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Abstract
Glycoproteins produced by tumor cells are involved in cancer progression, metasta-
sis, and the immune response, and serve as possible therapeutic targets. Considering 
the dismal outcomes of pancreatic ductal adenocarcinoma (PDAC) due to its unique 
tumor microenvironment, which is characterized by low antitumor T-cell infiltration, 
we hypothesized that tumor-derived glycoproteins may serve as regulating the tumor 
microenvironment. We used glycoproteomics with tandem mass tag labeling to inves-
tigate the culture media of three human PDAC cell lines, and attempted to identify the 
key secreted proteins from PDAC cells. Among the identified glycoproteins, prosapo-
sin (PSAP) was investigated for its functional contribution to PDAC progression. PSAP 
is highly expressed in various PDAC cell lines; however, knockdown of intrinsic PSAP 
expression did not affect the proliferation and migration capacities. Based on the im-
munohistochemistry of resected human PDAC tissues, high PSAP expression was as-
sociated with poor prognosis in patients with PDAC. Notably, tumors with high PSAP 
expression showed significantly lower CD8+ T-cell infiltration than those with low 
PSAP expression. Furthermore, PSAP stimulation decreased the proportion of CD8+ 
T cells in peripheral blood monocytes. Finally, in an orthotopic transplantation model, 
the number of CD8+ T cells in the PSAP shRNA groups was significantly increased, re-
sulting in a decreased tumor volume compared with that in the control shRNA group. 
PSAP suppresses CD8+ T-cell infiltration, leading to the promotion of PDAC progres-
sion. However, further studies are warranted to determine whether this study con-
tributes to the development of a novel immunomodulating therapy for PDAC.
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1  |  INTRODUC TION

Treatment strategies have been developed for PDAC, however its 
prognosis is extremely severe, with a 5-year survival rate of ~10% 
in the USA in 2020.1 One of the critical reasons for the dismal out-
comes in patients with PDAC may lie in the unique TME character-
ized by dense stroma and low infiltration of antitumor T cells.2–5 
Immunotherapy has been introduced as a novel therapy for malig-
nancies in the last decade and has been attracting wide interest.6–9 
However, its efficacy in PDAC is limited because of the immunosup-
pressive TME.10–12

The TME is mainly composed of cancer cells, stroma, and im-
mune cells. Furthermore, interactions among these components by 
various molecules are considered to be important in cancer progres-
sion. Among these molecules, secreted proteins from cancer cells or 
fibroblasts play an important role in establishing a cancer-promoting 
or suppressive environment. Therefore, we hypothesized that the 
secreted proteins from cancer cells could regulate the TME to im-
prove the antitumor efficacy in PDAC.

Glycoproteins are molecules comprising protein and carbo-
hydrate chains, and are involved in many physiological functions. 
Glycan modification is a key cellular mechanism considered to be 
deeply involved in cancer progression including carcinogenesis, me-
tastasis, and the immune response, therefore serving as a possible 
therapeutic target.13–16 Tandem mass tag labeling is a comprehen-
sive, quantitative proteomic technique for analyzing secreted pro-
teins.17 In the present study, we used glycoproteomic techniques 
with TMT labeling to investigate the supernatant of PDAC cell cul-
tures and identified prosaposin (PSAP) as a PDAC cell-derived se-
creted protein. PSAP is secreted into the extracellular matrix as a 
full-length protein with various neurotrophic functions.18,19 Several 
studies have reported the function of PSAP in cancer progres-
sion,20–24 however its functional roles in the TME of PDAC remain 
unclear.

Therefore, we investigated the clinical features and prognos-
tic significance of PSAP in resected PDAC tissues. Furthermore, 
we examined the functional contributions of PSAP regulation to 
tumor-infiltrating T cells in the TME of PDAC using in vivo exper-
iments. This study would provide novel insights into the modu-
lation of antitumor immunity by PSAP regulation, indicating its 
potential for the development of a novel immunotherapy for 
PDAC.

2  |  MATERIAL S AND METHODS

2.1  |  Human and murine cell lines

Human pancreatic duct epithelial (HPDE) cells and human PDAC 
cell lines (BxPC-3, PANC-1, MIA PaCa-2, Capan-2, Capan-1, AsPC-
1, CFPAC-1, and Hs766T) were purchased from the ATCC. Murine 
PDAC cell lines (PKCY cells) derived from a genetically engineered 
PKCY mouse (Pdx1-cre; LSL-KrasG12D/+;p53fl/+;R26YFP mouse) were 

provided by Dr. Andrew D. Rhim (The University of Texas, MD 
Anderson Cancer Center).

2.2  |  Glycoprotein isolation and TMT labeling

Three human PDAC cell lines (BxPC-3, PANC-1, and MIA PaCa-2) 
were cultured for 72 h and the culture supernatants were harvested 
for secretome analysis. To extract glycoproteins, paramagnetic non-
porous particles coupled with a Lens culinaris lectin ligand (LCA; 
Bruker Daltonics) were used to process the culture supernatant sam-
ples. The binding, washing, and elution procedures were performed 
according to the manufacturer's instructions.

Reduction, alkylation, and enzymatic in-solution digestion of 
proteins were performed as previously described.17 The TMT-sixplex 
Isobaric Label Reagent Set (90061, Thermo Fisher Scientific) was 
used for TMT labeling according to the manufacturer's instructions.

2.3  |  Liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) analysis

The peptides were injected into a trap column (C18, 5 μm, 0.3 × 5 mm; 
DIONEX) and an analytical column (C18, 3  μm, 0.075 × 120 mm; 
Nikkyo Technos), attached to an Ultimate 3000 system (DIONEX). 
Purified peptides were introduced into the LTQ-Orbitrap XL (Thermo 
Scientific), a hybrid ion-trap Fourier transform mass spectrometer, 
and analyzed using parameters described in a previous study.25 A da-
tabase search engine (Proteome Discoverer; Thermo Scientific) was 
used to identify and quantify proteins from the mass, tandem mass, 
and reporter ion spectra of the peptides. Peptide mass data were 
matched by searching the International Protein Index database (IPI).

2.4  |  Western blot analysis

Extracted proteins were separated on polyacrylamide gels (DRC) and 
transferred to PVDF membranes (PerkinElmer). Nonspecific pro-
tein blocking was performed using 5% BSA. The membranes were 
incubated overnight at 4°C with primary antibodies and then incu-
bated with secondary antibodies for 60 min at room temperature. 
The membranes were subsequently exposed to a chemiluminescent 
substrate (Nacalai Tesque) and analyzed using a LAS-4000UV image 
analyzer (Fujifilm).

2.5  |  siRNA and shRNA transfection

PSAP-specific siRNAs (J-003694-17-0002, J-003694-18-0002, 
Dharmacon) and negative control siRNA (Qiagen) were transfected 
at a concentration of 5  nmol/L using Lipofectamine RNAiMAX 
Reagent (Invitrogen). Lentiviral transfection of shRNA was con-
ducted (negative control shRNA: SHC016V-1EA, PSAP shRNA-1: 
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TRCN000105295, and PSAP shRNA-2: TRCN00011792, Merck 
KGaA).

2.6  |  RT-PCR

RNA was extracted from cell lines using the RNeasy Mini Kit (Qiagen) 
according to the manufacturer's protocols. RNA was reverse tran-
scribed to cDNA using the SuperScript VILO cDNA Synthesis Kit 
and Master Mix (Life Technologies). Gene expression was quanti-
fied using the SYBR Green method with TB Green® Fast qPCR Mix 
(TaKaRa Bio Inc., Shiga, Japan) and human and murine PSAP primers 
(TaKaRa Bio Inc.).

2.7  |  ELISA

An anti-PSAP antibody was dispensed into a plate and incubated at a 
concentration of 0.5 mg/well for 1 day at 4°C for coating. After im-
mobilization, the cell culture supernatants were applied to the plate 
and then reacted for 1 h at room temperature. The detect antibody 
was incubated for 30 min at room temperature. The absorbance of 
the solution was measured at 450 nm.

2.8  |  Proliferation assay

At 24 h after siRNA transfection, the cells were detached and 
seeded for a proliferation assay. Cell proliferation was evaluated 

using Cell Count Reagent SF (Nacalai Tesque), according to the 
manufacturer's protocol. The absorbance value at 450 nm was 
measured to determine cell viability using a plate reader (Bio-Rad 
Laboratories).

2.9  |  Wound healing assay

At 24 h after siRNA transfection, cells were detached and seeded for 
a wound healing assay in a culture-insert 2 Well in a μ-Dish 35 mm 
(81176, Ibidi). The cell monolayer was then scratched to introduce a gap 
as per the manufacturer's protocol. At 24 h after scratching, the cell un-
covered areas (gaps) were visualized by microscopy and analyzed using 
ImageJ software version 1.53 (National Institute of Mental Health).

2.10  |  Patient samples and ethical considerations

Human PDAC resected samples were harvested from 133 con-
secutive patients who had undergone radical pancreatectomy at 
the Department of General Surgery, Chiba University Hospital, be-
tween January 2013 and December 2015. Only samples that were 
histologically confirmed as primary invasive PDAC were included in 
the present study. Patients who died perioperatively or distant me-
tastases at the time of resection were excluded. Tumor volume was 
calculated using the following formula: π/6 × (L × W × W), where L is 
the long diameter and W is the short diameter. The 8th edition of the 
UICC was applied to determine the TNM classification. The study 
protocol (protocol #2155) was approved by the ethics committee of 

F I G U R E  1  Identification of glycosylated proteins through an exhaustive secretome analysis of culture supernatants from three PDAC 
cell lines. (A) Experimental setup to identify glycosylated proteins. (B) Number of glycosylated proteins identified in the cell lines. MB-LAC 
LCA, magnetic bead lectin affinity chromatography Lens culinaris agglutinin; TMT labeling, tandem mass tag labeling; LC–MS/MS, liquid 
chromatography–tandem mass spectrometry
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Chiba University, and written informed consent was obtained from 
each patient before surgery. Informed consents for PBMCs from 
healthy volunteers were also obtained.

2.11  |  Immunohistochemistry and 
immunofluorescence staining

Immunohistochemistry and immunofluorescence staining were per-
formed using 4-μm thick sections from formalin-embedded tissue 
blocks. Antigen retrieval was performed by autoclaving, and endog-
enous peroxidase activity was inactivated using 3% hydrogen perox-
ide. Nonspecific protein blocking was performed using 5% BSA. The 
sections were incubated overnight with primary antibodies at 4°C. 
Subsequently, the appropriate secondary antibodies were applied for 
30 min at room temperature, followed by staining with diaminobenzi-
dine (Nacalai Tesque). The antibody information is listed in Table S1. 
The histology of each human PDAC sample was examined by two 
independent investigators. The PSAP staining patterns were scored 
by multiplication based on the intensity of tumor cytoplasm (1: no to 
very weak staining, 2: weak staining, 3: strong staining, 4: very strong 
staining) and the proportion of positively stained tumor cells (1: <25%, 

2:25–50%, 3:50–75%, 4:>75%). The number of CD8+ T cells was 
manually counted in the tumor stroma and an average count from five 
different high-power fields (magnification, ×400) was taken.

2.12  |  Isolation and culture protocols of PBMCs

Peripheral blood obtained from healthy volunteers was overlaid on 
Ficoll-Paque PLUS (Cytiva) and centrifuged to isolate PBMCs. Cells 
were incubated for 3 days in RPMI 1640 medium (Thermo Fisher 
Scientific) with 10% FBS and antibiotics. Con A (Nacalai Tesque) at a 
final concentration of 5 μg/ml was supplemented as a T-cell mitogen, 
and rhPSAP (16224-H08H, SinoBio) was used for stimulation at a 
concentration of 1000 ng/ml.

2.13  |  Flow cytometry analysis

Incubated cells were centrifuged and resuspended in PBS with the 
relevant antibodies for 60 min. The antibodies used are detailed in 
Table S1. Flow cytometry analysis was performed using a CANTO II 
system (Beckton-Dickinson). The collected data were analyzed using 

F I G U R E  2  Prosaposin (PSAP) 
expression in cell lines and cell culture 
supernatants. (A) Western blot analysis 
of PSAP expression in human pancreatic 
duct epithelial (HPDE) cells, and PDAC 
cell lines derived from primary tumors 
(BxPC-3, MIA PaCa-2, PANC-1, Capan-2), 
metastatic ascites (AsPC-1), lymph node 
metastasis (Hs766T), and PDAC liver 
metastases (CFPAC-1, Capan-1). (B, C) 
Knockdown validation for PSAP-specific 
siRNA in cell lysates by western blot and 
quantitative PCR. (D) PSAP expression 
levels in cell culture supernatant, 
quantified by ELISA. Endogenous PSAP 
knockdown decreases PSAP secretion in 
cell culture supernatant
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FlowJo v10.8.1 software (Beckton-Dickinson). Flow cytometric gat-
ing was performed by identifying the viable lymphocytes using side 
and forward scatters. After further gating for CD3, the percentages 
of CD4+ and CD8+ cells were calculated.

2.14  |  Orthotopic transplantation model

Female C57BL/6 mice (CLEA Japan) aged 8–10 weeks were in-
jected with 2 × 105 PKCY cells suspended in 25 μl medium into the 

F I G U R E  3  Knockdown of endogenous PSAP expression did not affect epithelial-to-mesenchymal transition, proliferation, and migration 
capacity in PDAC cells. (A) Expression levels of E-cadherin, vimentin, Twist, and Snail. (B) Proliferation assay comparing the control siRNA 
and PSAP-specific siRNA groups. (C) Representative image of migration assay. (D) Quantitative analyses of gap areas after scratching

F I G U R E  4  Immunohistochemistry of 
prosaposin (PSAP) expression in resected 
PDAC tissues. (A, B) Representative 
immunohistochemistry staining for 
PSAP in resected PDAC tissues. Original 
magnification: (A) upper panels ×100 
(scale bars, 200 μm), lower panels ×200 
(scale bar, 100 μm); (B) upper panels ×100 
(scale bars, 200 μm), lower panels ×400 
(scale bars, 50 μm). (C, D) Kaplan–Meier 
analyses of patients with high PSAP 
expression versus low PSAP expression 
for relapse-free survival (C) and overall 
survival (D). The high PSAP expression 
group showed significantly poorer 
relapse-free survival (p = 0.031, log-rank 
test) and overall survival (p = 0.014, log-
rank test) compared with the low PSAP 
group
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subcapsular region of the pancreas under anesthesia. After injec-
tion, a sterile cotton swab was immediately placed at the injec-
tion site to prevent the spread of cancer cells into the abdominal 
free space. The mice were sacrificed 30 days after transplantation 
for histological analysis. For details, please refer to a previous 
study.26 Paraffin-embedded pancreata were cut into 4  μm thick 
section, 200 μm apart from each other, followed by staining with 
hematoxylin and eosin (H&E). Slides with the maximum tumor area 
were used to measure the tumor size under a microscope. Tumor 
volume was calculated using the same formula as for the human 
specimens. The number of CD8+ T cells was counted in two differ-
ent high-power fields. All animal experiments in the present study 
were performed humanely. The studies were carried put according 
to a protocol approved by the Committee of Animal Welfare of 
Chiba university.

2.15  |  Statistical analysis

Statistically significant differences were determined using Welch's 
t-test, Mann–Whitney–Wilcoxon test, chi-squared test, and Fisher's 
exact test. Cumulative survival rates were calculated using the 
Kaplan–Meier method, and the significance of the difference was 
evaluated using the log-rank test. Cox proportional hazard mod-
els were used for univariate and multivariate survival analyses. 
Statistical significance was set at p < 0.05. Data from in vitro experi-
ments were independently performed at least three times. All sta-
tistical analyses were performed using JMP Pro version 15.0.0 (SAS 
Institute Inc.).

3  |  RESULTS

3.1  |  Identification of PSAP by TMT labeling and 
LC–MS/MS analysis

To identify PDAC-related glycoproteins, TMT labeling and LC–
MS/MS were used to analyze proteins extracted from the culture 
media of three PDAC cell lines (BxPC-3, MIA PaCa-2, and PANC-1) 
in secretome analyses (Figure 1A). In total, 25 glycoproteins were 
identified, and 11 proteins of these overlapped across the three 
cell lines (Figure 1B; Table S2). Of these candidates, PSAP is widely 
known as an essential neurotrophic factor in nerve systems.18,19 
In addition, several neurotrophic factors have been demonstrated 
to affect PDAC progression.27–29 Therefore, we hypothesized that 
PSAP could be involved in cancer progression and selected it for 
further analyses regarding its functional contributions in the TME 
of PDAC.

PSAP expression

p-ValueLow (n = 67) High (n = 66)

Age (mean ± SD) 65.6 ± 1.3 66.3 ± 1.3 0.714

Gender (male/female) 32/35 36/30 0.271

Tumor location (head/body, tail) 46/21 48/18 0.373

Resectability (R/BR,UR)a 41/26 39/27 0.472

Neoadjuvant therapy (+/−) 28/39 30/36 0.401

Tumor volume (median [IQR]) 4750 (2827–8109) 7225 (4196–11,550) 0.029*

pT stage (T3,4/T1,2)a 51/16 44/22 0.155

pN stage (N0/N1,2)a 19/48 15/51 0.293

Histological grade (G3/G1,2) 8/59 8/58 0.592

Curability (R0/R1,2) 49/18 41/25 0.121

Adjuvant chemotherapy (+/−) 49/18 45/21 0.793

(Fisher's exact test)

Abbreviations: IHC, immunohistochemistry; IQR, interquartile range; p, pathological findings; 
PDAC, pancreatic ductal adenocarcinoma; PSAP, prosaposin; SD, standard deviation.
aThe Union for International Cancer Control 8th edition.
*Significant value (p < 0.05).

TA B L E  1  Characteristics of PDAC 
patients for PSAP expression in IHC 
analysis

TA B L E  2  Recurrence site divided by PSAP expression in IHC 
analysis

PSAP expression

p-Value
Low 
(n = 52) High (n = 59)

Liver metastasis (+/−) 11/41 23/36 0.033*

Lung metastasis (+/−) 9/43 9/50 0.710

Peritoneal recurrence 
(+/−)

10/42 10/49 0.713

Local recurrence (+/−) 27/25 27/32 0.799

(Fisher's exact test)

*Significant value (p < 0.05).
Abbreviations: IHC, immunohistochemistry; PSAP, prosaposin.
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3.2  |  PSAP expression in human PDAC cell 
lines and cell culture supernatants

We investigated PSAP expression in HPDE cells and eight PDAC cell 
lines using western blot analysis. PSAP was highly expressed in most 
of primary and metastatic PDAC cell lines (Figure 2A). Among them, 
we selected MIA PaCa-2 and PANC-1 for further in vitro experiments 
to assess the functional roles of PSAP because these two PDAC cell 
lines were derived from primary PDAC tumor cells and highly ex-
pressed in those cell lysates. Then, we observed endogenous PSAP 
expression was decreased in PSAP-knockdown cells prepared by 
transfection with PSAP-specific siRNAs (Figure 2B,C). To determine 
whether PSAP secretion corresponded to endogenous expression in 
PDAC cells, we measured the PSAP concentration in PDAC cell cul-
ture supernatants. The ELISA results revealed that PSAP knockdown 
decreased PSAP expression in the supernatant (Figure  2D). These 
data suggested that PSAP is highly expressed in PDAC cells.

3.3  |  PSAP knockdown did not affect 
proliferation and migration in PDAC cells

We next examined whether the knockdown of endogenous PSAP in 
PDAC cells using PSAP-specific siRNAs altered their cellular pheno-
type, and their capacity for proliferation and migration. PSAP knock-
down did not alter the expression of EMT markers in MIA PaCa-2 
and PANC-1 cells (Figure  3A). Moreover, no significant difference 
was observed in the proliferation and migration abilities between 
PSAP-knockdown cells and control cells in these two PDAC cell lines 
(Figure  3B–D). Additionally, we conducted extrinsic PSAP supple-
mentation to PDAC cells to assess cell proliferation capacity. Similar 

to the knockdown experiments, PSAP supplementation did not act 
on cell proliferation in MIA PaCa-2 and PANC-1 cells (Figure  S1). 
These data suggested that intrinsic PSAP expression is not associ-
ated with cell proliferation and EMT properties in PDAC cells in vitro.

3.4  |  High PSAP expression in PDAC tissues is 
correlated with poor prognosis of patients

To assess the correlation between PSAP and clinicopathological 
features, we examined PSAP expression in resected PDAC tissues 
using IHC. PSAP was predominantly expressed in the tumor cyto-
plasm and the immune cells surrounding PDAC cells, but weakly 
expressed in the acinar cells (Figure 4A). All patients were divided 
into two groups according to their staining scores (refer to Materials 
and Methods). In total, 67 patients (50.4%) were classified in the low 
PSAP expression group, whereas 66 patients (49.6%) were classified 
in the high PSAP expression group (Figure 4B). The clinicopathologi-
cal features of patients with PDAC based on PSAP expression are 
shown in Table  1. Interestingly, the high PSAP group showed sig-
nificantly larger tumor volumes compared with the low PSAP group 
(p  =  0.029), whereas no significant differences were observed in 
other factors. Regarding the recurrence site patterns, liver metasta-
sis was observed more frequently in the high PSAP group than in the 
low PSAP group (p = 0.033) (Table 2). Kaplan–Meier analysis revealed 
that the high PSAP group had significantly shorter relapse-free sur-
vival (p = 0.031) (Figure 4C) and overall survival (p = 0.014) com-
pared with those in the low PSAP group (Figure 4D). Furthermore, 
high PSAP expression was an independent prognostic factor for 
overall survival in multivariate analysis using Cox proportional haz-
ard models (p = 0.031) (Table 3). These clinical data indicated that 

TA B L E  3  Univariate and multivariate analyses for overall survival in PDAC

n = 133

Univariate analysis Multivariate analysis

Hazard ratio (95%CI) p-Value Hazard ratio (95%CI) p-Value

Age (years, ≥/<65) 82/51 1.05 (0.54–2.02) 0.893

Gender (male/female) 68/65 1.04 (0.70–1.55) 0.843

Resectability (BR,UR/R)a 53/80 1.92 (1.28–2.87) <0.001* 1.54 (0.98–2.43) 0.064

Neoadjuvant therapy (+/−) 58/75 1.24 (0.30–0.83) 0.296

Tumor volume (≥/<575)b 64/69 2.02 (1.35–3.05) <0.001* 1.30 (0.80–2.11) 0.290

pT stage (T3,4/T1,2)a 38/95 1.71 (1.12–2.61) 0.013* 1.03 (0.62–1.69) 0.922

pN stage (N1,2/N0)a 99/34 2.39 (1.47–4.08) 0.008* 2.46 (1.44–4.20) 0.001*

Curability (R1,R2/R0) 45/88 1.42 (0.94–2.16) 0.065

Histological grade (G3/G1,2) 16/117 1.05 (0.51–1.92) 0.894

Adjuvant chemotherapy (+/−) 73/60 0.58 (0.38–0.90) 0.015* 0.52 (0.32–0.82) 0.005*

PSAP expression (high/low) 76/57 1.654 (1.11–2.48) 0.014* 1.58 (1.04–2.40) 0.031*

(Cox proportional hazard models)

Abbreviations: CI, confidence interval; p, pathological findings; PDAC, pancreatic ductal adenocarcinoma; PSAP, prosaposin; SD, standard deviation.
aThe Union for International Cancer Control 8th edition.
bTumor volume was divided according to the median value, 5575 mm3.
*Significant value (p < 0.05).
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high PSAP expression is associated with poor prognosis and recur-
rence of liver metastasis in patients with PDAC.

3.5  |  CD8+ infiltrating T cells were negatively 
correlated with PSAP expression in resected 
PDAC tissues

Antitumor immunity is considered one of the most important factors 
that greatly influences the prognosis of patients with malignancies. 
In particular, CD8+ T cells are regarded as TILs, which are crucial 
components of antitumor immunity. To evaluate whether PSAP in-
fluences CD8+ T-cell infiltration in the TME of PDAC, we assessed 

the correlation between PSAP expression and CD8+ T cells in re-
sected PDAC tissues. First, the sample cohort was divided into high 
and low CD8+ cell infiltration groups by the median value to assess 
the correlation between TIL infiltration and clinicopathological fac-
tors (Figure 5A). Among the various perioperative parameters, pa-
tients with decreased CD8+ T cells showed significantly larger 
tumor volumes than those with enriched CD8+ T cells (p = 0.012) 
(Table  S3). The low CD8+ cell infiltration group showed poorer 
prognosis than the high CD8+ cell infiltration group (p  =  0.008) 
(Figure 5B). Notably, the number of CD8+ T cells in the periphery 
of cancer cells demonstrated a significant negative correlation with 
PSAP expression (R2 = 0.036, p = 0.029) (Figure 5C). In prognosis, 
both high and low CD8+ cell infiltration groups demonstrated the 

F I G U R E  5  Immunohistochemistry of CD8+ T cells and PSAP in resected PDAC tissues. (A) Representative immunohistochemistry staining 
for CD8+ T cells in resected PDAC tissues. Original magnification: upper panels ×100 (scale bars, 200 μm), lower panels ×400 (scale bars, 
50 μm). (B) Kaplan–Meier analysis for overall survival based on CD8+ T-cell infiltration. (C) Correlation between number of CD8+ T cells and 
PSAP expression. PSAP expression was inversely correlated with the number of infiltrated CD8+ T cells in the cancer-surrounding stroma 
(R2 = 0.036, p = 0.029). (D) Kaplan–Meier analysis of patients with PSAP expression and CD8+ T-cell infiltration. Patients with high PSAP 
expression and low CD8+ T-cell counts presented significantly poorer survival than did other patients (p = 0.006, log-rank test)
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worst prognosis compared with the other groups of patients with 
PDAC (p = 0.006) (Figure 5D). In a previous study, PSAP has been 
reported to activate myeloid-derived suppressor cells (MDSCs) and 
macrophages, therefore we performed immunofluorescence stain-
ing to confirm that immune cells expressed PSAP.21,30 We found cer-
tain subsets of immune cells in which PSAP were co-expressed with 
CD11b or CD163, indicating PSAP is expressed in MDSCs and M2 
macrophages. (Figure S2). This finding may suggest that PSAP have 
the function of not just reducing the number of CD8+ T cells, but 
also affecting the expression of other suppressor cells. These data 
implicated that PSAP suppresses TILs in the TME, resulting in poor 
outcomes in patients with PDAC.

3.6  |  PSAP stimulation decreased the proportion of 
CD8+ T cells in PBMCs in vitro

To elucidate the effect of PSAP on immune cells, we evaluated the 
changes in the proportion of lymphocyte subsets using flow cytom-
etry by stimulating PBMCs with rhPSAP (Figure  6A). PBMCs ex-
tracted from human blood are composed of various immune cells 
subsets such as T cells, B cells, monocytes, and dendritic cells. Flow 
cytometry analyses revealed that the number of living lymphocytes 
were decreased, but the proportion of CD3+ T cells was increased in 

PBMCs culture stimulated with Con A (Figure 6B). We also observed 
the culture had decrease CD8+ T cells (Figure  6B). Notably, the 
rhPSAP-treated group showed significantly smaller proportions of 
CD8+ T cells in the CD3+ cells compared with the rhPSAP-untreated 
group (p = 0.003) (Figure 6C–E). These results suggested that PSAP 
stimulation suppressed the proportion of CD8+ T cells in PBMCs in 
in vitro culture experiment.

3.7  |  PSAP suppression facilitates TILs in the 
TME of PDAC in vivo

To investigate the functional contribution of PSAP to PDAC progres-
sion in vivo, we conducted orthotopic transplantation by injecting 
PKCY cells into mice (Figure 7A). PSAP knockdown with PSAP shR-
NAs was confirmed by western blot analysis and quantitative RT-
PCR (Figure 7B, Figure S3A). Consistent with the results in human 
PDAC cells, no significant differences were observed in the prolifer-
ation and migration of murine PDAC cells (Figure S3B–D). At 30 days 
after cell injection, the experimental mice were sacrificed to assess 
the tumor volume and number of TILs (Figure  S4B). Interestingly, 
the number of CD8+ T cells in the PSAP shRNA group was signifi-
cantly higher than that in the control shRNA group (Figure 7C,D). 
Furthermore, tumor volumes in the PSAP shRNA group were 

F I G U R E  6  Stimulation of human peripheral blood monocyte cells (PBMCs) using recombinant prosaposin (rhPSAP). (A) PBMC culture 
protocol. (B) The number of T cells in PBMCs before and after culture, and with and without rhPSAP. The number of CD8+ cells was 
significantly decreased by cell culturing and PSAP supplementation. (C) Representative scatter plots for CD4+ and CD8+ cells in the 
rhPSAP-unstimulated and rhPSAP-stimulated groups. (D, E) Percentages of CD4+ (D) and CD8+ (E) cells among the CD3+ cells in each group. 
The proportion of CD8+ cells was significantly decreased by PSAP stimulation (p = 0.003, Welch's t-test). All values are presented as the 
mean ± standard error of the mean (SEM)
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significantly smaller than those in the control shRNA group, with no 
differences in body weight between these two groups (Figure 7E, 
Figure  S4C). These results suggested that PSAP promotes cancer 
progression by decreasing the number of TILs in vivo.

4  |  DISCUSSION

In this study, we demonstrated that PSAP, which was identified in the 
secretion of PDAC cells using a comprehensive proteomic approach, 
suppressed antitumor immunity by decreasing TILs, leading to PDAC 
progression. We further found that high PSAP expression in clinical 
PDAC samples was associated with large tumor volumes and low in-
filtration of CD8+ T cells, resulting in the poor prognosis of patients 
with PDAC. In an in vitro experiment, PSAP stimulation in PBMCs 
induced a decrease in the number of CD8+ T cells. Moreover, PSAP 
knockdown increased CD8+ T-cell infiltration and tumor shrinkage 
in an orthotopic transplantation model. To our knowledge, this is the 
first study to demonstrate that PSAP facilitates cancer progression 
by decreasing TILs in the TME of PDAC.

PSAP acts as a precursor of saposins A–D, which mediate the 
hydrolysis of sphingolipids in lysosomes.31,32 Recent studies have 
described the functional roles of PSAP as a secreted protein in 
cancer metastasis.20–24 Ishihara and colleagues showed that PSAP 
secreted from fibroblasts in the stiff extracellular matrix affected 
mammary cancer cells and promoted cancer cell proliferation, but 
inhibited metastasis.20 Interestingly, Raul and colleagues reported 
that metastasis-incompetent tumors secreted PSAP, which created 
a metastasis-refractory microenvironment by thrombospondin-1 
production in bone marrow-derived Gr1+ myeloid cells in prostate 
and breast cancers.21 Contrary to these results, we observed that 
PSAP was associated with a high frequency of liver metastases after 
surgery in PDAC. This discrepancy may be caused by differences in 
the immunogenic tumor microenvironment among various cancers.

PSAP is also known to bind as a ligand to LRP-1 activating numer-
ous cell signaling,33 and TLR4 activating the NF-κB signaling path-
way.23 Both receptors are expressed in multiple cell types including 
dendritic cells and macrophages among immune cells. In line with 
this, we observed that PSAP expression was positively correlated 
with tumor growth in resected human PDAC tissues. Moreover, we 

F I G U R E  7  Orthotopic transplantation model using C57BL/6 and murine PDAC cells (KPCY mice; Pdx1-cre; LSL-KrasG12D/+;p53fl/+; R26YFP 
mice). (A) Schema of the orthotopic transplantation model. (B) Validation of PSAP knockdown using PSAP-specific shRNA by western blot. 
(C) Representative images of tumor histology in the orthotopic transplantation model by H&E staining ×40 magnification (scale bar, 400 μm) 
and ×200 magnification (scale bar, 100 μm) and double immunofluorescence staining for yellow fluorescent protein (YFP) (green) and DAPI 
(blue) in the primary tumor. Upper panels: a case from the control shRNA group. Lower panels: a case from the PSAP shRNA-2 group. (D) 
Box plots of CD8+ T-cell infiltration in the three groups. Box plots show the mean, median, and the 25th and 75th percentiles. PSAP shRNA 
groups showed smaller tumors than those in the control shRNA group (control shRNA vs. PSAP shRNA-1: p = 0.026; control shRNA vs. 
PSAP shRNA-2: p = 0.003). (E) Box plots of tumor volumes in the three groups. PSAP shRNA groups showed higher infiltration of CD8+ cells 
than those in the control shRNA group (control shRNA vs. PSAP shRNA-1: p = 0.049; control shRNA vs. PSAP shRNA-2: p = 0.022, Mann–
Whitney–Wilcoxon test)
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demonstrated that PSAP knockdown impaired the tumorigenicity of 
PDAC in vivo. We did not assess how PSAP suppressed CD8+ T cells 
in the present study, however it could be speculated from the results 
and the published literature that PSAP may activate MDSCs and 
tumor-associated M2 macrophages by LRP1 and/or TLR4 through 
the identified signaling pathways.

Antitumor immunity is one of the crucial and physiological host 
responses in the defense against cancer progression. In particular, 
T-cell infiltration in the TME is a key phenomenon of antitumor im-
munity, resulting in tumor cell toxicity.34,35 Immunotherapy has been 
administered as a treatment that facilitates TILs to recognize and 
attack cancer cells based on their unique antigens.36 Some malig-
nancies with tumor antigens accumulate TILs, which is a success-
ful response to immunotherapy, whereas PDAC is characterized by 
low infiltration of intratumoral T cells,37,38 and demonstrates an ex-
tremely limited response to immunotherapy.11,39,40 In this study, we 
showed that PSAP decreased CD8+ T cells in PBMCs and was neg-
atively correlated with CD8+ T-cell infiltration in PDAC. Therefore, 
PSAP promoted cancer progression by modulating the immunosup-
pressive condition of PDAC. The regulation of PSAP is supposed to 
enhance immunotherapy, including immune checkpoint blockade, 
by accumulating cytotoxic T cells. Combination therapy with PSAP-
targeted immunotherapy could therefore provide a potentially pow-
erful treatment option for PDAC.

This study has some inherent limitations. First, to explore the 
exact mechanism involved in the suppressive effect of PSAP on 
CD8+ T-cell infiltration in the TME of PDAC, the canonical signaling 
pathway and the corresponding receptor need to be comprehen-
sively analyzed. Second, metastasis assays such as intraportal vein 
injection have not been conducted to clarify the impact of PSAP 
function on liver metastasis in vivo. Additional studies are needed to 
elucidate the mechanism of PSAP through altered immunogenicity 
in the TME of PDAC. In conclusion, PSAP suppresses CD8+ T-cell 
infiltration into the stroma surrounding the tumor, which results in 
PDAC progression. Further studies can help to determine whether 
these results can contribute to the establishment of an immunomod-
ulating therapy for PDAC.
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