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Abstract

Recent studies identified Midkine (MDK) as playing a key role in immune regulation.
In this study, we aimed to discover the clinical significance and translational relevance
in prostate cancer (PCa). We retrospectively analyzed 759 PCa patients who under-
went radical prostatectomy from Huashan Hospital, Fudan University (training co-
hort, n = 369) and Chinese Prostate Cancer Consortium (validation cohort, n = 390).
A total of 325 PCa patients from The Cancer Genome Atlas (TCGA) database (external
cohort) were analyzed for exploration. Immune landscape and antitumor immunity
were assessed through immunohistochemistry and flow cytometry. Patient-derived
explant culture system was applied for evaluating the targeting potential of MDK.
We found that intratumoral MDK expression correlated with PCa progression, which
indicated an unfavorable biochemical recurrence (BCR)-free survival for postopera-
tive PCa patients. Addition of MDK expression to the postoperative risk assessment
tool CAPRA-S could improve its prognostic value. Tumors with MDK abundance
characterized the tumor-infiltrating CD8* T cells with less cytotoxicity production
and increased immune checkpoint expression, which were accompanied by enriched
immunosuppressive contexture. Moreover, MDK inhibition could reactivate CD8* T
cell antitumor immunity. MDK mRNA expression negatively correlated with andro-
gen receptor activity signature and positively associated with radiotherapy-related
signature. In conclusion, intratumoral MDK expression could serve as an independ-
ent prognosticator for BCR in postoperative PCa patients. MDK expression impaired
the antitumor function of CD8* T cells through orchestrating an immunoevasive mi-
croenvironment, which could be reversed by MDK inhibition. Moreover, tumors with
MDK enrichment possessed potential sensitivity to postoperative radiotherapy while
resistance to adjuvant hormonal therapy of PCa. MDK could be considered as a po-

tential therapeutic target for PCa.

Abbreviations: AR, androgen receptor; BCR, biochemical recurrence; GSEA, gene set enrichment analysis; IF, immunofluorescence; IHC, immunohistochemical; MDK, Midkine; PBMC,
peripheral blood mononuclear cell; PCa, prostate cancer; PDE, patient-derived explant; PRAD, prostate adenocarcinoma; PSA, prostate-specific antigen; RP, radical prostatectomy;
TCGA, The Cancer Genome Atlas; TMA, tumor microarray.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most prevalent cancer worldwide, which
caused around 300,000 global mortalities in 2020.! Radical prosta-
tectomy (RP) surgery is still employed as one of the main therapeutic
approaches for localized PCa.? Biochemical recurrence (BCR) occurs
in several patients after RP, accompanied by a high risk for mortali-
ties and metastasis.® Systematic predictors of BCR based on existing
clinicopathological features are well adopted in clinical practice.*®
However, predictors show a relatively low precision for evaluating
BCR events for PCa patients.® Molecular biomarkers for predicting
BCR and improving the accuracy of existing systematic predictors
are in urgent need.”

Meanwhile, a variety of therapies have emerged through these
decades including hormonal therapy and radiotherapy for postop-
erative or advanced PCa.®® Advanced genomic signatures and
molecular classifications have been discovered for personalized

therapies, 12

and predictive biomarkers for guiding individualized
therapies are being pursued.’”

Midkine (MDK) is a heparin-binding growth factor which plays
vital roles in malignant pathogenesis.*® Recent studies have explored
that MDK serves as a modulator that orchestrates an immunosup-
pressive microenvironment in aggressive melanoma.}* Moreover,
MDK expressed by NF1-mutant brain neurons activates naive CD8*
T cells to produce Ccl4 resulting in robust tumor progression in gli-
omas.'® However, whether MDK orchestrates immune suppression
in PCa remains ambiguous. Emerging studies have focused on the
role of immune contexture, especially CD8" T cells in PCa progres-
sion.'"'8 Hence, in this study we explored the clinical significance
and translational relevance of MDK in PCa.

Our results demonstrated that MDK abundance characterized
an inferior prognosis subset of postoperative PCa patients with
dampened intratumoral CD8" T cell cytotoxicity. Intratumoral MDK
expression showed close association with resistance to adjuvant
hormonal therapy and sensitivity to postoperative radiotherapy.
Moreover, MDK could act as a potential therapeutic target for PCa.

2 | METHODS

2.1 | Study population

Seven hundred and fifty-nine PCa patients who underwent RP were
enrolled and eventually selected from two clinical centers: Huashan
Hospital of Fudan University from 2007 to 2020 (n = 369, named
training cohort) and Chinese Prostate Cancer Consortium from
2013 to 2018 (n = 390, named validation cohort). The enrollment
flowchart is displayed in (Figure 1A). The inclusion criteria were as

follows: (a) informed consent; (b) performed RP; (c) without neoadju-
vant therapy; (d) available for formalin-fixed and paraffin-embedded
tumor tissues. Respectively, 20 and 30 patients from the training and
validation cohorts were excluded for the following exclusion criteria:
(a) lack of clinical data or incomplete follow-up information; (b) diag-
nosed as nonprostate adenocarcinoma; (c) tissue detachment from
tumor microarrays (TMAs). High-risk PCa was defined as tumor with
prostate-specific antigen (PSA)>20ng/ml and/or Gleason score>7
and/or pT>2 and/or pN1. The postoperative follow-up data were
updated in January 2021. Tissues from both cohorts were formalin
fixed and paraffin embedded, which were then prepared as TMAs.

Tumor characteristics of 333 patients with prostate adeno-
carcinoma of The Cancer Genome Atlas (TCGA-PRAD) were ob-
tained from a previous study,*? which were then named external
cohort. The clinical and follow-up data were obtained from http://
www.cbioportal.org at Feb. 2020. Eight samples were excluded
due to the lack of follow-up information. Finally, 325 patients with
available clinical information and mRNA data were included for
analysis.

Twenty-two fresh tumor samples from Huashan Hospital were
collected after RP for flow cytometry analysis. Fourteen fresh
tumor samples from Huashan Hospital were obtained for ex vivo
culture experiment termed patient-derived explant (PDE) culture
system.

2.2 | Assay methods

Immunohistochemical (IHC) staining was performed on TMA slides
as described previously.!? Each entire set of TMA slides was sub-
jected to IHC staining at the same time for an objective evaluation
for all samples. Immunofluorescence (IF) staining was performed
for M1 (CD68" CD206") and M2 macrophages (CD68" CD2067)
staining, of which CDé68 (ab955, Abcam) and CD206 (ab64693,
Abcam) antibodies were utilized. Briefly, after dewaxing and anti-
gen retrieval, TMA slides were incubated with primary antibodies
in a wet chamber at 4 C overnight. The secondary antibodies which
were conjugated to FITC or cyanine three dyes were then applied for
TMA slides with tyramide signal amplification system (PerkinElmer).
VECTASHIELD with DAPI (Vector Laboratories) was utilized for nu-
cleus staining and prolonging the storage. Slides were scanned by
TissueFAXS Plus (TissueGnostics).

The IHC score of MDK (ab52637, Abcam) was evaluated and
calculated based on the staining intensity and staining proportion
by two pathologists who were blinded to the clinical characteris-
tics. Briefly, the staining intensity was stratified as zero (negative),
one (weak), two (moderate), and three (strong). The staining pro-
portion of positive staining area was scored from 0% to 100%. IHC
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FIGURE 1 Midkine expression during tumor progression in PCa patients. (A) The flowchart demonstrating the patients enrolled in
training, validation and external cohort. (B) Representative IHC staining images illustrating intratumoral and peritumoral MDK expression
based on negative, weak, moderate and strong staining intensity. (C and D) The Sankey diagrams illustrating the association of intratumoral
MDK expression with Gleason score, preoperative PSA levels and lymph node invasion.

score ranging from O to 300 was finally calculated by multiplying the
staining intensity and staining proportion. Tumor-infiltrating CD8*
T cells (ab17147, Abcam), CD4* T cells (ab67001, Abcam), mast cells
(ab2378, Abcam), M1 macrophages, M2 macrophages were quanti-
fied as the mean value of three randomized high-power magnifica-
tion fields (x200 magnification) of tumor regions in each sample. The
expression of PD-L1 (ab228462, Abcam) and HLA class | (ab225636,
Abcam) were semiquantified according to previous studies on
PCa.2%2! Briefly, PD-L1 expression was scored based on the staining
intensity as negative, weak, moderate, and strong. The score of HLA
class | staining was categorized as 0, 1, or 2, defined as membrane
staining in 0%-20%, 20%-80%, and 80%-100% of tumor cells, re-
spectively. The cutoff values for intratumoral and peritumoral MDK
expression were the median values of respective IHC scores in the
training cohort, which were then applied for the validation cohort
for consistency. The cutoff value for tumor-infiltrating CD8* T cells

was the median value of infiltration quantification.

2.3 | Flow cytometry methods

Fresh tumor samples were obtained immediately after surgical resec-
tion, of which adipose or necrotic tissues were removed carefully.
To collect single-cell suspensions, tumors were minced and digested
in RPMI-1640 with collagenase | (Sangon; 250Uml™Y) and DNase |
(Sangon; 50UmI™) for 3hours at 37 C according to the instructions.

Red blood cell lysis buffer was then used for removing red blood
cells. After stimulation with cell stimulation cocktail (PMA and iono-
mycin, eBioscience) and Golgistop (BD Biosciences) for 4 hours, cells
were stained with membrane markers in dark for 45minutes at 4C
after applying Human Fc block (BD Biosciences). Cells were stained
with intracellular markers after permeabilization by the BD Cytofix/
Cytoperm Fixation/Permeabilization Solution Kit (BD Biosciences) or
BD Pharmingen Transcription Factor Buffer Sets (BD Biosciences).
Detailed information on antibodies for flow cytometry is listed in
Table S1. Cells were collected and analyzed on the FACSCelesta (BD
Biosciences) in 1 hour. In addition, part of the fresh tumor tissues was
formalin fixed and paraffin embedded for MDK IHC staining to strat-
ify the tumor into high/low intratumoral MDK expression groups.

2.4 | |Invitro assays for T cell analysis

Peripheral blood mononuclear cells (PBMCs) were isolated from 5
PCa patients by applying Ficoll-Paque Plus (GE Healthcare) though
density gradient centrifugation. CD8" T cells were isolated and col-
lected from PBMCs by using a CD8" T Cell Isolation Kit (Miltenyi
Biotec) according to the manufacturer's instructions. The expression
of LRP1 and LRPé on the PBMC-isolated CD8* T cells was detected
through flow cytometry. Meanwhile, CD8"% T cells were activated
by Cloudz Human T Cell Activation Kit (R&D Systems) and recom-
binant IL-2 (Abcam) in RPMI-1640 medium with 10% fetal bovine
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serum and 1% penicillin-streptomycin solution plus the treatment
with 10ng/ml recombinant MDK (MDKr, Beyotime) and 20ug/ml
anti-LRP1 (ThermoFisher) for 48 hours. CD8" T cells were then col-
lected and underwent flow cytometry analysis.

2.5 | Exvivo culture system

The ex vivo culture system termed PDE was constructed as previ-
ously well described.?22% Previous studies have confirmed that the
PDE model could maintain the native tumor microenvironment and
tumor tissue viability.?*?° Briefly, the presoaked gelatin sponge
was placed in 24-well plates containing 500 ul media (RPMI-1640
with 10% fetal bovine serum, 1% penicillin-streptomycin solution,
0.01mg/ml hydrocortisone, and 0.01 mg/ml insulin) and appropri-
ate treatment (10 ng/ml MDKr [Beyotime] or 1pM MDK inhibitor
[MDKi, Sigmal]). Fresh PCa samples were immediately obtained
after RP and subdivided into 1 mm?® pieces. One or two pieces were
placed on each sponge, and 24-well plates were then placed in an
incubator for 24 hours at 37°C and 5% CO,. Tissues were finally
digested into single-cell suspensions and underwent flow cytom-

etry analysis.

2.6 | Statical methods

Biochemical recurrence was defined as two continuous PSA 20.2ng/
ml after RP. BCR-free survival time was calculated from the date of
RP till the date of BCR or last follow-up. Patients who were alive or
BCR-free were censored.

Kaplan-Meier curves and univariate/multivariate Cox regres-
sion analyses were applied for analyzing survival outcomes. The
progenitor-exhausted and terminally exhausted CD8" T cell signa-
tures were obtained from a previous study.26 The androgen receptor
(AR) output score, AR activity signature, and postoperative radia-
tion therapy score were obtained from previous studies.®%'? The
gene signatures utilized in this study are listed in Table S2. Gene set
enrichment analysis (GSEA) was conducted for exploring the po-
tential activated pathways. Chi-square test, one-way ANOVA with
Bonferroni correction, Kruskal-Wallis H test, Wilcoxon matched-
pairs signed-rank test, Mann-Whitney U test, and Spearman's cor-
relation test were performed for analysis. P values were considered
statistically significant when <0.05.

3 | RESULTS

3.1 | Patient and tumor characteristics of the study
population

The flowchart of the study is illustrated in (Figure 1A). The patient
and tumor characteristics of the training cohort and validation
cohort are demonstrated in Table 1. Clinical features of both
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cohorts were in agreement with the acknowledged demographics
of PCa with RP. The 5-year BCR-free survival rates in validation,
training, and external cohorts were 70.2%, 81.1%, and 75.6%
respectively.

3.2 | Midkine expression correlated with tumor
progression in PCa

Midkine expression in PCa was assessed by IHC staining. The rep-
resentative images of intratumoral and peritumoral MDK expression
with strong, moderate, weak, and negative staining are displayed
in (Figure 1B). The median H-score values of intratumoral and
peritumoral MDK expression were both 120 in the training cohort,
which were then applied as the cutoff values in the validation co-
hort. Moreover, in the training and validation cohorts, we found
that intratumoral MDK expression correlated with the increas-
ing Gleason score (chi-square test: p = 0.007 and p = 0.015) and
preoperative PSA level (chi-square test: p = 0.006 and p<0.001),
indicating a strong relationship between MDK and PCa tumor pro-
gression (Figure 1C,D). In addition, the MDK mRNA expression was
elevated with the increasing Gleason score in the external cohort
(Figure S1A). Our findings indicated a close correlation between
MDK and tumor progression.

3.3 | Intratumoral MDK expression was a strong
prognosticator for clinical outcome of PCa

The prognostic value of MDK for postoperative PCa was next
evaluated. Kaplan-Meier analysis showed that high intratumoral
MDK expression could predict an unfavorable BCR-free survival
in both the training cohort (p <0.001; Figure 2A) and validation
cohort (p = 0.001; Figure 2B). Five-year BCR-free survival rates
were 59.5% versus 84.9% and 72.6% versus 89.8% for high versus
low intratumoral MDK expression in both cohorts, respectively.
Additionally, high MDK mRNA expression in the external cohort
indicated poor prognosis of PCa patients (p = 0.024; Figure S1B).
However, peritumoral MDK expression failed to stratify the BCR-
free survival in both cohorts (Figure 2C,D). Univariate Cox regres-
sion analysis demonstrated that high intratumoral MDK expression
was associated with shortened BCR-free survival (Table S3).
Moreover, through the multivariate Cox regression analysis for
MDK expression and other clinicopathological features, intratu-
moral MDK expression was identified as an independent prognos-
ticator for BCR in both the training cohort and validation cohort
(Figure 2E).

Subgroup analysis was conducted, and it was found that in-
tratumoral MDK expression correlated with poor prognosis in
the subgroup with Gleason score <7 or 27 (Figure S2A-D) and in
the low- and intermediate-risk or high-risk group (Figure S3A-D).
Therefore, we assumed that intratumoral MDK expression could act
as an outstanding prognosticator for postoperative PCa.
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Training cohort

Characteristics (n = 369) (n = 390)
Age, years

Median 68 70

Range 47-84 47-87
Prostatectomy grade groups

GG1 76 (20.6%) 81 (20.8%)

GG2 95 (25.7%) 123 (31.5%)

GG3 55 (14.9%) 81 (20.8%)

GG4 49 (13.3%) 70 (17.9%)

GG5 94 (25.5%) 35 (9.0%)
Pre-op PSA

<10 144 (39.0%) 122 (31.3%)

10-20 120 (32.5%) 141 (36.2%)

>20 105 (28.5%) 127 (32.6%)
Lymph node involvement

Absent 347 (94.0%) 383 (98.2%)

Present 22 (6.0%) 7 (1.8%)
Neural invasion

Absent 257 (69.6%) 221 (56.7%)

Present 112 (30.4%) 169 (43.3%)
Positive surgical margin

Absent 319 (86.4%) 381 (97.7%)

Present 50 (13.6%) 9 (2.3%)

Extracapsular extension
Absent 346 (93.8%)

23 (6.2%)

332 (85.1%)
Present 58 (14.9%)

Seminal vesicle invasion

Absent 307 (83.2%) 375 (96.2%)

Present 62 (16.8%) 15 (3.8%)
Events

Biochemical recurrence 71 (19.2%) 80 (20.5%)

Validation cohort

TABLE 1 Baseline demographics and

GRS clinical characteristics of PCa patients

(n=759)

70
47-87

157 (20.7%)
218 (28.7%)
136 (17.9%)
119 (15.7%)
129 (17.0%)

266 (35.0%)
261 (34.4%)

232 (30.6%)

730 (96.2%)
29 (3.8%)

478 (63.0%)
281 (37.0%)

700 (92.2%)
59 (7.8%)

678 (89.3%)
81 (10.7%)

682 (89.9%)
77 (10.1%)

151 (19.9%)

Abbreviations: GG, grade group; PCa, prostate cancer; Pre-op PSA, preoperative prostate-specific

antigen.

3.4 | Intratumoral MDK expression improved the
risk stratification by CAPRA-S score

The CAPRA-S score is a postsurgical score previously established
for predicting the PCa recurrence based on the surgical-related
pathological characteristics.* We tried to evaluate whether the in-
tratumoral expression of MDK could add prognostic value to the
CAPRA-S score system. The CAPRA-S score baseline of the training
and validation cohorts are listed in Table S4. Univariate Cox regres-
sion analysis confirmed that the CAPRA-S score was a strong prog-
nosticator in both the training and validation cohorts (Table 2). With
the C-index analysis, we found that the CAPRA-S score plus the in-
tratumoral MDK expression had a higher C-index than the CAPRA-S
score alone, inferring that intratumoral MDK expression could help
improve the risk stratification by the CAPRA-S score (Table 2).

3.5 | CD8" T cells showed impaired antitumor
immunity in PCa with MDK expression abundance

Recent studies have revealed the potential immune-modulating ca-
pacity of MDK leading to tumor progression.**'> Kaplan-Meier anal-
ysis was performed for comparing the BCR-free survival with CD8* T
cell infiltration and intratumoral MDK expression strata. Contrary to
most tumor types, CD8" T cell infiltration was associated with poor
prognosis in PCa (p = 0.036; Figure 3A and Figure S4A). It was found
that high CD8™" T cell infiltration indicated a worse BCR-free survival
in the high MDK expression group, while there was no association be-
tween CD8" T cell infiltration and BCR-free survival in the low MDK
expression group (Figure 3B). However, a similar infiltration level of
CD8™" T cells was observed in tumors with high/low intratumoral
MDK expression (Figure S4B). Also, the proportion of CD8* T cells
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FIGURE 2 Intratumoral MDK expression yields poor prognosis of postoperative PCa patients. (A and B) Kaplan-Meier curves for BCR-

free survival comparing tumor with high versus low intratumoral MDK expression in training cohort (A) and validation cohort (B). (C and
D) Kaplan-Meier curves for BCR-free survival comparing tumor with high versus low MDK peritumoral expression in training cohort (C)
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respectively. Log-rank p values were shown.

TABLE 2 Multi- and univariate Cox regression analyses of CAPRA-S with/without intratumoral MDK expression for BCR-free survival

Model with intratumoral MDK expression

Model without intratumoral MDK expression

Training Cohort Validation Cohort

Training Cohort Validation Cohort

HR (95% Cl) P

Variable HR (95% ClI) P HR (95% ClI) P HR (95% Cl) P
CAPRA-S 1.164 0.001 1.166 0.004 1.209 (1.108-1.319) <0.001 1.222 <0.001
(1.063-1.275) (1.051-1.293) (1.107-1.350)
Intratumoral MDK 2.514 0.001 2.466 <0.001 / / / /
expression (high (1.467-4.307) (1.490-4.083)
versus low)
C-index of the model® 0.754 / 0.699 / 0.652 / 0.649 /

(0.703-0.806) (0.637-0.762)

(0.595-0.708) (0.583-0.714)

Abbreviations: BCR, biochemical recurrence; Cl, confidence interval; HR, hazard ratio, MDK, Midkine.

*The C-index was provided for continuous CAPRA-S with/without dichotomized intratumoral MDK expression (high versus low).

among CD45* cells between tumors with high versus low MDK
expression showed no difference (Figure S4C). We suggested that
MDK expression could interfere with the antitumor activity of CD8*
T cells rather than act as a chemoattractant in PCa. It was further dis-
covered that MDK mRNA expression showed no association with the
progenitor-exhausted signature (Figure 3C), while it was positively
correlated with the terminally exhausted signature (Figure 3D) in the
external cohort. The phenotype of tumor-infiltrating CD8" T cells

was next evaluated in fresh tumor tissues via flow cytometry. Gating
strategy and representative flow cytometry images were illustrated
in Figure S5A,B. It was found that CD8" T cells expressed decreasing
cytolytic capacity (GZMB and PRF1) and downregulated the effec-
tor molecule (IFN-y) in tumors with MDK abundance (Figure 3E-J).
Furthermore, the expression of PD-1 and Tim-3 was upregulated
on CD8" T cells in tumors with high intratumoral MDK expression
(Figure 3K-M). The proportion of CD8" T cells with the expression
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of certain molecules in CD45" cells was next evaluated. Decreased
infiltration of CD8" T cells with GZMB, PRF1, and IFN-y expression
while increased infiltration of CD8" T cells with PD-1 and Tim-3 ex-
pression were found in tumors with MDK abundance (Figure 3N).
Thus, we inferred that intratumoral MDK expression was associated
with the dysfunction state of CD8" T cell in PCa.

3.6 | Midkine shows direct but faint
immunosuppressive effect on CD8™ T cells

Whether MDK could directly or indirectly influence the function
of CD8" T cells was further explored. A previous study reports
that T cells express a moderate level of Lrpl and a low level of
Lrpé, which are both the receptors of MDK. We found that PBMC-
isolated CD8" T cells partly expressed LRP1 (16.80% +7.91%),
while LRPé was rarely detected (1.18% +0.92%; Figure S6A). The
PBMC-isolated CD8* T cells were incubated with MDKr and anti-
LRP1 neutralizing antibody. It was found that the administration of
MDKr elevated the PD-1 expression of CD8" T cells and only de-
creased the production of GZMB, while other antitumor molecules
remained on the same production level (Figure S6B-D), which was
inconsistent with the findings in Figure 3K-M. Moreover, the ef-
fect of MDKr treatment on CD8" T cells could be reversed by anti-
LRP1 treatment (Figure S6B-D). We suggested that MDK had a

direct but faint immunosuppressive effect on CD8" T cells.

3.7 | Elevated expression of PD-L1 and
infiltration of M2 macrophages are observed in PCa
with MDK enrichment

As MDK showed a direct but weak effect on CD8" T cells, we pos-
tulated that tumors with MDK abundance might be enriched with
immunosuppressive components resulting in tumor progression. A
high proportion of strong and moderate PD-L1 staining in PCa with
high MDK expression was observed (Figure S7A,B). However, no dif-
ference of HLA class | was observed in PCa with high versus low
intratumoral MDK expression (Figure S7C,D).

As for the immune contexture in PCa, we found that neither
the infiltration of CD4* T cells nor the CD4/CD8 ratio showed
any difference between tumors with high versus low intratumoral
MDK expression (Figure S8A-C). Although no different infiltra-
tion of M1 macrophages was observed in tumors with high ver-
sus low intratumoral MDK expression (Figure S8D,E), it was found
that tumors with MDK abundance were infiltrated with increasing
M2 macrophages (Figure S8F). The M1/M2 ratio was decreased
in tumors with high MDK expression (Figure S8G), inferring that
M2 macrophage polarization occurred. Moreover, protumor mast
cells were enriched with high intratumoral MDK expression in PCa
(Figure S8H-1).” Therefore, we suggested that MDK expression
orchestrated an immunosuppressive microenvironment in PCa

leading to CD8* T cell dysfunction.

3.8 | Intratumoral MDK expression could serve as
a potential therapeutic target for PCa

The PDE culture system was utilized to examine the effect of MDK
on CD8" T cell function and PCa cell apoptosis (Figure 4A). It was
discovered that treatment with MDKr impaired the expression of
GZMB and PRF1 of tumor-infiltrating CD8" T cells (Figure 4B) in tu-
mors with low intratumoral MDK expression, and the IFN-y produc-
tion showed a decrease with marginal significance (Figure 4C). MDKr
treatment also promoted the PD-1 and Tim-3 expression of CD8* T
cells (Figure 4D). Meanwhile, the administration of MDKi success-
fully enhanced the antitumor immunity of CD8" T cells featuring
increased production of GZMB, PRF1, and IFN-y and decreased ex-
pression of PD-1 and Tim-3 in tumors with high intratumoral MDK
expression (Figure 4B-D) Moreover, elevated annexin V expression
of tumor cells was detected with the intervention of MDK (Figure 4E).
With the help of the PDE culture system, we suggested that MDK
may be considered as a potential therapeutic target for PCa.

3.9 | Intratumoral MDK expression correlates with
distinct molecular subtypes in PCa patients

We finally explored the association of MDK with previously re-
ported molecular subtypes.!? It was found that tumor with MDK
abundance was enriched in mRNA cluster 2 and miRNA cluster 2,5
and 6 (Figure 5A,B). Moreover, a higher level of copy number altera-
tion of TP53, PTEN, and FANCC was observed in tumors with high
MDK expression than in those with low MDK mRNA expression
(Figure 5C-E). Several genomic signatures associated with postop-
erative PCa were previously discovered, which could potentially
support the choice of adjuvant therapies including hormonal therapy
and radiotherapy (Figure S9A-C).81012 GSEA showed a downregula-
tion of AR response in tumors with high MDK expression (Figure 5F).
The AR activity signature and AR output score negatively correlated
with MDK expression (Figure 5G,H).8'? We suggested that tumors
with MDK abundance may be characterized by hormonal therapeu-
tic resistance. Moreover, a 24-gene predictor for the postoperative
radiotherapy was positively associated with MDK expression in
PCa,!© indicating that tumors with high MDK expression were po-
tentially sensitive to postoperative radiotherapy (Figure 5l). These
results demonstrated MDK expression might act as a biomarker for
guiding the postoperative adjuvant therapy for PCa patients.

4 | DISCUSSION

In this study, we focused on the clinical significance and therapeutic
relevance of MDK expression in PCa. MDK has been found to have
a key role in tumorigenesis and has been identified as a prognostic
biomarker in other cancer types including pancreatic cancer, blad-
der cancer, and hepatocellular carcinoma.'®28-3 |t was discovered

for the first time that MDK expression could act as a prognosticator
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FIGURE 3 Tumor-infiltrating CD8" T cell features an exhausted phenotype with dampened cytotoxicity in tumors with intratumoral MDK
abundance. (A) Kaplan-Meier curves for BCR-free survival with tumor-infiltrating CD8" T cells strata in training cohort (n = 369). (B) Kaplan-
Meier curves for BCR-free survival with both tumor-infiltrating CD8* T cells and intratumoral MDK expression strata in training cohort

(n = 369). Log-rank p values were shown. (C and D) Correlation between MDK mRNA expression and progenitor exhausted (C) or terminally
exhausted (D) CD8* T cells signature. Data was analyzed by Spearman correlation. (E-G) Evaluation of cytotoxicity expression (GZMB, PRF1
and CD107A) of tumor-infiltrating CD8* T cells in high/low intratumoral MDK expression groups. (H-J) Evaluation of effector expression
(IFN-y and TNF-a) and proliferative marker (Ki-67) of tumor-infiltrating CD8* T cells in high/low intratumoral MDK expression groups. (K-M)
Evaluation of immune checkpoint (PD-1, Tim-3 and CTLA4) expression of tumor-infiltrating CD8* T cells in high/low intratumoral MDK
expression groups. (N) Heatmap illustrating the proportion of CD8" T cells expressing abovementioned cytotoxicity, effector, proliferative
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analyzed with Mann-Whitney U test.
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FIGURE 4 Intratumoral MDK expression could serve as a potential therapeutic target for PCa. (A) The schematic of PDE model

construction was illustrated. (B) Evaluation of cytotoxicity expression (GZMB, PRF1 and CD107A) of CD8" T cells in PDE models treated
with MDKr or MDKi based on the intratumoral MDK expression in control group. (C) Evaluation of effector expression (IFN-y and TNF-a)
and proliferative marker (Ki-67) of CD8" T cells in PDE models treated with MDKr or MDKi based on the intratumoral MDK expression in
control group. (D) Evaluation of immune checkpoint (PD-1, Tim-3 and CTLA4) of CD8" T cells in PDE experiments treated with MDKr or
MDKi based on the intratumoral MDK expression in control group. (E) Evaluation of Annexin V expression of PSMA™* epithelial cells in PDE
experiments treated with MDKr or MDKi based on the intratumoral MDK expression in control group. Data were analyzed with Wilcoxon

matched-pairs signed-rank test.

for BCR in postoperative PCa patients. The risk assessment tool
CAPRA-S was utilized to predict the postoperative clinical outcome
based on clinicopathological characterizations.* Intratumoral MDK
expression could add prognostic value to the CAPRA-S score, which
could improve the efficiency of the predicting system and lead to a
more precise decision making.

Emerging evidence suggests that the immunoevasive microen-
vironment in PCa leads to tumor progression.'®3! MDK is reported
to promote tumor progression through inhibiting the recruitment of
CD8™" T cells in glioma and improving the polarization of M2 mac-
rophages in melanoma.}*'® Contrary to other cancer types, CD8*
T cell abundance yields an unfavorable survival outcome in PCa,
suggesting that CD8* T cells may display an exhausted or even im-
munosuppressive phenotype in PCa.’*” We thus focused on the

association between MDK expression and CD8* T cell phenotype in
PCa. Indeed, tumors with high expression of MDK and high infiltra-
tion of CD8* T cells possessed the worst clinical outcome. Although
the antitumor function of CD8" T cells was inhibited in tumors with
MDK abundance, MDK expression was not associated with CD8* T
cellinfiltration in PCa. A previous study revealed that MDK impaired
the antitumor function of CD8" T cells in a melanoma mice model,
while the infiltration of CD8* T cells remained at the same level
between melanoma with MDK overexpression and the control,**
which is in accordance with our findings. We inferred that intratu-
moral MDK disrupted the antitumor immunity of CD8" T cells rather
than acted as chemoattractant in PCa. It was previously reported
that terminally exhausted CD8* T cells rather than the progenitor-
exhausted CD8™" T cells exhibited short lifespan and demonstrated
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tolerance to immune checkpoint inhibition.?® Enrichment of termi-
nally exhausted T cell signature was observed in PCa with high MDK
expression, which was consistent with a previous finding that MDK
expression correlated with anti-PD-1/PD-L1 resistance in patients
with melanoma. Importantly, our study further demonstrated that
MDK modulated an immunosuppressive microenvironment with
elevated expression of aggressive phenotype marker PD-L1%° and
increased the infiltration of M2 macrophages and tumor-promoting
mast cells in PCa.?’ Further findings are warranted to discover the
orchestration mechanism of PCa microenvironment by MDK. As
MDK inhibition showed reactivated production of GZMB, PRF1,
and IFN-y of CD8" T cells through the PDE system, we inferred

that targeting MDK in PCa may show promise. Moreover, IFN-y
is typically reckoned as a predictor for good immunotherapy re-
sponse.®?33 Our study suggested a potential model that anti-MDK
may sensitize PCa to anti-PD-1/PD-L1 immunotherapy, which mer-
ited exploration.

While RP still represents one of the main clinical managements,
emerging studies have focused on postoperative therapies for im-
proving patient survival.® Clinical trials for postoperative hormonal
therapy including leuprorelin acetate (AFU-GETUG 20/0310) and
enzalutamide (NCT01927627) are conducted for evaluating the effi-
cacy and safety.®*® Our findings highlight the negative correlation
between MDK and AR response signatures.® Moreover, a 24-gene
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predictor for predicting the response to postoperative radiother-
apy positively correlated with intratumoral MDK expression.® We
suggested that tumors with MDK abundance may be resistant to
adjuvant hormonal therapy while sensitive to postoperative radio-
therapy. Whether MDK could be a predictor for postoperative adju-
vant therapy deserves further investigation.

In summary, our study identified and validated intratumoral
MDK expression as an independent prognosticator for postopera-
tive clinical outcome. Tumors with MDK abundance were charac-
terized by impaired antitumor function of tumor-infiltrating CD8"
T cells, which were accompanied by enriched immunosuppressive
components. Tumors with MDK enrichment were potentially sen-
sitive to postoperative radiotherapy while resistant to adjuvant
hormonal therapy of PCa. MDK could be considered as a potential
therapeutic target. (Graphical abstract for the study is illustrated in
Figure S10).
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