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ARTICLE INFO ABSTRACT

Keywords: We developed a strategy to combine conventional targeted therapy with immune checkpoint blockade using a

Bispecific antibody tumor-targeting bispecific antibody (BsAb) to treat solid tumors. The BsAb was designed to simultaneously engage

PD1 a tumor-associated antigen, epidermal growth factor receptor (EGFR), and programed cell death protein 1 (PD1).

EGFR . In addition to its direct anti-tumor activity via EGFR inhibition, the BsAb mediated efficient antibody-dependent

Immune checkpoint blockade .. . . . . . .

Targeted therapy cgllul.ar cytotoxicity (ADCC) and activated T cell antitumor im munity through bl.oc'kade of PD1 fr.om interacting
with its counterpart, programed cell death ligand 1 (PDL1). Further, the BsAb exhibited a potent direct tumor cell
killing activity in the presence of PBMC, most likely, via activating and, at the same time, physically engaging T
cells with tumor cells. Taken together, we here illustrate a new strategy in the design and production of novel
BsAbs with enhanced therapeutic efficacy through both direct tumor growth inhibition and T cell activation via
tumor-targeted immune checkpoint blockade.

Introduction several cancers, including melanoma, lymphoma, non-small cell lung

Tumor growth and metastasis are strongly influenced by tumor mi-
croenvironment. Within the tumor microenvironment, T cells, B cells,
natural killer (NK) cells, tumor-associated macrophage (TAM), dendritic
cells (DC), myeloid-derived suppressor cells (MDSC) and other cells form
a dynamic immune network [1,2]. Cancer cells can dampen, change and
block the anti-tumor activities of immune cells, a mechanism called im-
mune evasion. Programmed cell death protein 1/ programed cell death
ligand 1 (PD1/PDL1), an immune checkpoint complex, exploited by
many tumors to evade immune system, has been extensively studied.
Binding of PD1 to PDL1 (CD274, B7-H1) suppresses the function of
tumor-infiltrating T-lymphocytes, by inducing apoptosis or turning them
into a state of exhaustion [3]. In addition, studies also showed that liga-
tion of PD1 with PDL1 can affect the activities of NK cells, TAMs and DCs
as well [4-11]. In this regard, monoclonal antibodies (mAb) that block
PD1/PDL1 interaction by targeting either PD1 or PDL1 have been shown
to restore immune responses in tumor microenvironment, resulting in
significant and sometimes, long-lasting anti-tumor activity in clinics for

cancer, gastric and liver cancers [12].

EGFR/HER1 is a member of the epidermal growth factor recep-
tor (EGFR) family and plays important roles in development and tu-
morigenesis, e.g. lung tumors [13,14]. HER receptors are often over-
expressed or mutated in many tumors and thus are considered as im-
portant targets for anti-tumor therapy. Activation of HER receptors in-
volves the homo- and hetero-dimerization of the extracellular domain
of HER receptors (EGFR, HER2, HER3 or HER4) following ligand bind-
ing [15,16]. This leads to the formation of an asymmetric dimer of the
intracellular tyrosine kinase domains (TKDs), which results in the al-
losteric activation and trans-phosphorylation of tyrosines in the tail of
the TKDs [17]. EGFR stimulation can activate multiple intracellular sig-
naling pathways, including PLC-y-PKC, Ras-Raf-MEK, PI3K-Akt-mTOR
and JAK2-STAT3 and thus play critical roles in tumor growth and metas-
tasis [18-21]. To date, a number of anti-EGFR mAbs and receptor tyro-
sine kinase inhibitors have been approved for treatment of multiple can-
cers, including colorectal, head & neck, and non-small cell lung cancers
[22-26].
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Several approaches have been explored to further enhance the ther-
apeutic efficacy of the anti-PD1/PDL1 and the anti-EGFR antibodies.
Novel mAb to other immune checkpoint targets, for example antago-
nistic antibodies to LAG3, TIM3 and TIGIT, and agonistic antibodies to
CD40, 0X40 and 4-1BB, are being identified and developed [27,28].
Anti-EGFR antibody-based bispecific antibodies (BsAb) and antibody-
drug conjugates (ADC) are also being studied [29-31]. Recently, com-
bination therapies of two or more tumor-targeting mAbs, for exam-
ple, anti-HER2 mAbs, trastuzumab and pertuzumab, in breast cancer,
or two or more immune checkpoint inhibitor mAbs, for instance, an
anti-PD1 mAb (nivolumab) and an anti-CTLA4 mAb (ipilimumab) in
melanoma and NSCLC, or others, such as an anti-vascular endothelial
growth factor (VEGF) mAb (bevacizumab) and an anti-PDL1 mAbD (ate-
zolizumab) in liver cancer, have been shown to be more efficacious than
single antibody agents in the clinic [32,33]. To this end, combination
of an antibody targeting EGFR with an antibody targeting PD1, or al-
ternatively, a BsAb that simultaneously targets both EGFR and PD1,
may provide a novel and promising strategy to effectively treat can-
cers. Two antitumor BsAbs have been approved for clinical use up to
date. Catumaxomab was approved by the European Medicines Agency
(EMA) for the treatment of malignant ascites in 2009 and Blinatumomab
approved for adult patients with relapsed or refractory B cell precur-
sor acute lymphoblastic leukemia (ALL) by the United States Food and
Drug Administration (FDA) in 2014. Overall, there are more than 110
BsAbs in development and over 50 BsAbs have been studied in clinical
trials [34].

In this study, we constructed and produced a BsAb comprising of
an anti-EGFR antibody IgG and a single chain Fv (scFv) from an anti-
PD1 antibody. The BsAb retained its binding activity to both targets
and was able to simultaneously engage EGFR on tumor cell surface and
PD1 on T cells. In addition to its direct anti-tumor activity via EGFR
inhibition, the BsAb mediates a strong ADCC activity and activates an-
titumor immunity through blockade of PD1/PDL1 interaction. Further,
the BsAb exhibits a potent direct tumor cell killing activity in the pres-
ence of T cells by activating T cells and, at the same time, physically
joining the T cells with tumor cells. Our anti-PD1 x anti-EGFR BsAb rep-
resents a novel strategy to enhance cancer treatment efficacy through
both growth factor receptor blockade and tumor-targeted immune
activation.

Materials and methods
Cell culture and proliferation assays

Cell lines used in this study were obtained from American Type
Culture Collection (ATCC) unless otherwise noted. Cells were cultured
in 37 °C incubator with 5% CO, using standard cell culture meth-
ods and reagents, A431 cells (ATCC Cat#CRL-1555, human epider-
moid carcinoma), an EGFR-overexpressing epidermal cell line, were
cultured in RPMI-1640 with 10% FBS, 1% L-glutamine and 1% peni-
cillin/streptomycin; MC38 cells (Jennio biotech, mouse colon can-
cer cells) were cultured in DMEM with 10% FBS; SW48 cells (ATCC
Cat#CCL-231, human colorectal adenocarcinoma) were cultured in L-
15 supplemented with 10% FBS; Peripheral blood mononuclear cells
(PBMCs) from healthy donors (Saily Bio, Cat#SLB-HP) and T cells
(Saily Bio, Cat#SLB-CD3T-10AN) were cultured in RPMI 1640 com-
plete medium. HEK293E was cultured in freestyle 293 medium (Life
technologies) with 1% Penicillin-Streptomycin. PD1-overexpressing Ju-
rkat T cells (Promega, Cat#J1250) were cultured in RPMI-1640 with
10% FBS, 1% Sodium Pyruvate, 1% penicillin/streptomycin, 500 ug/ml
G418, 1% MEM Non-Essential Amino Acids, 200 ug/ml Hygromycin B.
Cell proliferation assays were conducted in 96-well plates with a start-
ing confluence of 10-20% for 6 days. Cell viability was assessed using
Cell Counting Kit-8 (Dojindo, Cat# CK04) according to manufactory’s
instruction.

Translational Oncology 14 (2021) 100916

Protein expression and purification

Constructs expressing the anti-PD1 x EGFR BsAb variants were gen-
erated using pTT5 vector (NRC Biotechnology Research Institute). The
resulting expression vectors were transiently transfected into HEK293E
cells using 1 ug/mL 25-kDa linear PEI (Polysciences, Inc.). 1 day af-
ter transfection, valproic acid (Sigma) was added to cell culture at a fi-
nal concentration of 3 mM. On day 2 post-transfection, cells fed with
medium comprising 10% GlutaMAX, 10% 400 g/L glucose and 80%
freestyle 293 medium was added to the cell culture at 10% of the to-
tal volume. Conditioned medium was collected 5-6 days after transient
transfection. BsAbs in the culture media were purified by MabSelect
SuRe (GE) affinity columns using an Akta Avant 25 FPLC purification
system. After equilibrating the column with buffer A (25mM sodium
phosphate, 150 mM sodium chloride, pH=7.0), the culture media con-
taining BsAbs were applied to the column, which was then eluted with
buffer B (100 mM sodium citrate, pH=3.5) to collect the desired pro-
teins. The eluted BsAbs were further polished by gel filtration on a Su-
perdexTM 200 column (GE) if necessary.

Indirect ELISA binding assay

96-well plates (Costar, Cat#9018) were coated with 1 ug/ml His-
tagged EGFR-ECD or PD1 proteins (in-house) or other related proteins at
4 °C overnight. The plates were washed with phosphate-buffered saline
(PBS) containing 0.05% Tween-20 (PBS-T), blocked for 1 h with PBS
containing 2% bovine serum albumin (BSA) and incubated with serial
dilutions of purified antibodies for 1 h at room temperature. The plates
were washed with PBS-T for three times and incubated with Anti-Human
IgG (Fc specific)—peroxidase antibody (Sigma, Cat#A0170) for 1 h at
room temperature. The plates were washed and the reaction developed
with TMB substrates. The plates were then read on a SpectraMax 190
reader (Molecular Devices) at 450 nm.

Flow cytometry on A431 cells

To measure anti-PD1 x EGFR BsAb binding affinity for EGFR-
overexpressing cells, A431 cells (3x10°) were incubated with 3-fold
serial dilutions of the BsAb ranging from 500 nM to 0.23 nM in 200 uL
serum-free RPMI 1640 at 4 °C for 1 h. Cells were washed three times
with PBS and the bound antibody was incubated with FITC-conjugated
Anti-Human IgG antibody (Sigma, Cat#F9512-2mL) at 4 °C for 30 min.
Cells were washed and resuspended in 200 uL PBS and were analyzed
on FACS (BECKMAN, Cytoflex).

ADCC assays

A431 tumor cells were grown in 96-well flat bottom plates at a den-
sity of 1x10* cells/50 uL/well in RPMI 1640 supplemented with 5%
FBS. NK cells (ATCC, Cat#pta-8837) were grown in MEM with 0.2 mM
Inositol, 2 mM L-glutamine, 12.5% FBS, 12.5% HS, 0.02mM folic acid,
0.1mM p-Mercaptoethanol and supplemented with 200 U/ml IL-2 at a
density between 2x 105cells/ml — 5x 10° cells/ml. Serial dilutions of
anti-PD1XEGFR BsAbs and control antibodies were added to each well
in the presence of 5x10% NK cells/well for a final reaction volume of
150uL, and the plates were incubated for 3 h at 37°C and 5% CO,. 3 h
later, 50 uL LDH substrate was added into each well and incubated at
room temperature for 15 min. The plates were then read at 490 nm
on a SpectraMax 190 reader (Molecular Devices). The lysis % was con-
verted from OD values according to the following formula: (ODg,pmpe-
OD-ODyy) / ODyy5*100%. The ECs was calculated using GraphPad
Prism 6 software (GraphPad Software). In the case of T cells, anti-CD28
antibody pre-activated T cells were used instead of tumor cells.
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Tumor cell killing and cytokine release assays

Prior to use, SW48 cells were harvested in logarithmic phase and
diluted to 1x105cells/ml in RPMI 1640 supplemented with 5% FBS.
100uL SW48 cells were then added into the wells of 96-well flat bottom
plates and incubated overnight at 37° C and 5% CO,. Next day, 100 nM
of various antibodies and controls were added to each well in the pres-
ence of 1 x 10° PBMC/50 ulL/well for a final reaction volume of 150 ulL,
and the plates were incubated for 7 days at 37°C and 5% CO,. 7 days
later, 50 uL Cell-Titer Glo reagent (Promega, Cat#G7570) was added to
each well and the plates incubated at room temperature for 5-10 min.
The plates were then read on a MD SpectraMax i3 for luminescence at
500 ms. For cytokine release assays, 150uL supernatants were collected
from each sample well 3 days after incubation at 37 °C and 5% CO,_Cy-
tokines in the supernatants were detected using Cytometric Bead Array
(CBA) Human Th1/Th2 Cytokine kit II (BD, Cat#551809).

FACS to determine the bridging of T cells with tumor cells by the BsAb

Prior to use, PD1-overexpressing Jurkat T cells were stimulated by
1 ug/ml anti-CD3 mAb for 48h for enhanced PD1 expression. The pre-
activated T cells were then labeled with Alexa Fluor 647-conjugated
anti-PD1 mAb (Sinobiological, #MM18, with different epitopes from
609A) in the presence of anti-PD1 x EGFR BsAb (namely, T1), 609A
(T2) and the BsAb plus 609A (T3) for 1h at room temperature respec-
tively. In parallel, A431 tumor cells were harvested in logarithmic phase
and labelled with Alexa-fluor 546-conjugated anti-EGFR mAb, HuML66
(patent no. #US9238690B2) produced in-house, with epitopes different
from cetuximab) in the absence (namely, Al) or presence (A2) of ce-
tuximab for 1h at room temperature. After 1h, the 647-Labeled T cells
and 546-labeled A431 tumor cells were separately washed by PBS 3
times to remove antibodies, and then co-cultured together for 30min at
room temperature at a ratio of 2:1 (T cells vs Tumor cells) as the follow-
ing format T1+A1, T2+A2 and T3+Al, respectively. Samples were then
subject to FACS (BECKMAN, Cytoflex) at a cell flow rate of 500-10,000
cells/sec. to analyze the ratio of conjugates of T cells with tumor cells.

Immunofluorescence microscopy

Prior to use, PD1-overexpressing Jurkat T cells (Promega) were stim-
ulated by 1 ug/ml anti-CD3 mAb for 48 h for enhanced PD1 expression.
The activated T cells were labeled with 200nM Alexa Fluor 488 (488)-
conjugated anti-PD1 x EGFR BsAb (namely T1) or 488-conjugated anti-
PD1 mAb (609A) (T2) for 1h at room temperature respectively. A431
tumor cells were labeled with 100 nM Alexa Fluor 546 (546)-conjugated
anti-EGFR mAb (HuML66) in the presence (namely A1) or absence (A2)
of cetuximab for 1h at room temperature respectively. 488-Labeled T
cells were then co-cultured with 546-labeled A431 cells as the follow-
ing formats T1+A2 or T2+A1 in PBS for 30min at room temperature
followed by transferring into 6-well plates pre-coated with poly-lysine
prior to fixation by 4% paraformaldehyde. Images of conjugated T and
tumor cells by the BsAb were visualized with an LCAch N 40x/0.55 PhP
objective (IX53, Olympus).

Xenografted and syngeneic tumor models

Animal care and in vivo experiments were approved (The approval
Code for SW48 xenograft model: AS-2018-052; for MC38 syngeneic
model: AS-2018-038) by institutional IACUC of Sunshine Guojian Phar-
maceutical (Shanghai) Co. Ltd and performed under protocols. SW48
cell line-derived xenograft models were established in 6-week female
Balb/c nude mice (purchased from Charles River Laboratories) by sub-
cutaneous injection of 3 x 106 SW48 mixed with 50% matrigel. When
tumors had reached a size of about 150 mm3, the animals were divided
into groups with comparable tumor sizes and treated as described in
the text and figures, i.p. twice a week. Human PDL1-transfected MC38
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cell line-derived syngeneic models were established in 18-20 female
C57BJ/6J-PDCD1em1(Hpdcdl)/Smoc mice (purchased from Shanghai
Model Organisms) by subcutaneous injection of 1 x 10° cells. C57BJ/6J-
PDCDleml (Hpdcdl)/Smoc mice are transduced with human PDCD1
gene and express human PD-1 protein. When tumors had reached a size
of about 150 mm?3, the animals were divided into groups with compara-
ble tumor sizes and treated as described in the text and figures, i.p. twice
a week. Human IgG was used as the negative control. Tumor growth
was measured per 3-4 days and calculated using the formula V= LW?/2
(where V= volume, L=length and W =width).

Statistical analysis

All numerical data were presented as mean =+ standard deviation
(SD) except for mouse xenograft data which were presented as mean +
standard error (SE). Numerical data processing and statistical analysis
were performed with Microsoft Excel and GraphPad Prism 6 software.
P values were calculated using unpaired two-tailed Student-t test. In
all tests, differences with P values < 0.05 () were considered to be

statistically significant.
Results
Construction and production of the anti-PD1 x EGFR BsAb

To construct the BsAb, we fused the scFv of an anti-PD1 mAb (SSGJ-
609A or 609A) to the IgG scaffold of the anti-EGFR antibody, cetux-
imab (Erbitux), a FDA-approved antibody for the treatment of colorec-
tal cancer and head and neck cancer [33]. We first examined the effect
of the scFv/IgG orientation in the BsAb molecule on its target binding
activity by fusing the scFv to either the N-terminus or the C-terminus
of the IgG heavy chain. Results showed that the anti-PD1 (609A) scFv
fused to the N-terminus exhibited 10-fold better binding affinity for PD1-
overexpressing CHO cells than that fused to the C-terminus (Fig. S1).
Thus, the BsAb with anti-PD1 scFv attached to the N-terminus of cetux-
imab, namely anti-PD1 x EGFR BsAb, was selected for further charac-
terization (Fig. 1A). The BsAb was expressed in mammalian cell culture
and purified by a single-step Protein A chromatography (Fig. 1B). The
BsAb also showed a good thermostability with a Tm1/Tm2/Tm3 of over
61 °C, 71°C and 83 °C respectively (Fig. 1C).

The anti-PD1 x EGFR BsAb retained full binding activities of the parental
mAb

The anti-PD1 x EGFR BsAb dose-dependently bound to PD1 and
EGFR in ELISA assays. The ECs, (the antibody concentration required
for 50% of maximum binding) of the BsAb for EGFR is 1.27 nM, which
is comparable to that of cetuximab (1.09 nM) (Fig. 2A). The ECs, of the
BsAb for human PD1 is 0.19 nM, compared to that of 0.15 nM of the
parental anti-PD1 mAb, 609A (Fig. 2B).

Next we tested the ability of the BsAb to bind to the receptors on cell
surface using FACS. The ECs, of the BsAb binding to A431 cells, a human
epidermoid cancer cell line that overexpresses EGFR, is 4.38nM, which
is comparable to that of cetuximab, whose ECsj is 4.98 nM (Fig. 2C).
The ECsy of the BsAb for PD1-overexpressing CHO cells is 1.53 nM,
compared to that of 1.62 nM of 609A (Fig. 2D).

A bridging ELISA was utilized to confirm that the BsAb is capable
of simultaneously binding to its two targets. As shown in Fig. 2E, the
BsAb was able to cross-link the two targets, EGFR and PD1, whereas the
mono-specific antibodies, 609A and cetuximab, failed to do so (Fig. 2E).

The anti-PD1 x EGFR BsAb retained full biological activities of the parental
antibody in cell-based assays

In an in-vitro tumor cell growth assay, the BsAb inhibited the pro-
liferation of EGFR-overexpressing A431 cells at an ICs, (the antibody
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A B Fig. 1. The structure and properties of the anti-PD1 x EGFR
anti-PD1 scFv 1- 2 g M 3 4 BsAb. A) Schematics of the anti-PD1 x EGFR BsAb structure.
B p— B) SDS-PAGE showed non-reduced and reduced anti-PD1 x
120 EGFR BsAb. Lanel: Non-reduced BsAb; Lane2: reduced BsAb;
6;2 i Lane3: Non-reduced cetuximab; Lane4: reduced cetuximab; M:
S5 - Molecular weight marker. C) Differential scanning calorime-
. try (DSC) of anti-PD1XEGFR BsAb shows T,,,=54.8 °C and
anti-EGFR-1gG1 Sl T,,1/2/3=61.8 °C/ 71.5°C/ 83.3 °C.
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Fig. 2. Anti-PD1 x EGFR BsAb simultaneously bound to PD-1 and EGFR. A) The binding affinity of the BsAb for EGFR was measured by ELISA. Cetuximab was used
as the positive control. B) The binding affinity of the BsAb for PD1 was measured by ELISA and compared to that of the parental anti-PD1 mAb, 609A. C) The ability
of the BsAb to bind to A431, an EGFR-overexpressing cancer cell line, was measured by FACS and compared to that of cetuximab. D) The ability of the BsAb to bind
to PD1-overexpressing CHO cells was measured by FACS and compared to that of the parental anti-PD1 mAb, 609A. E) A bridging ELISA was setup in a way that
EGFR proteins were coated on the plates followed by addition of indicated antibodies and biotin-labelled PD1 proteins sequentially. Strepavidin-HRP was added to
visualize the positive binders. Result confirms that the BsAb is capable of simultaneously cross-linking its two targets, EGFR and PD1.

concentration that inhibits 50% of cell proliferation) of 0.81 nM, which The anti-PD1 x EGFR BsAb showed potent ADCC towards

is similar to that of cetuximab at 0.93 nM (Fig. 3A). In a PD1/PDL1 EGFR-overexpressing tumor cells but not T cells

blockade cell-based assay (Promega, Cat#J1250), the BsAb blocked

PD1/PDL1 cell signaling with an ICs, of 1.43nM, compared to that of It is known that antibody dependent cellular cytotoxicity (ADCC) is
0.89 nM for the parental anti-PD1 antibody, 609A (Fig. 3B). These re- one of the mechanisms of action for cetuximab. Here we examined the
sults confirmed that the BsAb retained its dual-functionality to directly ADCC of the BsAb towards cancer cells as well as T cells. As expected,
inhibit tumor cell growth and to block PD1-mediated negative cellular the BsAb exhibited strong ADCC towards A431 cancer cells with po-
signaling in T cells. tency comparable to that of cetuximab (Fig. 4A). Intriguingly, the BsAb



L. Li, L. Deng, X. Meng et al.

A
Inhibition of A431 proliferation

3.0
-®- anti-PD1xEGFR BsAb
2,54 - Cetuximab
(=
0
3 2.0+
(o]
1.5+
1-0 L] L] L} L] 1
-3 -2 -1 0 1 2

lognM

Translational Oncology 14 (2021) 100916

PD1/PDL1 Blockade Bioassay

150 -@- anti-PD1xEGFR BsAb
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°
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£
0
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Fig. 3. Anti-PD1 x EGFR BsAb inhibited proliferation of EGFR-overexpressing tumor cells and blocked PD1/PDL1 interaction in cell-based bioassays. A) The BsAb
inhibited proliferation of EGFR-overexpressing A431 cancer cells in a dose-dependent manner similar to cetuximab. B) The ability of the BsAb to block the PD1/PDL1
signaling was measured and compared to that of the parental anti-PD1 mAb, 609A, using a PD1/PDL1 blockade cell-based assay (Promega) according to the

manufacture’s instruction. A non-specific IgG1 was used as the negative control.
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Fig. 4. Anti-PD1 x EGFR BsAb retained ADCC towards tumor cells but not T cells. A) The BsAb exhibited similar potency in lysing tumor cells to that of cetuximab
in the ADCC assay. B) The BsAb failed to mediate significant ADCC towards T cells, whereas an anti-MHC1 IgG1 antibody showed strong potency in lysing T cells in

a dose-dependent manner.

did not show measurable ADCC towards T cells, whereas a positive con-
trol antibody targeting the MHC-I molecule of T cells exhibited a strong
cytotoxicity effect (Fig. 4B). Taken together, these results suggest that
the 609A scFv in the BsAb format is not efficient at triggering a mean-
ingful ADCC activity towards T cells when fused to the N-terminus of
an IgG heavy chain, perhaps due to an undesirable tertiary relationship
(or spacing) between the binding of PD1 on T cell (the target) surface
and the FcyR engagement on the effector cells.

The anti-PD1 x EGFR BsAb is capable of engaging cytotoxic T cells for
direct tumor cell killing

Next we tested whether the BsAb is capable of inducing direct tumor
cell killing by engaging tumor cells and T cells simultaneously. In this
experiment, we cultured SW-48, a colorectal cancer cell line that ex-
presses both EGFR and PD-L1 (data not shown), with human PBMCs in
the presence of various antibodies. Cetuximab significantly reduced the
number of live tumor cells whereas the anti-PD1 mAb, 609A, only exhib-
ited a moderate inhibitory activity. Combination of cetuximab and 609A
did not further enhance the antitumor effect of cetuximab. Intriguingly,
anti-PD1 x EGFR BsAb demonstrated a significant more potent tumor

inhibition compared to that of cetuximab alone or in combination with
609A (Fig. SA).

FACS analysis revealed that, in the presence of the BsAb, but not
the simple combination of the two parent mAb, there is formation of
conjugates of tumor cells and T cells (Fig. 5B, upper right corner in the
left and middle panels). The conjugation could be blocked by the mono-
specific anti-PD1 antibody, 609A (Fig. 5B, right panel), suggesting that
the BsAb is capable of directly cross-linking the two cell populations
via simultaneous binding to its targets on both tumor and T cells. This
is further confirmed by immunofluorescence microscopy. Incubation of
the tumor cells with T cells in the presence of the BsAb led to the for-
mation of “rosettes” where the tumor cells were surrounded by one or
more T cells, in some cases, a single T cell was seen in contact with sev-
eral tumor cells (Fig. 5C). No significant tumor-T cells interaction was
observed when the two cell population was incubated with a mixture of
cetuximab and 609A (Fig. 5C).

IFN-y has long been implicated as a hallmark of Thl-polarized an-
titumor immunity [36]. Next, we analyzed IFN-y production over the
course of incubation of SW-48 cancer cells with the BsAb in the pres-
ence of human PBMC. The BsAb induced a much more significant IFN-y
production, which was peaked on day 3 post antibody treatment, and
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Fig. 5. Anti-PD1 x EGFR BsAb is capable of engaging cytotoxic T cells for direct tumor cell killing. A) Human PBMCs were mixed with SW48 tumor cells in the
presence of 100 nM indicated antibodies. The number of live cells was measured as Relative Luminescence Units (RLU). PBMC only: tumor cells mixed with PBMC in
the absence of antibodies. Cetuximab+609A: combination of cetuximab with the anti-PD1 mAb, 609A. B) PD1-overexpressing Jurkat T cells (Promega) pre-labeled
with Alexa Fluor 647-conjugated anti-PD1 mADb (Sinobiological, #MM18) were mixed with A431 cells pre-labelled with Alexa fluor 546-conjugated anti-EGFR mAb
(HuML66) in the presence of a) the BsAb, b) the mixture of cetuximab and 609A, c) the BsAb plus 609A, respectively. The group in red (pseudo-color) (upper
right corner) are cells that have dual emission signals (MFI >1x 10° for FITC-A and MFI >3 x 10° for APC-A), meaning that both cells were associated together;
The group in green (pseudo-color) (upper left corner) are T cells labeled with Alexa Fluor 647-conjugated anti-PD1 mAb (MFI>3 x 10% for APC-A); The group in
purple (pseudo-color) (lower right corner) are A431 cells labeled with Alexa fluor 546-conjugated anti-EGFR mAb (MFI>1 x 10° for FITC-A). C) Immunofluorescence
microscopy showing co-staining of PD1 (green) on T cells and EGFR (red) on A431 tumor cells for samples treated with the BsAb or a mixture of the anti-PD1 mAb
(609A) plus cetuximab. Note the formation of “rosettes” where tumor cells are surrounded by multiple T cells, and in other cases, a single T cell is in contact with
several tumor cells (the inset), in the presence of the BsAb. The mixture of 609A and cetuximab failed to induce the formation of “rosettes”. Red arrows denote T
cells (DIC channel) which were barely seen for PD1 staining (green channel) owing to the rearrangement of PD1. White arrowheads denote the synapses formed by
PD1 rearrangement. D) Human PBMCs were mixed with SW48 tumor cells in the presence of 100nM indicated antibodies. The concentrations of IFNy secreted into
the medium were measured and plotted against the days of treatment. No Ab: tumor cells mixed with PBMCs in the absence of any antibodies.



L. Li, L. Deng, X. Meng et al.

Translational Oncology 14 (2021) 100916

A
SW48 Xenograft tumor model
2500.00 - ~—e—Control
—#—anti-PD1xEGFR BsAb 34 mg/kg
anti-PD1xEGFR BsAb 6.8 mg/kg

= 2000.00 Cetuximab 25 mg/kg

£

£ 1500.00 |

o

£

=

5 1000.00 -

>

13

g

£ 500.00 -

™=

0.00 1 ; i . ;
0 10 20 30 40
Days

hPDL1-transfected MC38 tumor model

5000.00 - —e—cControl
4500.00 { =—#— anti-PD1xEGFR BsAb 13.3mg/kg
—o—609A 10mg/kg

4000.00 -
3500.00
3000.00
2500.00
2000.00 -
1500.00 -
1000.00 -
500.00 - ]

000 m—— = ,

0 5 10 15 20
Days

Tumor Volume (mm3)

Fig. 6. Anti-PD1 x EGFR BsAb exhibited potent antitumor effects in vivo. A) A vehicle control (diamond), the BsAb (square & cross) and cetuximab (triangle) were
i.p. injected into mice bearing SW48 tumor at the indicated doses. Tumor volumes (mm?) were measured at the indicated time points. B) A vehicle control (diamond),
the BsAb (square) and anti-PD1 mAb (solid circle) were i.p. injected into mice bearing human PDL1-transfected MC38 tumor at the indicated doses. Tumor volumes

(mm?3) were measured at the indicated time points.

maintained at the high level through the end of the experiment on day 7,
compared to cetuximab, 609A or the combination of the two (Fig. 5D).
The increase of IFN-y mediated by the BsAb could not be attributed to
proliferation of PBMC, as the number of CD8+ T cells remained mostly
unchanged throughout the course of experiments for all groups (data
not shown).

The anti-PD1 x EGFR BsAb is potent in inhibition of tumor growth in both
xenografted and syngeneic tumor models

We next evaluated the antitumor effects of each of the two arms of
the BsAb in vivo. We used an SW48 xenograft model to measure the
efficacy of the BsAb for EGFR blockade. In this study, cetuximab sup-
pressed 70% of SW48 tumor growth at the dose of 25 mg/kg on day
32 post treatment. The BsAb was equally potent in suppressing the tu-
mor growth, in a dose dependent manner, with inhibition rates of 60%
and 70% at 6.8 mg/kg and 34 mg/kg (which is the equal molar dose of
25 mg/kg cetuximab) respectively (Fig. 6A).

Using a human PDL1-transfected MC38 tumor cell line in a human
PD1 transgenic syngeneic mouse model, we analyzed the antitumor ac-
tivities of the anti-PD1 arm of the BsAb. In line with our previous stud-
ies, anti-PD1 mAb, 609A, effectively inhibited around 90% of tumor
growth at a dose of 10 mg/kg on day 21. Similarly, the BsAb also inhib-
ited around 90% of tumor growth at an equal molar dose of 13mg/kg
(Fig. 6B). Taken together, these results indicated that each arm of anti-
PD1 x EGFR BsAb retained the antitumor efficacy to the level compa-
rable to their parental mAb in vivo. Due to the fact that both the func-
tional domains (anti-PD1 and anti-EGFR) of the BsAb do not have cross-
reactivity with their mouse counterparts, we were unable to simultane-
ously assess the dual antitumor efficacy of the BsAb in one single animal
model, thus addressing the potential synergistic antitumor effect of the
BsAD in these mouse models.

Discussion

Both tumor-targeted therapies via specific mAb directed against
tumor-associated antigens, e.g., EGFR and HER2 and tumor immune
therapies via checkpoint inhibitor blockade, e.g., anti-PD1/PDL1 mAb,
have demonstrated significant and meaningful clinical benefits in multi-
ple cancers [26,32,33,35,37]. The effectiveness of these therapies, how-
ever, remains modest and many patients are either refractory or be-
come resistant to the treatment over times. Many efforts are being at-
tempted to develop more efficacious approaches, for example, by iden-
tifying new targets and/or exploring various combination therapies of

different classes of antitumor agents. It is well known that tumors are
highly heterogeneous, comprising of not only the tumor cells but mul-
tiple other tissues and cells including neo-vasculature (proliferating en-
dothelial cells), fibroblasts, and various immune cells such as T cells,
macrophages and other mononuclear cells. Co-targeting different com-
ponents in a tumor thus represents a rational and promising approach
to enhance the overall therapeutic efficacy and to address the issue of
tumor resistance to the existing therapies.

In this study, we devised a strategy to combine conventional tar-
geted therapy with immune checkpoint blockade (anti-PD1/PDL1) by a
BsAb approach to treat solid tumors. In the BsAb embodiment, the anti-
PD1 antibody is directed to the tumor microenvironment by a second
antibody targeting a tumor associated antigens expressed in the tumors
[29]. The BsAb, anti-PD1 x EGFR BsAb, was constructed by fusion of two
anti-PD1 scFv symmetrically to the N-terminus of the heavy chains of ce-
tuximab. The orientation of the anti-EGFR IgG and the anti-PD1 scFvs is
important, as swapping the anti-PD1 scFvs from the N to the C-terminus
of cetuximab IgG heavy chains significantly (by 10-fold) reduced the
binding of the BsAb to PD1-overexpressed CHO cell surface. This obser-
vation suggests that the position of 609A scFv in the BsAb molecule may
affect its overall folding/structure (thus reducing its binding activity),
and/or influence its access to the binding epitopes on PD1 on the cell
surface.

There are in theory several rationales for co-targeting EGFR on tu-
mor cells and PD1 on T cells via a BsAb: 1) accumulating evidence
demonstrated that stimulation of EGFR signaling can suppress immune
responses and enhance the tumor cell evasion of immune surveillance,
including induction of PDL-1 overexpression on the surface of tumor
cells, stimulation of VEGF, IL6, IL10 secretion, activation of regulatory
T cells (Tregs) and downregulation of T cell chemokines [38-45]. Inhibi-
tion of EGFR signaling in tumor cells, therefore, not only can exert direct
antitumor activity but also may create a more favorable anti-tumor im-
mune microenvironment [40,46]; 2) By targeting EGFR-overexpressing
tumor cells, anti-PD1 x EGFR BsAb may enhance the antibody localiza-
tion to specifically target and activate T cells and other immune cells
within the tumor microenvironment [29]; 3) the BsAb simultaneously
targeting EGFR on tumor cell surface and PD1 on T cells may likely
be able to create direct cell-cell interaction/engagement of the tumor
cells and the immune cells, and leads to the formation of immunolog-
ical synapse, resulting in CD8" T cell activation and potent tumor cell
killing [30,47].

As expected, the BsAb retained the biological activities of each of its
parent mAb. The BsAb efficiently bound to EGFR and PD1, both inde-
pendently and simultaneously (Fig. 2). Further, the BsAb was as effec-
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tive as the parental mAb in inhibiting proliferation of EGFR-expressing
tumor cells and in activating T cells via blocking PD1/PDL1 interaction
(Fig. 3). In animal studies, the BsAb demonstrated equal potency to ce-
tuximab in a nude mouse xenografted tumor model (a system without
human T cell presence), and to the anti-PD1 mAb (SSGJ-609A) in the
human PDI1-transgenic mouse syngeneic tumor model (where the tu-
mor cells does not express human EGFR) (Fig. 6). It is unfortunate that
there are no appropriate animal models available to date where the an-
titumor activity of the anti-EGFR and the anti-PD1 mAb, or the BsAb,
could be examined simultaneously within a single system, as both the
parental mAb only specifically recognize human targets but not their
mouse counterparts.

In this study, we showed that the BsAb, with an IgG1 scaffold, is po-
tent in mediating ADCC towards the EGFR-expressing tumor cells but
not to PD1-expressing T cells. It is generally acknowledged that ADCC
mediated by mononuclear cells (in particular NK cells) is one of the
mechanisms of action for cetuximab, an IgG1 subtype, to kill tumors
[48]. On the other hand, IgG4, which is much less potent in FcyRIII
binding and mediating ADCC, has been the universal choice when con-
structing anti-PD1 antibodies, to alleviate the concerns over innocent
(or bystander) T cell killing by the ADCC activity. Here, we constructed
the BsAb using cetuximab IgG1 as the scaffold. As expected, the BsAb
retained strong ADCC when compared to cetuximab. Interestingly, the
BsAb did not show significant ADCC activity towards T cells. Since the
anti-PD1 scFv was fused to the N-terminus of the heavy chain of an IgG1
scaffold, this observation suggests that in this case, perhaps, the physi-
cal distance (or spacing) between the target antigen binding (at the far
end of the N-terminus) and the FcyR interaction by the BsAb may not be
ideal in mediating an efficient ADCC towards the target cells. This re-
sult indicates that it is feasible to construct an IgG1-like (Fc-containing)
BsAD that retains ADCC towards one target cell while sparing the other,
via rational molecular design.

The BsAb was much more efficacious at inhibiting tumor cell growth
in the presence of PBMC, compared to cetuximab, alone or in combina-
tion with the anti-PD1 antibody. This enhanced antitumor activity by
the BsAb could not be entirely attributed to PD1/PDL1 blockade as ad-
dition of the anti-PD1 mAb to cetuximab failed to show any synergy.
Staining of T cells and tumor cells (A431) confirmed the association of
T cells with tumor cells by the bispecific antibody, whereas combining
of monoclonal antibodies failed to do so (Fig. 5B and C). These data im-
plied that physical ligation of tumor cells with T cells by the PD1-based
bispecific antibodies might increase T cell-mediated immune responses
which could not be achieved by simply mixing the two monoclonal an-
tibodies together. It was shown that engagement of target cells with T
cells could facilitate formation of immunological synapses which play
important roles in T cell-mediated cytotoxicity [47]. It is plausible that
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the BsAb also induced synapse formation. Li and colleagues showed that
the distance between the tumor cell membrane and the binding epitopes
of bispecific antibodies was critical for the formation of synapses — a
shorter distance would facilitate more efficient T cell synapse formation
[47]. Intriguingly, Cetuximab binds to the domain III proximal to the
domain IV of EGFR ECD [49], suggesting that the proximity of binding
epitopes of the bispecific antibody to the cell membrane might facilitate
the formation of synapses when ligating the tumor cells and T cells. Yet,
we cannot rule out the other possibilities that the BsAb could enhance
T cell-mediated cell killing via other mechanisms. Indeed, we showed
that the BsAb induced a much higher level IFN-y production when co-
incubated with tumor cells and PBMC, compared to cetuximab, the anti-
PD1 mAD or the combination of the two (Fig. 5D). Thus, the BsAb may
not only serve as a cell engager, like those anti-TAA x anti-CD3 BsAbs,
to cross-link T cells with tumor cells, but at the same time to activate T
cells to be more efficient at killing tumor cells in its proximity (Fig. 7)
[501.

In summary, here we engineered and produced a novel anti-PD1 x
anti-EGFR BsAb and demonstrated the BsAb was more potent than the
individual mAb and their combination at inhibiting tumor growth. Our
data suggest that the BsAb may exert its potent antitumor activity via
multiple mechanisms of action, including direct tumor growth inhibi-
tion, ADCC, T cell activation, T cell/tumor cell engagement and potent
direct tumor cell killing. Taken together, our anti-PD1 x anti-EGFR BsAb
represents a novel and potent antitumor agent that warrants further de-
velopment in the treatment of multiple cancers.
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