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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive disease with no effective treatment. Cancer
cells, especially cancer stem cells (CSCs), redirect immune cells to evade immune surveillance and even coopt
these immune cells to support their growth and metastasis. However, the identification of CSCs and how CSCs
interact with immune cells in PDAC remain uncharacterized. Here, we report that CD90 is expressed on both
stromal and tumor cells and that high expression of CD90 is related to a poor prognosis in patients with PDAC.
The CD90 highly expressed (CD90hi) population in PDAC cells harbors high stemness features and tumor-
igenicity. Notably, CD90 acts as an anchor for monocyte/macrophage adhesion, providing a physical interaction
between CD90hi cells and monocytes/macrophages. In response, the crosstalk between CD90hi cells and
monocytes/macrophages promotes immunosuppressive features of immune cells, which enhance the stemness
and epithelial-mesenchymal transition (EMT) of PDAC cells. Moreover, PD-L1 is dominantly expressed in the
CD90hi population, providing another strategy for these cells to evade immune surveillance. These findings
provide an understanding of the biological significance of CD90 expression in PDAC cells and uncover a novel
mechanism for how “stem-like” PDAC cells evade immune surveillance.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), the most common form
of pancreatic tumors, is characterized by a highly malignant and poor
prognosis, with a five-year survival rate of less than 8% [1–3]. Despite
recent advances in diagnosis and surgery, the survival of PDAC patients
has changed little in the past two decades. Cancer stem cells (CSCs),
defined by their abilities to self-renew, repopulate and undergo in vivo
tumorigenicity, are believed to contribute to tumor initiation, relapse
and therapeutic resistance [4–6]. Therefore, the identification and
mechanistic study of CSCs are urgently needed.

An immunosuppressive microenvironment is a common feature in
PDAC. Tumor cells, especially CSCs, redirect immune cells to evade
immune surveillance and even coopt immune cells to support their

growth and metastasis [7,8]. Monocytes and derived macrophages,
which are abundant in both clinical and experimental PDAC tissue,
have been proved to be indispensable for the initiation and metastasis
of pancreatic cancer [9–13]. However, the crosstalk between pancreatic
CSCs and adjacent immune cells is still elusive. Investigation of the
crosstalk between CSCs and immune cells would reveal how CSCs re-
spond to cues from their surroundings for disease progression.

CD90, also named Thy-1, is a 25–37 kDa glycosylpho-
sphatidylinositol (GPI)-anchored glycoprotein expressed in various cell
types, including hematopoietic stem cells, activated microvasculature
endothelial cells and fibroblasts, and is mainly responsible for cell ad-
hesion, migration and fibrosis [14,15]. Moreover, CD90 has been re-
ported to be expressed on tumor-initiating cells in several solid tumors
[16–20]. However, except for reports about CD90 expression in PDAC
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stroma [21,22], little is known about the expression pattern of CD90 in
pancreatic cancer cells and its potential role in PDAC tumorigenesis.

These considerations prompted us to identify “stem-like” cells in
PDAC and to explore the mechanism by which tumors survive and
evade immune surveillance. Here, we show that CD90 is expressed on
both stromal and tumor cells in PDAC tissues, and its high expression is
linked to a poor prognosis. PDAC cells with high expression of CD90
harbor stemness characteristics. Notably, CD90 acts as an anchor for
monocyte/macrophage adhesion in PDAC cells, providing crosstalk
between CD90hi PDAC cells and monocytes/macrophages in a near-
secretory manner. Moreover, CD90hi PDAC cells express high levels of
PD-L1 and suppress the T cell response. Thus, CD90hi PDAC cells harbor
stemness properties and create an immunosuppressive niche, which
enhances the stemness and epithelial-mesenchymal transition (EMT)
state of PDAC. These results provide invaluable insights and new
therapeutic strategies for the diagnosis and treatment of PDAC.

2. Materials and methods

2.1. Cell culture

Human pancreatic cancer cell lines (SW1990, PANC1, MiaPaCa2,
AsPC-1 and HPAC) were purchased from the American Type Culture
Collection (ATCC). SW1990, PANC1 and MiaPaCa2 cells were cultured
in high glucose Dulbecco's Modified Eagle Medium (DMEM), and AsPC-
1 and HPAC cells were cultured in RPMI 1640 medium and a 1:1
mixture of DMEM and F12, respectively, containing 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. Pancreatic patient-derived
tumor cells (PDCs), including PDC0034 and PDC0049, were isolated
from pancreatic PDX (patient-derived xenograft) tumors and cultured in
complete RPMI 1640 medium plus 10 ng/ml EGF (Epidermal growth
factor) and 1% insulin-transferrin-selenium (ITS) as previously de-
scribed [23]. Human pancreatic tissue specimens were derived from
patients with confirmed diagnoses of pancreatic ductal adenocarcinoma
(PDAC) at Renji Hospital. Primary tumor cells from PDAC patient
samples were directly isolated by collagenase digestion (collagenase IV,
2mg/ml, 30–60min). THP-1 cells were obtained from the ATCC and
grown in RPMI 1640 medium supplemented with 10% FBS, 1% peni-
cillin-streptomycin and 5mM β-mercaptoethanol. All cells were cul-
tured in a humidified incubator at 37 °C with 5% CO2.

For the coculture experiment, tumor cells and THP-1 cells (2:3) were
cultured together for 36 h in DMEM supplemented with 10% FBS.
Primed PDAC cells or THP-1 cells were sorted for further use. Control
cells underwent the same sorting process.

2.2. Flow cytometry

Cells were prepared as a single-cell suspension for FACS staining.
For CD90 staining, cells were stained with APC-CD90 antibody (Clone
#5E10, Biolegend) for 30min at 4 °C. CD90+ and CD90− cells were
identified based on isotype gating. ALDH activity was determined by
the ALDEFLUOR Kit following the manufacturer's instructions (STEM
CELL). The stained cells were acquired for analysis or sorted on an
LSRFortessa or a FACS Aria II flow cytometer (BD). Flow cytometry
data were analyzed with FlowJo software (Tree Star Inc.).

2.3. Quantitative RT-PCR

Total RNA was extracted from the indicated cells using Trizol
(Invitrogen) according to the manufacturer's protocol. cDNA was syn-
thesized using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Specific primers are included in the supplemen-
tary information (Supplement Table 1). Quantitative RT-PCR was per-
formed with SYBR Green Master Mix (Roche) on a Step One Plus system
(Applied Biosystems). The relative expression of target genes was cal-
culated according to the Ct value with normalization to GADPH.

2.4. Sphere formation assay

Sphere culture was performed as previously described [24,25].
Briefly, cells were plated in 24-well Ultra-Low Attachment Plates
(Corning) with DMEM: F12 medium plus 2% B27 (Gibco) and 20 ng/ml
bFGF (PeproTech). The culture medium was replenished every 3 days.
After 7 days, the sphere diameter and number (> 50 μm) were eval-
uated and quantified.

2.5. Monocyte adhesion assay

For the monocyte adhesion experiment, pancreatic cancer cells were
seeded at 70–80% confluency before adding THP-1 monocytes (THP-
1:PDAC cells= 3:2). The non-adherent monocytes were gently rinsed
away with PBS after 1 h of coculture, and then the remaining cells in the
culture dish were trypsinized and stained with the indicated antibody
for flow cytometry.

2.6. PBMC isolation and in vitro culture

PBMCs (peripheral blood mononuclear cells) were isolated by
density gradient centrifugation from healthy donors using Ficoll-
Hypaque. Prepared PBMCs were seeded in 96-well round bottom plates
and then treated with PDAC conditioned medium for 6 days before
staining and flow cytometry analysis. DAPI (Life Technology) was used
to exclude dead cells.

2.7. Immunohistochemistry (IHC) and immunofluorescence (IF)

Pancreas tissues were fixed in 10% buffered formalin or frozen in
Tissue-Tek OCT compound. Fixed and frozen tissues were sectioned for
IHC and IF, respectively, using CD90 (Abcam, 133350), CD68 (Abcam,
ab955), CD68 (Biolegend, #Y1/82A) and CD8 (Abcam, ab93278). Cells
were mounted with DAPI and prolonged gold antifade reagent (Thermo
Fisher Scientific) before analysis with a confocal microscope.

2.8. Lentiviral transduction

The CD90 gRNA expression oligos and control oligos were in-
troduced into LentiCRISPR V2 (Addgene). The sequences of these oligos
are shown in Supplementary Table 1. A lentivirus containing the CD90
gRNA sequence and the control gRNA sequence was transfected into
PANC1 cells. After 2 weeks of selection with puromycin (2 μg/ml),
multiple colonies were picked and passaged for sequencing. Knockout
efficiency was determined by qPCR and flow cytometry.

2.9. Cell viability analysis

Cell proliferation and gemcitabine sensitivity assays were per-
formed with CellTiter-Glo® 2.0 reagent (Promega) according to the
manufacturer's instructions.

2.10. Migration and invasion assays

Transwell-based cell migration and invasion assays were performed
in polyethylene terephthalate-based migration chambers with an 8 μm
pore size according to the manufacturer's instructions. The 1:8 mixture
of Matrigel and serum-free DMEM was plated onto filters in the upper
chambers one hour in advance when the invasion assay was performed.
Then, tumor cells (5× 103) in serum-free DMEM were seeded onto
filters in the upper chambers, while DMEM containing 10% FBS was
added to the lower chambers. After 36 h of incubation for the migration
assay and 48 h of incubation for the invasion assay, cells on the upper
surface of the filters were removed, and filters were fixed with 4% PFA
and stained with crystal violet. After imaging, the stained cells were
stained with acetic acid to detect the absorbance at OD595.
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2.11. In vivo tumor formation

The indicated numbers (103 each) of CD90− and CD90hi cells sorted
from PANC1 cells were subcutaneously transplanted into nude mice
(from Shanghai SLAC Laboratory Animal Co., Ltd.). Tumor incidence
was monitored for 8 weeks. All animals were maintained and used in
accordance with the guidelines of the Institutional Animal Care and Use
Committee of the Renji Hospital.

2.12. T cell proliferation assay

CD4+ and CD8+ T cells were isolated and sorted from the fresh
human peripheral blood of healthy volunteers. Then, enriched CD4+

and CD8+ T cells were labeled with 1.0 μM CFSE (Invitrogen) in PBS
and incubated at 37 °C for 30min as previously described [26]. The
cells were cultured at 5*104 cells per well in 96-well round bottom
plates and then activated with anti-CD3 and anti-CD28 antibodies
(2 μg/ml each) for 5 days under different conditions.

2.13. Statistics

The Pearson correlation together with the P value was computed to
measure the correlation between the indicated genes. The survival
curve was estimated by the Kaplan-Meier method. Two-way ANOVA or
one-way ANOVA together with Bonferroni's post hoc test was used for
multiple group analysis. An unpaired Student's t-test was used to de-
termine statistical significance in the rest of the experiments, and a P
value of less than 0.05 was considered significant. Values are expressed
as the mean ± SEM or the mean ± SD (Prism 6; GraphPad Software).
Unless indicated, the results were obtained from at least two or three
independent experiments.

3. Results

3.1. CD90 is upregulated in pancreatic cancer and expressed on both
stromal and tumor cells

To determine the expression level of CD90 in PDAC (pancreatic
ductal adenocarcinoma), we analyzed gene expression from 4 published
databases, TCGA (PAAD), GSE15471 [27], GSE28375 [28] and
GSE102238 (Renji cohort) [29]. Notably, the expression of CD90 was
significantly higher in PDAC than in adjacent normal tissues (Fig. 1A).
Previous studies have shown that CD90 is expressed on PDAC stroma
cells, such as fibroblasts and vascular endothelial cells [21,22]. To
further elucidate the distribution of CD90 in PDAC, we performed im-
munohistochemical staining for CD90 using a tissue array. In line with
previous reports, we observed that CD90 was dominantly expressed on
PDAC stromal cells (34.74%), whereas CD90 could also be detected on
tumor cells in a small portion of PDAC patients (10%) (Fig. 1B).
Moreover, the expression of CD90 gradually increased from normal
tissues to intraepithelial neoplasia (PanINs) and PDAC in the GSE43288
familial pancreatic cancer database [30] (Fig. 1C).

To further verify the expression of CD90 on PDAC cells, we ex-
amined its surface level with flow cytometry on cell lines, PDCs (PDX-
derived cancer cells, generated from patient-derived xenografts) and
primary cells (freshly isolated from patients’ tumors). Flow cytometry
analysis revealed that CD90 expression was limited to a small subset of
PDAC cells, which are referred to as CD90hi PDAC cells (Fig. 1D, Figure
S1 A-B). The above data confirmed the expression of CD90 in pancreatic
tumor cells.

Next, we sought to explore which signaling pathway CD90 might be
involved in, and we performed GSEA using TCGA (PAAD) database. We
grouped patients according to the median mRNA expression of CD90, in
which the top 80% was defined as CD90hi and the bottom 20% was
defined as CD90low. The results revealed that the pathways associated
with PDAC malignance/aggressiveness were positively enriched in

CD90hi cells (versus control CD90low cells), including Kras signaling,
epithelial mesenchymal transition (EMT), IL-6/JAK/STAT3 signaling
and TNFα signaling via NFκB (Fig. 1E). Moreover, the high expression
of CD90 was significantly associated with poor survival in TCGA
(PAAD) database (Fig. 1F). The above data suggest that increased CD90
expression may be an important predictor of poor survival in pancreatic
cancer.

To further elucidate which signaling pathway might participate in
the regulation of CD90 levels, we treated PANC1 cells with inhibitors
specific to Wnt, Notch, Hedgehog (Gli), Hippo (YAP1), STAT3 and
mTOR signaling. Here, we found that only Gli1 and YAP1 inhibitors
could partially reduce CD90 expression at both the protein and mRNA
levels (Figs. S1C–D). Furthermore, CD90 expression was positively
correlated with the expression of Gli1 and YAP1 in TCGA (PAAD) da-
tabase (Fig. S1E), suggesting that the Sonic Hedgehog and Hippo-YAP
pathways might participate in the regulation of CD90 expression in
PDAC.

3.2. CD90hi PDAC cells harbor stemness properties

Previous studies have shown that CD90 is a surface marker that can
be used to define cancer stem cells in various tumors [16–20]. How-
ever, the role of CD90 in PDAC is still not well defined. To annotate the
function of CD90 in PDAC, we first performed gene set enrichment
analysis (GSEA) with the PDAC database by dividing PDAC patients
into 2 groups according to the median expression of CD90 (CD90hi vs
CD90low). Compared with CD90low, CD90hi PDAC showed a significant
enrichment of genes related to mammary stem cells (Fig. 2A). More-
over, to determine whether high expression of CD90 was associated
with stemness in PDAC, pancreatic cancer stem cells (CSCs) were en-
riched in nonadherent, serum-free, growth factor-supplemented con-
ditions in vitro as previously reported [24,25]. We observed that CD90,
along with other multiple stemness-related genes (NANOG, SOX2 and
POU5F1), especially SOX2, was significantly higher in spheres com-
pared to adherent monolayer cells (Fig. 2B, Fig. S2A), suggesting that
CD90 is associated with cancer stemness in PDAC. In addition, the ex-
pression of CD90 was positively correlated with SOX2 expression in the
Renji PDAC cohort (Fig. S2B).

Aldehyde dehydrogenase A1 (ALDHA1) is an operative and well-
recognized stemness marker. We found that CD90hi cells exhibited
higher ALDH activity than CD90− cells in multiple PDAC cell lines
(Fig. 2C and Fig. S2C). To further discern these two populations in
PDAC, we used flow cytometry to purify PDAC cells based on CD90
expression. Quantitative RT-PCR analysis revealed that the expression
levels of core stemness genes (NANOG, SOX2 and POU5F1) were higher
in CD90hi cells than in CD90− cells (Fig. 2D, Fig. S2D). Moreover,
CD90hi cells had higher clonogenic capability than the CD90− popu-
lation according to the sphere assay (Fig. 2E, Fig. S2E). However, the
growth rate of CD90hi cells was comparable to that of CD90− cells,
indicating that the observed differences were not related to the changes
in proliferation rate (Fig. 2E). In addition, CD90hi cells possessed
stronger resistance to gemcitabine in vitro (Fig. S2F). To determine the
in vivo tumorigenic potential of the two subpopulations, 103 CD90hi and
CD90− cells sorted from PANC1 cells were subcutaneously transplanted
into immunodeficient mice. Eight weeks after injection, we found that
CD90hi cells possessed higher tumorigenicity (Fig. 2F). Thus, the CD90hi

population widely existed in PDAC cells and displayed stemness prop-
erties.

3.3. CD90 acts as an anchor for monocyte/macrophage cell adhesion in
PDAC cells

CD90 is a GPI-anchored glycoprotein that has been shown to in-
teract with integrins displayed by adjacent cells, such as the monocyte/
macrophage surface marker CD11b/MAC-1 (integrin alpha M/beta)
[31]. CD90, expressed on breast cancer stem cells, was shown to
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mediate the physical interaction between CSCs and macrophages,
which could facilitate CSCs to maintain their stem-like state [16]. We
speculated that CD90 might serve as an anchor for CD90hi PDAC cells to
tether monocytes and derived macrophages in PDAC. First, GSEA from
TCGA (PAAD) database revealed that the integrin-associated pathway
was enriched in CD90hi cells (Fig. 3A). Next, we analyzed the correla-
tions between CD90 and monocyte/macrophage-associated genes, in-
cluding CD14, CD68, MRC1 and CD163. Notably, CD90 expression was
positively correlated with the expression of CD14, CD68, MRC1 and
CD163 in both TCGA database (Fig. 3B) and the Renji cohort (Fig. S3A).
The above results suggest that CD90 expression is associated with the
existence of monocytes/macrophages.

In support of this notion, we employed the human monocytic cell
line, THP-1. Multiple PDAC cell lines were expanded early in monolayer
culture, and then suspended THP-1 cells were added above the cell
monolayers for the adhesion assay. CD45, a well-known marker of
immune cells, was used to distinguish tumor cells from THP-1 cells
(Fig. 3C). Notably, we found that the adhesion capability of PDAC cell
lines to THP-1 monocytes was related to their surface CD90 level
(Fig. 3D). Moreover, we found that macrophages (CD68) are in close
proximity to CD90hi cells in clinical pancreatic tumor tissues by im-
munofluorescence staining (Fig. S3B). To further validate the role of
CD90 in the adhesion of monocytes/macrophages, we next generated
CD90-knockout PANC1 cells using the CRISPR-Cas9 system (Fig. 3E).
Knockout of CD90 dramatically reduced the adhesion to THP-1 mono-
cytes in PANC1 cells (Fig. 3F) but had little effect on cell proliferation
(Fig. S3C). The above results suggest that CD90 could act as an anchor
for monocyte/macrophage adhesion in PDAC cells.

3.4. PDAC cells promote immunosuppressive features of monocytes/
macrophages

To explore the crosstalk between PDAC cells and attached mono-
cytes/macrophages, we generated a coculture system with PDAC and
THP-1 cells (Fig. 4A). After coculture for 36 h, we sorted the primed
THP-1 cells for quantitative RT-PCR analysis. Surprisingly, we found
that the expression of SHH, IL-6, IL8 and IL-10 in THP-1 cells was up-
regulated following coculture with PDAC cells (Fig. 4B). Among them,
IL-6 and IL-10 are related to the immunosuppressive properties of
monocytes/macrophages. Furthermore, PBMCs (peripheral blood
mononuclear cells) were treated with conditioned medium from human
PDAC cells and then harvested 5 days later for flow cytometry analyses.
The ratio of CD14+ monocytes was strongly elevated under PDAC
conditioned medium treatment (Fig. 4C). Moreover, primed CD14+

monocytes acquired an immunosuppressive feature characterized by
significantly reduced expression of HLA-DR (Fig. 4D) and higher ex-
pression of IL-6 and IL-10 (Fig. 4E). To further determine the im-
munosuppressive feature of PDAC-primed monocytes, we cultured
CD4+ and CD8+ T cells with naïve THP-1 or PDAC-primed THP-1 cells.
In this functional assay, we found that the proliferation of T cells (both
CD4+ or CD8+ T cells) was significantly impaired when cocultured
with PDAC-primed THP-1 cells compared to naïve THP-1 cells (Fig. 4F).
Furthermore, by immunostaining of CD90 together with monocyte/
macrophage and T cell markers, we found that high expression of CD90
on PDAC cells was accompanied by abundant macrophages (CD68+)
and few CD8+ T cells (Fig. 4G). Thus, PDAC cells trapped monocytes/

macrophages by the CD90/CD11b (MAC-1) axis and reprogrammed
them into immunosuppressive states.

3.5. Monocytes/macrophages promote stemness and the EMT of PDAC cells

As cancer progresses, tumor cells may reprogram the surrounding
cells to create a supportive microenvironment that facilitates their
growth and metastasis. Monocyte and derived macrophages determine
the initiation and metastatic processes of PDAC [8–13]. However, little
is known about the crosstalk between monocytes/macrophages and
pancreatic CSCs. Here, we wondered whether tethered monocytes/
macrophages by CD90hi PDAC cells could contribute to their stemness
maintenance and metastasis. Based on the above coculture system,
PDAC cells cocultured with or without THP-1 cells were sorted for
multiple assays. Here, we found that the expression of core stemness
genes (SOX2, NANOG, POU5F1) and EMT-related genes (ZEB2,
TWIST1) in PDAC cells was highly upregulated after coculture with
THP-1 cells compared with those cultured alone (Fig. 5A). Moreover,
increased expression of SOX2 and ZEB2, as well as reduced E-cadherin
was further confirmed at the protein level (Fig. 5B).

In addition, the sphere assay further confirmed that coculture with
THP-1 cells enhanced the stemness of PDAC cells (Fig. 5C). We reasoned
that direct contact of monocytes/macrophages with CD90hi cells might
allow monocytes/macrophages to provide near-signals, which are cru-
cial for PDAC cells to maintain their stemness. To test this hypothesis,
PDAC cells were treated with conditioned medium from THP-1 mono-
cytes. Here, we found that stemness-related genes, especially SOX2,
were upregulated in PDAC cells (Fig. S4A). In addition, conditioned
medium from THP-1 cells had a comparable ability to promote the
stemness of PDAC cells according to sphere formation and ALDH ac-
tivity (Fig. 5D and E). By analyzing medium from THP-1 cells, we no-
ticed that IL8 was the most abundant cytokine (Fig. S4B). Moreover,
PDAC cells could promote monocytes to express even more IL8, as
shown in Fig. 4. Consistent with previous reports [32–34], we found
that IL8 could enhance the stemness of PDAC cells, as confirmed by
stemness-related gene expression, sphere formation and ALDH activity
(Figs. S4C–E). To further determine whether THP-1 cell-promoted
PDAC stemness was mediated by IL8, we blocked IL8 with its neu-
tralizing antibody. Notably, ALDH activity enhanced by THP-1 CM in
PDAC cells was largely abrogated after neutralization with the IL8 an-
tibody (Fig. 5F).

As shown in Fig. 5A, the crosstalk between THP-1 monocytes and
PDAC cells also enhanced the expression of EMT-related genes. Con-
sistent with the qPCR assay, PDAC cells cocultured with THP-1 cells
gained higher migrative and invasive capabilities (Fig. 5G). SHH, a li-
gand of sonic hedgehog signaling, was dramatically induced in PDAC-
primed THP-1 monocytes (THP-1 monocytes cocultured with PDAC)
(Fig. 4). Consistent with previous reports [35,36], we found that SHH
could promote PDAC migration (Fig. 5H). To further explore the in-
volvement of SHH/Gli signaling in the crosstalk between PDAC cells
and THP-1 monocytes, SW1990 cells cocultured with THP-1 monocytes
were treated with DMSO or GANT61 (a specific inhibitor of Gli1/2).
After coculture for 36 h, SW1990 cells from the DMSO/GANT61-treated
groups were sorted for the Transwell migration assay. Notably, blocking
SHH/Gli signaling with GANT61 could impair the migration of
SW1990 cells, suggesting that SHH is involved in the crosstalk between

Fig. 1. CD90 is upregulated in pancreatic cancer. (A) Relative mRNA level of CD90 in the pancreas is shown. Data were collected from TCGA (PAAD), GSE15471,
GSE28375 and GSE102238 (Renji cohort) (mean ± SEM, unpaired two-tailed Student's t-test). (B) Representative immunohistochemical images of CD90 in a PDAC
tissue array. S, stromal cell; T, tumor cell. (C) The expression of CD90 was detected in normal (n=3), PanINs (n=13) and PDAC (n= 4) tissues isolated from
familial pancreatic cancer in the public GSE43288 database (mean ± SEM, unpaired two-tailed Student's t-test). (D) Flow cytometry analysis of CD90 expression
among PDAC cell lines, PDCs and primary tumor cells (pregated on live+ EpCAM+ cells). (E) GSEA revealed that CD90hi cells (versus control CD90low cells) were
positively enriched for Kras signaling, epithelial mesenchymal transition, IL6/JAK/STAT3 signaling and TNFα signaling via NFκB. Data were collected from TCGA
(PAAD) database. (F) The association between CD90 transcript level and overall survival in PDAC patients is shown. The analyses were conducted in 179 pancreatic
cancer patients from TCGA database (log-rank test P=0.044).
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Fig. 2. CD90hi PDAC cells harbor stemness properties. (A) GSEA showed that CD90hi cells were positively enriched for stem cells versus CD90low cells in TCGA
(PAAD) database. (B) PANC1 and SW1990 cells were grown as monolayers and spheres. qPCR analysis of stemness-associated genes and CD90 expression in spheres
versus adherent cells. Data were normalized to GAPDH expression and are presented as the fold change relative to adherent cells. (C) ALDEFLUOR analyses of CD90hi

and CD90− cells from PANC1 cells. DEAB, a specific inhibitor of ALDH1, was used as a control. (D) CD90hi and CD90− cells were sorted with flow cytometry. The
relative expression of CD90 and stemness-associated genes was determined by qPCR. Data are shown as the mean ± SEM, n = 3, *P < 0.05 (multiple unpaired
Student's t-test). (E) CD90hi and CD90− cell subpopulations from PANC1 and SW1990 cells were sorted for sphere assay and colony formation. The mean number of
spheres and proliferation between two groups are shown. Scale bar: 50 μm. (F) CD90hi and CD90− cells (103 each) sorted from PANC1 cells were injected sub-
cutaneously into two sides of BALB/c nude mice. After 2 months, CD90hi cells, but not CD90− cells, formed tumor nodules. Arrows indicate the sites of injection
(n = 10 per group). All data are shown as the mean ± SEM from three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed
Student's t-test).
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PDAC cells and THP-1 monocytes (Fig. 5H).

3.6. CD90hi PDAC cells exhibit high PD-L1 expression and suppress T cell
proliferation

As shown above, CD90hi PDAC cells with high stemness properties
tethered and reprogrammed monocytes/macrophages into an

immunosuppressive state. In turn, these monocytes/macrophages fur-
ther promoted the stemness and EMT of PDAC cells. Creating an im-
munosuppressive niche is a strategy for tumor cells, especially CSCs, to
evade immune surveillance [13,37]. It is well known that the PD-L1/
PD-1 axis drives T cell dysfunction and exhaustion, thus enabling tumor
cells to escape immune surveillance. Surprisingly, we found that CD90hi

PDAC cells exhibited higher expression of PD-L1 compared with CD90−

Fig. 3. CD90 acts as an anchor for monocyte/macrophage adhesion in PDAC cells (A) GSEA revealed that CD90hi cells (versus control CD90low cells) were positively
enriched for integrin binding and integrin cell surface interaction. Data were collected from TCGA (PAAD) database. (B) Plots show significant correlations between
monocyte/macrophage-associated genes (CD14, CD68, MRC1 and CD163) and CD90 expression in TCGA (PAAD) database. (C) THP-1 monocytes were cultured with
PDAC cells. Monocytes that did not adhere to the PDAC monolayer were washed away after 1 h. Attached monocytes were quantified by flow cytometry based on
CD45 expression. Representative images and flow cytometry profiles are shown on the left. The ratios of attached monocytes are shown on the right. (D) CD90
expression (log10 transformed MFI) was positively associated with the adhesion of THP-1 monocytes. (E) CD90 knockout efficiency in PANC1 cells was examined by
flow cytometry. (F) Representative flow cytometry profiles of THP-1 cells adhered to PANC1 sgCD90 and sgCON cells are shown on the left. The ratios of attached
THP-1 cells were calculated and are shown on the right. Data are shown as the mean ± SEM, **P < 0.01, ***P < 0.001.
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Fig. 4. PDAC cells promote immunosuppressive features of monocytes/macrophages. (A) Overview of the procedure to coculture PDAC cells with THP-1 monocytes.
(B) THP-1 monocytes were cultured with or without PDAC cells for 36 h, and THP-1 monocytes were isolated for qPCR analysis. Bar graphs show the upregulation of
SHH, IL6, and IL8 in THP-1 cells after coculture with PDAC cells. (C) PBMCs isolated from healthy donors were cocultured with PDAC conditioned medium in 96-well
round bottom plates for 6 days. Representative flow cytometry plot shows that CD14+ cells were upregulated after coculture with conditioned medium from PDAC
cells. (D) Downregulation of HLA-DR expression upon PDAC_CM exposure. Flow cytometry was performed to examine HLA-DR expression on CD14+ cells. (E) PBMCs
from healthy donors were treated with PDAC conditioned medium in 6-well plates for 6 days. Then, CD14+ cells were isolated by magnetic beads to examine the
expression of the indicated genes by qPCR. (F) THP-1 monocytes were cultured with or without PDAC cells for 36 h. Then, THP-1 and primed THP-1 cells were
isolated for coculture with CFSE-labeled CD4+ and CD8+ cells for 5 days. (G) Immunostaining of CD90, CD68 (macrophage marker) and CD8 (CD8+ T cell marker)
in PDAC tissues. All data are shown as the mean ± SD, Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Monocytes/Macrophages promote the stemness and EMT of PDAC cells (A, B) THP-1 monocytes were cultured with PDAC cells (SW1990 or PANC1) for 36 h.
Then, PDAC cells were sorted for qPCR and western blot analyses. (C) A sphere assay was performed with sorted cells described in (A). Representative images and the
number of spheres is shown (n≥ 3, mean ± SEM). (D) A sphere assay was performed in SW1990 and PANC1 cells upon VE or THP-1 conditioned medium treatment.
Representative images and the number of spheres is shown (n≥ 3, mean ± SEM). (E) SW1990 cells were treated with VE or THP-1 CM for 36 h before ALDEFLUOR
analyses. (F) ALDEFLUOR analyses of SW1990 cells after CM (top) or IL8 (bottom) treatment in the presence of αIgG or αIL8. Data represent the mean ± SEM. (G)
THP-1 monocytes were cultured together with PDAC cells for 36 h. Then, cells were sorted for Transwell-based migration and invasion assays. (H) Migration rates of
SW1990 cells upon SHH or VE treatment were evaluated with the migration assay. SW1990 cells were cocultured with THP-1 cells in the presence of GANT61 or
DMSO treatment. SW1990 cells from 2 groups were sorted to perform the Transwell migration assay. Bar graphs depict the OD595 value of migrated cells
(mean ± SEM of three independent experiments).

Fig. 6. CD90hi PDAC cells exhibit high PD-L1 expression and suppress T cell proliferation (A, B) Representative flow cytometry plot showing the expression of PD-L1
in CD90hi and CD90− cells from PANC1 (A) and SW1990 (B) cells. (C) Bar graphs depict the high expression of PD-L1 in CD90hi cells in both PANC1 and
SW1990 cells. (D) CFSE-labeled CD4+ and CD8+ cells isolated from PBMCs were cocultured with CD90hi or CD90− cells for 5 days. A T cell suppression assay
showed that CD90hi cells could inhibit the proliferation of T cells. (E) Schematic graph depicting the crosstalk between CD90hi PDAC cells and monocytes/mac-
rophages and T cells.

J. Shi, et al. Cancer Letters 453 (2019) 158–169

167



cells (Fig. 6A–C), indicating a novel immune escape mechanism for the
CD90hi population. To further verify our hypothesis, CD4+ and CD8+ T
cells isolated from human PBMCs were cultured together with CD90hi

and CD90− SW1990 cells, respectively. T cell proliferation was assessed
by CFSE dilution. Compared with CD90− cells, CD90hi PDAC cells have
a stronger inhibitory effect on T cell proliferation (both CD4+ and
CD8+) (Fig. 6D). Moreover, a positive relationship between THY1
(CD90) and CD247 (PD-L1) mRNA levels was observed in TCGA (PAAD)
database (Fig. 6E). Hence, the above results demonstrated the mole-
cular mechanism by which CD90 mediated the crosstalk between
pancreatic CSCs and surrounding monocytes/macrophages and T cells,
which created an immunosuppressive microenvironment for PDAC
progression (Fig. 6F).

4. Discussion

Cancer stem cells (CSCs) play an important role in the development
and progression of pancreatic cancer. CSCs reside in niches, specialized
microenvironments that protect them from the immune system and
could enhance their stemness and metastatic potential [38,39]. The
identification of pancreatic CSCs remains challenging. The investigation
of CSCs and specialized microenvironments in which they thrive might
provide novel therapeutic targets for pancreatic cancer. In our current
study, we aimed to identify “stem-like” cells in pancreatic cancer and to
investigate how these cells communicate with adjacent immune cells.

CD90 is a marker of mouse and human hematopoietic stem cells and
has been described as a tumor-initiating cell marker in multiple solid
tumors [16–20]. Previous reports have found that CD90 is expressed on
stromal cells in PDAC tissues; however, its expression on PDAC cells has
not yet been defined [21,22]. Here, using a pancreatic cancer tissue
array from Renji Hospital, we confirmed that CD90 could be expressed
on both stromal and tumor cells in PDAC. PDAC cell lines and primary
cells were used to further confirm its expression on PDAC cells. To
further understand how CD90 is involved in PDAC progression, GSEA
was performed on the CD90hi and CD90low groups according to CD90
expression in PDAC patients. In line with the function of CD90 in other
tumors, CD90hi PDAC samples showed a significant enrichment of
genes upregulated in mammary stem cells. Moreover, by using a panel
of stemness-related experiments, we further confirmed that the CD90hi

population in PDAC harbored stemness properties with higher ALDH
activity, sphere formation capability and tumorigenicity compared to
CD90− cells. Given that CD90 is a plasma membrane receptor without
an intracellular domain, it is unlikely to be a determinant for the
stemness of PDAC cells. Instead, “stem-like cells” highly express CD90,
which might be a strategy for them to enhance communication with
surrounding cells.

The immunosuppressive microenvironment is a common feature in
most solid tumors. Generally, the host immune system serves as a
barrier against tumor formation. However, after transformation, im-
mune cells are often redirected by tumor cells into an im-
munosuppressive state. This strategy is more necessary for CSCs to
evade immune surveillance and sustain their stemness state. Recent
years have seen immense progress in our understanding of how tumors
interface with immune cells; however, few studies have shed light on
how CSCs interact with immune cells in a manner different from non-
CSCs. Tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) are responsible for immunosuppressive and
tumor-promoting activity. CD90 is a GPI-anchored glycoprotein that
interacts with integrins displayed by adjacent cells, such as the surface
marker CD11b/MAC-1 (integrin alpha M/beta), which is expressed on
monocytes/macrophages [31]. CD90, which is expressed on breast
cancer stem cells, was shown to mediate the physical interaction be-
tween CSCs and macrophages and is one mechanism by which CSCs
maintain their “stem-like” state. Here, in our current study, we found
that CD90hi PDAC cells could tether and reprogram monocytes/mac-
rophages into an immunosuppressive state; in turn, these monocytes/

macrophages served to sustain the stemness/EMT features of PDAC
cells. In addition to mediating physical interactions, very little is known
about CD90 signaling capabilities. CD90 lacks an intracellular domain
and hence is unable to transduce signals alone. Here, we found that
CD90 acts as an anchor to enhance the communication between CD90hi

PDAC cells and monocytes/macrophages in a near-secretory manner.
However, other possibilities require further study, including whether
CD90 could transactivate other receptors for signal transduction and
whether the expression of CD90 on pancreatic stromal cells also med-
iates the crosstalk between monocytes/macrophages and stromal cells.

Programmed death-ligand 1 (PD-L1, also known as CD274 and B7-
H1) is a critical “don't find me” signal to the adaptive immune system.
Upregulation of PD-L1 is another strategy for tumor cells to evade the
immune system. The suppression of PD-L1 to elicit an immune response
against tumors has been translated to the clinic with very encouraging
results. Here, our findings indicated that PD-L1 was dominantly ex-
pressed on CD90hi PDAC cells, a mechanism by which these “stem-like”
cells avoid an adaptive immune response. As we have shown, CD90
could be regulated by Sonic Hedgehog and Hippo-YAP signaling. These
two pathways have been reported to be associated with PD-L1 expres-
sion levels in tumors, which may explain the coexistence of PD-L1 and
CD90 on PDAC cells.

Taken together, CD90hi “stem-like” cells created an im-
munosuppressive niche through reprogramming monocytes/macro-
phages and suppressing antitumor T cells directly, which favored the
progression of pancreatic cancer. Elucidation of the crosstalk between
immune cells and PDAC cells, especially pancreatic CSCs, would foster a
better understanding of pancreatic cancer progression and provide a
potential therapeutic strategy for targeting PDAC.
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