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Single sentence summary:
We clarified the release mechanism of SASP factors via gasdermin D N-terminus cell

membrane pore from senescent hepatic stellate cells.



Abstract

Long-term senescent cells exhibit a secretome termed the senescence-
associated secretory phenotype (SASP). Although the mechanisms of SASP factor
induction have been intensively studied, the release mechanism and how SASP factors
influence tumorigenesis in the biological context remains unclear. In this study, using a
mouse model of obesity-induced hepatocellular carcinoma (HCC), we identified the
release mechanism of SASP factors, that include IL-1p and IL-1B-dependent IL-33,
from senescent hepatic stellate cells via gasdermin D (GSDMD) N-terminus-mediated
pore. We found that IL-33 was highly induced in senescent hepatic stellate cells (HSCs)
in an IL-1B-dependent manner in the tumor microenvironment. The release of both IL-
33 and IL-1PB was triggered by lipoteichoic acid (LTA), a cell wall component of gut
microbiota which was transferred and accumulated in the liver tissue of high fat diet fed
mice, and the release of these factors was mediated through cell membrane pores
formed by the gasdermin D (GSDMD) N-terminus, which was cleaved by LTA-induced
caspase-11. We demonstrated that IL-33 release from HSCs promoted HCC
development via the activation of ST2-positive Treg cells in the liver tumor
microenvironment. The accumulation of GSDMD N-terminus was also detected in
HSCs from human NASH-associated HCC patients, suggesting that similar mechanism
could be involved in a certain type of human HCC. These results uncover a release
mechanism for SASP factors from sensitized senescent HSCs in the tumor
microenvironment, thereby facilitating obesity-associated HCC progression.
Furthermore, our findings highlight the therapeutic potential of inhibitors of GSDMD-

mediated pore formation for HCC treatment.



Introduction

Cellular senescence is a state of permanent cell cycle arrest that is induced by
various cellular stresses including persistent DNA damage and is known to function as a
tumor-suppression mechanism (/). However, although senescent cells cease
proliferating, they express a variety of secreted proteins, such as inflammatory
cytokines, chemokines, proteases, and so on, and this phenotype is called the
senescence-associated secretory phenotype (SASP)(/-4). Our previous studies and other
researches elucidated the transcriptional and translational mechanisms of SASP factor
induction (/, 5), and more recently, cGAS-STING-mediated signaling (/, 6) was shown
to be crucial for intrinsic SASP induction. However, the interactions of multiple SASP
factors and their release mechanism have not been clarified particularly when a series of
factors are simultaneously produced in senescent cells.

Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) are increasingly recognized as a risk of HCC development, independently of
cirrhosis (7). Using the murine NASH-associated liver cancer model, which is less
fibrotic, we previously identified that the exposure to deoxycholic acid (DCA), a
circulating secondary bile acid produced by gut microbiota, provoked cellular
senescence and SASP in hepatic stellate cells (HSCs) in the liver (8, 9), playing a role as
cancer-associated fibroblasts (CAFs) exhibiting an oncogenic secretome in the tumor
microenvironment (2). We also previously reported that this tumor-promoting secretome
is triggered by lipoteichoic acid (LTA), a cell wall component of gram-positive bacteria,
suppressed anti-tumor immunity via PGE; overproduction in the senescent HSCs in the
liver tumor region, which was canceled in the mice lacking TLR2, an innate immune

receptor recognizing LTA (9). This tumor-promoting SASP phenotype of HSCs was



observed in the human NASH-associated HCC tumor area (8, 9). In our obesity-
associated liver cancer model, we found that a variety of SASP factors are expressed in
the HSCs in the liver tumor, and IL-1p, an upstream regulator of cytokine cascade, plays
an important role in hepatocellular carcinoma (HCC) development, although the
downstream tumorigenic cytokines are still unknown (8). We, therefore, focused on IL-
33 which is highly expressed in HSCs in an IL-13-dependent manner.

IL-33 is an IL-1 family cytokine that can act through its receptor, ST2(IL-
IRLT) and IL-1RAcP (10, 11), on various types of immune cells (/0, 12). IL-33 is
expressed in many types of cells, such as epithelial cells, endothelial cells, and
fibroblasts, and is released by cellular damage as an alarmin to provoke immune
responses (/0, 13). In addition, IL-33 is processed by serine proteases secreted by
myeloid cells that can cleave full-length IL-33 (35 kDa) into mature forms (18-21 kDa)
whose activity is much greater than that of full-length 1L-33 (70, 14, 15). Although IL-
33 was initially identified as an allergy-associated cytokine(/0, 13, 16), it has been
increasingly recognized as a tumor-promoting cytokine in several types of cancer(/7-
21). However, when focusing on the liver, the precise molecular mechanisms of how
naturally produced endogenous IL-33 contributes to HCC development is still
incompletely understood (22-24).

In this study, we found that IL-33, an IL-1B-dependent SASP factor, was
upregulated in senescent hepatic stellate cells (HSCs) in the obesity-associated liver
tumor microenvironment, and cleaved by chymotrypsin-like elastase family member 1
(CELAT). Interestingly, lipoteichoic acid (LTA) was highly accumulated in the obese
mouse liver due to gut barrier dysfunction, and the short and active forms of IL-1p and

IL-33 were found to be released from LTA-stimulated senescent HSCs via the cell



membrane pore formed by the gasdermin D (GSDMD) N-terminus (25), which was
cleaved by caspase-11. The active form of IL-33 released from HSCs stimulated ST2-

positive Treg cells to suppress antitumor immunity.

Results
IL-33 from senescent HSCs promotes obesity-associated HCC development

We have previously reported that IL-1p, an upstream regulator of cytokine
cascade, plays an important role in hepatocellular carcinoma (HCC) development (8).
To explore which SASP factors from senescent HSCs in the tumor microenvironment
downstream of IL-1B are involved in obesity-associated HCC development, we
investigated the expression of a series of inflammatory cytokines produced in the liver
tumor tissue. Microarray analysis showed that [L-33 was the most upregulated cytokine
in the tumor tissue compared with non-tumor tissue in the livers of DMBA-treated,
high-fat diet (HFD)-fed mice (Fig. 1A and 1B). The quantitative PCR analysis
confirmed that IL-33 mRNA was indeed highly expressed in the tumor tissue (Fig. 1C).
Interestingly, not only the full-length IL-33 but also the short form of IL-33, which is
known to be more active (/4), were highly expressed specifically in the tumor tissue
(Fig. 1D). Therefore, to investigate the role of IL-33 in obesity-associated HCC
development, IL-33-deficient mice (26) were treated with DMBA in the neonatal stage
and fed an HFD to develop chemically-induced HCC as previously described (8, 9).
Interestingly, the IL-33-deficient mice showed a statistically significant reduction of
liver tumor development in number and size compared with the wild-type mice,
although the body weights of the mice were unchanged between the two groups (Fig. 1E

and 1F). Conversely, the administration of recombinant IL-33 into wild-type mice



promoted HCC development without influencing body weight (Fig. 1E and 1G).
Notably, histological analysis revealed that IL-33 was highly expressed in a-smooth
muscle actin (a-SMA)-positive HSCs in the tumor microenvironment undergoing
cellular senescence, as judged by the expression of a senescence inducer, p21 (a cyclin-
dependent kinase inhibitor, CDKI), signs of DNA damage response (53BP1 foci), and
suppressed expression of the cell proliferation marker (negative expression of Ki-67)
(Fig. 1H) (, 8). HFD-fed livers showed a higher number of senescent HSCs expressing
p21 than ND-fed livers, coinciding with the upregulation of SASP factors, IL-33, and
IL-1p in senescent HSCs (Fig. S1).

We have previously shown that DCA, an obesity-associated gut microbial
metabolite, has a pivotal role in inducing DNA damage-associated cellular senescence
and concomitant SASP in HSCs, thereby contributing to HCC progression (8, 9). DCA
treatment in primary HSCs indeed upregulated the expression of senescence inducing
CDKIs, pl6, and p21 (Fig. 2D)(8, 9). Therefore, we checked the effect of DCA on the
induction of cellular senescence and IL-33 expression in HSCs in vivo. Although the
number of 53BP1foci, a marker of DNA-damage-induced cellular senescence, in HSCs
was significantly reduced in the livers of four antibiotics (4Abx)-treated mice (Fig. 2A,
vi; Fig. 2C), the foci number were strongly increased by the 4Abx plus DCA-feeding
(Fig. 2A, vii; Fig. 2C), indicating that DNA damage response was induced by DCA in
vivo. The number of IL-33-expressing a-SMA-positive HSCs was very few in the
4Abx-treated livers (Fig. 2A, ii; Fig. 2B). However, upon DCA-feeding, the IL-33
expression was increased coinciding with the accumulation of the DNA damage
response marker, S3BP1 foci (Fig. 2A, iii and vii; Fig. 2B, and 2C). We previously

showed that IL-1B-deficient mice had a significant reduction in the development of
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HFD-induced HCCs (8). Accordingly, we found that the number of IL-33-positive
HSCs was also greatly decreased in mice lacking IL-1B (Fig. 2A, iv; Fig. 2B)(27),
which is an important upstream cytokine for SASP factor induction (§), suggesting that
1133 expression could be regulated by IL-13. When DCA-induced senescent HSCs were
treated with IL-1P in culture, 7/33 mRNA level was strongly enhanced by IL-183
stimulation compared to the response in non-senescent HSCs treated with vehicle (Fig.
2D). Similar enhancement of Cxc// mRNA induction, a well-known SASP factor (8),
was observed in DCA-treated senescent HSCs by IL-1B addition (Fig. 2D). DCA
treatment increased the mRNA levels of the senescence-inducing CDKIs, p16, and p21,

but this upregulation did not respond to IL-1f treatment (Fig. 2D).

IL-33 is cleaved and activated by the elastase, CELA1

We next tried to elucidate the molecular mechanism of IL-33 activation in
senescent HSCs in the tumor microenvironment. First, we focused on the mechanism of
how the short and active form of IL-33 was created in the obesity-associated liver tumor
microenvironment (Fig. 1D). It is known that the short form of C-terminal IL-33, which
is generated by the proteolytic cleavage of full-length IL-33 by serine proteases to
eliminate the N-terminal chromatin binding domain (CBD), has an enhanced biological
activity (/4, 15). Microarray analysis showed that CELA1, but none of the other known
IL-33-processing proteases (Cathepsin G, Neutrophil elastase, Granzyme B, Tryptase,
Chymase, or Calpain-1) (/4, 15, 28), was highly expressed in the tumor tissue
compared to that in the non-tumor tissue in HFD-fed mouse livers (Fig. 3A and 3B). We
confirmed that the protein, as well as mRNA levels of CELA1, were very high in the

tumor region (Fig. 3C and 3D), and more interestingly, CELA1 was also predominantly



expressed in a-SMA-positive senescent HSCs in the area of the liver tumor (Fig. 3E).
To investigate whether CELA1 can cleave the full-length IL-33 to generate the short
form, the recombinant full-length IL-33 was mixed with recombinant CELA1 in vitro.
We found that recombinant CELA1 exhibited IL-33-processing activity and was able to
create shorter forms of IL-33 (Fig. 3F), while an elastase inhibitor, elastatinal, blocked
the cleavage of IL-33 by CELA1 (Fig. 3F). Consistent with CELA1 upregulation in
HSCs in the liver tumor tissue (Fig. 3E), CELA1 mRNA was increased in DCA-induced
senescent HSCs, although CELA1 expression was IL-1B-independent (Fig. 3G).

To investigate the IL-33 cleavage by CELAI in vivo, we performed the
peritoneal injection of elastatinal for five weeks at the late stage of the
hepatocarcinogenesis protocol in mice (Fig. 3H). Interestingly, we confirmed a
decreased production of the short form of IL-33 and an increased level of the full-length
IL-33, particularly in the liver tumor region (Fig. 31, comparison between lanes 3 and 4,
and lanes 7 and 8), coinciding with the suppression of HCC development in mice
administered with elastatinal (Fig. 3J), without any weight loss (Fig. 3J). The expression
levels of other proteases that can reportedly cleave IL-33 seemed quite low (Fig. 3B).
Therefore, these results strongly suggest that CELAL1 is a protease that can cleave the

full-length IL-33, contributing to the creation of a short and active form of IL-33.

IL-33 is released through the GSDMD N-terminus pore in HSCs of HFD-fed livers
Thereafter, we investigated how the cleaved form of IL-33 is exported from

living senescent HSCs. To evaluate the in vivo status of HSCs, we freshly isolated

primary HSCs from the livers of ND-fed mice or tumor-bearing HFD-fed mice by cell

sorting using a modified method of previous reports (29, 30). The HSCs isolated from



HFD-fed murine liver tumors showed a senescent phenotype judging from the reduced
proliferation ability and the increased senescence-associated [-galactosidase (SA-P gal)
activity (Fig. S2A-S2C). The mRNA level of senescence inducing CDKIs, p/6 and p21,
as well as the SASP factors, Cxcll, 1133, Mmp-1, Mmp-3, and IL-1p receptor, //1r] in
the HSCs isolated from the tumor region of HFD-fed mouse livers were upregulated
(Fig. S2E-S2K). We also confirmed the decreased protein level of lamin B1 in HSCs
from HFD-fed liver tumors (Fig. 4B), which is one of the hallmarks of cellular
senescence, creating a fragile nuclear membrane (37). This shows that the HSCs freshly
isolated from HFD-fed liver tumor tissues were indeed undergoing cellular senescence
and SASP due to sufficient exposure of endogenous DCA increased in HFD-fed mice in
vivo (Fig.4 D) (8).

Using freshly prepared HSC lysates, we observed that IL-33 was most highly
expressed in HSCs from tumor tissues of HFD-fed mouse livers, confirming the results
presented earlier (Fig. 1D; Fig. 4A). Recently, it has been reported that IL-1f is
exported from living macrophages through the cell membrane pore formed by the
gasdermin D (GSDMD) N-terminus in a caspase 1 or -11 dependent manner (32);
however, GSDMD-mediated IL-1f release from non-immune cells has not been well
known. Interestingly, the cleaved form of caspase-1 and -11 were upregulated in freshly
isolated HSCs from HFD-fed mouse livers and were co-expressed with both the full-
length and the cleaved form of GSDMD (Fig. 4A). These findings led us to hypothesize
that GSDMD in the senescent HSCs could be cleaved by caspase-1 or -11 in the tumor
tissue, leading to the pore formation in the cell membrane of HSCs by the GSDMD N-
terminus to export SASP factors. It is well known that microbe-associated molecular
patterns (MAMPs), such as lipopolysaccharides (LPSs) or lipoteichoic acid (LTA),

10



activate the inflammasome pathway that can cleave and activate caspase-1 and -11 (33).
Using the same hepatic carcinogenesis model, we previously found that the population
of gram-positive gut microbiota was greatly increased in the intestine of HFD-fed mice,
and a large amount of LTA, a cell wall component of gram-positive bacteria, was
transferred to the liver due to the HFD-induced gut barrier dysfunction (9, 34).
Moreover, we reported that the mice lacking TLR2, an innate immune receptor
recognizing LTA, developed a significantly reduced number of HCC tumors(9). In this
study, we also confirmed the LTA accumulation in the hepatic sinusoidal area of the
HFD-fed mouse liver including in the tumor area in WT and IL-33 deficient mice, and
that this accumulation was strongly diminished in the antibiotics-treated mouse liver,
showing the gut barrier dysfunction supported by the elevation of serum CD14 level
(Fig. S3A) and that the hepatic LTA was derived from gram-positive gut microbiota (Fig.
4C, Fig. S3B). Therefore, to mimic the biological context of this HFD-fed mouse liver,
we freshly isolated HSCs from HFD-induced liver tumors and treated them with LTA as
a stimulatory MAMP in culture. We noticed that the expression of 1L-33, caspase-11,
and GSDMD-N-terminus in HSCs was reduced in the following two-days culture
compared to those in immediately prepared fresh cell lysates presumably due to culture
stress (Fig. 4A, lane 3; Fig. 4B, lane 3). However, the LTA treatment strongly recovered
the expression of these proteins as well as that of full-length IL-1p (Fig. 4B). Moreover,
Toll-like receptor 2 (TLR2), an innate immune receptor recognizing LTA, was also
highly upregulated (Fig. 4B, lane 4), suggesting that LTA and TLR2 signaling cooperate
in a positive feedback loop to induce the expression of IL-1f and its downstream targets,
IL-33, as well as caspase-11 (Fig. 4B, lane 4). Interestingly, we also found that LTA

treatment resulted in the cleaved form of IL-1p and IL-33 being fully exported from the
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HSCs into the culture supernatant, coinciding with an increase in expression of the
GSDMD N-terminus domain (Fig. 4B, lane 4). The upregulation of these proteins by
LTA was much weaker in HSCs from ND-fed mouse livers (Fig. 4B, lane 2), indicating
that the senescent HSCs isolated from HFD-fed mouse liver tumors were highly
sensitized to LTA.

Thereafter, we investigate whether GSDMD is involved in the release of IL-33
from the senescent HSCs. We first confirmed that the short form of IL-33 was released
only in the presence of GSDMD N-terminus when overexpressed in HEK293T cells
(Fig. 4E). We next performed the knockdown of GSDMD expression by the infection of
the shRNA expression vector against the GSDMD coding sequence in isolated HSCs. In
the control shRNA-infected cells, both full-length and N-terminus of GSDMD as well
as IL-1pB and IL-33 were highly expressed under LTA treatment (Fig. 4F, lane 1). The
knockdown vector #2 and #4 successfully suppressed both the full-length and short
form of GSDMD expression in the HSCs isolated from HFD-fed mouse liver tumors
(Fig. 4F, lanes 2 and 3). Interestingly, the short form of endogenous IL-33 was
accumulated in the cells where the expression of GSDMD was suppressed (Fig. 4F,
lanes 2 and 3), indicating that the release of a short form of IL-33 from HSCs was
blocked by the knockdown of GSDMD. We again confirmed the release of cleaved IL-
1B from LTA-treated and control shRNA-infected HSCs in the culture supernatant, and
this release was completely blocked by GSDMD knockdown (Fig. 4F, lane 2 and 3),
showing that cleaved IL-1p was also released through GSDMD. The accumulation of
the cleaved IL-1 in the cell lysates of senescent HSCs was under the detectable level,
presumably because of its instability in MMP-induced conditions in senescent HSCs

(Fig. S2I and S2J) (35-37). The increased sensitivity to LTA and the innate immune
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responses were shown to be independent of IL-33 (Fig. 4C, Fig. S3B, and S3C).
Although IL-33 is known to be a nuclear protein harboring chromatin binding domain,
the production of cytoplasmic chromatin in senescent cells (38) due to their fragile
nuclear membrane caused by downregulation of lamin B1 (Fig. 4B, lanes 3 and 4) (31),
could result in the translocation of nuclear IL-33 to the cytoplasm where it can be
cleaved by CELA1. These results strongly suggest that the cleaved form of 1L-33 and
IL-1p are exported through the GSDMD N-terminus pore upon LTA stimulation.
Moreover, we tried to identify the enzyme that cleaved the full-sized GSDMD
in this context. Caspase-1 and -11 are capable of cleaving GSDMD (39-417). In the
HSCs from HFD-fed liver tumors, caspase-11 was strongly upregulated upon LTA
treatment, whereas the expression (Fig. 4B, lane 4) or activity (Fig. 4H) of caspase-1
was unchanged. The expression and activity of caspase-1 were sustained at a relatively
high level (Fig. 4B, lanes 3 and 4), which could lead to cleaving and activating IL-1f in
HSCs of HFD-fed liver tumors. When caspase-11 expression was knockdown by
shRNA, GSDMD N-terminus was significantly diminished, indicating that caspase-11
cleaved GSDMD (Fig. 4G). More interestingly, TLR2 knockdown completely
suppressed the induction and the processing of caspase-11 by LTA (Fig. 41). These
results strongly suggest that LTA/TLR2-mediated signaling facilitates the expression
and maturation of caspase-11 leading to the creation of the GSDMD-N-terminus and the
formation of the cell membrane pore as well as expression of IL-1p and 1L-33 (Fig. 4I).
Cell membrane pore formation by the GSDMD-N-terminus cluster is known to induce
pyroptotic cell death (25). However, unlike LTA-treated THP1 cells, monocytic
leukemia cells that are known to undergo pyroptotic cell death when treated with LPS or
LTA (25, 41), senescent HSCs isolated from HDF-fed liver tumors seemed resistant to
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pyroptotic cell death in the presence of GSDMD-N-terminus without showing any signs
of cell death at least for 5 days (Fig. 4J). All these results suggest that caspase-11
upregulated by LTA cleaved the GSDMD N-terminus to create a cell membrane pore,
thereby contributing to the continuous export of IL-33 and IL-1p from senescent HSCs.
We believe that this constitutes an important release mechanism for the SASP factors
IL-33 and IL-1B from senescent HSCs in the obesity-associated liver tumor
microenvironment.

Finally, to evaluate the effect of inhibiting the SASP factor release, the DMBA-
treated and HFD-fed mice were treated with disulfiram, an inhibitor of pore formation
by GSDMD-N terminus(42), which has been originally used as a drug for treating
alcohol addiction (42). We confirmed that disulfiram treatment indeed effectively
inhibited the export of IL-1B and IL-33 from primary HSCs (Fig. S3D). Interestingly,
liver tumor formation was repressed by the treatment of disulfiram (Fig. 4K),
suggesting the importance of SASP factor release from HSCs on tumor formation and

the promising repurposed use of disulfiram for the anti-cancer drug.

IL-33-mediated activation of ST2 positive Treg cells in the tumor
microenvironment contributes to obesity-associated HCC development

To determine the target cells of IL-33 in the liver tumor microenvironment, we
searched for cells expressing ST2, a receptor of IL-33, in mouse liver tissues. Since ST2
expression was not observed on the surface of HSCs, primary hepatocytes from ND-fed
and HFD-fed mouse livers nor a mouse HCC cell line, Hepal-6 cells, (Fig. 5A), we
focused on immune cells. We found that ST2 was expressed predominantly on a
population of Foxp3-positive regulatory CD4" T cells (hereafter designated as Treg) and
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a few Foxp3-negative conventional CD4" T cells (hereafter designated as Tconv) in the
HFD-fed mouse livers (Fig. 5B and 5D; Fig. S4). The frequency of ST2" Treg cells as
well as total Treg cells was dominantly increased in the livers of HFD-fed mice (Fig. 5C
and 5D; Fig. S4). The frequency of ST2-positive group 2 innate lymphoid cells (ILC2),
which have been reportedly associated with the anti-tumor immunity (43), were very
small in the mouse livers similar to the previous report (Fig. S5)(44). Therefore, we
continued the analysis of ST2-positive Treg cells in the HFD-induced liver tumor. We
found that the ST2" Treg cells were derived from the thymus, judging from the high
expression of Helios and neuropilin-1 (45, 46) (Fig. 5E and 5F; Fig. S4). Molecules
important for Treg cell function, such as CTLA-4(47) and KLRGI (48) were strongly
upregulated in ST2" Treg cells compared with ST2™ Treg cells (Fig. 5G; Fig. S4).
Thereafter, to examine the effects of IL-33 on ST2" Treg cells in vivo, we injected 1L-33
or vehicle (PBS) intraperitoneally into HFD-fed mice. The administration of IL-33
significantly enhanced the frequency and expression level of ST2" Treg cells in the
mouse liver (Fig. SH-5K; Fig. S4). The expression of functional molecules, such as
CTLAA4, PD-1, and KLRG1 on Treg cells (48) was also enhanced by IL-33 (Fig. 5L; Fig.
S4). Therefore, it is strongly suggested that IL-33 increased the number of ST2" Treg
cells and activated Treg cell function in the liver.

Thereafter, we crossed ST2-floxed mice (49) and Foxp3-Cre-Yfp mice (50) to
generate Treg-cell-specific ST2-deficient mice to exclude the possibility of the effect of
ST2 on other types of cells, such as Tconv. The number of tumors was significantly
reduced in ST2V1-Foxp3-Cre-Yfp mice compared to that in ST2V-Foxp3-WT mice,
while the body weights were similar between the two groups (Fig. 6A). Although the

frequency of Treg cells (Foxp3™) and Tconv cells (Foxp3~) did not change (Fig. 6B; Fig.
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S6), the expression levels of functional Treg cell markers, such as CTLA-4(47) and
KLRG1(48), were significantly reduced in the Treg cells from ST2"%-Foxp3-Cre-Yfp
mouse livers compared to that in ST2* Treg cells from the livers of ST2V1-Foxp3-WT
mice (Fig. 6D; Fig. S6). Cytotoxic CD8" T cells in the tumor area often become
dysfunctional, over-express suppressive molecules, such as PD-1, and show exhausted
phenotypes with impaired proliferation and reduced cytokine production (5/). Indeed,
PD-1" CD8" T cells from the livers of wild-type HFD-fed mice showed a significantly
lower expression of Ki-67 compared to PD-1"CD8" T cells after anti-CD3/CD28
monoclonal antibody (mAb) stimulation (Fig. S7A-S7C). The production of effector
cytokines, IFN-y, TNF-o, and IL-2, was also impaired in PD-1" CD8" T cells (Fig.
S7D). Interestingly, the frequency of PD-1 expressing CD8" T cells (PD-1" CD8" T)
was significantly reduced in ST2Y®-Foxp3-Cre-Yfp mice, although the total number of
CDS8" T cells was unchanged (Fig. 6C; Fig. S7A). These results indicate that ST2
expression in Treg cells profoundly attenuated cytotoxic CD8" T cell function in vivo.
Moreover, when we injected mice with anti-ST2 blocking mAb, the number of tumors
was significantly reduced (Fig. 6E), implying the therapeutic potential of the ST2
blocking antibody. These results suggest that ST2" Treg cells play a crucial role in the
liver tumor microenvironment in promoting obesity-associated HCC development by

inducing CD8" T cell exhaustion.

The cleaved form of GSDMD N-terminus was accumulated in HSCs in human
non-viral HCC
To evaluate the relevance in humans, we first investigated the characteristics of

DCA -treated senescent human HSCs in culture. The DCA-induced senescence led to the
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upregulation of p16 and p21, and additional treatment with IL-1f resulted in the strong
induction of SASP factors IL-33 and IL-6 (Fig. 7A). This indicates that the IL-183-
dependent IL-33 expression was conserved in human HSCs. The CELAT induction by
DCA was also confirmed in human primary HSCs (Fig. 7A).

Moreover, we examined the IL-33 expression in HSCs in human non-viral
HCC tissues. Consistent with the results of the murine obesity-associated HCC model
(Fig. 1 and 2), we confirmed the expression of IL-33 in the a-SMA-positive HSCs in
the lipid-rich tumor regions of human non-viral HCC as we previously reported (Fig.
7B and C)(9), indicating that senescent HSCs in human HCC tumor region exhibit
SASP phenotype, since the a-SMA-positivity in HSCs in the tumor region is well
correlated with the induction of cellular senescence (Fig. 1H) (8). Importantly, many of
the a-SMA-positive senescent HSCs were also positive for GSDMD N-terminus when
stained with an antibody specifically recognizing this cleaved form of GSDMD,
suggesting that GSDMD N-terminus pore was also formed in the senescent HSCs in
human non-viral HCC tumor area (Fig. 7B). These results suggest that IL-33 is a SASP
factor in senescent HSCs in the human non-viral liver tumor microenvironment and that
a similar release mechanism of SASP factors by GSDMD N-terminus pore from HSCs
could be involved in promoting the obesity-associated HCC development in humans.
Our data suggest that blocking the GSDMD N-terminus pore using disulfiram, a known

inhibitor of GSDMD N-terminus pore (42), could be a therapeutic potential.

Discussion
SASP, frequently observed in the tissue resident fibroblasts, is highly context-

dependent phenotype showing both beneficial (e. g. tissue repair) and detrimental roles
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(e. g. tumor progression) (2, 8, 9). However, the detailed molecular mechanisms, such
as the release mechanism of SASP factors, that can be a molecular target for cancer
therapy, and how SASP factors influence tumorigenesis in each biological context have
been incompletely understood. In this study, using a mouse model of obesity-induced
hepatocellular carcinoma (HCC), we identified the release mechanism of SASP factors,
that include IL-1p and IL-1B-dependent cytokine IL-33, from senescent hepatic stellate
cells via GSDMD N-terminus pore. Moreover, the released 1L-33 acted on Treg cells
expressing ST2, a receptor for IL-33, suppressing the anti-tumor immunity, thereby
contributing to obesity-associated HCC progression (Fig. S8). Although we used a
single mouse model of obesity-associated liver cancer, GSDMD N-terminus domain and
IL-33 were present in HSCs in human NASH-associated liver cancer tissues, suggesting
that the GSDMD-mediated release mechanism of IL-33 could be conserved in human.
However, further studies are needed to generalize this molecular mechanism in other
biological contexts both in human and mouse.

Recently, ST2-positive ILC2s stimulated by IL-33 were reported to be an anti-
tumor immune mediator in the orthopedic implantation of pancreatic cancer models (43).
In our model, however, while ST2-positive Treg cells are dominantly detected in liver
tumor tissues, hepatic ILC2 constituted a very small population as previously reported
(Fig. S5)(44), suggesting that ST2-positive Treg cells mediated the tumor-promoting
effect by IL-33 in the liver via suppression of anti-tumor immunity. Indeed, the IL-
33/ST2 axis has been reported to be associated with several types of human cancer
promotion (17, 52, 53), and we confirmed the clear expression of IL-33 in HSCs in the
human non-viral HCC tumor areas (Fig. 7B). Although the increase of ST2-positive

Treg cells in human HCC has not been clarified yet, not only ST2-positive Treg cells
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but also other types of ST2-positive immune cells are reportedly associated with
tumorigenesis in humans (/7, 52-54). These reports suggest that the upregulation of
endogenous IL-33 in the tumor microenvironment itself might have a tumorigenic
potential, and the blockade of the axis of IL-1B-dependent IL-33 toward ST2-positive
immune cells could be a useful strategy for anticancer prevention or therapy as shown in
Fig. 6E. Therefore, it should be noted that the effect of IL-33 could be altered by the
function and the dominancy of target cells of IL-33 in each biological context.

The role of SASP in cancer seems varied depending on the stage of cancer, and
it has been increasingly recognized to exhibit a tumor-promoting role as CAFs in the
tumor microenvironment of advanced tumors (/). Regarding liver cancer, the early stage
of precancerous hepatocytes, which were undergoing cellular senescence, were reported
to secrete SASP factors for senescence-surveillance to eradicate the precancerous
senescent hepatocytes (53), suggesting a tumor-suppressive role of SASP in the very
early stage of hepatocarcinogenesis. On the other hand, another report showed that the
suppression of cellular senescence in HSCs by crossing p5371°¥f1x and GFAP (Glial
fibrillary acidic protein)-Cre mice exhibited subtle increase of HCC development (56),
suggesting a tumor suppressive role of SASP in HSCs. However, GFAP was shown not
to be predominantly expressed in HSCs but expressed in cholangiocytes (57), thereby
making it difficult to conclude that senescent HSCs play a tumor suppressive role in
advanced HCC tumors. Our current and previous studies clearly show that the SASP
factors from senescent HSCs in advanced obesity-associated HCC tumors play a pivotal
role in suppressing antitumor immunity, thereby contributing to the liver cancer
progression(8, 9, 58), although we used a different carcinogenesis protocol. Our data

strongly suggest that the HSCs in the tumor microenvironment of advanced obesity-
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associated HCC act as typical CAFs to promote cancer progression.

Importantly, we elucidated one of the release mechanisms of SASP factor from
senescent cells. Although the transcriptional and translational mechanisms for SASP
factor induction were intensively investigated (/), the secretion of the translated SASP
factors by senescent cells has yet to be elucidated. The gasdermins are a family of pore-
forming proteins and five have been identified (GSDMA to E). Among them, GSDMD
has recently been shown to create the N-terminus-mediated plasma membrane pore by
the activated caspase-1 or -11, and it also induces an inflammatory lytic cell death called
pyroptosis. We found that caspase-11, upregulated in LTA-stimulated senescent HSCs,
cleaved GSDMD to create the GSDMD N-terminus domain. We also confirmed that the
active form of IL-33, from which the chromatin binding domain (CBD) is lost, was
released through the cell membrane pore formed by the GSDMD N-terminus domain in
the senescent HSCs. Although the GSDMD N-terminus pore is an important release
mechanism of IL-1p in living macrophages (32), we confirmed that IL-33 as well as IL-
1B was released through the GSDMD N-terminus pore from senescent, non-immune
HSCs, which is indeed a release mechanism of SASP factors from senescent cells.

Very interestingly, GSDMD N-terminus domain was also detected specifically
in HSCs in human non-viral HCCs (Fig. 7B), suggesting that a similar release
mechanism of SASP factors could be conserved in the HSCs in human non-viral HCC
tumors. Therefore, blocking of GSDMD N-terminus pore by the repurposed use of
disulfiram (42) could also be a therapeutic potential. We also showed that the hepatic
accumulation of gut microbial component, LTA, triggered the GSDMD-mediated
release of SASP factors from senescent HSCs, suggesting the importance of gut barrier
function in preventing obesity-associated liver cancer. Overall, our current findings
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could provide valuable new insights into the release mechanism and their fates/actions
of SASP factors in the tumor microenvironment, and may facilitate the development of
a prevention and therapeutic strategy for obesity-associated liver cancer, such as human

NASH-associated HCC.

Materials and Methods

Study Design

The main goal of this study was to explore the release mechanism of SASP factors in
the obesity-associated liver tumor microenvironment by focusing on the innate immune
responses in hepatic stellate cells by LTA in the liver. The sample size of all the
experiments were determined based on our previous studies and prior experiments that
were sufficient for statistical analysis, and considering animal welfare, as indicated in
the figure legends. All experiments were performed at least two times or more
independently. The mouse experiments were performed unblinded as mice of different
genotypes were identified and kept track of. The chemical treatment was designed
according to the previously reported protocols as described in the materials and methods
or figure legends. The measurements and counts are based on the visible positivity of
the stained cells via the fluorescence microscopy and the visible liver tumors partly
using Image J software (ver. 1.53) as described in the materials and methods and the

figure legends.

Mice and diet
Wild-type C57BL/6 mice (CLEA Japan Inc), //33” mice (C57BL6), that were created

by crossing with heterozygous IL-33"" mice (26, 42), II-13”7~ mice (C57BL/6) (27), and
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Treg-cell-specific ST2-deficient conditional knockout mice were used for liver
carcinogenesis experiments. To generate Treg-cell-specific ST2-deficient conditional
knockout mice, Foxp3-Cre-Yfp mice (50) were crossed with ST2V mice (49), and used
for carcinogenesis experiments. The mice were maintained under specific pathogen-free
conditions, on a 12-h light-dark cycle, and fed a normal diet (ND, D12450] Research
Diet Inc., NJ, US or CE2, CLEA Japan) or a high-fat diet (HFD, D12492, Research Diet
Inc., NJ, uUS) ad libitum (https://www.eptrading.co.jp/service/
researchdiets/pdf/DI0%20Series.pdf). The age-matched male mice were used for all the
liver carcinogenesis experiments because we previously confirmed that male mice
develop liver cancer in much higher penetrance than female mice (§). Mice with more
than 45 g weight at the age of 30 weeks old were used as obese mice for all experiments.
The sample size used in this study was determined based on the expense of data
collection, and the need to have sufficient statistical power. Randomization and blinding
were not used in this study. All animal experiments were performed according to
protocols approved by the Animal Care and Use Committee of the Tokyo University of
Science (approval number: N16007) and the Osaka City University Graduate School of
Medicine (approval number: 17206, 18079). Antibiotics and deoxycholic acid
treatments in mice were performed as previously described (&) using a combination of
four antibiotics (4Abx) containing ampicillin (1 g/L), neomycin (1 g /L), metronidazole
(1 g /L), and vancomycin (500 mg/L) in drinking water at the age of 13 weeks old until
euthanized at 30 weeks. Deoxycholic acid was dissolved in absolute ethanol and diluted
in 66% propylene glycol to reduce the concentration of alcohol to 5%. 40 pg per g
(weight) of deoxycholic acid or vehicle (control) fed three times per week using a

feeding tube at the age of 13 weeks old until euthanized.
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Chemically induced carcinogenesis

Male mice were used for the carcinogenesis experiments in this study. DMBA (7,12-
dimethylbenz(a)anthracene, Sigma) treatments were performed as described previously
(8). In brief, 50 pL of 0.5% DMBA in acetone was applied to the dorsal surface on
postnatal day 4-5. The neonatal mice used for carcinogenesis experiments were shuffled
from their littermates when grouping to avoid any littermate tendency. Afterwards,
mother and pups were fed ND or HFD. At 4 weeks old, pups were weaned and
continuously fed either ND or HFD until euthanized. The recombinant I1L-33 used for
injection to mice (Fig. 1G) was a commercially available short form of IL-33 and it is
endotoxin-free (R&D, 3626-ML, Endotoxin Level <0.01 EU per 1 pg of the protein by
the LAL method) and was dissolved in PBS. HFD-fed mice treated with DMBA at
neonatal stage was intraperitoneally injected with 0.5 pg of recombinant murine IL-33
or PBS (Vehicle) twice a week at the age of 25 weeks old until 30 weeks old, according
to the previously reported protocol(59). Elastatinal (Sigma, E0881) was dissolved in
PBS. HFD-fed mice treated with DMBA at neonatal stage was intraperitoneally injected
with 100 pg (per mouse with 50g weight) of Elastatinal or PBS (Vehicle) three times a
week at the age of 30 weeks old until 35 weeks old. We used the lower dose than those
in the previously reported protocol(60), and found it effective enough to suppress the
cleavage of IL-33. Disulfiram (Merck, PHR1690) was dissolved in DMSO (250 mg/ml),
and diluted in Corn oil to 80 times. HFD-fed mice treated with DMBA at neonatal stage
was intraperitoneally injected with 0.5 mg of disulfiram or Corn oil with 1.25% DMSO
(Vehicle) three times a week at the age of 30 weeks old until 35 weeks old in reference

to the previously reported protocol(67). The anti-mouse ST2 mAb was generated in this
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study. Detailed information is shown in Supplementary materials. HFD-fed mice treated
with DMBA at neonatal stage was intraperitoneally injected with 150 pg of anti-mouse
ST2 mAD or control rat IgG twice a week at the age of 22 weeks old until 30 weeks old.
Evaluation of tumor number and size was determined by counting the number of visible
tumors and measuring their size partly using Image J software (ver. 1.53).

Representative data of two to three independent experiments are shown in the figures.

Isolation of primary hepatic stellate cells

Primary hepatic stellate cells were collected by a modified previously reported method
(29). To avoid the stress response (30), all solutions were precooled on ice and all the
subsequent manipulations were performed under ice-cold conditions before isolation.
Mouse livers were perfused slowly via portal vein cannulation with 20-28 mL of liver
perfusion medium (EGTA solution) (29) to flush out the blood at a rate of 4 mL/min,
and then digested with 40-60 mL of liver digest medium (Enzyme Buffer Solution)
containing ProE (1 mg/mL) (Merck) followed by 50-75 mL of Solution B containing
Collagenase (1.3 mg/mL) (Wako) (29) at the same rate. Then, the livers were further
digested with a ProE/Collagenase solution including DNase I (0.02 mg/mL) (Roche) for
30 min at 6 °C and passed through a 70-um cell strainer (BD Biosciences). After
centrifugation at 600 x g for 10 min, a Nycodenz gradient separation was performed to
collect the hepatic stellate cells in the middle layer of the cell-Nycodenz solution
(GBSS/A solution) (29) and overlayed GBSS/B solution (29). Detailed information on
the solutions is shown in Table S2. Low-speed centrifugation (20-50 x g) was
performed several times to exclude the hepatocytes. Hepatic stellate cells were remained

in the supernatant and can be used for cell culture. The primary murine hepatic stellate
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cells were sorted from this pre-sort cell suspension using the SH800 Cell Sorter (SONY)
and used for quantitative PCR or Western blotting. The sorting strategy is shown in Fig.
S2D. After two days of culture, the primary HSCs were used for LTA treatment or

Lentivirus infection.

Histology and immunofluorescence analysis

Mouse liver tissues were fixed in 4% paraformaldehyde in PBS for 24 hours,
progressively dehydrated through gradients of alcohol, and embedded in paraffin.
Samples were sectioned on a microtome (5-um-thick), deparaffinized in xylene,
rehydrated, and then stained with hematoxylin and eosin (H&E). For antibody staining,
deparaffinized and rehydrated sections were exposed to heat-induced antigen retrieval
for 20 min in Retrieval Solution (Dako). After washing with PBS, the sections were
incubated in blocking reagent (BioGenex) for 10 min at room temperature and
incubated with primary antibodies overnight at 4 °C. After washing with PBS, the
sections were incubated with secondary antibodies overnight at 4 °C. Fluorescence
images were observed and photographed by using a fluorescence microscope
(OLYMPUS IX71, objective lens; LUCPlanFLN 40 X, eyepiece; WHN 10 X, Filters;
Blue(DAPI): Ex(nm) 330-385, Em(nm) 420: catalog no. U-MWU2, Green(Alexa488):
Ex(nm) 470-495, Em(nm) 510-550: catalog no. U-MNIBA3, and Red(Alexa594):
Ex(nm) 545-580, Em(nm) 610: catalog no.U-MWIY2). Immunofluorescence analysis
for CELA-1 in liver tissue was performed using frozen sections. Mouse liver tissues
were covered with O.C.T compound (SAKURA) and were frozen completely at -80°C.
Frozen tissues were sectioned on a cryotome Cryostat (5-um-thick) (Leica Biosystems).

The tissue sections were dried at room temperature and were fixed with acetone for 10
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min at -20°C. After washing with TBS, the sections were incubated in blocking reagent
(BioGenex) for 10 min at room temperature and incubated with primary antibodies
overnight at 4 °C. After washing with TBS, the sections were incubated with secondary
antibodies for 1 hour at room temperature. Fluorescence images were observed and
photographed by using an immunofluorescence microscope (OLYMPUS). The primary

antibodies used for the mouse samples are shown in Table S1.

Plasmid constructions

To construct pPCMV-5xFlag-short IL-33, the open reading frame (ORF) was amplified
using mouse HSCs cDNA library as a template and primer pair shown in Table S1 (IL-
33 Forward#1/IL-33 Reverse#1). The resulting fragments were inserted into the EcoRV
and HindIIl sites of pCMV-5xFlag (62). To construct pCMV-5xMyc-full length
GSDMD and pCMV-5xMyc-N-terminal GSDMD, the ORF was amplified using mouse
HSCs cDNA library as a template and primer pairs shown in Table S1 (GSDMD
Forward#1/GSDMD Reverse#l and GSDMD Forward#1/GSDMD Reverse#2,
respectively). The resulting fragments were inserted into the EcoRI and Sall sites of
pCMV-5xMyc (62). Plasmid constructions are shown in Fig. S9 in the supplementary
materials. Plasmid transfection was performed using Polyethylenimine Max

(Polyscience, Inc.) according to the manufacturer’s protocol.

Knockdown of gene expressions by shRNA
Sigma mission shRNAs (shGSDMD #2: TRCNO0000198776, shGSDMD #4:
TRCN0000182401,  shCASP11  #4:  TRCNO0000012270,  shCASP11  #5:

TRCNO0000012271, shTLR2 #2: TRCN0000065676, shTLR2 #5: TRCN0000321317,
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shIL-33 #1: TRCN0000173324, shIL-33 #2: TRCN0000173352) cloned into lentiviral
shRNA plasmid pLKO.1 were used for silencing GSDMD, CASP11 or TLR2
expression. pLKO.1 shGFP(63) was used as a control. Lenti viral supernatant was
prepared by co-transfecting HEK293T cells with VSV-G, psPax2, and pLKO.1 vectors.
These virus-containing supernatants were infected with primary HSCs with 8 pg/mL
polybrene (Nacalai tesque). After 24 hours, the medium was changed to a fresh culture

medium containing 10 pg/mL puromycin, and cultured for 2 days.

Caspase-1 activity assay

Caspase-1 activity was measured using 10 pg total protein with the Caspase-1
Fluorometric Assay Kit (Abcam) according to the manufacturer’s instructions. Briefly,
HSCs were lysed, and insoluble organelles were removed by centrifugation at, 15,000 g
for 10 min. The lysates were incubated for 1 hour at 37°C with caspase-1 substrate
conjugated to AFC (7-amino-4-trifluoromethyl coumarin). Cleavage of the substrate

was measured using a Fluorescence microplate reader (Ex/Em=400/505 nm).

Lactate dehydrogenase (LDH) release assay

Culture supernatants were collected, and LDH activity was measured using the LDH
Cytotoxicity Detection Kit (TakaraBio) according to the manufacturer’s instructions.
The percentage of LDH release was calculated by using the following formula:
percentage of release = 100 x experimental LDH release/maximal LDH release. To
determine the maximal LDH release, HSCs or THP-1 cells were treated with 1% Triton

X-100.
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Isolation of immune cells

Livers from mice were minced with scissors and vibrated in PBS (supplemented with
5% fetal bovine serum, 100 pg/mL CaCly, 100 pg/mL MgCly) containing 50 pug/mL
Liberase TM (Roche) and 10 pg/mL DNase I (Roche) for 30 min at 37 °C. Digested
tissues were further incubated for 5 min in the presence of 5 mM EDTA (Dojindo
Laboratories) and passed through a 100-um cell strainer (BD Biosciences). After
centrifugation, the pellets were suspended in 30 mL of 35% Percoll in RPMI 1640
medium (wako) containing heparin and 0.03% NaHCOs3 (Gibco). Cell suspensions were
centrifuged with no brake at 2000 rpm for 20 min at 20 °C. Red blood cells were lysed
by RBC lysis buffer (BioLegend) and the remaining cells were filtered through a 70-pm

cell strainer (BD Biosciences) and used for flow cytometry or cell sorting.

Flow cytometry

Using multicolor flow cytometry, the isolated immune cells were pre-incubated with
unlabeled anti-CD16/32 mAb (2.4G2) (Bio X Cell) to avoid non-specific binding of
antibodies to FcyR. Cells were then incubated with the antibodies for CD3g, CD4,
CD8a, CD45.2, KLRGI (all from Biolegend), PD-1 (eBioscience), ST2 (MD
Bioscience), and Neuropilin-1 (Nrp-1) (R&D Systems). Cells were fixed and
permeabilized using a Foxp3 staining buffer kit (eBioscience), and then intracellularly
stained for Foxp3 (eBioscience), CLTA-4 (Biolegend), and Helios (Biolegend). Detailed
antibody information is shown in Table S1. Stained cells were analyzed by Attune NxT
(Thermo Fisher) and data were processed by FlowJo Version 10 (FlowJo). Dead cells

were excluded using Zombie NIR fixable viability dye (BioLegend).
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Purification and culture of CD8 T cells and measurement of cytokine production

Immune cells from livers of DMBA-treated HFD-fed WT mice were labeled with
antibodies to mouse CD8a (53-6.7, BioLegend), CD4 (RM4-4, BioLegend), and PD-1
(RMP1-30, eBioscience), and PD-1" or PD-1" CD8 T cells were sorted using FACSDiva
and FACSAria II (BD Biosciences). Purified PD-1" or PD-1" CD8 T cells (0.25 x 105)
were seeded with pre-coated anti-CD3e mAb (5 pg/mL, BioLegend) and soluble anti-
CD28 mAb (2.5 pg/mL BioLegend) for 3 days at 37 °C under 5% CO2 in 96-well flat-
bottomed plates in a volume of 0.2 ml RPMI containing 10% FBS and 1% streptomycin
plus penicillin. After incubation, the culture supernatant was collected, and cytokine
concentration was measured by an Enzyme-Linked Immunosorbent Assay (ELISA)
development kit for mouse tumor necrotic factor (TNF), interferon-gamma (IFN-y), and
interleukin-2 (IL-2) (eBioscience). Cultured cells were fixed, permeabilized, and stained
for Ki-67 (BioLegend). Data were acquired by Attune Nxt (Thermo Fisher) and

analyzed with FlowJo (Tree Star). Detailed antibody information is shown in Table S1.

Human subjects

Informed consent was obtained from patients who had surgical operations at the Osaka
City University hospital according to the study protocol (no. 3722) approved by the
ethics committee of the Osaka City University Graduate School of Medicine. Detailed

information about the human subjects is shown in Fig. 7C and its legend.

Statistical analysis
To evaluate the normality of the data distribution, each group of data was first checked

using Shapiro-Wilk test. If the p-value is less than 0.05, Mann-Whitney test was used. If
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the p-value was more than 0.05, the data distribution was further evaluated using F-test
for the pairwise comparisons between two samples. Student’s two-tailed unpaired (two-
sided) t-test (in case that p-value of F-test is more than 0.05) or Welch's t-test (in case
that p-value of F-test is less than 0.05), were used. For three or more samples, one, two
or three-way analysis of variance (ANOVA) with Bonferroni's multiple comparisons test
was used. In all cases, the p-values less than 0.05 were considered significant. All the
details are described in the raw data sheet in the supplementary Table S3. All statistical

analyses listed here were performed using GraphPad Prism (ver. 8) software.

Other methods are shown in the Supplementary materials as below.

Materials and Methods

Fig. S1. HSCs in the tumor microenvironment of HFD-fed mice show a senescent
phenotype.

Fig. S2. The markers of cellular senescence and SASP are upregulated in HSCs from
HFD-induced tumor region.

Fig. S3. IL-33 deficiency does not affect the LTA-TLR2 signaling

Fig. S4. Characterization of the Treg population from the liver of DMBA-treated mice.
Fig. S5. Characterization of the ILC2 population from the liver of DMBA-treated mice.
Fig. S6. Characterization of the T cell population from the liver of ST2fl/fl-Foxp3Cre
mice.

Fig. S7. Cytotoxic CD8+ T cells over-expressing PD-1 in the tumor microenvironment
show exhausted phenotypes in this mouse model.

Fig. S8. Summary scheme of the present work: The release mechanism of IL-1b and IL-

33 from senescent HSCs and their tumorigenic orchestration.
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Fig. S9. The maps of plasmids constructed in this study.

Other Supplementary Materials for this manuscript include the followings:
Fig. S10. Full gel scans for Western blotting data.

Table S1. The list of antibodies and primers used in this study

Table S2. Reagents for isolating hepatic stellate cells from mouse livers

Table S3. Raw data for graphs and statistics
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Figure legends

Fig. 1. IL-33 promotes obesity-associated HCC development.

A, Log2-fold changes of cytokine gene expression level of the tumor region compared
to that of the non-tumor region of DMBA-treated HFD-fed WT mouse livers (n = 3,
from microarray analysis data). DMBA; 7,12-dimethylbenz[a]anthracen, HFD; high-fat
diet, WT; wild-type. B, Heat map representation of the cytokine gene expression level
of non-tumor region and tumor regions of DMBA-treated HFD-fed WT mouse livers (n
= 3) (from microarray analysis data). The heat map key indicates log2-fold changes
from the average data (n = 2) of normal diet-fed mouse livers as a baseline. C, gPCR
analysis of //33 gene expression in DMBA-treated HFD-fed WT mouse livers (n = 6).
NT; non-tumor region of HFD-fed mice. T; tumor region of HFD-fed mice. D, Liver
tissue lysates from DMBA-treated HFD-fed WT mice or DMBA-treated HFD-fed /33~
~ mice were subjected to immune blotting using anti-IL-33 antibody (lysates from
representative two mice from each group). B-actin was used as a loading control. E,
Timeline of the experimental procedure shown in panel F and G. Eut means euthanasia.
F, 1) The total liver tumor number at the age of 30 weeks. ii) Representative
macroscopic photograph of livers. Arrowheads indicate HCCs. iii) The average liver
tumor numbers and the relative size distribution at the age of 30 weeks (classified as > 6
mm, 2—6 mm, < 2 mm). iv) The average body weight of each group by paired feeding.
WT, n = 4; 1337, n = 7. G, DMBA-treated HFD-fed wild-type mice were
intraperitoneally injected with 0.5 pg of recombinant murine IL-33 in PBS (rIL-33, n =
11) or PBS (Veh, n = 11) twice a week at the age of 25 weeks old until 30 weeks old. 1)
The total liver tumor number at the age of 30 weeks. ii) Representative macroscopic

photograph of livers. Arrowheads indicate hepatocellular carcinomas (HCCs). iii) The

37



average liver tumor numbers and the relative size distribution at the age of 30 weeks
(classified as > 6 mm, 2—6 mm, <2 mm). iv) The average body weight of each group. H,
Immunofluorescence analysis of liver section from WT mice or /337~ mice kept with
HFD. hepatic stellate cells (HSCs) were visualized by a-smooth muscle actin (SMA)
staining (green) and the cell nuclei were stained by 4,6-diamidino-2-phenylindole
(DAPI; blue). Arrowheads indicate a-SMA expressing cells that were positive for
indicated markers (red). The histograms indicate the percentages of a-SMA-expressing
cells that were positive for IL-33, p21 or 53BP1, and the percentages of Ki-67-
expressing cells in a-SMA™ cells or a-SMA™ cells. Scale bars, 50 pm. T; tumor cell.
HSC; hepatic stellate cell. Data of three mice in each group are represented and at least
100 cells were counted per group for statistical analysis. All graphs represent mean =+
SEM. The indicated p-values were calculated by Mann Whitney test (C), Student’s two-
tailed unpaired #-test (F and G), Welch's t-test (H IL-33/a-SMA and p21/a-SMA) or
two-way ANOVA with Bonferroni's multiple comparisons test (H Ki-67/a-SMA).

Fig. 2. DCA and IL-1f cooperatively induce IL-33 expression in HSCs.

A, Immunofluorescence analysis of liver section from untreated (HFD, high-fat diet-
fed)(i and v), four antibiotics-treated and vehicle-treated (HFD+4Abx+Veh)(ii and vi),
four antibiotics-treated and deoxycholic acid (DCA)-treated (HFD+4Abx+DCA)(iii and
vii) WT mice, or ///b” mice (iv and viii). HSCs were visualized by a-smooth muscle
actin (SMA) staining (green) and the cell nuclei were stained by 4,6-diamidino-2-
phenylindole (DAPI; blue). Upper panel; arrowheads indicate a-SMA expressing cells
that were positive for IL-33 (red). Scale bars, 50 pm. Lower panel; arrowheads indicate
a-SMA expressing cells that were positive for 53BP1 (red). Scale bars, 100 pum. The
experiments are performed using WT mice (HFD, n = 11, HFD+4Abx+Veh, n = 3, and
HFD+4Abx+DCA, n = 3) or I/Ih” mice (n = 9) as previously described'*, and the
representative immunofluorescence photographs are shown. B, C, The histograms
indicate the percentages of IL-33-positive cells (B) and 53BP1-positive cells (C) among
a-SMA-expressing cells. Data of three mice in each group are represented and at least
100 cells were counted per group for statistical analysis. D, Murine primary HSCs were
treated with DCA for 7 days and then with IL-1B (0, 0.01, 0.1, and 1 ng/mL). After 24
hours, the cells were subjected to qPCR analysis for Cdkn2a (p16), Cdknla (p21),
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Cxcll or 1133 gene expression. All graphs represent mean £+ SEM. The indicated p
values were calculated by Mann Whitney test (B and C, WT vs IL-1p”") or one-way
ANOVA with Bonferroni's multiple comparisons test (B and C, WT only). The two-way

ANOVA with Bonferroni's multiple comparisons test was used for (D).

Fig. 3. IL-33 is cleaved and activated by elastase CELAI.

A, Log2-fold changes of protease gene expression level of the tumor region compared
to that of the non-tumor region of DMBA-treated HFD-fed WT mouse livers (n = 3,
from microarray analysis data). DMBA; 7,12-dimethylbenz[a]anthracen, HFD; high-fat
diet, WT; wild-type. B, Heat map representation of the protease gene expression level of
non-tumor region and tumor regions of DMBA-treated HFD-fed WT mouse livers (n =
3) (from microarray analysis data). The heat map key indicates log2-fold changes
normalized by the average data (n = 2) of normal diet-fed mouse livers as a baseline. C,
qPCR analysis of Celal gene in WT mouse livers (n = 6). NT; non-tumor region of
HFD-fed mice. T; tumor regions of HFD-fed mice. D, Liver tissue lysates from DMBA-
treated HFD-fed WT mouse were subjected to western blotting using anti-Celal
antibody (lysates of representative two mice from each group). B-actin was used as a
loading control. E, Immunofluorescence analysis of liver section. hepatic stellate cells
(HSCs) were visualized by a-smooth muscle actin (SMA) staining (green) and the cell
nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI blue). Arrowheads indicate
a-SMA expressing cells that were positive for CELA1 (red). The histogram indicates
the percentages of a-SMA-expressing cells that were positive for CELAI. Scale bars,
50 um. Data of three (HFD-fed) mice in each group are represented and at least 100
cells were counted per group for statistical analysis. F, Recombinant full-length of IL-33
was incubated with CELA1 for 15 min in the presence or absence of an elastase
inhibitor (10 puM Elastatinal) and subjected to western blotting using anti-IL-33
antibody. G, Murine primary HSCs were treated with DCA for 7 days and then IL-18 (0,
0.01, 0.1, 1 ng/mL) was added. After 24 hours, the cells were subjected to qPCR
analysis for Celal gene expression. H, Timeline of the experimental procedure shown
in panel I and J. Eut means euthanasia. DMBA-treated HFD-fed mice were
intraperitoneally injected with 100 pg Elastatinal three times a week at the age of 30
weeks old until euthanized at 35 weeks old. Elastatinal, n = 7 or PBS (Veh), n=7. 1,
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Liver tissue lysates were subjected to western blotting using anti-IL-33 antibody (n = 2).
B-actin was used as a loading control. J, 1) Representative macroscopic photograph of
livers. Arrowheads indicate HCCs. ii) The total liver tumor number at the age of 35
weeks. The average liver tumor numbers and the relative size distribution at the age of
35 weeks (classified as > 6 mm, 2—6 mm, < 2 mm). iii)The average body weight of
mice. All graphs represent mean + SEM. The indicated p-values were calculated by
Mann Whitney test (C, E, and J) or two-way ANOVA with Bonferroni's multiple

comparisons test (G).

Fig. 4. Short form of IL-33 is released through GSDMD N-terminus pore.

Murine primary hepatic stellate cells (HSCs) were isolated from 7,12-
dimethylbenz[a]anthracene (DMBA)-treated normal diet (ND) or high-fat diet (HFD)-
fed mouse livers as described in the method section. A, Cell lysates from freshly
isolated HSCs were subjected to western blotting using antibodies shown on the left. B,
Freshly isolated murine primary HSCs from ND-fed liver or HFD-induced liver tumor
were incubated with 25ug/ml lipoteichoic acid (LTA) for 24 hours and then the cell
lysates or culture supernatant were subjected to western blotting using antibodies shown
on the left. C, Immunohistochemical staining of LTA (red) in the liver sections of
DMBA-treated ND-fed wild-type (WT) mice and HFD-fed WT mice with or without
four antibiotics (4Abx) treatment containing ampicillin (1 g/L), neomycin (1 g /L),
metronidazole (1 g /L), and vancomycin (500 mg/L) in drinking water, or the liver
sections of DMBA-treated HFD-fed 7/33”~ mice. Scale bars, 50 um. The histogram
indicates the area of LTA in liver sections measured with image J software (ver. 1.53).
All graphs represent mean + SEM. The indicated p values were calculated by Student’s
two-tailed unpaired ¢ test. F, G and I, Freshly isolated murine primary HSCs from
tumor region were infected with shRNA vectors targeting GSDMD (F), caspase-11 (G),
TLR2 (I) or with control shRNA vector for 2 days, and then 25ug/ml LTA was added.
After 24 hours, the cell extracts or culture supernatant were subjected to
immunoblotting using antibodies shown on the left. Representative data of two to three
independent experiments are shown (B, E, F, G, H and I). F, HEK293T were co-

transfected with expression vectors of Flag-tagged short IL-33 or empty vector together
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with Myc-tagged N-terminal GSDMD, full length GSDMD or empty vector. After 24
hours, the cell extracts and culture supernatant were subjected to immunoblotting using
antibodies shown on the left. H, Caspase-1 activity assay in HSCs isolated from ND-fed
liver and HFD-induced liver tumor with or without LTA treatment (n = 3). J, Lactate
dehydrogenase (LDH) release assay in THP-1 cells (H) and HSCs isolated from HFD-
induced liver tumor (I). The amount of LDH released from indicate cells were measured
at 1, 3, and 5 days after LTA addition (n = 3). K, 1) Timeline of the experimental
procedure. DMBA-treated HFD-fed mice were intraperitoneally injected with 500 pg
disulfiram three times a week at the age of 30 weeks old until euthanized at 35 weeks
old. Disulfiram, n = 7 or Corn oil (Veh), n = 4. Eut means euthanasia. ii) Representative
macroscopic photograph of livers. Arrowheads indicate HCCs. iii) The total liver tumor
number at the age of 35 weeks old. iv) The average liver tumor numbers and the relative
size distribution at the age of 35 weeks old (classified as > 6 mm, 2—6 mm, < 2 mm). v)
The average body weight of mice. All graphs represent mean + SEM. The indicated p-
values were calculated by one-way ANOVA with Bonferroni's multiple comparisons test
(C, WT only and D), two-way ANOVA with Bonferroni's multiple comparisons test (H),
three-way ANOVA with Bonferroni's multiple comparisons test (J), Welch’s t-test (C,
WT vs 11337), or Student’s two-tailed unpaired t test (K).

Fig. 5. IL-33 activates Treg cells in the liver.

A, Representative histograms of ST2 expression on hepatic stellate cells (HSCs)
stimulated with deoxycholic acid (DCA)/IL-1p, primary hepatocytes from normal-diet
(ND)-fed or high-fat diet (HFD)-fed wild-type (WT) mouse livers and Hepal-6 cells.
Blue line, isotype control mAb; Red line, anti-ST2 mAb.

B to G, Flow cytometric analysis of lymphocytes from livers of ND-fed (n = 5) or
HFD-fed (n = 7) WT mice. Cell surface ST2 and intracellular Foxp3 expression in
CD3¢"CD4" cells (B). Frequency of Foxp3® (Treg) or Foxp3~ (Tconv) among
CD3e"CD4" cells (C). Frequency of ST2 'Foxp3* (Treg) or ST2"Foxp3~ (Tconv) among
CD3e'CD4" cells (D). Cell surface ST2 expression and neuropillin-1 (Nrp-1) (E) or
intracellular Helios expression (F) in CD3&'CD4 Foxp3" cells. Mean fluorescence

intensity (MFI) of Foxp3, CTLA-4, PD-1 and frequency of KLRGI1" in ST2"
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CD3&"CD4 'Foxp3* cells (ST2") or in ST2'CD3¢"CD4 'Foxp3™ cells (ST2") (G). H to L,
HFD-fed WT mice were intraperitoneally injected with 0.5 pg of recombinant murine
IL-33 in PBS (n = 8) or PBS (n = 8) on days 0, 2, 4 and 6, and lymphocytes from livers
were analysed by flow cytometry on day 8 after the first IL-33 injection. Cell surface
ST2 and intracellular Foxp3 expression in CD3¢"CD4" cells (H). Frequency of ST2"
(left) and MFI of ST2 (right) in CD3&"CD4 Foxp3™ cells (I). Frequency of ST2"
CD3¢"CD4"Foxp3* cells (ST2™ Treg) or ST2'CD3&¢"CD4 Foxp3™ cells (ST2" Treg)
among CD3&"CD4" cells (J). Frequency of ST2"Foxp3™ (Treg) or ST2"Foxp3~ (Tconv)
among CD3¢e"CD4" cells (K). MFI of Foxp3, CTLA-4, PD-1 and frequency of KLRG1"
in ST2 CD3&"CD4 Foxp3" cells (ST2™ Treg) or in ST2'CD3¢"CD4 Foxp3" cells (ST2"
Treg) (L). All graphs represent mean + SEM. The indicated p-values were calculated by
Student’s two-tailed unpaired t-test (G Foxp3 and CTLA-4, and I), Welch’s t-test (G
PD-1 and KLRG-1), or two-way ANOVA with Bonferroni's multiple comparisons test
(C,D,J,K,and L).

Fig. 6. ST2 expressing Tregs promote obesity-associated HCC development.

A to D, The livers of ST2V1-Foxp3WVT (n = 8) and ST2V-Foxp3°™ (n = 13) mice kept
with high-fat diet (HFD) for 35 weeks after the administration of 7,12-
dimethylbenz[a]anthracene (DMBA) were subjected to assays as described below. 1)
Representative macroscopic photograph of livers. Arrowheads indicate hepatocellular
carcinomas (HCCs). ii) The total liver tumor number at the age of 35 weeks. iii) The
average liver tumor numbers and the relative size distribution at the age of 35 weeks
(classified as > 6 mm, 2—6 mm, <2 mm). iv) the average body weight of each group (A).
Frequency of CD4'Foxp3* (left) or CD4"Foxp3~ (right) among CD3¢" cells were
analyzed by flow cytometric analysis (B). Frequency of CD8" among CD3" cells (left)
and PD-1" among CD3¢"CDS8" cells (right) (C). MFI of Foxp3, CTLA-4, PD-1 and
frequency of KLRG1" in ST2CD3&g'CD4'Foxp3™ cells (ST2) or in
ST2"CD3¢"CD4 Foxp3" cells (ST2") from ST2VLFoxp3™T mouse livers (n = 8), or
CD3g"CD4 Foxp3* cells from ST2V1Foxp3™ mouse livers (n = 5) (D). E, i) Timeline
of the experimental procedure. Eut means euthanasia. DMBA-treated HFD-fed mice
were intraperitoneally injected with 150 pg of anti-ST2 mAb (Anti-ST2, n = 5) or
control rat IgG (Ctrl Ab, n = 6) twice a week at the age of 22 weeks old until euthanized
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(30 weeks old). ii) Representative macroscopic photograph of livers. Arrowheads
indicate HCC:s. iii) The total liver tumor number at the age of 30 weeks. iv) The average
liver tumor numbers and the relative size distribution at the age of 30 weeks (classified
as > 6 mm, 2—6 mm, < 2 mm). v) The average body weight of each group. All graphs
represent mean = SEM. The indicated p- values were calculated by Student’s two-tailed
unpaired t-test (A, B FOXP3", C, CD8), Welch's t-test (C PD-1), two-way ANOVA
with Bonferroni's multiple comparisons test (D) or Mann Whitney test (B FOXP3", E).

Fig. 7. IL-33 and N-terminus of GSDMD are detected in HSCs in advanced non-
viral HCCs in human.

A, Human primary hepatic stellate cells (HSCs) were treated with deoxycholic acid
(DCA) for 15 days to induce cellular senescence and then with IL-13 (0, 0.01, 0.1, 1
ng/mL). After 6 hours, the cells were subjected to qPCR analysis for p21, p16, IL6, IL33
or CELAI gene expression. B, Histology and immunofluorescence analysis of human
HCC tumor regions. Paraffin embedded liver tissues from the patients of non-viral
hepatocellular carcinomas (HCCs) resected in the Osaka City University hospital were
examined. We previously reported that SASP secretome from senescent hepatic stellate
cells was predominantly observed in non-cirrhotic HCC with high lipid accumulation in
the tumor region'®. Therefore, we focused on non-viral HCC with this feature. The
histologies were examined using tumor tissues obtained from May of 2017 until April of
2018. The total number of available non-viral HCCs were n = 12 during this period. The
number of non-cirrhotic HCCs with high lipid accumulation were n = 3, and the
histologies of these three are shown. Upper panel; H&E staining representative images.
Lower panel; HSCs were visualized by a-SMA staining (green) and the cell nuclei were
stained by 4,6-diamidino-2-phenylindole (DAPI; blue). Arrowheads indicate a-SMA
expressing cells that were positive for indicated markers (red). The histograms indicate
the percentages of IL-33, Ki-67-expressing or N-terminal GSDMD cells in a-SMA™
cells or a-SMA™ cells. Scale bars, 100 pm. C, Brief information of these three patients
is summarized in the table. All graphs represent mean + SEM. The indicated p-values
were calculated by two-way ANOVA with Bonferroni's multiple comparisons test (A) or

by Mann Whitney test (B).
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Materials and Methods

Cell culture

Primary murine HSCs and the primary human HSC cell line, LI90 (JCRB0160), were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum in 5% Oz and 5% CO; conditions. Primary murine HSCs were cultured in the
absence or presence of DCA (250 uM) for 8 days and then were treated with IL-1b
(Milteny Biotec). LI90 cells were cultured in the absence or presence of DCA (250 uM)
for 15 days and then were treated with IL-1b (BioLegend). The murine hepatocellular
carcinoma cell line, Hepal-6, was obtained from DS Pharma Medical. Hepal-6 and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum in 20% O and 5% CO: conditions. No mycoplasma
contamination was detected in the cells used in this study.

Quantitative PCR

Total RNA was extracted from mouse tissues or cultured murine cells using TRIzol
(Thermo Fisher) and reverse transcription was performed using PrimeScript™ RT Master
Mix (TakaraBio) according to manufacturer’s instructions. Total RNA from human HSCs
was used for ‘“gene-specific” reverse transcription using PrimeScript II Reverse
Transcriptase (TakaraBio) and the gene-specific primers are shown in Table SI.
Quantitative PCR was performed using TB Green® Premix Ex Taq™ II (TakaraBio). The
gPCR conditions were 95°C for 30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C
for 30 sec. Expression levels of target genes were normalized to the expression of the
Gapdh. Primers used for cDNA amplification are shown in Table S1. Representative data

of two to three independent experiments are shown in the figures.



Recombinant IL-33 protein for cell-free digestion

For the use of in vitro digestion by CELA-1 in Fig 3F was created as follows. The
nucleotide sequence of full-sized murine IL-33 with flanking Ndel and Xhol restriction
sites was cloned into the E. coli expression vector pColdl (TakaraBio). Plasmid
construction is shown in Fig. S9 in the supplementary material. To expand the expression
of recombinant protein, the mIL-33-pColdl expression vector was transformed into
ArcticExpress Competent Cells (Agilent Technology). The purification of recombinant
IL-33 was performed according to the manufacturer’s protocol with refolding by dialysis
and used for in vitro digestion by CELA-1 in Fig. 3F.

Quantitative PCR for Firmicutes genome DNA

Bacterial DNA extraction from the stool of wild type (WT) mouse or IL-33 KO mouse
was carried out by BIKEN Biomics Inc. (Osaka, Japan) using an automated DNA
extraction machine (GENE PREP STAR PI-480, Kurabo Industries Ltd., Osaka, Japan)
and NR-201 DNA extraction kit (Kurabo Industries Ltd., Osaka, Japan). Quantitative
PCR was performed using TB Green® Premix Ex Taq™ II (TakaraBio). The qPCR
conditions were 95°C for 30 sec; followed by 40 cycles of 95°C for 5 sec and 60°C for 30
sec. Amounts of Firmicutes genome DNA were normalized to all Bacteria genome.
Primers used for DNA amplification are shown in Table S1. Representative data of two
independent experiments are shown in the figures.

Western blot analysis

Tissue or cell lysates were prepared in lysis buffer (50 mM HEPES (pH7.5), 150 mM
NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% Tween 20 and 10 mM -
glycerophosphate) containing a protease inhibitor cocktail (Nacalai tesque) using a

homogenizer. The transferred membranes were immunoblotted directly with antibodies
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shown in Table S1, and the signals were detected using an enhanced chemiluminescence
system (GE Healthcare) and/or Can Get signal (TOYOBO).

SA-B-galactosidase assay

Primary HSCs were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum for 2 days. The cells were washed 2 times with phosphate-
buffered saline (PBS) and fixed 4% paraformaldehyde in PBS for 5 min. After 2 times
washing with PBS, the cells were stained with staining solution (40 mM Citric acid-
Sodium phosphate buffer (pH 6.0), 5 mM K4[Fe(CN)6]3H20, 5 mM K3[Fe(CN)6], 150
mM NacCl, 2mM MgCl12, 1mg/ml X-gal) for 16 hours at 37°C. After 2 times washing with
PBS, the cells were counted under microscope.

Cell proliferation assay

Cells were cultured on 10 cm dishes with 1 mm grids (IWAKI) in the absence or presence
of LTA. The number of cells in each grid was counted, and the relative number of cells
was calculated based on an adjusted cell number at day O set at 1.0.
Immunoprecipitation

HSCs culture supernatants were incubated for 5 hours at 4°C with anti-mIL-33 antibody
(R&D Systems) and Dynabeads™ Protein G (Thermo Fisher), and the beads were washed
five times with 0.1% Tween-20 in PBS. Bound protein was eluted by SDS-PAGE sample
buffer and analyzed by western blotting.

ELISA

Serum CD14 level was measured by Mouse CD 14 Quantikine ELISA Kit (R&D Systems)
following manufacturer instructions.

Generation of anti-mouse ST2 mAb

The anti-mouse ST2 mAb was generated by immunizing Sprague Dawley rat with
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recombinant mouse ST2 Fc chimera (R&D Systems;1004-MR), consisting of the
extracellular domains of mouse ST2 (Ser27 - Ser342) and the Fc portion of human IgGl
(Pro100 - Lys330). Three days after the final immunization, lymph node cells were fused
with P3Ul myeloma cells. After hypoxanthine-aminopterin-thymidine selection, a
hybridoma-producing anti-ST2 mAb (rat [gG2a, k) was selected based on its reactivity to
ST2-transfected L5178Y cells, but not to parental L5178Y cells by flow cytometry and
the cloned by limiting dilution. The inhibitory function of the anti-ST2 mAb was
evaluated by its ability to inhibit the IL-6 production from IL-33-stimulated mast cells.
The IL-6 production was measured by ELISA using culture supernatants of bone marrow-
derived mast cells (BMMCs) treated with 0.5 ng/ml of recombinant IL-33
(eBioscience;34-8332) in the presence of 10 mg/ml of anti-ST2 mAb or control rat IgG.
BMMCs were prepared by culturing bone marrow cells isolated from BALB/c mice and
cultured for 4-6 weeks in RPMI1640 medium containing 10% FBS, 0.1 mg/ml penicillin
and streptomycin, 100 mM 2-mercaptoethanol, 10 mM sodium pyruvate, 10 mM
minimum essential medium nonessential amino acids solution, 10 mM HEPES, 10 ng/ml
recombinant murine IL-3, and 10 ng/ml recombinant stem cell factor. Flow cytometric
analysis identified more than 95% of cells like mast cells (KIT" FceRI"). The inhibitory
effect of the antibody is verified, and we confirmed 83% inhibitory effect of IL-6

production from bone marrow-derived mast cells.
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Fig. S1. HSCs in the tumor microenvironment of HFD-fed mice show a senescent
phenotype.

Immunofluorescence staining of liver section from DMBA-treated and ND-fed and
DMBA-treated and HFD-fed WT mice. HSCs were visualized by a-SMA staining (green)
and the cell nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI; blue).
Arrowheads indicate a-SMA expressing cells that were positive for indicated markers
(red). The histograms indicate the percentages of a-SMA-expressing cells that were
positive for 53BP1 or p21, and the percentages of p21" or p21- cells that were positive for
IL-1b or IL-33 (p21 expression is used as a senescence marker). Scale bars, 50 pum. T;
tumor cell. HSC; hepatic stellate cell. Data of three mice in each group are represented
and at least 100 cells were counted per group for statistical analysis. All graphs
represent mean = SEM.  The indicated p values were calculated by Mann-Whitney test.
ND: normal diet-fed mouse liver, HFD-T: high fat diet-fed mouse liver tumor.
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Fig. S2. The markers of cellular senescence and SASP are upregulated in HSCs
from HFD-induced tumor region.

A, Cell counts positive for SA-b galactosidase activity staining. B and C, Cell growth
curve of isolated primary HSCs. Relative cell numbers counted every day for five days
are shown. Relative cell counts of HSCs from ND-fed mouse liver (b) and from HFD-
fed mice with or without the LTA treatment (c). D, Representative flow cytometry plots
and gating strategy for sorting of HSCs from livers of wild type DMBA-treated HFD-fed
mice, related to Fig. 4 and panel E to K. Gating strategy for sorting is shown. The
population of PI-CD45.2-CD31- cells were sorted as HSCs. The detailed information
for HSC isolation from the liver is described in the Method section. E to K, The freshly
isolated HSCs from DMBA-treated ND or HFD-fed mouse livers were subjected to qPCR
for CDKN2a (p16) (E), CDKNla (p21) (F), 1I133(G), Cxcll(H), Mmp1(1), Mmp3 (J) or
1l11R1 (K) gene expression. All graphs represent mean = SEM. The indicated p values
were calculated by Welch's t-test. ND: normal diet-fed mouse liver, HFD-T: high fat diet-
fed mouse liver tumor.
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Fig. S3. IL-33 deficiency does not affect the LTA-TLR2 signaling

A, Serum CD14 levels were evaluated by ELISA. DMBA-treated ND-fed (n=5) or HFD-
fed (n=5) WT mice. All graphs represent mean + SEM.  The indicated p values were
calculated by Student’s two-tailed unpaired ¢ test. B, 10 weeks old wild type (WT) mouse
or 11337~ mouse were fed a high-fat diet (HFD) for 6 week. Bacterial DNAs were
extracted from stool of wild type (WT) mouse or IL-33 KO mouse. The DNAs were
subjecuted to qPCR for Firmicutes genome DNA. C, Freshly isolated murine primary
HSCs from HFD-induced liver tumor region were infected with shRNA vectors targeting
IL-33 or with control shRNA vector for 2 days, and then 25mg/ml LTA was added. ~ After
24 hours, the cell extracts or culture supernatant were subjected to immunoblotting using
antibodies shown on the left. D, Freshly isolated murine primary HSCs from HFD-
induced liver tumor region were pretreated with 1 uM Disulfiram for 1 hour, and then
25mg/ml LTA was added. After 24 hours, the cell lysates or culture supernatant were
subjected to western blotting using antibodies shown on the left.
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Fig. S4. Characterization of the Treg population from the liver of DMBA-treated
mice.

A, B Representative flow cytometry plots, histograms and gating strategy by lymphocytes
from livers of DMBA-treated mice, related to Figure 5 and 6. Gating strategy showing
the population of surface ST2 and intracellular Foxp3 expression in CD3e+ CD4+ cells
(A). Histograms showing the expression of KLRG-1, Foxp3, PD-1 and CTLA-4 in
ST2—CD3e+CD4+Foxp3+ cells or in ST2+CD3e+CD4+Foxp3+ cells (B).
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Fig. S5. Characterization of the ILC2 population from the liver of DMBA-treated
mice.

Flow cytometric analysis of ST2-positive lymphocytes from livers of ND-fed (n=5) or
HFD-fed (n=7) WT mice. A, Representative flow cytometry plots and gating strategy by
lymphocytes from livers of DMBA-treated HFD-fed WT mice. Gating strategy showing
the population. B, Frequency of ST2 Foxp3™ (Treg), ST2 Foxp3™~ (Tconv) or ST2 Linege
CDI127"GATA3" (ILC2) among CD45.2" cells. All graphs represent mean + SEM. The
indicated p-values were calculated by one-way ANOVA with Bonferroni's multiple
comparisons test.
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Fig. S6. Characterization of the T cell population from the liver of ST2V-Foxp3Cre
mice.

A, B Representative flow cytometry plots and gating strategy by lymphocytes from livers
of DMBA-treated ST2""-Foxp3WT and ST2""-Foxp3Cre mice, related to Fig. 6. Gating
strategy showing the population of surface PD-1 expression in CD3¢'CD8a" cells (A).
Gating strategy showing the population of CD3g"CD4"Foxp3™ cells or
CD3¢"CD4'Foxp3~ cells (B).
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Fig. S7. Cytotoxic CD8+ T cells over-expressing PD-1 in tumor microenvironment
show exhausted phenotypes in this mouse model.

A, B Representative flow cytometry plots and gating strategy by lymphocytes from livers
of DMBA-treated HFD-fed WT mice. Gating strategy for sorting and showing the
population of surface PD-1 expression in CD3e'CD8a" cells (A). Gating strategy
showing the expression of intracellular Ki-67" among CD8" cells (B). C, D PD-1-
CD3e'CD8" T cells and PD-1"CD3&"CD8" T cells were sorted from DMBA-treated
HFD-fed WT mouse livers by cell sorter. Purified CD8" T cells were stimulated with
plate-coated anti-CD3 mAb (145-2C11, 5 pg/mL) and soluble anti-CD28 mAb (37.51,
2.5ug/mL) for 3 days. Frequency of intracellular Ki-67° among CD8" cells were
analyzed by flow cytometry (C). Concentrations of IFN-y, TNF-a, and IL-2 in culture
supernatants were measured by ELISA (D). All graphs represent mean = SEM. The
indicated p values were calculated by one-way ANOVA with Bonferroni's multiple
comparisons test.
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Fig. S8. Summary scheme of the present work: The release mechanism of IL-1b and
IL-33 from senescent HSCs and their tumorigenic orchestration.

Hepatic stellate cells in obesity-associated liver tumor microenvironment exhibit cellular
senescence and SASP with the upregulation of SASP factors, 1L-33 and IL-1p and
caspases -1 and -11. IL-1p is cleaved by caspase-1 to become an active form and can
induces IL-33 expression. A certain amount of chromatin-bound IL-33 emerge to
cytoplasm due to fragile nuclear membrane by the downregulation of Lamin B1, which
is a characteristic of senescent cells. CELAT1 can cleave cytoplasmic IL-33 to create its
short and active form. The obesity-associated liver tissue is highly exposed to LTA, a cell
wall component of obesity-increased Gram-positive gut microbiota. LTA stimulation
activate caspse-11 to create GSDMD N-terminus. The short and active forms of IL-1b
and IL-33 were released from LTA-stimulated senescent HSCs through the cell membrane
pore formed by the GSDMD N-terminus, promoting obesity-associated hepatocellular
carcinoma (HCC) development via ST2-positive Treg cell activation by IL-33. This novel
release mechanism of IL-1b and IL-33 from senescent HSCs facilitates tumorigenic
orchestration.
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Fig. S9. The maps of plasmids constructed in this study.
A, pCold-full mIL-33. B, pCMV-5xFlag-short form of mIL-33. C, pCMV-5xMyc-full
mGSDMD. D, pCMV-5xMyc-N-mGSDMD. GH: growth hormone gene.

Other Supplementary Materials for this manuscript include the followings:

Fig. S10. Full gel scans for Western blotting data.
Table S1. The list of antibodies and primers used in this study
Table S2. Reagents for isolating hepatic stellate cells from mouse livers

Table S3. Raw data for graphs and statistics
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