2 M processes

Article

Heparanase (HPSE) Associates with the Tumor Immune
Microenvironment in Colorectal Cancer

Mengling Liu ', Qing Liu ">, Yitao Yuan !, Suyao Li !, Yu Dong !, Li Liang !, Zhiguo Zou 3* and Tianshu Liu 1-2*

check for

updates
Citation: Liu, M.; Liu, Q.; Yuan, Y.;
Li, S.; Dong, Y.; Liang, L.; Zou, Z.; Liu,
T. Heparanase (HPSE) Associates
with the Tumor Immune
Microenvironment in Colorectal
Cancer. Processes 2021, 9, 1605.
https:/ /doi.org/10.3390/pr9091605

Academic Editors: Jinwei Zhang,
Ke Ding, Dandan Sun and

Francesca Spyrakis

Received: 5 July 2021
Accepted: 1 September 2021
Published: 7 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Medical Oncology, Zhongshan Hospital, Fudan University, Shanghai 200032, China;
liuml13@fudan.edu.cn (M.L.); liu.qing@zs-hospital.sh.cn (Q.L.); yuanyitao1997@163.com (Y.Y.);
lisuya00214@163.com (S.L.); dongyu3664@163.com (Y.D.); liang.li@zs-hospital.sh.cn (L.L.)

Cancer Center, Zhongshan Hospital, Fudan University, Shanghai 200032, China

Department of Cardiology, Renji Hospital, School of Medicine, Shanghai Jiaotong University,
Shanghai 200127, China

*  Correspondence: zouzhiguo@renji.com (Z.Z.); liu.tianshu@zs-hospital.sh.cn (T.L.)

1t Authors with equal contribution.

Abstract: There is an unmet clinical need to identify potential predictive biomarkers for immunother-
apy efficacy in mismatch repair proficient (pMMR) metastatic colorectal cancer (nCRC). Heparanase
(HPSE) is a multifunctional molecule mediating tumor-host crosstalk. However, the function of
HPSE in the tumor immune microenvironment of CRC remains unclear. Data of CRC patients
from public datasets (TCGA and GSE39582) and Zhongshan Hospital (ZS cohort) were collected to
perform integrative bioinformatic analyses. In total, 1036 samples from TCGA (N = 457), GSE39582
(N =510) and ZS cohort (N = 69) were included. Samples of deficient MMR (dMMR) and consensus
molecular subtypes 1 (CMS1) showed significantly higher HPSE expression. The expression of HPSE
also exhibited a significantly positive association with PD-L1 expression, tumor mutation burden
and the infiltration of macrophages. Immune pathways were remarkably enriched in the HPSE high-
expression group, which also showed higher expressions of chemokines and immune checkpoint
genes. Survival analysis suggested that high HPSE expression tended to be associated with shorter
overall survival in patients with pMMR mCRC. HPSE might contribute to the immune-activated
tumor microenvironment with high levels of immune checkpoint molecules, suggesting that pMMR
mCRC with high HPSE expression might respond to immune checkpoint inhibitors.

Keywords: HPSE; colorectal cancer; tumor microenvironment; mismatch repair proficiency

1. Introduction

Colorectal cancer (CRC) is one of the critical causes of cancer-related mortality world-
wide [1]. Despite unremitting efforts devoted to finding the optimal management of
colorectal cancer, the prognosis for patients with metastatic CRC (mCRC) remains poor [2].
During recent years, immunotherapy has dramatically reformed the cancer therapeutic
strategy. Biomarkers of response to immunotherapy have been explored widely in can-
cers. Tumor mutation burden (TMB) [3], tumor PD-L1 expression [4,5], and immune cells
infiltration in the tumor microenvironment (TME) [6] are all important biomarkers of the
immune checkpoint inhibitors (ICIs) response, but none of these alone seem to be sufficient
for predicting immunotherapy efficiency in CRC [7,8]. More precise and reliable biomarker
are needed to be identified for ICIs therapy in CRC.

Consensus molecular subtypes (CMS) and mismatch repair (MMR) subtypes are
robust molecular classifications in CRC [9]. Four CMS groups (CMS1-4) provide the best
current description of CRC heterogeneity at the transcriptomic level, while subgroups with
different MMR status display disparate mutational profiles. The CMS1 group is highly
enriched in microsatellite instability (MSI) tumors with hypermutation, hypermethylation,
and a strong infiltration of the TME with immune cells [10]. MMR deficiency (AMMR)
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causes MSI in tumors due to the deficient activity in the surveillance and correction of
errors during DNA replication, repair, and recombination [11]. Tumors with dAMMR are
characterized by high TMB and heavy immune cell infiltrations [12], similar to the CMS1
group. The presence of dAMMR in CRC has been a distinct biomarker for the potential
response to ICIs therapy, but efficient predictive biomarkers are absent in mCRC with
mismatch repair proficiency (pMMR), which is the most common form among mCRC
patients.

Heparanase (HPSE) is a unique mammalian endo-f-D-endoglycosidase that cleaves
heparan sulphate, an important component of the extracellular matrix. This leads to the
remodeling of the extracellular matrix, whilst liberating growth factors and cytokines
bound to heparan sulphate. This in turn promotes both physiological and pathological
processes such as angiogenesis, immune cell migration, inflammation, wound healing, and
metastasis [13,14]. Furthermore, HPSE exhibits non-enzymatic actions in cell signaling
and in the regulation of gene expression [13,14]. It has been reported that HPSE promotes
an immunosuppressive TME by regulating the activation of macrophages [15,16] and
mediates tumor immunosurveillance via natural killer (NK) cells [17]. HPSE was also
shown to regulate the secretion of cytokines to establish a chemokine gradient and facilitate
immune cell recruitment [15].

Given the important role of HPSE and the TME in cancer, we intended to examine
whether there were critical associations between tumor HPSE expression and the immune
microenvironment in CRC. We further investigated the prognostic role of HPSE in pMMR
mCRC, providing some insights into the potential role of HPSE expression as a predictive
biomarker of ICIs response.

2. Materials and Methods
2.1. Public Datasets and Clinical Samples

Public transcriptome and clinical data of CRC tissue samples were downloaded from
The Cancer Genome Atlas (TCGA) data portal (https:/ /portal.gdc.cancer.gov/, accessed
date: 2 October 2019) [18] and GSE39582 dataset (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE39582, accessed date: 2 October 2019) [19]. Samples with missing
values of MMR or KRAS/BRAF mutation status were excluded. Genome-wide mutation
data of TCGA cohort were also downloaded to calculate TMB, defined as the total number
of coding mutations per megabase. No mutation data of whole genome for GSE39582
cohort was available. Tissue samples and clinical records of 69 patients diagnosed with
PMMR CRC at Zhongshan Hospital Fudan University were collected as ZS cohort, which
was approved by the Ethics Committee of Zhongshan Hospital Fudan University. Written
informed consent was obtained from all participants. The HPSE expression of the ZS cohort
was evaluated by immunohistochemical staining (IHC). All patients with pMMR mCRC
included in the study received non-immunotherapy treatment.

2.2. Immune Cell Infiltration Evaluation

Normalized gene expression data of TCGA and GSE39582 were uploaded on CIBER-
SORTx (https:/ /cibersortx.stanford.edu/, accessed date: 8 May 2020) [20] and xCell
(https:/ /xcell.ucsf.edu/, accessed date: 8 May 2020) [21]. Immune cell scores were com-
puted by LM22 gene signatures at CIBERSORTx with recommended parameters (Job type:
Impute Cell Fractions; Batch correction: disabled; Disable quantile normalization: true;
Run mode: relative, Permutations: 100) and by xCell gene signatures of 64 immune and
stroma cell types. IHC for four immune cell markers was performed on tissue samples of
ZS cohort to assess the infiltration of immune cells, including CD4+ T cell, CD8+ T cell,
CD19+ B cell, and CD68+ macrophages.

2.3. Immunohistochemical Staining (IHC)

IHC was conducted according to the manufacturer’s instructions. The following anti-
bodies were applied: HPSE antibody (24529-1-AP, 1:100, Proteintech Group, Wuhan, Hubei,
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China), CD4 antibody (GB13064, 1:100, Servicebio Technology, Wuhan, Hubei, China),
CDS8 antibody (GB13068, 1:100, Servicebio Technology), CD19 antibody (GB11061, 1:500,
Servicebio Technology) and CD68 antibody (GB13067-M-2, 1:100, Servicebio Technology).
H-Score was calculated to evaluate the expression of each marker by the Quant Center 2.1
(3DHISTECH, Budapest, Hungary) using the following formula: H-Score = (percentage of
cells of weak intensity *1) + (percentage of cells of moderate intensity *2) + (percentage of
cells of strong intensity *3).

2.4. Gene Set Enrichment Analysis (GSEA)

Samples of TCGA and GSE39582 were divided into two groups according to the
transcriptional level of HPSE, with the median as the cutoff value. Using “all GO gene sets”
and “KEGG gene sets” downloaded from Molecular Signatures Database (v7.1), GSEA
was performed to identify the biological pathways that differed between high and low
HPSE expression groups by R packages. Terms were selected from the top five pathways
according to p-values.

2.5. Statistical Analysis

The Wilcoxon rank sum test and the Kruskal-Wallis test were used to compare differ-
ences between two groups and multiple groups respectively. Spearman s correlation was
applied to all correlation analyses. Survival analysis was conducted by the Kaplan-Meier
survival curve with Log-rank test. Hazard ratio (HR) and its 95% confidence interval (CI)
were calculated by the Cox proportional hazard model. Values of p < 0.05 were considered
statistically significant. All statistical analyses and figure drawings were completed in R
(version 3.6.3).

3. Results
3.1. HPSE Expression in Different Molecular Subtypes of CRC and Its Association with PD-L1
Expression and TMB

We first compared the HPSE expression level in different MMR and CMS subgroups
using the transcriptional data of 967 samples from TCGA (N = 457) and GSE39582 (N = 510)
datasets (Figure 1, Table 1). Samples of dAMMR subgroup and CMS1 subgroup showed
significantly higher HPSE expressions at the transcriptional level (Figure 2a,b) in TCGA
and GSE39582. Next, we explored the correlation between HPSE and PD-L1 expression,
which revealed a strong positive correlation in both datasets (Figure 2c). The positive
association of HPSE expression and TMB was also observed in TCGA (Figure 2d). These
results suggested a possible function of HPSE in modulating the immune profile of CRC.

3.2. Higher HPSE Expression Associated with an Increased Infiltration of Immune Cells

To investigate whether HPSE promotes the infiltration of immune cells, gene expres-
sion data from TCGA and GSE39582 were analyzed using CIBERSORTx [20] to estimate the
abundance of 22 types of immune cells and xCell [21] to compute the immune score and
stroma score based on the enrichments of 64 immune and stroma cell types within each
sample. Spearman’s correlation analysis showed a significant positive correlation between
the HPSE expression level and the infiltration of activated NK cells, M1 macrophages and
neutrophils, but no clear associations were observed for T cells and B cells (Figure 3). The
immune score and microenvironment score were strongly correlated with HPSE expression,
which was consistent with PD-L1 and interferon gamma (IFNG), the inducer of PD-L1
transcription [22] (Figure 3). To validate these results, we used a tissue microarray of
69 samples (ZS cohort, Table 1) with pMMR CRC to assess the HPSE expression and the
infiltration of four immune cells (CD4+ T cells, CD8+ T cells, CD19+ B cells and CD68+
macrophages) by IHC. A lack of correlation was found between HPSE expression and CD4+
T cells (Figure 4b), and CD19+ B cells (Figure 4c) infiltration. However, a robust positive
association between HPSE expression and CD8+ T cells (Figure 4d) and macrophages
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infiltration (Figure 4e) was observed. These data indicated that HPSE might promote the
recruitment of immune cells, especially macrophages in pMMR CRC.

TCGA GSE39582
(N = 457) (N = 510)

| Transcript[ional data I

v

HPSE expression in
different subtypes of CRC

l

Correlation analysis
with PD-L1 and TMB

+ Clinical information

I T T

+ l l

Immune infiltration GSEA Immune genes Survival analysis
analysis analysis correlation analysis in pMMR mCRC
IHC staining data ZS cohort IHC staining data
(N = 69) Clinical information

Figure 1. The flowchart of this study. CRC, colorectal cancer; TMB, tumor mutation burden; GSEA,
Gene set enrichment analysis; pMMR, mismatch repair-proficient; mCRC, metastatic colorectal
cancer; IHC, immunohistochemical staining.

Table 1. The clinical characteristics of patients with CRC in TCGA, GSE39582, and the ZS cohort.

Number of Patients

TCGA GSE39582 ZS Cohort
Total 457 510 69
Gender Female 213 233 23
Male 241 277 46
Age Mean (SD) 66.4 (12.7) 66.9 (13.1) 60.1 (10.25)
Site Left 223 303 46
Right 141 207 23
CMS CMS1 45 86 -
CMS2 175 204 -
CMS3 47 65 -
CMS4 101 113
MMR dMMR 52 72 0
pMMR 403 391 69
BRAF Mutant 31 51 3
Wildtype 426 459 66
KRAS Mutant 123 204 37
Wildtype 334 306 32
Metastasis MO 365 446 29
M1 70 60 40

SD, standard deviation; CMS, consensus molecular subtype; MMR, mismatch repair; dAMMR, mismatch repair
deficiency; pMMR, mismatch repair proficiency.
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Figure 2. HPSE expression in different molecular subtypes of CRC and its association with PD-L1
expression and tumor mutation burden (TMB). (a) HPSE expression in CRC with different MMR
status. (b) HPSE expression in CRC with different CMS subtypes. (c) Correlation analysis between
expressions of HPSE and PD-L1. (d) Correlation analysis between HPSE expression and TMB. MMR,
mismatch repair; AMMR, mismatch repair deficiency; pMMR, mismatch repair proficiency; CMS,
consensus molecular subtype.
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Figure 3. The heatmap of the correlations between gene expressions and immune cells infiltration in
TCGA and GSE39582.
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Figure 4. Correlation analyses of HPSE expression and the immune cells infiltration in ZS cohort.
(a) Representative images of immunohistochemistry staining. (b) The correlation between HPSE
expression and CD4+ T cell infiltration. (c) The correlation between HPSE expression and CD19+ B
cell infiltration. (d) The correlation between HPSE expression and CD8+ T cell infiltration. (e) The
correlation between HPSE expression and CD68+ macrophages infiltration.

3.3. Immune Pathways Were Enriched in the HPSE Expression-High Group

GSEA was performed to identify the Gene Ontology (GO) pathways and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) that differ between high and low HPSE
expression groups. The top five differential KEGG and GO pathways in the TCGA and
GSE39582 datasets were presented in Figure 5. Immune pathways were remarkably
enriched in the HPSE expression-high group, among which “POSITIVE REGULATION
OF DEFENSE RESPONSE” (Figure 5a), “ADAPTIVE IMMUNE RESPONSE” (Figure 5b),
and “CYTOKINE-CYTOKINE RECEPTOR INTERACTION” (Figure 5¢,d) were the most
significantly enriched pathways, which supports the contribution of HPSE to the immune-
activated microenvironment in CRC.
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Figure 5. Gene set enrichment analysis based on GO terms (a,b) and KEGG terms (c,d) in TCGA
and GSE39582. The top enriched terms were colored in red. GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes.

3.4. Correlations between HPSE Expression and Immune Genes

Chemokines regulate the function of immune cells in the TME to promote or inhibit
tumor progression [23]. We identified statistically significant positive or negative associ-
ations between expressions of HPSE and genes of the chemokine family, such as CCL4,
CCL13, and CCR4 (Figure 6a), which showed a strong positive correlation with HPSE
expression. The increased expression of immune checkpoint proteins such as PD-1 and
CTLA-4 was closely related to the failure of immunosurveillance [24]. The idea that HPSE
associated with the expression of immune checkpoint genes provoked our interest. We
analyzed the expressions of 47 immune checkpoint genes and found that 33 of them had
a statistically significant correlation with HPSE expression both in TGCA and GSE39582
datasets, among which 90% were positively correlated (Figure 6b). We then focused on
the pMMR subpopulation and identified 24 genes with a positive association with HPSE
expression, especially CD28 and CD274 (namely PD-L1) (Figure 6c¢).
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Figure 6. Correlation analyses of HPSE and immune genes expression in CRC. (a). Correlation
between expression of HPSE and chemokine family. (b) Correlation between expression of HPSE
and immune checkpoint genes. (c) Correlation between expression of HPSE and immune checkpoint
genes in the pMMR subgroup. Genes with p < 0.05 were shown in the radars.

3.5. Poor Survival in pMMR mCRC Patients with High HPSE Expression

Survival analysis was performed in a stage IV pMMR CRC subpopulation of TCGA,
GSE39582, and ZS cohorts to investigate the prognostic role of HPSE. HPSE expression
at the transcriptional level did not associate with the survival of pMMR CRC in TCGA
(Figure 7a), but patients with high HPSE expression showed a significantly inferior overall
survival (OS) in GSE39582 (Figure 7b). In the ZS cohort, a poorer tendency of survival was
observed in the high HPSE expression group, with a median OS (mOS) of 615 days, whereas
the low HPSE expression group had for a mOS of 2310 days. However, the difference was
not statistically significant (Figure 7c).

4. Discussion

The identification of the population in pMMR CRC that might benefit from ICIs
therapy remains a major clinical challenge [7]. HPSE, as a multifunctional molecule and
a key regulator of major TME components, including cancer cells, immune cells, cancer-
associated fibroblasts, endothelial cells, and pericytes, has been reported in various types
of cancer [14]. To investigate the potential for HPSE to act as a predictive biomarker for
immunotherapy, we studied the correlation between HPSE and the immune profile of CRC
by bioinformatic analyses using public datasets and our own clinical cohort.
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Figure 7. Kaplan-Meier survival curves for pMMR mCRC in TCGA (a), GSE39582 (b), and ZS (c)
cohorts. OS, overall survival.

We firstly found that patients of immune-activated groups (the dMMR and CMS1
groups) presented a significantly higher level of HPSE expression. Tumors with dMMR or
CMS1 were characterized by hypermutation and the strong infiltration of immune cells in
the TME [10], which responded well to ICIs therapy [7]. We further analyzed the correlation
between the expression of HPSE and two widely explored biomarkers of immunotherapy
efficacy, PD-L1 [4] and TMB [3], and revealed a strong positive association based on the
two public datasets. Therefore, we suspected that HPSE expression might be a potential
predictive biomarker for ICIs therapy in CRC.

It has been reported that HPSE is pivotal in the activation and function of macrophages
in the TME [15] and mediates the recruitment of neutrophils and lymphocytes by regulating
the secretion of chemokines [25-28]. In our study, immune cells infiltration evaluation
showed that HPSE expression displayed a remarkably positive correlation with the infil-
tration level of activated NK cells, M1 macrophages and neutrophils in both TCGA and
GSE39582 datasets. Results from the pMMR CRC subgroup also revealed that samples with
a higher HPSE expression exhibited increased infiltration of CD8+ T cells and macrophages.
Activated NK cells, neutrophils, M1 macrophages and CD8+ T cells were all key players
in tumor immune surveillance [24,29,30]. No strong evidence in our study indicated that
M2 macrophage and tumor-associated neutrophil were associated with HPSE expression.
Therefore, our analysis suggests that high HPSE expression might promote immune surveil-
lance in CRC. Immune pathways enrichment and gene expression analyses also indicated
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the critical role of HPSE in immune activation. Gutter-Kapon et al. reported that HPSE
was shown to regulate the secretion of cytokines, such as TNF-«, IL-13, IL-10 and IL-6
to establish a chemokine gradient and facilitate immune cell recruitment [15]. In a recent
landmark study, an increase in HPSE activity in CAR-T cells was shown to significantly
enhance tumor invasion and anti-tumor immunity [31]. Therefore, HPSE expression may
promote the infiltration of immune cells in CRC.

CCL4, also known as macrophage inflammatory protein-1 (MIP-1§3), plays a key role
in cancer progression by mediating the interaction between cancer cells and fibroblasts [32],
or by inducing vascular endothelial growth factor expression and lymphangiogenesis [33].
The importance of CCL13, also known as monocyte chemoattractant protein (MCP-4),
has never been reported in cancer yet [34], despite the observation that it may increase
apoptosis resistance in other diseases [35]. CCR4 is the receptor of CCL2, CCL17 and
CCL22. Their pro-tumor and anti-tumor effects, caused by the recruiting of different types
of immune cells have been well studied [34]. Strong positive correlations between the
expressions of HPSE and CCL4, CCL13, and CCR4, as well as other chemokine family
genes, further suggested the complicated role of HPSE in the TME of CRC.

CD28 is the essential costimulatory molecule in T cell activation. A recent study
revealed that PD-1 suppressed the T cell function primarily by inactivating CD28 signaling,
suggesting that costimulatory pathways played key roles in regulating the effector T cell
function and responses to anti-PD-L1/PD-1 therapy [36]. In the pMMR CRC subgroup, we
discovered a distinct association between expressions of HPSE and CD28, as well as PD-L1,
which supported HPSE as a potential predictive biomarker of ICIs treatment response for
patients with pMMR CRC.

More importantly, although immune infiltration analysis suggested that high HPSE ex-
pression might promote the immune activation in CRC, genes expression analysis indicated
that these tumors may escape from immune surveillance by expressing immune checkpoint
molecules, similar to the dMMR group and CMS1 group [7,9]. This also explained the
result that stage IV pMMR patients with non-immunotherapy treatment in the high HPSE
expression group still tended to have shorter OS in the GSE39582 and ZS cohorts.

5. Conclusions

HPSE might contribute to the poor survival of pMMR mCRC patients by enhancing
the immune escape from surveillance, and it can be a biomarker for a potential response to
ICIs therapy in this subpopulation. However, this study only provides some preliminary
clues, and future laboratory and clinical studies are warranted.

Author Contributions: Conceptualization, M.L. and Q.L.; methodology, M.L.; software, M.L.; vali-
dation, M.L. and Q.L.; formal analysis, M.L. and Y.Y.; investigation, M.L. and S.L.; resources, Q.L.
and L.L.; data curation, M.L. and Y.Y.; writing—original draft preparation, M.L., Q.L. and Y.D.;
writing—review and editing, Q.L. and Z.Z.; visualization, M.L.; supervision, Z.Z. and T.L.; project
administration, Z.Z. and T.L.; funding acquisition, Q.L. and T.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 81772511 and 81802356.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Com-
mittee) of Zhongshan Hospital Fudan University (protocol code B2017-165R, date of approval:
15 February 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.



Processes 2021, 9, 1605 11 of 12

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Sung, H.; Ferlay, |.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Dekker, E.; Tanis, PJ.; Vleugels, J.L.A.; Kasi, PM.; Wallace, M.B. Colorectal cancer. Lancet 2019, 394, 1467-1480. [CrossRef]
Chan, T.; Yarchoan, M; Jaffee, E.; Swanton, C.; Quezada, S.; Stenzinger, A.; Peters, S. Development of tumor mutation burden as
an immunotherapy biomarker: Utility for the oncology clinic. Ann. Oncol. 2019, 30, 44-56. [CrossRef] [PubMed]

Shen, X.; Zhao, B. Efficacy of PD-1 or PD-L1 inhibitors and PD-L1 expression status in cancer: Meta-analysis. BM] 2018, 362,
k3529. [CrossRef]

Patel, S.P.; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol. Cancer Ther. 2015, 14,
847-856. [CrossRef] [PubMed]

Gibney, G.T.; Weiner, L.M.; Atkins, M.B. Predictive biomarkers for checkpoint inhibitor-based immunotherapy. Lancet Oncol.
2016, 17, e542—e551. [CrossRef]

Ganesh, K; Stadler, Z.K.; Cercek, A.; Mendelsohn, R.B.; Shia, J.; Segal, N.H.; Diaz, L.A. Immunotherapy in colorectal cancer:
Rationale, challenges and potential. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 361-375. [CrossRef]

Bellesoeur, A.; Torossian, N.; Amigorena, S.; Romano, E. Advances in theranostic biomarkers for tumor immunotherapy. Curr.
Opin. Chem. Biol. 2020, 56, 79-90. [CrossRef]

Picard, E.; Verschoor, C.P.; Ma, G.W.; Pawelec, G. Relationships Between Immune Landscapes, Genetic Subtypes and Responses
to Inmunotherapy in Colorectal Cancer. Front. Immunol. 2020, 11, 369. [CrossRef]

Dienstmann, R.; Vermeulen, L.; Guinney, ].; Kopetz, S.; Tejpar, S.; Tabernero, J. Consensus molecular subtypes and the evolution
of precision medicine in colorectal cancer. Nat. Rev. Cancer 2017, 17, 79-92. [CrossRef]

Baretti, M.; Le, D.T. DNA mismatch repair in cancer. Pharmacol. Ther. 2018, 189, 45-62. [CrossRef]

Llosa, N.J.; Cruise, M.; Tam, A.; Wicks, E.C.; Hechenbleikner, E.M.; Taube, ].M.; Blosser, R.L.; Fan, H.; Wang, H.; Luber, B.S,;
et al. The vigorous immune microenvironment of microsatellite instable colon cancer is balanced by multiple counter-inhibitory
checkpoints. Cancer Discov. 2015, 5, 43-51. [CrossRef] [PubMed]

Masola, V.; Zaza, G.; Gambaro, G.; Franchi, M.; Onisto, M. Role of heparanase in tumor progression: Molecular aspects and
therapeutic options. Semin. Cancer Biol. 2019, 62, 86-98. [CrossRef] [PubMed]

Jayatilleke, K.M.; Hulett, M.D. Heparanase and the hallmarks of cancer. J. Transl. Med. 2020, 18, 1-25. [CrossRef]

Gutter-Kapon, L.; Alishekevitz, D.; Shaked, Y.; Li, ].P.; Aronheim, A.; Ilan, N.; Vlodavsky, I. Heparanase is required for activation
and function of macrophages. Proc. Natl. Acad. Sci. USA 2016, 113, E7808-E7817. [CrossRef]

Aras, S.; Zaidi, M.R. TAMeless traitors: Macrophages in cancer progression and metastasis. Br. ]. Cancer 2017, 117, 1583-1591.
[CrossRef] [PubMed]

Putz, EM.; Mayfosh, A.; Kos, K.; Barkauskas, D.S.; Nakamura, K.; Town, L.; Goodall, K.; Yee, D.Y.; Poon, I.; Baschuk, N.; et al. NK
cell heparanase controls tumor invasion and immune surveillance. J. Clin. Investig. 2017, 127, 2777-2788. [CrossRef]

Grossman, R.L.; Heath, A.P; Ferretti, V.; Varmus, H.E.; Lowy, D.R.; Kibbe, W.A.; Staudt, L.M. Toward a Shared Vision for Cancer
Genomic Data. N. Engl. ]. Med. 2016, 375, 1109-1112. [CrossRef] [PubMed]

Marisa, L.; De Reyniés, A.; Duval, A ; Selves, ].; Gaub, M.P.; Vescovo, L.; Etienne-Grimaldi, M.-C.; Schiappa, R.; Guenot, D.; Ayadi,
M.; et al. Gene Expression Classification of Colon Cancer into Molecular Subtypes: Characterization, Validation, and Prognostic
Value. PLoS Med. 2013, 10, e1001453. [CrossRef] [PubMed]

Newman, A.M.; Steen, C.B.; Liu, C.L.; Gentles, A.].; Chaudhuri, A.A.; Scherer, F.; Khodadoust, M.S.; Esfahani, M.S.; Luca, B.A.;
Steiner, D.; et al. Determining cell type abundance and expression from bulk tissues with digital cytometry. Nat. Biotechnol. 2019,
37,773-782. [CrossRef]

Aran, D.; Hu, Z.; Butte, A.]. xCell: Digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. 2017, 18, 1-14.
[CrossRef]

Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434—452.
[CrossRef]

Nagarsheth, N.; Wicha, M.S.; Zou, W. Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy.
Nat. Rev. Immunol. 2017, 17, 559-572. [CrossRef] [PubMed]

Fridman, W.H.; Zitvogel, L.; Sautes-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat.
Rev. Clin. Oncol. 2017, 14, 717-734. [CrossRef] [PubMed]

Lortat-Jacob, H.; Grosdidier, A.; Imberty, A. Structural diversity of heparan sulfate binding domains in chemokines. Proc. Natl.
Acad. Sci. USA 2002, 99, 1229-1234. [CrossRef] [PubMed]

Bao, X.; Moseman, E.A; Saito, H.; Petryniak, B.; Thiriot, A.; Hatakeyama, S.; Ito, Y.; Kawashima, H.; Yamaguchi, Y.; Lowe, ].B.;
et al. Endothelial heparan sulfate controls chemokine presentation in recruitment of lymphocytes and dendritic cells to lymph
nodes. Immunity 2010, 33, 817-829. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/S0140-6736(19)32319-0
http://doi.org/10.1093/annonc/mdy495
http://www.ncbi.nlm.nih.gov/pubmed/30395155
http://doi.org/10.1136/bmj.k3529
http://doi.org/10.1158/1535-7163.MCT-14-0983
http://www.ncbi.nlm.nih.gov/pubmed/25695955
http://doi.org/10.1016/S1470-2045(16)30406-5
http://doi.org/10.1038/s41575-019-0126-x
http://doi.org/10.1016/j.cbpa.2020.02.005
http://doi.org/10.3389/fimmu.2020.00369
http://doi.org/10.1038/nrc.2016.126
http://doi.org/10.1016/j.pharmthera.2018.04.004
http://doi.org/10.1158/2159-8290.CD-14-0863
http://www.ncbi.nlm.nih.gov/pubmed/25358689
http://doi.org/10.1016/j.semcancer.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31348993
http://doi.org/10.1186/s12967-020-02624-1
http://doi.org/10.1073/pnas.1611380113
http://doi.org/10.1038/bjc.2017.356
http://www.ncbi.nlm.nih.gov/pubmed/29065107
http://doi.org/10.1172/JCI92958
http://doi.org/10.1056/NEJMp1607591
http://www.ncbi.nlm.nih.gov/pubmed/27653561
http://doi.org/10.1371/journal.pmed.1001453
http://www.ncbi.nlm.nih.gov/pubmed/23700391
http://doi.org/10.1038/s41587-019-0114-2
http://doi.org/10.1186/s13059-017-1349-1
http://doi.org/10.1016/j.immuni.2018.03.014
http://doi.org/10.1038/nri.2017.49
http://www.ncbi.nlm.nih.gov/pubmed/28555670
http://doi.org/10.1038/nrclinonc.2017.101
http://www.ncbi.nlm.nih.gov/pubmed/28741618
http://doi.org/10.1073/pnas.032497699
http://www.ncbi.nlm.nih.gov/pubmed/11830659
http://doi.org/10.1016/j.immuni.2010.10.018
http://www.ncbi.nlm.nih.gov/pubmed/21093315

Processes 2021, 9, 1605 12 of 12

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goodall, K.; Poon, I; Phipps, S.; Hulett, M.D. Soluble Heparan Sulfate Fragments Generated by Heparanase Trigger the Release
of Pro-Inflammatory Cytokines through TLR-4. PLoS ONE 2014, 9, €109596. [CrossRef] [PubMed]

Massena, S.; Christoffersson, G.; Hjertstrom, E.; Zcharia, E.; Vlodavsky, I.; Ausmees, N.; Rolny, C.; Li, J.-P; Phillipson, M. A
chemotactic gradient sequestered on endothelial heparan sulfate induces directional intraluminal crawling of neutrophils. Blood
2010, 116, 1924-1931. [CrossRef]

Cassetta, L.; Pollard, ].W. Targeting macrophages: Therapeutic approaches in cancer. Nat. Rev. Drug Discov. 2018, 17, 887-904.
[CrossRef]

van der Leun, A.M.; Thommen, D.S.; Schumacher, T.N. CD8(™*) T cell states in human cancer: Insights from single-cell analysis.
Nat. Rev. Cancer 2020, 20, 218-232. [CrossRef]

Caruana, I; Savoldo, B.; Hoyos, V.; Weber, G.; Liu, H.; Kim, E.; Ittmann, M.M.; Marchetti, D.; Dotti, G. Heparanase promotes
tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat. Med. 2015, 21, 524-529. [CrossRef] [PubMed]
Sasaki, S.; Baba, T.; Nishimura, T.; Hayakawa, Y.; Hashimoto, S.-I.; Gotoh, N.; Mukaida, N. Essential roles of the interaction
between cancer cell-derived chemokine, CCL4, and intra-bone CCR5-expressing fibroblasts in breast cancer bone metastasis.
Cancer Lett. 2016, 378, 23-32. [CrossRef]

Lien, M.Y,; Tsai, H.C.; Chang, A.C.; Tsai, M.H.; Hua, C.H.; Wang, S.W.; Tang, C.H. Chemokine CCL4 Induces Vascular Endothelial
Growth Factor C Expression and Lymphangiogenesis by miR-195-3p in Oral Squamous Cell Carcinoma. Front. Immunol. 2018, 9,
412. [CrossRef] [PubMed]

Korbecki, ].; Kojder, K.; Siminiska, D.; Bohatyrewicz, R.; Gutowska, I.; Chlubek, D.; Baranowska-Bosiacka, I. CC Chemokines in a
Tumor: A Review of Pro-Cancer and Anti-Cancer Properties of the Ligands of Receptors CCR1, CCR2, CCR3, and CCR4. Int. ].
Mol. Sci. 2020, 21, 8412. [CrossRef]

Yamaguchi, A.; Nozawa, K.; Fujishiro, M.; Kawasaki, M.; Suzuki, F; Takamori, K.; Ogawa, H.; Takasaki, Y.; Sekigawa, I. CC
motif chemokine ligand 13 is associated with rheumatoid arthritis pathogenesis. Mod. Rheumatol. 2013, 23, 856-863. [CrossRef]
[PubMed]

Hui, E.; Cheung, J.; Zhu, J.; Su, X,; Taylor, M.].; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, ].M.; Mellman, I; et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428-1433. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0109596
http://www.ncbi.nlm.nih.gov/pubmed/25295599
http://doi.org/10.1182/blood-2010-01-266072
http://doi.org/10.1038/nrd.2018.169
http://doi.org/10.1038/s41568-019-0235-4
http://doi.org/10.1038/nm.3833
http://www.ncbi.nlm.nih.gov/pubmed/25849134
http://doi.org/10.1016/j.canlet.2016.05.005
http://doi.org/10.3389/fimmu.2018.00412
http://www.ncbi.nlm.nih.gov/pubmed/29599774
http://doi.org/10.3390/ijms21218412
http://doi.org/10.3109/s10165-012-0752-4
http://www.ncbi.nlm.nih.gov/pubmed/23007802
http://doi.org/10.1126/science.aaf1292
http://www.ncbi.nlm.nih.gov/pubmed/28280247

	Introduction 
	Materials and Methods 
	Public Datasets and Clinical Samples 
	Immune Cell Infiltration Evaluation 
	Immunohistochemical Staining (IHC) 
	Gene Set Enrichment Analysis (GSEA) 
	Statistical Analysis 

	Results 
	HPSE Expression in Different Molecular Subtypes of CRC and Its Association with PD-L1 Expression and TMB 
	Higher HPSE Expression Associated with an Increased Infiltration of Immune Cells 
	Immune Pathways Were Enriched in the HPSE Expression-High Group 
	Correlations between HPSE Expression and Immune Genes 
	Poor Survival in pMMR mCRC Patients with High HPSE Expression 

	Discussion 
	Conclusions 
	References

