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Therapeutic strategies targeting uPAR potentiate
anti-PD-1 efficacy in diffuse-type gastric cancer

Long Qin't, Long Wang?t, Junchang Zhang?t, Huinian Zhou?t, Zhiliang Yang?, Yan Wang?,
Weiwen Cai?, Fei Wen?, Xiangyan Jiang?, Tiansheng Zhang?, Huili Ye', Bo Long?, Junjie Qin',
Wengui Shi', Xiaoying Guan®*, Zeyuan Yu? Jing Yang'*, Qi Wang>*, Zuoyi Jiao'2*

The diffuse-type gastric cancer (DGC) is a subtype of gastric cancer (GC) associated with low HER2 positivity rate
and insensitivity to chemotherapy and immune checkpoint inhibitors. Here, we identify urokinase-type plasminogen
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activator receptor (UPAR) as a potential therapeutic target for DGC. We have developed a novel anti-uPAR mono-
clonal antibody, which targets the domains Il and lll of uPAR and blocks the binding of urokinase-type plasminogen
activator to uPAR. We show that the combination of anti-uPAR and anti-Programmed cell death protein 1 (PD-1)
remarkably inhibits tumor growth and prolongs survival via multiple mechanisms, using cell line-derived xenograft
and patient-derived xenograft mouse models. Furthermore, uPAR chimeric antigen receptor-expressing T cells
based on the novel anti-uPAR effectively kill DGC patient-derived organoids and exhibit impressive survival benefit
in the established mouse models, especially when combined with PD-1 blockade therapy. Our study provides a
new possibility of DGC treatment by targeting uPAR in a unique manner.

INTRODUCTION
Gastric cancer (GC) is the third leading cause of cancer-related
deaths and ranks fifth for incidence worldwide, and in particular,
the incidence rates are highest in Eastern Asia (I, 2). The Lauren
classification distinguishes two major subtypes of GC, intestinal and
diffuse types (3). Diffuse-type GC (DGC) accounts for approxi-
mately 30% of GC cases and is more commonly observed in young-
er patients (4). It is an aggressive form of GC that is composed of
poorly differentiated cells. These cells lack intercellular adhesion,
often exhibit scattered signet-ring cell morphology, and spread in
the upper layers of the stomach wall instead of protruding into the
lumen (3). Because of its rapid disease progression, delayed diagno-
sis, high metastatic potential, and chemoresistance, DGC is featured
with poor prognosis (5). Previously, we showed that the postopera-
tive 5-year overall survival (OS) rate of DGC was only 17.8% in a
cohort study (6). In addition, despite an overall declining incidence
of GC, an increasing incidence of DGC in recent years has been
reported (7). Therefore, DGC still remains a major global health
problem and poses a challenge for researchers and physicians.
According to the updated national comprehensive cancer network
(NCCN) guidelines (8), either anti-Human epidermal growth factor
receptor 2 (HER2) antibody (trastuzumab) or anti-PD-1 antibody
(nivolumab) combined with chemotherapy has been recommended
as the preferred regimens in first-line therapy for the treatment of
HER?2 overexpression-positive and HER2 overexpression-neg-
ative GC, respectively. In addition, another anti-PD-1 antibody
(pembrolizumab) combined with trastuzumab and chemotherapy
is also listed as an alternative recommended regimen for HER2
overexpression—positive GC. The phase 3 Trastuzumab for Gastric
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Cancer (ToGA) trial found that trastuzumab plus chemotherapy sig-
nificantly improved OS from 11.1 to 13.8 months in HER2 overex-
pression—positive patients, compared with chemotherapy alone (9).
Moreover, the phase 3 CheckMate 649 study involved adult patients
with previously untreated, unresectable, and non-HER2-positive
GC and showed that nivolumab plus chemotherapy resulted in a
significant improvement in OS of patients with high expression of
Programmed death ligand 1 (PD-L1), compared with chemothera-
py alone (10). However, the use of anti-HER?2 antibody is limited to
patients with HER2 overexpression, but the HER2 positivity rate
in patients with DGC is only 2 to 6% (11, 12), and the phase 3
ATTRACTION-2 study showed a decreased survival benefit in
patients with DGC after anti-PD-1 monotherapy [hazard ratio (HR),
0.82; 95% confidence interval (CI), 0.57 to 1.17], compared with
patients with intestinal-type GC (HR, 0.59; 95% CI, 0.41 to 0.85)
(13). Therefore, it is still urgent to identify other potential targets that
are specifically overexpressed in DGC for the development of alter-
native therapeutic strategies.

The urokinase-type plasminogen activator receptor (uPAR) is the
cell surface receptor for the extracellular serine protease urokinase-type
plasminogen activator (uPA, also known as urokinase). uPAR not only
regulates the proteolysis of the extracellular matrix (ECM) by engaging
uPA for activation of the plasminogen activation system but also initi-
ates intracellular signalings involved in cell adhesion, migration, prolif-
eration, and survival by interacting with other partners (e.g., integrins)
(14, 15). A number of studies have found that uPAR is highly expressed
in various human cancers (16) and that it has pleiotropic activities in
the development of cancer (15, 17). ATN-658, a mouse monoclonal
antibody (mAb) against human uPAR, was demonstrated to strongly
reduce primary tumor growth or tumor metastasis in breast, ovarian,
prostate, and colorectal cancers (18-23). ATN-658 does not inhibit
uPA binding to uPAR; however, it can bind to the domain III (DIII) of
uPAR, thereby blocking uPAR interaction with integrins that are
known to play a role in cell motility and proliferation (22). A recent
study showed that uPAR-targeted chimeric antigen receptor-expressing
T (CAR-T) cells extended the survival of mice with lung adeno-
carcinoma that were treated with a senescence-inducing combination
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of drugs, demonstrating the therapeutic potential of uPAR CAR-T
cells for senescence-associated diseases and solid tumors (24).

Here, we identify uPAR as a potential therapeutic target for
DGC and develop a novel anti-uPAR mAb. It specifically targets the
DII-DIII region of uPAR, blocks uPA binding to uPAR, and inhib-
its GC cell proliferation, migration, and adhesion in vitro. The com-
bination therapy consisting of anti-uPAR and anti-PD-1 shows
impressive antitumor effects in GC cell line-derived xenograft
(CDX) and DGC patient-derived xenograft (PDX) mouse models
via multiple mechanisms. Furthermore, we show that uPAR CAR-T
cells effectively kill uPAR-expressing cells and DGC patient-derived
organoids in vitro. Treatment with uPAR CAR-T cells along
with anti-PD-1 shows remarkable antitumor efficacy, enhancing
survival of the CDX and PDX mice. Our study offers promising
therapeutic strategies to combat DGC.

RESULTS

uPAR is overexpressed in DGC and is a potential

therapeutic target

To identify cell surface antigens that are specifically overexpressed
in DGC with therapeutic potential, we first performed a label-free
quantitative proteomic analysis of membrane proteins differentially
expressed between tumor and adjacent normal tissues from 15 pa-
tients with DGC. A total of 136 proteins were repeatedly found
up-regulated in DGC tumors in at least two independent repli-
cates (Fig. 1A and fig. S1A). Then, by analyzing the gene expres-
sion profile of GC from The Cancer Genome Atlas (TCGA)
database and the data from the Immonology Database and Analysis
Portal (ImmPort), we identified a total of 345 immune-related
genes in GC (Fig. 1B). Comparison of the two sets of proteins in
Fig. 1 (A and B) identified two common ones, uPAR and FCGR3A
(Fig. 1C), indicating that they are immune-related proteins up-
regulated in DGC.

To further validate these results, we first performed real-time
quantitative reverse transcription polymerase chain reaction
(qRT-PCR) to determine the transcription levels of the two candi-
date genes. We found that the mRNA expression of uPAR, but not
FCGR3A, was significantly elevated in DGC tumors compared with
adjacent normal tissues (Fig. 1D). Therefore, we chose to focus on
uPAR for further analysis. Bioinformatic analysis using the
tumor-immune system interactions database (TISIDB) database
showed that the mRNA level of uPAR was positively correlated with
that of several immunosuppressive genes, such as PD-L1, in GC
(fig. S1B). This implies that uPAR may be a potential target for
combination therapy with anti-PD-1/PD-L1 antibodies. Then, we
performed Western blotting and found that uPAR protein levels
were also up-regulated in DGC tumor compared with adjacent nor-
mal tissues (Fig. 1E). Furthermore, we analyzed uPAR expression in
202 paired DGC and adjacent normal tissues using tissue microar-
rays (TMAs)-based immunohistochemistry (IHC). We found that
uPAR was highly expressed in DGC samples (Fig. 1, F and G). Using
the criteria for defining HER2 positivity in GC (IHC score of 3+
with >10% of the cells showing positive reactivity) (8), we showed
that the percentage of uPAR-positive DGC patients was 18.3%
(Fig. 1H), while the percentage of HER2-positive DGC patients was
only 5.0% (fig. S1C), which is concordant with the data from previ-
ous studies (11, 12). Of the 202 patients with DGC corresponding to
Fig. 1G, 193 had available follow-up information. We found that
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high expression of uPAR was positively correlated with worse OS
in the 193 patients, indicating that uPAR is an independent prog-
nostic factor (Fig. 1I). Moreover, we examined uPAR expression in
18 human tissues using IHC. We detected almost no expression of
uPAR in these tissues (fig. S1D), demonstrating that uPAR is not
abundantly expressed in vital organs.

To explore the role of uPAR in GC, we first identified two GC
cell lines (SNU-216 and AGS) expressing high levels of uPAR via
qRT-PCR and flow cytometry (FCM). In addition, we detected a
lower expression of uPAR in MKN-45, a human GC cell line com-
monly used to create a CDX mouse model (fig. S1, E and F). Then,
we knocked out #PAR using CRISPR-Cas9 in SNU-216, AGS, and
MKN-45 cells (fig. S1G). Using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Transwell invasion assays,
we showed that uPAR deficiency led to a significant reduction in
cell proliferation and migration in both SNU-216 (Fig. 1, ] and K)
and AGS cells (fig. S1, H and I). Furthermore, we observed that
uPAR knockout MKN-45 cells showed a significantly slower growth
rate in the CDX mouse model compared with wild-type cells and
that uPAR overexpression in the knockout cells completely rescued
the defect in tumor growth (Fig. 1L and fig. S1, ] and K). These
results suggest that uPAR plays an oncogenic role in GC. Together,
we identify uPAR as a cell surface protein that is overexpressed in
DGC and is a potential target for therapeutic intervention.

Anti-uPAR antibody competes with uPA for uPAR binding
and inhibits uPAR-dependent signalings in GC cells

To develop antibody-based therapy for DGC, we first generated a
mouse immunoglobulin G (IgG) 2a mAb with a high binding affin-
ity for human uPAR (Kp = 1.95 x 10~ M), as shown by the surface
plasmon resonance (SPR) analysis (Fig. 2A and fig. S2A). The anti-
uPAR mAD was able to detect exogenous and endogenous uPAR in
different cell lines, as shown by immunofluorescence (IF) and im-
munoelectron microscopy (Fig. 2, B and C, and fig. S2, B and C).
This mAb did not cross-react with mouse uPAR (fig. S2D). In
addition, we found that the mAb specifically recognized the full-
length and DII-DIII region of uPAR overexpressed in human
embryonic kidney (HEK) 293T cells in FCM analysis, with no detec-
tion of other truncated forms of uPAR (Fig. 2D). Consistently, the
mAb seemed to have a stronger affinity in immunoblotting for
the DII-DIII region of uPAR compared with other truncated
forms (Fig. 2E). These results imply that the anti-uPAR mAb
preferentially recognizes the DII-DIII region of uPAR in its native
configuration.

To investigate the influence of anti-uPAR on the uPA-uPAR sys-
tem, we performed a competitive binding assay in which His-tagged
pro-uPA (the zymogen form of uPA) was added to uPAR-expressing
cells in the presence or absence of the anti-uPAR mAb. We found
that the anti-uPAR mAD caused an approximately 50% reduction in
the binding of uPA to uPAR-expressing cells (Fig. 2F). Vitronectin
(VN) is an ECM protein that also interacts with uPAR and induces
cell signalings (25-27). However, the anti-uPAR mAb did not affect
the binding of VN to uPAR (fig. S2E). Previous studies have shown
that uPA binding to uPAR induces phosphorylation and activation
of extracellular signal-regulated kinase (ERK) in a few types of can-
cer cells (28-30), which contributes to the pleiotropic effects of uPAR
on promoting cell proliferation, migration, and adhesion (14). In line
with these studies, we observed an induction of ERK phosphoryla-
tion in SNU-216, AGS, and MKN-45 cells that stably express uPAR
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Fig. 1. uPAR is overexpressed in DGC and is a potential therapeutic target. (A) Heat map showing membrane protein expression specifically detected in the tumors
but not in the adjacent normal tissues of patients with DGC (n=5 per group, 3 groups: G1 to G3). (B) Volcano plot of immune-related genes in GC. FDR, false discovery
rate; FC, fold change. (C) Venn diagram showing the overlap between (A) and (B). (D) mRNA expression of uPAR and FCGR3A in patients with DGC (n=13) detected by
gRT-PCR. AN, adjacent normal tissues. (E) Immunoblotting of uPAR in the tumor and corresponding adjacent normal tissues from patients with DGC (n =8). (F and G)
uPAR protein level detected by tissue microarrays (TMAs)-based immunohistochemistry (IHC). Representative images of uPAR staining (F) and the statistical analysis of
UuPAR IHC score (G) of 202 DGC specimens obtained from 623 GC cases. (H) uPAR positivity rate in patients with DGC (37 of 202) defined by IHC score of 3+ with >10% of
the cells showing positive reactivity. (I) Kaplan-Meier plot of the DGC patient OS. (J and K) Growth curves (J) and transwell invasion assay (K) of SNU-216 control (CTRL)
and uPAR™" cells. (L) Tumor growth curves of NSG mice carrying wild-type, uPAR™~, or uPAR™~ complemented with uPAR MKN-45 CDXs. Data are expressed as the
means * SEM (ns, nonsignificant; *P < 0.01 and ***P < 0.001).

along with firefly luciferase (MKN-45-uPAR-T2A-Luc) upon Anti-uPAR alone or along with anti-PD-1 inhibits the growth
uPA ligation compared to the control group, and the induction of GC CDX in humanized mice

was inhibited by the anti-uPAR mAb (Fig. 2G and fig. 2, Fand G).  To examine the effect of anti-uPAR on GC and its potential to enhance
In addition, we found that treatment with the anti-uPAR mAb the efficacy of anti-PD-1, we generated a CDX model using immuno-
markedly suppressed GC cell proliferation (Fig. 2, Hand I), invasion  deficient NOD- PrdeSCIdIZngeml/Smoc (NSG) mice inoculated
(Fig. 2]), and adhesion (Fig. 2K). Together, these results indicate =~ with MKN-45-uPAR-T2A-Luc cells. The expression of uPAR and
that the anti-uPAR mAb competes with uPA for binding to uPAR  PD-L1 in the stable cell line was verified by FCM (fig. S3A).
and inhibits the protumor effects of uPAR-dependent signalings When average tumor size reached 90 mm® [approximately at
in GC cells. day 7 posttumor inoculation (dpi)], the CDX mice were reconstituted
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Fig. 2. Anti-uPAR antibody competes with uPA for uPAR binding and inhibits uPAR-dependent signalings in GC cells. (A) Binding affinity (Kp) of the anti-uPAR mAb
to human uPAR assessed by SPR. (B and C) IF (B) and immunoelectron microscopy (C) analysis of anti-uPAR binding to uPAR-expressing HEK-293T cells. DAPI, 4',6-diamidino-
2-phenylindole. (D and E) Detection of different forms of uPAR by the anti-uPAR mAb shown by FCM (D) and Western blotting (E). MFI, mean fluorescence intensity.
(F) Competitive binding assay showing the ability of anti-uPAR to inhibit uPA binding to uPAR, as shown by FCM. (G) Western blotting of phosphorylated ERK (p-ERK) and
total ERK (T-ERK) in SNU-216 cells pretreated with anti-uPAR or CTRL mADb after pro-uPA stimulation. (H to K) Growth curves (H and 1), transwell invasion assay (J), and cell
adhesion assay (K) of AGS and SNU-216 cells treated with anti-uPAR or CTRL mAb. Data are expressed as means + SEM (*P < 0.05, **P < 0.01, and ***P < 0.001).

with human peripheral blood mononuclear cells (hPBMCs). One
day later, mice were treated with anti-uPAR and anti-PD-1, either
alone or in combination, every 5 days. Tumor growth and body
weight were monitored over the course of the experiment, starting
at 7 dpi (Fig. 3A).

Human T cells (CD45"CD3") were detectable in the periphery
blood of each group at the end of the study, indicating the successful
hPBMC engraftment in NSG mice (fig. S3B). We observed that tu-
mor growth was significantly suppressed in mice treated with anti-
uPAR or anti-PD-1 alone compared to the control antibody, and it

Qin et al., Sci. Adv. 8, eabn3774 (2022) 25 May 2022

was further inhibited in mice treated with the combination of two
antibodies (Fig. 3, B and C). Consistently, either antibody alone or
in combination significantly improved survival, with the combina-
tion therapy showing the strongest effect (Fig. 3D). In addition, we
performed hematoxylin and eosin (H&E) and THC staining of Ki-67,
a cell proliferation marker (31), on the excised tumors. The results
were in line with the above findings (Fig. 3, E to G). Moreover, none
of the antibody treatments caused significant changes in the body
weight of mice, indicating the safety and tolerability of anti-uPAR
mADb alone and in combination with anti-PD-1 mAb (fig. S3C).
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Fig. 3. Anti-uPAR alone or along with anti-PD-1 inhibits the growth of GC CDXs in humanized mice. (A) Diagram of the experimental procedure. (B to D) Tumor
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Anti-uPAR alone or in combination with anti-PD-1 improves
survival of humanized mice bearing PDXs
To further evaluate the efficacy of anti-uPAR alone and in combi-
nation with anti-PD-1 in GC, we established a DGC PDX model in
humanized NSG mice (32). Fresh tumor specimen was obtained
from a patient with DGC (patient A or B; the clinical characteristics
of both patients were shown in table S1) and serially transplanted
into NSG mice to produce sufficient amount of primary tumor tis-
sues. The third generation of serially transplanted mice were used
for experiments when average tumor size reached 90 mm? (approx-
imately at 7 dpi). First, we observed that fresh tumor specimen from
the DGC patient and the derived PDX in the mice displayed similar
H&E and uPAR staining patterns (Fig. 4A), implying that the PDX
model retained key characteristics of the patient’s tumor. Then,
hPBMC engraftment, antibody treatments, and monitoring of tumor
growth and body weight were conducted as mentioned above (Fig. 4B).
We observed that the growth of the PDX derived from patient A
was significantly hindered by anti-uPAR or anti-PD-1 alone

Qin et al., Sci. Adv. 8, eabn3774 (2022) 25 May 2022

compared to the control antibody, and it was further impeded by
the combination of two antibodies (Fig. 4C). The combination
therapy markedly improved survival. While all five mice in each of
the other groups died within 35 dpi, three of five mice in the combi-
nation therapy group survived beyond 35 dpi (Fig. 4D). Similar results
were seen in mice bearing PDX derived from patient B (Fig. 4, E and F).
In line with these studies, we found that the combination therapy
caused a strong inhibition of cell proliferation, as shown by H&E
and IHC stainings (Fig. 4, G to I). In addition, none of the antibody
treatments caused significant changes in body weight (fig. S4).
Together, these results demonstrate that the combination therapy
consisting of anti-uPAR and anti-PD-1 significantly inhibits tumor
growth and improves survival in the PDX mouse model.

Anti-uPAR alone or together with anti-PD-1 enhances

the infiltration of cytotoxic CD8" T cells

To better understand the mechanisms underlying the antitumor
effects of the anti-uPAR mAb, we first analyzed major immune cell
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and survival curves (D and F) of antibody-treated mice bearing the PDX derived from patient A or B (n =5 per group, 10 mg/kg per antibody, I.P., every 5 days starting from
8 dpi). (G to I) H&E staining (G) and Ki-67 IHC staining (H) with data analysis (I) of the antibody-treated PDX mice (corresponding to patient A) at 21 dpi. Data are repre-
sented as means + SEM (*P < 0.05, **P < 0.01, and ***P < 0.001).
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subsets in the CDX tumors. It has been reported that anti-PD-1
antibody can increase the infiltration of CD8" T cells into the tumor
(33). Our IF and IHC assays showed that either anti-uPAR or anti-
PD-1 alone caused a significant increase in the numbers of CD8"
tumor-infiltrating lymphocytes (TILs), and the combination therapy
showed an additive effect (fig. S5, A to D). Furthermore, our FCM
analysis found that these antibody treatments, especially the combination
therapy, increased the frequency of activated cytotoxic T cells and M1
macrophages while reducing the frequency of regulatory T cells,
neutrophils, and M2 macrophages in the CDX tumors (fig. S5, E to I).
The ability of anti-uPAR alone or along with anti-PD-1 to modulate
immune cell infiltrations could contribute to its antitumor activity.

M1 and M2 macrophages are considered antitumor and protumor,
respectively (34). Neutrophils have also been shown to have cancer-
promoting effects (35, 36). However, we did not observe any influ-
ence of myeloid leukocyte depletion on tumor growth in the CDX
model (fig. S5, ] and K). Thus, we chose to focus on the influence of
anti-uPAR on T cell infiltration. Similar to our findings with the CDX
tumors, IF and THC assays using the PDX tumors (derived from the

A

CTRL

a-uPAR a-PD-1

DAPI

DGC patient A) also showed an increase in the tumor infiltration of
CD8"T cells following antibody treatments (Fig. 5, A to E). In line
with this result, we found that expression of several chemokines
(CCL3, CCL4, CXCL9, and CXCL10) that regulate T cell infiltra-
tion was significantly up-regulated in the PDX tumors treated with
anti-uPAR alone or in combination with anti-PD-1 (Fig. 5F). Further-
more, we performed in vitro experiments using SNU-216 GC cells
and Tohoku Hospital Pediatrics-1 (THP-1) macrophages. Treat-
ment with anti-uPAR, but not with uPA, induced the production of
CCL3, CCL4,CXCL9,and CXCL10in these cell lines (Fig. 5, G and H).
These data suggest that anti-uPAR alone or along with anti-PD-1
can induce the production of specific T cell-associated chemokines
from both tumor cells and macrophages, and this process cannot
be triggered by uPA.

In addition, using in vitro assays, we found that the anti-uPAR
mADb strongly induced antibody-dependent cell-mediated cytotox-
icity (ADCC) and complement-dependent cytotoxicity (CDC) (fig.
S5, L and M). Together, these data suggest that anti-uPAR alone or
along with anti-PD-1 can promote favorable antitumor immune
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Fig. 5. Anti-uPAR alone or together with anti-PD-1 enhances the infiltration of cytotoxic CD8* T cells. (A and B) IF staining (A) and quantification (B) of CD8" T cells
in the PDX mice (corresponding to patient A) at 21 dpi. (C and D) CD8 IHC staining and data analysis of the same PDX as in (A and B). (E) Frequency of activated cytotoxic
T cells (CD45*CD8*CD107a") in the patient A-derived PDX treated with different antibodies at 21 dpi, as shown by FCM. (F to H) mRNA expression levels of T cell-associated
chemokines in the PDX tumor (F), SNU-216 cells (G), and THP-1 macrophages (H) after different treatments, as shown by qRT-PCR. Data are represented as means + SEM

(*P < 0.05, **P < 0.01, and ***P < 0.001).
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responses via provoking cytotoxic T cell infiltration and inducing
ADCC and CDC.

uPAR CAR-T cells alone or in combination with PD-1

blockade suppress GC growth and prolong survival

Next, we sought to develop CAR-T cells based on the novel anti-uPAR
mAD and assess the anticancer efficacy of uPAR CAR-T cells, alone
and in combination with anti-PD-1 mAb, against GC. We constructed
a second-generation CAR consisting of a single-chain variable frag-
ment (scFv) derived from the anti-uPAR mAb, human CD8-derived
hinge and transmembrane domains, and human 4-1BB costimula-
tory and CD3( signaling domains (Fig. 6A). Our IF assay showed that
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the T cells transduced with uPAR CAR lentivirus interacted with
uPAR-expressing HEK-293T cells (fig. S6A), indicating the success-
ful expression of scFv in uPAR CAR-T cells and their ability to rec-
ognize target cells. In addition, we found that uPAR CAR-T cells
effectively lysed wild-type AGS cells while having no effect on
uPAR™™ AGS cells (fig. S6B). High killing activity of uPAR CAR-T
cells was also observed with MKN-45-uPAR-T2A-Luc cells (fig. S6C).
These results show uPAR-dependent cytotoxicity of the CAR-T cells
in vitro. Furthermore, the antitumor efficacy of uPAR CAR-T cells
in vivo was determined using the established CDX mouse model.
We found that uPAR CAR-T cells potently curbed tumor growth
and enhanced survival, compared with untransduced T cells. This
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Fig. 6. uPAR CAR-T cells alone or in combination with PD-1 blockade suppress GC growth and prolong survival. (A) Schematic diagram of uPAR CAR. (B) Represen-
tative images of DGC patient-derived organoids and killing efficiency of organoids by uPAR CAR-T cells determined by a lactate dehydrogenase (LDH)-based cytotoxicity
assay, using untransduced T cells as a negative control. E:T, effector cells:target cells. (C to F) Tumor growth (C and E) and survival curves (D and F) of mice bearing the PDX
derived from patient A or B (n =5 per group; uPAR CAR-T or CTRL cells 2 x 105, V., only once at 7 dpi; anti-PD-1 mAb 10 mg/kg, I.P., every 5 days starting from 8 dpi).
(G and H) IF staining (G) and quantification (H) of cytotoxic CD8" T cells in the PDX derived from patient A at 21 dpi. Data are represented as means + SEM (*P < 0.05,

**P <0.01, and ***P < 0.001).
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antitumor effect of uPAR CAR-T cells was further significantly
boosted by cotreatment with anti-PD-1 (fig. S6, D to F). As expected,
higher concentrations of interferon-y (IFN-y) and granzyme B were
detected in the serum of uPAR CAR-T cell-treated mice than the
control mice, indicative of an activated immune response of the
infused CAR-T cells (fig. S6G).

By using DGC patient-derived organoids and the established
PDX mouse model, we further examined the antitumor activities of
uPAR CAR-T cells. We found that uPAR CAR-T cells effectively
lysed the organoids derived from DGC patients A and B (Fig. 6B).
Treatment with uPAR CAR-T cells alone remarkably suppressed
tumor growth and promoted survival in mice bearing the PDX
derived from the DGC patient (A or B), and the antitumor efficacy
was even stronger when combining uPAR CAR-T cells with the
anti-PD-1 mAb (Fig. 6, C to F). Consistent with these findings, our
IF assay revealed a significant increase in the number of CD8" TILs
in the uPAR CAR-T cell-treated mice compared with the control
mice, and cotreatment with anti-PD-1 further enhanced the infil-
tration of these cytotoxic T cells into the tumor (Fig. 6, G and H).
Expression of molecules associated with T cell exhaustion (37), such
as PD-1, lymphocyte activation gene 3 (LAG-3), and T cell immuno-
globulin and mucin domain-containing 3 (TIM-3), was generally
decreased in the tumor-infiltrating CAR-T cells compared with
untransduced T cells, especially in the presence of the anti-PD-1
mAD (fig. S7A). Induction of IFN-y and granzyme B was detected in
the serum of mice treated with uPAR CAR-T cells alone or in com-
bination with anti-PD-1 (fig. S7B). Besides, no significant difference
in body weight was observed among all the groups tested (fig. S7C).
These data demonstrate that uPAR CAR-T cells alone strongly in-
hibit GC growth and prolong survival, and the antitumor effects are
further augmented when combined with PD-1 blockade.

DISCUSSION

DGC is a subtype of GC with poor prognosis and few targeted treat-
ment options. Here, we identified uPAR as a potential therapeutic
target for DGC and developed therapeutic strategies based on a
novel anti-uPAR mAb. We demonstrated the capability of thera-
peutic strategies targeting uPAR alone, and particularly in combi-
nation with PD-1 blockade, to inhibit tumor growth and promote
survival, using GC cell lines and organoids, as well as humanized
CDX and PDX mouse models. In addition, we showed that the
anti-uPAR mAb exerts antitumor effects via multiple mechanisms
(Fig. 7). Our findings offer promising therapeutic strategies for the
treatment of DGC.

DGC is highly aggressive and resistant to chemotherapy. Immuno-
therapies targeting HER2 and PD-1 have been recommended by
NCCN guidelines for the use in unresectable locally advanced, re-
current, or metastatic GC (8). However, the use of anti-HER?2 ther-
apy is limited to patients exhibiting overexpression of HER2 (IHC
score of 3+ with >10% of cells showing positive reactivity), but the
positivity rate of HER2 is only 2 to 6% in DGC, and the objective
response rate with anti-PD-1 monotherapy in GC is only 11.2%
(ATTRACTION-2), which is even lower in DGC (13). Therefore,
identification of novel targets for DGC treatment is of significant
importance. Here, we screened out uPAR as an immune-related cell
surface protein that is overexpressed in the tumors, but not in the
matching adjacent normal tissues, of 15 patients with DGC using
membrane proteomics combined with gene expression analyses.

Qin et al., Sci. Adv. 8, eabn3774 (2022) 25 May 2022
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Fig. 7. Therapeutic strategies targeting uPAR potentiate anti-PD-1 efficacy
in DGC. We identify uPAR as an immune-related cell surface protein that is specifi-
cally overexpressed in DGC with a relatively high positivity rate and a promising
therapeutic potential. Our anti-uPAR mAb targets the DII-DIIl region of uPAR and
blocks uPA binding to its receptor, thereby inhibiting uPAR-dependent ERK activa-
tion and downstream signalings involved in cell proliferation, migration, and adhe-
sion. Moreover, the anti-uPAR mAb stimulates infiltration of cytotoxic CD8* T cells,
induces robust ADCC and CDC, and augments the antitumor efficacy of PD-1
blockade therapy.

Our screening result is consistent with a recent study, which per-
formed a comprehensive proteomic analysis of DGC, and uPAR/
PLAUR was among their list of proteins up-regulated in DGC
tumors (38). Earlier studies have documented that uPAR is expressed
in many types of human cancers, including breast cancer (39), non-
small cell lung cancer (40), ovarian cancer (21), and GC (41). High
expression of uPAR was particularly found in poorly differentiated
GC (42). In our study, we further validated uPAR overexpression in
DGC using Western blotting, qRT-PCR, and THC staining. In line
with previous studies, our IHC analysis showed that the positivity
rate of HER?2 in patients with DGC was 5.0%, and under the same
scoring criteria, the positivity rate of uPAR was 18.3%. In addition,
we found that high uPAR expression was as an independent prog-
nostic factor for poor OS in DGC. The high positivity rate and
prognostic value of uPAR indicate that it could be a promising
alternative target for DGC treatment.

uPAR is the cell surface receptor for uPA, an extracellular serine
protease. uPAR recruits uPA to the cell surface where activation of
the proteolytic activity of uPA is accelerated, which, in turn, stimu-
lates the activity of the plasminogen activation system, thereby reg-
ulating ECM proteolysis. Apart from this, uPAR can initiate various
intracellular signalings, independently of uPA proteolytic activity,
to regulate cell adhesion, migration, invasion, proliferation, and
survival. The pleiotropic functions of uPAR play a critical role in
the development of types of cancers (43). In line with these studies,
our findings showed that uPAR knockout significantly suppressed
proliferation and migration of GC cells in vitro and in vivo. More-
over, we developed a novel anti-uPAR mAb with strong affinity for
human uPAR, which also suppressed proliferation and migration,
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as well as adhesion, of GC cells in vitro. These data further support
the oncogenic role of uPAR and suggest that the anti-uPAR mAb
acts as an antagonist of uPAR-dependent cell signalings. Consistently,
we showed that the anti-uPAR mAb strongly blocked uPA binding
to uPAR and inhibited the downstream activation of ERK. Previ-
ously, activation of ERK by uPAR has been shown to promote cell
proliferation (29) and motility (28), which seems to be dependent
on uPA binding to its receptor and does not require uPA proteolytic
activity. The binding sites of uPA are known to be located in all three
domains of uPAR (15). Here, we observed that the anti-uPAR mAb
preferentially targeted the DII-DIII region of uPAR. This could
partly explain its blocking function and also indicates its difference
from the previously reported ATN-658 mAb directing to the DIII
of uPAR.

The overexpression of uPAR in tumors and its pleiotropic activ-
ities in cancer progression make it an attractive therapeutic target
(44). A number of studies have generated uPAR-targeted antibodies
(18-23, 45), CAR-T cells (24, 46), peptides (47), and small mole-
cules (48) for cancer diagnosis and treatment. Here, we assessed the
efficacy of anti-uPAR alone and along with anti-PD-1 against GC
in vivo using immune-humanized mice bearing CDX or PDX. By
monitoring the volume, weight, and pathology of tumors, we showed
that anti-uPAR alone already caused a significant suppression of
growth of CDX or PDX in the mice, while the combination with
anti-uPAR and anti-PD-1 further enhanced the antitumor efficacy.
Currently, PDX models have been considered as the most clinically
relevant in vivo cancer models as they preserve the key characteris-
tics of the patient’s tumor, and drug response of PDX has a high
degree of translatability to the patient (32, 49, 50). In our study, we
further showed that anti-uPAR monotherapy and particularly the
combination therapy with anti-uPAR and anti-PD-1 markedly
prolonged survival of the PDX mice, underscoring the potential of
the anti-uPAR mAb for DGC treatment.

The immune-humanized mouse model (immunodeficient mice
engrafted with hPBMCs) used in our study is a fast and simple
method for mouse humanization and has been widely used in a
variety of cancer research (51, 52). Meanwhile, it has a limitation
due to its susceptibility to xenogeneic graft-versus-host disease
(GvHD), which leads to loss of body weight and early death (53).
Although clinical signs of severe GYHD were not observed in any of
the mice in our study, this disease limits the experimental window
and prevents the study on long-time efficacy of anti-uPAR. In addi-
tion, xenogenic tumor models (including CDX and PDX models)
could have compromised interactions among immune cells and be-
tween the host and the tumor due to the species barrier. To rule out
the influence of GVHD and overcome these limitations, we will de-
velop antibodies targeting murine uPAR and syngeneic immuno-
competent mouse models of GC, including an autochthonous GC
model (54), in our future study. We believe that these tools will be
very useful for us to further evaluate the long-time efficacy, poten-
tial toxicity, and functional mechanisms of anti-uPAR antibodies.

Furthermore, we showed that the anti-uPAR mAb exerts its anti-
tumor function via multiple mechanisms. (i) As mentioned above,
the anti-uPAR mAb alone inhibited GC cell proliferation, migra-
tion, and adhesion through inhibition of uPA-uPAR-mediated cell
signalings. (ii) The anti-uPAR mAb induced robust ADCC and
CDC in our in vitro assays. Considering the high abundance of
uPAR in DGG, it is very likely that the anti-uPAR mAb could pro-
mote the killing of tumor cells by inducing ADCC and CDC in vivo.

Qin et al., Sci. Adv. 8, eabn3774 (2022) 25 May 2022

In future studies, we will develop humanized mAb based on the
current mouse monoclonal anti-uPAR, which will have lower im-
munogenicity, longer serum half-life, and better human effector
functions (55). (iii) The anti-uPAR mAb caused a significant in-
crease in the tumor infiltration of cytotoxic CD8" T cells. First, this
could be partly explained by the production of specific T cell-associated
chemokines (CCL3, CCL4, CXCL9, and CXCL10) in the tumor fol-
lowing anti-uPAR treatment. GC cells and macrophages treated
with anti-uPAR are likely the cellular source of the four specific
chemokines as shown by our in vitro experiments, although we did
not rule out other possible cell types. uPA-dependent activities ap-
pear not to be required for this process, because cells treated with
uPA did not produce any T cell-associated chemokines. The de-
tailed mechanism underlying the chemokine production still needs
to be further explored. Second, the ability of anti-uPAR to reduce
tumor cell adhesion could also help immune cells to gain access to
the tumor microenvironment. (iv) The combination therapy con-
sisting of anti-uPAR and anti-PD-1 had additive effects on immune
activation and tumor growth inhibition.

Myeloid leukocytes play important and complex roles in cancer
development (34, 36). A recent study showed that heteromerization
of uPA and plasminogen activator inhibitor-1 (PAI-1), two key
components of the uPA-uPAR system, promotes breast cancer pro-
gression by attracting tumorigenic neutrophils (35). In addition,
M1 and M2 macrophages are considered to have antitumor and
protumor function, respectively (34). In our study, treatment with
anti-uPAR altered the tumor infiltration of neutrophils and macro-
phages in the CDX model. Yet, the exact role of these myeloid
leukocytes in the pathogenesis of DGC and their contribution to
the antitumor efficacy of anti-uPAR remain to be further elucidated,
for instance, by using anti-mouse uPAR antibodies along with syngeneic
immunocompetent mouse models of GC.

Two previous studies have constructed uPAR CAR-T cells and
investigated their therapeutic potential for the treatment of ovarian
cancer and senescence-associated diseases (24, 46). In our study, the
second-generation uPAR CAR-T cells that we generated on the ba-
sis of the novel anti-uPAR mADb effectively killed uPAR-expressing
cell lines and DGC patient-derived organoids. uPAR CAR-T cells
alone and in combination with PD-1 blockade significantly inhibit-
ed GC growth and enhanced survival in both the CDX and PDX
models. In addition, we found that uPAR CAR-T cells were more
resistant to T cell exhaustion when compared with untransduced
T cells, especially in the presence of the anti-PD-1 antibody. There-
fore, combination therapy consisting of uPAR CAR-T cells and
anti-PD-1 could be another promising strategy for DGC treatment.

In conclusion, we demonstrate that targeting uPAR along with
PD-1 can significantly inhibit tumor growth and improve survival
in DGC via multiple mechanisms. Our findings provide promising
strategies that could complement the current use of HER2- and
PD-1-targeted therapies for the treatment of DGC.

MATERIALS AND METHODS

Cells and culture conditions

Human GC cell lines—NCI-N87, HGC-27, MKN-45, and AGS—
were obtained from the Chinese Academy of Medical Sciences
(China). The human GC cell line SNU-216 was obtained from the
Korean Cell Line Bank. HEK-293T cells were obtained from the
American Type Culture Collection. THP-1 was a gift from Z. Jiang
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(Peking University). AGS, HGC-27, and HEK-293T were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), penicillin (100 U/ml), and strepto-
mycin (100 mg/ml). NCI-N87, MKN-45, SNU-216, and THP-1 cells
were cultured in RPMI 1640 medium supplemented with 10% FBS,
penicillin (100 U/ml), and streptomycin (100 mg/ml). All cell lines
were validated by short tandem repeat DNA fingerprinting and were
tested for mycoplasma contamination. hPBMCs of healthy donors
were collected at Lanzhou University Second Hospital under the
protocols approved by the Human Research Ethics Committee
(2020A-052). CD3" T cells were enriched via negative selection using
the EasySep Human T Cell Isolation Kit (STEMCELL Technologies,
17951) and then cultured in RPMI 1640 medium supplemented
with 10% FBS, penicillin (100 U/ml), streptomycin (100 mg/ml),
and recombinant human interleukin-2 (IL-2; 10 ng/ml; Peprotech,
200-02-100). Cells were maintained in a humidified incubator at
37°C with 5% CO,.

Animals

M-NSG (NOD-Prkdc*112rg"™" /Smoc) mice lacking mature T, B,
and natural killer cells were purchased from the Shanghai Model
Organisms Center Inc. (NM-NSG-001). All mice were maintained
under specific pathogen-free conditions. Animal care and experi-
ments were carried out under the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. This study
has been approved by the Laboratory Animal Ethics Committee of
Lanzhou University Second Hospital (D2020-36).

Human DGC specimens

All specimens were acquired from patients under the protocols
approved by the Human Research Ethics Committee of Lanzhou
University Second Hospital (2020A-052). Informed consent was
obtained from all patients. A total of 623 pairs of GC and adjacent
normal tissues were constructed into TMAs as formalin-fixed and
paraffin-embedded blocks and then analyzed by IHC analysis. A total
of 18 normal organ tissues were used for IHC staining of uPAR. A
total of 15 and 13 pairs of DGC and adjacent normal tissues were
used for membrane proteomics analysis and gene expression analy-
sis by qRT-PCR and Western blot, respectively.

Membrane proteomics

Tumor and adjacent normal tissues obtained from patients with
DGC (n = 15) were randomly divided into six groups, with each
group containing either tumor or adjacent normal tissues pooled
from five patients. Membrane proteins were extracted and purified
from the six groups of tissues and then analyzed via mass spectrometry—-
based label-free quantitative proteomics. A total of 32,187 peptides
and 4293 proteins were identified. Among these proteins, a total of
136 proteins were repeatedly found to be expressed in DGC tumors,
but not in adjacent normal tissues, in at least two independent bio-
logical replicates.

Bioinformatics analysis of gene expression profiles in DGC

Genes up-regulated in GC were retrieved from TCGA database
(https://cancergenome.nih.gov), which includes 375 GC tumor
samples and 32 normal samples. Immune-related genes in human
cancer were retrieved from the ImmPort (http://immport.org).
Immune-related genes up-regulated in GC were obtained from the
overlap between the above two datasets. Correlation between uPAR
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and immunosuppressive genes was analyzed using the TISIDB
database (http://cis.hku.hk/TISIDB).

Generation of anti-uPAR mAb

To generate mAbs against human uPAR, 6-week-old C57BL/6 mice
were immunized thrice with 1 x 10" HEK-293T cells stably express-
ing uPAR (HEK-293T-uPAR) via subcutaneous multipoint injec-
tion. Serum samples were collected by retroorbital bleeding for
monitoring of antibody titers. Five days before splenectomy for
generation of monoclonal antibodies, mice were reboosted by
subcutaneous multipoint injection of 2 x 10° HEK-293T-uPAR
cells. mAbs were then prepared by Microfluid Based Antibody Tech
(Huazhitiancheng Inc.). The anti-uPAR mAb used in this study was
selected on the basis of its high affinity for binding to human uPAR.

Surface plasmon resonance

The binding affinity of the anti-uPAR mAb to uPAR was analyzed
by SPR using a Biacore T200 system (GE Healthcare). The anti-
uPAR mAb was diluted in phosphate-buffered saline (PBS) into
different concentrations, ranging from 0.39 to 50 nM, and was
allowed to pass over the immobilized human uPAR at the flow rate
of 30 ul/min. The association and dissociation time were 120 and
240 s, respectively. The kinetics of antibody-antigen interactions were
measured on the basis of the steady-state affinity fit model accord-
ing to the manual of the Biacore T200 evaluation software.

Immunoelectron microscopy

HEK-293T-uPAR-T2A-Luc or SNU-216 cells (1 x 107) were pre-
pared and incubated with the colloidal gold-conjugated anti-uPAR
mAb (10 pg/ml) in PBS at 37°C for 30 min. Cells were pelleted by
centrifugation at 250g for 15 min at 4°C. The supernatant was re-
moved, and 1 ml of ice-cold 2% glutaraldehyde was added. Following
fixation for 1 hour on ice, cells were processed for ultramicrotomy
and viewed under a transmission electron microscope (Hitachi
7800, Japan).

Generation of uPAR CAR

The plasmid was constructed by stepwise Gibson assembly (New
England Biolabs, E2611L) using the backbone as previously de-
scribed (56). The amino acid sequence of the scFv specific for human
uPAR was obtained from the heavy- and light-chain variable
regions of the anti-uPAR mADb that we generated. A second-generation
CAR, consisting of the anti-uPAR scFv, human CD8-derived hinge
and transmembrane domains, and human 4-1BB costimulatory and
CD3( signaling domains, was constructed.

Lentiviral vector production

HEK-293T cells were used for lentiviral vector production. To generate
HEK-293T-uPAR-T2A-Luc, HEK-293T-uPAR-T2A-mCherry, and
MKN-45-uPAR-T2A-Luc stable cell lines and uPAR™~ MKN-45
cells rescued with uPAR overexpression, pseudotyped lentiviruses
were produced by cotransfecting 1 ug of pLenti-CMV-uPAR-T2A-
Luc, 1 pg of pDD, and 0.5 ug of plasmid encoding the glycoprotein of
the vesicular stomatitis virus (pVSV-G) into HEK-293T cells in a
3.5-cm dish. Cell culture supernatants containing the lentiviruses
were collected 48 hours after transfection, filtered through a 0.45-um
nonpyrogenic filter (JET BIOFIL, FPV403150), and immediately
used to transduce target cells in the presence of polybrene (10 mg/ml;
Solarbio, H8761). Transduced cells were selected with puromycin
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(2 ug/ml; Thermo Fisher Scientific, A1113803) for 5 to 7 days to
generate stable cell lines. To generate uPAR knockout SNU-216,
AGS, and MKN-45 cell lines, pLenti-CRISPR-V2, pSPAX2, and
pMD2G were used, and the transduction and selection of knockout
cell lines were performed in a similar way as mentioned above.
The sequences of guide RNAs used for CRISPR-Cas9-mediated
uPAR knockout were listed in table S2.

To produce lentiviruses for CAR-T cell transduction, five dishes
of HEK-293T cells (6 x 10° cells per 10-cm dish) were seeded. After
18 hours, 7 ug of Lenti-CAR plasmid and the lentiviral packing
plasmids psPAX2 (5 ug) and pMD2.G (3.5 pg) were transfected into
each dish using 500 pl of opti-MEM medium (Gibco, 31985062)
containing 30 pl of Lipofectamine 2000 (Thermo Fisher Scientific,
11668019). After 6 hours, fresh DMEM medium containing 10%
FBS was replaced into each dish. Sixty hours after transfection, cell
culture media were harvested from all dishes and centrifuged at
1000g, 4°C for 10 min to pellet cell debris. The supernatant was
filtered through a 0.45-um low protein-binding membrane, and then
the lentiviruses were concentrated into DMEM containing 10% FBS
plus 1% bovine serum albumin (Solarbio, H1130).

Isolation, expansion, and transduction of human T cells

All blood samples were handled following the required ethical and
safety procedures. hAPBMCs were obtained from anonymous healthy
donors and isolated by density gradient centrifugation. T cells were
purified using the EasySep Human T Cell Isolation Kit and then stim-
ulated with CD3/CD28 T cell activator Dynabeads (Gibco, 11131D)
at a bead:cell ratio of 1:2 and IL-2 (10 ng/ml). After 24 hours, T cells
were transduced with lentiviruses by centrifugation at 1000g, 32°C
for 90 min in the presence of polybrene (4.4 pg/ml). The viral super-
natant was replaced 10 hours later with fresh culture medium con-
taining IL-2 (10 ng/ml). T cells were further expanded by replacing
half of the culture medium with fresh medium every 2 days. Six days
later, Dynabeads were removed, and T cells were allowed to expand
for another 3 days. Transduction efficiencies were determined by
FCM, and CAR-T cells were adoptively transferred into mice or
used for in vitro experiments.

Cytotoxicity assays

The cytotoxicity of uPAR CAR-T cells was determined by standard
lactate dehydrogenase (LDH) or firefly luciferase-based assays. For
LDH assays, target tumor cells (2 x 10°) were cocultured with CAR-T
cells at various effector-to-target (E:T) ratios. After 8 hours, 50 ul of
the supernatant from each well was transferred into a fresh 96-well
flat clear bottom plate, and 50 ul of the CytoTox 96 Reagent (Promega,
G1780) was added. The plate was incubated at room temperature
for 30 min, 50 ul of stop solution was added into each well, and the
absorbance signal at 490 nm was measured in a plate reader (Vari-
oskan Flash, Thermo Fisher Scientific). Maximum LDH release was
determined by addition of 0.2% Triton X-100. Cytotoxicity (%)
was determined as [(experimental — effector spontaneous — target
spontaneous)/(target maximum — target spontaneous)] x 100. For
organoid cytotoxicity assays, DGC organoids were seeded on a
Matrigel layer and incubated with uPAR-CAR T cells as follows. The
96-well standard culture plates were first moistened using culture
medium. Subsequently, each well was evenly covered with 15 ul of
undiluted Matrigel, which was allowed to solidify at room tempera-
ture for 15 min. Confluent organoids were collected, mechanically
sheared, pelleted, and seeded into the precoated 96-well plate
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(approximately 2.5 x 10° cells per well). uPAR CAR-T cells were added
at various E:T ratios and cocultured with organoids for 8 hours. Cyto-
toxicity was determined by the LDH assay as mentioned.

For firefly luciferase assays, target cells (2 x 10%) expressing firefly
luciferase were cocultured with CAR-T cells in a black-walled 96-well
plate (100 pl per well) for 8 hours at various E:T ratios. Target cells
alone were plated at the same cell density to determine the maximum
luciferase expression, and maximum release was determined by addi-
tion of 0.2% Triton X-100. After 8 hours, 100 pl of luciferase substrate
(Promega) was directly added to each well, and firefly luciferase
activities were measured with a Varioskan Flash (Thermo Fisher
Scientific). Cytotoxicty (%) was calculated as: [1 — (experimental
relative light units)/(maximum relative light units)] x 100.

Humanized mouse tumor models

The PDX model in hPBMC-humanized NSG mice was generated as
previously described (32). Briefly, fresh tumor tissues obtained from a
patient with DGC (A or B; the clinical characteristics of both patients
were shown in table S1) were divided into small pieces (about 10 mm”)
and subcutaneously (S.C.) injected into 6-week-old NSG mice for se-
rial transplantation. hPBMCs (5 x 10° per mouse) were intravenously
(I.V.) injected into the third generation of serially transplanted NSG
mice when the average tumor size reached 90 mm? (approximately
at 7 dpi). In antibody treatment studies, mice were intraperitoneally
(I.P.) injected with the anti-uPAR mAb either alone or in combina-
tion with the anti-PD-1 mAb (Sintilimab, 10 mg/kg) every 5 days,
starting from day 8 dpi. An isotype-matched irrelevant mAb (Pro-
teintech, 10284-1-AP) was used as a negative control. In CAR-T cell
therapy studies, mice received adoptive transfer of transduced uPAR
CAR-T cells (2 x 10° per mouse, LV. injection) only once at 7 dpi, and
the combination therapy group received anti-PD-1 (10 mg/kg,
LP. injection) every 5 days, starting from 8 dpi. Untransduced human
T cells were used as a negative control. Tumor volume was measured
using a digital caliper, and body weight was monitored every other
day, starting from 7 dpi. Tumor volume was calculated using the
following formula: tumor volume = (longer diameter) x (shorter
diameter)/2. The experimental end point was defined as either death
or tumor size reaching 1500 mm”. Tumor tissues were collected at the
experimental end point and prepared as formalin-fixed, paraffin-
embedded samples for H&E, IHC, and IF staining.

The CDX model in hPBMC-humanized NSG mice was estab-
lished and used in a similar manner to that of the PDX model except
for the following procedures. MKN-45 cells that stably express
uPAR along with firefly luciferase (MKN-45-uPAR-T2A-Luc) were
generated, suspended in 100 pl of PBS, mixed with 100 pl of Matrigel
(BD Biosciences, 354230), and then injected into 6-week-old NSG
mice (3 x 10° per mouse, S.C. injection). Bioluminescent imaging of
the CDX mice was performed at the indicated time points using
VISQUE Invivo Smart-LF (Vieworks, Korea), and tumors were
harvested at the experimental end point and weighted.

Organoid culture

DGC organoids were generated as previously described (57). Briefly,
tumor tissues were collected from the PDX mice, washed in human
washing medium (2 mM glutamine and 10% FBS with DMEM/F-12),
minced with scissors, and enzymatically digested using collagenase
IV (0.1 mg/ml; Roche, 11088858001) at 37°C for 30 min. Digestion
was stopped by adding human washing medium, and the digested
tumor tissues were filtered through a 100-um cell strainer (JET BIOFIL,
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CSS013100). Cell clusters were spun down at 250g for 5 min, re-
suspended in 50% Matrigel/organoid culture medium, and plated in
a 50-pl drop in the middle of one well of a six-well plate (JET BIOFIL,
TCP011006) precoated with 60% Matrigel. The drop was solidified
by a 30-min incubation at 37°C and 5% CO5. After solid drops formed,
0.5 ml of the organoid culture medium was added to the well, and the
medium was changed every 3 to 4 days.

FCM analysis

To analyze cells from the PDX model, tumors separated from mice
were minced with scissors and digested with collagenase IV to
generate single-cell suspensions. The obtained tumor slurry was
transferred to a 15-ml centrifuge tube by passing through a 300-
mesh stainless steel filter and centrifuged at 250¢ for 5 min. The
supernatant was discarded, and cells were resuspended in 2 ml of
45% percoll solution (freshly prepared) and then centrifuged at
350g for 7 min. Red blood cells were lysed using ammonium chloride
solution (STEMCELL Technologies). Cells were filtered through a
70-um cell strainer, resuspended in PBS containing 2% FBS, stained
with antibodies for 30 min in the dark, and then detected by
FCM. The following antibodies were used: fluorescein isothiocyanate
anti-human CD3 (BioLegend, 300452), phycoerythrin (PE) anti-
human CD4 (BioLegend, 357404), allophycocyanin (APC) anti-human
CD8 (BioLegend, 344722), APC-Cy7 anti-human CD45 (BD Bio-
sciences, 557833; BioLegend, 304014), PE anti-mouse/human
CD11b (BioLegend, 101208), BV421 anti-human CD66b (BioLegend,
392916), APC anti-human CD68 (BioLegend, 333810), BV421
anti-human CD86 (BioLegend, 371242), PE-Cy7 anti-human CD206
(BioLegend, 321124), BV421 anti-human FoxP3 (BioLegend,
320124), anti-PD-L1 (Abcam, ab210931), PE anti-human CD107a
(BioLegend, 328608), APC anti-PD-1 (BioLegend, 367406), PE-Cy7
anti-TIM-3 (BioLegend, 345014), and PE anti-LAG-3 (BioLegend,
369306). To analyze the expression of uPAR and PD-L1 in GC cell
lines, MKN-45 and MKN-45-uPAR-T2A-Luc cells were trypsinized,
resuspended in PBS containing 2% FBS, and stained with the
homemade anti-human uPAR mAb or anti-human PD-L1 (Abcam,
ab210931) for 30 min on ice. PE goat anti-mouse IgG (BioLegend,
405307) was used as the secondary antibody. To identify the bind-
ing region of the anti-uPAR mAb in uPAR, pRK5-hemagglutinin
(HA) plasmids expressing full-length or truncated forms of
human uPAR were transiently transfected into different groups
of HEK-293T cells. The anti-uPAR mAb was labeled with APC
(Lanzbiotech, Hzh030487), and the ability of the anti-uPAR mAb to
recognize each group of cells was analyzed by FCM (FACSCanto,
BD Biosciences).

Competitive binding assay

HEK-293T-uPAR-T2A-Luc or MKN-45-uPAR-T2A-Luc cells were
seeded into a 10-cm dish. One day later, cells were trypsinized,
washed twice with staining buffer (PBS plus 2% FBS), and split into
three groups. One group (1 x 10° cells in 100 ul of staining buffer)
was treated with 1 ug of His-tagged pro-uPA (Sino Biological,
10815-HO8H) plus 1 pg of the anti-uPAR mAb in the dark at 4°C for
30 min. The other two groups, the untreated group and the group
treated with only 1 ug of His-tagged pro-uPA, were used as con-
trols. After treatment, cells were washed thrice with the staining
buffer and stained with APC-conjugated anti-His antibody (Bio-
Legend, 362605). Pro—uPA-bound cells were detected using FCM
(FACSCanto, BD Biosciences).
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Immunofluorescence

Cell lines (HEK-293T-uPAR-T2A-Luc and SNU-216) cultured on a
35-mm glass-bottom microwell dish (MatTek Corporation) were
fixed with 4% paraformaldehyde for 10 min. Both the cell lines and
antigen-recovered paraffin section of xenografts derived from the
DGC patient A were subjected to permeabilization with 0.1% Tri-
ton X-100, followed by incubation with primary antibodies, the
anti-uPAR mADbD, and anti-human CD8a (1:200; Sigma-Aldrich,
ZRB1010), overnight at 4°C. Then, the samples were washed thrice
with PBS and incubated with fluorescent-labeled secondary antibody
(Abcam, ab150113). Nuclei were counterstained with 4’,6-diamidino-
2-phenylindole before mounting. Confocal fluorescence images
were captured using a Zeiss LSM880 laser microscope (Plan-
Apochromat 63x /1.4 oil objective).

To determine the ability of uPAR CAR-T cells to bind to HEK-
293T-uPAR-T2A-mCherry cells, they were cocultured on a 35-mm
glass-bottom microwell dish for 4 hours. Confocal fluorescent
images were captured using a Zeiss LSM880 laser microscope.

Histological analysis

Tissue specimens obtained from patients or mice were fixed in
10% formalin, embedded in paraffin, and cut into 5-pm sections.
Then, the tissues were deparaffinized and rehydrated, followed by
H&E or IHC staining. The following primary antibodies were used:
anti-human uPAR (1:200; Abcam, ab218106), anti-human HER2
(1:200; Abcam, ab214275), and anti-human CD8 (1:200; MXB
biotechnologles, RMA-0514). The images were acquired with
K-VIiEWER (KFBIO). Staining intensity (0, 1, 2, and 3) and the
percentage of positive cells (0 to 100%) were evaluated by a pa-
thologist at Lanzhou University Second Hospital. The histoscore
was calculated by multiplying the staining intensity and the per-
centage of positive cells. uPAR or HER2 overexpression positivity
was defined as IHC score of 3+ with >10% of cells showing positive
reactivity (8).

RNA extraction and real-time quantitative PCR

SNU-216 cells and THP-1 cells treated with phorbol ester (100 ng/ul)
were resuspended in culture medium containing the anti-uPAR,
uPA (Sino Biological, 10815-H08H-A), or control mAb (10 pug/ml,
3 x 10* cells) and cultured for 3 days. Total RNA was extracted from
tissues or cells using TRIzol reagent (Invitrogen) and reversely tran-
scribed into cDNA using a reverse transcription kit (RR037A, Takara
Bio, Japan). The relative expression levels of mRNAs were deter-
mined by qRT-PCR with a LightCycler instrument (Roche) using
SYBR Green dye (Takara), and the results were analyzed by the AACT
method. The sequences of forward and reverse primers (10 pM)
for human uPAR, CCL3, CCL4, CCL5, CXCL9, CXCL10, CXCL11,
and GAPDH were listed in table S3.

Immunoblotting

Cells (2 x 10°) or tissues (20 mg) were washed twice with cold PBS,
and whole cell lysates were extracted using 100 pl of lysis buffer
(PBS, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium do-
decyl sulfate) containing phosphatase inhibitor cocktail (Sigma-
Aldrich, P0114-10KU). After lysis, cell debris were removed by
centrifugation (3000g, 10 min). For detection of ERK phosphoryl-
ation, serum-starved SNU-216, AGS, or MKN-45-uPAR-T2A-Luc cells
were washed with 50 mM glycine-HCl and 100 mM NaCl (pH 3.0)
for 3 min to remove surface-bound endogenous uPA and neutralized

13of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

with 0.5 M Hepes and 0.1 M NaCl (pH 7.5) for 10 min on ice.
Cells were pretreated with anti-uPAR (10 pg/ml) or control hu-
man IgG for 1 hour at 37°C. Pro-uPA (10 nM) was added and
incubated with cells at 37°C for 5 min to initiate ERK activation.
After incubation, cells were lysed and blotted for phospho-ERK
(Cell Signaling Technology, 4370T) and total ERK (Cell Signaling
Technology, 4695T). To identify the binding region of the anti-
uPAR mAb in uPAR, pRK5-HA plasmids expressing full-length or
truncated forms of human uPAR were transiently transfected into
different groups of HEK-293T cells. After 36 hours, cell lysates
were run on SDS-polyacrylamide gel electrophoresis gels and
immunoblotted with anti-HA antibody (Lanzbiotech, HZTA0151),
the anti-uPAR mAb, or anti-B-actin antibody (Proteintech,
66009-1). Horseradish peroxidase-conjugated goat anti-mouse
IgG antibody (Proteintech, SA00001-1) was used as the second-
ary antibody.

Enzyme-linked immunosorbent assays

Proteins levels of human IFN-y and granzyme B in the serum of
CDX or PDX mice were measured using human enzyme-linked im-
munosorbent assay kits (Thermo Fisher Scientific, KAC1231 and
BMS2027) according to the manufacturer’s instructions. The isotype
of the anti-uPAR mADb was determined using mouse mAb isotyping
reagents (Sigma-Aldrich, ISO2).

Cell proliferation assay

Wild-type and uPAR™™ human GC cells (SNU-216 and AGS) were
plated into a 96-well plate (2 x 10° per well) and cultured for 4 days.
For assessment of antibody function, the anti-uPAR mAb or con-
trol mAb (final concentration, 10 pg/ml) was added into wild-type
cells, which were then cultured for 4 days. Cell viability at the indi-
cated time points was measured using the CellTiter 96 AQyeous One
Solution Cell Proliferation Assay [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) Promega], according to the manufacturer’s instructions.
Absorbance at 490 nm was read using a plate reader (Multiskan FC,
Thermo Fisher Scientific).

Transwell invasion assay

Transwell invasion assay was performed as previously described
(58). Briefly, GC cells (2 x 10°) were carefully seeded into the upper
chamber of a transwell plate (Corning 3422) precoated with Matri-
gel (BD Biosciences, 354248). Serum-free medium was added into
the upper chamber, while medium containing 10% FBS was added
into the lower chamber. After 48 hours of incubation, the cells that
did not invade through the Matrigel were removed by wiping gently
with a cotton swab. Invaded cells were fixed with 4% paraformalde-
hyde, stained with crystal violet (Solarbio, C8470), and imaged us-
ing a microscope (Olympus IX53). Data were processed by Image]
software (v1.49).

Cell adhesion assay

GC cells were trypsinized, washed twice with cold PBS, resuspended
in culture medium containing the anti-uPAR or control mAb
(10 ug/ml, 3 x 10* cells), and incubated at room temperature for
30 min. Then, the cells of each group were seeded into a 96-well
plate (5 x 10° cells per well) in triplicate and incubated at 37°C with
5% CO, for 6 hours. After washing once with PBS, cells were fixed
with 4% paraformaldehyde and counted.
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ADCC assay

To assess ADCC, an FcyRlIlla reporter assay was performed and
optimized. Jurkat FcyRIIIa (158V) effector cells were developed as
previously described (59). Target (SNU-216, 1.5 x 10* per well) and
effector cells (1.5 x 10° per well) were cocultured in a 96-well plate.
The anti-uPAR mAb was serially diluted with dilution medium
(RPMI 1640 with 1% low IgG FBS) and added into different wells.
Anti-HER?2 (trastuzumab, Roche) and isotype-matched mAbs were
used as positive and negative controls, respectively. Cultures were
incubated at 37°C with 5% CO, for 6 hours. Bright-Glo Luciferase
Assay System (Promega) reagent was added, and relative luciferase
units were measured using a plate reader (SpectraMax). The abili-
ties of antibodies to induce ADCC were quantified as half maximal
effective concentration (ECsp) values (micrograms per milliliter).

CDC assay

The CDC (60) of the anti-uPAR mAb was measured as follows.
SNU-216 cells were trypsinized, washed with PBS, resuspended in
Opti-MEM, and filtered through a 70-um cell strainer to remove
aggregated cells. Cells were then counted and seeded into a clear
U-bottom, 96-well tissue culture-treated plate (5 x 10* cells per
well). Complement source (human AB serum, diluted 1:4, 50 pl;
Sigma-Aldrich, H4522) and the anti-uPAR mAbD (final concen-
tration, 10 pg/ml) were added into each well and incubated with
cells for 3 hours at 37°C. Anti-HER2 and isotype-matched mAbs
were used as positive and negative controls, respectively. After
incubation, 5 ul of propidium iodide (BioLegend, 421301) was added
into each well, and the percentage of dead cells was analyzed
by FCM.

Statistical analysis

SPASS 24.0 (IBM, Armonk, NY, USA) and GraphPad Prism 8.0
(San Diego, CA, USA) were used for statistical analyses and graph-
ing. Unpaired two-tailed ¢ test or paired ¢ test was used for compar-
ison of two groups. One-way analysis of variance followed by a
Tamhane’s T2 or least significant difference post hoc test was used
for comparing multiple groups. For the survival studies, the Kaplan-
Meier analysis and log-rank (Mantel-Cox) test were used. Data were
shown as means + SEM. Statistical significance was denoted as
follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3774
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