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Abstract

Background Mounting evidence supports that matrix metalloproteinase (MMPs) are highly associated with tumor
progression and that targeting MMPs may overcome the barrier of immune suppression. Among these, whether
MMP2 functions as an immunosuppressive role in melanoma, remains unclear.

Methods The Cancer Genome Atlas (TCGA) and Gene Expression Profiling Interactive Analysis 2 (GEPIA2) databases
were used to assess the prognosis of MMP2 in melanoma, after which Tumor immune estimation resource (TIMER)
was used to explore the relationship between MMP2 expression and cancer associated fibroblasts (CAFs) infiltration.
Finally, we evaluated the efficacy of MMP2 inhibitor on CAFs infiltration and immunotherapy using a mouse mela-
noma model.

Results In general, the expression of MMP2, MMP13, MMP16, MMP17 and MMP25 were significantly associated
with skin cutaneous melanoma (SKCM) patients prognosis, among which MMP2 low expression benefited patients
the most. Especially, the overall survival (OS) of BRAF mutation patients with high MMP2 expression was significantly
lower than the MMP2 low expression group, but there was no significant difference in BRAF wild-type patients. KEGG
and GO enrichment analysis indicated that MMP2 related genes were mostly associated with extracellular structure
organization, collagen-containing extracellular matrix and extracellular matrix structural constituent. Furthermore,

in almost all cancers, MMP2 expression was positively correlated with CAFs infiltration. MMP2 inhibitor works syner-
gistically with PD-1 antibody and induces tumor regression in a mouse melanoma model, which is dependent on
decreased CAFs infiltration.

Conclusions This suggests that MMP2 plays a vital role in the regulation of CAFs infiltration, potentially participating
in immunotherapy response, and thus representing a valuable target of immunotherapy in melanoma.
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Background

In the past few decades, skin cutaneous melanoma
(SKCM) is the most aggressive skin cancer, which seri-
ously endangered human health [1]. With a better under-
standing of the mechanism underlying SKCM occurrence
and development, we have more options to treat it.
For patients with advanced SKCM, the advent of tar-
geted therapy and immune checkpoint inhibitors have
dramatically evolutionized the treatment landscape
[2-4]. Antibodies targeting the immune checkpoints,
such as cytotoxic T-lymphocyte—associated antigen 4
(anti-CTLA-4) and programmed cell death protein-1
(anti-PD-1), some patients have achieved long-term
benefits [5]. However, approximately 40 to 45% patients
experience primary resistance to immune checkpoints
blockade, and the 5-year survival rate of patients with
advanced SKCM, remains low at only 39% [6-8]. The
factors associated with primary resistance include inad-
equate T-cell infiltration, as well as immunosuppressive
factors in the tumor microenvironment [9, 10]. There-
fore, we need to screen for immune-related genes in
SKCM to identify novel biomarkers and potential drug
targets to improve melanoma immunotherapy.

Cancer-associated fibroblasts (CAFs) are one of the
most abundant stromal components in the tumor micro-
environment [11]. A large number of studies have shown
that CAFs play an important role in cancer progression
and have important clinical significance [12]. Mecha-
nistically, CAFs establish and reshape the extracellu-
lar matrix (ECM) structure, enabling tumour cells to
invade through the tumor microenvironment and inter-
act with cancer cells or other stromal cells by secreting
growth factors, cytokines and chemokines [13]. Addi-
tionally, CAFs promote establishment of an immunologi-
cally cold tumor phenotype, either by directly inhibiting
the infiltration and activity of T cells or by promoting
recruitment of other immunosuppressive cell types, and
influence responses to treatment [14—16]. Undoubtedly,
understanding the role of CAF will provide the basis for
new strategies for immunotherapy.

Matrix metalloproteinases (MMPs) are a family of
secreted peptidases critical for the degradation of extra-
cellular matrix and basement membrane [17]. MMPs play
pivotal roles in several aspects of cancer, such as cancer
differentiation, invasion and metastasis through the pro-
teolysis of structural extracellular matrix proteins [18].
Moreover, activated MMPs directly induce the epithelial
mesenchymal transition in epithelial cells, lending to can-
cer progression [19]. Some MMPs overexpression (such
as MMP2, MMP9 and MMP13) were directly associated
with poorer prognosis in many cancers [20-23]. Mount-
ing evidence support that MMPs were highly associated
with the microenvironment during tumor progression
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and that targeting MMPs may overcome the barrier of
immunosuppression [24, 25]. However, no study is avail-
able on whether MMP2 functions as an immunosuppres-
sive biomarker in melanoma.

In this study, we evaluated the association between
MMPs and melanoma prognosis using TCGA database,
and found that MMP2 low expression benefited patients
the most. Especially in BRAF mutation patients, the OS
of patients with high MMP2 expression was significantly
lower than patients with low MMP2 expression, but
not in BRAF wild-type patients. Furthermore, MMP2
expression was positively correlated with CAFs infiltra-
tion in almost all cancers. Gene enrichment analysis
indicated that MMP2 related genes were mostly associ-
ated with extracellular structure organization. Accord-
ing to a mouse melanoma model, we found that MMP2
inhibitor synergistically with PD-1 antibody induces
tumor regression, which dependent on decreased infil-
tration of CAFs. Our results suggest that MMP2 maybe a
promising therapeutic target for improving the efficacy of
immunotherapy.

Methods

Survival and pathological features analysis

The Cancer Genome Atlas (TCGA) collected over 20,000
primary cancer and matched normal samples spanning
33 cancer types, include gene expression profiles, clini-
cal data and somatic mutation data. We use UCSCXena
(https://xenabrowser.net/) to download data of SKCM
in the TCGA database. Firstly, we analyzed the relation-
ship between the expression of MMP family genes and
the prognosis of SKCM. Secondly, we utilized the “Sur-
vival Map” module of GEPIA2 (Gene expression profiling
interactive analysis, version 2) to assess the relationship
between MMP2 expression and patient outcomes across
all TCGA tumors, including OS and DFS. The median of
MMP2 expression was used as the cut-off value to distin-
guish low expression and high expression cohorts. The
survival plots and log-rank p value were also obtained
through the “Survival Analysis” module of GEPIA2. The
univariate logistics regression was used to determine the
association of MMP2 expression with SKCM pathologi-
cal features.

Tumor microenvironment and immunotherapy analysis
We explored the association between MMP2 expres-
sion and CAFs infiltration across all TCGA tumors by
TIMER2 (Tumor immune estimation resource, version
2). The partial correlation value and p value were cal-
culated by Spearman’s rank correlation test after purity
adjustment. Immune score and stromal score represented
the abundance of immune components and stromal com-
ponents in tumor microenvironment, respectively.


https://xenabrowser.net/
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Immunotherapy data were obtained from GSE78220.
The median of MMP2 expression was used as the cut-off
value to distinguish low-expression and high-expression
cohorts. Responses to immunotherapy include partial
response (PR) and complete response (CR).

Enrichment analysis

Gene Ontology (GO) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis were performed to research
the potential biological characteristics of differentially
expressed genes by using R package of clusterProfiler. The
GO analysis contains cellular component (CC), molecu-
lar function (MF), and biological process (BP). FDR <0.05
was considered statistically significant.

In vitro treatment studies

Female immunocompetent (C57BL/6) mice (aged
4—6 weeks) were purchased from the SPF (Beijing) Bio-
technology, and maintained under specific-pathogen-free
(SPF) grade. Mouse melanoma cells B16F10 were derived
from C57BL/6 mice with strong proliferation ability and
high tumorigenic rate. Wild-type B16F10 cells (5 x 10°)
were injected subcutaneously into mice. Nearly 1 week
later, the mice were pooled and randomly divided into the
control or treatment groups. On day 12 following inocu-
lation with B16F10 cells, mice were administered daily
with MMP2 inhibitor (SB-3CT, 10 mg/kg, ip), anti-PD-1
antibody (100 pg/mouse/3 days, ip), combination therapy
or control vehicle only, for 10 days. Tumor volume was
calculated as tumor length x (tumor width)? x 1/2. Sub-
sequently, tumors were collected and analyzed by immu-
nohistochemistry (IHC).

Statistical analysis

Experimental data were expressed as mean+SEM.
Kruskal Wallis test analyzed statistical differences for
variables of more than two groups, and two-sided Stu-
dent’s t test was used in two groups. Two sides p<0.05
was considered statistically significant, with the analysis
and mapping by Graphpad Prism software 7. * indicates
statistical significance: * indicates p<0.05, ** indicates
p<0.01, *** indicates p<0.001, ns indicates p>0.05, that
is, no statistical difference.

Results

The association between MMPs expression and SKCM
patients prognosis

To examine the prognostic significance of MMPs, TCGA
RNA-seq and clinical data were used to evaluate the
prognosis of MMPs in SKCM. We found that the expres-
sion of MMP2, MMP13, MMP16, MMP17 and MMP25
were significantly associated with SKCM patients
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prognosis, among which MMP2 low expression ben-
efited patients the most (Fig. 1A, B). As shown in Fig. 1C,
elevated MMP2 expression was significantly related to a
poorer OS in GBM (p=0.031), LGG (p=0.0017), SKCM
(p=0.0047), and UVM (p=0.0045). Increased MMP2
expression was associated with poorer DFS in ACC
(p=0.018), COAD (p=0.017), LGG (p=0.0018), and
THYM (p=0.019) (Fig. 1D). These results demonstrate
that MMP2 expression significantly correlated with poor
survival in SKCM.

Relationship between MMP2 expression

and clinicopathological parameters

In order to investigate the influence of various clinical
features on MMP2 expression, we analyzed the differ-
ences of MMP2 expression in patients. In further stud-
ies, we found that age, gender, T stage, N stage, M stage
and clinical stage had no significant influence on MMP2
expression (Fig. 2A). We then inspected the gene muta-
tion frequency of SKCM in the TCGA database, and
found that TTN, MUC16 and BRAF were the three most
frequent mutation genes (Fig. 2B). In BRAF mutation
patients, the OS of patients with MMP2 high expres-
sion group was significantly lower than MMP2 low group
(Fig. 2C). In BRAF wildtype patients, MMP2 expression
had no significant effect on survival (Fig. 2D), suggesting
that MMP2 high expression was an adverse prognostic
factor in BRAF mutant SKCM patients.

MMP2 high expression correlates with CAFs infiltration

in melanoma

Tumor infiltrating immune cells and CAFs in the tumor
microenvironment were reported to modulate immuno-
therapy [26, 27]. To explore whether MMP2 was involved
in the process of CAFs infiltration, we first evaluated the
association between MMP2 expression and CAFs infil-
tration across all types of cancer in TCGA. We observed
a statistical positive correlation between MMP2 expres-
sion and CAFs infiltration based on all or most algo-
rithms (Fig. 3A). However, the negative correlation was
discovered between MMP2 expression and CD8" T cell
infiltration in SKCM (Fig. 3A). The scatterplot data of
CAFs and CD8" T cell infiltration in SKCM were pre-
sented in Fig. 3B. We further calculated the relationship
between MMP2 expression and stromal score, immune
score. Similarly, MMP2 was positively correlated with
stromal score (Fig. 3C, R=0.36, p=3.2e—19) and nega-
tively correlated with immune score (Fig. 3C, R=0.057,
p=0.22). These results, to some extent, suggest that
MMP2 was involved in the remodeling of SKCM tumor
microenvironment.
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Fig. 1 The impact of MMPs in SKCM survival. A Survival analysis of MIMPs in SKCM. B Survival curves of MMP2, MMP13, MMP16, MMP17 and MMP25
in SKCM. C OS and D DFS analysis of MMP2 in different tumors by used GEPIA2. The survival map and Kaplan—-Meier curves with positive results

were given



Peng et al. Cancer Cell International (2023) 23:26 Page 5 of 11
A
age gender T N M stage
P=0.650 Po0852 2 L B - 81 =S |, i
1 == &1 -_ 81 — - - - - |87 —
' ' _ ' ' ' —_— ) ! ' :
sgd | sl ! gl ! : 24 i ¢ : N -0 -
if1 0 — | &1 fET : - ! ! T L I :
2 ' I ' | ' ' ' ! = g ! : '
&l . L - CoE CoE = IR :
g i ;
[ % 1 . 8 1 8 - 8 - 8 - 8 — .
o —_ - 4 o - o R - —_— o — —t— o 4 e —t
T T T T T T
<=I55 >:35 FEI\::ALE MAILE T1I-2 Te,l—4 NO N1-3 Mo M1 Stage I-Il  Stage llI-1IV
13854
B C
M_m_..‘ K e
0 - SRS I — 2 ——High MMP-2
TIN HIII|IIIIlIIIIIIIIIIIIIIIIIHIIIIIIIIIIII l‘lllﬂllll.llIIlllllllIIIIIIlIIIlllIlIIIIII 72% | Iw
MUCT6 IR RIEEEE OO U TAN T EATRTERER LD e AL 67% I < ]
BRAF {1 (01O S 1 IININE 1M 51% I )
DNAH5 I1IIIII1IIII]IIIIIIIIII| W 0w Il 49% I
PCLO | lIIIIIHlIIH[III i IMINL H[Il THLCAEE LR T 144%  —— g ¢
LRP1B WEHMNmE o e | LW 1 LAY IR L 138% = =
ADGRV'T TN 0 000 CHUIE IO W ['135% n— H
RP1 MW e IIIIIHI LRI IT Hll\ TELR ) IEEIE L | 133% — 5 34
ANKSHIfII[I‘I ll 1 A R 171 \IIIHIIIIHI I||l UHEELE RIS SRR 1132%  — @
DNAH7 TR T0EE I e IIII II,III\I\JIHIIII 1Ty | 32 = N
CSMDT NMINTHNIER R LE 0 U II‘]I, Il III‘ LA RNRR 11Tt R TUAE 1 A 32 s
a4 N OB RN A AT T At A 32% |—1
FAT4 BUMEIRL L0 LA e IIII I\II\ AT O 0 A A 31% — °
APOB [T 0000 0RO O W0 1R TR T 1 31%  — s : . r r :
FLG IR | \‘IIH 0B RN MY N1 AN b R RN T 31% — 5 B b i e 5
HYDIN U WIORELO0R 0 OO0 MO0 ORS00 I JHE 31% —
L (e /o J OO0 1] ST A TR A 1 31% — D Time (vear)
CSMD3 LN IE UL IO I A 8 B DR [ 30% — ve
MGAM II'H UL SR AR SR FREAREY 1 IO 10T YR I 130%  — o
DSCAM I N HIEDNE = O lIIJHIII LA LREOE AR N LA Y R 30% — ¥ ===High MMP-2|
[ox),7/o%4 111041 ACER 10 B 1CAURNRLR AR RN 10 )T T TREEYI 01N 0 e A | 1129% — ==Low MMP-2
USH2A TRIBII 1 4 Epe | I|H | 11IIII[I (00T AT PRI 1129%  — < J
DNAHS M REATD I e B L T XA T o R 29% m— °
MUCT7 1R | SRR TR 14 11 LR Hll\\ LU TANT IR0 N TR0 AR T Y 29% —| &
DNAH9 Il 11| 111 'HI A MR |IIIH A T A A AR 1 | 128% n— 8 24
THSD78 1MW L TP 0TSO LSBT | 28% — 3
FAT3 RITE I TR (TR TN A | S WA 28% B o
MXRAS NI I| | IIII||I\H Il‘ ‘ I“l LTI | \ II I 27% —| a o1
NRAS | | | AN 1 LT AR W l IE1TN27% —
SPHKAP NN TR0 annt ek v e et e e e e e 27% - - o
= Missense_Mutation Nonstop_Mutation S i
= Nonsense_Mutation = Translation_Start_Site i 4 Y T 4 y 5
= Frame_Shift_Del In_Frame_Del 2 5 05T i i@ 0
= Splice_Site = Multi_Hit Time (vear)
L

Frame_Shift_Ins

Fig. 2 Relationship between MMP2 expression and clinical features. A The difference of MMP2 expression in patients with different clinical features.
B Landscape of gene mutation in SKCM patients (top 30). C, D Survival curves of MMP2 in patients with BRAF mutation and BRAF wild type

Enrichment analysis of MMP2-related partners

Further studies on the differentially expressed genes
associated with MMP2 in SKCM, we ranked the sig-
nificant differentially expressed genes between the
MMP2-low group and MMP2-high group. Heatmap
analysis showed the top 20 up-regulated and down-reg-
ulated genes (Fig. 4A). We used differentially expressed
genes to perform KEGG and GO enrichment analyses.
Specifically, MMP2 related genes were mostly associ-
ated with extracellular structure organization, colla-
gen-containing extracellular matrix and extracellular
matrix structural constituent (Fig. 4B). Meanwhile,
the GO enrichment analysis indicated similar results,
these genes were closely linked to the pathways or cel-
lular biology of extracellular matrix metabolism, such
as ECM (extracellular matrix) receptor interaction
and protein digestion and absorption (Fig. 4C). These

results indicated that MMP2 plays an important role in
tumor microenvironment remodeling.

Inhibition of MMP2 improves tumor microenvironment
and enhances immunotherapy sensitivity

With the evidence that MMP2 expression increased
CAFs infiltration, we further investigated whether MMP2
inhibitor has synergistic efficacy with anti-PD-1 therapy
in a mouse model of melanoma. In brief, mice were sub-
cutaneously injected with B16F10 cells. Then, mice were
randomly divided into four groups when the tumor size
reached about 200 mm?. We treated mice with MMP2
inhibitor, anti-PD-1 antibody, combination therapy or
control vehicle only. Anti-PD-1 therapy was adminis-
tered every 3 days and MMP2 inhibitor was administered
daily, and tumor volume was measured every 2 days
(Fig. 5A). In this experimental model, treatment with
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either anti-PD-1 antibody or MMP2 inhibitor alone sig-
nificantly reduced tumor growth, while a combination
treatment of MMP2 inhibitor and anti-PD-1 antibody
achieved the best efficacy (Fig. 5B). To further verify that
MMP2 inhibitor limited CAFs infiltration, we collected
tumor tissues to study the tumor microenvironment

of B16F10 tumor-bearing mice treated with MMP2
inhibitor and anti-PD-1 antibody combined or alone.
Immunohistochemical (IHC) staining showed that the
combination treatment decreased CAFs infiltration in
the tumor microenvironment (Fig. 5C). Taken together,
these results demonstrated that MMP2 inhibitor and
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anti-PD-1 antibody has synergistic efficacy and reduced
CAFs infiltration.

Based on several published clinical data summarized
in TISIDB, there was a significant difference in MMP2

expression between melanoma immunotherapy response
and no-response. The expression level of MMP2 was
significantly lower in patients who respond to immuno-
therapy than who did not respond (Fig. 5D). Patients with
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low MMP2 expression had longer survival, although the
difference was not statistically significant (p=0.0675,
Fig. 5E). This suggested a potential prognostic value of
MMP2 expression with melanoma immunotherapy.

Discussion

Malignant transformation of melanocytes into meta-
static melanoma is a multifactorial process, among
which tumor microenvironment related factors play an
important role [28]. Previous studies have initially inves-
tigated the differential expression of MMPs in benign
and malignant tumors and the genes that may have prog-
nostic value. In the present study, we assessed the prog-
nostic value of MMPs in SKCM, and found that MMP2
low expression benefited patients the most. Especially
in BRAF mutation patients, the OS of patients with high
MMP2 expression was significantly lower than patients
with low MMP2 expression, but there was no significant
difference in BRAF wild type patients. Gene enrichment
analysis indicated that MMP?2 related genes were mostly
associated with extracellular matrix structural constitu-
ent. Furthermore, in almost all cancers, MMP2 expres-
sion was positively correlated with CAFs infiltration. In
the GEO database, high MMP2 expression predicts a
lower immunotherapy response rate in melanoma and
may serve as a predictor for immunotherapy. Accord-
ing to a mouse melanoma model, we found that MMP2
inhibitor synergistically with PD-1 antibody induces
tumor regression, which dependent on decreased CAFs
infiltration. Our results suggest that MMP2 maybe a
promising therapeutic target of immunotherapy.

MMPs regulate ECM by degrading various compo-
nents of ECM, thus affecting physiological functions
such as cell adhesion, angiogenesis, apoptosis, prolifera-
tion, metastasis and epithelial-mesenchymal transforma-
tion [29]. In this regard, MMPs are able to proteolytically
process substrates in the extracellular milieu and, in so
doing, promote tumor progression. By contrast, elevated
levels of MMPs are involved in pathologic processes such
as arthritis [30], cardiovascular disease [31], neurode-
generative diseases [32] and cancer [33]. The elevated
expression of MMP2 on tumor cells or stromal cells in
the tumor microenvironmen was involved in tumor inva-
sion and progression, with patients often having poorer
prognosis [34, 35]. In our study, we evaluated the prog-
nostic value of MMP2 expression in melanoma, the OS
of patients with high MMP2 expression was significantly
lower than patients with low MMP2 expression, and
this trend was more pronounced in patients with BRAF
mutation. Furthermore, in a melanoma immunotherapy
cohort study, patients who respond to immunotherapy
had significantly lower MMP2 expression than patients
who did not respond. The survival time of patients with
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low MMP2 expression was longer, but the difference
was not statistically significant, possibly due to the small
number of cases. Together, these results suggest that
MMP2 may be valuable as a prognostic biomarker in
SKCM.

Biologically speaking, MMP2 may play an important
role in immune response. Many studies have reported the
interaction between MMP2 and immune cells. On the
one hand, MMP2 may directly affect immune cells, for
example, MMP2 conditioned dendritic cells promoted
the differentiation of naive CD4" T cell into an inflamma-
tory Th2 phenotype, via the MMP2 dependent cleavage
of type-I IFN receptor and the subsequent decrease in
IL-12 production [36]. Natural killer cells mediated cyto-
toxicity against cancer cell was reduced when exposed
to MMP2 [37]. Macrophages may increase MMP2 pro-
duction after IL-10 stimulation [38]. On the other hand,
melanoma cells cross-present secreted MMP2 to human
leukocyte antigen A*0201-restricted T cells in an avp3-
dependent manner [39]. Therefore, MMP2 inhibits the
function of immune cells and acts as an autoantigen to
evade immune surveillance. Meanwhile, we found that
the level of MMP2 expression correlated with CAFs infil-
tration and negatively correlated with CD8" T cell infil-
tration. CAFs was one of the most abundant stromal cell
types in the tumor microenvironment. Classically, CAFs
were assigned with stimulating tumor growth and pro-
gression, and thus thought to play an essential role in
tumor immunosuppression [40—42]. Similarly, our results
also corroborated that MMP2 plays an immunosuppres-
sive role in antitumor immunity. In a mouse model of
melanoma, MMP2 inhibitor synergistically with PD-1
antibody induces tumor regression. IHC staining showed
that the combination treatment decreased CAFs infiltra-
tion in the tumor microenvironment. Taken together,
these results demonstrated that MMP2 inhibitor and
anti-PD-1 antibody had synergistic efficacy and reduced
CAFs infiltration.

Because of the pro-oncogenic functions, MMP2 has
long been considered an attractive therapeutic target. In
clinical trials, MMP inhibitors have failed to improve OS
or alleviate symptom progression of cancer, mainly due
to the non-specific of the drug and the complex back-
ground of MMP-specific effects [43]. In order to opti-
mize the role of MMP inhibitors in cancer treatment, it
is necessary to understand the role of MMP in carcino-
genesis. However, MMP inhibitors may have a promis-
ing application in immunotherapy. In a study of breast
cancer, treatment with the MMP inhibitor enhances the
efficacy of the anti-CTLA-4 antibody on cancer metas-
tasis [24]. In another study, MMP2 inhibitor modulates
tumor immune surveillance and enhances the efficacy
of immunotherapy by regulating PD-L1 [44]. In our
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study, treatment with MMP2 inhibitor alone signifi-
cantly reduced tumor growth, while the combination of
MMP2 inhibitor and anti-PD-1 antibody has a synergis-
tic efficacy. More importantly, SB-3CT acts as an MMP2
inhibitor, targeting MMP2 rather than directly targeting
the immune response, which may result in fewer toxic or
immune-related adverse events, making SB-3CT a poten-
tial agent for future immunotherapy [45].

In conclusion, we applied comprehensive bioinformat-
ics analysis to suggest that MMP2 mediate CAFs infiltra-
tion and impact patient prognosis in SKCM along with
animal experiment verification. Our results highlighted
that MMP2 expression was highly involved in immuno-
therapy response. Targeting MMP2 in combination with
immunotherapy may be a novel therapeutic approach
suppressing tumors, especially in SKCM. Further investi-
gation is required to validate these findings.
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