was augmented under the MASH condition to cause severe

hepatic inflammation and fibrosis (Figure 1). Although the

expression of IL-18BP was also increased, IL-18BP level was

not high enough to completely inhibit the activity of IL-18 (Fig-

ure 1C). In human plasma, free IL-18 concentrations are higher

in patients with MASH than in healthy controls because of slight

increases of IL-18BP in patients with MASH, indicating that suf-

ficient elevated amounts of IL-18BP are needed to block MASH

development (Figure 1H). Indeed, free IL-18 levels are elevated

and correlated with degrees of chronic liver diseases including

MASH and fibrosis (Figures 1E and 1I).14 We newly discovered

that hepatocytes were major sources of IL-18BP in the liver via
Figure 5. APB-R3 prevents the progression of hepatic fibrosis
(A–I) C57BL/6J wild-type mice were fed FPC diet for 19 weeks. Drugs were adm

100 mg/kg of GLP1 agonist (liraglutide) were administered three times a week as

Sirius red-positive area of liver histology. (C) Masson’s trichrome-stained area o

hydroxyproline. (E) ELISA assaywas conducted tomeasure plasma procollagen ty

(COL1), aSMA, and desmin (DES) proteins. Stained cell numbers were counted.

measured. (H) Heatmap analysis of the genes related with extracellular matrix

Ontology of collagen biosynthetic process in vehicle or APB-R3-treated livers.

(J–L) C57BL/6J wild-type mice were administered with carbon tetrachloride (CCl4
at 3 to 5 weeks. (J) Sirius red and Masson’s trichrome-stained liver sections were

Immunostaining of liver section for aSMA proteins. Stained area was measured.

*p < 0.05, **p < 0.01, and ***p< 0.001. The data represent mean ±SEM. n = 4–8 per

for simple comparisons or one-way ANOVA with Tukey’s post hoc test for multip
a regulatory feedback mechanism of IL-18 stimulation for IFNg

production in CD4 T cells (Figure 2). Interestingly, systemic

depletion of IL-18BP resulted in dramatically worsened disease

severity of MASH than WT mice, indicating that a feedback

mechanism of IL-18BP is an important gatekeeper to inhibit

MASH development (Figure 3). Impaired hepatocytes by other

stressors including lipotoxicity, oxidative stress, and unfolding

protein stress might disturb sufficient production of IL-18BP to

completely block IL-18 signaling in MASH. Our results suggest

that complete blockade of IL-18 activity by injecting additional

exogenous IL-18BP has a great potential to improve IL-18-

induced MASH inflammation and fibrosis (Figures 4 and 5).

Previously, some studies have reported that NLRP3 inflamma-

some activation is responsible for the development of liver

inflammation and fibrosis in a MASH mouse model.22 Inflamma-

some can lead to elevated secretion of inflammatory IL-1b and

IL-18 cytokines, contributing to liver injuries. IL-1b has been pro-

posed as a key player in inflammasome-mediated MASH devel-

opment. However, many studies have shown unexpected results

about the roles of IL-1b. Treatment with anakinra, an IL-1 recep-

tor antagonist, only reduced hepatic inflammation, whereas it did

not alter HSC activation and collagen deposition in the liver.9 In a

mouse model expressing constitutively activated NLRP3 in

myeloid cells, IL-1 receptor KO did not prevent the pathogenesis

of liver inflammation.23 In contrast, the roles of IL-18 signaling

have been identified and emphasized in liver inflammation and

fibrosis. Systemic loss of IL-18 receptor largely diminishes

neutrophil accumulation in the liver when NLRP3 is hyperacti-

vated in myeloid cells.23 IL-18 receptor KO mice also exhibit

reduced ALT levels in diet-induced MAFLD models.24 Recently,

Knorr et al. have identified the pathogenic roles of IL-18 in liver

fibrosis, showing that IL-18 can directly lead to fibrogenic activa-

tion of HSCs in hyperactivated NLRP3mousemodels.12 Howev-

er, their study used a systemic hyperactivated NLRP3 mouse

model, which showed poor growth of mice and did not further

investigate the modulation of hepatic inflammation, detailed

mechanism, and therapeutic potential in MASH disease.12 IL-

1b and IL-18 cytokines have different downstream signaling

pathway in controlling inflammatory response, resulting in a

discrepancy in the modulation of fibrosis.25 Here, we found

that IL-18 signaling was enhanced in MASH conditions. In this

study, we focused on the striking roles of IL-18BP in liver inflam-

mation and fibrosis and determined detailed mechanisms using

MASH mouse models with IL-18BP KO mice and an IL-18BP bi-

ologics (Figures 3, 4, 5, 6, and 7).
inistered from 11 to 19 weeks. 8 mg/kg of APB-R3 (SAFA-hIL-18BP) and/or

indicated. (A) Sirius red-stained liver sections. Scale bar, 200 mm. (B) Relative

f liver sections was analyzed. Scale bar, 100 mm. (D) Measurement of hepatic

pe III N-terminal (Pro-C3). (F) Immunostaining of liver section for collagen type 1

Scale bar, 50 mm. (G) Relative band intensity of aSMA protein in the liver was

organization in vehicle or APB-R3 administration. (I) GSEA analysis for Gene

) for 5 weeks. 8 mg/kg of APB-R3 or PBS was administered three times a week

presented and positive area was analyzed by ImageJ. Scale bar, 200 mm. (K)

(L) ELISA assay was conducted to measure plasma Pro-C3.

mice group. The datawere analyzed by the unpaired two-sided Student’s t test

le groups.

Cell Reports Medicine 6, 102047, April 15, 2025 11



(legend on next page)

12 Cell Reports Medicine 6, 102047, April 15, 2025

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
We found that the presence of APB-R3 in vitro directly sup-

pressed fibrogenic activation of HSCs (Figure 6). Activation of

canonical NLRP3 inflammasome in HSCs can release IL-18 cy-

tokines. The released IL-18 can further increase mRNA levels

of profibrotic genes.5,12 HSC-specific persistent activation of

NLRP3 can alter quiescent status toward activated HSCs, result-

ing in exacerbated phenotypes of hepatic inflammation and

fibrosis.5 Therefore, APB-R3 can interrupt the self-boosting IL-

18 signaling and effectively inhibit the fibrogenic activation of

HSCs in vitro (Figures 6A–6F). Blockade of IL-1b by treatment

with anakinra reduced the proliferative function of primary

HSCs. However, anakinra unexpectedly worsened hepatic

fibrosis in a CCl4-injected mouse model in vivo.26,27 In contrast,

our findings indicated that APB-R3 largely diminished the devel-

opment of fibrogenesis both in vitro and in vivo. We further

explored detailed molecular mechanisms of how IL-18 blockade

inhibited the activation of HSCs. Blockade of self-released IL-18

resulted in inhibition of the cGMP-PKG signaling pathway to sup-

press HSC activation (Figures 6K and 6L). Indeed, the cGMP-

PKG pathway can contribute to the modulation of HSC activa-

tion.28 Therefore, administration of IL-18BP biologics provides

a beneficial therapeutic strategy because APB-R3 can directly

suppress hepatic fibrogenesis of HSCs by inhibiting NLRP3-

mediated IL-18 self-boosting and cGMP signaling pathways.

IL-18 and IL-18BP can be systemically circulated in our body.

Several studies have reported physiological roles of IL-18BP in

other tissues. IL-18 deficiency can promote insulin resistance

and obesity. Transgenic overexpression of IL-18BP can result

in a slight induction of insulin tolerance, suggesting harmful func-

tions of IL-18BP.29 However, impaired balance of IL-18 and IL-

18BP can lead to uncontrolled inflammatory diseases in other

tissues. IL-18BP plays an important role in inducing goblet cell

maturation in colitis diseases by blocking IL-18 activity. Thus, re-

combinant IL-18BP can effectively attenuate intestinal damages

in a dextran sulfate sodium-induced colitis model.30,31 Further-

more, neutralization of IL-18 by exogenous IL-18BP administra-

tion can largely decrease the severity of rheumatoid arthritis.32

To apply IL-18BP therapy clinically, we newly engineered a

long-acting IL-18BP biologics and recently reported that APB-

R3 could efficiently attenuate IL-18-inducedmacrophage activa-

tion syndrome in the spleen and atopic dermatitis of the skin.17

Indeed, a human-usable anti-IL-18 monoclonal antibody, GSK-
Figure 6. Blockade of IL-18 ameliorates fibrotic activation of hepatic s

(A) Measurement of mRNA levels of Il18, and Nlrp3 in non-activated (day 3) and

(B) The concentrations of IL-18 in HSCs medium were measured (left). Lactate d

(C) Representative immunoblot analysis in cell medium for caspase-1 p20 and lysa

(D) Measurement of mRNA levels of fibrosis genes such as Col1a1,Col3a1, Acta2

was treated at day 4 for 18 h

(E) Measurement of mRNA levels of genes related with LX-2 cell activation such a

(F) Immunofluorescence images of primary HSCs for aSMA. Scale bar, 50 mm. a

(G) Heatmap and principal component analysis (PCA) analysis of mRNA transcri

(H) Representative pathways of Gene Ontology enrichment analysis for downreg

(I) Heatmap analysis of the genes related with extracellular matrix organization in

(J) GSEA analysis for reactome of collagen formation in vehicle or APB-R3-treate

(K) Representative KEGG pathways for downregulated genes in APB-R3-treated

(L) Measurement of mRNA levels of fibrosis genes such as Col1a1, Col3a1, and

*p < 0.05, **p < 0.01, and ***p < 0.001. The data represent mean ± SEM. n = 3–5 p

Student’s t test for simple comparisons or one-way ANOVA with Tukey’s post h
1070806, is under clinical development for Crohn’s disease

and atopic dermatitis (NCT03681067; NCT06447506). However,

effects of therapeutic drugs such as GSK-1070806 and APB-R3

on MASH should be tested in the near future. In the present

study, we further proved that APB-R3 was an effective agent

that could alleviate liver inflammation and fibrosis in diverse

MASH mouse models, suggesting that APB-R3 drug could be

an attractive pharmaceutical agent to relieve numerous IL-18-

related inflammatory diseases with broad clinical usages (Fig-

ures 4, 5, 6, and 7).

Here, we newly developed biologics to block IL-18 signaling

through SAFA platform conjugation with IL-18BP (Figure 4A).

APB-R3 has several attractive advantages to be used as a

MASH therapy clinically. First, analysis of pK parameters identi-

fied that the half-life of APB-R3 in monkeys was extended to

approximately 7 days because of the SAFA platform, suggesting

that injection of APB-R3 at interval of one time a week would be

possible in the human as well.17 Improved stability of biologics

can provide better competitiveness in the development of clini-

cally usable drugs. Second, we confirmed that APB-R3 did not

have any severe side effects or toxicity. We measured whole

body weight changes and found no differences in weight

changes of mice with several MASH diets under APB-R3 treat-

ment (Figures S4A and S4B). We also found that APB-R3 did

not affect the function of innate immunity (data not shown). In

addition, APB-R3 was found to be safe in rat, non-human pri-

mate, and human. This indicates that APB-R3 does not have

pharmacologically toxic properties (data not shown). Indeed, in

a phase 1 clinical study for human (NCT05715736) to check its

safety, no adverse effects were confirmed by APB-R3 adminis-

tration. Third, we are suspecting that SAFA platforms could

support a preferential delivery of APB-R3 into the liver because

SAFA can easily bind to hepatic albumin, resulting in

effective inhibition of local hepatic IL-18 signaling. These drug

properties support potential clinical development of APB-R3

for curing MASH.

Recently, numerous pipelines to cure MASH and liver fibrosis

have been developed bymany pharmaceutical companies. Obe-

ticholic acid, a farnesoid X receptor agonist, was clinically tested

in phase 2 and phase 3 trials. It resulted in effective resolution of

MASH and fibrosis.33 However, FDA rejected the approval of

obeticholic acid because long-term administration of obeticholic
tellate cells via cGMP signaling pathway

activated (day 5) primary hepatic stellate cells (HSCs).

ehydrogenase (LDH) release assay in cell medium was conducted (right).

tes for pro-caspase-1 and housekeeping proteins fromHSCswere conducted.

, and Des in non-activated (day 3) and activated (day 5) primary HSCs. APB-R3

s SERPINE1 and COL1A1 in control and TGF-b-treated human LX-2 cell lines.

SMA-positive area was analyzed.

pts of vehicle or APB-R3-treated HSCs.

ulated genes in APB-R3-treated HSCs.

vehicle or APB-R3 incubation.

d HSCs.

HSCs.

Acta2, in vehicle or 8-bromo-cGMP incubation on APB-R3-treated HSCs.

er experimental condition. The data were analyzed by the unpaired two-sided

oc test for multiple groups.
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Figure 7. APB-R3 treatment after establishment of liver fibrosis ameliorates disease parameters

(A) C57BL/6J wild-type mice were fed FPC diet for 27 weeks. Drugs were administered from 19 to 27 weeks. 8 mg/kg of APB-R3 (SAFA-hIL-18BP) was intra-

peritoneally administered three times a week as indicated. 5 mg/kg of THRb agonist (MGL-3196; resmetirom) was daily orally gavaged as compared group.

(B) Body weight change after drug administration was measured at the end of experiments (left). The ratio of liver/body weight was analyzed (right).

(C) Plasma ALT and AST levels were measured at the end of experiments.

(legend continued on next page)
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acid had severe side effects such as pruritus and increased

plasma cholesterols (NCT02548351). Madrigal pharmaceuticals

have developed resmetirom, a liver-directed selective THRb

agonist that targets MASH.34 Resmetirom reduced ALT and

AST levels, liver fat contents, and fibrosis in phase 3 trials without

any remarkable side effects, finally leading to the approved first-

in-class drug targeting MASH (NCT03900429).21 Based on

mechanisms of resmetirom by enhancing the breakdown of

lipids, hepatic fatty liver was dramatically improved compared

to placebo. However, its anti-fibrotic effects were not evident

in that only about 10% of resmetirom-treated patients showed

fibrosis improvement compared to placebo.21 We compared

anti-fibrosis effects of resmetirom and APB-R3 and showed an

additional reduction in accumulated collagen deposition in the

severely developed MASH model (Figures 7E and 7F). MASH

is a multifactorial disease involving diverse mechanisms of he-

patic steatosis, inflammation, and fibrosis, indicating that combi-

nation therapy targetingmultiple livermechanisms is a promising

option for MASH.35,36 In particular, regression of hepatic fibrotic

regions is an important issue because catastrophic cirrhosis

contributes to MASH-related mortality. Our results suggest

that APB-R3 could neutralize IL-18 activity and lead to positive

outcomes by strikingly diminishing hepatic fibrosis and inflam-

mation even against developed MASH (Figures 4, 5, 6, and 7).

Knorr et al. have reported that treatment with recombinant hu-

man IL-18BP (tadekinig alfa) can reduce collagen deposition in

overactivated NLRP3-mediated injured liver.12 APB-R3 is an

improved biologics of human IL-18BP, which shows prolonged

stability and comparable bioactivity in blocking IL-18 signaling

compared with tadekinig alfa via fusion with anti-albumin

Fab.17 Our results demonstrate that sole treatment with APB-

R3 has therapeutic potential to ameliorate liver inflammation

and fibrosis under a MASH condition. Therefore, synergistic

combination therapy with GLP1R agonist and APB-R3 promi-

nently reversed MASH-injured livers almost toward a normal his-

tologic status (Figure 4). In summary, combining anti-steatotic

agents and anti-fibrotic APB-R3 could be an attractive therapeu-

tic option against MASH. This study provides new insight into

clinical approaches of inflammasome regulator and IL-18BP bi-

ologics for treating MASH.

Limitations of the study
This study concluded that CD4+ T cells uniquely contribute to

increased IFNg production in response to IL-18 within the IL-

18/CD4 T/IL-18BP regulatory axis in the MASHmodel. However,
(D) Representative images of H&E liver sections (left). Scale bar, 50 mm. The num

(E) Representative images of Sirius red-stained liver sections. Scale bar, 50 mm.

(F) Measurement of hepatic hydroxyproline.

(G) ELISA assay was conducted to measure plasma Pro-C3.

(H) Relative band intensity of aSMA protein in the liver was measured.

(I) C57BL/6J wild-type mice were administered with carbon tetrachloride (CCl4) fo

7 to 10 weeks.

(J and K) Sirius red and Masson’s trichrome-stained liver sections were presente

(L) Measurement of hepatic hydroxyproline.

(M) ELISA assay was conducted to measure plasma Pro-C3.

(N) Immunostaining of liver section for aSMA proteins. Stained area was measured

*p < 0.05, **p < 0.01, and ***p< 0.001. The data represent mean ±SEM. n = 4–7 per

for simple comparisons or one-way ANOVA with Tukey’s post hoc test for multip
the specific mechanisms and factors that make CD4 T cells the

exclusive responders secreting IFNg upon IL-18 stimulation

remain unclear and are required to further investigation to eluci-

date the selective response of these cells in the context of MASH

progression. While our findings demonstrate that APB-R3 re-

duces HSC activation through downregulation of genes associ-

ated with the cGMP-PKG signaling pathway, the potential

involvement of additional pathways in HSC activation remains

unexplored. Further studies are needed to investigate whether

other signaling pathways also contribute to the modulation of

HSC activation by IL-18 blockade.
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PE Rat monoclonal anti-CD49b BD Biosciences Cat# 553858

PerCP/Cyanine5.5 Rat monoclonal

anti-CD45R/B220

BioLegend Cat# 103236; RRID: AB_893354

APC/FireTM 750 Hamster monoclonal anti-CD49a BioLegend Cat# 142609; RRID: AB_2734203

PE/Cyanine7 Rat monoclonal anti-CD3 BioLegend Cat# 100220; RRID: AB_1732057

PE Rat monoclonal anti-TIM4 BioLegend Cat# 130006; RRID: AB_2201843

Ultra-LEAFTM Purified Hamster

monoclonal anti-CD28

BioLegend Cat# 102116; RRID: AB_11147170

eFluorTM 450 Rat monoclonal anti-FOXP Thermo Fisher Cat# 48-5773-82; RRID: AB_1518812

Brilliant Violet421 Rat monoclonal anti-IFNg BioLegend Cat# 505830; RRID: AB_2563105

PE Rat monoclonal anti-IFNg BioLegend Cat# 505808; RRID: AB_315402

Biological samples

Mouse liver paraffin blocks This paper N/A

Mouse liver frozen blocks This paper N/A

Human blood samples This paper IRB No. 4-2015-0184; 4-2020-0504

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

APB-R3 AprilBio Co., Ltd N/A

Liraglutide Novo Nordisk N/A

Carbon tetrachloride Sigma-Aldrich Cat# 56-23-5

MGL-3196 (Resmetirom) MedChemExpress Cat# HY-12216

D-(+)-Glucose monohydrate Sigma-Aldrich Cat# 49159

bovine serum albumin Sigma-Aldrich Cat# A8806

Fluoro-Gel II with DAPI Electron microscopy sciences Cat# 17985-50

Xylene Duksan, Cat# 25165-0480

Eosin Stain Solution, 5% Aqueous Sigma-Aldrich Cat# R03040

Picro-Sirius Red solution Abcam Cat# ab246832

Heated Oil Red solution Sigma-Aldrich Cat# O0625

Easy-BLUETM iNtRON Cat# 17061L

SYBR� Green PCR master mix Applied Biosystems Cat# 4367659

RIPA buffer ELPIS Cat# EBA-1149

Sodium dodecyl sulfate-polyacrylamide

gel electrophoresis

Bio-rad Cat# 1610416

Miracle-StarTM Western Blot Detection System iNtRON Cat# 16028

Collagenase D Sigma-Aldrich Cat# 11088866001

Percoll GE Healthcare Cat# 17-0891-02

Collagenase type IV Sigma-Aldrich Cat# C4-BIOC

OptiPrep Sigma-Aldrich Cat# D1556

HyClone Dulbecco’s Modified Eagle

Medium (DMEM) with high glucose: Liquid

Hyclone Cat# SH30243.01

Trizol reagent Invitrogen Cat# 15596026

Murine IL-18 Gibco Cat# PMC0184

Critical commercial assays

Human Total IL-18 DuoSet ELISA Kit R&D systems Cat# DY318-05

RNeasy mini kit Qiagen Cat# 47106

RNeasy Micro kit Qiagen Cat# 74004

High-capacity cDNA reverse transcription kit Thermo Fisher Cat# 4368814

Mouse IL-18BP ELISA Kit Abcam Cat# ab254509

Human IL-18 BPa Quantikine ELISA Kit R&D systems Cat# DBP180

Zombie NIRTM Fixable Viability Kit BioLegend Cat# 423105

LEGEND plex mouse inflammation

panel with a V-bottom plate

BioLegend Cat# 740446

EnzyChromTM Triglyceride Assay Kit BioAssay Systems Cat# ETGA-200

PicoSense Total Collagen Assay kit BioMax Cat# BM-COL-100

CORALL RNA-Seq V2 Library Prep Kit Lexogen Cat# 176.384

Poly(A) RNA Selection Kit Lexogen Cat# 157.96

QuantSeq 30 mRNA-Seq Library Prep Kit FWD Lexogen Cat# 191.24

Deposited data

Mouse MASH RNA-seq transcriptomic data In this study; Newly deposited in GEO GSE279496

Mouse HSC RNA-seq transcriptomic data In this study; Newly deposited in GEO GSE279499

Human Liver gene expression data GEO portal GSE61260

Experimental models: Cell lines

human LX-2 cells Sigma-Aldrich SCC064

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BL/6 Il-18bp KO mice Jang et al.17 N/A

C57BL/6 mice Orient Bio N/A

Oligonucleotides

Primes for mouse see Table S1 This paper N/A

Primes for human see Table S1 This paper N/A

Software and algorithms

FlowJo 10.7.1 FlowJo https://www.flowjo.com/solutions/flowjo

ImageJ U.S. Department of Health & Human https://imagej.nih.gov/ij/download.html

GSEA Broad Institute https://www.gsea-msigdb.org/

GraphPad Prism8.0 GraphPad Software https://www.graphpad.com/

Other

Captured Ezscope U200 microscope Macrotech N/A

LSM880 Super Sensitive High Resolution

Confocal Laser Scanning Microscope

Carl Zeiss N/A

TissueLyser II Qiagen N/A

UV-Vis Nabi spectrophotometer MicroDigital N/A

StepOnePlus real-time PCR system Applied Biosystems N/A

Fuzion Solo 6X chemiluminescence system Vilber N/A

SpectraMax plus 384 multiplate reader Molecular Devices N/A

GentleMACS dissociator Miltenyi Biotec N/A

FACS LyricTM machine BD Biosciences N/A

Dri-chem NX500i hematology analyzers Fuji N/A

ND-2000 Spectrophotometer Thermo Fisher N/A

NovaSeq 6000 Illumina N/A

NextSeq 500/550 Illumina N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study approval
Human study was conducted in accordance with principles of the Declaration of Helsinki and the Declaration of Istanbul. The study

protocol, including the collection of blood samples, was approved by the Severance Hospital Institutional Review Board (IRB No.

4-2015-0184; 4-2020-0504). The animal experiments were approved and conducted in accordance with the ethical guidelines of

the Kangwon National University Animal Care and Use Committee (KW-220412-6). STAM mice experiments were conducted at

SMC Laboratories, Inc. (Tokyo, Japan); study number SLMN081-2209-2.

Human samples and group information
Human blood samples were obtained in accordance with relevant ethical regulations, and written informed consent was obtained

from each participant. Before clinical sample collection, patients were informed, and their written consent was completed. Frozen

liver tissues and blood plasma were obtained from Yonsei University Severance Hospital (Seoul, Korea). For healthy donors, individ-

uals with no history of severe disease or medication were recruited and assessed through a questionnaire during the initial screening.

Their medical history was re-evaluated three months later at the time of subsequent sampling. For MASH patients (NAS score R4,

Fibrosis stage R2), severity of liver samples were assessed based on histologic NAS score with evidence of hepatic steatosis,

ballooning, and inflammatory foci and the noninvasive nonalcoholic fatty liver disease and histologic fibrosis score. The inclusion

criteria required participants to be over 19 years old with liver disease confirmed through histological, radiological, or laboratory

testing. Exclusion criteria included individuals aged 18 or younger, those with a history of HCC diagnosis or treatment, or a history

of transplantation. Each cohort consisted of 9 healthy controls and 23 MASH patients. Blood samples were obtained from healthy

living donors for liver transplantation as well as patients diagnosed with MASH based on histologic diagnosis. The sectioned biopsy

was performed in 2–3 mm piece of liver tissues. Human plasma and tissues were provided and analyzed using an ELISA (R&D Sys-

tems) kit according to the manufacturer’s protocol.
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Animal experiments
Male 8-week-old C57BL/6J mice were purchased from Orient Bio Inc. (Gyeonggi-do, Korea), and IL-18BP KO mice were generated

using the CRISPR/Cas9 system, as described previously.17 8-week-old wild-type male mice or IL-18BP KOmice were fed for regular

chow diet with tap water or FPC diet (TD.190142; Envigo, Indianapolis, IN, USA) with sugar water (fructose + glucose) for 15 weeks

8-week-old C57BL/6J wild-type or IL-18BP KO male mice were fed for chow or MCD (A02082002BR, Research Diets, New Bruns-

wick, NJ) diet for 5 weeks ad libitum. For drug experiments, 8-week-old wild-type male mice were fed with FPC diet with sugar water

for 19 weeks. APB-R3 (8 mg/kg, SAFA-hIL18BP; AprilBio Co., Ltd., Chuncheon, Korea), Liraglutide (100 mg/kg, Saxenda; Novo Nor-

disk, Bagsvaerd, Denmark), and APB-R3 + Liraglutide (Combined) were intraperitoneally injected to mice three times a week for

8 weeks because APB-R3 biologics is stably absorbed into systemic circulation through i.p. injection and the half-life of APB-R3

in mice was about 30 h17 8 mg/kg dosage of APB-R3 was determined because this dosage didn’t show any side effect with sufficient

drug efficacy. For CCl4 fibrosis model, C57BL/6J wild-type male mice were intraperitoneally injected with CCl4 (Sigma-Aldrich, St.

Louis, MO) dissolved in corn oil three times a week for 5 or 10 weeks, and APB-R3 and vehicle were administered three times a

week. For induction of severe MASH model, C57BL/6J wild-type mice were fed for FPC diet with sugar water for 27 weeks. APB-

R3 was intraperitoneally administered to mice for 8 weeks, and 5 mg/kg of MGL-3196 (Resmetirom; MedChemExpress, Monmouth

Junction, NJ) was orally gavaged to mice daily for 8 weeks. For CDAA-HFD diet-induced MASH mice model, C57BL/6J wild-type

male mice were fed for chow or CDAA-HFD (A06071302, Research Diets) diet for 13 weeks with tap water. After 6 weeks from start

of experiment, CDAA-HFD-fed mice were intraperitoneally injected with APB-R3. For neutralization experiments, IgG2a matched as

control antibody (10 mg/kg, BioXcell, West Lebanon, NH) and anti-IFNg (10 mg/kg, BioXCell) was injected during 5 weeks. In the

T cell depletion experiment, anti-mouse CD4 (clone GK1.5, BioXcell) and anti-mouse CD8 antibody (clone 2.43, BioXcell) were

administered intraperitoneally at a dosage of 300mg/mouse tomice on an FPC diet for 17 weeks, followed by and additional injection

of 50 mg/mouse three days later. The mice were sacrificed and analyzed 10 days post the initial injection. Rat IgG2b isotype control

(BioXcell) antibody was used as control IgG antibody.

For induction of STAMmodel, 2-day-old male C57BL/6J mice were subcutaneously administered 200 mg streptozotocin solution

and fed high-fat diet containing 57 kcal% of fat (HFD32, CLEA Japan, Tokyo, Japan). At 6 weeks of age, the drugs including APB-R3

or Telmisartan were administered tomice for 6 weeks. All mice were housed in cage under controlled conditions of temperature (22 ±

2�C) and humidity (50 ± 10%) on a 12 h light/12 h dark cycle schedule with free access to food and water. CO2 euthanasia was per-

formed, and liver or other tissues were fixed in 4% paraformaldehyde or stored frozen in liquid nitrogen. All experiments were per-

formed in a blinded and randomized fashion.

Isolation and culture of hepatic stellate cells
Primary mouse liver cells were isolated from 8 to 10 weeks old male wild-type C57BL/6J mice (Jackson Laboratories) by perfusion of

collagenase type IV (Sigma-Aldrich). The livers were perfused with 0.2 mg/mL of collagenase buffer in HBSS solution by injection of

syringe toward the inferior vena cava as described previously.37 To isolate HSCs, the nonparenchymal cell-containing supernatant

was loaded onto 11.5%OptiPrep (Sigma-Aldrich) and centrifuged at 1,400 g for 15 min. After centrifugation, HSCs were collected at

the pellet and cultured in Dulbecco’s modified Eagle medium (DMEM) with 10% FBS and 1% penicillin/streptomycin for 4 days to

spontaneously activate (D4HSCs). The D4HSCswere exposed to 150mg/mL of APB-R3 (Aprilbio) overnight. The cells were cultured

in an incubator with 5% CO2 at 37
�C. LX-2 cells (Merck Millipore, Darmstadt, Germany) were cultured in full medium of DMEM.

METHOD DETAILS

Glucose tolerance test
Glucose tolerance test was performed after a 12 h fast. Mice were intraperitoneally injected with 2 g glucose per kg of body weight

(20%D-glucose (Sigma-Aldrich) in PBS). Glucose concentrations obtained from tail vein bloodweremeasured subsequently at 0, 15,

30, 60, 120 and 180 min post-glucose administration using a Accu-chek blood glucose meter (Roche Diagnostics, Mannheim,

Germany).

Staining of stellate cells and sectioned liver tissues
HSCs were washed with PBS and fixed with 2% cold methanol for 10 min at 4�C. The cells were then blocked with 5% bovine serum

albumin (BSA; Sigma-Aldrich) for 1 h at room temperature and incubated overnight with the primary antibody (aSMA; Agilent DAKO,

Santa Clara, CA). The secondary antibodies (Donkey anti-Mouse IgG Alexa Fluor 488; Thermo Fisher, Waltham, MA) were incubated

at a 1:300 dilution for 1 h. Fluoro-Gel II with DAPI (Electron Microscopy Sciences, Hatfield, PA) was used to mount the cells. For

paraffin-embedded, deparaffinization was carried out with xylene (Duksan, Ansan, Korea), followed by rehydration with 100%,

95%, and 70% ethanol. The sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich), Masson’s Trichrome, or

Picro-Sirius Red solution (Abcam, Cambridge, MA) according to the manufacturers’ protocols. The prepared sections after antigen

retrieval were stained with anti-type I Collagen (1:50; Southern Biotech, Birmingham, AL), anti-aSMA (1:50; Agilent DAKO) and anti-

Desmin (1:50; Abcam). The secondary antibodies (Donkey anti-Mouse IgG Alexa Fluor 488, Donkey anti-Goat IgG Alexa Fluor 594

and Donkey anti-Rabbit IgG Alexa Fluor 647; Thermo Fisher) were incubated at a 1: 300 dilution for 1 h. Cryo-sectioned frozen tissues

were stained with heated Oil Red solution (Sigma-Aldrich) for 10 min. Stained sections were captured Ezscope U200 microscope
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(Macrotech, Goyang, Korea) and LSM880 Super Sensitive High Resolution Confocal Laser Scanning Microscope (Carl Zeiss, Jena,

Germany). The numbers of inflammatory foci were counted in each filed of X100 or 3200 magnified views by pathologists under

blinded conditions. Stained areas in the sectioned tissues were measured by ImageJ software (NIH). Histological assessments

were performed by pathologists under blind conditions. NAS and CRN fibrosis score was used.38,39

Quantitative real-time PCR (qRT-PCR)
Liver tissue was homogenized using easy-BLUE (iNtRON, Seongnam, Korea) and TissueLyser II (Qiagen, Hilden, Germany). Total

RNA was isolated using the RNeasy mini kit (Qiagen) following the manufacturer’s protocol. After separating hepatocytes and

HSCs, total RNA was isolated using RNeasy Micro kit (Qiagen). Concentration and quality of purified RNA were analyzed using a

UV-Vis Nabi spectrophotometer (MicroDigital, Seoul, Korea), and reverse transcription of 0.04–1 mg RNA was performed. For

cDNA generation, a high-capacity cDNA reverse transcription kit (Thermo Fisher) was used. The reaction of SYBRGreen PCRmaster

mix (Applied Biosystems, Foster City, CA), primers, and cDNA mixture was performed using StepOnePlus real-time PCR system

(Applied Biosystems). The fold change of mRNA levels of the target gene was estimated by the equation 2-DCt (DCt = Ct of the target

gene minus Ct of housekeeping genes such as 18S rRNA, Gapdh, or Actb). The fold change in gene transcription was shown based

on a level of 1 in each control group. Used primer sequences are provided in Table S1.

Immunoblot
Total proteins from frozen liver tissue samples were extracted with RIPA buffer (ELPIS, Daejeon, Korea), and were separated with

10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Then, proteins were transferred to PVDFmembranes.

The membranes were blocked for 1 h at room temperature in Tris-buffered saline-Tween 20 (TBS-T) solution with 5% dry milk. After

blocking, the membrane was incubated overnight at 4�C with mouse anti-aSMA (1:2000, Agilent DAKO), and rabbit anti-GAPDH

(1:8000, BIOSS, Woburn, MA) antibodies. Membranes were afterward incubated for 2h at room temperature with goat anti-mouse

secondary antibody (1:3000, Bio-rad, Hercules, USA) and goat anti-rabbit antibody (1:3000, Bio-rad). Subsequently, luminol

enhancer solution and peroxide (iNtRON) was added to the membranes for 5 min. Proteins were visualized using a Fuzion Solo

6X chemiluminescence system (Vilber, Collegien, France).

Enzyme-linked immunosorbent assay (ELISA)
For ELISA experiments, frozen liver tissues were homogenized with protease inhibitors and RIPA lysis mixture buffer (Sigma-Aldrich)

using a Tissue Lyser II (Qiagen). After centrifugation, supernatants were collected. Mouse blood was collected in EDTA tube and

centrifuged at 4�C for 10 min to obtain plasma. ELISA kits to measure IL-18, IL-18BP, IFNg (R&D systems, Minneapolis, MN) and

Pro-C3 (Novus Biologicals, Littleton, CO) were used according to the manufacturer’s protocol. The calculation to measure free IL-

18 levels was based on 1:1 binding ratio between IL-18 and IL-18BP with a dissociation constant (Kd) of 0.4 nM.14 Absorbance

was measured at 450 nm by a SpectraMax plus 384 multiplate reader (Molecular Devices, San Jose, CA).

Flow cytometry
The liver tissues were homogenized in collagenase D (Sigma-Aldrich) buffer using a GentleMACS dissociator (Miltenyi Biotec,

Auburn, CA). The homogenized tissues were centrifugated for 3 min at 500 rpm, and the obtained supernatant was centrifuged at

1700 rpm for 5 min to prepare non-parenchymal pellet. The non-parenchymal cells were obtained after stacking on 26% Percoll

(GE Healthcare, Madison, WI) and centrifuging at 1700 rpm for 5 min. Hepatic immune cells were collected as pellets. Anti-CD16/

32 (BioLegend, San Diego, CA) was added to block the Fc antibody receptor, washed, and cells were incubated with fluores-

cence-conjugated antibody containing BV786-anti-CD8 (BD Biosciences, Oxford, UK), PerCP/Cy5.5- or FITC-anti-Ly6C, FITC- or

BV510-anti-CD45, APC/Cy7-anti-Ly6G, APC-anti-F4/80, PE/Cy7-anti-CD11b, FITC-anti-CD44, AF488-anti-NK1.1, AF647-anti-IL-

18R, PerCP/Cy5.5-anti-CD4, PE-anti-CD49b, PerCP/Cy5.5-anti-B220, APC/Cy7-anti-CD49a, PE/Cy7-anti-CD3 and PE-anti-TIM4

(BioLegend) for 30 min. DAPI or zombie NIR (Biolegend) was used to exclude dead cells. To evaluate ex vivo responsiveness to

IL-18 ex vivo, hepatic immune cells were stimulated with coated anti-CD3 antibody (1 mg/mL, BioLegend) and anti-CD28 antibody

(2mg/mL, BioLegend) in the presence or absence of recombinantmurine IL-18 (20 ng/mL, PeproTech, Cranbury, NJ) for 4 h, followed

by intracellular IFNg staining with fluorescence-conjugated antibody e450-anti-FOXP3 (Thermo Fisher), PE or BV421-anti-IFNg (Bio-

legend). FlowJo software (BD Biosciences) was used and analyzed on a FACS Lyric machine (BD Biosciences).

Plasma cytokine assay
The LEGEND plex mouse inflammation panel with a V-bottom plate (BioLegend) was used to compare cytokines in mouse plasma

according to manufacturer’s instructions. Briefly, frozen plasma samples were thawed and diluted 2-fold with assay buffer. Samples

were placed to each well with capture beads and incubated at room temperature for 2 h on a plate shaker (800 rpm). Detection an-

tibodies were added to eachwell after three times of washing the plate with wash buffer. The plate was incubated on a share for 1 h at

room temperature. Streptavidin phycoerythrin (SA-PE) was added without washing and incubated on a shaker for 30 min at room

temperature. Multiplex experiment was carried out using a FACS Lyric machine (BD Biosciences) after washing. Data were analyzed

using FlowJo software (BD Biosciences).
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Measurement of hepatic triglycerides (TGs) and plasma biochemistry
For measurement of liver TG levels, frozen liver tissues were homogenized with RIPA lysis buffer using Tissue Lyser II (Qiagen). A lipid

layer was obtained after centrifugation at 14,000 rpm for 10 min. TG was measured at 570 nm absorbance using a SpectraMax plus

384 multiplate reader (Molecular Devices) by the EnzyChrom Triglyceride Assay Kit (BioAssay Systems, Hayward, CA) according to

themanufacturer’s protocol. Mouse bloodwas collected in EDTA tube and then centrifuged at 6,000 rpm for 10min at 4�C. The upper
plasma was separated and obtained. Plasma ALT/AST or glucose levels were measured using Dri-chem NX500i hematology ana-

lyzers (Fujifilm, Tokyo, Japan).

Measurement of hepatic hydroxyproline
For hydroxyproline measurements, frozen liver tissue was homogenized with distilled water using a tissue Lyser II (Qiagen). Hydro-

chloride was added in the same amount and hydrolyzed by incubation at a 120�C heat block for 3 h. PicoSense Total Collagen Assay

kit (BioMax, Daejeon, Korea) was used according to the manufacturer’s protocol. Absorbance was measured at 560 nm.

RNA isolation for sequencing
Total RNA was isolated using Trizol reagent (Invitrogen). RNA quality was assessed by TapeStation4000 System (Agilent Technolo-

gies, Amstelveen, Netherlands), and RNA quantification was performed using ND-2000 Spectrophotometer (Thermo Fisher).

Library preparation and sequencing (mRNA-seq)
Libraries were prepared from total RNA using the CORALL RNA-Seq V2 Library Prep Kit (Lexogen, Inc., Vienna, Austria). The isolation

of mRNA was performed using the Poly(A) RNA Selection Kit (Lexogen, Inc.). The isolated mRNAs were used for the cDNA synthesis

and shearing, followingmanufacture’s instruction. Indexingwas performed using the Illumina indexes 1–12. The enrichment stepwas

carried out using PCR. Subsequently, libraries were checked using the TapeStation HS D1000 Screen Tape (Agilent Technologies) to

evaluate the mean fragment size. Quantification was performed using the library quantification kit using a StepOne Real-Time PCR

System (Applied Biosystems). High-throughput sequencing was performed as paired-end 100 sequencing using NovaSeq 6000

(Illumina, San Diego, CA).

Library preparation and sequencing (QuantSeq)
For control and test RNAs, the construction of library was performed using QuantSeq 30 mRNA-Seq Library Prep Kit FWD (Lexogen,

Inc.) according to the manufacturer’s instructions. In brief, each total RNA was prepared and an oligo-dT primer containing an Illu-

mina-compatible sequence at its 50 end was hybridized to the RNA and reverse transcription was performed. After degradation of the

RNA template, second strand synthesis was initiated by a random primer containing an Illumina compatible linker sequence at its 50

end. The double-stranded library was purified by usingmagnetic beads to remove all reaction components. The library was amplified

to add the complete adapter sequences required for cluster generation. The finished library is purified from PCR components. High-

throughput sequencing was performed as single-end 75bp sequencing using NextSeq 500/550 (Illumina, San Diego, CA).

Data analysis for RNA-seq
A quality control of raw sequencing data was performed using FastQC. Sequenced reads were trimmed for adapter sequences and

low-quality filtered using BBDuk. Then the clean reads were mapped to the reference genome using STAR. The quantification of

reads was processed using HTSeq-count. The Read Counts were processed based on TMM+CPM normalization method using us-

ing Python ‘‘conorm’’ package. Gene ontology was identified by DAVID functional annotation tool (NIH) and Gene Set Enrichment

Analysis (GSEA) tool. Heatmap of broad gene expressions was generated by phantasus package (https://artyomovlab.wustl.edu/

phantasus/). Data mining and graphic visualization were performed using ExDEGA (Ebiogen Inc., Seoul, Korea). The transcriptomic

sequencing results have been deposited in the Gene Expression Omnibus (GEO) database with the accession number: GSE279496

and GSE279499.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are represented as themeans ± SEM. Statistical analyses were conducted using an unpaired two-sided Student’s t test for

simple comparisons or a one-way ANOVA with Tukey’s post hoc test for multiple comparisons. p < 0.05 was considered significantly

different. The analysis was conducted by Graphpad Prism 8.0 (GraphPad Software Inc., San Diego, CA).
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