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ABSTRACT
The host immune system generally serves as a barrier against tumor formation. Programmed death-ligand 1
(PD-L1) is a critical “don’t find me” signal to the adaptive immune system, whereas CD47 transmits an anti-
phagocytic signal, known as the “don’t eat me” signal, to the innate immune system. These and similar
immune checkpoints are often overexpressed on human tumors. Thus, dual targeting both innate and
adaptive immune checkpoints would likely maximize anti-tumor therapeutic effect and elicit more durable
responses. Herein, based on the variable region of atezolizumab and consensus variant 1 (CV1) monomer, we
constructed a dual-targeting fusion protein targeting both CD47 and PD-L1 using “Knobs-into-holes”
technology, denoted as IAB. It was effective in inducing phagocytosis of tumor cells, stimulating T-cell
activation and mediating antibody-dependent cell-mediated cytotoxicity in vitro. No obvious sign of
hematological toxicity was observed in mice administered IAB at a dose of 100 mg/kg, and IAB exhibited
potent antitumor activity in an immune-competent mouse model of MC38. Additionally, the anti-tumor
effect of IAB was impaired by anti-CD8 antibody or clodronate liposomes, which implied that both CD8C T
cells and macrophages were required for the anti-tumor efficacy of IAB and IAB plays an essential role in the
engagement of innate and adaptive immune responses. Collectively, these results demonstrate the capacity
of an elicited endogenous immune response against tumors and elucidate essential characteristics of
synergistic innate and adaptive immune response, and indicate dual blockade of CD47 and PD-L1 by IAB
may be a synergistic therapy that activates both innate and adaptive immune response against tumors.
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Introduction

When the host immune system fails to block tumor formation,
activation of the immune response could contribute to tumor
regression.1 Immune checkpoint blockade therapies prove that
an endogenous immune response can regress human tumors,
but significant responses remain restricted to a minority of
patients.2,3 PD-1 (Programmed death-1) expressed on effector T
cells participate in peripheral tolerance and play a key role in
immune suppression in cancer and chronic infectious diseases.
When binding to its ligand PD-L1 which is highly expressed on
the surface of tumor cells, PD-1 could send to the immune sys-
tem a “don’t find me” signal4 which inhibits T cell-mediated
immune response and contributes to tumor immune evasion.
Several anti-PD-1 or anti-PD-L1 monoclonal antibodies (mAbs)
are currently providing evidence of clinical benefit in subsets of
cancer patients.5 Atezolizumab (MPDL3280A), an anti-PD-L1
antibody, has shown promising results in patients with locally
advanced or metastatic tumors.6 However, each treatment
modality has limitations. Treatment withPD-1/PD-L1 blockade

achieved about a 30% objective response rate (ORR) in several
solid tumors, and the majority of patients are either resistant or
relapse after a period of treatment, which highlights the need for
the combination of anti-PD-1/L1 antibodies with other immune
checkpoint antagonistic molecules or conventional therapies.2,7,8

Phagocytosis is an essential process utilized by an organism for
pathogen or apoptotic cell clearance; however, increased expres-
sion of CD47 is proposed to be a mechanism through which can-
cer cells evade immune detection and phagocytosis.CD47, a
widely expressed transmembrane protein, transmits a “don’t eat
me” signal to circulating macrophages via its receptor signal regu-
latory protein-a (SIRPa). SIRPaligation on macrophages and
dendritic cells initiates a signaling cascade that culminates in the
inhibition of phagocytosis of tumor cells.9,10 Human cancers
broadly express CD47, and mRNA expression levels of CD47
have been shown to correlate with poor clinical outcomes in
hematologic malignancies11,12 and most solid tumors.13 Anti-
CD47 antibodies have been shown to promote phagocytosis in
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vitro and inhibit the growth of tumor, and even simultaneously
induced an antitumor T-cell immune response in vivo.14 Accord-
ingly, mAbs targeting CD4711,13or high-affinity SIPRa (CV1)15

were developed. Given the ubiquitous expression of the target, the
“drug sink” represented by erythrocytes, platelets and other
CD47-expressing cells may lead to a rapid elimination of anti-
CD47 mAbs, and on-target toxicities such as anemia. To over-
come these limitations, blockade of CD47-SIRPa interaction with
single-chain variable fragments,16 CV1 monomer without Fc,15

Velcro-CD47,17 and bispecific antibodies targeting both CD47
and other tumor-related antigens18 were developed. CD47 has
thus emerged as a promising target for cancer immunotherapy.

Although SIRPa-CD47 interaction may serve as a primary
regulatory “don’t eat me” signal on macrophages, recent work
had demonstrated that PD-1 overexpression in mouse and
human tumor-associated macrophages (TAMs) inhibited
phagocytosis of cancer cell by TAMs.19,20 Furthermore, MYC
oncogene was found to induce the expression of CD47 andPD-
L1, and inactivation of MYC in mouse tumors down-regulated
CD47 and PD-L1 expression and enhanced the antitumor
immune response.4 CD47 and PD-L1 antagonistic molecules
synergize to control B16F10 tumor growth and extend survival
in vivo,21 and the combination of anti-human PD-L1 high-
affinity consensus (HAC) and anti-CD47 antibody trended
towards increasing survival in the DLD-1 xenograft model
more than monotherapy.19 Together, these findings suggested
that the combination of the CD47-targeting immunotherapy
and anti-PD-L1 antibody may be essential in subsequent immu-
notherapy to boost the host’s antitumor response by activation
of macrophages and restoration of effector T cell functions.

Here, based on the variable region (VH and VL) of anti-PD-
L1 antibody (atezolizumab) and CV1 monomer, we developed a
dual-targeting fusion protein (denoted as IAB) using “Knobs-
into-holes” technology. We studied IAB’s ability to activate mac-
rophages and T cells in vitro, and its antitumor effect in
immune-competent mouse model of MC38. Our results show
that both CD8C T cells and macrophages were required for the
anti-tumor efficacy of IAB. In conclusion, dual blockade of PD-
L1 and CD47 by IAB represents a potential immunotherapeutic
modality in cancer therapy.

Results

CD47 and PD-L1 were co-expressed on tumor cells

Solid tumors have been shown to evade host antitumor immunity
through upregulation of the immune checkpoint PD-L1. CD47
has been found to be expressed on multiple human tumor types;
up-regulation of CD47 expression in human cancers also allow
tumors to evade the innate immune system’s surveillance.9 As all
human solid and blood tumor cells require CD47 expression to
suppress phagocytic innate immune surveillance and elimination,
CD47 is therefore a validated target for cancer therapies.13

We investigated the expression levels of CD47 and PD-L1 on
the mouse solid tumor cells (4T1, MC38 and CT26) in vivo,
which have been extensively used for preclinical assessment of
anti-PD-1/L1 antibodies. Mouse tumor cell lines were inoculated
subcutaneously into BALB/c or C57BL/6mice, and on day 10, the
tumors were removed and analyzed by flow cytometry. As shown

in Fig. 1, both CD47 and PD-L1 were expressed on the tumor
cells. Our previous results also demonstrated the co-expression of
PD-L1 and CD47 in melanoma patients in clinic via immunohis-
tochemistry (Fig. S1).Thus, we concluded that both CD47 and
PD-L1 may also contribute to the tumor microenvironment
through influence onmacrophage phagocytosis and T-cell activa-
tion. Consequently, we speculated that targeting both innate and
adaptive immune checkpoints (CD47 and PD-L1) by a dual-tar-
geting fusion protein would likely maximize anti-tumor thera-
peutic effect and elicit more durable responses.

Construction, expression and characterization of IAB

Atezolizumab (TECENTRIQ�), a phage-derived human IgG1

antibody targeting PD-L1, has been shown to have anti-tumor
activity in non-clinical assays and in clinical studies, and was first
approved by the US Food and Drug Administration in May
2016.6,22 Relative to wild-type SIRPa, CV1 is an engineered high-
affinity SIRPa variant, with affinity to CD47 » 50,000-fold
increased, which exhibited remarkable synergy with all tumor-
specific mAbs tested by increasing phagocytosis in vitro and
enhancing antitumor responses in vivo.15 In this study, we con-
structed an innate and adaptive immunity-dependent bispecific
fusion protein(denoted as IAB) based on the variable region of
atezolizumab and CV1 monomer in a IgG1 backbone using
“Knobs-into-holes” technology (as shown in Fig. 2A).

The IAB was stably expressed by Chinese hamster ovary
(CHO) cells. The final compound contained about 5% homo-
dimers and aggregates, as measured by size-exclusion chromatog-
raphy (SEC) (Fig. 2B), in line with other “Knobs-into-holes”
antibodies produced by CHO cells.23,24 IAB was then character-
ized by non-reducing and reducing SDS-PAGE (Fig. S2), and was
also analyzed at the intact protein level by liquid chromatogra-
phy-mass spectrometry (LC-MS). As shown in Fig. 2C, the mass
ofmain peaks were in good agreement with expected heterodimer
with post-translational modifications.

To confirm the dual binding activity of IAB to each antigen,
the CD47/PD-L1 binding activity of IAB was evaluated by com-
petitive enzyme-linked immunosorbent assay (ELISA). As shown
in Fig. 3A-B, the affinity of IAB to CD47 (IC50D 2.897) was about
»3-fold decreased compared to the avidity of CV1Fc (two CV1
domains) (IC50D 0.918), while the affinity of IAB to PD-L1 (IC50

D 11.76) was about 10-fold decreased compared to the avidity of
atezolizumab (IC50D 0.948). Since IAB had one anti-PD-L1 anti-
gen-binding fragment and one CV1 domain, it was deemed that
IAB had lower affinity to each antigen than the parental clones,
which was consistent with the previous report.25 Additionally, the
binding activity of IAB with mouse tumor (MC38) cells and
human tumor (HL60) cells were investigated by flow cytometry-
based binding assay (Fig. S3).

These results demonstrate that IAB, aglycosylated heterodi-
meric Fc-fusion protein, was successfully prepared using the
“Knobs-into-holes” platform.

In vitro human peripheral blood mononuclear cells
and murine macrophage activation

Because IAB showed CD47/PD-L1 binding behavior that was
similar to the parental proteins, we investigated whether the
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activation effects of IAB remained. Firstly, the stimulation of
human peripheral blood mononuclear cells (PBMCs) with IAB
and super-antigen Staphylococcal enterotoxin B (SEB) was con-
ducted. As shown in Fig. 3C, PD-L1 blockade by atezolizumab

or IAB significantly enhanced the SEB-stimulated PBMC’s IL-2
secretion. Subsequently, we investigated whether IAB promotes
phagocytosis of macrophages. Fluorescently labeled murine
tumor cells MC38 and macrophages (RAW264.7) were co-

Figure 1. Co-expression of CD47 and PD-L1 on mouse tumor cells in vivo. Representative flow cytometry analysis following staining with anti-PD-L1 or anti-CD47 anti-
body (solid line) and isotype antibody as negative control (dotted line). A and D:4T1 tumor cells; B and E:MC38 tumor cells;C and F:CT26 tumor cells.

Figure 2. Design and characterization of IAB. (A) The schematic diagram of IAB. (B) SEC chromatogram (SEC-UPLC) of IAB. (C) MS analysis indicates the mass of main peaks
were in good agreement with expected heterodimer with post-translational modifications. -2K,G0F(2): IAB-Lysine C-TERM(2),Glycosylation G0F(2), Expected mass:
113784Da, Mass error: 9.94ppm; -2K,G0F,G1F: IAB-Lysine C-TERM(2),Glycosylation G0F,Glycosylation G1F, Expected mass: 113946Da, Mass error: 26.88ppm; -2K,G1F(2):
IAB-Lysine C-TERM(2),Glycosylation G1F(2), Expected mass: 114108Da, Mass error: 48.54Da.
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cultured in the presence of IAB or parental proteins, and the
phagocytic index was calculated as the percentage of phagocy-
tosed CFSEC cells. As shown in Fig. 3D, macrophages phagocy-
tized MC38 tumor cells at a low frequency in the presence of
atezolizumab (5.4%). However, CV1Fc (50.2%) and IAB (31.8%)
significantly increased the phagocytosis of MC38. These results
were consistent with our preliminary study that CV1 increased
phagocytosis of tumor cells by mouse macrophage in vitro,26 and
validated by mouse bone marrow-derived macrophages by
immunofluorescence microscopy (Fig. S4). These data revealed
that IAB was effective in inducing the phagocytosis by macro-
phages and stimulating T-cell activation in vitro.

IAB exhibits superior antibody-dependent cell-mediated
cytotoxicity activity in vitro andminimal blood toxicity in vivo

To our knowledge, most of the anti-PD-1/PD-L1 antibodies in
clinical development are either of the IgG4isotype (nivolumab,27

pembrolizumab28), which does not mediate antibody-dependent
cell-mediated cytotoxicity (ADCC), or of FcgR-binding
deficient IgG1 isotype (atezolizumab,6 MEDI473629), which is
engineered to eliminate ADCC activity.30,31 However, a recent
study has shown that avelumab (MSB0010718C) efficiently
mediates ADCC of PD-L1-expressing tumor cells in vitro; only
minor levels of lysis by ADCC were noted when unstimulated
PBMCs were used as targets.32 Moreover, it was also proved
that Fcg receptor engagement augments the anti-tumor activity
of anti-PD-L1 antibodies,30 which supported the use of anti-
PD-L1 antibody with potent ADCC activity. As the wild-type
IgG1 backbone was chosen for IAB in this study, the ADCC
potential of IAB was also assessed in a reporter gene assay,
which is equivalent to a lactate dehydrogenase ADCC bioassay
in testing ADCC activity. As shown in Fig. 4A, IAB was more
potent than the parental anti-PD-L1 antibody at inducing
ADCC in low concentration. Furthermore, the ADCC assay

showed IAB was capable of activating ADCC luciferase reporter
signaling in a markedly dose-dependent manner that is similar
to CV1 Fc. Atezolizumab with IgG1mutation backbone
(N297A) did not induce ADCC in vitro, which was consistent
with results previously reported.6 Additionally, it was assumed
that the lower affinity of IAB to MC38 cells compared toCV1
Fc may result in the lower ADCC activity induced by IAB com-
pared to CV1 Fc.

Due to the widespread expression of CD47 on tumor cells
and normal cells, these strategies targeting CD47 (anti-CD47
antibodies or CV1 Fc) are handicapped by large antigen sinks
in vivo and indiscriminate cell binding. Even more, these fac-
tors reduce bioavailability of anti-CD47 mAbs and increase the
risk of blood toxicity in vivo. PD-L1 shows a broad expression
profile from tumor cells to immune cells, particularly high in
immunoprivileged sites of the body. Its relative expression
could be higher in tumor tissues. Thus, tumor-specific delivery
of CD47 antagonist would generate better anti-tumor effect
with fewer side effects than systemic administration. To evalu-
ate the hematological toxicity of IAB in vivo, blood samples of
healthy BALB/c mice treated with high doses of IAB or
parent protein (100 mg/Kg) were analyzed. As illustrated in
Fig. 4 B-D, no obvious sign of hematological toxicity was
observed for IAB injected into mice at the dose of 100 mg/kg,
while red blood cells, hematocrit and hemoglobin were dramat-
ically reduced for CV1 Fc injected mice. Our results were also
in agreement with those reported for other CD47 antagonistic
molecules in dual-targeting bispecific format.18,33

Both innate and adaptive immunity are essential
for IAB-mediated tumor regression

Previously, it was reported that CD47 antagonistic molecules
synergizes with other tumor-specific antibodies to promote
macrophage-mediated tumor eradication across a range of

Figure 3. Competitive binding assay and in vitro human PBMC and murine macrophage activation. Competitive inhibition of IAB binding to PD-L1 (A) or CD47 (B) was evalu-
ated by competitive ELISA assay (nD 2). (C) Dose increase in IL-2 secretion induced by IAB compared with CV1 and atezolizumab in SEB-stimulated PBMCs in a dose-dependent
manner (n D 3). (D) IAB-mediated phagocytosis of MC38, CFSE-labeled MC38 cells were incubated with murine macrophages (RAW264.7) and indicated antibodies/proteins,
the phagocytosis index was determined by flow cytometry (nD 5). Data are reported as the means§ SD, ���: p < 0.001; NS: non-significant (unpaired Student’s t test).
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xenogeneic mouse models of human cancer.21 However, the use
of imunocompromised hosts (T cell-, NK cell-, and B-cell-defi-
cient) has precluded assessment of a role for adaptive immu-
nity. To explore the synergistic anti-tumor effects of IAB in
vivo, an immunocompetent host harboring a syngeneic tumor
(MC38) was used in our study. After MC38 tumor cells were
implanted subcutaneously on the flank of C57BL/6mice, IAB,
indicated antibodies (10 mg/Kg) or control IgG were adminis-
tered by intra-tumor injection (on days 7, 10), which could
avoid the “antigen sink” induced by normal CD47-expressing
cells. As shown in Fig. 5A, both CV1Fc and atezolizumab were
effective in delaying the MC38 tumor progression (824§
113mm3or280§ 61mm3). It is particularly noteworthy that
treatment with IAB resulted in rapid and nearly complete
tumor regression (58§37 mm3). These results indicate that
IAB exhibited potent antitumor activity in immune-competent
mouse model, and IAB was able to recapitulate the synergistic
effect of anti-CD47 and anti-PD-L1.

To investigate whether the immune response activated by
IAB could elicit durable anti-tumor immunity, mice that
survived after an initial course of IAB treatment were re-
challenged with MC38 cells (1 £ 106 cells) in the contralat-
eral flank. As shown in Fig. 5B, all mice surviving a primary
challenge rejected a secondary challenge with MC38. The
results demonstrate that IAB treatment can elicit durable
systemic immune memory to prevent relapse, which also
was consistent with previous observations that targeting
both CD47 and PD-L1 can potentiate the vaccinal effect of
antitumor response.21,34

To test the essential role of innate and adaptive immune sys-
tem for IAB-mediated tumor control in mouse tumors,
CD8CT-cell-depleted or macrophage-depleted C57BL/6 mice

tumor models were generated using anti-CD8 antibody or lipo-
somal clodronate. In the absence of CD8C T cells or macro-
phages, the therapeutic effect of IAB was dramatically
abrogated (shown in Fig. 5 C-D), which implied that both
CD8C T cell and macrophage were required for the anti-tumor
efficacy of IAB and IAB plays an essential role to engage innate
and adaptive immune responses.

Discussion

Harnessing the immune system against cancer is becoming an
increasingly effective therapy option that can result in dramatic
and durable responses in several cancer types.35 The PD-1/PD-
L1 pathway has a pivotal role in dampening immunosurveil-
lance of tumors, and therapy directed to these two targets could
have durable antitumor effects and tolerable immune-related
toxicity. Nevertheless, it is important to recall that at least 70%
of cancer patients have not responded very well to anti-PD-1
antibody treatment,36 which suggests that PD-1 blockade as a
monotherapy may be successful in the setting of a pre-existing
antitumor immune response in the patient.37 Recent clinical or
preclinical studies suggested that anti-PD-L1 antibodies in
combination with antagonists of other checkpoints, such as
CTLA-4,38 LAG-3,39 can produce additive or synergistic antitu-
mor immunity. In our study, dual-blockade of CD47 and PD-
L1 was applied to boost host innate and adaptive immunity,
based on the findings that cancer cells in the tumor microenvi-
ronment can simultaneously up-regulate CD47 and PD-L1.

Bispecific antibodies (BsAbs) represent an emerging class of
antibody therapeutics that exhibit specific binding to 2 different
antigens. Many formats of BsAbs have been engineered using
recombinant approaches, including IgG-like BsAbs, dual-

Figure 4. IAB exhibits superior ADCC activity in vitro and minimal blood toxicity in vivo. (A) Relative ADCC activity of IAB, CV1 Fc and atezolizumab in ADCC reporter assay.
(n D 3); Analysis of red blood cell (B), hematocrit (C) and hemoglobin (D) in mice intraperitoneal injected with 100 mg/Kg of IAB or parental proteins (n D 5). Data are
reported as the means§ SD, �: p<0.05, ��: p <0.01, ���: p <0.001; NS: non-significant (unpaired Student’s t test).
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variable domain (DVD) molecules, and bispecific T-cell engagers
(BiTE).40 Although the BiTE molecule blinatumomab
(BLINCYTO�) is approved in the US and European Union, bis-
pecific antibody or fusion protein with near-native antibody
architecture using “Knobs-into-holes” technology demonstrate
pharmacokinetic properties more similar to the conventional
antibody.41 We thus constructed the IAB using “Knobs-into-
holes” technology. Because of the abundant expression of CD47
in healthy cells, the efficacy and the safety of these CD47 block-
ing strategies may be negatively affected by antigen sink, which
would reduce the bioavailability and increase the risk of hemato-
logic toxicity in vivo. The advantage of the dual-targeting fusion
protein format was that tumor-specific delivery of aCD47 antag-
onist would generate better anti-tumor effects with fewer side
effects than systemic administration. For example, a bispecific
DVD-Ig (Dual-Variable Domain Immunoglobulin) antibody
targeting CD47 and CD20 selectively binds and eliminates dual
antigen expressing lymphoma cells, but binds poorly to human
red blood cells.33 Similarly, IAB was capable of inducing ADCC
in vitro, but no obvious sign of hematological toxicity was
observed in vivo, even at a high dose (100 mg/Kg).

CD47 blockade enhances the engulfment of tumor cells
by macrophages, and enables dendritic cells to process and
present tumor antigens as shown by previously published
findings.14,34 This can lead to the priming and boosting of
tumor-specific CD8C effector T cells,14,34 raising the

possibility of combining CD47-targeted therapies with T-
cell checkpoint blockade to unleash both an innate and
adaptive antitumor response. Using syngeneic immunocom-
petent mouse model of MC38, we revealed that IAB could
recapitulate the therapeutic synergy of anti-CD47 and anti-
PD-L1 combination therapy. Moreover, treatment of mouse
bearing tumors with IAB could elicit durable systemic
immune memory to prevent relapse, and potentiate the vac-
cinal effect of antitumor response. Finally, we showed that
both macrophage and CD8C T cell were required for the
anti-tumor efficacy of IAB, and IAB plays an essential role
to engage innate and adaptive immune responses.

Recently, it has been shown that the therapeutic effect of
anti-HER2/neu antibody42 or cetuximab43 depends on both
NK cells and T cells. In addition, the combinations of antibody
and interferon-beta therapy targeting the tumor microenviron-
ment could bridge innate and adaptive immune responses,
which is more potent than the first generation of antibodies for
controlling antibody-resistant tumors.44 It was also reported
that Fc/IL-2 synergized with the antibody TA99 to control
B16F10 growth by inducing both innate and adaptive immune
response.45 Collectively, the strategies used in this study open
avenues for synergistic innate and adaptive immune response
against tumors, which may have great impact in antitumor
drug discovery. IAB targeting PD-L1 and CD47 was also shown
to be a potential drug candidate for cancer treatment.

Figure 5. The durable anti-tumor effect of IAB depends on both innate and adaptive immunity. (A) Anti-tumor effect: C57BL/6 (n D 5/group) mice were injected s.c. with
2 £ 105 MC38 cells and treated intratumorally with indicated antibodies at the dose of 10mg/Kg on day 7, and 10. (B) The re-challenge experiment: C57BL/6 mice previ-
ously administered with IAB or wild C57BL/6 (n D 5/group) mice were challenged s.c. with 1 £ 106 MC38 cells. (C) The CD8C depletion experiment: MC38 tumor bearing
C57BL/6 (n D 5/group) were treated intratumorally with IAB (10mg/Kg) and injected i.p.with 400 mg anti-CD8 antibody on days 7, and 10. (D) The macrophage depletion
experiment: MC38 tumor bearing C57BL/6 (n D 5/group) were treated intratumorally with IAB (10mg/Kg) on days 7, and 10. 200 ml of clophosome or control liposome
was administered i.p. on day 5 and every 4 days thereafter. Data are reported as means § SEM. �: p < 0.05, ��: p < 0.01,���: p < 0.001 (unpaired Student’s t test).
Note: For negative controls shown in Figure 5C (IgG control group) and 5D (IgGCControl neutral liposomes group), mice bearing too large or small tumor after MC38
inoculation were excluded; on day 7 after tumor inoculation, mice with measurable tumor (~100 mm3) were randomized to treatment group. The error bars represent
standard error of the mean (SEM). In Figure 5C, the IgG control group mean§SEM on Days 7, 10, 14, 17 and 21 were 89§10, 185§31, 399§51, 726§87, 1297§130,
respectively. In Figure 5D, the IgG control neutral liposomes group mean§SEM on Days 7, 10, 14, 17 and 21 were 92§12, 193§20, 410§35, 800§55, 1403§122,
respectively.
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Materials and methods

Cell Lines, animals and other reagents

Murine colon adenocarcinoma cell lineMC38 was obtained
from State Key Laboratory of Antibody Medicine and Tar-
geted Therapy (Shanghai, China). The murine metastatic
colon carcinoma cell line CT26 (CRL-2638), mouse breast
tumor cell line 4T1(CRL-2539) and murine macrophages
RAW264.7 (TIB-71TM), human promyelocytic leukemia cells
HL 60 (CCL-240) were obtained from American Type Cul-
ture Collection.

CV1 Fc with IgG1 backbone and atezolizumab were pro-
duced by Shanghai Sinomab Biotechnology Co (Shanghai,
China), as described previously.15 FITC-conjugated goat anti-
human IgG (62-8411) was purchased from Thermo Fisher.
Anti-CD8 depleting antibody (cloneLyt2) was produced in-
house. Six-8-wk-old wild-type female BALB/c or C57BL/6 mice
were purchased from Shanghai Laboratory Animals Center
(Shanghai Institutes for Biological Sciences, Chinese Academy
of Sciences; Shanghai, China).

Mice were euthanized with CO2 asphyxiation. All animals
were treated in accordance with guidelines of the Committee
on Animals of the Shanghai Research Centre for Model Organ-
isms. All experiments were conducted in accordance with insti-
tutional guidelines and under an Institutional Animal Care and
Use Committee (IACUC) protocol.

PD-L1 and CD47 co-expression analysis

Tumor cells (5 £ 105) were inoculated subcutaneously into the
shaved left back of 6–8-wk-old BALB/c or C57BL/6 mice. On
day 10, solid tumors (>800 mm3) were excised, ground to pre-
pare cell suspensions and digested with Collagenase IV (Invi-
trogen, 17104–019) and DNase I (Stemcell, 07900),Then, the
single-cell suspensions subsequently incubated with atezolizu-
mab or CV1 Fc and isotype control (CMAB801, Shanghai Sino-
mab Biotechnology Co.). FITC-conjugated goat anti-human
IgG (Thermo Fisher) was used as the secondary antibody, fur-
ther flow cytometric analysis was performed on a BD FACSCa-
libur system (BD Biosciences). All downstream analysis was
performed in FlowJo (Treestar Inc.).

Bispecific fusion protein expression and purification

The light chain k and heavy chain of human IgG1 subclass
were chosen as the basic framework for IAB using
“Knobs-into-holes” technology; the amino sequence of IAB
was provided in Supplementary material (Appendix 1, 2, 3).
The variable region of atezolizumab was fused to the “Knobs”
(T366W) arm, andCV1was fused to the “Holes” (T366S,
L368A, Y407V) arm (Fc CH2 CH3). The light chain, the
heavy chain (Knobs) and the CV1-Fc (Holes) chain men-
tioned above were each cloned into a pcDNA3.1 (C) vector.
Then, the expression vectors were co-transfected into CHO-
K1 cells. IAB was subsequently expressed and purified accord-
ing to previous methods.23,46

Characterization of IAB by SEC-UPLC, LC-MS,
and competitive ELISA

The homogeneity of IAB were verified by size-exclusion chro-
matography-ultra performance liquid chromatography (SEC-
UPLC) and molecular weight was accurately measured by LC-
MS, as previously described.47,48

The CD47/PD-L1 binding activity of IAB was evaluated by
competitive ELISA. Briefly, ELISA plates (Costar) were coated
overnight at 4�Cwith hPD-L1 Fc (Shanghai Sinomab Biotech
Co., ZJ-01-041) or hCD47 Fc (Shanghai Sinomab Biotech Co.,
ZJ-01-053) in phosphate-buffered saline (PBS) buffer. Followed
by blocking with 10% nonfat dried milk (Bright Dairy, China).
Indicated concentrations of competing IAB (0.02»1000 ng/mL)
were applied to the ELISA plate containing biotin-conjugated
atezolizumab or CV1 Fc (Shanghai Sinomab Biotechnology Co.,
ZJ-01-055), and incubated for 2 h at 37�C. After washing with
phosphate-buffered saline with Tween 20 (PBST, in house), avi-
din-HRP (eBioscience) was added and incubated at 37�C for1 h,
detection was performed by the addition of 3,30,5,50–tetramethyl-
benzidine (TMB) substrate reagent for 15 minutes followed by
2 M hydrochloric acid. Absorbance at 450 nm was measured by
SpectraMax M5 Multimode Plate Reader (Molecular Devices)
and data were fitted using a sigmoidal 4-parameter curve by
SoftMaster (Honeywell).

In vitro human PBMC and murine macrophage activation

PBMC (1 £ 105/well) from independent healthy donors (N D
3) by using a monocyte purification kit (Miltenyi Biotec) were
cultured for 3 days at 37�C with RPMI 1640 medium, indicated
antibody (IAB, Atezolizumab, CV1 Fc) and isotype control
(CMAB801, Shanghai Sinomab Biotechnology Co.) were added
at 20 mg/mL in 96-well plate (Corning), serial dilutions of
staphylococcal enterotoxin B (SEB; Shanghai Sinomab Biotech
Co., ZJ-01-051) were added at the initiation of the assay. After
3 days, the IL-2 levels in culture supernatants were measured
using a Human IL-2 ELISA Kit (eBioscience), as previously
described.27

For the in vitro phagocytosis assay, 5 £ 104cells/well murine
macrophages (RAW264.7) were plated with 2 £ 105MC38 cells
labeled by 0.5 mM carboxyfluoresceindiacetatesuccinimidyl
ester (CSFE) in serum-free RPMI medium in a 96-well ultra-
low adherent plate (Corning). The 10 mg/mL indicated anti-
bodies (atezolizumab, CV1Fc or IAB) or isotype control
(CMAB801, Shanghai Sinomab Biotechnology Co.) were added
and incubated for 4h at 37�C. Then cells were washed twice
with PBS, macrophages were stained with anti-mouse F4/80-
PE antibody (eBioscience, 12-4801-80) for FACSCanto II anal-
ysis (BD Biosciences). The phagocytic index was calculated as
the percentage of phagocytosed CFSEC cells, as previously
described.14

ADCC of IAB in vitro

ADCC-reporter gene bioassay was performed according to pre-
vious report.46,49 MC38 cells, which overexpressed PD-L1 and
CD47, were seeded at 1 £ 104/ well in an opaque 96-well tissue
culture plate. IAB, CV1 Fc or atezolizumab were serially diluted
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and incubated with the MC38 cells for approximately 1 h at
37�C, 5% CO2. Following incubation, Jurkat-expressing
FcgRIIIa luciferase reporter cells (Shanghai Sinomab Biotech
Co) (5 £ 104/ well) were added to the MC38/antibody mixture
per well. The mixture was incubated for approximately 4 h at
37�C, 5% CO2, and then measured for luciferase production
using a luminescent substrate (Promega Bright Glo).

Hematologic toxicity of IAB in vivo

Healthy 6–8-wk-old BALB/c mice were injected intraperitone-
ally (i.p.) with the indicated antibodies (atezolizumab, CV1Fc
or IAB) or isotype control (CMAB801, Shanghai Sinomab Bio-
technology Co.) at a dose of 100 mg/Kg (n D 5).The next day,
blood was drawn from the retro-orbital plexus and collected in
dipotassium-EDTA tubes (BD Biosciences), and analyzed by
UniCel DxH800 Coulter Cellular Analysis (Beckman Coulter,
Inc.) in Shanghai Biomodel Organism Science and Technology
Development Co.

Anti-tumor effects of IAB and CD8 T cell or macrophage
depletion in immunocompetent C57BL/6 mice

The immunocompetent mouse model was established in female
6–8-wk-old C57BL/6 by subcutaneous implantation of 2 £ 105

MC38 cells. On day 7 after tumor inoculation, mice with mea-
surable tumor (»100 mm3) were randomized to treatment
groups (n D 5). Indicated antibodies (atezolizumab, CV1Fc or
IAB) or negative control (CMAB801, Shanghai Sinomab Bio-
technology Co.) at doses of 10 mg/Kg were administered intra-
tumorally on days 7, and 10. In the tumor-rechallenge
experiment, mice that survived after an initial course of IAB
treatment were re-challenged with MC38 cells (1 £ 106 cells)
in the contralateral flank. Tumor size was calculated as length
£ width2 £ 0.5 mm3.

The CD8C T cell or macrophage depletion in immunocom-
petent C57BL/6 mice (n D 5) was accomplished using anti-
CD8 antibody or liposomal clodronate (FormuMax Scientific)
i.p., respectively, as previously described.12,34 In CD8C deple-
tion experiments, 400 mg anti-CD8 antibody (clone Lyt2) was
injected i.p. at the same time of the treatment of IAB. In the
macrophage depletion experiments, 200 ml of clophosome or
control liposomes was administered i.p. 2 days before of the
treatment, and 100–200 ml of clophosome or control liposomes
was then injected every 4 days in the periods of the treatment.

Mice were euthanized with CO2 asphyxiation. All experi-
ments were conducted in accordance with institutional guide-
lines and under an IACUC protocol.

Statistical analysis

All data are presented as means § SD or SEM. Statistical analy-
sis and graph preparation were performed using Prism 6
(GraphPad Software). p values were calculated using unpaired
parametric Student’s t test, assuming equal variances. Statisti-
cally significant differences are marked as �p < 0.05, ��p <

0.005,���p < 0.0001.
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