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Abstract

MHC class I-related chain A (MICA) is one of the major ligands for natural killer group 2 member D (NKG2D), which is an
activating NK receptor. MICA is expressed on the surface of human epithelial tumor cells, and its shedding from tumor cells
leads to immunosuppression. To activate immune response in the tumor microenvironment, we designed an anti-VEGFR2—
MICA bispecific antibody (JZCO1), consisting of MICA and an anti-VEGFR?2 single chain antibody fragment (JZCO00)
and explored its potential anti-tumor activity. JZCOI targeted vascular endothelial growth factor receptor 2 (VEGFR2) and
inhibited tumorigenesis by blocking the VEGFR?2 signaling pathway. Additionally, JZCO01 promoted NK and CD8* T cells
to release IFN-y and engaged activated lymphocytes to lysis of VEGFR2-expressing tumor cells. The in vivo anti-tumor
activity of JZCO1 was investigated by establishing a Lewis lung cancer cell-transplanted mouse model. It effectively reduced
the tumor vascular density and increased the infiltration and activation of NK and CD8" T cells in the tumor microenviron-
ment. Thus, JZCO1 functions in anti-tumor angiogenesis and anti-tumor immune activation, and showed improved anti-tumor
efficacy combined with docetaxel, which provides a new insight into anti-tumor therapy.
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Abbreviations Introduction

JZC00 Anti-VEGFR?2 single chain antibody

JZCO1 Anti-VEGFR2-MICA bispecific antibody The immune checkpoint blockade has revolutionized the
MICA MHC class I-related chain A treatment of cancer; however, only some patients respond
NKG2D  Natural killer group 2 member D to the current checkpoint therapies, suggesting that addi-
NSCLC  Non-small cell lung cancer tional mechanisms underlie tumor immunosuppression [1].
rMICA Recombined human MICA Shedding of MICA is one of the mechanisms of tumor
rNKG2D Recombined human NKG2D immunosuppression [2]. MICA is rarely expressed on
TIL Tumor-infiltrating lymphocytes normal cells, but can be induced on damaged, infected,
VEGF Vascular endothelial growth factor or malignant cells [3, 4]. Cells that express MICA may
VEGFR2 Vascular endothelial growth factor receptor 2 provide a signal of disorder, which triggers immune cells

to serve as a scavenger [5]. NKG2D is the key receptor
of MICA and expresses in human NK, activated CD8* T
cells, and y8-TCR™ T cells; it modulates innate immune
responses and antigen-specific T cell responses [6, 7].
NKG2D-dependent activation on NK cells mediates cell
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concentrations of soluble MICA in serum are associated
with disease progression in many cancers, which include
prostate cancer, neuroblastoma, kidney cancer, multi-
ple myeloma, non-small cell lung cancer (NSCLC) and
chronic lymphocytic leukemia [11-17].

In NSCLC patients, high expression of MICA is a pre-
dictive factor for poor prognosis [18, 19]. Tumors secrete
soluble MICA that binds to NKG2D and down-regulates
NKG2D expression on the cell surface, which leads to the
loss of the NK/T cell activation trigger [17, 20]. A combi-
nation of anti-angiogenesis and anti-tumor immunotherapy
demonstrated significant survival benefit in NSCLC patients,
which indicates the role of anti-angiogenesis in the treatment
of NSCLC (NCT02366143). Tumor angiogenesis is driven
principally by interactions between vascular endothelial
growth factors (VEGFs) and its primary receptors VEGFR2
[21, 22]. Anti-angiogenic drugs, such as bevacizumab and
ramucirumab [23], are used in the clinical treatment for
many solid cancers. However, available clinical data show
that the improvement in overall survival is modest, and
patients acquire resistance during the treatment [24, 25].
One of the possible explanations for resistance to anti-VEGF
therapy is immunosuppression. Growing evidence suggests
that solid tumors treated with a high-dose anti-angiogenic
agent are infiltrated with immunosuppressive innate cells,
such as tumor-associated macrophages (TAMs) or myeloid-
derived suppressor cells (MDSCs) [26, 27]. However, sev-
eral preclinical studies also suggest that anti-angiogenic
therapy improves tumor-infiltrating T cells [28, 29]. The
effects of anti-angiogenic therapy on the immune cells of
the tumor microenvironment are diverse. Thus, there is the
prospect of finding a driving agent that tends to improve
and to activate tumor-infiltrating lymphocytes (TIL) during
anti-angiogenic therapy.

In a previous study, we screened a single chain anti-
body JZC00 by phage display. JZC00 targeted VEGFR2
and blocked the interaction between VEGFR2 and VEGF
[30, 31]. To improve the anti-tumor effect, we designed a
bispecific antibody JZCO1 that consisted of IZCO0 and the
extracellular domains of human MICA, and we described
the in vitro anti-tumor, angiogenic activity in a pilot study
[32]. However, a deeper understanding of the immune acti-
vation of the MICA fusion antibody is needed. MICA is the
main ligand of NKG2D, and although only primates have
MICA and MICB genes, human MICA can be recognized
by the murine NKG2D receptor [33]. The activation of NK
cells in mice by MICA bispecific antibodies has been con-
firmed [34], but the activation of T cells in mice has not
been studied. In this case, we aimed to evaluate the immune
activation of MICA bispecific antibodies with immune-
competent mice. Our results showed that JZCO1 recruited
activated NK and CD8* T cells to the tumor microenviron-
ment and increased the percentage of lymphocytes that were
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infiltrated, which resulted in significantly increased anti-
tumor efficacy in tumor-bearing mouse models.

Cell culture and materials

Mouse Lewis lung carcinoma (LLC) and mouse forestomach
gastric carcinoma (MFC) cells were cultured in RPM 1640
that contained 10% (v/v) fetal bovine serum. NK92 cells
were cultured in Alpha Minimum Essential medium with
2 mM L glutamine, 1.5 g/l sodium bicarbonate, 0.2 mM
inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid,
and 100-200 U/ml IL-2. The isolated human CD8* T cells
were cultured in RPMI 1640 that contained 10% fetal bovine
serum, anti-CD3 Dynabeads™ (Thermo Fisher Scientific),
and 1 pg/ml human CD80-hFc (Sino Biological). The iso-
lated human NK cells were cultured in RPMI 1640 medium
that contained 10% fetal bovine serum supplemented with
10 ng/ml recombinant human IL-12 and 10 ng/ml human
IL-15 (Sino Biological, China). All cells were incubated in
a humid atmosphere of 5% CO, at 37 °C. Mouse anti-his
antibody was purchased from SunBio Technology (Nanjing,
China) and mouse anti-human MICA antibody was pur-
chased from MBL Life Science (Tokyo, Japan). Recombined
human MICA (rMICA) was purchased from Sino Biological
(Beijing, China). DC101, an anti-mouse VEGFR?2 antibody,
was purchased from BioXCell (West Lebanon, NH, USA).
Recombined human NKG2D (rNKG2D), human VEGFR2,
and mouse VEGFR2 were purchased from Novoprotein
(Shanghai, China).

Generation and identification of JZC01

The cDNA sequences of JZC00 and human MICA extra-
cellular domain (residues 24-307, identifier: Q29983-1)
were integrated into expression vector pPICZaA for JZCO1
expression (Fig. 1a) and expressed in Pichia pastoris X-33.
The clone with high expression of JZC01 was cultured in
YPD liquid medium (50 pg/mL zeocin), and then it was
inoculated overnight at 30 °C in BMGY (buffered glycerol-
complex medium) medium that contained 0.5% glycerol.
The cell culture was collected by centrifugation at 3000xg
for 5 min and resuspended in 5% (v/v) methanol supple-
mented with BMMY medium (buffered methanol-complex
medium), followed by 5 days of fermentation. Finally, the
supernatant in the culture was collected. JZCO1 was puri-
fied by nickel column chromatography and identified by
SDS-PAGE electrophoresis. JZCO1 was identified further
by Western blot assays that used mouse anti-his antibody
and mouse anti-human MICA antibody.
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Fig.1 Design and characterization of bispecific antibody JZCOl.
a Construction of JZCO1 expression vector. VH and VL repre-
sent cDNA of single chain antibody JZC00; JZCO1 sequence was
composed of JZCO0 and MICA genes in tandem. Then, the gene of
JZCO1 was integrated into expression vector pPICZaA. b High-
yielding cloned strain was selected by Dot Blot, positive control, a
his tag protein, D2 (0.1 pg/ml), D3 (1 pg/ml), and the negative con-
trol D1 (medium). ¢ Non-reducing SDS-PAGE analysis of the puri-
fied JZCO1, M: marker. Purified JZCO1 was subjected to Western blot

Affinity measurement

The affinity measurement experiment was performed on a
ForteBio OCTECT REDY6 instrument using HISIK sensors
(PALL 18-0038). JZC00/JZCO01 was loaded into a 96-well,
tilted-bottom microplate at 3 pg/ml by capturing the his tag.
Diluted solutions of human VEGFR?2, mouse VEGFR2, and
human NKG2D were loaded into another 96-well microplate

1 2 3 4 5
A . ' . .
g O © ¢
C . v .
D 4
e
JZC00 kb M JZC01 JZC00
250
150
1% eeen
50 p—
37
- =
20
anti-MICA
g JZCO01 KD:8.01E10-8
A
7 ]
/ S
/ v P ‘_—H‘“~—~A»~~__»7AM_
/ // e Tre
A
ya
0 200 400 600 800
Time (sec)

analysis using anti-his tag antibody (d) or anti-human MICA anti-
body (e). Binding sensorgrams of the captured JZCO0 (f) and JZCO1
(g) interacted with human VEGFR2 and 1:1 Kinetic Model Fit Over-
lays in OCTECT REDY96. The rough lines represent binding response
signals at different human VEGFR2 concentrations, and the overlaid
smooth lines represent the fitted curves. The equilibrium dissociation
constant (KD) is as follows, between JZC00 and human VEGFR2
(6.73E10-8), between JZCO1 and human VEGFR2 (8.01 E10-8)

at 200 pl per well. The affinity of JZC00 to human VEGFR2,
and the affinity of JZCO1 to human VEGFR2, mouse
VEGFR2, and human NKG2D was measured. All samples
and assays were prepared in an assay buffer of PBS that
included 0.1% BSA. ForteBio’s data analysis software was
used to fit the data to a 1:1 binding model to extract an asso-
ciation rate and dissociation rate. The KD was calculated
using the ratio kd/ka.
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Binding activity of JZCO1

To evaluate the binding activity of JZC01 to VEGFR2-
overexpressing cells and NKG2D-expressing cells, LLC,
MFC, and NK92 cells were collected and suspended in
PBS that included 2% fetal bovine serum. Then, 5x 10°
cells per sample were incubated with 200 nM JZCO00 or
JZCO01 or rMICA or DC101 at 4 °C for 1 h, and the control
groups were blocked with 5% skim milk. After incuba-
tion, samples were washed three times, stained with PE-
conjugated anti-his tag antibody (Biolegend, USA) in the
dark for 30 min, and analyzed by flow cytometry (Novo-
Cyte, ACEABIO, USA). The positive control DC101 was
stained with PE-conjugated goat anti-rat IgG antibody
(Biolegend, USA). The immunofluorescence experiment
was performed to assess the binding ability of JZCO1 to
LLC cells. Briefly, cells were fixed in 2% paraformalde-
hyde for 20 min and then incubated with JZCO00 or JZCO1
(200 nM each antibody in 1% BSA-PBS buffer) for 1 h.
After being washed three times, cell samples were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-his
antibody and further imaged by a confocal microscope.

Cell proliferation assay

The proliferation of tumor cells was tested by an MTT
assay (Thermo). LLC and MFC cells (5x 10° cells/well)
were plated into a 96-well plate and incubated at 37 °C
for 24 h before treatment with a serially diluted JZCO1
or JZCO00 or DC101 that ranged from 0 to 500 nM. After
72 h, the proliferation was determined using MTT rea-
gent, and the calculation of anti-proliferative activity
was as follows: inhibition % =[1 — (experimental-blank)/
(control-blank)] x 100%.

Measurement of apoptosis

LLC and MFC cells were plated into a six-well plate at
4% 10°/well and incubated with JZC00 (200 nM), JZCO1
(200 nM), or DC101 (100 nM) at 37 °C for 48 h. Then,
cells were collected for an Annexin V-FITC/PI apoptosis
assay (Sangon Biotech, Shanghai, China) and Bc¢l-2 fam-
ily protein (Cell Signaling, USA) detection. Apoptosis of
tumor cells was determined by flow cytometry and ana-
lyzed further using NovoExpress software. Protein prepa-
ration, quantification, and Western blot analyses were
performed to further verify the apoptosis pathway-related
proteins of Bak, Bax, Bcl-2, and Bcl-XL.
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Murine NKG2D expression and cytotoxicity
assay

For analysis of NKG2D expression on mouse NK and CD8"
T cells, splenic lymphocytes were extracted and stained with
CD49b, CD8a, and NKG2D antibodies (Biolegend, USA).
To test the cytotoxicity of JZCO1 to tumor cells, quantitative
levels of murine spleen lymphocytes were collected and cul-
tured in RPMI 1640 medium that contained 2000 U/ml IL-2
(Sino Biological, Beijing, China) for 4 d. After stimulation
with IL-2, the lymphokine-activated killer (LAK) cells were
collected, the NKG2D expression on LAK cells was deter-
mined, and the activated lymphocytes were used as effector
cells for a cytotoxicity assay. The target cells were co-cul-
tured with various amounts of splenic lymphocytes for 4 h at
37 °C in the presence of JZCO1. Then, 120 pl of supernatant
from each well was analyzed using a lactate dehydrogenase
(LDH) cytotoxicity assay kit (Beyotime, China).

Engagement of human NKG2D by JZC01

To verify further that JZCO1 engaged NKG2D and activated
NKG2D receptors on human CD8* T and NK cells, we used
EasySep™ (STEMCELL Technologies) to isolate human
CDS8™ T cells and human NK cells from PBMCs; PBMC
was harvested from human volunteers by density gradient
centrifugation using Ficoll (Sigma-Aldrich). Then, CD8* T
cells were stimulated with anti-CD3 Dynabeads™ and 1 pg/
ml human CD80-hFc because pre-activated CD8" T cells
improve the expression of NKG2D [8]. NKG2D expression
on CD8* T and NK cells was measured by flow cytometry.
We performed an NK cytotoxicity experiment, which was
similar to LAK cytotoxicity. On the other hand, JZCO1 or
JZCO00 or rtMICA was coated on the 96-well plate (0.1 pg/ml,
1 pg/ml, 10 pg/ml for each separately). Cytokine-stimulated
NK cells or activated CD8* T cells were plated at 10° cells
per well in the above protein-coated plate. IFN-y secretion
in the supernatant was determined after 72 h following the
instructions of the human IFN-gamma DuoSet kit (DY285B,
R&D). The INKG2D was used for the blocking of JZCO01
that interacted with NKG2D-expressing lymphocytes in the
experiments mentioned above.

Anti-tumor efficacy of JZC01 in vivo

An LLC xenograft model was established by subcutane-
ous injection of LLC cells (5% 10°) into the right flanks of
6-week-old c57BL/6 mice. When the average tumor volume
reached 100 mm?, the tumor-bearing mice were divided ran-
domly into seven groups and treated with JZCO1 (0.5 mg/



Cancer Immunology, Immunotherapy (2019) 68:1429-1441

1433

kg, 1 mg/kg, 2 mg/kg) or JZCO0 (2 mg/kg) or docetaxel
(10 mg/kg) or a combination of JZCO01 and docetaxel (2 mg/
kg + 10 mg/kg) or saline by intravenous injection. The pro-
gression of tumors in LLC tumor-bearing mice was meas-
ured every other day, and the tumor volume was calculated
with the formula V=L x W%/2 (L: longest diameter of tumor,
W: maximum transverse diameter of vertical direction).

Tumor-infiltrating lymphocyte analysis

The LLC tumor-bearing mice were treated with JZCO1
(2 mg/kg) or saline intravenously on day 0, 2, 4, 6, and 8.
On day 10, mice were killed. Tumor tissues were collected
and ground into single suspension cells. A mononuclear cell-
enriched fraction was isolated using Percoll centrifugation
media (Tbdscience, Tianjin, China). TIL was analyzed by
staining with CD3, CD8a, CD49b, NKG2D, CD69, and
CD107a (FcMRCS, Nanjing, China), and the proportion of
CD8™" T cells and activated NK cells in the tumor tissues was
detected by flow cytometry.

Immunohistochemistry, HE staining,
and immunofluorescence analysis

Paraffin sections of tumor tissues were cut into 5 pm sec-
tions. For immunohistochemical (IHC) staining, samples
were incubated with antibodies against Ki67, CD31, and
VEGEF (Cell Signaling Technology, USA). For the immu-
nofluorescence assay, sections were incubated with fluores-
cent-labeled antibodies against IFN-y and TNF-a (Abcam,
Cambridge, UK) and then stained with DAPI (SunBio
Technology, Nanjing, China). The pulmonary metastasis of
tumor-bearing mice was evaluated by HE staining of the
lung tissues. All of the slides were imaged under a fluores-
cence microscope.

Results
Generation and identification of JZC01

JZCO01 was a novel bispecific antibody, which was gener-
ated by fusing the single chain antibody (JZCO00) and the
extracellular domains of human MICA. The yeast vector
pPICZaA was integrated with the fusion gene of JZCO1
(Fig. 1a), transformed into Pichia X-33, and a high-yielding
cloned strain was selected by Dot blot (Fig. 1b). JZCO1 was
purified by nickel affinity chromatography, and the purified
JZCO1 was homogenous with the expected molecular weight
by SDS-PAGE electrophoresis (Fig. 1c¢). JZCO1 was vali-
dated by Western blot analysis that utilized mouse anti-his

antibody (Fig. 1d) and mouse anti-human MICA antibody
(Fig. le). The affinity of JZC00 and JZCO1 to human
VEGFR2 was measured using ForteBio OCTECT RED96,
and the binding profiles of JZC00 (KD 6.73E—8) and JZCO1
(KD 8.01E—8) were similar across the ForteBio (Fig. 1f,
g). Because JZCO1 cross-reacted with mouse VEGFR2, the
affinity of JZCO1 to mouse VEGFR2 was detected in the
same condition as to human VEGFR2, and the KD value
was 2.39E10—-7 (Fig. 2a). The affinity of JZCO1 to human
NKG2D was 8.89E10—7 (Fig. 2b), which was similar to the
reported affinity data of MICA to NKG2D [35].

JZC01 bound to VEGFR2 and NKG2D

JZCO1 targeted human VEGFR2, but recognized mouse
VEGFR2. To identify the binding capacity of JZCOI to
murine cancer cell lines MFC and LLC, flow cytometry
and a confocal microscope were used. According to the
results of flow cytometry, JZCO1 showed considerable
binding capacity to LLC cells and MFC cells. Moreover,
JZCO1 and JZCOO0 possessed similar binding to those two
cell lines, but little binding was seen with rMICA treatment
(Fig. 2c, d) and DC101was set as a positive control. JZCO01
and JZCOO0 bound to LLC cells on the graph of the confocal
diagram, which indicated abundant VEGFR?2 expression on
the LLC cell membranes (Fig. 2f-h). In addition, we also
demonstrated the binding capacity of JZC01 to NKG2D-
expressing cells NK92. JZCO1 and the recombinant MICA
exhibited good binding capacity to NK92 cells, but not
JZCO0 (Fig. 2e).

JZC01 inhibited proliferation and promoted
apoptosis of tumor cells

To determine the cytotoxicity of JZCO1 on murine LLC
and MFC cells, cells were exposed to different concen-
trations of JZCO1 that ranged from 0 to 500 nM for 72 h.
MTT analysis showed that JZCO1 treatment resulted in
inhibition of the growth of LLC cells (Fig. 3a) and MFC
cells (Fig. 3b), and the inhibition was dose dependent. To
investigate whether the inhibition was related to VEGFR2-
mediated cell apoptosis, LLC cells were treated with JZC01
or JZCO00 or DC101 for 48 h, stained with AnnexinV-FITC/
PI, and analyzed by flow cytometry. At the same dose level
of 200 nM, the apoptosis rate of JZCO00 (Fig. 3c) and JZCO1
(Fig. 3d) was roughly similar. DC101 was set as the posi-
tive control (Fig. 3e), and PBS was set as the negative con-
trol (Fig. 3f). Quantitative analysis of the apoptosis rate
(sum of Q2-2 and Q2-4) was performed for three parallel
experiments (Fig. 3g). To determine the signaling pathway
related to apoptosis, Western blot was used to examine the
expression of Bcl-2, Bax, Bak, and Bcl-XI1. JZCOI treat-
ment resulted in decreased expression of Bcl-2 and Bcl-XI,
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Fig.2 JZCO1 bound specifically to mouse VEGFR2 and human
NKG2D. Binding sensorgrams of the captured JZCO1 interacted with
mouse VEGFR2 and rNKG2D. a JZC01 bound specially to mouse
VEGFR2 with the affinity 2.39E10-7. b JZCO1 bound to rNKG2D
with the affinity 8.89E10-7. JZCO01, JZC00, and DC101 bound to

but increased expression of Bax and Bak (Fig. 3h). Similar
results were found for MFC cells with the same treatment
(data not shown).

JZC01-mediated cytotoxicity to VEGFR2-expressing
tumor cells

A commercial antibody specific for mouse NKG2D was
used to examine the cell surface expression of NKG2D on
mouse NK and CD8* T cells. Nearly all CD49b* spleno-
cyte cells from adult c57BL/6 expressed NKG2D (n=35,
Supplementary Fig. 1a) and relatively smaller percentages

@ Springer

mouse cancer cell lines, LLC (¢) and MFC (d). e JZC01 and rMICA
bound to NKG2D-positive NK92 cells but not to JZC00. f~h Immu-
nofluorescence was used to visually illustrate the binding activity of
JZCO00 (g) and JZCO1 (h) to mouse tumor cell line LLC. DC101 was
a commercial anti-mouse VEGFR2 antibody

of CD8* T cells present in the NKG2D-positive area
(n=15, Supplementary Fig. 1b). To investigate NKG2D-
mediated cytotoxicity, NKG2D-expressing LAK cells were
obtained by stimulation and confirmed by flow cytometry.
A total of 16.1% of LAK cells were NKG2D positive (Sup-
plementary Fig. 1c). We performed a cytotoxicity assay
using MFC or LLC as the target cells and LAK as the
effector cells. We measured cytotoxicity using serial con-
centrations of JZCO1 (from 0.001 to 1000 pg/mL) at a
fixed effector cell to target cell (E:T) ratio of 100:1. We
found that JZCO1 triggered stronger cellular cytotoxicity
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Fig.3 JZCO1 inhibited proliferation and induced apoptosis of LLC
and MFC cells. a, b MTT assay showed that JZC01 inhibited the pro-
liferation of LLC and MFC cells, similar to JZC00. Bivalent antibody
DC101was set as the positive control. LLC cells were incubated with
200 nM JZCO00 (c) or 200 nM JZCO1 (d) or 200 nM DC101 (e) or
PBS (f) at 37 °C for 48 h, after staining with Annexin V-FITC and PI

(Supplementary Fig. 1d, e) and the cell lysis was dose
dependent. LAK cells were co-cultured with LLC or
MEFC cells in the presence of an optimal concentration
of JZCO1. Enhanced cell lysis was seen with the JZCO1
treatment following an increase in the E:T ratio. The lysis
rate remained almost unchanged in the JZC00 and rMICA
groups (Fig. 4a, b), which indicated that JZCO1 bridged
LAK cells and targeted cells to mediate cell lysis.

and analyzed by flow cytometry. The percentage of apoptotic cells in
each quadrant is indicated. g Quantitative analysis of apoptosis rate
(data were presented as the mean+SD, n=3). h Western blot analy-
sis for Bcl-2, Bax, Bak, and Bcl-X1 of LLC cells treated with JZCO1
or JZC00. Equal loading of protein was confirmed by stripping the
immunoblot and reprobing it for f-actin

JZC01 engaged human NKG2D and mediated cell
lysis and cytokine release

Human NK and CD8" T cells expressed NKG2D con-
stitutively, although NKG2D is considered to be a co-
stimulatory signal for CD8" T cell activation. To pro-
mote activation, NK and CD8" T cells were separated
and cultured for 2 days with stimulators introduced in the
method and detected for NKG2D expression (Fig. 4c, d).
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Fig.4 NKG2D-expressing cells mediated cytotoxicity and increased
IFN-y release. High concentration of IL-2-activated mouse spleen
cells (LAK cells) were incubated with LLC (a) or MFC (b) cells in
the presence of JZCO1. The E:T ratios are indicated. The NKG2D
expression on activated CD8" T (¢) and NK (d) cells was measured
by flow cytometry. e JZCO1 (10 pg/ml) engaged human NK cells to

NK cells were co-cultured with LLC cells in the presence
of 10 pg/ml JZCO1, and cell lysis was observed in the
JZCO1 treatment. The lysis rate decreased with 10 pg/ml
rNKG2D (Fig. 4e), which suggested that JZCO1 engaged
human NK cells through NKG2D to exert cytotoxicity. The
immobilized JZCO1 and rMICA promoted the release of
IFN-y in the presence of NK (Fig. 4f) or CD8" T (Fig. 4g)
cells, but the release of IFN-y decreased when INKG2D
was added. Taken together, JZCO1 targeted VEGFR2-
expressing tumor cells and engaged NKG2D receptors on
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lysis LLC cells, which was inhibited by rNKG2D. f IFN-y release
in the supernatant of IL-2- and IL-15-activated NK cells increased
when presented with JZCO1 or rMICA, but they were impaired with
fNKG2D. g IFN-y release in the supernatant of activated CD8* T
cells increased when presented with JZCO1 or rtMICA, but they were
impaired with INKG2D

NK and CD8* T cells, which induced NKG2D-mediated
activation.

JZC01 enhanced anti-tumor efficacy
in tumor-bearing mice

LLC cells were inoculated to the armpit of c57BL/6
mice subcutaneously, and tumor volumes were measured
during the treatment (Fig. 5a). At the end of the treat-
ment, the growth of tumors was significantly inhibited in
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Fig.5 JZCO1 demonstrated efficacy against an LLC tumor xenograft
and recruited NK/CD8*T cells in an LLC tumor microenvironment.
a Tumor growth curves for ¢57BL/6 mice. Mice were divided into
six groups for different treatments, and the tumor volume was meas-
ured following tumor development. b Tumor inhibition rates of dif-
ferent dosage groups. JZCO1 significantly improved the tumor inhibi-
tion rate compared with JZCO00. ¢, e, g The relative percentages of

JZCO1-treated groups, and the tumor burden was reduced by
55.4% (high dose). Moreover, JZCO1-treated LLC-bearing
mice showed stronger inhibition of tumor growth than the

live intratumor CD49b*, CD49b*NKG2D™", and CD49b*CD107a*
lymphocytes from tumors (n=4) of JZCOl and saline treatment
groups. d, f, h The relative percentages of live intratumor CD8a™,
CD8a*NKG2D", and CD8a*CD69* lymphocytes from tumors (n=4)
of JZCO1 and saline treatment groups. All data were presented as the
mean +SD, *p <0.05, **p <0.01, ***p <0.001

JZCO00 group (Fig. 5b), which demonstrated that antibody
fusion with MICA enhanced the anti-tumor effect in vivo. To
investigate further the potential clinical utility of JZCO1 in
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the treatment of cancer, we decided to test the combination
therapy of JZC01 with the chemotherapeutic drug docetaxel.
Docetaxel is a chemotherapy medication and is used to treat
a number of solid cancers and to suppress microtubule
dynamic assembly and disassembly. The combination of
ramucirumab and docetaxel has been approved for NSCLC
treatment. In this study, docetaxel combined with JZCO1
reduced tumor volume further and verified the potential use
of JZCO1 combined with chemotherapeutic agents.

JZC01 improved lymphocyte infiltration
and activation in tumor areas

Tumor-bearing mice were treated with JZCO1 for 10 days,
and TILs were extracted from the tumor tissues. The status
of infiltration and activation of intratumor CD8" T cells and
NK cells was measured by flow cytometry. A greater number
of CD8* T cells (Fig. 5¢) and NK cells (Fig. 5d) were seen
in the tumor microenvironment in the JZCO1-treated group.
Next, the expression of NKG2D and the activated mark-
ers CD69 and CD107a were quantified. Compared with the
control group, NKG2D expression in JZCO1-treated intratu-
moral CD8" T cells was up-regulated (Fig. 5f), but on intra-
tumoral NK cells, the NKG2D expression was unchanged
(Fig. 5e). CD69 was expressed on the early activated T cells
and was involved in differentiation and proliferation of T
cells. CD107a is a sensitive marker of degranulation for
activated NK cells. In this model, after administration for
10 days, a higher percentage of CD8TCD69* T cells and
CD49b*CD107a* NK cells was observed in the JZCO1
group (Fig. 5g, h), which indicated that JZCO1 induced the
activation of NK and CD8* T cells in the tumor. In addi-
tion, more TNF-a (Fig. 6g, h) and IFN-y (Fig. 6i, j) was
detected in the tumor tissues of JZCO1 treatment by immu-
nofluorescent assay, which suggested that JZC01 increased
cytokine release and activated the tumor microenvironment.
Altogether, these results indicated that there was recruitment
and activation of NK and CD8* T cells in the JZCO1-treated
tumor microenvironment.

JZC01 inhibited proliferation, angiogenesis,
and pulmonary metastasis in tumor xenografts

To investigate further the anti-tumor effect of JZCO01, we
studied tumor growth under different treatments using an
immunohistochemistry assay. Compared with the control
group, there was a significant decrease in the intensity of
cell proliferation marker Ki67 in the JZCO1-treated group
and a slight decrease in the JZCO00-treated group (Fig. 6a, b).
Less expression of CD31 (Fig. 6¢, d) and VEGF (Fig. 6e, f)
was observed in the JZCO1 treatment, which demonstrated
that JZCO1 down-regulated angiogenesis in tumor tissues
compared with the control and the JZCO0 group. This was
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probably because activation of tumor immunity inhibited
tumor growth and reduced angiogenesis. In addition, severe
pulmonary metastasis was observed in tumor-bearing mice
of the control group (n=35, Supplementary Fig, 2a). An
obvious tendency for pulmonary metastasis (n =135, Sup-
plementary Fig. 2b) occurred in the JZC00-treated group,
although it was restrained completely in the JZCO1 treatment
(n=35, Supplementary Fig. 2¢). Thus, the results of IHC and
HE staining demonstrated that JZCO1 treatment played a
remarkable role in inhibiting angiogenesis and metastasis.

Statistical analysis

Data were expressed as the mean + SD. Mann—Whitney U
test was used to evaluate significance levels between two
groups, and a p value of 0.05 or less was considered statisti-
cally significant. GraphPad Prism software (San Diego, CA)
was used for data processing.

Discussion

Anti-angiogenesis with VEGF blocking agents is the most
conventional approach to control tumor angiogenesis. A
combination of anti-angiogenesis and anti-tumor immune
activation shows promise for treating solid tumors [36-38].
Our design of the bispecific antibody JZCO01, which ena-
bled anti-angiogenesis and activation of anti-tumor immu-
nity, was novel. In vitro study, blocking the VEGFR2 signal
pathway, restricted cell proliferation and induced cell apop-
tosis. Also, JZCO1 induced a strong activation of NK and a
co-activation of CD8" T cells by increasing the secretion
of IFN-y and mediated cytotoxicity to target cells. By tar-
geting VEGFR2, JZCO1 decreased tumor vascular density
in a tumor-bearing mouse model. Moreover, in the animal
study, JZCO1 promoted a tumor-inflammatory response with
increased infiltration of NK and CD8" T cells and produc-
tion of IFN-y and TNF-a, which resulted in inhibition of
tumor growth.

MICA shedding from tumors often results in insensitiv-
ity to NK killing. The idea of a single chain antibody fusion
with MICA to enhance the NK immune surveillance was
verified. A CD24 single chain antibody fusion with MICA
increased anti-tumor activity significantly in an HCC-
bearing nude mice model by enhancing NKG2D-mediated
immune surveillance [34]. However, the role of JZCO01 in
immune regulation of NKG2D-expressing CD8" T cells is
unknown. It has been reported that MICA-NKG2D activa-
tion is a co-stimulatory activation signal for CD8* T cells
[8]. Here, we observed that in the presence of an activation
signal for CD3 and CD28, NKG2D activation by JZCO1
enhanced the release of IFN-y in CD8" T cells. In this study,
we observed effective recruitment and activation of NK cells
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Fig.6 JZCO1 reduced markers of proliferation and angiogenesis and
increased the production of IFN-y and TNF-a in the tumor micro-
environment. IHC staining of Ki-67 on paraffin sections of tumor
tissues. a Ki-67" cells were identified with an anti-Ki-67 antibody
(brown staining). ¢ THC staining of CD31. The CD31% blood vessels
were identified with an anti-CD31 antibody (brown staining). e IHC
staining of VEGF was identified by VEGF staining. Immunofluo-

and CD8™ T cells in a mouse model. Ligands of NKG2D
may induce down-modulation of NKG2D receptor [20], but,
in our study the MICA fusion antibody JZCO1 increased
NKG2D-positive CD8* T cells in the tumor-infiltrating lym-
phocytes. This may have been due to the enhanced tumor
recognition by NK killing and promotion of tumor antigens
presentation, which increased the production and activation
of tumor-specific T cells [39].

In the LLC tumor-bearing model, presenting more
MICA to the tumor microenvironment by targeting
VEGFR2 was an effective anti-tumor strategy; this caused
more NK and CD8" T cells to infiltrate the tumor, which
released more IFN-y/TNF-« in the treatment using JZCO1.
In addition to the anti-tumor effect by immune activation,
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rescence double staining of TNF-a (green fluorescence) and IFN-y
(red fluorescence) to determine the expression level of TNF-a (g)
and IFN-y (i) in the tumor tissue. Densitometric analysis was per-
formed by Image J to quantify Ki-67 (b), CD31 (c), VEGF (f), TNF-a
(h), and IFN-y (j). All data were presented as the mean+SD, n=>5,
*p<0.05, #*p <0.01, ***p <0.001

JZCO01 inhibited tumor angiogenesis, which is character-
ized as an essential process for proliferation and viability
of tumor cells. Immunohistochemistry showed that both
the microvessel density and the release of VEGF appar-
ently decreased in tumor tissue in the JZCOI1 treatment
group compared with the control group and the JZC00
group. JZCO1 activated NKG2D receptors and enhanced
IFN-y production in vitro and in vivo. However, IFN-y
directly down-regulates the expression of delta-like pro-
tein 4 on endothelial cells [40] and the secretion of VEGF
by tumor-associated fibroblasts [41], which are critical for
sprouting angiogenesis. Therefore, immune activation may
have induced changes in the tumor vasculature and gener-
ated a more potent anti-angiogenesis [42].
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In summary, this study showed that the novel bispecific
antibody JZCO1 was capable of anti-tumor immune activa-
tion and anti-angiogenesis in a tumor-bearing mouse model.
More importantly, JZCO1 activated the tumor microenvi-
ronment by enhancing NKG2D activation, which could be
developed further as immunotherapy for more malignan-
cies. Also, the combination therapy of JZCOland docetaxel
provided new insights into enhancing efficacy and outlined
potential applications of JZCO1.
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