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Targeting MMP9 in CTNNB1 mutant hepatocellular
carcinoma restores CD8" T cell-mediated antitumour
immunity and improves anti-PD-1 efficacy

Ning Cai

Bin Guo,' Wenlong Jia,' Huifang Liang,' Jianping Zhao,' Limin Xia @,
,* Wanguang Zhang'

Ze-yang Ding,' Jinhong Chen

ABSTRACT

Objective The gain of function (GOF) CTNNB!1
mutations (CTNNB1°%) in hepatocellular carcinoma
(HCCQ) cause significant immune escape and resistance to
anti-PD-1. Here, we aimed to investigate the mechanism
of CTNNB1%%F HCC-mediated immune escape and raise
a new therapeutic strategy to enhance anti-PD-1 efficacy
in HCC.

Design RNA sequencing was performed to identify the
key downstream genes of CTNNB1°" associated with
immune escape. An in vitro coculture system, murine
subcutaneous or orthotopic models, spontaneously
tumourigenic models in conditional gene-knock-out mice
and flow cytometry were used to explore the biological
function of matrix metallopeptidase 9 (MMP9) in
tumour progression and immune escape. Single-cell RNA
sequencing and proteomics were used to gain insight
into the underlying mechanisms of MMP9.

Results MMP9 was significantly upregulated in
CTNNB1%F HCC. MMP9 suppressed infiltration and
cytotoxicity of CD8" T cells, which was critical for
CTNNB1°F to drive the suppressive tumour immune
microenvironment (TIME) and anti-PD-1 resistance.
Mechanistically, CTNNB1¢%" downregulated sirtuin

2 (SIRT2), resulting in promotion of B-catenin/lysine
demethylase 4D (KDM4D) complex formation that
fostered the transcriptional activation of MMP9. The
secretion of MMP9 from HCC mediated slingshot
protein phosphatase 1 (SSH1) shedding from CD8* T
cells, leading to the inhibition of C-X-C motif chemokine
receptor 3 (CXCR3)-mediated intracellular of G protein-
coupled receptors signalling. Additionally, MMP9
blockade remodelled the TIME and potentiated the
sensitivity of anti-PD-1 therapy in HCC.

Conclusions CTNNB1° induces a suppressive TIME by
activating secretion of MMP9. Targeting MMP9 reshapes
TIME and potentiates anti-PD-1 efficacy in CTNNB 1%
HCC.

INTRODUCTION

Antitumour immunotherapy has ushered in a new
era in cancer treatment.'™ Nonetheless, patients
with HCC exhibited an objective response rate
of only 15% to immune checkpoint blockade
(ICB).*’ Evasion of ICB in HCC is mainly attributed
to the intricate tumour immune microenvironment

,"Kun Cheng," Yue Ma,? Sha Liu,' Ran Tao," Yani Li,' Danfeng Lj,'
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= CTNNB1%% in hepatocellular carcinoma
(HCC) has been proved to be associated
with immune exclusion, leading to primary
resistance to anti-PD-1 therapy in HCC
patients. The suppressive tumour immune
microenvironment (TIME) in these cases
is characterised with exclusion of T cells,
deficiency of dendritic cells recruitment, and
alteration of cytokine profile.

= Matrix metallopeptidase 9 (MMP9),
which is significantly upregulated in HCC,
plays a crucial role in the degradation
of extracellular matrices such as gelatin
and collagens, thereby promoting tumour
progression. Moreover, MMP9 is able to
proteolyze extracellular signal proteins from
various cells.

WHAT THIS STUDY ADDS

= MMP9, as a key effector of CTNNB1¢%,
induced suppression of CD8* T cells
infiltration and cytotoxicity, which was
critical to driving the suppressive TIME and
anti-PD-1 resistance in HCC.

= CTNNB1%% downregulated sirtuin 2 (SIRT2),
resulting in disinhibition of B-catenin/
lysine demethylase 4D (KDM4D) complex
formation that fostered the transcriptional
activation of MMP9.

= MMP9 mediated SSH1 shedding from CD8*
T cells, leading to the inhibition of CXCR3-
mediated intracellular G protein-coupled
receptors signalling and suppression of
CD8* T cells infiltration and cytotoxicity.

= Targeting MMP9 with an inhibitor or
specific antibody remodels the suppressive
TIME and enhances the efficacy of anti-PD-1
therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= MMP9 presents itself as a promising
target for CTNNB1°% to improve immune
activation and anti-PD-1 efficacy, raising
an effective combination strategy for
immunotherapy.
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(TIME) arising from diverse somatic mutations,® which high-
lights the pressing need to investigate the intrinsic correlation
between HCC somatic mutations and TIME to improve the effi-
cacy of immunotherapy.

CTNNB1 mutations have been observed in 20%-39% of
HCC.”” Most of mutations occur in CTNNB1 exon3 (93.38%)
at serine/threonine sites or neighbouring amino acids,® leading to
the activation of Wnt/B-catenin (Wnt-on). Once in the Wnt-on
state, the cytoplasmic protein B-catenin translocates into the
nucleus, promoting target genes expression via binding to T cell
factor (TCF) family members.'*'* Such gain of function (GOF)
mutations of CTNNB1 (CTNNB1°°F) lead to a suppressive
TIME characterised with T cell exclusion, defective recruitment
of dendritic cells (DCs) and re-expression of chemokines.'*™
CTNNB1°°T HCC is described as the‘cold’tumour, which
diminishes the efficacy of immunotherapy. Therefore, resetting
the ‘cold’ tumour to ‘hot’ tumour is of great concern to provide
a new therapeutic option for patients with CTNNB1°°F HCC."?

Matrix metallopeptidase 9 (MMP9) is a zinc-dependent
endopeptidase,'® and tumours with high level of MMP9 were
reported to be associated with worse prognosis in multiple
cancer types.'”>* MMP9 enables the degradation of gelatin and
collagens to function tissue remodelling, facilitating tumour
invasion, metastasis and angiogenesis.”! Moreover, MMP9
is able to proteolyze extracellular signal proteins including
interleukin 8 (IL-8), IFN-inducible T cell o chemoattractant
(I-TAC) and CD100.>*** Furthermore, SB-3CT, an inhibitor
of MMP2/9, was developed to reduce the tumour burden and
prolong survival by stimulating anti-tumour immunity in mela-
noma and lung cancer.” However, the mechanism of MMP9 in
regulating TIME in HCC needs to be further deciphered.

C-X-C motif chemokine receptor 3 (CXCR3) is a seven-
transmembrane domain G-protein coupled receptor (GPCRs),
which is mainly expressed on cytotoxic T lymphocytes (CTLs),
natural killer cells (NK cells) and natural killer T cells (NKT
cells).? ¥’ The CXCR3 chemokine system, which is critical for
promoting T cell migration, differentiation and activation,?® *
has been verified to be a biomarker for sensitivity to anti-PD-1
therapy, indicating that stimulating the CXCR3 chemokine
system might enhance immunotherapeutic efficacy.>

In this study, we revealed the crucial role of MMP9 as the
downstream of CTNNB1°“" to induce suppressive TIME in
CTNNB1“°f HCC. MMP9 regulated the infiltration and cyto-
toxicity of CD8™ T cells through proteolysis SSH1 on the surface
of CD8™ T cells. Furthermore, targeting MMP9 was feasible to
sensitise anti-PD-1 therapy in CTNNB1“?" HCC. The present
study provides a promising combination strategy for the immu-
notherapy in HCC.

MATERIALS AND METHODS
Additional materials and methods are included in online supple-
mental material.

RESULTS

MMP9 is upregulated in CTNNB1°% HCC

To identify activated genes driven by CTNNB we
constructed three types of HCC models with CTNNB1¢%F
background via hydrodynamic tail vein injection (HTVi) of
activated AKT/B-catenin, c-Met/B-catenin, and c-Myc/B-catenin
plasmids (online supplemental figure S1A). The AN90-B-catenin
plasmid combined with another oncogenic plasmid through
HTVi contributed to spontaneous tumourigenesis in liver." 3=
Mice receiving two oncogene plasmids formed observed lesions,

GOF
[

while the control groups did not display noticeable pathologic
changes (online supplemental figure S1B,C). Accumulation of
B-catenin in nucleus indicated the activation of Wnt/B-catenin
pathway (online supplemental figure S1B). Then, the liver
immune microenvironment was analysed using flow cytom-
etry (FCM) and t-distributed stochastic neighbour embedding
(t-SNE) analysis. Consistent with previous reports,' the infiltra-
tion of macrophages and myeloid-derived suppressor cells was
increased, while DCs, CD8* and CD4™" T cells were decreased in
the CTNNB1“?F HCC (figure 1A-C, online supplemental figure
S2A,B). Meanwhile, CD8 " Granzyme B* T cells were decreased,
indicating impaired cytotoxicity of CTLs (online supplemental
figure S1D). The overall survival (OS) was shortened in the
experimental groups due to the higher tumour burden (online
supplemental figure S1E). Subsequently, RNA-seq was conducted
for three pairs of models. The Venn diagram displayed the over-
laps of 3 up-regulated genes (MMP9, PROCR, ZFP287) (Fold
change (FC)>1.0, p<0.05) (figure 1D, online supplemental
table S1). To identify core genes associated with immune regu-
lation and poor prognosis, we analysed differentially expressed
genes (DEGs) screened by ImmuneScore and StromalScore
using the PPI network and univariate COX regression in The
Cancer Genome Atlas (TCGA) dataset (online supplemental
figure S3A,B; online supplemental tables S2-4). As a result, five
genes (CXCLS, MMP9, PLAUR, CLECSA, ITGB6) were iden-
tified (figure 1E). The intersection of these two gene sets deter-
mined that MMP9 was the potential CTNNB1““"-driven gene
that might reshape TIME in HCC. Then, MMP9 was verified to
be highly expressed in CTNNB1°“F tumours (figure 1F, online
supplemental figure S1F).

MMP9 was verified to be upregulated in several Gene
Expression Omnibus datasets in HCC (online supplemental
figure S3C). Furthermore, MMP9 in hepatocytes exhibited the
most pronounced elevation during the progression of HCC
according to Lu’s single-cell sequencing data (figure 1G, online
supplemental figure S3D).** Additionally, we investigated the
activation status of CTNNB1 using a 21-gene signature in the
International Cancer Genome Consortium dataset.”® Results
showed MMP9 was upregulated on the CTNNB1 mutant active
status (figure 1H). The upregulation of MMP9 in CTNNB1%%F
HCC was also observed in Tongji cohort (figure 11 and J, online
supplemental figure S4A). Meanwhile, tumours with CTNN-
B1°O"MMP9"¢" correlated to worse survival and lower disease-
free survival rates (figure 1K). These results suggested MMP9
was upregulated in CTNNB1°“" HCC and correlated with poor
prognosis.

To further verify the regulation of MMP9 by CTNNBI,
Hepal-6 cells were treated with various concentration of
XAV939 (Wnt/B-catenin inhibitor), and MMP9 was inhibited in
a dose-dependent manner (online supplemental figure SSA-C).
Meanwhile, MMP9 was upregulated on the laduviglusib
(Wnt/B-catenin activator) in a time-dependent manner (online
supplemental figure S5D,E). Co-treatment with XAV939 or acti-
nomycin D abolished the upregulation of MMP9 by B-catenin
at the transcriptional level (online supplemental figure S5F). To
further investigate the cisregulatory elements within the MMP9
promoter that mediate B-catenin-dependent MMP9 expression,
a series of luciferase reporter constructs were generated with
truncated or mutated MMP9 promoters (online supplemental
figure S5G). The deletion of the region spanning from —950bp
to —250 bp within the MMP9 promoter resulted in a signifi-
cant reduction in B-catenin-dependent MMP9 promoter activity
(online supplemental figure S5G), indicating that this particular
region plays a crucial role in inducing MMP9 transcription by
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Figure 1 MMP9 is upregulated in CTNNB1°% HCC (A~C) The t-SNE plot and composition of key immune cells in the three groups of CTNNB1°%F
HCC models via HTVi of activated AKT (myr-AKT)/B-catenin (AN90-B-catenin), c-Met/B-catenin and c-Myc (MYC-IRES-Luc)/B-catenin plasmids (n=6).
(D) Venn diagram illustrating the overlap of upregulated genes in the three groups of CTNNB1°?" HCC models. (E) Venn diagram of core genes
positively correlated with immune regulation and poor prognosis in TCGA dataset. (F) Representative images of IHC staining for MMP9 in the three
groups of CTNNB1°% HCC models. (G) The mRNA expression level of MMP9 between normal hepatocytes and tumour cells in 10 HCC patients
(normal, n=1788; tumour, n=14 202). (H) HCCs were categorised into four clusters using a 21-gene-signature in ICGC-LIRI-JP dataset (left panel). The
mRNA expression level of MMP9 in the CTNNB1 wild inactive type and CTNNB1 mutant active type HCC tissue (right panel) (n=386). (I) The mRNA
expression level of MMP9 in the CTNNB1™" %% and CTNNB1¢% HCC tissue from Tongji cohort (n=99). (J) Representative images of IHC staining for
B-catenin and MMP9 in the CTNNB17"%% and CTNNB1°“ HCC tissue from Tongji cohort. The statistical results are shown on the right (n=196). (K)
Kaplan-Meier analysis of the 0S and DFS of patients with HCC from Tongji cohort based on the CTNNB1°° and MMP9 IHC staining score (n=104). ns,
no significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean=+SEM. Unpaired Student's t-test (A-C, G, H, 1), Log-rank test (K). CTNNB1%,
gain of function mutations in CTNNB1; DFS, disease-free survival; HCC, hepatocellular carcinoma; HTVi, hydrodynamic tail vein injection; ICGC,
International Cancer Genome Consortium; IHC, immunohistochemistry; OS, overall survival; t-SNE, t-distributed stochastic neighbour embedding;
TCGA, The Cancer Genome Atlas.

CaiN, et al. Gut 2024;73:985-999. doi: 10.1136/gutjnl-2023-331342 987



Hepatology

B-catenin. Additionally, the mutation of both putative TCF7 and
TCF12 binding sites within this region dramatically reduced
B-catenin-dependent activation of MMP9 promoter (online
supplemental figure S5G). These results indicate that TCF7
and TCF12 are indispensable for B-catenin-dependent MMP9
promoter activation.

MMP9 promotes progression of HCC through inducing
suppressive TIME

Gene Set Enrichment Analysis (GSEA) showed MMP9 expres-
sion was correlated with suppressive TIME in TCGA-LIHC
dataset (online supplemental figure S6A). MMP9 had little
impact on tumour proliferation in vitro and BALB/c nude mice
(figure 2A, online supplemental figure S6B-E,S7A). However,
knockdown of MMPY significantly diminished tumour volume
and weight in C57BL/6 ] mice (figure 2B, online supplemental
figure S7B). FCM analysis of spleens from both groups of mice
confirmed the absence of mature CD4* and CD8* T cells in
BALB/c nude mice, despite the comparable proportion of T
lymphocytes (online supplemental figure S7C).

Then, the orthotopic HCC model was constructed using
Hepal-6 cells treated with MMP9 downregulation, demon-
strating a significant suppression of tumour formation and
improvement of survival (figure 2C-E). FCM analysis revealed
an increase in total T lymphocytes, CD8" and CD4" T cells,
while macrophages were reduced in the MMP9-knockdown
group (figure 2F and G, online supplemental figure S8A). Mean-
while, the increased presence of granzyme B and interferon vy
(IFN-y) in CD8™ T cells indicated an enhanced cytotoxicity of
CTLs (figure 2H). IHC and multiplex immunofluorescence (mIF)
assays further confirmed the results (online supplemental figure
S9A,B). Although there was a reduction in the overall number
of macrophages, a shift from M2-phenotype to M1-phenotype
was observed (figure 2I). Subsequent analysis revealed that
PD-1 and T cell immunoglobulin and mucin domain-3 (TIM-3)
were decreased in CD8™ T cells (figure 2], online supplemental
figure S8B). Additionally, the labelling of CD8" and CD4* T
cells with CD44 and CD62L demonstrated an elevation in the
level of immune memory response following MMP9 knockdown
(figure 2], online supplemental figure S8C). Collectively, these
findings suggest that MMP9 promotes the progression of HCC
through inducing a suppressive TIME.

MMP9 inhibits activation and migration of CD8" T cells
Given that both T lymphocytes and macrophage polarisation
were changed after downregulation of MMP9, we further identi-
fied specific subset of immune cells regulated by MMP9 through
eliminating CD4" T cells, CD8" T cells or macrophages. Orthot-
opic HCC models were treated with anti-CD4-neutralising
antibody, anti-CD8-neutralising antibody or clophosome,
respectively (figure 3A, online supplemental figure S10C,I). The
effect of scavengers was monitored by FCM (figure 3B, online
supplemental figure S10A,D,E and J). Depletion of CD8* T cells
deprived the tumour-inhibitory effect of MMP9 downregula-
tion, leading to a heavier tumour burden and shortened survival
(figure 3C-E, online supplemental figure S10B). On the contrary,
the depletion of CD4™ T cells and macrophages was unable to
restore tumour growth (online supplemental figure S10F-H and
K-M). These results confirmed that suppressing CD8" T cells
was indispensable for MMP9 to promote tumour progression.
In vitro coculture studies were conducted to unveil the impact
of MMP9 on the activation of CD8* T cells. Mouse splenic
CD8™ T cells were stimulated by recombinant MMP9 protein

and cocultured with Hepal-6 cells for 24 hours (figure 3F).
Tumour cytotoxicity of CD8" T cells was weakened on MMP9
stimulation in a dose-dependent manner (figure 3G). Elisa assays
of cell culture supernatants from CD8* T on MMP9 stimula-
tion showed MMP9 suppressed the secretion of granzyme B,
IFN-y, and tumour necrosis factor a (TNF o) (figure 3H). To
delineate the role of MMP9 in CD8" T cell migration, tumour-
conditioned medium (CM) was added into the lower chambers
and the migration of CD8" T cells to the lower chambers was
assessed. (figure 3I). Results indicated that MMP9 suppressed
chemotaxis of CD8* T cells (figure 3I). In addition, MMP9
did not influence the proliferation of CD8™ T cells (figure 3J).
Collectively, these observations suggest that MMP9 hinders the
activation and migration of CD8 T cells to cause the suppres-
sive TIME.

MMP9 blockade improves the TIME and potentiates anti-PD-1
efficacy in CTNNB1°% HCC

Anti-PD-1-based immunotherapy has been widely used in
HCC treatment, and tumour-infiltrated CD8% T cells have
been reported as a biomarker for anti-PD-1 therapy.*®*” Given
the impact of MMP9 on the CD8™ T cells, we speculated that
MMP9 blockade might enhance the efficacy of anti-PD-1
therapy.

To assess the impact of MMP9 blockade on the anti-PD-1
efficacy in CTNNB1°?F HCC, we constructed spontaneous
tumourigenic models with CTNNB1°“" in MMP9 hepato-
cyte conditional knockout mice (MMP9™; MMP9-Alb-cre,
MMP9*** for simplicity hereinafter). Following tumour forma-
tion, a subset of mice was administered with anti-PD-1 antibody
(figure 4A). All mice were determined as CTNNB1%“" bearing
HCC model, verified by liver morphology, H&E staining and
IHC (figure 4B; online supplemental figure S11A). Notably,
MMP9*"*” mice treated with anti-PD-1 antibody showed signif-
icant tumour suppression and survival prolongation in compar-
ison with other groups (figure 4C, F). FCM analysis demonstrated
a significant increase of CD8™ cells in MMP9***” mice receiving
anti-PD-1 compared with other groups (figure 4D). The height-
ened presence of granzyme B and IFN-y in CD8™ T cells indi-
cated enhanced cytotoxicity of CTLs (figure 4E). In addition,
no lesions were observed in multiple organs in the combination
group, indicating the overall safety of combination treatment
of MMP9-blocking and anti-PD1 (online supplemental figure
S11A). The blood routine and blood biochemistry analyses
showed the combination treatment effectively alleviated the liver
and kidney damage caused by tumour burden (online supple-
mental figure ST1B).

We further introduced MMP-9-in-1, a specific MMP9
inhibitor that selectively targets the haemopexin (PEX). Simi-
larly, MMP-9-in-1 was combined with anti-PD-1 to treat
CTNNB1°“" HCC models (figure 4G, online supplemental
figure S12A). Consistently, the combination therapy yielded
more substantial tumour regression and survival prolonga-
tion compared with MMP-9-in-1 or anti-PD-1 monotherapy
(figure 4H1 and L, online supplemental figure S12B,E). FCM
analysis demonstrated that the combination treatment enhanced
the infiltration and cytotoxicity of CD8™ T cells (figure 4] and
K, online supplemental figure S12C,D). The safety of combi-
nation therapy was validated in the same way (online supple-
mental figure S11C,D).

These results suggest that the MMP9 blockade has potential
to reshape the TIME of CTNNB1°“ HCC and sensitises the
anti-PD-1 therapy.
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of mice in each group of C57BL/6 J mouse models (n=15). (F) The t-SNE plot and composition of key immune cells in tumour tissue from C57BL/6 J
mouse models (n=5). (G-I) Representative flow cytometry data showing the proportion of T cells and macrophages in tumour tissue from C57BL/6
J mouse models. The statistics results are shown on the right. (J) The t-SNE plots and composition of PD-1 and TIM-3 positive T cells and immune

memory (CD44" CD62L", CD44™ CD62L" and CD44™ CD62LM) T cells in tumour tissue from C57BL/6 J mouse models (n=5). The statistics results were

shown as below. ns, no significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean+SEM. Unpaired Student's t-test (A, B, D, F-J), log-
rank test (E). B-US, B-ultrasound; ICB, immune checkpoint blockade; PD-1, programmed death-1; sh MMP9, MMP9-knockdown; t-SNE, t-distributed

stochastic neighbour embedding; TIM-3, t cell immunoglobulin and mucin domain-3.

CaiN, et al. Gut 2024;73:985-999. doi: 10.1136/gutjnl-2023-331342

989



Hepatology

A C D 4007 m scramble ‘;
~ mshmmpo [ ns‘: H
Hepa1-6 antiCD8/IgG2a(200ug) 2x/week E’ 300 :S: mm;‘g:la"ggm &ns
scramble/sh MMP9  Peripheral blood  1x/week = N oc2a
Tumor Weight/Spleen FACs % y
Vbbb b MTime(days) :
C57BL/6Jmice Lo v v { v Uy U U Y 5
Randomize 10 17 S 100
B
escramble esh MMP esh MMP9+antiCD8 «sh MMP9+IgG2a o
CD4- CD8+ T cells CD4- CD8+ T cells CD4- CD8+ T cells
60 80 40 E —— scramble(n=8) +
e T S— —— sh MMP9(n=8) hosls| |2
2 s * 2 5 ne Y — sh MMPg+antiCD8(n=8) | |[ns|*
8 40 ] C ,iﬁ. 9 —i sh MMP9+lgG2a(n=8)
o o o
= {- + = 40 i‘- ‘1— — 20 - % 100 1
c c £ |- _
=2 R 20 2 xR 10 K
by 2 50
0 3
7th day 15th day Spleen ES
Peripheral blood o v T 1
0 50 100 150
Time(days)
F G
Hepa1-6 tumor cells  Mouse CD8+ T cells
o Without T cells 0 10
51 sor 5er [} A1 1 1
000 ] 3.27+0.17 ] 45.00+2.62| | 40.05+1.74
s = ] ] ,
M 1 1 g, | { A9
Recombinant MMP9 Protein /-/] /-’/
iy ; | @ | @F R
s IS
20 40 60 2
Anti-CD3/CD28 i g
Slimulation for 48h 34.10+2.52 30.43:0.71 | 25.33+1.55 8
Wash Wash 2
eh W 1 &
ooo ) 1 i ﬁ %
Gi») 0
== @ i @> L 0 10 20 40 60 ngimL
Culture for 24h Co-culture for 24h o S B B «-\\\\0\’\ with CD8+ T cells

. . >
Discard the supernatant Annexin V-FITC -
)3} and wash

Analysis by flow cytometry

H Granzyme B Interferon y TNF a I
Recombinant MMP9 Protein
e x
Y o010 2020550 K
£
g @cosnceus @
<3 s
2 3
+ Transwell E
o 0 Media containing @
PBS/tumorCM O
0 0 Microscopy/ cell count
0 10 20 40 60ng/mL 0 10 20 40 60ng/mL 0 10 20 40 60ng/mL 0 10 20 40 60ng/mL
MMP9(ng/mL) O 10 40 60 100
Divided Divid ] Divided Divided 3 ns
) s om0 TS
68.1£2.8 71£4.6 68.1£9.85 168.346. 5 8o Y ¢ s
] e
>
5 60
5
£ S 40
8 i
T 20 L
CFSE-FITC 0 10 20 40 60ng/m
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Figure 4 MMP9 blockade improves the TIME and potentiates anti-PD-1 efficacy in CTNNB1°F HCC (A) Schematic representation of the therapy
schedule for MMP9 CKO, anti-PD-1 or combination therapy. (B, C) Representative images and the statistical results from spontaneous HCC models
that received the indicated treatments (anti-PD-1, 200 pg/mice; IgG, 200 pg/mice, n=>5). (D, E) Representative flow cytometry data showing the
proportion of T cells and MFI of granzyme B and IFN-y on CD8" T cells in tumour tissue from spontaneous HCC models. The statistics results were
shown on the right. (F) Survival curves of mice in each group of spontaneous HCC models (n=6). (G) Schematic representation of the therapy schedule
for MMP9-in-1, anti-PD-1 or combination therapy. (H, I) Representative images and the statistical results from spontaneous HCC models that received
the indicated treatments (MMP9-in-1, 20 mg/kg; anti-PD-1, 200 pg/mice; IgG, 200 pg/mice, n=5). (J, K) Representative flow cytometry data showing
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shown on the right. (L) Survival curves of mice in each group of spontaneous HCC models (n=6). ns, no significance, *p<0.05, **p<0.01, ***p<0.001,
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p<0.0001. Mean+SEM. One-way ANOVA with Tukey's multiple comparisons test (C—E, I-K), Log-rank test (F, L). ANOVA, analysis of variance;

CKO, conditional knockout; HCC, hepatocellular carcinoma; MFI, mean fluorescence intensity; TIME, tumour immune microenvironment.
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B-catenin-mediated inhibition of SIRT2 upregulates MMP9 by
promoting the formation of g-catenin/KDM4D complex

We further investigated the precise mechanism of B-catenin in
regulating MMP9. Before assembling the transcription complex,
B-catenin interacts with various proteins to form different
protein complexes, carrying out distinct functions.’® KDM4D
was reported to interact with B-catenin, resulting in demethyla-
tion of H3K9me3 at MMP9 promoters.>® SIRT2 could directly
interact with B-catenin to suppress Wnt signalling output, and
inhibition of Wnt/B-catenin signalling enhances SIRT2 promoter
activity.** *! We found activation of Wnt/B-catenin signalling
by XAV939 promoted the KDM4D expression and suppressed
the SIRT2 expression in a dose-dependent and time-dependent
manner (figure 5A, B). Coimmunoprecipitation (ColP) results
validated the binding of B-catenin with KDM4D or SIRT2,
respectively (figure 5C, D). Immunofluorescence confirmed the
colocalisation of B-catenin with KDM4D or SIRT2 in the cyto-
plasm and nucleus of Hepal-6 cells (figure SE).

Based on the above observations, we hypothesised that SIRT2
and KDM4D might be competitively combined with B-cat-
enin. Results of ColP indicated the overexpression of SIRT2
significantly suppressed the binding of B-catenin and KDM4D
(figure SF, G). Moreover, the overexpression of SIRT2 in
KDM4D-overexpressing Hepal-6 cells limited the upregula-
tion of MMP9 (figure SH). Subsequently, the downregulation
of MMP9 protein induced by KDM4D knockdown or SIRT2
overexpression was reversed on the stimulation of laduviglusib
(figure 51, J). Furthermore, KDM4D knockdown or SIRT2 over-
expression inhibited the expression of MMP9 and conferred
activation of TIME, resulting in suppression of tumour forma-
tion (figure 5K-M, online supplemental figure S13A-C). These
results indicate that inhibition of SIRT2 by B-catenin promotes
the formation of B-catenin/KDM4D complex, which contributes
to a suppressive TIME through upregulating MMP9.

MMP9 suppresses the infiltration of CD8*CXCR3* T cells in
CTNNB1°% HCC

We next performed scRNA-seq to explore the mechanism of
MMP9 in reshaping TIME. Fluorescence-activated cell sorting
(FACS) was used to isolate tumour CD45% cells from CTNN-
B19°F HCC tissue of MMP9™ and MMP9**** mice (online
supplemental figure S14A,B). Unsupervised uniform manifold
approximation and projection (UMAP) analysis of the total
CD45™ cell populations identified 23 subclusters (figure 6A).
The identified immune cell populations encompassed T cells,
myeloid cells, NK cells, B cells, DCs and neutrophils (online
supplemental figure S15A). All cells expressed high levels of
housekeeping gene ACTB, whereas immune cells were PTPRC,
AFP, indicating the accuracy of our data (online supplemental
figure S15B). These cell subtypes were shared among MMP9""
and MMP9Y** mice (figure 6A). Given the substantial propor-
tion of myeloid cells, we conducted a separate analysis to
determine the proportions of myeloid and non-myeloid cells
(figure 6B, online supplemental figure S15C). Notably, the infil-
tration levels of T cells were significantly augmented following
MMP9 knockout.

Having previously established the role of MMPY in promoting
HCC in a CD8" T cell-dependent manner, we conducted unsu-
pervised clustering analysis of CD8™ T cells. The results unveiled
six distinct subtypes of CD8 T cells, namely CD8 MKI67, CDS$
CCR7, CD8 GZMM, CD8 CXCR3, CD8 PDCD1 and CD8
ITGAA4 (figure 6C, online supplemental figure S15D,E). In partic-
ular, the MMP9***? samples demonstrated the most significant

increase of CD8 CXCR3 cells (figure 6D). We observed that
the transcriptional profile of CD8 CXCR3 cells was consistent
with reported CD8 CX3CRI1 cells associated with functions of
effector T cells (online supplemental figure S15D,E).*

We subsequently investigated the dynamic immune state of
CD8" T cells. Pseudotime analysis revealed that the transition
process commenced with CD8 CCR?7 cells, progressing through
an intermediate cytotoxic state characterised by CD8 GZMM
and CD8 CXCR3 cells, and ultimately resulting in either prolif-
eration (CD8 MKI67 cells) or exhaustion, characterised by CD8
PDCD1 and CD8 ITGA4 cells (figure 6E). To further delineate
the transition states, we analysed the trajectories of CD8* T
cells from MMP9"F and MMP9**** samples separately. Surpris-
ingly, CD8 CXCR3 cells were predominantly distributed in
MMP9*? samples (figure 6F, G). Consequently, we concluded
that the MMP9 knockout primarily impacts the infiltration
and function of CD8% CXCR3™ T cells. This result was further
supported by the mIF staining assay, confirming the enrichment
of CD8*CXCR3" T cells in MMP9*** samples (figure 6H).
Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathway enrichment analysis demonstrated
that CDSTCXCR3" T cells specifically exhibit enrichment in
G protein-coupled chemoattractant receptor activity, regula-
tion of T cell activation, leucocyte migration and cell adhesion
(figure 61).

MMP9 inhibits the CXCR3-mediated intracellular signalling of
GPCRs by proteolysis SSH1 shedding from CD8* T cells

We further aimed to elucidate the mechanism of MMP9 in
regulating CD8*CXCR3™ T cells. MMP9 was involved in the
proteolysis of extracellular membrane proteins from various
types of immune cells.” * Thus, we hypothesised that MMP9
mediated the cleavage of proteins on the surface of CDS* T
cells, which inhibited CXCR3-mediated intracellular signalling
of GPCRs. Proteomics identified 26 downregulated proteins in
CD8™ T cells following MMP9 stimulation (figure 7A, online
supplemental figure S16A), and these proteins were enriched in
GTPase activity, GDP phosphatase activity, regulation of cyto-
solic calcium ion concentration and cell migration (figure 7B).
GSEA further demonstrated that MMP9 stimulation was associ-
ated with a variety of membrane transport processes (figure 7C,
online supplemental figure S16B). Similarly, MMP9 inhibited
CXCR3-mediated phosphorylation of ERK and AKT in CD8"*
T cells (figure 7D). F-actin was scattered over the periphery of
CDS8" T cells stimulated with MMP9, while accumulated in the
leading edge of T cells without simulation of MMP9 (figure 7E).
These data suggested that MMP9 inhibited CXCR3-mediated
intracellular signalling of GPCRs. Furthermore, SSH1 which
promotes directional cell migration and T cell response to anti-
genic stimulation was significantly reduced in CD8" T cells on
MMP9 stimulation (figure 7A, D). ** The observed negative
correlation between MMP9 and SSH1 implicated a potential
role of MMP9 in SSH1 cleavage.

The role of SSH1 in CD8" T cells was further investigated.
ColP and immunofluorescent staining demonstrated SSH1 could
be bound with CXCR3, but disassociated on MMP9-mediated
cleavage of SSH1 (figure 7F,G). Knockdown of SSH1 in CDS™ T
cells inhibited the stimulation of ERK and AKT phosphorylation
on CXCL10 (figure 7H), and hindered the activation, migra-
tion and polarisation of CD8" T cells (figure 7I-L). Moreover,
SSH1 upregulation abrogated the suppression of migration and
activation of CD8* T cells induced by MMP9 (online supple-
mental figure S17A-C). Collectively, these findings indicated

992

CaiN, et al. Gut 2024;73:985-999. doi: 10.1136/gutjnl-2023-331342


https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342
https://dx.doi.org/10.1136/gutjnl-2023-331342

Hepatology
A B o~ MMP9 ~o- KDM4D -e- SIRT2
1.5- 1.5 2.0-
g 1.0- 1.0- 15
Hepa1-6 Hepa1l-6 £t /\\ ’_///
(ng/mL) (10ng/mL) E’g 05 05 10
XAV939 0 2 5 10 20 XAV939 Oh 4h 8h 12h 24h 30h a
- [
- 0 2 5 10 20 0 2 5 10 20 [ 2 5 10 20
MMPa ’- - - v ‘ MMPO | S D WD S o= XAV939(ng/mL) XAV939(ng/mL) XAV939(ng/mL)
o EHEEE oo BENESS : :
R T =
— - . [F—— o5 1o 15
SIRTZ | e e o o " SIRTZ | . ": is N\“\\ “—“\_‘\, w \/\
X < 05 0.5
GAPDH | s - o - GAPDH 8 05
[ 4 8 12 24 30 0 4 8 12 24 30 0 4 8 12 24 30
Hours after XAV939 Hours after XAV939 Hours after XAV939
c 293T D 203T E Hepa1-6
HA-B-catenin Flag-KDM4D HA-B-catenin Flag-SIRT2 Beatenin, _DAPL _Merge
N
IP: @ @e® P\ o> 1P\ ¢e® P: @ o> E
[ eme | emorg e SWE g O
IP IP IP IP
| #iB: Flag | & BHA | @=|iB:Flag | = BHA
B [ N —T [ R a
a
- -5 HA -] B HA EEE (- B HA ¥
F 293T G 293T H
Flag-KDM4D + + + o+ Flag-KDM4D + + + o+
) ) Hepa1-6
HA-B-catenin  + + + o+ HA-B-catenin  +  + + o+
Myc-SIRT2 - - + o+ Myc-SIRT2 - - + o+ Vector  + - -
P P o P P\ @0 \© e KDM4D - +
IP
[ emw  ==|BHA [ e  w=|BFlag MMPO | il s |
———— i g =] 5 g owen [ 0
o e ek | 1B HA [ e e 1B HA - — -
Lysate Lysate < SIRTZ | e
GAPDH
| J K
Hepa1-6
P Hepa1-6
scramble  + - - 3004 mm scramble 400
Vector + - - . |mshKDmaD 1# . m vector
sh KDM4D 1# + + > = sh KDM4D 2# ) m SIRT2
SIRT2 - + + £ £ 300 o
sh KDM4D 2# - = = =
Laduviglusib -+ Laduviglusib - * e b=
s [ o wes (= - - :
- - £ £
oo [ o S i I :
GAPDH | as ane e e GAPDH s s s
L M
159 m scramble 10
m sh KDM4D 1# : é?;t% .
scramble sh KDM4D 1#  sh KDM4D 2# % sh KDM4D 2# vector SIRT2 P
o ©
1
T 5" T 7
z &
SR 4 - » S . ol W - 3
L ’ » » \% - £
2 ’ LN 2 - LS
o o
CD4-Bv421 > CD8+ CD4+ CD4-BVv421 cD8 CD4
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the expression of MMP9, KDM4D and SIRT2. (K) The tumour weight of Hepa1-6 (scramble/sh KDM4D or vector/SIRT2) orthotopic tumours in C57BL/6
J mice (n=6/6). (L, M) Representative flow cytometry data showing the proportion of T cells in tumour tissue from orthotopic tumours. The statistics
results were shown on the right (n=6/6). ns, no significance, *p<0.05, **p<0.01, ***p<0.001. Mean+SEM. Unpaired Student's t-test (K-M).
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Figure 6 MMP9 suppresses the infiltration of CD8*CXCR3* T cells in CTNNB1°% HCC (A) The UMAP plot, showing the annotation and colour
codes for immune cell types in the HCC ecosystem (left panel), and MMP9™ and MMP9“"®? origins (right panel). (B) Tortadiagram indicating

the proportion of non-myeloid immune cells. (C) The UMAP plot, showing the annotation and colour codes for CD8" T cell types (left panel), and
MMP9” and MMP9“"" origins (right panel). (D) Tortadiagram indicating the proportion of CD8* T cells from MMP9™ and MMP9** samples. (E)
Pseudotime-ordered analysis of CD8* T cells from MMP9”F and MMP9?"® samples. T cell subtypes are labelled by colours. (F) Two-dimensional
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analysis of CD8"CXCR3* T cells. GO, Gene Ontology; KEGG, Kyoto Encyclopaedia of Genes and Genomes; UMAP, Unsupervised uniform manifold
approximation and projection.
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Figure 7 MMP9 inhibits the CXCR3-mediated intracellular signalling of GPCRs by proteolysis SSH1 shedding from CD8" T cells. (A) Heatmap
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that MMP9 impedes the CXCR3-mediated intracellular signal-
ling of GPCRs by cleaving SSH1 shedding from the surface of
CDS8™ T cells.

MMP9 confers a valuable therapeutic target and biomarker
for immunotherapy in HCC

These investigations inspired us to raise a new therapeutic by
targeting MMP9. A new anti-MMP9 rabbit monoclonal anti-
body (mADb) was developed and assessed the potential therapeutic
value for immunotherapy in clinical practice (online supple-
mental figure S18A). Either anti-PD-1 or anti-MMP9 mono-
therapy inhibited tumour growth to some extent (figure 8A;
online supplemental figure S18B,C), while the combination
treatment yielded a more pronounced suppression of tumour
growth and extended survival (figure 8A and B, online supple-
mental figure S18C). FCM analysis revealed the combina-
tion treatment augmented the infiltration and cytotoxicity of
CD8" T cells (figure 8C). In addition, no significant toxicity
was observed in the treatment groups, ensuring the safety of
anti-MMP9 mAb (online supplemental figure S18D,E). Collec-
tively, these results showed the therapeutic value of anti-MMP9
mADb, and the combination of anti-MMP9 and anti-PD-1 might
be a promising strategy for immunotherapy in HCC.

Clinically, we collected primary HCC specimens by hepatec-
tomy or biopsy from Tongji Hospital for further analysis. In
the cohort receiving postoperative anti-PD-1 adjuvant therapy
(n=38), the IHC staining results showed that MMP9 expres-
sion positively correlated with B-catenin and KDM4D, while
negatively correlated with SIRT2 (figure 8D). The tSNE analysis
demonstrated that patients with high level of MMP9 experi-
enced decreased infiltration of CD8"CXCR3*T cells and weak-
ened cytotoxicity of CD8*T cells within tumours (figure SE,
online supplemental figure S19A,B). Furthermore, patients with
high MMP9 expression were more likely to recur after surgery
compared with patients with lower MMP9 (figure 8F, online
supplemental figure S20). Similarly, for patients receiving anti-
PD-1 neoadjuvant therapy (n=40), high level of MMP9 caused a
suppressive TIME and lower response rate to anti-PD-1 therapy
(figure 8G-K).

DISCUSSION
Anti-PD-1-based immunotherapy has emerged as a promising
strategy with durable clinical benefits in multiple cancers.*
However, the exploration of precision medicine in cancer has
shed light on the fact that patients with somatic mutations in
CTNNBI1 generally do not respond to anti-PD-1 monotherapy.*®
The unresponsiveness could be attributed to the ‘cold tumour’
nature of CTNNB1°" HCC.*” This correlation between
CTNNB1°“F and T cell exclusion has been confirmed in several
cancers,'* highlighting the pressing need to explore novel strat-
egies to transform CTNNB1%“" HCC into‘hot tumour’. The
present study reveals MMP9 is upregulated in CTNNB1¢“F
HCC, which inhibits the activation and migration of CD8" T
cells (figure 8L). In vivo inhibition of MMP9 or anti-MMP9
mAD treatment effectively restrains tumour growth and syner-
gistically enhances the anti-PD-1 immunotherapy efficacy.
Currently, multiple treatment options are available for
reshaping the TIME of CTNNB1°?Y HCC, including supple-
mentation of cytokine, adoptive therapy of DC or T cell and
targeting the downstream of CTNNB1 mutations."” *-%¢
Nonetheless, the inherent limitation of supplementing anti-
tumour immune cells or cytokine is the tendency to induce
serious adverse effects. For instance, overexpressing CCL5 in

CTNNB1°f HCC enables the higher recruitment of CD103*
DCs, antigen-specific CD8" T cells, and the restoration of
immune surveillance.’® However, CCLS has been observed to
confine liver regeneration by inhibiting the secretion of hepato-
cyte growth factor from reparative macrophages.’! Besides, the
present study revealed the significant increase of macrophages
in CTNNB1%“" HCC, suggesting that increasing CCLS5 might
result in more harm than benefit. Therefore, exploring and
intervening the critical downstream targets of CTNNB1°“*
might be more efficient and safer for CTNNB1“?" HCC to reset
TIME and sensitise anti-PD-1 therapy. In this study, MMP9 was
identified as the crucial downstream of CTNNB1¢“", leading
to a suppressive TIME by suppressing the migration and acti-
vation of CD8" T cells. Mechanistically, CTNNB1°° inhibited
SIRT2 and promoted formation of B-catenin/KDM4D complex,
ultimately enhancing MMP9 promoter activity. The proteo-
lytic property of MMP9 enables the degradation of structural
proteins and remodelling of extracellular matrix, facilitating
tumour cells penetrating the basement membrane and invading
into adjacent normal tissues. In addition, MMP9 involved in
the release and activation of various bioactive molecules which
were responsible for the tumour progression.’” In this study, we
demonstrated that MMP9 proteolyzed SSH1 from the surface
of tumour-infiltrating CD8™ T cells, resulting in the blocking of
CXCR3-mediated intracellular signalling of GPCRs (figure 8L).
Since CXCR3 chemokine system regulates the early-stage migra-
tion of T cells to tumours, of which the infiltration determines
anti-PD-1 efficacy, the CXCR3-mediated regulation of T cell
infiltration is required to respond to the anti-PD-1 therapy in
HCC.?® > Therefore, our results supported that CTNNB19°F
induced suppressive TIME through MMP9-mediated dysfunc-
tion of CD8™ T cells, suggesting a potential combination strategy
for CTNNB1““" HCC.

Here, we demonstrated that MMP9 blockade potentially
reshapes the CTNNB1°?f HCC TIME characterised with
elevated infiltration and cytotoxicity of CD8" T cells. The
combination of MMP9 blockade and anti-PD-1 significantly
suppressed tumour progression and extended survival of
tumour-bearing mice. These evidences supported that targeting
MMP9 reversed CTNNB1%“*-induced suppressive TIME and
MMP9-blocking potentiate the response to anti-PD-1 therapy in
CTNNB1°F HCC. Antibodies targeting MMP9 have demon-
strated favourable safety and clinical efficacy in several clinical
trials,”*% while the effect of anti-MMP9 mAb in HCC has not yet
been reported. Our findings inspired us to apply the anti-MMP9
mAb to increase the efficacy of anti-PD-1 in HCC in clinical
practice. The anti-MMP9 mAb sensitised the anti-PD-1 therapy
with more pronounced tumour suppression and improved OS in
HCC in a preclinical model. Furthermore, anti-MMP9 exhibited
a favourable safety profile. These results indicated that TIME-
reshaping-strategy with anti-MMP9 mAb might have potential
application in immunotherapy for HCC.

The present study provides a new insight into the combination
strategy for immunotherapy in CTNNB1°“" HCC. The efficacy
of anti-MMP9 mAb in HCC needs to be further validated in
additional animal models, and provide sufficient evidence for
clinical trials in the future. Previous studies showed that MMP9
secreted by neutrophils and macrophages might alleviate liver
fibrosis,® %7 however, recent studies found that targeting
MMP9* cells might also be a promising antifibrotic strategy.’®
Given that MMP? itself exhibits no activity against collagen type
I, and the initial cleavage of collagen type I is crucial for the
overall regression of liver fibrosis,” the exact role of MMP9 on
liver fibrosis requires further investigation in detail. In addition,
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the progression of liver fibrosis caused by anti-MMP9 agents
used in clinical has not yet been reported. Collectively, the effect
on liver fibrosis should be paid attention to in the preclinical and
clinical application of anti-MMP9 mAb.

In summary, the present study reveals the critical role of
MMP9 in regulating tumour immune evasion in CTNNB1%F
HCC. Targeting MMP9 reversed CTNNB1%“*-induced suppres-
sive TIME and MMP9 blockade potentiate the response to
anti-PD-1 therapy in CTNNB1°“ HCC. In addition, TIME-
reshaping with anti-MMP9 mAb might be a promising strategy
in anti-tumour immunotherapies.
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