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Abstract

Antiangiogenic therapy has shown significant clinical benefits in gastric cancer (GC) and non-small cell lung cancer
(NSCLC). However, their effectiveness is limited by the immunosuppressive tumor microenvironment. The MHC class 1
chain-related molecules A and B (MICA/B) are expressed in many human cancers, enabling elimination of cancer cells by
cytotoxic lymphocytes through natural killer group 2D (NKG2D) receptor activation. To improve antiangiogenic therapy and
prolong its efficacy, we generated a bi-specific fusion protein (mAb04-MICA). This was comprised of an antibody target-
ing VEGFR?2 fused to a MICA al-a2 ectodomain. mAb04-MICA inhibited proliferation of GC and NSCLC cells through
specific binding to VEGFR2 and had superior anti-tumor efficacy in both GC and NSCLC-bearing mouse models compared
with ramucirumab. Further investigation revealed that the mAb04-MICA promoted NKG2D* NK cell activation and induced
the tumor-associated macrophage (TAM) polarization from M2 type to M1 type both in vitro and in vivo. The polarization
of TAMs upon NKG2D and MICA mediated activation has not yet been reported. Moreover, given the up-regulation of
PD-L1 in tumors during anti-angiogenesis therapy, anti-PD-1 antibody enhanced the anti-tumoral activity of mAb04-MICA
through stimulating infiltration and activation of NKs and CD8*T cells in responding tumors. Our findings demonstrate that
dual targeting of angiogenesis and NKG2D, or in combination with the PD-1/PD-L1 blockade, is a promising anti-tumor
therapeutic strategy. This is accomplished through maintaining or reinstating tumor immunosurveillance during treatment,
which expands the repertoire of anti-angiogenesis-based cancer immunotherapies.
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Introduction process for sustaining the solid tumors microenvironment,

tumor growth, and metastasis [4, 5]. Vascular endothelial

Epithelial cancers such as gastric cancer (GC) and non-
small cell lung cancer (NSCLC) are highly malignant and
have a poor prognosis [1-3]. Angiogenesis is a fundamental
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growth factor (VEGF) ligands and their receptors (VEGFR2)
play a central role in these processes. Therefore, inhibition
of VEGF-VEGFR2 signaling becomes a novel and attractive
therapeutic strategy in malignant tumors [1-3].
Ramucirumab (LY3009806), an antiangiogenic agent, has
been approved for second-line therapy in GC and NSCLC
[6-8]. Like other antiangiogenic drugs, side effects like
hypertension, gastrointestinal perforation, and bleeding
have been attributed to the excessive suppression of VEGF/
VEGFR2 [9-11]. Importantly, the up-regulation of adaptive
immunosuppressive pathways leads to drug resistance dur-
ing antiangiogenic therapy, despite the presence of tumor-
infiltrating lymphocytes [12]. To address these issues, a
combination of anti-programmed cell death protein 1 (PD-1)
and antiangiogenic antibodies was investigated against solid
tumors in clinical trials. However, many patients failed to
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respond to PD-1 blockade and late relapses are now emerg-
ing [13]. We, herein, hypothesize dual-targeting VEGFR2
and activating receptors of innate immune systems, such as
NK cells and macrophages, can reverse the tumor immu-
nosuppressive microenvironment and sensitize tumors to
antiangiogenic therapy and prolong its efficacy.

The activation of NK cells is regulated by a balance
between activating receptors and inhibitory receptors [14,
15]. One of the most important activating receptors for NK
cells is natural killer group 2D (NKG2D) [16, 17]. NKG2D
mediates anti-tumor activity mainly through ligand MHC
class I chain-related protein A (MICA), which is generally
expressed on tumor cells but not normal cells [18, 19]. How-
ever, tumor cells evade NK cell-mediated immune surveil-
lance through shedding MICA [20-22]. Thus, discovery of
a new approach to remodeling the immune surveillance of
NK cells would be critical for eliminating tumors.

NKG2D is also found expressed on activated mac-
rophages [23]. Because of their plasticity and heterogene-
ity, macrophages can be generated with two different phe-
notypes, tumoricidal M1 macrophages and pro-tumorigenic
M2 macrophages [24]. The M2 tumor-associated mac-
rophage (TAM) is an immunosuppressive cell that contrib-
utes to the growth and metastasis of tumor cells [25]. The
main strategy for targeting TAMs is to increase tumoricidal
M1 type and to decrease pro-tumor M2 type [26]. We sus-
pect that activation of NKG2D on macrophages may be rel-
evant to the polarization of TAMs. We previously generated
a bi-specific fusion protein, comprised of full-length human
anti-VEGFR?2 antibody and MICA (mAb04-MICA), which
displayed antineoplastic activity through VEGFR2 and
NKG2D targeting [27], we have further investigated the effi-
cacy of mAb04-MICA against GC and NSCLC, both in vitro
and in vivo, and explored potential therapeutic mechanisms
on the tumor-immune microenvironment (TIME). Further-
more, since PD-L1 is up-regulated in tumor tissues during
anti-angiogenesis therapy, we investigated the synergistic
anti-tumor activity of mAb04-MICA with the anti-PD-1
antibody.

Materials and methods
Cell culture

Normal human liver cell line HL-7702, human GC cell lines
BGC-823 were purchased from Cell Bank of the Chinese
Academy of Science. Kidney HEK-293, mouse macrophage
RAW264.7, human GC cell lines AGS, NSCLC cell lines
H157/H1299/H1975, murine Lewis lung carcinoma cell
line (LLC), and the NK cell line NK-92 were obtained
from American Type Culture Collection. These cells were
preserved in our laboratory and maintained in RPMI 1640
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medium or DMEM medium with 10% FBS(Gibco). The NK
cell line NK-92 was cultured in supplemented MEM Alpha
Medium (Gibco), 12.5% FBS (Hyclone), 12.5% horse serum
(Hyclone), 0.1 mM 2-Mercaptoethanol, 0.2 mM Myo-ino-
sitol (Sigma), 0.02 mM Folic Acid (Sigma), and 200 U/mL
hIL-2 (Millipore).

Animals and antibodies

Six-week female BALB/c nude mice and C57BL/6 mice
were purchased from Comparative Medicine Centre of
Yangzhou University (China). Six-week female NOD-
SCID mice were purchased from Junke Bioengineering Co.
(China). All animals were treated following the standards
of China Pharmaceutical University. The Chinese hamster
ovary (CHO) cell line contained the plasmid of mAb04,
mAbO04-MICA, anti-PD-1 antibody JZD00 was constructed
by our laboratory and maintained in DMEM/F12 medium
(Gibco) with 10% FBS. The culture supernatants were col-
lected to purify fusion antibodies by a Protein A affinity
chromatography column (GE Healthcare, Buckinghamshire,
UK). Anti-VEGFR2-MICA bi-specific antibody (AK404-
MICA) consists of MICA and an anti-VEGFR2 single-chain
antibody fragment (AK404) expressed in Pichia pastoris
X-33 and was purified by nickel column chromatography
[28]. Ramucirumab was presented by Alphamab (China).
PBMC from a healthy donor and inform the purpose of the
experiment.

The construction of shVEGFR2 BGC-823 and H157
cell lines

DNA oligo against VEGFR2 gene (5’-CCGGGTGCTGTT
TCTGACTCC TAATCTCGAGATTAGGAGTCAGAAACA
GCACTTTTTG-3’) was cloned into pLKO.1-puro shRNA
vector (Addgene) [29]. Plasmid DNA including sh-VEGFR2
(sh-VR2) or non-targeting shRNA (sh-control) was trans-
fected into BGC-823 or H157 cells along with envelope and
packaging vector to produce lentivirus packed with shRNA
cassettes using the standard procedure, respectively. After
transfection, sh-VR2 BGC-823 or H157 cells and sh-control
BGC-823 or H157 cells were cultured in the presence of
2 pg/mL puromycin to achieve stable cell lines.

Cell proliferation, apoptosis, and cell cycle analysis

Tumor cells (4 x 10} /well) were seeded in 96-well plates and
incubated with different concentrations of mAb04-MICA/
mAbO4/ramucirumab (0.4,2,10,50,100,200 nM) at 37 °C
for 72 h. Cell viability was quantitated by an MTT assay.
Inhibition(%) = (1- ODyperimen/ODcongrol) X 100%.

Tumor cells were cultured at 2 x 10°/well in 6-well plates
for 24 h and incubated with mAbO4 or mAb04-MICA
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(200 nM) at 37 °C for 72 h. The cells were harvested and
stained with annexin V-FITC and propidium iodide (PI)
using an Apoptosis Assay Kit (Sangon Biotech).

The cells were harvested and fixed with absolute ethanol
for 24 h and stained with PI (Beyotime Biotech). The pro-
portion of singlet cells in GO/G1, S, and G2 were calculated
with MFLT32 software.

Western blot assay

Tumor cells were serum-starved for 12 h, then treated
with mAb04-MICA (200 nM) for 1 h and induced with
VEGF 45(10 ng/mL) for another 1 h. The cells were har-
vested, and whole protein was extracted using RAPI buffer
(Beyotime). The influence of mAb04-MICA on the phospho-
rylation of VEGFR2/AKT/ERK/P38 MAPK was examined
(Cell Signaling). Expression of Bcl2/Bcl-xL/Bak/Bax was
analyzed to determine apoptotic activity.

RAW264.7 cells were co-cultured with LLC for 24 h with
AK404R or AK404R-MICA (1000 nM). The positive con-
trol was set as 5 ng/mL IFN-y + 100 ng/mL LPS (Solarbio)
group or 10 ng/mL IL-4 (Solarbio) group which can induce
RAW?264.7 to express different functional markers of M1 or
M2 macrophages and the induction was performed for 48 h
before use. Anti-CD16/32 or anti-CD206 antibodies (Bio-
Legend) were used to detect the polarization of RAW264.7.

Cytotoxicity assay

Tumor cells were co-cultured with various amounts of
NK-92 cells, PBMCs, or RAW264.7 cells and 200 nM
mAb04/mAb04-MICA/mAbO4-MICA or 1000 nM
AK404R/ AK404R-MICA for 4 h. The ratios of PBMCs:
tumor cells were 5:1, 30:1, and 100:1, and the ratios of
NK-92/RAW?264.7: tumor cells were 1:1, 5:1, and 10:1.
50 pL supernatants were then analyzed for the activity
using an LDH Assay Kit (YEASEN). Controls were set
as groups of spontaneous LDH release in effector or tar-
get cells, and as a group to target maximum release. Cell
lysis(%) = 100 x ([Experimental—Effector Spontane-
ous—Target Spontaneous] / [Target Maximum—Target
Spontaneous]).

Degranulation and assay of cytokine production
of NK-92 cells

NK-92 cells were incubated with 1000 U/mL IL-2 for 24 h
and co-incubated with GC cells for 4 h at an effector/target
(E/T) ratio of 10:1. The concentrations of mAb04, mAb04-
MICA, and soluble MICA were 200 nM. The degranu-
lated NK cells were detected by flow based on the release
of CD107a [30]. Then, the supernatant was collected, and
the secreted IFN-y and TNF-a were detected using ELISA

kits (KeyGEN Biotech). To assess the expression levels of
intracellular granzyme B and perforin, membranes of the
co-cultured cells were ruptured by treatment with Inside Fix/
Inside Perm (Miltenyi), followed by incubation with anti-
granzyme B-PE/anti-perforin-FITC antibody. Cells were
analyzed by flow.

Xenograft model and administration

1x 107 tumor cells were injected subcutaneously into the left
armpit of BALB/c nude mice or C57BL/6 mice. When aver-
age tumor volume reached 100 mm?, the tumor-bearing mice
were divided randomly into groups (5/group) and treated
with indicated treatments by intravenous injection every
3 d (BALB/c nude mice) or 2 d (C57BL/6 mice). In the
BGC-823-bearing nude mouse model, there were six groups:
Control, mAb04-MICA (5 mg/kg), mAb04 (5 mg/kg), ramu-
cirumab (5 mg/kg), mAb04-MICA (5 mg/kg) + docetaxel
(10 mg/kg), and ramucirumab (5 mg/kg) + docetaxel (10 mg/
kg). In the H157-bearing nude mouse model, there were
five groups: Control, mAb04-MICA (10 mg/kg), mAb0O4
(10 mg/kg), mAb04-MICA (10 mg/kg) + docetaxel (2 mg/
kg), and ramucirumab (10 mg/kg) + docetaxel (2 mg/kg). In
the H1975-bearing nude mouse model or NOD-SCID mouse
model, there were four group: Control, mAb04-MICA
(10 mg/kg), JZDO0 (10 mg/kg), and mAb04-MICA (10 mg/
kg)+JZD00 (10 mg/kg). All nude mice were injected with
1 x 10" human PBMC intravenously at day 2 after tumor
inoculation, and once every 6 days thereafter. NOD-SCID
mice were injected with PBMC intravenously at the same
time of tumor inoculation. In the LLC-bearing C57BL/6
mouse model, the doses of AK404R-MICA and AK404R
were 2 mg/kg. Tumor development was measured every 2 d.
The mice were sacrificed 19 d (nude mice) or 15 d (C57BL/6
mice) after treatments, and tumor tissues were prepared for
further analysis.

Detection of the proportion and activation
of tumor-associated immune cells by flow cytometry

Mice were sacrificed after administration for 8-12 d. Tumors
were collected, and ground into single cells by a 200-mesh
screen. Tumor-infiltrating lymphocytes (TILs) and mac-
rophages were isolated using Percoll centrifugation media
(Tbdscience). The proportion of activated CD8*T cells, NK
cells, and macrophages in the tumor tissues were detected by
flow cytometry. The details of antibodies used in this study
are listed in supplementary table 1.

Immunohistochemistry and immunofluorescence

Immunohistochemical (IHC) analysis was performed
using antibodies against Ki-67, VEGF, CD31, CD8, CD4,
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«Fig. 1 mAb04-MICA inhibited proliferation, promoted apoptosis,
and altered cell cycle progression of tumor cells. A, mAb04-MICA
bound to human tumor cell lines: AGS, BGC-823, and normal cell
lines:HL-7702 by flow cytometry. B, mAb04-MICA, mAbO4, and
ramucirumab inhibited the proliferation of cell lines by MTT assay.
C, BGC-823 cells and H157 cells were incubated with 200 nM
mAb04 or mAb04-MICA at 37 °C for 72 h and analyzed by flow
cytometry after staining with Annexin V-FITC and PI. Quantita-
tive analysis is shown on the right. D, Representative images of cell
cycle analysis by flow cytometry in BGC-823 cells and H157 cells
that were incubated with mAb0O4 or mAb04-MICA. Quantitative anal-
ysis is shown on the right. E, western blot analysis for expressions
of p-VEGFR2/VEGFR?2, p-AKT/AKT, p-ERK/ERK, and p-P38/P38
by BGC-823 cells treated with VEGF with or without mAb-MICA.
F, Expression of Bcl-2 family members Bax, Bak, Bcl-2, and Bcel-xl1
was examined by western blot. (Data are presented as the mean+SD,
n=3, ¥*p<0.05, **p <0.01, ***p <0.001)

and CD49b (Cell Signaling). For immunofluorescence
(IF) staining, tumor sections were incubated with anti-
IFN-vy, anti-TNF-a, anti-iNOS, and anti-IL-2 antibodies
(Abcam). Next, slides were mounted with Vectashield
mounting media that contained DAPI and were analyzed
under a fluorescence microscope.

Detection of the polarization and the cytokines
of macrophage

RAW264.7 cells were treated as described in 2.6. Then,
cells were detected the expression of CD16/32 (FcM-
RCS) and qPCR assay. PBMCs were obtained through
density separation with Lymphocyte Separation Medium
(Lympholyte®-H,Cedarlane). Briefly, 6 ml of diluted
blood was carefully overlaid on 3 ml of lymphatic fluid
®-H and centrifuged at 800 g for 20 min at room tem-
perature. After centrifugation, the cells were carefully
removed from the interface and diluted with medium,
and then, the lymphocytes were pelleted by centrifuga-
tion at 800 g for 10 min. The supernatant was discarded
and washed 2-3 times in the medium. Isolated monocytes
were then differentiated into macrophages by 7-9 days of
culture in 1640+ 10% FBS supplemented with 10 ng/ml
GM-CSF. Then, monocyte-derived human macrophages
were treated in the same way as RAW264.7 cells for
gPCR assay. Briefly, total RNA was extracted using TRI-
zol (Invitrogen). The cDNAs were synthesized from an
equal amount of RNA (2 mg) using PrimeScript RT Mas-
ter Mix (Takara) according to the manufacturer’s instruc-
tions. SYBR Green mix (Roche) PCR amplification was
performed using the Real-time PCR System. The prim-
ers were listed as Supplementary Table 2. The release
of cytokines in the supernatant was detected through a
TNF-a ELISA kit or DAF-FM DA.

Statistical analysis

The data were analyzed using GraphPad Prism. Results
were presented as mean + SD from at least three independ-
ent experiments. Significance levels were estimated using
the Student’s ¢ test and P values of <0.05 were considered
to be significant.

Results

mAb04-MICA inhibited proliferation, promoted
apoptosis, and altered cell cycle progression
of tumor cells

mAbO4-MICA had strong binding with tumor cell lines
BGC-823, AGS, H157, and H1299 (Fig. 1A, Fig. S1A),
but little binding was seen with Normal cell lines HL.7702,
HEK-293. Knockdown of VEGFR2 on BGC-823 or H157
cells resulted in substantially reduced binding (Fig. S1A).
Thus, mAb04-MICA exhibited VEGFR2-specific binding
with tumor cells.

We observed that mAb04-MICA was more effective in
inhibiting proliferation of GC cells and NSCLC cells than
mADbO4 and ramucirumab by MTT assays (Fig. 1B, Fig.
S1B). After the VEGFR2 was depleted, the inhibition effi-
ciency was almost lost. Meanwhile, little inhibition of prolif-
eration of the HL-7702 was observed (Fig. S1B). These data
show that mAb04-MICA bound specifically to tumor cells
and inhibited their proliferation through VEGFR2.

The flow results showed that mAb04-MICA induced
tumor cells apoptosis (Fig. 1C, Fig. S1C), and increased pro-
portion of GO/G1 phase tumor cells (Fig. 1D, Fig. S1D). To
further explore the antineoplastic mechanism, we detected
the activation of VEGFR2 and the downstream signaling.
Western blot analysis showed that mAb04-MICA inhibited
VEGF-induced phosphorylation of VEGFR2/AKT/ERK/
P38 MAPK (Fig. 1E, 1F, Fig. S1E, S1G-I). The expression
of pro-apoptotic proteins Bak and Bax was increased and
anti-apoptotic proteins Bcl-2/Bcl-xL were down-regulated
(Fig. 1G, Fig. S1F, S1J-K). These results suggested that
mAb04-MICA promoted apoptosis and altered cell cycle
progression through weakening VEGFR2 dependent acti-
vation of AKT-ERK-P38 MAPK signaling.

mAb04-MICA enhanced antibody-dependent
cellular cytotoxicity

To test the effect of mAb04-MICA on effector cell-mediated
cytotoxicity, GC and NSCLC cells were co-cultured with
PBMCs or NK-92 cells. PBMCs/tumor cells were 5:1, 30:1,
and 100:1 and that of NK-92/tumor cells were 1:1, 5:1, and
10:1. We found that mAb04-MICA elicits greater cell lysis

@ Springer



974

Cancer Immunology, Immunotherapy (2023) 72:969-984

than mAb04 (Fig. 2A-C). The specific lysis of tumor cells
was reduced with free soluble MICA, which implied that
free soluble MICA impaired the cytotoxicity of PBMCs
and NK-92 cells. This is consistent with the literature that
reported MICA shedding caused an immune escape [31, 32].
The activation of NK cells is evaluated by the expression of

a degranulation marker CD107a. After co-incubated with
BGC-823 cells treated with mAb04-MICA, the CD107a*
NK-92 cells were increased to 32.8%, and IFN-y, TNF-q,
granzyme B, and perforin production of NK-92 cells were
enhanced (Fig. 2D-G). Similar results were observed in
AGS cells (Fig. S2A-D). mAb04-MICA can enhance the
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Fig.2 mAb04-MICA enhanced the activation of NK cells in vitro. A,
B, cytotoxicity assay to assess the PBMCs mediated killing of gastric
cells BGC-823 and AGS cells, and NSCLC cells H157 and H1299.
C, cytotoxicity assay to assess the NK-92 cell-mediated killing of
BGC-823 and AGS cells. The E/T ratios of PBMCs/tumor cells were
5:1, 30:1, and 100:1 and that of NK-92/tumor cells were 1:1, 5:1, and
10:1. D, flow cytometry analysis of CD107a expression on NK-92
cells after exposure to BGC-823 cells with different treatments for
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NK92 + BGC-823

4 h. The E/T ratio was 10:1. E, ELISA assay for IFN-y and TNF-«
release after NK-92 cells were co-cultured with BGC-823 cells for
4 h at E/T ratio (10:1). F, G, quantitative analysis of perforin and
granzyme B expression on NK-92 cells which was detected by flow
cytometry after exposure to BGC-823 cells with different treatments
for 4 h. The E/T ratio was 10:1. These experiments were repeated
three times, and the data were presented as the mean+ SD, *p <0.05,
*#p <0.01, ***p <0.001
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activation of NK cells more effectively than mAb04 because
of MICA.

mAb04-MICA showed superior anti-tumor efficacy

To evaluate the anti-tumor activity of mAb04-MICA in vivo,
we used the GC (BGC-823,AGS) or NSCLC (H157)-bearing
nude mice. The anti-tumor efficacy of mAb04-MICA treat-
ment was superior to mAb04 and ramucirumab (Fig. 3A-H,
Fig. S2E-H). Treatment with mAb04-MICA + doc-
etaxel was more effective in inhibiting tumor growth
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Fig.3 mAb04-MICA had superior anti-tumor efficacy in cancer xen-
ografts in vivo. A, B, tumor growth curves of each group under dif-
ferent treatments. 1x 107 BGC-823 cells or H157 cells were injected
subcutaneously into the left armpit of female BALB/c nude mice.
When average tumor volume reached 100 mm.>, tumor-bearing mice
were treated with different treatments, and the tumor volume was
measured. C, D, images of tumors peeled from different treatments
in a BALB/c nude mice model. E, F, the average tumor weights of
different groups after 19 d treatment. In the GC-bearing nude mice
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H157

than ramucirumab + docetaxel both in GC and NSCLC.
(Fig. 3A-H, Fig. S2E-H. mAb04-MICA showed superior
anti-tumor efficacy compared with ramucirumab both in
single-dose treatments and when combined with docetaxel
in vivo.

IHC demonstrated that the expression of proliferation
marker Ki-67 was significantly decreased after treatment
with mAb04-MICA. Meanwhile, decreased expression of
VEGF and CD31 was also observed in mAb04-MICA and
mAbO04 group, which indicated the inhibition of tumor angi-
ogenesis (Fig. 4A, Fig. S3A, S3B). There was no difference
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model, there were six groups: Control, mAb04-MICA (5 mg/kg),
mAb04(5 mg/kg), ramucirumab (5 mg/kg), mAb04-MICA (5 mg/
kg) + docetaxel (10 mg/kg), and ramucirumab (5 mg/kg) + docetaxel
(10 mg/kg). In the NSCLC-bearing nude mice model, there were
five groups: Control, mAb04-MICA (10 mg/kg), mAb04 (10 mg/kg),
mAb04-MICA (10 mg/kg)+docetaxel (2 mg/kg), and ramucirumab
(10 mg/kg) + docetaxel (2 mg/kg). G, H, the tumor inhibitory rate of
BGC-823 and H157-bearing mice. Data were given as the mean+SD
(n=5). *p<0.05, **p<0.01, ***p <0.001
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esis, and activated the innate immune system in tumor tissue. A, IHC
staining of Ki-67, VEGF, and CD31 on paraffin sections in BGC-823
xenografted tumors. Positive cells were identified with antibodies in
brown staining. Quantitative analysis is shown on the right. Ki-67
was counted with Image-Pro-Plus. Relative expression of Ki-67
(%) = (Experiment/Control) X 100%, and the formula is appropriate
for calculating the relative expression of VEGF and CD31. Photo-
micrographs showed representative pictures from three independent
tumor samples. Magnification, X400. B, immunofluorescence stain-
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of VEGF and CD31 between mAb04 and mAb04-MICA
group. These results revealed that mAb04-MICA inhibited
the proliferation of tumor cells more effectively than mAb04
not due to the inhibition of angiogenesis but resulted from
the presence of MICA.

mAbO04-MICA increased the infiltration
and activation of immune cells in tumor tissue

To further explore the mechanism of the increased anti-
tumor effects, we tested immune cells in tumor tissue. The
results showed that mAb04-MICA significantly increased
the expression of IFN-y and TNF-« in tumor microenvi-
ronment (TME) compared with mAb04 treatment (Fig. 4B,
Fig. S3C, S3D). In addition, CD3~CD49b* NK cells were
significantly increased after treatment with mAb04-MICA
compared with mAb04, which indicated that mAb04-MICA
exerted an anti-tumor effect by recruiting and activating NK
cells (Fig. 4C). Notably, we found that the CD16/32% M1
state macrophage cells increased in the mAb04-MICA group
compared with mAbO4 treatment (Fig. 4D), which suggested
a potential mechanism for MICA in the polarization of mac-
rophages through NKG2D.

AK404R-MICA induced the polarization of RAW264.7
to M1 type

To understand the contribution of MICA-induced mac-
rophage polarization and avoid the influence of crystalliz-
able region (Fc), we used AK404R-MICA that consisted of
an anti-VEGFR?2 single-chain variable fragment (scFv) and
MICA«al-02. The biological activity of AK404R-MICA was
like mAb04-MICA except for antibody-dependent cell-medi-
ated cytotoxicity. The flow cytometry data revealed expres-
sion of the NKG2D protein in RAW264.7 cells (Fig. 5A),
which indicated that RAW?264.7 may be mediated through
NKG2D and MICA.AK404R-MICA showed stronger cyto-
toxicity than AK404R in an E/T ratio-dependent manner
(Fig. 5B) and the proportion of CD16/32* M1 macrophages
increased when treated only with AK404R-MICA (Fig. 5C).
Western blot analysis further showed increased expression of
M1-specific CD16/32 and decreased expression of M2-spe-
cific CD206 (Fig. 5D). Meanwhile, RAW264.7 treated with
AK404R-MICA contained higher gene expression levels of
pro-inflammatory markers (TNF-a, iNOS, NO) when com-
pared with non-polarized RAW264.7 and RAW?264.7 treated
with AK404R (Fig. 5C, E and F), which suggested that
AK404R-MICA improved the polarization of RAW264.7 to
M1 through MICA. The macrophage RAW?264.7 polarized
toward pro-tumor ‘M2’ state treatment with IL4 [33]. It is
noticed that similar results were observed with RAW?264.7
treated with IL4 and monocyte-derived human macrophages
treated with IL4 (Fig. S3H, S3I). These findings revealed

a new mechanism on how MICA reprogrammed TAM by
inducing polarization of macrophages to M1 and reversing
the M2-M1 macrophage.

AK404R-MICA showed superior anti-tumor efficacy

To assess the action of NKG2D-MICA in immune-com-
petent mice, we subcutaneously transplanted LLC cells in
C57BL/6 mice. The anti-tumor effect of AK404R-MICA
was assessed by tumor growth, tumor volume, tumor weight,
and tumor-inhibiting rate (Fig. 6A-D). We observed that
AK404R-MICA attenuated tumor growth compared with
AK404R group and control group. AK404R-MICA and
AK404R treatment showed 77.01% and 60.93% inhibition of
tumor weight, respectively (Fig. 6D). The toxicity was evalu-
ated by the spleen index and liver index. AK404R-MICA
treatment showed no significant difference compared with
control group (Fig. 6E, 6F).

To confirm AK404R-MICA-induced anti-tumor effect by
modulating TIME, TILs were extracted from tumors and
analyzed by flow. CD3~CD49b* NK cells intra-tumoral infil-
tration increased significantly after treatment with AK404R-
MICA, but there was no significant difference between
the AK404R group and control group. Similar data were
observed in CD3*CD8™T cells (Fig. 6G). Under AK404R-
MICA treatment, a significant increase in CD107a* NK and
CD69*CD8*T cells indicated that there was an increase in
activated NK and CD8™T cells, respectively (Fig. 6H). In
the NKG2D™ macrophage subclass, increased CD16/32 and
reduced CD206 suggested that AK404R-MICA treatment
led to an increase in M1 and a decrease in M2 macrophages
(Fig. 6I).

The IHC and immunofluorescence assay confirmed above
findings. IHC revealed that NK cells and CD8*T cells were
recruited to the tumor tissues after AK404R-MICA treat-
ment (Fig. 6], 6K). Immunofluorescence showed that the
release of IFN-y, IL-2, iNOS significantly increased in the
AK404R-MICA group (Fig. 6L). This certified our findings
that anti-VEGFR2-MICA can exert excellent anti-tumor effi-
cacy through activating NK cells, CD8*T cells, and improv-
ing the polarization of macrophages to M1.

Combination treatment reprogramed the immune
microenvironment

mAbO04-MICA can increase the expression of PD-L1 in
tumor tissues (Fig. 7A), we studied whether PD-1 block-
ade improves the anti-tumor activity of mAb04-MICA.
The combination of the anti-PD-1 antibody JZDO0O0 and
mAbO04-MICA further improved tumor growth control in
the H1975-bearing nude mouse (Fig. 7B—D). We studied
the mechanism in an NSCLC-bearing NOD-SCID model.
More activated CD107a*CD56"NK cells infiltrated into
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Fig.5 AK404R-MICA induced the polarization of macrophages to
M1 type in vitro. A, expression of NKG2D on RAW 264.7 detected
by flow cytometry. RAW 264.7 was co-cultured with LLC for 24 h
before detection. RAW 264.7 cells were co-cultured with LLC for
24 h with 5 ng/mL IFN-y + 100 ng/mL LPS,10 ng/mL IL-4, 1000 nM
AK404R or AK404R-MICA for another 48 h, respectively. Then
culture supernatant and the cells were harvested to analysis: B, cyto-
toxicity assay to assess the RAW 264.7 cell-mediated killing of LLC
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cells by LDH release assay. C, flow cytometry detected the propor-
tion of CD16/32. M1 type macrophages under different condi-
tions. D, western blot analysis for the CD16/32 and CD206 for M1
and M2 type macrophages respectively. E, QPCR analysis for TNF-a
and iNOS released by M1 macrophages. F, left, the release of TNF-
a detected by ELISA. Right, the release of NO detected by DAF-
FM DA. Data were presented as the mean+SD, n=3, **p<0.01,
**¥p <0.001
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Fig.6 AK404R-MICA showed superior anti-tumor efficacy in
LLC model in vivo through recruiting and activating immune cells
and inducing the polarization of macrophages to M1 type. A, tumor
images of each group under different treatments after 15d. B, growth
curves of tumors. C, the average tumor weights of different groups.
D, Tumor inhibitory rate of different groups. Data were given as the
mean+SD (n=5). *p<0.05, **p<0.01, ***p<0.001. E, F, the
liver index and spleen index of AK404R-MICA compared with nor-
mal mice. Liver index/spleen index (mg/g)=Liver/Spleen weight
(mg)/Mice weight (g). G, H, quantitative analysis of recruitment
and activation of NKG2D* NK (CD3~CD49b*CD107a"%) cells and

tumors in the combination treatment group (Fig. 7E-F, Fig.
S3A-B). Following blockade of PD-1, tumor-infiltrating
CD8*T cells showed improved function in SCID mice, as
indicated by the increased frequency of such cells express-
ing IFN-y (Fig. 7G-I; Fig. S3C-D). PD-1 blockade reduced
the number of CD4*Foxp3*Treg cells and increased the
number of CD4*Foxp3~ cells, thus reversing the immuno-
suppressed TME (Fig. 7J; Fig. S3E). The results were fur-
ther confirmed in expression of cytokines (Fig. 7K). JZD00

iNOS

T (CD3*CD8*CD69") cells. I, quantitative analysis of polarization
of NKG2D' macrophage cells to M1 (F4/80*CD16/32") pheno-
type or M2 (F4/80*CD206"%) phenotype. J, IHC staining of CD49b
and CD8 on paraffin sections that represents NK cells and CD8" T
cells in LLC xenografted tumors. Positive cells were identified with
antibodies in brown staining. Magnification, X 400. K, semiquantita-
tive and statistical analysis of CD49b™ NK cells and CD8" T cells.
L, immunofluorescence staining to evaluate the levels of IFN-y, IL-2,
and iNOS (red fluorescence) that were released by NK cells, CD8." T
cells, and macrophage cells. (Green fluorescence) in different groups.
Magnification, X 400

and mAb04-MICA alone significantly promoted the release
of the activating cytokines IFN-y and IL-2 but had no sig-
nificant effect on the inhibitory factors Foxp3 and TGF-p.
When combined, the release of activating factors was fur-
ther increased, while the expression of inhibitory factors
was significantly decreased (Fig. 7K). Combination therapy
trended to reduce blood permeability and HIF-1a expression
in tumor tissue (Fig. 7L-M), which suggested that the degree
of blood vessels normalization was increased.
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Discussion

We have introduced and validated tumor-targeted immuno-
therapy using a mAb04-MICA bi-specific fusion protein.
mAbO4-MICA directly killed cancer cells, induced anti-
tumor immunity through intra-tumoral NK and T cell infil-
tration and activation, and inhibited tumor angiogenesis.
Moreover, mAb04-MICA-induced polarization of mac-
rophages from M2 to M1. The release of cytokines such
as TNF-a, IFN-y, IL-2, and iNOS was also elevated. In
addition, PD-1 blockade improved the anti-tumoral activ-
ity of mAb04-MICA and improved the tumor immunosup-
pressive microenvironment. Thus, our findings highlight
the importance of combining an antiangiogenic regimen
with a PD-1 blockade to stimulate superior anti-tumor
effects. (Fig. 8).

NKG2D-mediated immune surveillance plays a piv-
otal role in inhibiting tumorigenesis and tumor progres-
sion [34, 35]. However, advanced cancers frequently shed
MICA to prevent recognition by immune cells, leading
to immune escape. The main challenge of reestablishing
tumor immunity is the restoration of NKG2D surveil-
lance [36, 37]. One approach has been to create antibod-
ies against MICA, thereby blocking the site of proteolytic
shedding [21]. This strategy achieved positive results in
MICA over-expressed tumor cells. However, the efficacy
of antibodies against MICA might have limited efficiency
for patients with low shed MICA or advanced cancers.
Another approach attempted to induce the tumor cells to
re-express NKG2D ligands through a stimulating factor,

such as IL-2 and doxorubicin [38]. Although this strategy
showed a promising anti-tumor effect, there is the potential
for cytotoxicity when considering clinical use. mAb04-
MICA was designed to both restore NKG2D immunosur-
veillance and inhibit angiogenesis. Recognition and target-
ing of tumor cell VEGFR2 allow MICA to be localized in
tumor tissues. This results in recruitment of NKG2D posi-
tive immune cells and activation of antibody-dependent
cellular cytotoxicity.

We found that mAb04-MICA can strongly bind to tumor
cells and inhibit their proliferation through the VEGFR2
pathway. Based on the strong ability to target VEGFR2,
we also studied whether MICA was able to simultaneously
restore immune surveillance by recruiting and activating
NK cells in the tumor microenvironment. In vitro, the kill-
ing effects of NK-92 cells and PBMCs were enhanced after
treatment with mAb04-MICA. This was supported by the
secretion of IFN-y and TNF-« increased significantly and the
release of granzyme B and perforin were elevated. In vivo,
the proportion of NK cells and the release of IFN-y and
TNF-a were increased significantly in tumor tissues after
mAb04-MICA treatment, reinforcing its ability to activate
NK cells. Additionally, an increase of activated CD8*T cells
was also detected in tumor tissue.

Macrophages are also reported to express NKG2D [23].
Tumor cells use their negative regulatory pathways to estab-
lish a tumor immunosuppressive microenvironment, espe-
cially by down-regulating MICA. M1 Macrophages are a
critical component of immune recognition and destruction
of tumor cells. M2 macrophages differentiate into M1 mac-
rophages through the interaction of MICA on tumor cells

Fig. 8 Illustration of mAb04-
MICA and AK404R-MICA:
structure and therapeutic
mechanisms
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[39, 40]. It is therefore of importance to restore MICA in the
tumor environment to increase M1 macrophages in cancer
treatment [40]. Interestingly, mAb04-MICA was found to
have this capability through its ability to resupply M1 mac-
rophages with MICA stimulation and activation in the tumor
microenvironment.

To elucidate the molecular mechanism and remove the
impact of Fc fragment, we designed a smaller format using
the scFv of mAb04 (AK404R-MICA). In vitro, the killing
effect of RAW264.7 on LLC was enhanced after AK404R-
MICA treatment. A significant increase of M1 macrophages
were seen after AK404R-MICA treatment. This was con-
sistent with the increased expression of M1 macrophage-
specific cytotoxic genes TNF-a and iNOS at the protein and
mRNA level. AK404R-MICA treatment can reverse the
induced RAW?264.7 cells from M2 to M1 to some extent.
In vivo, AK404R-MICA induced an increased polarization
of M2 macrophages to M1. These findings offer a compre-
hensive understanding of how AK404R-MICA interacts with
the innate immune system.

PD-1/PD-L1 expression has been reported to be up-reg-
ulated during antiangiogenic therapy, resulting in increased
tumor-adaptive immunosuppression despite increased
lymphocyte infiltration [41]. GC patients treated with
ramolumab showed increased CD8*T cell infiltration and
up-regulation of PD-L1 levels [42]. mAb04-MICA therapy
alone induced the up-regulation of PD-L1 expression in
tumor tissues. It is speculated that mAb04-MICA may lead
to the increased release of IFN-y, which can regulate the
expression of PD-L1 in tumor tissues [40]. When JZD00 was
combined with mABO04-MICA, the degree of NK cell acti-
vation was significantly increased. This is likely explained
by the synergistic effect of MICA/NKG2D engagement and
the inability of tumor cell PD-L1 to engage with NK PD-1.
mAb04-MICA can recruit CD8*T cells, but activation can-
not be initiated unless PD-1/PD-L1 engagement with tumor
cells is disrupted. Therefore, after blocking PD-1, the activa-
tion of CD8*T cells increased, and the release of IFN-y and
IL-2 was promoted. Additionally, JZD00 and mAb04-MICA
alone had no significant effect on inhibitory factors Foxp3
and TGF-f. When combined with mAb04-MICA, the release
of activating factors was increased, while the expression of
inhibitory factors was significantly decreased, indicating that
the immune microenvironment was significantly activated.

mAbO4-MICA showed better anti-tumor effects in vivo,
compared with either ramucirumab alone in combination
with docetaxel in GC and NSCLC models. We suspect that
mAbO04-MICA reduced drug resistance through the activa-
tion of the innate immune system. Although mAb04-MICA
has cross-reactivity with murine VEGFR2 (Fig. S3G), no
significant side effect was observed in a primary cytotoxicity
assay. Still, the chronic toxicity of mAb04-MICA treatment
needs to be investigated in a primate model.
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In summary, our study demonstrated that mAb04-MICA
has multifunctional modulating activity on innate immune
systems. Dual targeting of angiogenesis and NKG2D displays
better efficacy in solid tumors than single targeting alone.
This work shows strong evidence that the tumor-suppressive
immune microenvironment can be reversed and that the strat-
egy of using a MICA-fused antibody can be further applied to
other tumor-specific antigens. This behavior suggests promis-
ing therapeutic advances to the current therapeutic antibodies
used in clinical practice, and it provides innovative thought for
the new generation of cancer immunotherapy. However, poor
tissue penetration remains a major challenge for full-length
antibody-based therapeutics of solid tumors. Several studies
have made progress in addressing the problem of tissue pen-
etration of large proteins. The researchers find that co-adminis-
tration of the parent antibody with the antibody—dye conjugate
significantly improved the distribution of the antibody—dye
conjugate in human patients while lowering uptake in healthy
tissue [43]. In addition, tumor-penetrating peptide, iRGD
(CRGDK/RGPD/EC), increased vascular and tissue perme-
ability in a tumor-specific and neuropilin-1-dependent manner,
allowing co-administered drugs to penetrate into extravascular
tumor tissue [44]. The combination of these methods will fur-
ther increase the anti-tumor efficacy and safety of the antibody.
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tary material available at https://doi.org/10.1007/s00262-022-03306-1.
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