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Glypican-3 (GPC3) is a well-characterized hepatocellular carci-
noma (HCC)-associated antigen, yet anti-GPC3 therapies have
achieved only minimal clinical progress. CD47 is a ubiquitously
expressed innate immune checkpoint that promotes evasion of
tumors from immune surveillance. Given both the specific
expression of GPC3 in HCC and the known phagocytosis inhib-
itory effect of CD47 in liver cancer, we hypothesized that a bispe-
cific antibody (BsAb) that co-engages with GPC3 and CD47 may
offer excellent antitumor efficacy with minimal toxicity. Here, we
generated a novel BsAb: GPC3/CD47 biAb. With the use of both
in vitro and in vivo assays, we found that GPC3/CD47 biAb exerts
strong antitumor activity preferentially against dual antigen-ex-
pressing tumor cells. In hCD47/human signal regulatory protein
alpha (hCD47/hSIRPa) humanized mice, GPC3/CD47 biAb had
an extended serum half-life without causing systemic toxicity.
Importantly, GPC3/CD47 biAb induced enhanced Fc-mediated
effector functions to dual antigen-expressing HCC cells in vitro,
and both macrophages and neutrophils are required for its
strong efficacy against xenograft HCC tumors. Notably, GPC3/
CD47 biAb outperformed monotherapies and a combination
therapy with anti-CD47 and anti-GPC3 monoclonal antibodies
(mAbs) in a xenograft HCC model. Our study illustrates a strat-
egy for improving HCC treatment by boosting innate immune
responses and presents new insights to inform antibody design
for the future development of innovative immune therapies.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth-most common carci-
noma worldwide and the third leading cause of cancer-related death."
For patients with de novo or recurrent advanced HCC, the treatment
options are limited. Currently, only two multikinase inhibitors—sor-
afenib and lenvatinib—have been approved by the US Food and Drug
Administration (FDA) as first-line systemic treatments for advanced
HCC.? However, their treatment benefits and response rates are often
modest. Tumor antigen-targeting antibody-based and immune-
modulating antibody-based immunotherapies represent emerging
approaches that may improve HCC treatment outcomes.
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Glypican-3 (GPC3) is one of the best-characterized HCC-associated
antigens. It is a member of the GPC family; these are heparin sulfate
proteoglycans anchored to cell membranes by a glycosylphosphatidy-
linositol (GPI) anchor.’ Many studies have confirmed that GPC3 is
specifically upregulated in HCC, with minimal or no expression in
normal (and even cirrhotic) liver tissues,* making it an excellent tu-
mor-specific target for an antibody therapy. However, a humanized
anti-GPC3 antibody, GC33, did not confer a clinical benefit in a phase
IT clinical trial as a monotherapy, potentially owing to suboptimal
dosing and/or an unfavorable immune environment.”

One strategy for modulating immune responses is use of T cell-
engaging bispecific antibodies (T-BsAbs) that combine two
different antigen-binding specificities within a single molecule;
such antibodies engage T cells with one arm and engage a tumor
antigen with the other arm. There are T-BsAbs that redirect
T cells to HCC cells (by binding to both an epitope of CD3 on
T cells and to GPC3 on tumor cells) that are currently under pre-
clinical or clinical development.® In addition to harnessing T cell
immune responses to fight malignant cells, increasing evidence is
underscoring the impacts of the innate immune system in cancer
treatment. For example, studies have reported macrophage recruit-
ment in GPC3-positive HCC patients.” Phagocytosis of cancer cells
is the major mechanism through which macrophages mediate anti-
tumor activity. Therefore, we speculated that harnessing macro-
phages may be a promising strategy to improve antitumor efficacy
against this type of HCC.

CD47 is an inhibitory innate immune checkpoint.® It interacts with
its receptor signal regulatory protein alpha (SIRPa) on myeloid cells
(especially on macrophages) and confers a “don’t eat me” signal so
that cancer cells can evade immune surveillance.” Therefore,
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blockade of the interaction between CD47 and SIRPa with anti-
bodies targeting CD47 represents a promising strategy to enhance
the phagocytic clearance of cancer cells. The expression of CD47 is
upregulated in many solid tumors, including HCC,'™'" and anti-
CD47 antibodies can inhibit HCC tumor grow‘(h.lz’13 However,
CD47-targeted antibodies that are currently under clinical develop-
ment are cleared rapidly and lead to hemotoxicity, owing largely
to the expression of CD47 on normal cells and especially on red
blood cells (RBCs)."*

Given the specific expression of GPC3 in HCC and considering the
problematically widespread expression of CD47, we here speculated
that a BsAb, which could co-engage with GPC3 and CD47, may
offer both enhanced antitumor efficacy and reduced toxicity. After
generating and demonstrating the basic specificity and binding per-
formance of our BsAb (GPC3/CD47 biAb), we conducted a series of
in vitro and in vivo studies to assess its safety and antitumor perfor-
mance. With the use of the hCD47/hSIRPa. humanized mouse
model that we established, GPC3/CD47 biAb demonstrated
reduced systemic toxicity and extended serum half-life (t;,,).
Importantly, experiments with a xenograft HCC model showed
that GPC3/CD47 biAb exhibited Fc-dependent antitumor efficacy
that outperformed both monotherapies and a two-antibody combi-
nation therapy. We also confirmed that both macrophages and neu-
trophils are required for GPC3/CD47 biAb’s antitumor effects.
These results together illustrate a BsAb strategy to safely boost
innate immune responses and confer efficient antitumor activity
against HCC.

RESULTS

Generation of BsAbs and demonstration of GPC3/CD47 biAb’s
greatly improved specificity for dual antigen-expressing cells
After characterizing the binding affinity, epitopes, and antitumor ac-
tivities of a variety of anti-GPC3 or anti-CD47 monoclonal anti-
bodies (mAbs), we adopted two antibodies—the GC33'° and the
hCD47-targeting mAb (BC18)—to generate the GPC3/CD47 biAb
(Figure S1A). BC18, obtained through screening of our phage display
naive antibody library (single-chain fragment of variable domain
[scFv]),'® effectively blocks the interaction between CD47 and its re-
ceptor SIRPa (Figure S1B). Both GC33 and BC18 have nanomolar
range affinities for their own antigens, as measured by surface plas-
mon resonance (SPR) analysis (Figure S1C). Another two BsAbs
(control [Ctr]]/CD47 biAb or GPC3/Ctrl biAb), respectively, for
CD47 or GPC3 were generated as Ctrls (Figure S1A). All biAbs
were produced via transient transfection of HEK293F cells and
were then purified via protein A affinity chromatography (Fig-
ure S1D). Subsequently, SPR-based analysis demonstrated the dual
specificity of the purified and properly assembled GPC3/CD47
biAb (Figure 1A) and confirmed the respective specificities of the
two Ctrl biAbs (Figure SI1E).

The widespread expression of CD47 on normal tissue cells may
result in decreased antibody bioavailability to tumor cells, thus jeop-
ardizing the treatment efficacy of anti-CD47 antibodies (the so-

called “antigen sink” phenomenon).'” We used an engineered
GPC3*CD47* double-positive cell (Raji-GPC3'™) (Figure SIF) to
examine if GPC3/CD47 biAb possesses selective binding properties
for dual antigen-expressing cells as designed. Supporting that our
dual-targeting strategy confers improved specificity, we found that
GPC3/CD47 biAb had much stronger binding for double-positive
Raji-GPC3™ cells than for single antigen-expressing Raji-wild-type
(WT) cells (Figure 1B). Furthermore, we designed an in vitro exper-
iment to mimic an antigen sink scenario where both double-positive
and single-positive cells exist. Specifically, we labeled Raji cells with
deep red dye and mixed them with Raji-GPC3" cells at a 1:1 ratio
prior to incubation with each antibody. During fluorescence-acti-
vated cell sorting (FACS) analysis, cells were initially gated according
to cell type, followed by analysis of antibody binding. GPC3/CD47
biAb exerts preferential binding for Raji-GPC3" over Raji cells; no
such specificity was evident for the aforementioned Ctrl anti-CD47
mAb or the Ctrl/CD47 biAb (Figure 1C).

We next tested the SIRPa/CD47 blockade activity of GPC3/CD47
biAb: competitive FACS analysis showed that compared to anti-
CD47 mAb and Ctrl/CD47 biAb—which each blocked the binding
of SIRPo, to CD47-expressing Raji-WT cells and Raji-GPC3" cells
to the same extent—GPC3/CD47 biAb exerts stronger blockade activ-
ity for Raji-GPC3™ cells than for unmodified Raji cells (Figure 1D).
Collectively, these results indicate that GPC3/CD47 biAb readily
achieves preferential binding to, and effective SIRPa/CD47 blockade
of, dual antigen-expressing tumor cells.

GPC3/CD47 biAb has a superior safety profile and extended
serum t;,, in hCD47/hSIRP« gene-modified mice compared with
anti-CD47 mAb

Severe side effects represent one of the major concerns for anti-CD47
antibody treatment.'” To evaluate the hematologic safety of our
GPC3/CD47 biAb, we first performed in vitro agglutination assays
with hRBCs. Anti-CD47 mAbD caused hemagglutination as expected,
whereas GPC3/CD47 biAb did not induce hemagglutination. In line
with this, no hemagglutination occurred with Ctrl/CD47 biAb, indi-
cating that binding to CD47, with only one antibody arm, avoids in-
duction of RBC agglutination (Figure 2A).

To assess the safety profile of GPC3/CD47 biAb in vivo, we gener-
ated hCd47/hSirpac double-gene-modified mice (hCD47/hSIRPo
humanized mice); specifically, the exons encoding the extracellular
domains of murine Cd47 and Sirpa genes were replaced with hu-
man counterparts (Figures S2A and S2B). No obvious signs of he-
matologic toxicity were observed for the biAbs, whereas anti-CD47
mAD induced acute RBC depletion within 1 h in the humanized
mice (Figures 2B and S2C). Additionally, anti-CD47 mAb caused
a significant drop in body temperature; no such drop occurred
upon treatment with either the GPC3/CD47 or Ctrl/CD47 biAbs
(Figure 2C).

CD47-mediated rapid drug clearance is also a concern for clinical ap-
plications.'” We therefore performed a single-dose pharmacokinetic
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Figure 1. Binding ability and selectivity analysis of the GPC3/CD47 biAb

(A) Binding curve of the GPC3/CD47 biAb with the GPC3 or CD47 antigens as measured by SPR-based bridge assays (depicted in the schematic). The blue and magenta
circles, respectively, denote GPC3 and CD47. R1: binding response of the GPC3/CD47 biAb to the immobilized GPC3. R2: binding response of CD47 to the GPC3/CD47
biAb. (B) The binding ability of each antibody (Ab) to Raji-WT and Raji-GPC3" cells was detected by flow cytometry. (C) The binding selectivity of each antibody was measured
by competitive flow cytometry. Raji-WT cells (red contour) mixed with Raji-GPC3™ cells (black contour) at a ratio of 1:1 were incubated with 0.2 ng/mL of each antibody prior to
staining with FITC-conjugated anti-human (h)lgG secondary antibody. The binding selectivity was determined based on the fluorescence intensity for FITC in each cell
population. (D) GPC3/CD47 biAb competes with SIRPa. for binding to Raji-GPC3™ cells, exerting stronger competitive ability than Raji-WT. Raji-WT or Raji-GPC3" cells were
incubated with 50 nM of biotinylated SIRPa.-mFc fusion protein in the presence of anti-CD47 mAb, control (Ctrl)/CD47 biAb, and GPC3/CD47 biAb (10 pg/mL). The binding of
SIRPa to each cell type was assessed based on the fluorescence intensity of FITC-conjugated streptavidin. See also Figure S1.

(PK) study with the aforementioned humanized mice. Similar to
Ctrl/CD47 biAb, GPC3/CD47 biAb showed an extended serum
ty2 (~13.4 days) compared to the parental anti-CD47 mAb
(ti2 ~ 2.4 days) (Figure 2D). These extensions likely result from
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reduced antibody binding to normal somatic cells that express
CD47 (antigen sink). Collectively, these results support that GPC3/
CD47 biAb is apparently safer than anti-CD47 mAb and has a favor-
able PK profile in vivo.
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Figure 2. GPC3/CDA47 biAb has a good safety profile and has an extended serum half-life in hCD47/hSIRPo. humanized mice

(A) Human red blood cell (h(RBC) agglutination induced by anti-CD47 antibodies. Non-agglutinated RBCs sediment and form a red dot in the bottom of the well. (B—D) RBC
counts, body temperature change, and pharmacokinetic analyses after a single administration for each antibody (10 mg/kg). RBC counts in untreated mice (NT) were
measured for use as the baseline Ctrl value (B). Body temperature was recorded 24 h before antibody administration and at 45 min and 3, 8, and 24 h after antibody
administration (C). Serum antibody concentration versus time profile is shown in (D). All data are shown as the mean + SD. See also Figure S2.

GPC3/CDA47 biAb exerts enhanced Fc-mediated functions and
selective growth suppression against dual antigen-expressing
tumors

Antibody-dependent cellular cytotoxicity (ADCC) and antibody-
dependent cellular phagocytosis (ADCP) mediated by the Fc domain
are two functions elicited by antibodies during cancer therapy.'® In
light of our finding that GPC3/CD47 biAb can preferentially bind
to dual antigen-expressing tumor cells (Figure 1C), we investigated
GPC3/CD47 biAb’s ability to induce ADCC and ADCP against
Raji-GPC3™ cells. For the ADCC assays, we used a reporter system
in which engineered Jurkat T lymphocyte cells were used as effector
cells (Figure S3A). We also knocked out (KO) CD47 expression to
overcome a background toxicity issue caused by CD47 expression
in Jurkat cells (Jurkat-CD16A-CD475°) (Figures S3B and S3C).
Compared to anti-CD47 mAb, which induced equally strong
ADCC against Raji-GPC3" and Raji cells, GPC3/CD47 biAb induced
stronger ADCC against Raji-GPC3™ cells than Raji cells, doing so in a
dose-dependent manner (Figure 3A).

We then analyzed biAb-induced ADCP of Raji-GPC3" cells upon co-
incubation with macrophages in vitro. In this experiment, bone
marrow-derived macrophages (BMDM:s) expressing hSIRPa. from
the humanized mice were used as effector cells, whereas a mixture
of Raji-GPC3™ and Raji cells was used as target cells. Fluorescence mi-
croscopy and quantification of phagocytosis showed that GPC3/
CD47 biAb induced preferential phagocytosis of Raji-GPC3™ cells
(Figure 3B). In contrast, the anti-CD47 mAbD exhibited no selectivity:
it induced phagocytosis of both types of cells.

To examine the antitumor efficacy of GPC3/CD47 biAb against dual
antigen-expressing tumors during in vivo treatment, we used a bilat-
eral mouse model wherein Raji or Raji-GPC3™ cells were, respec-
tively, implanted in the right or left flank of non-obese diabetic
(NOD)-severe combined immunodeficiency (SCID) mice (Fig-
ure 3C). Encouragingly, and in contrast to both anti-CD47 mAb
and Ctrl/CD47 biAb—which each suppressed Raji-GPC3'™ and Raji
tumor progression at similar levels—GPC3/CD47 biAb’s tumor-sup-
pressing effects were obviously more pronounced for Raji-GPC3™
than for Raji cells (Figure 3D). Anti-GPC3 mAb did not suppress
Raji-GPC3™ tumor progression, likely owing to its weak effector func-
tions. Collectively, these in vitro and in vivo results show that GPC3/
CD47 biAb exerts enhanced Fc-mediated functions and selective
growth suppression against dual antigen-expressing tumors.

GPC3/CDA47 biAb outperforms monotherapies and an anti-CD47
and anti-GPC3 mAb combination therapy in a xenograft HCC
model

To test the performance of GPC3/CD47 biAb on HCC progression
in vivo, we used a GPC3 and CD47 double-positive hHCC cell line
(Hep3B) in a xenograft mouse model. After confirming that Hep3B
cells express both GPC3 and CD47 at moderate levels (Figure S3D),
we established a Hep3B-Luc23 cell line stably expressing luciferase
to enable measurement of tumor growth using in vivo biolumines-
cence imaging.'” NOD-SCID mice were subcutaneously injected
with these Hep3B-Luc23 cells and were then randomized into four
groups with similar mean tumor bioluminescence intensities prior
to receiving antibody treatment twice each week for 3 weeks.
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Figure 3. GPC3/CDA47 biAb is highly efficacious against dual antigen-expressing tumor cells both in vitro and in vivo

(A) GPC3/CDA7 biAb induced a stronger ADCC effector function against Raji-GPC3™ cells than against Raji-WT cells. ADCC activity was measured using a bioluminescence-
based reporter system. This experiment was performed in triplicate with Jurkat-CD16A-CD47"C cells at an effector:target (E:T) ratio of 6:1. Relative luminescence units (RLU)
were plotted against the log of antibody concentration. (B) GPC3/CD47 biAb induced specific phagocytosis of Raji-GPC3™ cells. Raji-WT (red) and Raji-GPC3" (green) target
cells were initially mixed in a 1:1 ratio before being combined with mouse effector macrophages (BMDMs, white) at an E:T ratio of 1:2 in the presence of the indicated
antibodies. The fluorescently labeled tumor cells engulfed by the mouse BMDMs were evaluated via fluorescence microscopy (scale bar, 50 um; triplicate measurement), and
the phagocytosis percentage was determined by calculating the number of engulfed cells per 100 total macrophages. The differences in phagocytosis percentage between
the two types of target cells were analyzed with Holm-Sidak multiple t tests (**p < 0.01). (C) Schematic diagram illustrating tumor inoculation (subcutaneously [s.c.]) and

(legend continued on next page)
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GPC3/CD47 biAb conferred significantly enhanced tumor suppres-
sion as compared to either anti-GPC3 mAb or anti-CD47 mAb,
although it should be noted that each of these mAb monotherapies
also inhibited Hep3B tumor growth. Bioluminescence imaging re-
vealed complete eradication of the tumors in three of the five
GPC3/CD47 biAb group mice, whereas no tumor eradication was de-
tected for mice of the mAbs monotherapy groups (Figures 4A—4C).
With the use of a similar dosing regimen, we also compared the effects
of each antibody on the overall survival of tumor-bearing mice.
Although both anti-CD47 mAb and anti-GPC3 mAb significantly
increased the overall survival compared to PBS Ctrls, all mice eventu-
ally died due to tumor progression. In contrast, GPC3/CD47 biAb eli-
cited robust antitumor responses, resulting in complete response
(CR) in 50% of mice (3 out of 6) for 2 months after the end of the
treatment (Figure S4A). GPC3/CD47 biAb treatment extended me-
dian survival to 88 days compared to a median survival of 65 days
in the anti-CD47 mAb group and 68.5 days in the anti-GPC3 mAb
group (Figure S4B). We next compared the antitumor performance
of GPC3/CD47 biAb against a combination therapy comprising
anti-GPC3 mAb and anti-CD47 mAb. The monitoring of tumor
growth over time by measuring tumor volumes and bioluminescence
intensities showed that GPC3/CD47 biAb conferred superior anti-
tumor effects compared to the combination therapy (Figures
4D—4F). Taken together, these results provide a powerful demonstra-
tion of the antitumor activity of GPC3/CD47 biAb against GPC3 and
CD47 double-positive HCC tumors.

Macrophages and neutrophils are involved in GPC3/CD47 biAb’s
Fc-dependent antitumor activities in vivo

To investigate GPC3/CD47 biAb’s mechanism of action for treatment
of HCC, we first examined Fc-mediated effector functions against
Hep3B cells. In vitro ADCP experiments showed that GPC3/CD47
biAb induced significant phagocytosis of Hep3B cells. We also found
that anti-GPC3 mAb did not induce phagocytosis of Hep3B cells,
whereas genetic KO of CD47 from Hep3B cells (Hep3B-CD47%°)
restored the phagocytic activity of this anti-GPC3 mAb (Figures 5A
and 5B), a finding that confirms previous reports about CD47
expression on tumor cells conferring resistance to antibody-induced
phagocytosis.”” In in vitro ADCC assays, GPC3/CD47 biAb induced
dose-dependent cytotoxic effects against Hep3B cells at a level compa-
rable to or higher than the anti-CD47 or anti-GPC3 mAbs (Figure 5C).

To further assess Fc-mediated effector functions in vivo, we generated
a GPC3/CD47 biAb variant (GPC3/CD47-DANG) bearing two mu-
tations (D265A and N297G) in its Fc region that are known to abolish
the binding of Fc regions with all classes of FcyRs.”' Prior to con-
ducting mouse studies, we successfully confirmed that GPC3/
CD47-DANG exhibited no binding activity for mouse FcyR
(mFcyRs) yet retained its capacity to bind to Hep3B cells, doing so

with similar affinity as GPC3/CD47 biAb (Figures S5A and S5B). In
experiments using the aforementioned Hep3B-Luc xenograft model,
we found that GPC3/CD47-DANG conferred no antitumor effects
(Figure 5D), indicating that Fc-mediated effector functions are
required for biAb’s antitumor activity. With the use of whole-body
near-infrared fluorescence (NIRF) imaging, we also assessed the dis-
tribution of GPC3/CD47 biAb in tumor-bearing mice. GPC3/CD47
biAb exhibited increased tumor accumulation over time as compared
to the isotype Ctrl antibody (Figure 5E). To measure the accumula-
tion of each antibody in different organs, the fluorescence signals
from freshly dissected tumors and organs were quantified. In contrast
to the apparently nonspecific distribution of the isotype Ctrl antibody,
the significantly decreased organ-to-tumor fluorescence ratios in
GPC3/CD47 biAb-treated mice supported its specific accumulation
at the tumor site (Figure 5F).

We next sought to identify the immune cell types that contribute to
the antitumor effects of GPC3/CD47 biAb. Given the immunocom-
promising immune background of NOD-SCID mice, we used an im-
mune cell depletion method to assess the contribution of the model’s
three major innate immune cell subsets: macrophages, neutrophils,
and natural killer (NK) cells. The depletion efficiencies were validated
to be over 90% for all three immune cell subsets (Figure S6A). Deple-
tion of either macrophages or neutrophils from mice led to significant
reductions in GPC3/CD47 biAb’s antitumor effects, whereas deple-
tion of NK cells did not cause any effect (Figures 5G and S6B). This
result supports that both macrophages and neutrophils functionally
contribute to biAb’s antitumor effects.

In light of previous studies showing that GPC3 overexpression in
HCC may recruit M2-polarized immunosuppressive macro-
phages—an outcome thought to limit the treatment efficacy of anti-
bodies****—we further analyzed the infiltrated macrophages after
GPC3/CD47 biAb treatment. Compared to the vehicle Ctrl, FACS
analysis revealed that the frequency of infiltrated macrophages was
significantly elevated in mice treated with GPC3/CD47 biAb (Figures
S6C and S6D). This result was further supported by results from an
immunofluorescence microscopy analysis (Figure S6E). Additionally,
GPC3/CD47 biAb treatment also appeared to cause an increased M1-
like/M2-like ratio, a finding suggesting that GPC3/CD47 biAb can
somehow bias intratumoral macrophages toward a proinflammatory
status (Figure S6F). Viewed together, these results from NOD-SCID
xenograft tumor models establish that GPC3/CD47 biAb’s antitumor
activity requires both its Fc-mediated effector functions and the
involvement of macrophages and neutrophils.

DISCUSSION

Despite numerous advances in cancer therapy in recent years,
there is still a large proportion of patients with advanced HCC

antibody treatment (i.p.) schedules in a mouse model with bilateral xenograft tumors (Raji-WT and Raji-GPC3" cells). Treatment began 8 days after tumor cell inoculation (at
which point, both tumors had reached approximately 80-200 mm? in size). (D) Growth curves of the bilateral Raji-WT and Raji-GPC3" tumors for each treatment group (n=5/
group). Tumor volumes were measured by caliper, and the data are shown as the mean + SEM (**p < 0.01, ***p < 0.001, ***p < 0.0001; 2-way ANOVA followed by Tukey’s

multiple comparisons test). See also Figure S3.
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Figure 4. GPC3/CD47 biAb exhibits excellent

antitumor activity in a hHCC xenograft model

(A—C) Hep3B-Luc23 cells were subcutaneously inoculated
into NOD-SCID mice. Mice were divided into four groups
(n = 5/group) with similar mean tumor bioluminescence
intensities, followed by treatment with PBS (Ctrl) or the
indicated antibodies (10 mg/kg) two times per week for
3 weeks. Tumor growth was measured by biolumines-
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group) as described in (A). These mice were treated with
PBS, GPC3/CD47 biAb (10 mg/kg), or a combination of
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E) and by caliper (F). All tumor volumes are shown as the
mean + SEM (*p < 0.05, **p < 0.01, **p < 0.001, ***p <
0.0001; 2-way ANOVA followed by Tukey’s multiple com-
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targeted therapeutic antibodies.””** Therefore,
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CD47 blockade can add an additional pro-
phagocytic antitumor response for the treatment
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who do not respond to first-line treatment or to immune check-
point inhibitors. Therefore, development of a treatment strategy
that exploits distinct mechanisms would likely greatly benefit
HCC patients. BsAbs represent an emerging class of antibody ther-
apies that have been explored for treating a variety of tumor
types.”* In the present study, we generated a BsAb that binds to
GPC3 and CD47 to specifically target HCC tumor cells, and we
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Previous studies showed that elevated M2 macrophage levels in tu-
mors are associated with poor prognosis for HCC.***’ In addition
to activating macrophage phagocytosis, GPC3/CD47 biAb also
improved the ratio of M1/M2 macrophages. Although it remains
unknown whether such a modulatory effect of GPC3/CD47 biAb is
relevant to its enhanced antitumor activity, it is plausible that this
circumstance may be additionally favorable for HCC patients.
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In contrast to the well-studied antitumor activities of macrophages,
there is relatively limited evidence that neutrophils mediate antitumor
effects. Although neutrophils, which express FcRs, represent the most
abundant population of circulating cytotoxic effector cells in
humans,”® their exact mechanism(s) for killing antibody-opsonized
cancer cells remain elusive.” Intriguingly, our results support that
neutrophils are required for the antitumor effects of GPC3/CD47
biAb in NOD-SCID mice. Similar to our findings, previous studies
have shown that selective depletion of neutrophils significantly re-
duces the protective activity of an anti-CD52 mAb” and an anti-
CD20 mAb.”" Blockade of the CD47-SIRPo interaction has been
shown to augment antibody-mediated tumor cell killing by neutro-
phils.*>** Interestingly, there are also reports of neutrophil involve-
ment in HCC progression.”*”” Thus, it will be interesting to examine
whether and how neutrophils contribute to GPC3/CD47 biAb’s anti-
tumor effects in HCC patients.

When considering the antitumor activity of GPC3/CD47 biAb in
HCC patients, hepatic NK cells cannot be ignored. These cells, which
account for up to 50% of total hepatic lymphocytes,’ are involved in
the inhibition of viral infection as well as liver tumorigenesis.”” It is
notable that many studies have observed impaired cytotoxicity and
decreased infiltration of NK cells as HCC progresses.”® This reduction
in NK cells in tumors would apparently limit the antitumor efficacy of
ADCC-mediating antibodies. Previous studies have demonstrated
that the antitumor efficacy of ADCC-mediating therapeutic anti-
bodies is affected by polymorphisms in FcyRIITa (158V/F) expressed
on NK cells.>” Moreover, it is notable that more than 85% of the hu-
man population are known to carry a low-affinity FcyRIIIa-158F allo-
type. The failure of a phase II clinical trial of anti-GPC3 mAb (GC33)
in patients with advanced HCC can perhaps be attributed to subop-
timal ADCC activity, and selection of patients with high-affinity
FcyRIIIa allotypes or high expression levels of GPC3 and/or FcyRIIIa
may promote a high ADCC effect, which could ultimately improve
outcomes.™’ Taking this into consideration and recalling GPC3/
CD47 biAb’s greatly enhanced ADCC activity as compared to the
parental anti-GPC3 mAb against Hep3B cells (which express moder-
ate levels of GPC3), we anticipate that an ability of GPC3/CD47 biAb
to elicit enhanced ADCC of NK cells may promote its overall efficacy
for treating a broader range of HCC patients (i.e., patients having
heterogeneous GPC3 expression profiles). Although the NK-dysfunc-
tional NOD-SCID mouse model of our study precluded the unambig-
uous confirmation of NK cells’ involvement in GPC3/CD47 biAb’s
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antitumor effects, close monitoring of NK cell activity in future pre-
clinical and clinical trials of this antibody (including combination
therapies) will very likely deepen our understanding of how ADCC
activity can promote NK-mediated tumor killing.

It should be emphasized that other host immune cells, such as
T cells, also contribute significantly in antitumor protection. Several
studies have demonstrated therapeutic efficacy of GPC3-targeting
chimeric antigen receptor (CAR) T cells and T-BsAbs in HCC xeno-
graft models,” ~* but these presently meet numerous challenges in
clinical practice, especially for solid tumors. It is noteworthy that
CD47-blocking antibodies can harness antigen-presenting cells
(macrophages or dendritic cells) and promote tumor antigen
cross-presentation to T cells, which lead to durable adaptive anti-
tumor responses.”* Thus, we assume that our GPC3/CD47 biAb
may also exploit T cell antitumor activity, and its HCC therapeutic
efficacy could potentially be further maximized when deployed as a
combination agent alongside other T cell-stimulating immune
checkpoint inhibitors or chemotherapeutics. Future studies adminis-
tering GPC3/CD47 biAb together with T cell immune checkpoint
inhibitors, such as anti-PD-1 or anti-CTLA-4 mAbs in immune-
competent models, are warranted to address their respective
contributions.

It is interesting to note that, in addition to exhibiting much stronger
antitumor activity than mAbs alone, treatment with GPC3/CD47
biAb conferred superior antitumor benefit over a combination ther-
apy comprising two antibodies that separately recognize the GPC3
and CD47 targets. This observation supports that the binding of
two antigens using a BsAb may offer improved clinical value through
some form of synergism. In sum, we here developed a BsAb and
demonstrated its safe and efficient antitumor activity for HCC. Ulti-
mately, as we learn more about the specific mechanisms of GPC3/
CD47 biAb in treating HCC, we may uncover more general trends
that can support the development of BsAbs to boost innate immune
responses for innovative therapeutic strategies to further improve
cancer treatment outcomes.

MATERIALS AND METHODS

Cell lines

FreeStyle 293F cells were cultured following the manufacturer’s in-
structions (Thermo Fisher Scientific). Raji cells were from the Cell
Bank of Type Culture Collection, Chinese Academy of Sciences.

Figure 5. GPC3/CDA47 biAb exerts Fc-dependent antitumor activity mediated by macrophages and neutrophils

(A and B) GPC3/CD47 biAb induced significant phagocytosis of both Hep3B and Hep3B-CD47XC cells. Hep3B or Hep3B-CD47XC cells (green) were incubated with mouse
BMDMs (red) in the presence of 4 ug/mL of the indicated antibodies for 2 h (scale bar, 50 um). The E:T ratio was 2.5:1. Tumor cells engulfed by mouse BMDMs (A) and the
phagocytosis percentage (B) were analyzed as described in Figure 3B. The white arrowheads indicate representative images of tumor cells engulfed by macrophages. (C)
ADCC activity of each antibody against Hep3B cells. Hep3B cells were incubated with Jurkat-CD1 BA-CD47"C effector cells at an E:T ratio of 6:1 for 8 h. (D) In vivo antitumor
activities of GPC3/CD47 biAb and its Fc variant. GPC3/CD47-DANG is an Fc variant of GPC3/CD47 biAb with abolished binding activity to all classes of FcyRs. (E) Time-
lapse in vivo NIRF imaging of Hep3B tumor-bearing mice. The tumors are indicated with white circles. (F) Representative ex vivo NIRF images of dissected organs (top) and
the organ-to-tumor average radiant fluorescence ratio at 48 h after antibody administration (bottom). The ratio differences between the two groups were analyzed with Holm-
Sidak multiple t tests (*p < 0.05, **p < 0.01, **p < 0.001). (G) In vivo tumor growth after GPC3/CD47 biAb treatment with or without the depletion of either macrophage
(clodronate liposome) or neutrophils (anti-Ly6G). All tumor volumes were measured by caliper and are shown as the mean + SEM (*p < 0.05, **p < 0.01, **p < 0.001, ***p <
0.0001; 2-way ANOVA followed by Tukey’s multiple comparisons test). See also Figures S5 and S6.
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The Raji-GPC3™ cell line (expressing hGPC3) was generated via elec-
troporation, followed by G418 selection and single-cell clone isola-
tion. The hHCC cell line Hep3B was generously provided by Dr.
Fengmin Lu (Peking University Health Science Center, Beijing,
China). The Hep3B-Luc23 cell line was constructed as previously
described.'” The CD47 gene KO cell lines Hep3B-CD47%° and Ju-
rkat-CD16A-CD47" were generated with CRISPR-Cas9 technology.
Raji, Raji—GPCSH, and ]urkat—CD16A—CD47KO cells were cultured
with RPMI-1640 medium, supplemented with 10% fetal bovine
serum (FBS). Hep3B, Hep3B-Luc23, and Hep3B-CD47% cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% FBS.

BsAb construction

The variable heavy chain (VH) and variable light chain (VL) gene se-
quences of GC33 were synthesized by GenScript. Anti-hCD47 anti-
body BC18 was selected from our human nonimmune scFv phage
display antibody library,'® and the genes of its VH and VL were
sequenced. The coding sequences of the VH and VL of GC33 and
BC18 were subcloned, respectively, into a human immunoglobulin
1 (hIgGl) heavy chain (HC) expression vector and a light chain
(LC) expression vector.

To construct BsAbs, we modified the original wide-type HC and LC
expression vectors (blank) using previously reported KiHs and Cross-
Mab technologies.* ™’ Briefly, several mutations were introduced
into the constant heavy chain 3 (CH3) of the HC via site-directed
mutagenesis to generate the “knob chain” (T366W, S354C) and the
“hole chain” (Y349C, T366S, L368A, Y407V). The CHI1 of the hole
chain and the constant light chain (CL) of the LC were interchanged
to, respectively, generate the paired crossover HC (CL-hole chain)
and LC (CH1-LC). The VH and VL fragments of GC33, BC18, and
a Ctrl antibody were then cloned into the knob chain, CL-hole chain,
or CH1-LC expression vectors as needed.

SPR analysis

All SPR analyses were performed on a Biacore T200 instrument (Bia-
core, GE Healthcare). To measure the binding affinity of each mAb to
its own antigen, GC33 or BC18 (isotype hIgG1) was first captured us-
ing a protein A/G (Pierce, Thermo Fisher Scientific) immobilized to a
CMS5 sensor chip; the analytes (hnGPC3-AHS or hCD47 proteins; see
Supplemental Materials and Methods) were then injected over each
flow cell at serially diluted concentrations. The association rates
(Kon), dissociation rates (K,f), and affinity constants (Kp) were calcu-
lated using BiacoreT200 evaluation software. Kinetics analyses of
GPC3/CD47 biAb or GPC3/CD47-DANG variant binding to
mFcyRs were performed as described above (here the analytes were
serial diluted mFcyRs).

To demonstrate simultaneous binding of GPC3/CD47 biAb, hGPC3-
AHS was covalently attached to a CM5 sensor chip using an amine
coupling kit (Biacore) at a surface density of ~600 response units
(RUs). GPC3/CD47 biAb was injected at 20 ng/mL with a dissocia-
tion phase of 80 s, and 1 mM hCD47-mFc fusion protein was then

injected with a dissociation phase of 120 s, followed by regeneration
with 3 M MgCl,.

FACS-based binding and blocking assays

To compare binding abilities of each antibody to single antigen- or
dual antigen-expressing cells, Raji or Raji-GPC3™ cells (5 x 10° per
well in 96-well plates) were incubated with 0.4 ug/mL or 2 pg/mL
of test antibodies for 30 min at 4°C in FACS buffer (0.5% BSA/
PBS). Antibody-bound cells were then washed and incubated with
fluorescein isothiocyanate (FITC)-conjugated goat anti-hIgG second-
ary antibody (Sigma-Aldrich) for 20 min at 4°C. These samples were
analyzed with a FACSAria II instrument (BD Biosciences), and data
were processed using FCS Express version (v.)4 (De Novo Software).

To assess the binding selectivity of these antibodies, Raji cells were
labeled with CellTrack Deep Red, according to the manufacturer’s
protocol (Thermo Fisher Scientific), followed by mixing with un-
stained Raji-GPC3™ cells at a 1:1 ratio. The mixed cells (1 x 10°
per well) were then incubated with 0.2 ng/mL of each antibody for
30 min at 4°C and analyzed as described above.

To assess the abilities of all anti-CD47 antibodies to block the inter-
action between CD47 and SIRPa, Raji or Raji-GPC3" cells were incu-
bated with 50 nM of biotinylated SIRPa-mFc in the presence of
different anti-CD47 antibodies (10 pg/mL) at 4°C for 30 min. Strep-
tavidin-FITC (Sigma-Aldrich) was then added after washing to mea-
sure the binding of SIRPa to each type of cells.

RBC agglutination assay

Human whole blood collected from healthy donors was washed and
resuspended with PBS. 3 million RBCs in PBS were plated per well in
polypropylene 96-well plates (Corning) and incubated with serially
diluted antibodies for 1 h at room temperature.

Generation of hCD47/hSIRPoa humanized mice

All animal experiments were conducted following the National
Guidelines for Housing and Care of Laboratory Animals in China
and performed under the approved Institutional Animal Care and
Use Committee (IACUC) protocols at National Institute of Biological
Sciences, Beijing. The humanized mice were generated by CRISPR-
Cas9-mediated gene-editing technology.”* The humanized Sirpa
mice were developed by replacing exon 2 of the mouse Sirpa gene
that encodes the extracellular domain with the hSirpa exon counter-
part. Similarly, the humanized Cd47 mice were developed by replac-
ing exon 2 of the mouse Cd47 gene that encodes the extracellular
domain with the hCd47 exon counterpart. The hCd47/hSirpac dou-
ble-gene humanized mice were developed by mating the two types
of humanized mice together. The homozygous humanized mice
were used in this study.

PK and hematologic toxicity studies in mice

A single-dose PK study was carried out in hCD47/hSIRPo. humanized
mice. 8- to 10-week-old humanized mice (n = 3 per group) were intra-
peritoneally (i.p.) injected with 10 mg/kg of each antibody. Blood
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samples were collected at different time points, and serum concentra-
tions of each human antibody were measured with a hIgG ELISA
quantitation kit (Bethyl Laboratories). The evaluation of the PK
data was conducted with WinNonlin software. 6- to 8-week-old hu-
manized mice (n = 4-6 per group) were i.p. injected with 10 mg/kg
of each antibody. Blood samples were collected from orbital sinus
45 min or 2.5 h after antibody administration, and the RBC counts
were measured using the ADVIA 2120i instrument at Beijing
BrightShines.

ADCC reporter bioassay

The ADCC reporter gene bioassay was performed according to a pre-
vious report.”*” Target cells (Raji, Raji-GPC3"™, or Hep3B) were seeded
at 1.5 x 10 into each well of a 96-well solid white polystyrene micro-
plate (Corning). 3-fold serially diluted anti-GPC3 mAbs, anti-CD47
mAbs, or GPC3/CD47 biAbs, as well as ]urkat—CD16A—CD47KO
effector cells, were added; the final effector-to-target cell ratio (E:T)
was 6:1. Luciferase activity was measured using a luminescent sub-
strate (Promega Bright-Glo) after incubation for approximately 8 h
at 37°C, 5% CO,.

ADCP assays

Mouse BMDMs were used as effector cells in ADCP assays. To pre-
pare BMDMs, mouse bone marrow cells were collected from the fe-
murs and tibia of hCD47/hSIRPo. humanized mice and induced by
DMEM, supplemented with 15% L929 (secreting granulocyte macro-
phage-colony-stimulating factor [GM-CSF]) cell-culture medium for
3 days. The differentiated BMDMs were labeled with a 1:200 dilution
of anti-mouse F4/80-Alexa Fluor647 (Thermo Fisher Scientific; clone
BM8) prior to incubation with target cells.

For the competitive ADCP experiment, Raji and Raji-GPC3™ cells
were used as the target cells; these were stained with CellTrace Yellow
or carboxyfluorescein succinimidyl ester (CFSE), according to the
manufacturer’s protocol (Thermo Fisher Scientific). The fluorescently
labeled target cells were mixed at 1:1 and plated at a density of 4 x 10°
cells/well. For the HCC cell line ADCP experiment, Hep3B or Hep3B-
CD47%€ cells were stained with CFSE and plated at a density of 8 x
10* cells/well. Each target cell was incubated with 4 pug/mL of each
antibody at room temperature (RT) for 10 min before being added
to the differentiated and labeled BMDMs (~2 x 10° cells/well) at
37°C for 2 h. Phagocytosis of fluorescent-labeled target cells by Alexa
Fluor647-labeled BMDM:s was recorded using a Nikon A1R confocal
microscope. Prior to microscopy imaging, unphagocytosed cells were
washed. Statistical analyses (multiple Student’s t tests or one-way
ANOVA) were implemented in GraphPad Prism.

In vivo HCC xenograft model

5 x 10° Hep3B-Luc23 cells were injected subcutaneously into the
right flank of 6- to 8-week-old, NOD-SCID mice. Mice were random-
ized into groups (n = 5 per group) based on equivalent mean tumor
volumes and received 10 mg/kg of each antibody (or its variants) via
i.p. injection twice a week for 3 weeks. In vivo tumor bioluminescence
intensities of tumor-bearing mice were measured using an IVIS

1582 Molecular Therapy Vol. 29 No 4 April 2021

Molecular Therapy

Lumina III In Vivo Imaging System (PerkinElmer) after i.p. injection
of 15 mg/kg D-luciferin (PerkinElmer). Tumor dimensions were
measured with an electronic caliper, and tumor volume was calcu-
lated using the formula (L x W?)/2, where L and W are the largest
and smallest measured diameters, respectively. All mice were eutha-
nized by CO, if their tumor size exceeded 2,000 mm” or at the end
of the study.

For in vivo NIRF imaging, GPC3/CD47 biAb and an isotype Ctrl anti-
body were conjugated with Cy7 NHS ester (GE Healthcare). Hep3B
tumor-bearing mice were randomized into two groups (n = 3 per
group), based on equivalent mean tumor volumes, and injected
with 8 mg/kg of each fluorescently labeled antibody. Mice were
imaged 12, 24, 36, and 48 h after antibody administration, with exci-
tation and emission wavelengths of 745 and 800 nm. Organs were
dissected and imaged 48 h after antibody administration.

For depletion of macrophages, NOD-SCID mice were i.p. injected
with 200 pL clodronate liposome (FormuMax), 3 days prior to initi-
ation of GPC3/CD47 biAb treatment, followed by additional injection
(100 pL) once a week until the end of the study. For depletion of neu-
trophils, NOD-SCID mice were i.p. injected with 200 pg anti-Ly6G
antibody (1A8 clone; BioXCell) every 5 days.

Statistical analysis

Statistical significance between different experimental groups was
analyzed by Student’s t test, one-way ANOVA, or two-way
ANOVA with Tukey’s test (*p < 0.05, **p < 0.01, **p < 0.001,
%%

p < 0.0001). All statistical analyses and graph preparation were
performed using GraphPad Prism.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2021.01.006.
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