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Aims: Chemotherapy resistance is an important cause of neoadjuvant therapy failure in pancreatic ductal adenocarcinoma (PDAC).
BiTP (anti-PD-L1/TGF-β bispecific antibody) is a single antibody that can simultaneously and dually target transforming growth
factor-beta (TGF-β) and programmed cell death ligand 1 (PD-L1). We attempted in this study to investigate the efficacy of BiTP in
combination with first-line chemotherapy in PDAC.
Methods: Preclinical assessments of BiTP plus gemcitabine and nab-paclitaxel were completed through a resectable KPC mouse
model (C57BL/6J). Spectral flow cytometry, tissue section staining, enzyme-linked immunosorbent assays, Counting Kit-8,
transwell, and Western blot assays were used to investigate the synergistic effects.
Results: BiTP combinatorial chemotherapy in neoadjuvant settings significantly downstaged PDAC tumors, enhanced survival, and
had a higher resectability for micewith PDAC. BiTPwas high affinity binding to targets and reverse chemotherapy resistance of PDAC
cells. The combination overcame immune evasion through reprogramming tumor microenvironment via increasing penetration and
function of T cells, natural killer cells, and dendritic cells and decreasing the function of immunosuppression-related cells as
regulatory T cells, M2 macrophages, myeloid-derived suppressor cells, and cancer-associated fibroblasts.
Conclusion: Our results suggest that the BiTP combinatorial chemotherapy is a promising neoadjuvant therapy for PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents one of the
leading causes of cancer-related death and is projected to become
the second leading cause of cancer-related death by 2030[1]. With
non-specific clinical symptoms, early diagnosis of PDAC is diffi-
cult, rendering most pancreatic cancer patients diagnosed with
borderline either resectable (BR), locally advanced (LA), or
metastatic stages. Currently, surgery remains the only hope for a

cure for pancreatic cancer. Surgical resection is not recommended
in patients with BR and LA lesions due to high morbidity, low
rate of R0 resection, and high rate of early systemic recurrence.
Only 15–20% of patients undergo radical surgical resection.

Neoadjuvant therapy has dramatically improved the prognosis
of PDAC patients with LA and BR stage lesions over the past
decade[2–5]. A growing body of evidence suggests that in addition
to direct cytotoxic effects on cancer cells, neoadjuvant therapy
can restore local antitumor immune response in PDAC[6–8].
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Preclinical studies have shown that neoadjuvant approaches
enhance systemic immunity and more effectively eradicate resi-
dual metastasis[9,10].

Cancer immunotherapy has been transformed by immune
checkpoint inhibitors (ICIs), which have significantly improved
clinical outcomes in immunogenic cancers, such as melanoma,
lung cancer, and prostate cancer. However, single-agent immu-
notherapies (anti-CTLA-4 and anti-PD-L1) are ineffective in
treating PDAC[11–14]. This failure is likely due to the highly
immunosuppressive tumor microenvironment (TME), which
leads to immune evasion in PDAC. Transforming growth factor-
beta (TGF-β) was found to play a pivotal role in resistance to ICIs
because TGF-β is a major regulator of TME. TGF-β activation
with peritumoral extracellular matrix-rich stromal formation is
associated with PD-L1 resistance in cancer patients[14]. In
advanced-stage cancers, TGF-β promotes distant metastasis, drug
resistance, and immune escape[15–17]. In a recent study, we used
the Check-BODY platform to design and construct bispecific
antibodies that are able to dually and simultaneously block TGF-
β and murine PD-L1 (YM101). These dual-targeting specific
antibodies have displayed potent antitumor activity without
observable toxicity in multiple mouse tumor models[18–20].

Combinatorial ICI therapy approaches with chemotherapy
and/or radiotherapy are promising neoadjuvant therapies to
improve resectability and survival of patients with LA and BR
stage pancreatic cancer. Here, we investigated the bioactivity of
our specific, dual-targeting TGF-β and PD-L1 (both human and
murine) antibody (termed BiTP) and the antitumor activity of
adjuvant and neoadjuvant BiTP plus chemotherapy (gemcitabine
and nab-paclitaxel) in treating PDAC and exploring their
underlying mechanisms of action.

Materials and methods

Cell lines and antibodies

Human PDAC cell lines ASPC-1 (with Kras G12Dmutation) and
CFPAC-1 (with Kras G12V mutation) and human pancreatic
ductal epithelial cell line HPDE6-C7 were obtained from China
Center for the Conservation of Typical Cultures (CCTCC).
Mouse PDAC cell lines LSL-Kras ( + /G12D), LSL-Trp53
( + /R172H), and Pdx1-Cre (KPC; representing the Kras G12D
mutation and Trp53 R172H mutation) were derived from the
primary pancreatic tumor of a male KPC gene-edited mouse and
kindly provided by Shanghai Cancer Center, Fudan University.
After obtaining the KPC cell lines, we determined the mutation
type by next-generation sequencing (NGS) performed by Biotech
(Biotech Biotech, Shanghai, China). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; BasalMedia,
Shanghai, China) containing 10% fetal bovine serum (FBS;
Biological Industries, Kibbutz Beit-Haemek, Israel) and 1%
penicillin/streptomycin (BasalMedia, Shanghai, China). The cells
were incubated at 37°C with 5% CO2. The absence of myco-
plasma contamination was verified usingMycoBlueMycoplasma
Detector (Vazyme, Nanjing, China). Therapeutic antibodies used
in this work were purchased from YZY Biopharma, Wuhan,
China (Supplementary Table 1, Supplemental Digital Content 1,
http://links.lww.com/JS9/C71).

Determination of BiTP binding to TGF-β1/2/3 antigens and
PD-L1 antigen

We coated 96-well enzyme-linked immunosorbent assay (ELISA)
plates with 100 μl of TGF-β1 (Z03411, GenScript, New Jersey,
USA), TGF-β2 (Genescript, Z03429), or TGF-β3 (Genescript,
Z03430) antigen, and human PD-L1-7HIS antigen or mouse PD-
L1 antigen at 2 μg/ml for incubation overnight at 4°C. The plates
were sealed with phosphate-buffered saline (PBS; BasalMedia,
Shanghai, China) containing 3% bovine serum albumin (BSA)
(3% BSA-PBS) at 37°C for 2 h. Then, serial dilutions of ther-
apeutic BiTP (Wuhan YZY Biopharma), therapeutic anti-PD-L1
antibody (atezolizumab, anti-PD-L1 antibody, Roche, Basel,
Suisse), or therapeutic anti-TGF-β antibody (Wuhan YZY
Biopharma, Wuhan, China) were added according to the
experimental design. The plates were incubated at 37°C for 1 h.
Mouse anti-human IgG Fc antibody [horseradish peroxidase
(HRP) coupled] secondary antibody was added to the plate and
incubated at 37°C for 1 h. Each plate was then colored with TMB
substrate (Beyotime, P0209) and the reaction was terminated
with a termination solution before the absorbance at OD450 nm
was measured using an enzyme marker (Thermo Fisher Scientific,
Massachusetts, USA).

Determination of competition of BiTP for binding of TGF-β1/
2/3 with TGF-βRII and PD-L1 with PD-1

We coated 96-well ELISA plates with 100 μl of TGF-β1 (2 μg/ml),
TGF-β2 (2 μg/ml), TGF-β3 (2 μg/ml) antigen, human PD-L1-7HIS
antigen (10 μg/ml), or mouse PD-L1 antigen (2 μg/ml) for incu-
bation overnight at 4°C. The plates were sealed with (3% BSA-
PBS) at 37°C for 2 h. Then, 3 μg/ml of TGFBRII-6H ormouse PD-
L1-Fc was added to plates in the presence or absence of serial
dilutions of BiTP or anti-PD-L1 antibody or anti-TGF-β anti-
body. Then the plates were incubated at 37°C for 1 h. Secondary
antibody was then added, followed by mouse anti-6×His HRP
antibody or peroxidase-coupled streptavidin to the plates for
incubation at 37°C for 1 h. The absorbance at OD450 nm was
measured using an enzyme marker after plates were developed
with TMB substrate and terminated with termination solution.
The materials used in this study are listed in Supplementary
Table 1 (Supplemental Digital Content 1, http://links.lww.com/
JS9/C71).

Animal models

All in vivo animal experiments in this study followed the ethical
standards of the Institutional Animal Care and Use Committee
(IACUC) of Tongji Medical College, Huazhong University of

HIGHLIGHTS

• BiTP is a single antibody that can simultaneously and
dually target transforming growth factor-beta and pro-
grammed cell death 1 ligand 1.

• BiTP combinatorial chemotherapy significantly down-
staged pancreatic ductal adenocarcinoma (PDAC) tumors.

• BiTP combinatorial chemotherapy is a promising neoad-
juvant therapy for PDAC.

• The combination overcame immune evasion through
reprogramming tumor microenvironment.
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Science and Technology. Ethical approval for this study was
provided on 1 January 2022 (IACUC Protocol number: 3044).
This work has been reported in accordance with the ARRIVE
guidelines, Supplemental Digital Content 2, http://links.lww.
com/JS9/C72 (Animals in Research: Reporting In Vivo
Experiments)[21]. Mouse euthanasia procedures were performed
in accordance with the American VeterinaryMedical Association
Guidelines for Euthanasia of Animals to minimize animal pain
and suffering (https://www.avma.org/sites/default/files/2020-02/
Guidelineson-Euthanasia-2020.pdf).

Eight-week-old male C57BL/6J mice were purchased from
Beijing Weitong Lihua Experimental Animal Technology Co.,
Ltd (Beijing, China) and bred under specific pathogen-free con-
ditions in the laboratory animal center of TongjiMedical College,
Huazhong University of Science and Technology (Wuhan,
China).

Orthotopic tumor transplantation PDAC models (KPC) of
immune-competent C57BL/6J mice

C57BL/6J mice (n=8 each group) were anesthetized with an
intraperitoneal (i.p.) injection of 1.25% tribromoethanol
(Nanjing Aibei Biotechnology, 20 µl/g mouse). The fur was
shaved in the left flank using an electric clipper and cleaned with a
small vacuum. The region of the incision was sterilized with 75%
alcohol. Matrigel (BD, Cat #354248) was kept at 0°C. KPC cells
were fully resuspended in PBS and mounted with PBS/Matrigel in
a 1:1 dilution (5× 105 cells/20 µl). The tumor cell suspension
(20 µl) was injected into the tail of the pancreas, which was
exposed under the left-flank incision. The syringe needle was
pulled out after theMatrigel solidified (20 s). The abdominal wall
was sterilized with 75% alcohol again and closed in layers with a
7-0 silk suture.

Decisions about resectability status in PDAC murine models

To better characterize and reflect clinical progression scenarios of
PDAC patients, by referring to the grading criteria for resect-
ability of human pancreatic cancer tumors set in the National
Comprehensive Cancer Network (NCCN) guidelines (https://
www.nccn.org/professionals/physician_gls/pdf/pancreatic.pdf),
we proprietarily established a mouse orthotopic pancreatic can-
cer tumor staging standard to evaluate the resectability and
therapeutic effect (Supplementary Table 2, Supplemental Digital
Content 1, http://links.lww.com/JS9/C71).

Therapeutic drug dosage and administration

In tumor-bearing mice, BiTP (13.3 mg/kg), anti-PD-L1 (10 mg/
kg), or isotype control (10 mg/kg) was administered via i.p.
injection in 0.1 ml saline with 0.005% Tween-80. Gemcitabine
(50mg/kg) and nab-paclitaxel (10mg/kg) were administeredwith
i.p. injection in 0.2 ml saline with 0.005% Tween-80. The exact
dose and treatment schedules for each experiment are listed in the
figure legends and schematics.

Distal pancreatectomy

C57BL/6J mice were anesthetized with i.p. injection of 1.25%
tribromoethanol (20 µl/g). The fur in the surgical field was shaved
and cleaned. The incision site was sterilized with 75% alcohol. A
small abdominal incision (5 mm) was made in the left flank.
Abdominal organs (intestine; stomach; liver; kidneys; pelvic,

peritoneal, and retroperitoneal areas; or ascites) were examined
for macroscopic metastases. Indications for surgery included
successful modeling (tumors diameter reaching around 3 mm)
and no distant metastasis or evidence of direct invasion of sur-
rounding organs. The posterior pancreas space was dissociated
from the body and tail of the pancreas, and the pedicle of the
spleen was exposed. The body of the pancreas was clamped with
microscopic tissue forceps, and the tail portion was cut off with a
scalpel, with an intact tumor in the tail of the pancreas. The
pancreatic stumpwas allowed to reach homeostasis using bipolar
coagulation (Wuhan Spring Scenery Medical Instrument Co.,
Ltd, CHR-V). After ensuring no active bleeding in the abdominal
cavity, the abdomen wall was sterilized with 75% alcohol again
and closed in layers with a 7-0 silk suture.

Adjuvant therapy and neo-adjuvant therapy

One week after tumor cell inoculation, the tumors diameter
reached around 5 mm (BR status), and the mice were randomly
grouped into direct operation and neoadjuvant therapy groups.
In the direct operation group, the tail of the pancreas (including
the complete tumor and the surrounding normal pancreatic tissue
over 2 mm) was directly removed by laparotomy, and che-
motherapy or chemoimmunotherapy (BiTP plus chemotherapy)
was performed after recovery (one week). In the neoadjuvant
therapy group, chemotherapy or neoadjuvant chemoimmu-
notherapy (BiTP plus chemotherapy) was performed first. The
remaining tumor tissue was surgically removed (including the
complete tumor and the surrounding normal pancreatic tissue
over 2 mm) when the course of neoadjuvant therapy ended. The
mice could tolerate surgical resection (after the body weight
returned to the level before neoadjuvant therapy). Owing to the
limitations of our technical conditions, lymph node dissection
could not be achieved during the surgery, which may be the
reason for the death of the mice due to the potential tumor
recurrence. For the animals that showed invasion of the sur-
rounding organs and blood vessels during the operation, we
judged the animals as being in the terminal stage and were
euthanized because the combined excision of blood vessels and
organs could not be performed. Mice that died intraoperatively
or within 3 days after surgery were defined to have undergone a
surgery-related death. Operative mortality (OM) was calculated
as the number of surgery-related deaths divided by the total
number of operations.

Tumor growth and survival

Tumor sizes (length×width) were measured every 5 days by pal-
pation and small animal ultrasound (Xuzhou Ruishengchaoying
Electronic Technology Co., Ltd). Tumor volume (mm3) was cal-
culated as follows: 1/2× length×width2. The formula for relative
tumor proliferation rate (T/C) was as follows: TTV (the relative
tumor volume of the treatment group)/CTV (the relative tumor
volume of the control group)×100%. The tumor growth inhibi-
tion ratio (TGI, %) was calculated using the following formula:
TGI (%)=100%−T/C (%). Kaplan–Meier survival curves were
generated to compare the percentage survival between different
treatment groups. The significant difference in survival curves was
analyzed with the log-rank (Mantel–Cox) test (Supplementary
Table 3, Supplemental Digital Content 1, http://links.lww.com/
JS9/C71).
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Spectral flow cytometry

Tumors were minced and digested with collagenase B (1 mg/ml;
Roche), hyaluronidase (0.5 mg/ml; Biosharp), and deoxyr-
ibonuclease I (0.1 mg/ml; Biosharp); and incubated in a ther-
mostatic shaker (37°C with shaking at 100 rpm) for 1 h.
Suspensions were filtered through 40 μm cell strainers. We
examined the intratumoral infiltration of the most studied cell
populations in pancreatic cancer through spectral flow cyto-
metry, including antitumor immune-related cells, natural killer
(NK) cells (NK-1.1+ NK cells), effector NK cells (Gzmb+ ,
Perforin + NK cells), CD8 T cells (CD3+ CD8+ T cells), effector
CD8+ T cells (Gzmb+ , IFN-γ + , Perforin + , and Ki67+ CD8 T
cells), CD4 T cells (CD3+ CD4+ T cells), exhausted CD8 T cells
(PD-1+ CD8+ T cells), M1 macrophages (CD206 − macro-
phages), dendritic cells (DCs, CD11C+ MHCⅡ + DCs), and
effector DCs (CD86+ DCs). Tumor immunosuppression-related
cells included regulatory T cells (Tregs, FOXP3+ CD25+ CD4+

T cells), M2macrophages (CD206+ macrophages), and myeloid-
derived suppressor cells (MDSCs, Gr-1+ CD11B+ MDSCs). In
addition, tumor cells (CD45 − Epcam+ cells) and stromal cells
(CD45 − Epcam- cells) were also included. The cells were stained
according to a previously described protocol for flow
cytometry[22]. Flow cytometry was performed with SONY
ID7000. The fluorochrome-conjugated anti-mouse antibodies
used in the present study are listed, and the gating strategy and
staining panels are shown in Figure 4A.

Tissue section staining

Tumor tissue sections were stained with hematoxylin and eosin
(HE), immunohistochemistry (IHC), or immunofluorescence (IF)
using a previously described protocol[22]. Masson staining was
performed using a trichrome stain kit (Sigma-Aldrich). Average
integrated optical density (IOD), fluorescence intensities, and
collagen density (Masson staining) in five randomly selected areas
for each group were calculated using FIJI ImageJ software
(https://imagej.net/software/fiji/).

CCK-8 assay

We performed a CCK-8 assay to measure the effect of BiTP on
TGF-β-mediated chemoresistance in PDAC cells. Approximately
3× 103 viable HPDE6-C7, CFPAC-1, ASPC-1, and KPC cells
were seeded in 96-well plates. After overnight culture, 10 ng/ml
TGF-β1, 105 pM BiTP, or hIgG were added to the plates
according to experimental design, and the cells were then treated
with serial dilutions of gemcitabine and nab-paclitaxel. After
3 days of incubation, CCK-8 reagent (Dojindo, Japan) was added
to the plates for incubation at 37°C for 1 h, and absorbance
values were measured at 450 nm using a microplate reader.

Transwell migration and Matrigel invasion assays

Transwell migration and Matrigel invasion assays were per-
formed using 8.0 µm pore size inserts. CFPAC-1 and KPC cells
were treated with 10 ng/ml TGF-β1, 105 pM BiTP or hIgG for
96 h. Untreated cells were employed as the negative control.
1× 104 CFPAC-1 and KPC cells were suspended in 200 µl
DMEM and seeded in the upper chambers. The lower chambers
were filled with 750 µl DMEM containing 20% FBS. Migratory
CFPAC-1 and KPC cells were stained with crystal violet solution
after incubating for 12 or 18 h. In addition, for invasionMatrigel

invasion assay, upper chambers were coated with Matrigel (BD,
354248) and incubated at 37°C for 2 h before seeding cells, and
the rest of the steps were completely identical.

Western blot analysis

Approximately 1× 105 CFPAC-1 and KPC cells were inoculated
in 6-well plates. After overnight incubation, 10 ng/ml TGF-β1,
105 pM BiTP, anti-PD-L1 antibody, or hIgG were added to the
plates according to the experimental design. Cells were then
treated with serial dilutions of gemcitabine and albumin-bound
paclitaxel. After 5 days of incubation, cells were lysed in RIPA
lysis buffer. After sonication at 12 000g at 4°C and centrifugation
for 15 min, the supernatant was collected. The rest of the pro-
cedure was carried out as described previously[22]. The antibodies
used in the present study are listed in Supplementary Table 1
(Supplemental Digital Content 1, http://links.lww.com/JS9/C71).

Bulk RNA-seq assay

The bulk RNA-seq assay was conducted by Wuhan Seqhealth
(Wuhan Seqhealth Co., Ltd, China) following previously estab-
lished procedures. We utilized k-means clustering to identify the
set of highly expressed genes within each group. Subsequently,
GO and KEGG enrichment analyses were carried out using the
ClusterGVis package (Jun Zhang (2022), ClusterGVis: One-step
to Cluster and Visualize Gene Expression Matrix, https://github.
com/junjunlab/ClusterGVis).

Statistical analysis

Data are presented as mean ± standard deviation (SD). Statistical
analysis was performed using Student’s t-test and one-way ana-
lysis of variance with GraphPad Prism 9.0 software. Differences
were considered statistically significant at P<0.05.

Results

Innovatively developed BiTP can simultaneously/dually
target both PD-L1 and TGF-β

BiTP was developed based on Check-BODY technology, and it
simultaneously dual-targets PD-L1 and TGF-β[18]. BiTP has a
modified Fc of human IgG1, with the removal of the binding of
FcγRs. The VLm and VHm are the domains of anti-PD-L1,
whereas the VHs and VLs are the domains of anti-TGF-β
(Fig. 1A).

We first examined the binding affinity of BiTP. As shown in
Figure 1B, both BiTP and the anti-PD-L1 antibody were able to
bind to human and mouse PD-L1 antigens. As shown in
Figure 1C, the binding of human or mouse PD-L1 and PD-1 was
competed by BiTP and the anti-PD-L1 antibody. As shown in
Figure 1D, both BiTP and the anti-TGF-β antibody bound to
TGF-β1/2/3. As shown in Figure 1E, the binding of TGF-β1/2/3
and TGFβRⅡ was competed by BiTP and the anti-TGF-β anti-
body. These results suggest that BiTP bound to PD-L1 and TGF-
β1/2/3 was similar than anti-PD-L1 and anti-TGF-β, and BiTP
could almost completely inhibit the binding of PD-L1 to PD-1 and
TGF-β1/2/3 to TGF-β1/2/3R in vitro.
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BiTP enhances the antitumor activity of chemotherapy in
orthotopic PDAC mouse models

Pathological features of human PDAC such as fibrosis and
inflammation of the TME, exclusion of infiltrating effector T
cells, and a poor response to ICI therapy alone can be char-
acteristically replicated in the KPC model[23–25]. We therefore

evaluated the antitumor activity of BiTP plus chemotherapy in a
murine PDAC orthotopic implantation model (KPC). One week
after tumor cell inoculation, the tumors diameter reached around
5 mm (BR status). The mice were randomly grouped and treated
with ICI (anti-PD-L1, BiTP) alone, chemotherapy alone, or ICI
combination chemotherapy (Fig. 2A, B). ICI therapy alone was
not effective against KPC tumors. Compared with ICI

Figure 1. Structure, binding affinity, and competition of BiTP. (A) The structure of BiTP was developed based on Check-BODY technology and targeting PD-L1 and
TGF-β. (B, C) The binding affinity and competitive inhibition capability of PD-L1 were evaluated with ELISA (enzyme-linked immunosorbent assays). The EC50

(concentration for 50% of maximal effect) values of BiTP and the anti-PD-L1 antibody binding to human PD-L1 were 0.53 and 0.11 nM, respectively, and to mouse
PD-L1 were 0.28 and 0.06 nM, respectively. The IC50 (the half maximal inhibitory concentration) values of the competition of BiTP and the anti-PD-L1 antibody to
human PD-1/PD-L1were 33.4 and 24.4 nM, respectively, and tomouse PD-1/PD-L1were 15.4 and 7.9 nM, respectively. (D, E) The binding affinity and competitive
inhibition capability to TGF-β1/2/3 were evaluated by ELISA. The EC50 values of BiTP binding to TGF-β1/2/3 were 0.73, 0.56, and 0.72 nM, respectively, and of the
anti-TGF-β antibody binding to TGF-β1/2/3 were 1.16, 0.84, and 0.82 nM, respectively. The IC50 values of the competition of BiTP for the binding of TGF-β1/2/3 to
TGFB-β1/2/3R were 4.03, 6.36, and 22.89 nM, respectively, and of the anti-TGF-β antibody were 2.26, 2.45, and 3.32 nM, respectively. BiTP, anti-PD-L1/TGF-β
antibody; OD, optical density; PD-L1, programmed cell death 1 ligand 1; TGF-β, transforming growth factor-β.
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monotherapy, the inhibitory effect of chemotherapy was evident.
Compared with the other five groups, BiTP combination therapy
with chemotherapy showed significantly delayed tumor growth
(TGI= 92.52%) (Fig. 2C–E). Based on decisions about the
resectability status (Table 1), 75% of BiTP plus gemcitabine and
nab-paclitaxel-treated tumors were still BR on day 30 (Fig. 2E).
Survival assays showed that BiTP plus chemotherapy also slowed
the most significant prolongation of survival (Fig. 2F). Aside from
these findings, we did not observe any noticeable toxicity or
weight loss in mice that received antibody treatment compared to
the vehicle or chemotherapy-alone group. No visible damage was
detected in the liver and kidneys, and there were no evident
pathological changes in the liver sections (Supplementary Fig. S1,
Supplemental Digital Content 1, http://links.lww.com/JS9/C71).
These results suggest that BiTP is safe and well-tolerated.

Preclinical assessment of neoadjuvant BiTP combinatorial
chemotherapy for the treatment of PDAC

Curative resection remains the most critical factor in deter-
mining outcomes and is the only possible cure for patients
with PDAC. We simulated two common clinical treatment
strategies, adjuvant therapy (chemotherapy ± ICI therapy after
surgery) and neoadjuvant therapy (surgery after
chemotherapy ± ICI therapy) by performing tumor resection
(Fig. 3A, B). Neoadjuvant chemoimmunotherapy could com-
pletely suppress tumor growth during the treatment period
(P> 0.05) (Fig. 3J, K). Compared with those in chemotherapy
alone, a high BR rate (66.7% vs. 91.7%) and low OM (20%
vs. 0%) were obtained in the neoadjuvant chemoimmu-
notherapy group (Fig. 3G).

Figure 2. Antitumor activity of BiTP combinatorial chemotherapy in orthotopic PDACmodels. (A) Treatment plan and schedules. (B) Schematic diagram of the KPC
model. The approximate time frame of mouse tumor progression to borderline resectable (BR), locally advanced (LA), and terminal (TERM) are days 7, 14, and 21,
respectively. (C) Representative tumor images of orthotopic PDAC mice receiving different therapies. (D) Tumor weights and volumes on day 30. (E) The table
included the survival rate (%), tumor proliferation (T/C, %), tumor growth inhibition (TGI, %), and resectability status of orthotopic PDAC mice receiving different
therapies on day 30, and themedian survival time (MST) in survival assays. (F) Kaplan–Meier plot survival curve and pairwise comparison results of orthotopic PDAC
mice receiving different therapies in survival assays. Data presented in the graphs represent mean ± standard deviation (SD) (****P<0.0001; ***P<0.001;
**P< 0.01; *P<0.05; ns P>0.05). BiTP, anti-PD-L1/TGF-β antibody; CTH, chemotherapy; PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed cell
death 1 ligand 1.
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Figure 3. Preclinical assessment of neoadjuvant BiTP combinatorial chemotherapy for the treatment of PDAC. (A) Treatment plan and schematic diagram of
treatment schedules. (B) Schematic diagram of distal pancreatectomy in orthotopic PDAC mice model. (C) Representative images of tumors. (D) Tumor weights
and volumes of direct surgery (day 7) and post-neoadjuvant therapy resections (day 24). (E) Table of resectability status (day 24), operative mortality (OM), and
median survival time (MST) of orthotopic PDAC mice receiving different therapies. (F–H) Kaplan–Meier plot survival curve and pairwise comparison results of
orthotopic PDAC mice receiving different therapies in survival assays. Data presented in the graphs represent mean ± standard deviation (SD). (****P<0.0001;
***P<0.001; **P<0.01; *P< 0.05; ns P> 0.05). AC, adjuvant chemotherapy; ACI, adjuvant chemo-immunotherapy; BiTP, anti-PD-L1/TGF-β antibody;
CTH, chemotherapy; NAC, neo-adjuvant chemotherapy; NACI, neo-adjuvant chemo-immunotherapy; NAT, neo-adjuvant therapy; SRG, surgery.
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Neoadjuvant treatment resulted in a significant survival ben-
efit, with the neoadjuvant chemotherapy combined with BiTP
group having the longest median survival time of 55 days, with
statistically significant differences from the remaining groups. At
the end of neoadjuvant treatment, all mice had indications for
resection surgery and had an uneventful postoperative recovery
with no surgery-related deaths (Fig. 3E–G). In this preclinical

study, neoadjuvant chemotherapy combined with BiTP was
highly effective in the junctionally resectable mouse model and
was the best treatment regimen to improve the prognosis of
the mice.

In the adjuvant therapy group, postoperative chemotherapy
alone and postoperative chemoimmunotherapy had a better
prognosis than surgery alone (P<0.01 and P<0.001,

Figure 4. Spectral flow cytometry to explore the mechanism of BiTP synergy with chemotherapy to overcome immune evasion. (A) Gating strategies for T cells, NK
cells, DCs, MDSCs, MAC, tumor cells, and stromal cells in spectral flow cytometry assays. (B–K) The quantification of tumor-infiltrating lymphocytes, including NK
cells (NK-1.1+ NK cells), effector NK cells (Gzmb+ , Perforin+ NK cells), CD8+ T cells (CD3+ CD8+ NK cells)/CD4+ T cells (CD3+ CD4+ T cells), effector CD8+ T
cells (Gzmb+ , IFN-γ+ , Perforin+ , and Ki67+ CD8+ T cells), , and Tregs(FOXP3+ CD25+ CD4+ T cells). (L–P) The quantification of tumor-infiltrating myeloid cells,
including M1 macrophages (CD206− macrophages)/M2 macrophages (CD206+ macrophages), MDSCs (Gr-1+ CD11B+ MDSCs), DCs (CD11C+ MHCⅡ+

DCs), and effector DCs (CD86+ DCs). (Q) Flow cytometry assays of PD-L1 expression in different cell subtypes. (R–Y) The quantification of PD-L1+ cells in different
cell subtypes. Data presented in the graphs represent mean ± standard deviation (SD) (****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns P>0.05). BiTP,
anti-PD-L1/TGF-β antibody; CTH, chemotherapy; DC, dendritic cell; MAC, macrophage; MDSC, myeloid-derived suppressor cell; NK cell, natural killer cell;
PD-L1, programmed cell death 1 ligand 1; Tregs, regulatory T cells.
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respectively). The survival of postoperative chemoimmunother-
apy was slightly better than that of postoperative chemotherapy
alone (P=0.038) (Fig. 3F). Furthermore, compared to the drug-
only group (CTH and CTH+BiTP), adjuvant therapy groups
(SRG+AC and SRG+ACI) were close in survival, with no sig-
nificant survival benefit seen (Fig. 3H). In line with our hypoth-
esis, the tumor biology of the mouse model at this stage was also
similar to that of the majority of patients with pancreatic cancer

at the BR stage in clinical practice, with limited survival benefit
with direct surgical resection.

BiTP synergized with chemotherapy by reprogramming TME
to overcome immune evasion

In addition to cytotoxicity, chemotherapy affects all components
of pancreatic cancer, cellular and noncellular[7,8]. To evaluate the
impact of BiTP combinatorial chemotherapy on antitumor

Figure 5. BiTP reverses TGF-β-induced EMT (epithelial–mesenchymal transition) of PDAC (pancreatic ductal adenocarcinoma) cells. (A) CCK-8 (Cell Counting Kit-8)
assay tomeasure the effect of BiTP on TGF-β-mediated chemoresistance in PDAC cells. After 10 ng/ml TGF-β1, 105 pMBiTP or hIgG treatment for 24 h. HPDE6-C7,
CFPAC-1, ASPC-1, and KPC cells growing in 96-well plates were exposed to serial dilutions of gemcitabine and nab-paclitaxel for 72 h and CCK-8 assays was
performed. (B) The representative images of IHC (immunohistochemistry) staining of Ki67 in orthotopic PDAC mice model and statistical graph of the percentage of
Ki67-positive cells. (C) The representative images of TUNEL staining for apoptosis (green) and nuclei (DAPI, blue) in orthotopic PDACmice model and statistical graph
of the percentage of apoptosis cells. (D) Transwell assays to measure the effect of BiTP on TGF-β-mediated migration and in PDAC cells. After 10 ng/ml TGF-β1, 105

pMBiTP or hIgG treatment for 96 h. 1×104 CFPAC-1 and KPC cells were seeded in the upper chambers and Transwell assays were performed. (E) Western blotting
assays exploring the chemotherapy-induced EMT and the blocking effect of BiTP. (F) The representative images of IHC staining of E-cadherin in orthotopic PDAC
mice model. Statistical graph of the AOD (average optical density) of E-cadherin. (G) The representative images of IF staining of Vimentin (green) and α-SMA (rose red)
in orthotopic PDAC mice model. Statistical graph of the arbitrary units of Vimentin and α-SMA. (H) The representative images of Masson staining in orthotopic PDAC
mice model. Statistical graph of the percentage of collagen volume fraction (%). Data presented in the graphs represent mean± standard deviation (SD).
(****P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns P>0.05). BiTP, anti-PD-L1/TGF-β antibody; CTH, chemotherapy; KPC, LSL-Kras(+ /G12D);LSL-Trp53
(+ /R172H);Pdx1-Cre; PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed cell death 1 ligand 1; TGF-β, transforming growth factor-β.
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immunity and reshaping pancreatic TME, we examined the
intratumoral infiltration of most studied cell populations in
pancreatic cancer through spectral flow cytometry. The density of
infiltrating anti-tumorigenic CD8+ or CD4+ T cells was similar
in chemotherapy-treated and vehicle groups, but the levels of
effector CD8+ T cells (IFN-γ + , Perforin+ CD8+ T cells) were
increased. Combination therapy, especially BiTP, significantly
increased the levels of infiltrating anti-tumorigenic cells including
NK cells, effector NK cells (Gzmb+ , Perforin + NK cells), effector
CD8+ T cells (Gzmb+ , IFN-γ + , Perforin + , and Ki67+ CD8+ T
cells), and exhausted CD8 T cells (PD-1+ CD8+ T cells) (Fig. 4B–
J). However, at the same time, after chemotherapy, tumor cells
also reshaped the antitumor immunosuppressive microenviron-
ment by promoting the infiltration of immunosuppressive cells
(Tregs, M2 macrophages, MDSCs) and suppressing T cell func-
tion, which may lead to post-chemotherapy immune evasion.
BiTP synergized with chemotherapy to specifically reduce the
levels of M2 macrophages, MDSCs, and Tregs in the TME after
chemotherapy reversed the remodeling of the immunosuppres-
sive TME by cancer cells and to overcome immune evasion
(Fig. 4K–N). The density of DCs and their effect on BiTP-treated
tumors (alone or in combination) specifically increased (Fig. 4O,

P). IF staining was conducted using tumor samples and showed
the same trend (Supplementary Fig. S2, Supplemental Digital
Content 1, http://links.lww.com/JS9/C71). After chemotherapy,
the expression of PD-L1 on the surface of immunosuppressive
cells in tissues increased, and the combined application of BiTP or
anti-PD-L1 significantly antagonized the expression of PD-L1 in
TME (Fig. 4Q–X).

BiTP reverses the chemotherapy resistance, migration and
invasion, epithelial–mesenchymal transition (EMT) of PDAC
cells and cancer-associated fibroblasts (CAFs) activation in
TME

Chemotherapy resistance, recurrence, and metastasis are impor-
tant factors that contribute to poor prognosis of PDAC. TGF-β
enhanced the chemoresistance and migration capability of cancer
cells by inducing EMT. BiTP specifically blocked the TGF-
β-induced chemoresistance ability of PDAC cells (Fig. 5A).
Compared with the control group, the BiTP antagonized both
endogenous and exogenous TGFβ, and the combined treatment
significantly enhanced the cytotoxicity of chemotherapy drugs to
malignant tumor cells (CFPAC-1, ASPC-1, and KPC). The IC50

values in each group are listed in Supplementary Table 4
(Supplemental Digital Content 1, http://links.lww.com/JS9/C71).
IHC staining of Ki67 and TUNEL staining was conducted using
tumor samples and showed that BiTP synergywith chemotherapy
to inhibit tumor proliferation and promote tumor apoptosis
(Fig. 5B, C).

We continue to determine if BiTP impacts EMT in PDAC cells.
BiTP also specifically blocked EMT in PDAC cells, thereby
restraining cellular mobility in terms of migration and invasion,
upregulating the level of an epithelial marker (E-cadherin), and
downregulating the levels of mesenchymal markers (N-cadherin
and Vimentin). At the same time, the anti-PD-L1 antibody did not
affect EMT in cancer cells (Fig. 5D, E).Moreover, we investigated
the influence of BiTP treatment on EMT. IHC and IF staining
results showed that BiTP upregulated E-cadherin expression and
downregulated Vimentin expression (Fig. 5F, G).

A significant component of the stroma is CAFs that are tumor-
promoting cells that assist tumor progression. Collagen and α-SMA
are classic markers of CAFs. Masson staining (Collagen) and IF
(α-SMA) were conducted using tumor samples (Fig. 5G, H). In
contrast to the vehicle, chemotherapy, and anti-PD-L1 therapy, BiTP
significantly reduced α-SMA expression and collagen deposition.

BiTP, in synergy with chemotherapy, engages multiple
signaling pathways

To explore the mechanisms of antitumor activity of BiTP syner-
gizes with chemotherapy, we performed a bulk RNA sequen-
cing using tumor tissues of orthotopic tumor transplantation
murine (Control, Chemotherapy, Chemotherapy + anti-PD-L1,
Chemotherapy +BiTP). KEGG and GO enrichment analyses
were performed (Supplementary Fig. S3, Supplemental Digital
Content 1, http://links.lww.com/JS9/C71). Enrichment analyses
revealed that BiTP synergizes with chemotherapy (Cluster 4, C4),
leading to the specific upregulation of multiple immune-related
pathways. These pathways encompass the activation of the
immune response, complement activation, lymphocyte-mediated
immunity, positive regulation of lymphocyte activation, B cell
activation, B cell-mediated immunity, and others. BiTP synergizes
with chemotherapy to effectively inhibit the activation of various

Table 1
Decisions about resectability status in PDAC murine models.

Resectable (RES)
Tumor maximum diameter smaller than 4 mm

No macroscopic metastasesa

The tumors had a complete capsule with a smooth surface

The tumors did not invade the surrounding structures
Borderline resectable (BR)

Tumor maximum diameter smaller than 8 mm

The tumors had a complete capsule with a smooth surface

The tumors did not invade the surrounding structures

No macroscopic metastases
Locally advanced (LA)

Tumor maximum diameter smaller than 1.2 cm

The membrane structure was unclear

The tumor has formed adhesions to the surrounding soft
tissue (separable)

Terminal stage (TERM)
The tumor has formed dense adhesions to the surrounding
soft tissue

Tumor maximum diameter over 1.2 cm

Macroscopic metastases

Mouse showed an emaciated state or cachexiab

aMacroscopic metastasis foci in the intestine, stomach, liver, kidneys, pelvic, peritoneal, retro-
peritoneal, or bloody ascites.
bWeight loss exceeded 20% of the starting weight.
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chemotherapy-induced pathways and induce altered epigenetic
modifications (Cluster 1, C1). These include, but are not limited
to, the Wnt signaling pathway, Notch signaling pathway, AMPK
signaling pathway, histone modification, protein acetylation,
histone acetylation, RNA splicing, and others.

Discussion

Neoadjuvant therapy should be considered for patients with BR
diseases, followed by restaging and resection in those without
disease progression prevention. Although preoperative treatment
can be effective and well tolerated in patients with BR pancreatic
adenocarcinomas[26,27], R0 resections were only achieved in
31–35%of patients with BR diseases following the completion of
neoadjuvant therapy[28,29]. Aiming to improve R0 resection rate
and overall survival of neoadjuvant therapy, we designed a novel
surgical model of PDAC mice model and combined BiTP with
chemotherapy as neoadjuvant chemoimmunotherapy. The
encouraging results of our preclinical study suggest that BiTP
combined with chemotherapy might be a promising drug com-
bination for PDAC neoadjuvant therapy.

In recent years, cancer immunotherapy has been transformed
by ICIs. Treatment with PD-1/PD-L1 or CTLA-4 ICIs can result
in long-term tumor responses in patients with advanced solid
malignancies across a wide range of tumor types[30]. However,
single-agent ICIs have also met their Waterloo in pancreatic
cancer immunotherapy, with disappointing early trial
results[11–14]. The failure of single-agent immune checkpoint
blockade is likely caused by a combination of mechanisms lead-
ing to immune evasion.

Unlike breast cancer studies[18], where BiTP monotherapy
exhibits extremely limited therapeutic and immune-activating
effects on PDAC tumors. Although ICIs therapy used alone show
poor effectiveness in the treatment of PDAC. ICIs combinatorial
chemotherapy could improve the therapeutic effect of antitumor
therapy. Contrastingly, BiTP combinatorial chemotherapy
showed significantly delayed tumor growth (TGI=92.52%) and
significant survival benefit compared with other treatment
groups.

Neoadjuvant chemotherapy has dramatically improved the
prognosis of patients with pancreatic cancer through direct
cytotoxicity and restoration of local antitumor immune
response[31]. Evidence suggests that neoadjuvant therapy restores
the local antitumor immune response, enhances systemic immu-
nity, and eradicates residual metastasis more effectively in addi-
tion to being directly cytotoxic to cancer cells[6,7,9,10].

To enable investigations on disease progression as well as
neoadjuvant therapies, we developed resectable PDAC mice.
Based on the progression rule of the tumor model and the eva-
luation index of tumor resectability widely adopted in clinics, we
established a system for evaluating the resectability of pancreatic
tumors in mice. One week after establishing the orthotopic pan-
creatic tail PDAC model, the tumor diameter exceeded over
4 mm, the capsule was still intact, and no apparent metastasis or
invasion of surrounding organs had occurred. We defined the
tumor at this stage as BR. In this case, most tumors can be suc-
cessfully removed by surgery. Based on this set of criteria and
surgical excision techniques, we evaluated postoperative (adju-
vant) and preoperative (neoadjuvant) therapies in PDAC, and
they included BiTP plus chemotherapy for postoperative

chemoimmunotherapy and preoperative chemoimmunotherapy.
Neoadjuvant chemoimmunotherapy completely suppressed
tumor growth during treatment. Compared with those in che-
motherapy alone, a high BR rate (66.7% vs. 91.7%) and lowOM
(20% vs. 0%) were obtained in the neoadjuvant chemoimmu-
notherapy group. If the time to surgery after neoadjuvant che-
moimmunotherapy is extended to day 30, 50% of mouse tumors
can even be reduced from the BR to resectable (RES) status. In
animal models, similar to that in clinical studies, neoadjuvant
chemotherapy resulted in survival benefits in PDAC mice.
Adjuvant and neoadjuvant chemoimmunotherapy (BiTP) resul-
ted in survival benefits compared with chemotherapy alone.
However, it is worth noting that even in mouse models, surgery
remains a mandatory option for further prolonging survival.

Pancreatic cancer is typically a ‘cold’ tumor with low immu-
nogenicity. In theoretical terms, effective immunotherapeutic
strategies are required to activate and maintain the antitumor
immune cycle including enhancing antigenicity and antigen pre-
sentation, enhancing T cell function and reversing immune
escape, and T cell suppression[32]. It is well known that che-
motherapy can kill tumor cells through cytotoxicity, release a
large amount of tumor cell antigen epitopes, and start the anti-
tumor immune cycle. The dual-target inhibition of BiTP can
antagonize PD-L1, effectively enhance T cells or NK cells func-
tion, and at the same time antagonize TGF-β-related immuno-
suppressive effects, thereby enhancing and maintaining the
antitumor immune cycle. Therefore, chemotherapy combined
with BiTP theoretically has a theoretical basis for synergistically
activating and maintaining antitumor immune responses.

There are both tumor-promoting and antitumour effects gen-
erated by TGF-β. TGF-β suppresses epithelial cell proliferation
initially, but promotes stromal support for cancer and immuno-
suppression during its later stages. As for immunosuppression,
TGF-β induces Treg cells and directly represses several functions
of effector T cells[33]. As a result, inhibition of TGF-β enhanced
the effects of ICIs in several different mouse models, including the
KPC model of PDAC[34–37]. TGF-β activation is also closely
associated with PD-L1 resistance in cancer patients[14]. Dual
blockade of TGF-β and PD-L1 was feasible in cancer
treatment[38–40]. BiTP showed significant advantages over the
anti-PD-L1 antibody in PDAC ICI combinatorial chemotherapy.
DCs, as the most potent specific antigen-presenting cells in the
body, play a vital role in initiating and regulating immune
response[41]. The density of DCs and the number of effector DC
cells were significantly upregulated through anti-TGF-β therapy.
TGF-β could also regulate the functions of multiple immune cells,
such as reducing the cytotoxicity of T cells and NK cells and
inducing the differentiation of Tregs and macrophages. BiTP
synergized with chemotherapy, specifically reducing the levels of
M2 macrophages, MDSCs, and Tregs in the TME, overcoming
post-chemotherapy immune evasion. Consistent with the results
of other studies[42–44], the anti-TGF-βmoiety of the BiTP reversed
TGF-β-induced EMT of PDAC cells, which led to inhibited EMT-
associated tumor cell invasion and metastasis in our study.

PDAC is classically surrounded by desmoplastic stroma com-
posed of CAFs and ECM. The stroma provides a dense
mechanical barrier against immune cell trafficking and vascu-
larization, which is a potential cause of the rapid recurrence and
progression of pancreatic cancer after chemotherapy[45].
Fibroblasts are typically cells that promote steady-state wound
repair, and our study showed that post-chemotherapy pancreatic
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tissue injury promoted fibroblast activation and proliferation.
Cancer cells can direct and selectively induce the differentiation of
surrounding fibroblasts into an inflammatory CAF and myofi-
broblast CAF phenotype by IL-1 or TGF-β, respectively. IL-6
secreted by inflammatory CAFs then provides a pro-proliferative
effect on the tumor, while myofibroblast CAFs are stimulated by
TGF-β to produce surrounding stroma[46,47]. In addition, in the
research of biomechanics, significant stromal components made
PDAC became one of the stiffest malignancies with solid stresses
exceeding 10 kPa[48,49]. In a previous study, we observed that
high matrix stiffness (10–25 kPa, mainly caused by collagen
deposition of CAFs) can directly promote PDAC progression and
tumor immunosuppression[50]. Chemotherapy significantly
increased the α-SMA expression and collagen deposition in TME
(fibroblast activation and matrix proliferation), which could be
inhibited explicitly by bispecific antibodies in our research.

Conclusion

In conclusion, we developed a novel therapeutic antibody BiTP,
which simultaneously and dually blocks TGF-β and PD-1/PD-L1
pathways. The BiTP synergizes with chemotherapy through
reprogramming pancreatic TME to overcome immune evasion
post-chemotherapy. Although the therapeutic effect is limited
when used alone, BiTP in combinationwith chemotherapy results
in significant tumor downstaging and survival benefits in
neoadjuvant chemoimmunotherapy.
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