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Abstract
CD47, an immune checkpoint receptor frequently unregulated in various blood and solid tumors, interacts with ligand 
SIPRα on innate immune cells, and conveys a “do not eat me” signal to inhibit macrophage-mediated tumor phagocytosis. 
This makes CD47 a valuable target for cancer immunotherapy. However, the therapeutic utility of CD47-SIRPα blockade 
monoclonal antibodies is largely compromised due to significant red blood cell (RBCs) toxicities and fast target-mediated 
clearance as a result of extensive expression of CD47 on normal cells. To overcome these limitations and further improve 
therapeutic efficacy, we designed IBI322, a CD47/PD-L1 bispecific antibody which attenuated CD47 activity in monovalent 
binding and blocked PD-L1 activity in bivalent binding. IBI322 selectively bound to CD47+PD-L1+ tumor cells, effectively 
inhibited CD47-SIRPα signal and triggered strong tumor cell phagocytosis in vitro, but only with minimal impact on CD47 
single positive cells such as human RBCs. In addition, as a dual blocker of innate and adaptive immune checkpoints, IBI322 
effectively accumulated in PD-L1-positive tumors and demonstrated synergistic activity in inducing complete tumor regres-
sion in vivo. Furthermore, IBI322 showed only marginal RBCs depletion and was well tolerated in non-human primates 
(NHP) after repeated weekly injections, suggesting a sufficient therapeutic window in future clinical development of IBI322 
for cancer treatment.
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PD-L1	� Programmed death-ligand 1
PD-1	� Programmed death-1
RBCs	� Red blood cells
SIRPα	� Signal-regulatory protein-α

Introduction

Functioning as an innate checkpoint molecule, CD47, a 
ligand of signal-regulatory protein-α (SIRPα), transmits an 
inhibitory signal to calreticulin-activated phagocytosis in 
macrophages [1, 2]. The CD47/SIRPα pathway has been rec-
ognized as a critical mechanism through which cancer cells 
evade innate immune surveillance [3, 4]. CD47 is frequently 
overexpressed in various hematological malignancies and 
solid tumors. High CD47 levels were strongly associated 
with poor prognosis in patients [3]. Agents that block CD47/
SIRPα interactions have demonstrated significant anti-tumor 
activities as a monotherapy or in combination with tumor 
targeting antibodies in multiple preclinical tumor models 
[3–6]. Promising clinical efficacies had been observed in 
relapsed/refractory non-Hodgkin’s lymphoma patients 
treated with anti-CD47 mAb Hu5F9 in combination with 
rituximab [5, 7]. A decent objective response rate has also 
been reported in acute myeloid leukemia (AML) patients 
treated with Hu5F9 [8]. However, the therapeutic utility of 
CD47 blockade antibodies has been hampered by suboptimal 
pharmacokinetic properties and tolerability issues [9]. On 
one hand, ubiquitous expression of CD47 in human body 
results in an “antigen sink” effect, which requires frequent 
administration of high-dose CD47 to achieve sufficient drug 
exposure in patients. On the other hand, high exposure of 
CD47 antibody induces more target-related adverse events 
such as anemia [7]. Moreover, although remarkable anti-
tumor efficacy has been demonstrated in multiple preclinical 
models, CD47 blocking agents have so far only exhibited 
modest efficacy in patients with solid tumors [9]. It is con-
ceivable that, in complex immunosuppressive microenvi-
ronment of heterogeneous tumors, cancer cells may adopt 
multiple mechanisms to escape immune surveillance. Thus 
activating innate immunity alone may be insufficient to erad-
icate malignant cells. Alternatively, harnessing both innate 
and adaptive immune responses may present a more effec-
tive strategy to induce durable anti-tumor activity [10–12].

PD-L1 is an inhibitory membrane protein overexpressed 
in tumor cells and regulatory immune cells in the tumor 
microenvironment [13]. After binding to its receptor PD-1, 
PD-L1 suppresses tumor-specific T cell functions to cre-
ate a locally deficient immune environment and prevent T 
cell-mediated tumor eradication [14]. Significant objective 
responses have been achieved by anti-PD-1 therapies in a 
broad spectrum of tumors with tolerable immune-related 
adverse events in patients. Currently, at least six anti-PD-1/

PD-L1 products have been approved by the FDA for vari-
ous indications [15–18]. Studies have elucidated a novel 
role of PD-1 in tumor-associated macrophages (TAMs). 
PD-1 expression on M2 macrophages has been linked with 
decreased phagocytotic activity. Blockade of PD-1/PD-L1 
signaling has been shown to restore TAM phagocytosis and 
synergize with CD47 antibody in reducing tumor growth in 
macrophage-dependent mechanisms [19]. This underscores 
the direct effect of anti-PD-1 therapies in regulating innate 
immunity. In syngeneic models, CD47 blockade triggers 
a strong anti-tumor T cell response to destruct established 
tumors, indicating the critical role of CD47 in bridging 
innate DC and adaptive T cell immunity [19]. These studies 
have provided a strong scientific rationale to simultaneously 
target CD47/SIRPα and PD-1/PD-L1 pathways for optimal 
immune activation and effective tumor destruction [19].

Herein, we describe IBI322, a novel, “1 + 2” CD47/
PD-L1 dual-targeting bispecific antibody. By an “imbal-
anced” design with lower binding affinity to CD47 versus 
higher binding to PD-L1, the molecule is expected to block 
CD47 on CD47+/PD-L1+ tumors in a more selective man-
ner than a regular CD47 monoclonal antibody does. Fur-
thermore, we are very interested to investigate the potential 
synergy of activating both innate and adaptive immunity in 
cancer treatment. This study aims to characterize the mecha-
nism of actions of IBI322 in vitro and in vivo, and to demon-
strate its potential in future clinical development.

Material and methods

Cell lines, antibodies, and reagents

All cell lines were purchased from ATCC. MC38-
PD-L1-CD47 co-expressed cell line and Raji-PD-L1 
(CD47+PD-L1+) overexpressed cell line were generated by 
lentivirus infection using standard protocols. CHO-S sta-
ble cell lines overexpressing human CD47 or PD-L1 were 
generated using Freedom CHO-S Kit (Invitrogen). Human 
PD-L1 was inserted into pCHO 1.0 vector (Invitrogen) for 
the generation of CCRF-CEM cells overexpressing PD-L1. 
Anti-PD-L1, anti-CD47, and IgG Isotype control were gen-
erated at Innovent Biologics (Suzhou) Co., Ltd. Recombi-
nant PD-L1, CD47, SIRP-α murine Fc fusion, and PD-1 
murine Fc fusion were acquired from ACROBiosystems.

Bispecific antibody production and characterization

IBI322 was designed in a “1 + 2” format using knobs-into-
holes strategy [20]. Antibody was isolated on MabSelect 
SuRe (GE Healthcare) and then further purified by Mono 
S chromatography (GE Healthcare) according to the manu-
facturer’s protocols. The purity and molecular weight of 
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IBI322 were analyzed by analytic size exclusion chroma-
tography (SEC) and mass spectrometry (Agilent Technolo-
gies), respectively. Affinity was determined by bio-layer 
interferometry (BLI)-based Octet RED96 (Pall ForteBio). 
PD-L1 and CD47 were biotinylated with EZ-Link Sulfo-
NHS-LC-Biotin kit (Thermo Fisher Scientific), and loaded 
onto SA–streptavidin biosensors (Pall ForteBio) at 150 μg/
mL. After washing, sensors were dipped into buffer contain-
ing antigen then dissociated in sample dilution buffer (50 mL 
PBS + 0.1% BSA + 0.05% Tween-20). Data analysis was car-
ried out using ForteBio software.

Cell‑based binding and blocking assay

CHO-hPD-L1 cells or RBCs were incubated with antibodies 
for 30 min in PBS, followed by three washes and subsequent 
incubation with a secondary antibody PE-anti-human IgG 
(Southern Biotech) for 30 min. For CD47 blocking experi-
ments, antibody was added in the presence of hSIRPα-mFc 
protein. The mixture was incubated with CHO-hCD47 
cells or CCRF-CEM-PD-L1 cells (0.2 × 106 cells/well) for 
30 min. For PD-L1 blocking assay, antibody was added in 
the presence of human PD-1-mFc protein. Then, the mix-
ture was incubated with CHO-hPD-L1 cells (0.2 × 106 cells/
well) for 30 min, followed by three washes and subsequent 
incubation with a secondary antibody APC goat anti-mouse 
IgG (BioLegend) in PBS for 30 min. Flow cytometry was 
performed on a FACSCELESTA (BD Biosciences) and MFI 
was calculated accordingly.

In vitro phagocytosis assay

CD14 + monocytes were isolated from fresh human periph-
eral blood mononuclear cells (PBMCs) and then induced 
to differentiate into macrophages by incubating with GM-
CSF (10 ng/mL) for 7 days. On day 5, interferon gamma 
(IFNγ; 20 ng/mL) was added to stimulate for 1 h, followed 
by lipopolysaccharide (LPS) for 48 h (100 ng/mL). CFSE-
labeled (Thermo Fisher Scientific) CCRF-CEM-PD-L1 
tumor cells were incubated with human macrophages (ratio 
4:1) with antibody at 37 °C for 3 h. Cells were washed three 
times with PBS, and incubated with APC mouse anti-human 
CD14 antibody (BD Biosciences) for 30 min. Phagocytosis 
was measured by assessing the percentage of CFSE + cells 
in CD14 + cells via flow cytometry.

Mixed lymphocyte reactions (MLR)

CD4+ T cells were isolated from human PBMC (AllCells) 
using EasySep human CD4+ T cells enrichment kit (Stem-
Cell Technologies). DCs were generated by incubating 
PBMC first with IL-4 (20 ng/mL) and GM-CSF (10 ng/mL) 
for 5 days, followed by maturation in media-containing 

tumor necrosis factor (10 ng/mL), IL-1β (5 ng/mL), IL-6 
(10 ng/mL), and prostaglandin E2 (1 μM) for 2 days. 1 × 104 
DCs and 1 × 105 CD4 + T cells were seeded in X-VIVO-15 
medium and incubated with antibody. IFNγ level in culture 
supernatants was measured 3 days later.

In vitro selective binding assay

H292 cells (CD47+ /PD-L1+ tumor cells) were labeled with 
CFSE and mixed with 20-fold human RBCs. Cell mixtures 
were incubated with antibody at different concentrations for 
30 min in PBS on ice. Then, cells were washed with PBS 
three times, followed by incubation with a secondary anti-
body APC anti-human IgG (BioLegend) in PBS for 30 min 
on ice. Cells were washed at least twice with PBS and ana-
lyzed with flow cytometry.

In vitro selective phagocytosis assay

RBCs were separated from a healthy human donor’s blood 
sample with Ficoll (StemCell Technologies) according to the 
manual. For macrophages, bone marrow from NOD-SCID 
mice was isolated and cultured in M-CSF for 6 days. There-
after, macrophages were stimulated with LPS for 16–24 h 
before use. Cell track green (CMFDA), red (CMPTX), and 
violet (CMF2HC) labeled Raji-PD-L1 was mixed with 
RBCs at a 1:500 ratio. The cell mixture was stained with 
human IgG (h-IgG), anti-CD47 antibody, or IBI322 bispe-
cific antibody to occupy CD47 on tumor cell surface. Then, 
tumor cells were co-cultured with activated macrophages at 
37 °C in a humidified atmosphere containing 5% CO2 after 
lysis of RBCs in the cell mixture. Images were recorded 
every 5 min for 6 h using imaging station CellR (Olympus 
Corporation).

In vivo model

For Raji-PD-L1 model, each NOD-SCID mouse (Beijing 
Vital River Laboratory) was intravenously injected 1 × 106 
human PBMC 6 days before Raji-PDL1 cell implantation 
(9 × 106 cells/mouse) at the right back. 5 days after tumor 
implantation, 40 mice with tumors were randomized into 
five treatment groups.

For A375 model, each NOG mouse (Beijing Vital River 
Laboratory) was intravenously injected 2 × 106 human 
PBMC 6 days before A375 implantation (6 × 106 cells/
mouse) at the right back using a method previously reported 
[21]. 2 days after tumor implantation, 40 mice with tumors 
were randomized into five treatment groups.

Drugs were intraperitoneally injected once every 2 days 
for six continuous doses. Body weight, maximum length 
of major axis (L), and maximum length of minor axis (W) 
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of tumors were measured twice a week for 29 days. Tumor 
growth inhibition (TGI) of each mouse was calculated.

Biodistribution

Three antibodies (IBI322, αCD47 and αPD-L1) were conju-
gated with p-SCN-Deferoxamine (DFO; Macrocyclics), then 
radiolabeled with 89Zr (Perkin Elmer, Inc.) using a method 
previously reported [22, 23]. 18 huCD47 knock-in mice (Bio-
cytogen, Inc.) bearing MC38 tumor (transfected huCD47 and 
huPDL1) were used to investigate tumor uptake and organ dis-
tribution. They were randomized into five groups according to 
tumor volume (100–250 mm3): 89Zr-Df-IBI322 group (n = 4, 
3.39 ± 0.10 MBq, 0.50 ± 0.02 mg/kg), equimolar 89Zr-Df-
αCD47 (n = 4, 3.12 ± 0.18 MBq, 0.51 ± 0.03 mg/kg), 89Zr-Df-
αPD-L1 (n = 4, 3.53 ± 0.25 MBq, 0.32 ± 0.03 mg/kg), as well 
as two control groups: 89Zr-oxalate (n = 3, 3.26 ± 0.11 MBq) 
and 89Zr-DFO (n = 3, 1.46 ± 0.10 MBq). PET images were 
acquired at 2, 24, 48, 72, 120, and 168 h after injection of the 
radiotracer. Quantification of PET images was accomplished in 
an Inveon Research Workplace ASIpro (Siemens Healthineers) 
workstation via region of interest (ROIs) or volume of interest 
(VOI s, for tumor only) analysis; tissue uptake values were 
reported as percent injected dose per gram of tissue (%ID/g).

NHP study

An NHP study was conducted at JOINN Laboratories 
(Suzhou, China) in accordance with standard operating 
procedures. Experimentally non-naive, socially housed 
cynomolgus monkeys (n = 3/group, 2.5–5 years of age and 
weighing 2.51–2.84 kg at the onset of the day) were adminis-
tered mAbs on days 1, 8, and 15 by IV injection with IBI322 
or anti-CD47 mAb Hu5F9 at dosing of 10 mg/kg. Animals 
were observed at least twice daily. Peripheral blood was 
collected for hematology assessment and clinical pathology 
evaluation.

Statistical analysis

Results are presented as mean ± SEM. Statistical analyses 
were carried out using Prism 8.0 statistical software (Graph-
Pad Software Inc.). Statistical significance for tumor volume 
between groups was determined by one-way ANOVA, and 
p values of less than 0.05 were considered to be statistically 
significant. Asterisks indicate statistical compared to h-IgG 
group unless otherwise indicated in the figures (*p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001).

Results

Generation and characterization of IBI322

IBI322 was generated in a “1 + 2” format using knobs-
into-holes strategy [20] (Fig.  1a). The anti-CD47 arm 
(ADI29341; knob) is in Fab format, and the anti-PD-L1 
arm (bi127; hole) consists of two single domain antibodies 
(VHH) in tandem with an amino acid linker (4*GGGGS). 
IBI322 was stably expressed by CHO cells, captured on 
protein A resin and then polished from antibody frag-
ments by cation exchange chromatography (CEX). The 
result of SEC purity showed a very low level of aggrega-
tion (Fig. 1b, < 0.9%,) and LC–MS analysis showed a main 
mass deconvolution peak corresponding to the expected het-
erodimer with an absence of significant amounts of either 
homodimer (Supplementary Fig. S1).

To confirm the binding activity of IBI322 to each antigen, 
CD47/PD-L1 binding activity of IBI322 was evaluated by 
BLI. As shown in Fig. 1c and d, KD of IBI322 was deter-
mined to be 0.07 nM for hPD-L1 and 1.11 nM for hCD47, 
showing similar potent binding affinities as the parental anti-
bodies (Supplementary Fig. S2). The high-affinity 2-VHH 
anti-PD-L1 arm serves to tether the antibody to PD-L1/
CD47 double-positive cells. In binding to CD47 on RBCs, 
IBI322 showed a much lower affinity (2.428 nM) than the 
parental anti-CD47 (0.1759 nM) (Fig. 1e). This suggest that, 
with a weak monovalent CD47 binding arm, IBI322 binds to 
CD47 single positive cells less potently than bivalent paren-
tal anti-CD47 antibody. Cell-based binding experiments on 
CHO cells overexpressing human PD-L1 (CHOS-PD-L1) 
were investigated by flow cytometry. The EC50 value was 
1.421 nM, which was similar to the parental anti-PD-L1 
antibody (Fig. 1f).

IBI322 enhanced human T cell activation 
and promoted human macrophage phagocytosis 
in vitro

In this study, the blocking activity of IBI322 on PD-1/PD-L1 
and CD47/SIRPα interaction was investigated. IBI322 effi-
ciently inhibited PD-1 binding to PD-L1 on CHOS-PD-L1 
cells (CHOS-PD-L1) with IC50 at 1.712 nM, similar to the 
parental anti-PD-L1 (Supplementary Fig. S3A). However 
the blocking activity of IBI322 on CD47/SIRPα inter-
action was 30-fold lower than the parental anti-CD47 on 
CD47+CHOS cell (Fig. 2a). Interestingly, the blocking 
activity of IBI322 on CD47/SIRPα interaction was restored 
on PD-L1+CD47+ human tumor cell CCRF-CEM-PD-L1 
(Fig. 2b). These results confirmed that PD-L1 co-engage-
ment enhanced CD47 blockade at the surface of CCRF-
CEM-PD-L1 tumor cells.



369Cancer Immunology, Immunotherapy (2021) 70:365–376	

1 3

The T cell activation of IBI322 was also investigated 
with an MLR assay. In the experiment, IBI322 significantly 
increased IFNγ levels in a concentration-dependent man-
ner, just like the parental anti-PD-L1 (Supplementary Fig. 
S3B). Subsequently, IBI322 activity in inducing phagocy-
tosis of macrophages was analyzed. The data demonstrated 
that, similar to the parental anti-CD47, IBI322 significantly 
increased phagocytosis of CCRF-CEM-PD-L1 in a concen-
tration-dependent manner (Fig. 2c). These results revealed 
that IBI322 was effective in promoting phagocytosis of mac-
rophages and stimulating T cell activation in system with 
dual-antigen expressing tumor cells.

IBI322 selectively targeted CD47/PD‑L1 
double‑positive tumor cells in vitro and induced 
more potent phagocytosis

Given the broad expression of CD47, a general concern 
for systemic administration of current CD47 targeting rea-
gents is off-tumor/on-targeting toxicity, which results in 
impaired therapeutic efficiency and significant side effects. 
A major reason for the design of IBI322 is to achieve the 
therapeutic benefit of selectively blocking CD47-SIRPα 
interaction on PD-L1+CD47+ tumor cells, while avoiding 
a potential “antigen sink” created by CD47 molecules on 
RBCs and other normal cells. To determine the selective 
binding of IBI322 to double-positive tumor cells in the 
presence of excess CD47+RBCs, PD-L1+CD47+H292 

Fig. 1   Design and charac-
terization of IBI322. a The 
schematic diagram of IBI322. 
b SEC-HPLC purity of IBI322 
after two-step purification. c, d 
Association and dissociation of 
IBI322 to hPD-L1 and hCD47. 
e Affinity of IBI322 to RBCs. f 
Affinity of IBI322 to CHO-
hPD-L1 cells
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tumor cells were labeled with CFSE and mixed with a 
20-fold excess of unlabeled RBCs, then incubated with 
antibodies (Fig.  3a). Similar to the parental anti-PD-
L1antibody, after incubation with IBI322, the majority of 
cells bound by antibody were double-positive H292 cells, 
and only few cells were RBCs (Fig. 3b, c). In contrast, 
after incubation with the parental anti-CD47, majority of 
cells bound by anti-CD47 were RBCs (Fig. 3b, c). These 
results suggested that IBI322 selectively bind to PD-
L1+CD47+tumor cells, even in the presence of RBCs.

Furthermore, to visualize and confirm phagocytic activity 
of macrophages in the presence of IBI322-opsonized tumor 
cells, live imaging was performed. In this study, the same 
tumor cell lines, PD-L1+CD47+Raji cells, were CMFDA-
labeled (green), CMPTX-labeled (red), and CMF2HC-
labeled (violet) separately in the presence of excess 
CD47+RBCs (1:500), then incubated with anti-CD47, 
IBI322, or irrelevant human IgG, and further mixed together 
and cultivated along with macrophages (Fig. 4a). Figure 4b 
clearly showed that tumor cells are indeed engulfed by 
macrophages and not just attached to their membranes. 
Moreover, and as expected, PD-L1+CD47+Raji cells pre-
incubated with IBI322 are phagocytosed efficiently while 

anti-CD47 mono induced weak phagocytosis, which was 
inhibited by RBCs due to RBC selective binding (Fig. 4c). 
No phagocytosis was seen when using an irrelevant human 
IgG control antibody (Fig. 4c).

Organ biodistribution in tumor bearing mice

To investigate the distribution characteristics of bispecific 
antibody IBI322 in  vivo, 89Zr labeled antibodies were 
administered in huCD47 transgenic mice inoculated with 
MC38-PD-L1-CD47 cells. Then a PET scanning was per-
formed to detect isotope distribution (Fig. 5). As expected, 
similar to the parental PD-L1 antibody, IBI322 showed sig-
nificantly higher tumor uptake and lower heart, liver, and 
spleen uptake than the parental CD47 antibody (Fig. 5a, b, 
c). In addition, the uptake of anti-CD47 mAb by heart in the 
first hour was more than 50% higher than that of IBI322, 
then the uptake of both antibodies gradually declined to sim-
ilar levels after 7 days. The retention of anti-CD47 mAb in 
spleen was almost twofold higher than that of IBI322 over a 
7-day course (Fig. 5b, c). This data further demonstrated that 
IBI322 selectively bound to CD47/PD-L1 double-positive 
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Fig. 3   IBI322 selectively binds to dual antigen-expressing cells in the 
presence of RBCs. a Schematic of the experimental design to assay 
for selectivity in binding to H292 tumor cells (CD47/PD-L1 dou-
ble positive cells) in the presence of excessive RBCs (CD47 single 
positive cells). H292 cells were labeled with CFSE and mixed with 

a 20-fold excess of RBCs. Cell mixtures were incubated with pri-
mary antibody prior to staining with APC anti-human Fc second-
ary antibody, then analyzed by flow cytometry. b, c Percentages of 
H292 tumor cells (CFSE +) and RBCs (CFSE −) within the antibody-
bound (APC +) population

Fig. 4   IBI322 selectively 
bound to tumor cells to induce 
more potent phagosytosis. a 
Schematic of the experimental 
design to assay. Tumor cells 
treated with IBI322 were 
labeled with red fluorescence 
(CMPTX). Tumor cells treated 
with CD47 were labeled with 
green fluorescence (CMFDA). 
Tumor cell treated with h-IgG 
were labeled with blue fluores-
cence (CMF2HC). These three 
cell populations were mixed 
together and further cultivated 
together with macrophages. b, 
c IBI322 induced potent tumor 
phagocytosis, but anti-CD47 
only caused weak phagocytosis 
which was inhibited by RBCs 
due to RBC selective binding

A
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tumor cells, while with reduced binding activity to normal 
cells, especially to RBCs.

IBI322 inhibited tumor growth in vivo

To evaluate in vivo anti-tumor activity of IBI322, NOD-
SCID mice with PD-L1/CD47-expressing Raji tumor were 
treated with antibodies. The result is shown in Fig.  6a 
and S4. All other treatment groups, including anti-CD47 
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Fig. 5   IBI322 selectively binds to dual antigen-expressing tumor 
cell PET/CT imaging in tumor-bearing mice. a, b Compared to anti-
CD47, IBI322 showed significantly higher tumor uptake and lower 

heart, liver, and spleen uptake. Tumor and spleen are indicated by 
white pink circles, respectively. c Time course quantification of tumor 
uptake treatment with IBI322, anti-PD-L1, and anti-CD47

A B

Fig. 6   Superior anti-tumor activity of IBI322 treatment in mouse 
models reconstituted with human PBMC. a Tumor growth of Raji-
PDL1 tumor-bearing mice treated with h-IgG 0.20  mg/kg, anti-
PD-L1 0.1  mg/kg, anti-CD47 0.1  mg/kg, anti-PD-L1 + anti-CD47 
0.1 + 0.1  mg/kg, and IBI322 0.17  mg/kg. b Tumor growth of A375 

tumor-bearing mice treated h-IgG 1.30 mg/kg, anti-PD-L1 0.66 mg/
kg, anti-CD47 0.66  mg/kg, anti-PD-L1 + anti-CD47 0.66 + 0.66  mg/
kg, and IBI322 1.1 mg/kg. Tumor growth was measured twice a week 
and is shown as average tumor size per group ± SEM. Statistical sig-
nificance was determined by two-way ANOVA
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monotherapy, anti-PD-L1 monotherapy, and the combo 
of anti-PD-L1 and anti-CD47, were effective in delaying 
Raji tumor progression. It is particularly noteworthy that, 
on equal molar basis, the treatment with IBI322 resulted 
in significantly rapid and a nearly complete response at 
0.17 mg/kg compared to anti-CD47, anti-PD-L1, as well as 
the combination of these two antibodies at 0.1 mg/kg each 
(Fig. 6a). Meanwhile, no abnormal body weight changes or 
signs of toxicity throughout the study were observed (sup-
plementary Fig. S4).

In A375 xenograft mouse model, the parental anti-PD-L1 
antibody treatment at 0.66 mg/kg only showed weak efficacy 
in delaying tumor progression (Fig. 6b and supplementary 
Fig.S5). Tumor growth was significantly slower in both the 
parental ant-CD47 treatment at 0.66 mg/kg and the combi-
nation treatment of CD47 and PD-L1 blockade (Fig. 6b). 
However, most significant tumor regression was observed 
in IBI322 treatment at 1.1 mg/kg on equal molar basis 
(Fig. 6b). Meanwhile, no abnormal body weight changes or 
signs of toxicity throughout the study were observed (sup-
plementary Fig. S5). These results demonstrated IBI322 as 
a potent treatment in inhibiting tumors growth.

IBI322 had lower risks of hematological toxicities 
than CD47 mAb in NHPs

A NHP study was conducted to further explore the toxic-
ity profile of IBI322. Cynomolgus monkeys (N = 3) were 

treated by IV injection with IBI322 or CD47 mAb Hu5F9 
at dosing of 10 mg/kg. IBI322 was well tolerated, with less 
than 20% drop in RBCs and HGB counts in all monkeys 
(Fig. 7a, b). But in the Hu5F9 group, a substantial drop in 
RBC number (near 35%), hemoglobin number (near 35%), 
and hematocrit number (near 50%) was observed after the 
first dose (Fig. 7a, b, c). Compared with Hu5F9 treatment, 
a second dose of IBI322 led to an additional small drop in 
the RBC and hematocrit indices. Although RBC numbers 
started to recover on day 11 in both groups, IBI322 showed 
a significantly higher RBC count than the Hu5F9 group on 
day 15. We did not observe any other clinical symptoms, 
hematological toxicities, or macroscopic evidence of target 
organ toxicity attributable to the treatment. This NHP study 
suggested that IBI322 had lower risks of hematocrit toxici-
ties than CD47 mAb.

Discussion

Emerging evidence has suggested that upregulation of CD47 
is an important mechanism for tumor immune evasion and 
disease progression. Therapeutic agents targeting the CD47-
SIRPα axis to modulate macrophage-mediated tumor phago-
cytosis have demonstrated promising anti-tumor efficacy in 
both preclinical and clinical studies [7, 24, 25]. Neverthe-
less, a major concern for systemic administration of CD47 
blockade agents is the on-target/off-tumor effects given the 
ubiquitous expression of CD47 in normal tissues. Liu et al. 

Fig. 7   NHP study with IBI322 
and Hu5F9. Graphs summarize 
changes in RBCs (a), hemo-
globin (b), hematocrit (c), and 
reticulocyte (d) numbers in 
response to treatment of IBI322 
or Hu5F9 in cynomolgus mon-
keys. Arrows in graphs indicate 
antibody dosing
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has postulated that using a low priming dose of hu5F9 could 
stimulate young RBCs production and facilitate the toler-
ance of subsequent high maintenance doses in NHPs [26]. 
Although this priming maintenance dosing approach led to 
mitigated anemia in most hu5F9-treated patients, about 20% 
of them still experienced grade 3 anemia, including 4.5% 
serious cases [7]. In addition, to offset “antigen sink”-medi-
ated fast clearance and achieve sufficient serum exposure, 
hu5F9 was administered at a very high maintenance dose 
(weekly 30 mg/kg), posing a substantial treatment burden 
on patients.

A bispecific antibody that targets both CD47 and PD-L1 
provides an innovative solution to these problems. PD-L1 is 
a highly expressed antigen on multiple tumors, and recent 
studies have demonstrated that CD47 and PD-L1, both acti-
vated by oncogenic c-Myc signaling in tumor cells, coopera-
tively suppressed anti-tumor immune responses [12, 27]. In 
addition, both PD-L1 and CD47 were co-expressed on tumor 
cells, whereas most normal cells (eg. RBCs) had only lim-
ited PD-L1 expression [10]. The differential co-expression 
pattern of CD47 and PD-L1 in tumors versus normal tissues 
supported the rationale of designing a bispecific antibody 
that could selectively recognize PD-L1-positive tumor cells 
and inhibit their CD47 signal to trigger phagocytosis, while 
sparing cells with no/low PD-L1 expression. In this present 
work, we described a novel “1 + 2” CD47/PD-L1 bispecific 
antibody IBI322 with three important features: (a) efficient 
tumor targeting to minimize antigen sink, (b) selective CD47 
blockade on tumor rather than normal cells, and (c) dual 
inhibition of CD47 and PD-L1 signals to synergistically 
activate anti-tumor immune responses. Antigen sink issues 
and the effects on normal tissues were mitigated by using 
a monovalent anti-CD47 Fab arm in IBI322, which exhib-
ited ~ 10–30-fold weaker binding and blocking activities than 
its parental CD47 antibody in PD-L1-negative cells. Tumor 
selectivity mediated by the anti-PD-L1 arm was achieved 
by using bivalent, tandem repeated high affinity PD-L1 
antibody fragments. The anti-PD-L1 arm directed IBI322 
binding to double-positive tumor cells, whereas the anti-
CD47 arm stabilized antibody binding via the avidity effect. 
As a consequence, the CD47 signal blockade was restored 
because of co-engagement of PD-L1 on the tumor cell sur-
face. Indeed, our in vitro phagocytosis assay performed in 
a mixture of tumor cells and RBCs confirmed the selective 
binding of IBI322 to double-positive tumor cells, even in the 
presence of a large CD47 sink on RBCs, which led to high 
tumor CD47 occupancy and effective macrophage-medi-
ated cell killing. These findings were further supported by 
radioactivity-based organ biodistribution studies in hCD47 
transgenic mice. The “imbalanced affinity” design of IBI322 
has led to significantly increased uptake in PD-L1-positive 
tumors with decreased distribution in blood depot organs 
compared with the parental CD47 antibody, indicating a 

shifted preference of tissue binding and decreased effects on 
peripheral antigen sinks. Furthermore, a toxicology study in 
NHPs revealed favorable safety profiles of IBI322 at thera-
peutic doses, with much milder adverse effects on RBCs 
than in-house generated hu5F9. As IBI322 cross-reacts with 
cyno PD-L1 and CD47 at similar affinities to human recep-
tors, it is reasonable to anticipate that IBI322 would render 
low CD47 target-mediated adverse effects in humans. This 
speculation still remains to be examined in future clinical 
studies.

Co-targeting CD47 and PD-L1, bispecific molecule 
IBI322 was designed to stimulate both CD47 and PD-L1 
pathways for potential synergistic anti-tumor effects. Indeed, 
we did observe that the bispecific molecule was more effi-
cacious than the simple combination of anti-CD47 and 
anti-PD-L1 at equal molarity. We postulate that the better 
efficacy could be attributed to tumor-directing functionality 
created by the bispecific antibody. The presence of PD-L1 in 
Raji-hPD-L1 or A375 cells facilitated higher tumor uptake 
of IBI322, then locally increased drug exposure resulted in 
better anti-tumor effects.

In addition to co-blocking and PD-L1-dependent tumor 
enrichment, another mechanism of great importance is that 
IBI322 molecule can potentially bridge innate DC activation 
and T cell priming. Unfortunately, the PBMC-humanized 
NOD-SCID mice used in this study lacked DCs, mak-
ing it difficult to evaluate this function. In that respect, a 
better model would be syngeneic tumors transplanted in 
human CD47/PD-L1 double knock-in mice. However such 
mice were not available at the time of this study. In addi-
tion, given the recently elucidated function of PD1 in mac-
rophage phagocytosis [19], it would be interesting to exam-
ine whether IBI322 could show synergistic activities for both 
innate and adaptive immunity levels in preclinical models 
that fully represented human immune systems.

In conclusion, our study described a novel strategy for 
designing a CD47 and PD-L1 dual-blockade bispecific anti-
body, IBI322, which selectively targeted tumor cells while 
minimizing on-target toxicities in normal tissues. By har-
nessing both innate and adaptive immune responses, IBI322 
provides an opportunity for improved cancer immunother-
apy with a higher therapeutic index than the combination of 
anti-CD47 and anti-PD-L1 antibodies. Currently, IBI322 is 
in a phase 1 dose escalation trial (NCT04328831). Further 
clinical studies are expected to fully validate its safety and 
effectiveness in human patients.
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