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Abstract

Background: Antibodies and derivative drugs targeting immune checkpoints have been approved for the treatment
of several malignancies, but there are fewer responses in patients with pancreatic cancer. Here, we designed a
nanobody molecule with bi-targeting on PD-L1 and CXCR4, as both targets are overexpressed in many cancer

cells and play important roles in tumorigenesis. We characterized the biochemical and anti-tumour activities of the
bispecific nanobodies in vitro and in vivo.

Methods: A nanobody molecule was designed and constructed. The nanobody sequences targeting PD-L1 and
CXCR4 were linked by the (G,5); flexible peptide to construct the anti-PD-L1/CXCR4 bispecific nanobody. The
bispecific nanobody was expressed in E. coli cells and purified by affinity chromatography. The purified nanobody was
biochemically characterized by mass spectrometry, Western blotting and flow cytometry to confirm the molecule and
its association with both PD-L1 and CXCR4. The biological function of the nanobody and its anti-tumour effects were
examined by an in vitro tumour cell-killing assay and in vivo tumour inhibition in mouse xenograft models.

Results: A novel anti-PD-L1/CXCR4 bispecific nanobody was designed, constructed and characterized. The molecule
specifically bound to two targets on the surface of human cancer cells and inhibited CXCL12-induced Jurkat cell
migration. The bispecific nanobody increased the level of IFN-y secreted by T-cell activation. The cytotoxicity of
human peripheral blood mononuclear cells (hPBMCs) against pancreatic cancer cells was enhanced by the molecule
in combination with IL-2. In a human pancreatic cancer xenograft model, the anti-PD-L1/CXCR4 nanobody markedly
inhibited tumour growth and was superior to the combo-treatment by anti-PD-L1 nanobody and anti-CXCR4
nanobody or treatment with atezolizumab as a positive control. Immunofluorescence and immunohistochemical
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angiogenesis and the infiltration of immune cells.

staining of xenograft tumours showed that the anti-tumour effects were associated with the inhibition of

Conclusion: These results clearly revealed that the anti-PD-L1/CXCR4 bispecific nanobody exerted anti-tumour
efficacy in vitro and inhibited tumour growth in vivo. This agent can be further developed as a therapeutic reagent to
treat human pancreatic cancer by simultaneously blocking two critical targets.
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Background

Pancreatic cancer is one of the leading causes of cancer
death worldwide. Novel agents are urgently needed to
treat the main pathological type, known as pancreatic
ductal carcinoma (PDAC). Due to a lack of early diag-
nosis and effective treatments, even if patients undergo
complete resection and receive chemotherapy and radio-
therapy, the 5-year survival rate is less than 26% [1].
Great effort has been dedicated to understanding the
mechanisms of this disease [2—5]. PDAC remains difficult
to treat due to the high heterogeneity, suggesting that no
single targeted therapy will work for all PDAC patients
[6].

Immune-based therapeutic strategies have been prom-
ising in the treatment of cancers [7—9]. In recent decades,
one of the major breakthroughs in cancer immunother-
apy has been the discovery of immune checkpoint mole-
cules, such as cytotoxic T-lymphocyte-associated protein
4 (CTLA-4), programmed cell death-1 (PD-1) and its
ligand [programmed death-ligand 1 (PD-L1)]. Then, anti-
CTLA-4, anti-PD-1 and anti-PD-L1 monoclonal antibod-
ies and other immune checkpoint inhibitors have been
markedly successful in treating diverse cancer patients
with melanoma, non—small-cell lung cancer, and ovar-
ian cancer [10-12]. However, PDAC is unfortunately the
exception because of its unique tumour microenviron-
ment (TME) [12, 13].

The PDAC microenvironment is characterized by
increased desmoplasia and the accumulation of immu-
nosuppressive cells, which play determinant roles dur-
ing tumour development [14]. Immune suppression in
the tumour microenvironment (TME) can be regulated
by secreted cytokine- and chemokine-mediated signal-
ling pathways, which are known to protect tumour cells
from immune attack. Chemokine (C-X-C motif) ligand
12 (CXCL12), also known as stromal cell-derived fac-
tor 1 (SDF-1), which is produced by carcinoma-asso-
ciated fibroblasts (CAFs), stimulates pancreatic cancer
cell proliferation, recruits regulatory T cells (Tregs) and
promotes desmoplastic alterations in the surrounding
stroma through the CXCR4/CXCL12 axis [15-17]. Thus,
CAFs create a collagen-rich barrier to prevent cytotoxic
T lymphocytes (CTLs) from entering the tumour site.
Administering a CXCR4 antagonist to PDAC-bearing
mice results in the rapid accumulation of CTLs, the

arrest of tumour growth, and increased tumour sensitiv-
ity to the anti-PD-L1 antibody [15].

Nanobodies (Nbs), also named variable domain of the
heavy chain of heavy-chain antibody (VHH), have been
developed as an alternative to conventional antibod-
ies and appear to have many advantages in therapeutic
applications. These factors are relatively small in size,
with advantages in tissue penetration and cavity bind-
ing, allowing them to cross the blood-brain barrier and
accumulate in targeted organs such as brain diseases and
pulmonary and gastrointestinal tract tumours [18, 19].
Moreover, the high affinities, better stability, possibil-
ity of formatting or multimerization provide this group
of molecules with unique properties and druggability
[20]. In 2018, the first nanobody drug caplacizumab was
approved by the European Medical Agent for the treat-
ment of adult-acquired thrombotic thrombocytopenic
purpura (aTTP) patients [21]. Several additional nano-
bodies have been in various phases of clinical develop-
ment [22, 23].

Based on cumulative research on cancer immuno-
therapy in our laboratory, we have established a sym-
metric research program from designing bispecific
antibodies to comprehensively characterize a wide spec-
trum of tumours in vitro and in vivo [24-28]. Here, we
report recent progress on the design and characteriza-
tion of a novel bispecific nanobody targeting PD-L1
and CXCR4. The anti-tumour effects of the anti-PD-L1/
CXCR4 nanobody were evaluated in tumour cell-killing
assays in vitro and in an in vivo xenograft mouse model
of PDAC.

Materials and methods

Reagents and cell culture

FITC-labelled anti-His monoclonal antibodies (mAbs)
were purchased from Abcam Company (Cambridge,
UK). Mouse anti-His tag mAbs were purchased from
Proteintech Group, Inc. (Wuhan, China). Goat anti-
mouse IgG-HRP was purchased from Yeasen Biotech Co.,
Ltd. (Shanghai, China). APC-labelled rabbit anti-human
PD-L1 mAbs were purchased from Sinobiological, Inc.
(Beijing, China). A bispecific anti-human CD3/CD171
antibody was produced in-house. Atezolizumab was pur-
chased from Selleck Chemical Company (Texas, USA).
Recombinant human interleukin-2 (IL-2) was purchased
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from Huaxin Biotech Co., Ltd. (Shanghai, China). Human
CXCL12 (hCXCL12, SDF-1a) was purchased from Pep-
roTech (New Jersey, USA). The human interferon-y (IFN-
y) ELISA kit was from R&D System (Minnesota, USA).
Ficoll-Paque® PLUS was purchased from GE Healthcare
(Wisconsin, USA).

Human peripheral blood mononuclear cells (hPBMCs)
were provided by healthy volunteers (Changhai Hospi-
tal, Shanghai, China). Human cancer cell lines (Panc-1,
AsPC-1, U251-MG and Jurkat cells) were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Panc-1, AsPC-1 and Jurkat cells were
cultured in RPMI 1640 medium with 10% fetal bovine
serum (FBS). U251-MG cells were cultured in DMEM
supplemented with 10% FBS.

Plasmid construction

The anti-human PD-L1 VHH sequence used in this
paper was previously reported [29], and the sequence
of anti-human CXCR4 bivalent VHH was obtained
from an issued patent (International Publication Num-
ber W0O2011/161266A1). The two fragments were con-
nected by a (G4S), linker to assemble the anti-PD-L1/
CXCR4 bispecific nanobody (BsNb PX4). The sequence
of the anti-PD-L1/CXCR4 nanobody with the C-terminal
6xHis-tag was synthesized by GenScript® ProBIO (Nan-
jing, China) and cloned into the pET-22b (+) vectors.
The pET-22b (+) vectors and targeted fragments were
digested by Ncol and EcoR1 restriction enzyme, with the
ligation reaction using T4 DNA Ligase.

Expression and purification

The recombinant BsNb PX4 plasmid was transferred into
Escherichia coli (E. coli) BL21 (DE3). Positive transfor-
mants were collected and cultured in Terrific Broth (TB)
medium at 37 °C, and then the culture was induced with
0.1 mM isopropyl-p-D-thiogalactoside (IPTG). After 18 h
of induction at 25 °C, the cells were collected by centrifu-
gation, resuspended in phosphate buffered saline (PBS),
and lysed using a high-pressure homogenizer. The cell
lysate was centrifuged at 12,000 r/min at 4 °C for 30 min
to remove cell debris, and the supernatant was applied
to a HisTrap affinity column (GE Healthcare, Wisconsin,
USA). Then, the protein of interest was separated by step
elution with 2 M imidazole, and the fractions contain-
ing the target protein were pooled and concentrated by
using ultrafiltration tubes with a molecular weight cut-
off (MWCO) of 10 kDa (Millipore, Tennessee, USA). The
proteins were analysed by SDS-PAGE and transferred
to a PVDF membrane. The blots were incubated with
the mouse anti-His tag mAbs, followed by incubation
with goat anti-mouse IgG-HRP. The protein bands were
detected by an ECL Ultra Kit (NCM Biotech, Suzhou,
China).
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Q-TOF/LC-MS

The purified bispecific nanobody (1 mg/mL) was con-
centrated in a 0.05 mmol/L NH,HCO; solution. An
ultrahigh pressure liquid system (ACQUITY I-Class)
was connected to a VION IMS-Q-TOF (Waters, Massa-
chusetts, USA). The MassPREP (Waters, Massachusetts,
USA) desalting column was used for UPLC with a con-
trolled column temperature of 60 ‘C. Mobile phase A was
a 0.1% formic acid-water solution, and mobile phase B
was a 0.1% formic acid-acetonitrile solution. The system
was preequilibrated with 95% mobile phase A, and then
0.5 pg of the bispecific nanobody was injected and eluted
with a gradient at a flow rate of 0.2 mL/min. The mass
spectrometry conditions were as follows: capillary volt-
age, 2.0 kV; sampling cone voltage, 60 V; ion source tem-
perature, 115 °C; desolvent gas temperature, 500 °C; and
desolvent gas flow rate, 900 L/min. Data were collected
by UNIFI 1.8, and mass (Da)-intensity was obtained by
deconvolution analysis.

Flow Cytometric Analysis
The nanobodies were tested for binding to Jurkat,
U251-MG, AsPC-1, and Panc-1 cells. The cells (1x10°
per well) were incubated with BsNb PX4, anti-CXCR4
nanobodies, or anti-PD-L1 nanobodies (1 pg/mL). FITC-
labelled anti-His secondary mAbs were used. The sam-
ples were washed twice with FACS buffer (ice-cold PBS
containing 2% FBS), and data were acquired on a Cyto-
FLEX cytometer (Beckman Coulter, California, USA).
PD-L1 and CD171 double-positive U251-MG cells
were labelled with CFSE green fluorescent dye (Invitro-
gen, California, USA), and CXCR4 and CD3 double-posi-
tive Jurkat cells were labelled with PKH26 red fluorescent
dye (Sigma, Missouri, USA) according to the manufac-
turer’s protocols. The cells were resuspended and washed
three times with FACS buffer. The labelled cells were
mixed at an equal ratio (U251-MG cells to Jurkat cells)
and then treated with BsNb PX4 for 30 min at 4 °C. The
bispecific anti-CD3/CD171 antibody was included as
a positive control, and the anti-CXCR4 nanobody was
included as a negative control. Flow cytometric analysis
was performed to detect CFSE+PKH26+ cells.

Chemotaxis Assay

Cell migration was evaluated using a Transwell cham-
ber with 5 pm pore filters (Corning Inc., New York,
USA). Jurkat cells (2.5x10° per well) were added to the
upper chambers, and 20 pL of 200 ng/uL. hCXCL12 was
added to the lower chamber. Jurkat cells were allowed to
migrate towards hCXCL12 for 4 h at 37 °C in 5% CO,.
To examine antagonistic properties, 0.08 uM BsNb PX4
or the anti-CXCR4 nanobody was added to the upper
chamber. To determine the half-maximal inhibitory con-
centration (ICy,), different concentrations of BsNb PX4
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were added to the upper chamber. The migrated cells in
the lower chamber were collected and quantified by an
automated cell counter (Countstar, Shanghai, China).

Analysis of the production of IFN-y by ELISA

hPBMC:s from a healthy volunteer were isolated by Ficoll-
Paque® PLUS density gradient centrifugation. T cells were
sorted and purified from hPBMCs by using CD3 micro-
beads (Miltenyi Biotec, Koln, Germany). T cells (6x10%
were cultured in 96-well plates for 24 h at 37 °C in RPMI
1640 supplemented with 10% FBS in the presence of 50
ng/mL anti-CD3 antibodies and 50 U/mL interleukin-2.
After the T cells were activated, 0.3 nM BsNb PX4 and
anti-PD-L1 nanobodies were added. Supernatants were
collected after 24 h, 48 and 72 h, and the level of IFN-y
was determined by ELISA.

Detection of cell viability and proliferation

To determine the inhibitory effects of the nanobodies,
5x10° tumour cells were seeded in 96-well plates and
incubated with 0.00001 uM, 0.001 uM and 0.1 uM BsNb
PX4 for three days. AsPC-1 cells were plated (5x10°
per well) in 96-well plates with or without 200 ng/uL
hCXCRI12. After 4 h at 37 °C, BsNb PX4 and anti-CXCR4
nanobodies were added to a final concentration of 0.1
uM. Cell viability and proliferation were measured using
a Cell Counting Kit-8 assay (Dojindo, Tokyo, Japan).

In vitro cytotoxicity assays

Panc-1 or AsPC-1 cells were seeded at 5x10% per well
overnight in RPMI-1640 medium with 10% FBS before
hPBMCs were added at a 10:1 E/T ratio, followed by
incubation for 24 h with IL-2 (100 IU/mL). Then, the
mixture was cultured for an additional 48 h in the pres-
ence of BsNb PX4 (0.5 uM). To examine tumour cell lysis,
the release of lactate dehydrogenase (LDH) in the cocul-
ture supernatants was measured by a CytoTox 96° Non-
Radioactive Cytotoxicity Assay Kit (Promega, Wisconsin,
USA). The percentage of cytotoxicity was calculated as
follows: cytotoxicity% = (experimental lysis—spontaneous
effector lysis—spontaneous target lysis)/(maximum tar-
get lysis—spontaneous target lysis) X 100%.

In vivo activity of bispecific nanobody with hPBMCs

Female NOD/SCID mice aged 6-7 weeks were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China) and housed in a specific
pathogen-free room under controlled temperature and
humidity conditions. All animal experiments were per-
formed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of Shanghai Jiao
Tong University. The NOD/SCID mice were subcutane-
ously injected with 2x10° AsPC-1 cells. When the mice
bearing AsPC-1 tumours ranging from 50 to100 mm?
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were established, 2x10° human PBMCs were injected
into the tail vein. AsPC-1 cells inoculations and hPBMCs
injections were performed under anesthesia with 2% iso-
flurane inhalation. The mice were randomly divided into
four treatment groups: PBS, atezolizumab, BsNb PX4,
combination of anti-CXCR4 nanobody and anti-PD-L1
nanobody. The first treatment was administered 1 day
after the inoculation of hPBMCs. BsNb PX4 (0.3 mg/
kg) or combination of the two nanobodies (anti-CXCR4-
VHH at 0.3 mg/kg; anti-PD-L1-VHH at 0.3 mg/kg) was
injected intraperitoneally (i.p.) every two days for a total
of five times. The positive control drug atezolizumab
was administered i.p. at a dose of 3 mg/kg every five
days for a total of two times. The tumour volumes were
measured every three days and calculated as follows:
0.5xlengthxwidth?.

Immunohistochemistry (IHC) and immunofluorescence (IF)
staining

All mice were sacrificed by cervical dislocation under
anesthesia with 2% isoflurane inhalation before the
tumour volume reached 2000 mm?. The tumour grafts
were removed, embedded in paraffin and sectioned into
3 pum sections. IHC was performed according to standard
protocols. Antigen retrieval was achieved by heating the
sections in 0.1 M Tris-HCl buffer (pH 9.0) at 98 °C for
15 min. Endogenous peroxidase was blocked with 3%
H,0O, in PBS for 20 min. Subsequently, the sections were
blocked with normal goat serum, followed by incuba-
tion with primary antibodies (mouse anti-His tag mAbs)
at a 1:200 dilution overnight at 4 °C. The sections were
stained using a polymer HRP detection system (DAKO,
California, USA). The images were captured using an
XSP-C204 (COIC, Chongqing, China).

For IF staining, the sections were blocked with 5% BSA
for 1 h at room temperature and incubated with CD31
and aSMA antibodies (CST, Massachusetts, USA) for
2 h in the dark. Appropriate DyLight® fluorochrome-con-
jugated secondary antibodies (Earthox, Massachusetts,
USA) were used at 1:200 dilutions for 1 h at 37 °C. After
being immunolabelled, the sections were washed and
stained with DAPI (Sigma, Mississippi, USA) for 10 min
at room temperature. The images were visualized under
a NIKON ECLIPSE C1 microscope (NIKON, Tokyo,

Japan).

Statistical analysis

All quantification data are summarized as the
meantstandard deviation (SD) of at least three biologi-
cal replicates of each experiment. GraphPad Prism 8.0
(GraphPad Software Inc., CA, USA) was used to cre-
ate the graphs. Standard ¢ tests were used to compare 2
groups, and one-way ANOVA was used to compare more
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Fig. 1 Purification and identification of the nanobodies. a Purification of the nanobodies using a His-tag affinity chromatography column on an AKTA
Start System. b SDS-PAGE and Western blot analysis of the nanobodies (the cropped gel/blot are displayed here for better layout, and the full-length gels/
blot are shown in Supplementary Fig. 1). Lane M, low molecular weight (MW) protein markers. Lane 1, BsNb PX4; Lane 2, Nb CXCR4; Lane 3, Nb PD-L1. ¢

Q-TOF/LC-MS to identify the complete MW of BsNb PX4

than 2 groups. For all statistical comparisons, P<0.05
indicated a statistically significant difference.

Results

Molecular design, generation, and characterization of anti-
PD-L1/CXCR4 bispecific nanobodies

We designed a nanobody molecule targeting PD-L1 and
CXCR4 with anti-PD-L1 VHH and two anti-CXCR4
VHH fragments. Both antibodies were bridged by the
short linker peptide (G,S);. The expression vectors
(described in Materials and Methods) were transformed

into the E. coli BL21(DE3) strain. Nanobody expres-
sion was induced by 0.1 mM IPTG after the cell density
reached more than ODy, 0.6. The nanobodies were puri-
fied through a HisTrap Ni** chelating column (Fig. 1a).
The expected molecular sizes of the anti-CXCR4 nano-
body (Nb CXCR4), the anti-PD-L1 nanobody (Nb PD-L1)
and BsNb PX4 were approximately 29 kDa, 15 kDa, and
44 kDa, respectively (Fig. 1b). The identity of the puri-
fied proteins was further confirmed by mass spectrom-
etry analysis to confirm the calculated mass of BsNb PX4
(Fig. 1¢).
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Fig. 2 Binding properties of the nanobodies, as analysed by flow cytometry. a AsPC-1 and Panc-1 cells were stained with parental Nb PD-L1 and Nb
CXCR4. b Analysis of BsNb PX4-induced cellular clustering when U251-MG cells and Jurkat cells were mixed at a 1:1 ratio. Quantification of the flow

cytometry results showing the percentage of events that represent cellular
PD-L1*U251-MG or CXCR4™ Jurkat cells

The results showed that the bispecific anti-PD-L1/
CXCR4 nanobody (BsNb PX4) purity was greater than
95%, and the characterization was consistent with our
design expectations, which met the requirements for in
vitro and in vivo assays.

Association of the anti-PD-L1/CXCR4 bispecific nanobody
with its targets

To evaluate the binding properties of these nanobodies,
we examined their associations with cell surface antigens
by flow cytometry. The relative expression levels of PD-L1
and CXCR4 on the surface of human pancreatic cancer
cell lines (AsPC-1 and Panc-1) were first evaluated. The
results showed that both antigens were expressed on
AsPC-1 cells, and only CXCR4 was expressed on the sur-
face of Panc-1 cells (Fig. 2a). The increased proportion

clusters. ¢ Curve showing BsNb PX4, Nb PD-L1, Nb CXCR4 binding with

of cellular clusters in the double-positive area (Q1-UR)
preliminarily verified the recruitment effect of BsNb PX4
(Fig. 2b). For PD-L1*U251-MG cells and CXCR4" Jur-
kat cells, the binding of BsNb PX4 (KD=73.5 nM) was
slightly weaker than that of Nb PD-L1 (KD=19.1 nM;
~4-fold), while compared with Nb CXCR4 (KD=3.7 nM;
~50-fold), BsNb PX4 showed a significant decrease in
affinity (KD=185 nM) (Fig. 2c). Altogether, our results
indicated that bispecific nanobody retained specifically
binding to the surface antigens PD-L1 and CXCR4 as the
parental nanobodies.

BsNb PX4 inhibited CXCL12-induced chemotaxis and
promoted IFN-y production

To examine the antagonistic effect of the nanobodies on
chemotaxis, the migration of Jurkat cells was evaluated
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by Transwell chamber assays. Compared with that in
the negative group, the nanobodies clearly inhibited the
migration of Jurkat cells induced by hCXCL12; how-
ever, no significant differences between BsNb PX4 and
Nb CXCR4 were observed (Fig. 3a). The IC;, of BsNb
PX4 was approximately 18.99 nM for Jurkat cell mobility
(Fig. 3b).

To investigate whether BsNb PX4 blocks the negative
signalling that suppresses T-cell function, we measured
the IFN-y secretion by activated T cells. After being stim-
ulated with anti-CD3 antibody and IL-2, T cells slightly
increased CD69 levels, produced the cytokine IFN-y, and
the expression of PD-L1 was also elevated. The immune
checkpoints PD-1/PD-L1 were triggered to attenuate the
activity of T cells. Nb PD-L1 and BsNb PX4 could relieve
the negative regulation and promote the persistence of
activated T cells. At 48 and 72 h, the level of IFN-y in the
BsNb PX4 group was obviously elevated compared with
that in the control group (Fig. 3¢).

BsNb PX4 decreased tumour cell viability by enhancing the
cytotoxicity of hPBMCs

To determine whether the inhibitory effect of BsNb PX4
on tumour cells correlated with the expression of CXCR4,
we examined the proliferation of four different cancer
cell lines using CCK-8 assays. BsNb PX4 decreased the
viability of CXCR4-expressing tumour cell lines, includ-
ing Jurkat cells, AsPC-1 cells and Panc-1 cells, in a dose-
dependent manner. We also found that the inhibitory
effects of BsNb PX4 on the human pancreatic cancer
cell AsPC-1 were superior to those on other cell lines
(Fig. 3d). In addition, pretreatment of AsPC-1 cells with
BsNb PX4 or Nb CXCR4 resulted in a negative impact
on cell proliferation, which indicated that the inhibitory
effect of BsNb PX4 on tumour cells might involve block-
ing the CXCL12/CXCR4 signalling pathway (Fig. 3e).

The cytotoxicity of hPBMCs on pancreatic cancer
cell lines was examined with an LDH release assay. Fur-
thermore, hPBMCs were incubated with target cells,
PANC cells or AsPC-1 cells at a ratio of 10:1. Treat-
ment with BsNb PX4 combined with IL-2 considerably
enhanced the cytotoxicity of hPBMCs against pancre-
atic cancer cell lines compared with the effect of IL-2
alone. In AsPC-1 cells, combined treatment with BsNb
PX4 and IL-2 was more effective than that of Nb PD-L1
and IL-2 (49.8+£5.67% vs. 30.1+£2.98% on AsPC-1 cells;
48.6+5.27% vs. 43.915.60% on Panc-1 cells) (Fig. 3f).
We further analysed the expression of PD-L1 on AsPC-1
cells. When the cells were incubated with hPBMCs, the
level of PD-L1 detected by flow cytometry (APC Rabbit
Anti-Human PD-L1) was markedly increased from 0.67
to 5.28%, particularly in the presence of IL-2, and reached
9.06%. The measured PD-L1 level on AsPC-1 cells was
down to 3.62% in the IL-2+BsNb PX4 treatment group,
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and that may be due to inaccessibility of PD-L1 epitope
already bound BsNb PX4. (Fig. 3 g).

BsNb PX4 inhibited the growth of human pancreatic cancer
cells implanted in NOD/SCID mice

The human pancreatic cancer cell AsPC-1 xenograft
mouse model was used to validate the anti-tumour
potential of the bispecific nanobody in vivo. Atezoli-
zumab, a humanized monoclonal antibody of the IgG1
isotype against PD-L1, was selected as a positive control.
The curve showed that combination treatment with BsNb
PX4 and PBMCs significantly inhibited tumour growth
compared with PBS as a placebo (Fig. 4a). All tumours
were collected and weighed at the end of the experiment.
The tumour volumes in the BsNb PX4 group were smaller
than those in the atezolizumab group or the combination
treatment group, including Nb PD-L1 and Nb CXCR4
(Fig. 4b). The tumour weight in the BsNb PX4 group was
markedly less than that in the other groups (Fig. 4c). In
addition, immunohistochemical analysis confirmed that
the bispecific nanobody could effectively penetrate the
tumour tissue. Immunofluorescence staining was per-
formed to assess tumour angiogenesis and fibrogenesis
with anti-CD31 and anti-aSMA antibodies. The results
demonstrated that BsNb PX4 reduced tumour neovas-
cularization and desmoplasia compared with those in the
negative control group (Fig. 4d).

Discussion

It is now clear that cancers use negative signal pathways
as the major mechanism of immune evasion. Most pan-
creatic ductal adenocarcinomas (PDACSs) are character-
ized by the invasion of immune suppressor cells, such as
myeloid-derived suppressor cells (MDSCs), Tregs and
tumour-associated macrophages (TAMs). MDSCs are
able to inhibit CTLs, leading to the failure of efficient
anti-tumour responses [30-32]. Moreover, MDSCs are
also able to induce the proliferation of Tregs through
the secretion of transforming growth factor-beta (TGE-
B) and PD-L1 expression at the tumour site. The level
of infiltrating Tregs in PD-L1-positive tumour sections
is higher than that in PD-L1-negative tumours [33-35].
The PD-L1/PD-1 interaction leads to the suppression of
T-cell activation and self-tolerance. Thus, PDAC estab-
lishes an immunosuppressive tumour microenvironment.
Antibodies against PD-1 and PD-L1 have been used as
cancer immunotherapy. However, single PD-1/PD-L1
immune checkpoint blockade has a poor effect on PDAC
patients [12, 36].

The unique PDAC microenvironment is also composed
of the surrounding extracellular matrix (ECM), hyaluro-
nan, and stromal cells. Carcinoma-associated fibroblasts
(CAFs) play an important role in maintaining the stroma.
Activated CAFs produce FAP, TGF-p and platelet-derived



Hao et al. BMC Cancer

(2022) 22:1092

Tatol migrating cell

IFN-y (pg/mL)

100+

50

Cell proliferation (%)

mm PBS

—— U251-MG
—— Jurkat
—=— Panc-1

—— AsPC-1

T T T T T T
0 104 10 10+ 103 102 10+

Concentration (uM)

60

Mortality(%)

~
S

N
(o'
0‘,0“

Panc-1

\\,,'1- ?*h

AsPC-1

AsPC-1+PBMC

mm NbPD-L1
= BsNb PX4

Tatol migrating cell
number

15000

10000

5000

-o- BsNb PX4
-+ Nb CXCR4

T T T
0.000001 0.00001 0.0001

100

Cell proliferation((%)

60

Mortality(%)

N
S

AsPC-1+PBMC
+IL-2

T T
0.001 0.01 01
Concentration (uM)

AsPC-1

-

AsPC-1+PBMC
+IL-2+BsNb PX4

P2: PD-L1*

P2(067%)

100 10t 10t 10t
APC-A

P2(528%)

Court

P2(9.05%)

o 107 100 et 10t
APC-A

Court

P2(362%)

100 0o 10f 1 et 10t 10t
APC-A

Page 8 of 12

Fig. 3 Bioactivity analysis of bispecific nanobodies in vitro. a Jurkat cell chemotaxis was inhibited by BsNb PX4 and Nb CXCR4. b The half-maximal inhibi-
tory concentrations of BsNb PX4 and Nb CXCR4. ¢ The levels of IFN-y were measured by ELISA. d Inhibition of cancer cell proliferation induced by BsNb
PX4. e Inhibition of AsPC-1 cell proliferation induced by BsNb PX4 in the presence of CXCL12. f Cytotoxicity of PBMCs against tumour cells treated with
BsNb PX4 and IL-2 in vitro. Control group: hPBMCs incubated with tumour cells for 96 h; IL-2 group: 100 IU/mL IL-2 was added to wells after 24 h of hPBMC
and tumour cell coculture, then the mixture was cultured for 72 h; IL-2+BsNb (or IL-2+Nb PD-L1) group: hPBMCs were precultured with tumour cells for
24 h, followed by incubation with IL-2 for 24 h, and then the mixture was cultured for 48 h in the presence of BsNb PX4 (or Nb PD-L1). g Changes in PD-L1
expression levels in AsPC-1 cells were analysed by flow cytometry. (a-f) The data are shown as the mean+S.D. (n=3). *P<0.05, ** P<0.01, ***P < 0.001
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groups (N =5/group). Tumour volumes were measured by Vernier callipers every 3 days. A total of 2x 10° AsPC-1 cells were injected into the right flank
of each mouse, and 2 x 10° unstimulated PBMCs were injected into the caudal vein after the tumours reached approximately 100 mm? in size. The mice
were administered with PBS, 3 mg/kg atezolizumab and the two nanobodies (0.3 mg/kg Nb CXCR4 and 0.3 mg/kg Nb PD-L1) or 0.3 mg/kg BsNb PX4.
b All tumour masses were photographed. ¢ Weight of the tumour masses. d Tumour sections were stained with anti-CD31, anti-aSMA and anti-His-tag
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CXCR4 and Nb PD-L1

growth factor (PDGF), favouring tumour cell growth and
invasion, extracellular matrix deposition, and angiogen-
esis within the tumour matrix [37]. These components
together develop a desmoplastic stroma, which prevents
conventional chemotherapeutic drugs, such as gem-
citabine from penetrating, and results in drug resistance
in PDAC [38, 39]. Stromal depletion may increase the
efficacy of chemotherapeutic drugs and irradiation by
improving drug and oxygen delivery [40]. CAFs are also
the primary source of CXCL12, which interacts with
the receptor CXCR4 to stimulate pancreatic cancer cell
proliferation, regulating the infiltration of CTLs and the
recruitment of Tregs [15-17]. Furthermore, the CXCR4
expressed on the surface of cancer cells attracts CAFs to
the tumour environment, which in turn attracts CXCR4-
positive bone marrow-derived progenitor cells and par-
ticipates in angiogenesis [16, 41]. Modulation of the
CXCL12/CXCR4 axis in ovarian cancer has multimodal
effects on pathogenesis and is associated with induc-
tion of anti-tumour immunity [17]. Downregulation of
CXCL12/CXCR4 signalling enhanced sensitivity to che-
motherapy and impaired tumour growth in a xenograft

mouse model of hepatocellular carcinoma [42]. BL-8040,
a small molecule inhibitor of CXCR4 has been shown
to expand the benefits of chemotherapy in combination
with pembrolizumab on pancreatic cancer [43].

Due to the immunosuppressive tumour environment
and dense desmoplasia, therapeutic regimens are hin-
dered in clinical PDAC patients. Compared with tra-
ditional antibodies, nanobodies can easily enter the
tumour microenvironment due to their small size. The
anti-PD-L1 nanobody binds to the PD-L1 molecule with
high affinity and enhances the anti-tumour immune
response by blocking PD-1/PD-L1 signalling and pro-
moting IFN-y secretion [29, 44]. Moreover, envafolimab
(KNO035) is the first PD-L1 nanobody to enter clinical
development [45]. Based on the results of a pivotal phase
II trial (ClinicalTrials.gov, NCT03667170), envafolimab
was approved by the National Food and Drug Admin-
istration of China in November 2021, for the treatment
of adult patients with previously-treated microsatellite
instability-high (MSI-H) or deficient MisMatch Repair
(dMMR) advanced solid tumours [46]. In addition, due
to the unique structure of nanobodies, envafolimab is



Hao et al. BMC Cancer (2022) 22:1092

administered by subcutaneous injection (SC), which can
improve patient compliance. Phase I clinical data shows
that envafolimab has favourable safety and pharmacoki-
netic characteristics [47]. On the other hand, nanobody
ALX-0651, targeting two different epitopes of CXCR4
against GPCRs, has been discontinued due to the lack of
better clinical efficacy compared to standard therapies
[48]. And then, the anti-CXCR4 nanobody-Fc competi-
tively inhibits CXCR4-mediated HIV entry and blocks
CXCL12-induced chemotaxis as well as anti-CXCR4
nanobody [49, 50].

The targets PD-L1 and CXCR4 are expressed in various
cancers and tumour microenvironments. We confirmed
that the level of PD-L1 on AsPC-1 pancreatic cancer
cells was upregulated when the cells were cocultured
with PBMCs and IL-2. BsNb PX4 antagonized the PD-1/
PD-L1 negative signal and strengthened the cytotoxic-
ity of T cells against AsPC-1 cells through the secretion
of IFN-y. In a xenograft mouse model of human pan-
creatic cancer, we validated the anti-tumour effects of
BsNb PX4 combined with hPBMCs, which were superior
to the effects of two nanobodies. Blocking the CXCR4/
CXCL12 signalling axis promotes T-cell accumulation
and acts synergistically with anti-PD-L1 to cause cancer
regression [15]. Furthermore, BsNb PX4 reduced aSMA
expression of tumour tissue. PDAC is usually character-
ized by a prominent desmoplastic stroma that is induced
partially composed of aSMA [51]. Therefore, BsNb PX4
could enhance the anti-tumour immune response by
interfering with the formulation of the stroma and reliev-
ing the negative signal at the tumour site.

In conclusion, the bispecific nanobody binds to two
different antigens and simultaneously blocks both path-
ways to achieve antitumour effects, possibly due to the
recruitment of CTLs. However, the results obtained from
the in vivo model conducted with cancer cell line-derived
xenograft (CDX) might not fully represent the results
obtained with patient-derived xenografts (PDX). Despite
this difference, the present study indicated that the use
of nanobodies could facilitate anti-cancer therapies, and
nanobody-based drugs may have great potential in anti-
cancer treatment.

Conclusion

We designed a novel bispecific nanobody (BsNb PX4)
targeting PD-L1 and CXCR4, which are involved in the
metastasis and progression of pancreatic cancer. BsNb
PX4 was characterized specifically in association with
both cell surface antigens. The nanobody reduced the
viability of tumour cells at a low dose, inhibited CXCL12-
induced tumour migration and enhanced the cytotoxic-
ity of hPBMCs in vitro. Furthermore, BsNb PX4 induced
marked inhibition of human pancreatic tumour cell
growth in NOD/SCID mice in vivo. A new approach to
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preclinically treat pancreatic cancer through an immune-
therapeutic agent will be proposed following this project.
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CFSE 5,6-carboxyfluorescein diacetate succinimide ester
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