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ABSTRACT
Background The CD47- SIRPα pathway acts as an 
important myeloid cell immune checkpoint and targeting 
the CD47/SIRPα axis represents a promising strategy 
to promote antitumor immunity. Several CD47- targeting 
agents show encouraging early activity in clinical trials. 
However, due to ubiquitous expression of CD47, the 
antigen sink and hematologic toxicity, such as anemia 
and thrombocytopenia, are main problems for developing 
CD47- targeting therapies. Considering the limited 
expression of SIRPα, targeting SIRPα is an alternative 
approach to block the CD47- SIRPα pathway, which may 
result in differential efficacy and safety profiles.
Methods SIRPα-targeting antibody BR105 was generated 
by hybridoma fusion and following humanization. BR105 
was characterized for binding to human SIRPα alleles 
and blockade of the interaction with CD47. The functional 
activity was determined in in vitro phagocytosis assays by 
using human macrophages. The effect of BR105 on human 
T cell activation was studied using an OKT3- induced T- cell 
proliferation assay and an allogeneic mixed lymphocyte 
reaction. Human SIRPα-humanized immunodeficient mice 
were used in cancer models for evaluating the in vivo 
antitumor efficacy of BR105. Safety was addressed in a 
repeat- dose toxicity study in cynomolgus monkeys, and 
toxicokinetic analysis was further evaluated.
Results BR105 shows broad binding activity across various 
SIRPα variants, and potently blocks the interaction of SIRPα 
and CD47. In vitro functional assays demonstrated that 
BR105 synergizes with therapeutic antibodies to promote 
phagocytosis of tumor cells. Moreover, the combination of 
BR105 and therapeutic antibody significantly inhibits tumor 
growth in a xenograft tumor model. Although BR105 may 
slightly bind to SIRPγ, it does not inhibit T cell activation, 
unlike other non- selective SIRPα-targeting antibody and 
CD47- targeting agents. Toxicity studies in non- human 
primates show that BR105 is well tolerated with no 
treatment- related adverse effects noted.
Conclusions The novel and differentiated SIRPα-
targeting antibody, BR105, was discovered and displays 
promising antitumor efficacy in vitro and in vivo. BR105 
has a favorable safety profile and shows no adverse 
effects on T cell functionality. These data support further 
clinical development of BR105, especially as a therapeutic 
agent to enhance efficacy when used in combination with 
tumor- targeting antibodies or antibodies that target other 
immune checkpoints.

INTRODUCTION
Cancer cells escape from immune surveillance 
by several mechanisms, such as recruitment of 
immunosuppressive cells, lost tumor antige-
nicity, and enhanced expression of inhibitory 
immune checkpoints in the tumor microen-
vironment.1 Relieving immune suppression 
is an important strategy for improvement of 
antitumor immunity and the development of 
anticancer drugs. Antibodies against immune 
checkpoints programmed cell death 1 (PD- 
1), programmed death ligand 1 (PD- L1), or 
cytotoxic T- lymphocyte antigen-4 (CTLA- 4), 
are breakthroughs in cancer immunotherapy. 
These checkpoint inhibitors significantly 
improve survival outcomes for patients with 
metastatic cancer.2–4 However, it was reported 
that many patients either did not respond to 
checkpoint blockade or developed acquired 
resistance, which led to cancer progression or 
relapse.5–8 Targeting alternative checkpoints 
or combination of immune checkpoint inhib-
itors may be effective ways to improve anti-
tumor immune response.

In contrast to PD- 1/PD- L1 and CTLA- 4, 
which are well- established T- cell immune 
checkpoints and target these checkpoints 
would enhance adaptive immune, the 
CD47/SIRPα is a myeloid- specific immune 
checkpoint for innate immune cells.9–11 The 
SIRPα–CD47 interaction transmits a ‘do not 
eat me’ signal to macrophages and other 
myeloid cells. CD47 is broadly expressed in 
normal cells and serves as a marker of ‘self’ to 
prevent phagocytosis of healthy cells.12 13

It has been reported that CD47 is overex-
pressed in numerous human cancers to escape 
phagocytosis, and increased CD47 expression 
is correlated with poor prognosis in various 
hematologic and solid tumors.14 15 The 
CD47/SIRPα axis is emerging as a promising 
target in cancer therapy. Antibodies targeting 
the CD47/SIRPα axis induce enhanced 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

http://bmjopen.bmj.com/
http://orcid.org/0000-0001-5455-9836
http://dx.doi.org/10.1136/jitc-2021-004054
http://dx.doi.org/10.1136/jitc-2021-004054
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2021-004054&domain=pdf&date_stamp=2022-03-06
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/
http://jitc.bmj.com/


2 Wu Z- H, et al. J Immunother Cancer 2022;10:e004054. doi:10.1136/jitc-2021-004054

Open access 

macrophage phagocytosis of tumor cells.14 16 17 More-
over, targeting the CD47/SIRPα axis suppresses tumor 
growth in vivo, or synergizes with tumor- targeting mono-
clonal antibodies, as well as immune checkpoint inhib-
itors.18–21 Numerous CD47/SIRPα blocking agents have 
been explored and are currently being evaluated in clin-
ical trials, including anti- CD47 antibodies, anti- SIRPα 
antibodies and SIRPα-Fc fusion proteins. However, due 
to the broad expression of CD47, treatment with CD47- 
targeting agents have caused significant anemia and 
thrombocytopenia in both preclinical studies and clin-
ical trials,22–24 and higher therapeutic doses of CD47- 
targeting agents are needed to overcome the antigen sink 
and block CD47. In addition, CD47 could also interact 
with other proteins, such as integrins, thrombospondin- 1 
and SIRPγ. The CD47 signaling appears to have a more 
complex biological function and CD47 block may elicit 
unexpected cellular responses.25 26

Due to the more limited tissue expression pattern of 
SIRPα, targeting SIRPα may be a promising way to block 
the CD47/SIRPα axis. SIRPα belongs to the paired 
receptor family of closely related SIRP proteins. SIRPα 
is expressed on many myeloid cells, including mono-
cytes, macrophages, dendritic cells, granulocytes, and 
neurons.27 Binding of CD47 to SIRPα induces phosphory-
lation of the intracellular immunoreceptor tyrosine- based 
inhibitory motifs (ITIMs) and activates the inhibitory 
phosphatases SHP- 1 and SHP- 2.9 28 29 This cascade ulti-
mately suppresses the function of non- muscle myosin IIA 
and restricts phagocytic function.30

In the current study, we report the discovery and 
development of a novel anti- SIRPα antibody, BR105, 
as an approach to deliver the therapeutic benefit of 
SIRPα-CD47 blockade. BR105 recognizes the most 
common allelic SIRPα variants in humans. Binding of 
BR105 to SIRPα blocks its interaction with CD47, thereby 
promoting macrophage phagocytosis of cancer cells. Our 
studies demonstrate that BR105 synergizes with other 
therapeutic antibodies to promote phagocytosis of tumor 
cells and inhibits tumor growth in a xenograft tumor 
model. Although BR105 binds to SIRPγ slightly, it shows 
no adverse effects on T cell functionality, while other non- 
selective SIRPα-targeting antibody and CD47- targeting 
agents impair human T cell activation and proliferation. 
BR105 is a novel, differentiated SIRPα-targeting anti-
body that shows promising efficacy and a favorable safety 
profile in vitro and in vivo. These data support the future 
development of BR105 in combination with other anti-
cancer drugs.

METHODS
Antibody development and humanization
Anti- human SIRPα antibodies were developed by stan-
dard hybridoma technology. Hybridomas were selected, 
and supernatants from the resulting clones were 
screened by SIRPα binding and blocking assays. One 
of the hybridoma clones, termed 7C2, was cloned and 

sequenced. Humanization of 7C2 was performed by CDR- 
grafting onto human germline frameworks. The human-
ization version of 7C2 was designated as BR105.

mAb generation
Expression vector encoding antibody heavy chain and 
light chain of BR105 was transfected into CHO- S cells 
using freestyle MAX (Gibco), and the monoclonal stable 
cell line was generated by MTX selection and limiting dilu-
tion. For BR105 production, cells were cultured in 300 L 
bioreactors for 14 days in a fed- batch mode, and BR105 
was purified using protein A affinity chromatography and 
ion exchange chromatography. 18D5,31 KWAR23,32 1H933 
and SIRP434 on a human IgG1 backbone with N297A 
amino acid substitution in the Fc region backbone were 
expressed by Biointron Biological. Human IgG1 control, 
human IgG4 control, mouse IgG1 control and Hu5F9 
were purchased from Biointron Biological. B6H12 was 
from BioXcell. Anti- human CD20 antibody (zuberi-
tamab) and anti- HER2 antibody (Herceptin biosimilar, 
HS022) were produced in- house.

Cell lines and cell culture
Human tumor cell lines U937, THP- 1, Raji and SK- BR- 3 
were obtained from the American Type Culture Collec-
tion and cultured as recommended by the vendor. Human 
PBMCs, CD14+ monocytes, neutrophils and dendritic 
cells were purchased from AllCells.

Binding to SIRPα and SIRPγ by ELISA
Human SIRPα V1, SIRPα V2, SIRPα V8 (ACROBiosys-
tems), SIRPγ (Sino Biological) or cynomolgus monkey 
SIRPα (ACROBiosystems) were coated on 96- Well ELISA 
plates (Corning) at 0.5 µg/mL in PBS, blocked with 5% 
BSA in PBS, and incubated with serially diluted indi-
cated mAbs. The samples were then incubated with HRP- 
labeled Goat anti- human IgG Fc secondary Ab (Sigma). 
Peroxidase substrate TMB (InnoReagents) color develop-
ment was stopped by adding 1 M H2SO4 and absorbance 
was read at 450 nm on a microplate reader (Molecular 
Devices). A dose response curve was fitted by 4‐parameter 
logistic (4PL) regression (Prism V.8; GraphPad).

Antibody affinity measurement
Affinity experiments were performed on an Octet RED96 
(ForteBio) at 25°C. The test Abs were captured onto anti- 
human IgG Fc capture (AHC) biosensors (ForteBio). 
Measurements were made with serial dilutions of human 
SIRPα-His fusion proteins (Sino Biological). The associa-
tion of the antigen was measured for 40 s, followed by a 
dissociation step for 100 s. Curve fitting was performed 
using a 1:1 binding model and the ForteBio data analysis 
software V.9.0 (ForteBio).

Cell-based SIRPα binding
SIRPα binding was studied using THP- 1 and U937 AML 
cell lines. The cells were incubated for 0.5 h at 4°C with 
increasing concentrations of BR105. The cells were then 
stained with FITC- labeled goat anti- human IgG conjugates 
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(Abcam), and analyzed by flow cytometry (Calibur, BD 
Biosciences).

For binding to CD14+ monocytes, macrophages and 
neutrophils, cells were blocked with human Fc receptor 
Blocking Reagent (BD Biosciences) for 20 min at room 
temperature. The cells were then incubated for 0.5 h 
at 4°C with 10 µg/mL BR105. Bound antibodies were 
detected using Goat anti- Human IgG F(ab')2- FITC conju-
gates (Invitrogen), and cells were analyzed by flow cytom-
etry (Calibur, BD Biosciences).

Blocking CD47 binding to SIRPα by ELISA
The 96- well plates (Corning) were coated with Fc- tagged 
CD47 (ACROBiosystems) in PBS at 4°C overnight. The 
plates were blocked with 5% BSA in PBST for 1 h at 
37°C. Serially diluted BR105 and biotinylated SIRPα V1, 
SIRPα V2, SIRPα V8 (ACROBiosystems) were added to 
the plates. After incubation at 37°C for 1 h, bound SIRPα 
was detected by adding streptavidin- HRP (Abcam). Then 
the plates were washed and the substrate TMB (InnoRe-
agents) was added. The reaction was stopped by adding 1 
M H2SO4. Absorbance was read at 450 nm on a microplate 
reader (Molecular Devices).

Blocking human CD47 binding on SIRPα-expressing cells
U937 cells or macrophages were blocked with human Fc 
receptor Blocking Reagent (BD Biosciences) for 20 min 
at room temperature. Then cells were incubated with 
10 µg/mL of murine IgG2a Fc- tagged human CD47 
(ACROBiosystems) in the absence or presence of BR105. 
Binding of CD47 on the cells was measured by adding 
Goat anti- mouse- IgG- APC (R&D Systems) and analyzed 
by flow cytometry. Binding was normalized to the mean 
fluorescence intensity of CD47- SIRPα binding in the 
absence of BR105.

Phagocytosis assay
The PBMCs (AllCells) were washed once in PBS and 
resuspended in RPMI- 1640. The cells were then plated 
in a culture plate and allowed to adhere in a 5% CO2 
container at 37°C for 2 h. Non‐adherent cells were 
removed by thorough washing with RPMI‐1640.

The adherent monocytes were cultured in medium 
(RPMI‐1640 (Gibco), 10% fetal bovine serum (Gibco)) 
containing 80 ng/mL human monocyte colony stimu-
lating factor (Sino Biological) for 7 days at 37°C in 5% 
CO2 in order to obtain macrophages. Raji or SK- BR- 3 
were labeled with CFSE (Abcam) at 37°C for 10 min, and 
added to the macrophages (at a tumor cells:macrophages 
ratio of 2:1). BR105 alone, tumor- targeting mAb alone, 
or a combination of the two antibodies were added and 
incubated for 2 h at 37°C. At the end of incubation, the 
cells were collected and incubated with allophycocyanin- 
labeled anti- human CD14 (invitrogen) for 30 min. Phago-
cytosis was determined by flow cytometer and defined 
as the percentage of CFSE+ cells within the CD14+ 
population.

OKT3-induced T-cell proliferation
96- well plates were coated with 0.1 µg/mL OKT3 (ACRO-
Biosystems) at 4°C overnight. Then human PBMCs were 
seeded in OKT3- coated plates, treated with 10 µg/mL of 
indicated mAbs, and incubated for 3 days at 37°C in 5% 
CO2. Cell proliferation was determined using the CellTi-
ter- Glo kit (Promega).

Allogeneic mixed lymphocyte reaction
Dendritic cells (AllCells) were treated with 50 µg/mL 
Mitomycin C (Selleck) at 37°C for 30 min and then plated 
onto a 96- well plate at 5×103 cells per well. Allogeneic 
PBMCs (AllCells) from different donors were added at a 
dendritic cell:PBMCs ratio of 1:20. Indicated mAbs were 
added at a concentration of 10 µg/mL immediately, and 
the cells were incubated at 37°C in 5% CO2 for 5 days. 
Interferon (IFN)γ secretion were evaluated in the super-
natant by ELISA (R&D Systems).

Mouse tumor xenograft model
For tumor cell engraftment, 1×105 Raji- Luciferase were 
injected intravenously into SIRPα-humanized B- NDG 
mice (Biocytogen, Beijing, China). Bioluminescent 
imaging was performed to monitor tumor growth. 
Treatment was initiated 3 days post- engraftment when 
total flux reached approximately 1.25×106 p/s (n=8 for 
each group). Mice were injected with human IgG1, anti- 
human CD20 antibody (zuberitamab, 0.1 mg/kg), BR105 
(10 mg/kg), or a combination of anti- human CD20 and 
BR105. Anti- human CD20 was administered via intrave-
nous injection on day 0 and 10 of post treatment initi-
ation, and BR105 was administered via intraperitoneal 
injection two times per week for a total of six doses. Total 
flux measurements were obtained two times a week to 
assess tumor growth.

Toxicity study in non-human primates
The non- human primate toxicity study in cynomolgus 
monkeys was performed at Joinn Laboratories (Taicang, 
China) and was conducted in accordance with the US 
Food and Drug Administration Good Laboratory Prac-
tice (GLP) Regulations, 21 Code of Federal Regulations 
Part 58. The study plan was reviewed and approved by 
the Institutional Animal Care and Use Committee in 
compliance with the Guide for the Care and Use of Labo-
ratory Animals (eighth Edition, The National Academy 
Press, Washington, DC) and other animal welfare stan-
dard (Public Law 99–198, US Department of Agricul-
ture). Animals (five males and five females per group) 
were administered intravenous infusion of BR105 (15, 50 
or 150 mg/kg) or vehicle control (10 mM L- Histidine pH 
6.0) one time per week for 4 weeks (total of five doses). 
Following the dosing period, two animals/sex per group 
were maintained for a 6- week recovery period. In- life eval-
uations included clinical observations, body weight, food 
consumption, cardiovascular safety pharmacology evalu-
ations, ophthalmologic examinations, clinical pathology 
(serum chemistry, hematology, coagulation and urine 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-004054 on 7 M

arch 2022. D
ow

nloaded from
 

http://jitc.bmj.com/


4 Wu Z- H, et al. J Immunother Cancer 2022;10:e004054. doi:10.1136/jitc-2021-004054

Open access 

analysis). Gross pathology, relative organ weight and 
histopathological examination were performed. For toxi-
cokinetic analysis, blood samples were collected pre- dose 
and at 0.25, 0.5, 2, 4, 8, 24, 48, 72, 96 and 168 h after initi-
ation of the infusion on Days 1 and 22. In addition, blood 
samples were taken at 0.5 h after initiation of the infusion 
on Day 8, Day 15 and Day 29, and pre- dose on Day 15. 
The concentration of BR105 in the serum samples was 
determined by using a qualified immunoassay. A non- 
compartmental module of WinNonlin (8.0.0.3176) was 
used to calculate toxicokinetic parameters.

Statistics
Data were presented as mean ± SEM, unless otherwise indi-
cated. Statistical analysis was performed using GraphPad 
Prism 8 software. An unpaired two- sided Student’s t- test 
was used to determine the p value, and p values were 
considered statistically significant below 0.05 (*p≤0.05; 
**p≤0.01; ***p≤0.001; ****p≤0.0001).

RESULTS
Generation and characterization of a pan-allele anti-human 
SIRPα Antibody
Antibodies against human SIRPα were generated by 
immunization of mouse with SIRPα ECD. One of the posi-
tive clones (7C2) was obtained. 7C2 was then humanized 

by CDR grafting onto human germline frameworks and 
was constructed with a human IgG1 backbone. The 
N297A amino acid substitution in the Fc region was intro-
duced in order to abrogate Fc- FcγR binding. The human-
ized version of 7C2 was designated as BR105.

The IgV domain of SIRPα is highly polymorphic and it 
has been reported that SIRPα V1, SIRPα V2, and SIRPα 
V8 are the main variants present in humans.35 36 A pan- 
allele anti- SIRPα antibody would be required for effective 
targeting of the SIRPα/CD47 checkpoint across diverse 
patient populations, as both alleles have to be inhibited to 
potentiate phagocytosis for heterozygous populations.37 
The activity of BR105 binding to various SIRPα variants 
was tested by ELISA. Other SIRPα mAbs in development, 
including KWAR23 and 18D5, were used as controls. As 
shown in figure 1A, BR105 could recognize SIRPα V1, V2 
and V8, displaying pan- allele SIRPα binding properties. 
Similarly, KWAR23 also bound to these SIRPα variants, as 
previously described.36 In contrast, 18D5 only bound to 
SIRPα V1. Bio- Layer Interferometry was used to analyze 
the binding kinetics of BR105. BR105 displayed high 
affinity, and bound to a monomeric human SIRPα with 
an affinity constant (KD) of 7.9 nM (figure 1B). FACS 
analysis revealed that BR105 bound to cell- expressed 
SIRPα V1 and SIRPα V2 on monocytic cell lines U937 and 
THP- 1,38 respectively (figure 1C, online supplemental 

Figure 1 BR105 shows pan- allele anti- hSIRPα binding. (A) Binding of BR105 to various human SIRPα variant (V1, V2 and 
V8) was determined by ELISA. (B) Bio- Layer Interferometry analysis of the binding kinetics of BR105 to SIRPα V1. (C) Binding of 
BR105 to cell- expressed SIRPα V1 (U937) and SIRPα V2 (THP- 1) was determined by flow cytometry analysis. (D) BR105 bound 
to monocytes, macrophages and neutrophils. Data represent mean ± SEM; representative of n=3 is shown.
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figure S1A,B). Moreover, BR105 was confirmed to bind 
to SIRPα expressed on human monocytes, macrophages 
and neutrophils (figure 1D, online supplemental figure 
S1C).

BR105 shows potent antagonism of various SIRPα variants
We then assessed the ability of BR105 to block human 
CD47 from binding to SIRPα. In an ELISA competition 
assay, BR105 blocked the interaction between CD47 and 
SIRPα in a dose- dependent manner (figure 2A). BR105 
showed comparable blocking activity toward the three 
main SIRPα alleles SIRPα V1, SIRPα V2 and SIRPα V8, 
indicating that BR105 has broad blocking activity across 
various SIRPα variants. In contrast, KWAR23 also blocked 
binding of CD47 to the three SIRPα variants, while 18D5 
could only antagonize SIRPα V1. BR105 exhibited similar 
SIRPα blocking activity as KWAR23. However, compared 
with other pan- allele SIRPα mAbs in development, 
including 1H9 and SIRP4, BR105 showed better blocking 
activity against various SIRPα variants (figure 2B). We 
further evaluated the ability of BR105 to block CD47 
binding to cell- expressed SIRPα. U937 cells were incu-
bated with CD47- Fc fusion proteins either in the absence 
or presence of increasing concentrations of BR105. 

FACS analysis revealed potent antagonism of BR105 to 
cell- expressed SIRPα on U937 cells (figure 2C, online 
supplemental figure S2). In addition, BR105 also blocked 
the binding of SIRPα-expressing macrophages to human 
CD47 (figure 2D).

Because BR105, KWAR23, 1H9, 18D5 and SIRP4 could 
block the interaction between CD47 and SIRPα V1, we 
performed studies to assess whether these SIRPα mAbs 
bind to distinct or overlapping regions on SIRPα V1. 
Competitive ELISA assays suggest that BR105 does not 
compete with KWAR23 but compete with 18D5 for SIRPα 
binding (online supplemental figure S3). 18D5 and 
SIRP4 partially reduce the binding of BR105 to SIRPα, 
while 1H9 completely inhibits the binding of BR105. 
Similar to BR105, KWAR23 and 1H9 completely inhibit 
the binding of 18D5.

BR105 enhances phagocytosis activity mediated by 
macrophages
We next evaluated the functional activity of BR105 
to induce the phagocytosis of cancer cells by human 
monocytes- derived macrophages. An in vitro 
macrophage- based phagocytosis assay was performed, 
in which CD20- expressing Burkitt’s lymphoma Raji cells 

Figure 2 BR105 blocks CD47 binding to various SIRPα variants. (A, B) Blocking soluble CD47 binding to human SIRPα 
variants (V1, V2 and V8) was assessed by competition ELISA assay. Inhibiting of CD47 binding to SIRPα-expressing U937 (C) or 
macrophages (D) by BR105 was determined by flow cytometry analysis. Data represent mean ± SEM; representative of n=3 is 
shown. *indicate statistical differences compared with the respective isotype control group: **p<0.01.
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were co- incubated with human macrophages. As shown 
in figure 3A, BR105 alone did not induce phagocytosis 
activity. However, in combination with anti- CD20 antibody 
(zuberitamab), which is now being evaluated in phase 3 
clinical trials, BR105 significantly enhanced phagocy-
tosis of Raji cells by human macrophages obtained from 
different human individuals, and the synergistic activity 
between BR105 and anti- CD20 was seen across a range of 
concentrations of BR105 (figure 3A, online supplemental 
figure S4A). Similarly, BR105 augmented macrophage 
phagocytosis of SK- BR- 3 breast cancer cells in the pres-
ence of anti- HER2 antibody (figure 3B, online supple-
mental figure S4B), which was developed by BioRay 
pharmaceutical as a biosimilar to trastuzumab. These 
results suggest that BR105 could promote therapeutic 
antibodies- mediated cell killing by macrophages.

Cross-reactivity of BR105 to SIRPγ and the effect on T cell 
function
SIRPγ is a member of the SIRP family expressed on T cells 
and natural killer (NK) cells. It has been shown that the 
interaction of SIRPγ with CD47 on APCs was involved in T 
cell responses.39 We then evaluated the cross- reactivity of 
BR105 to SIRPγ and the effects of BR105 on T cell func-
tionality. In the SIRPγ binding study, KWAR23, which was 
previously reported to bind to SIRPγ,36 was included as a 
control. As shown in figure 4A, KWAR23 could bind to 
SIRPγ. However, BR105 showed weak binding to SIRPγ, 
and the SIRPγ binding activity of BR105 was greatly 
reduced compared with that of KWAR23. We next inves-
tigated whether BR105 affected T cell activation in an 
OKT3- induced T- cell proliferation assay. No impairment 
of T cell proliferation was observed on stimulation with 
OKT3 in the presence of BR105, whereas KWAR23 and 
anti- CD47 mAbs, including B6H12 and Hu5F9, signifi-
cantly inhibited T cell proliferation (figure 4B). Simi-
larly, we found that anti- CD47 mAbs also reduced IFNγ 
secretion in an allogeneic mixed lymphocyte reaction 
(MLR) assay, while BR105 had no impact on IFNγ secre-
tion (figure 4C). The above results suggest that although 
BR105 may weakly bind to SIRPγ, it does not inhibit acti-
vation and proliferation of T cells.

In vivo antitumor activity of combination treatment with 
BR105
We evaluated in vivo efficacy of BR105 alone or in 
combination with anti- CD20 antibody (zuberitamab) 
by employing hSIRPα-humanized B- NDG mice. Mice 
transplanted intravenously with Raji- luciferase cells were 
assigned to treatment with either human IgG1 control, 
BR105, anti- CD20 (zuberitamab), or BR105 combined 
with anti- CD20, and then followed by in vivo biolumines-
cent imaging to determine tumor growth. Treatment with 
BR105 or anti- CD20 alone showed no or minimal effects 
on tumor growth, whereas the combination of BR105 and 
anti- CD20 led to significant inhibition of tumor growth 

Figure 3 BR105 augments phagocytosis of tumor cells by 
macrophages. (A) Raji (human B- cell lymphoma line) and 
(B) SK- BR- 3 (human breast cancer cell line) were incubated 
with human peripheral blood- derived macrophages (n=3 
donors) in the presence of indicated concentrations 
of BR105, 0.5 µg/mL of anti- CD20, 0.5 µg/mL of anti- 
HER2, either alone or in combination. Phagocytosis was 
determined by flow cytometer. Data represent mean ± SEM; 
representative of n=3 donor is shown. *indicate statistical 
differences compared with the anti- CD20 (A) or anti- HER2 
(B) group: *p<0.05, **p<0.01, ***p<0.001.

Figure 4 BR105 does not inhibit T cell activation and proliferation. (A) Binding of indicated mAbs to SIRPγ was determined by 
ELISA. Data represent mean±SEM; representative of n=3 is shown. (B) PBMCs were cultured with 10 µg/mL of indicated mAbs 
in OKT3- coated plates for 3 days. Proliferation measured by CellTiter- Glo was normalized to control (PBMCs without addition of 
mAbs). (C) Dendritic cells and allogeneic PBMCs from three different donors were cultured 5 days with indicated mAbs at 10 µg/
mL. Interferon γ secretion was quantified by ELISA and normalized to control (Dendritic cells and PBMCs without addition of 
mAbs). Data represent mean ± SEM; representative of n=3 donor is shown. *Indicate statistical differences compared with the 
respective isotype control group: *p<0.05, ***p<0.001, ****p<0.0001. ns, not significant.
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compared with either agent treatment alone (figure 5, 
online supplemental figure S5). Our results suggest that 
BR105 synergizes with anti- CD20 to exert antitumor effi-
cacy in vivo.

Assessment of BR105 safety and pharmacokinetics
The pharmacokinetic and toxicology profiles of BR105 
were investigated in cynomolgus monkeys. Cynomo-
lgus monkey SIRPα exhibits a high degree amino acid 
sequence identity (more than 90%) with corresponding 
human SIRPα. BR105 binds to cynomolgus monkey 
SIRPα with an EC50 of 0.016 nM (online supplemental 
figure S6), comparable to its binding activity for human 
SIRPα (figure 1). A 4- week repeat- dose GLP- compliant 
toxicology study with a 6- week recovery period was 
conducted in cynomolgus monkeys. The administra-
tion of BR105 was well tolerated at all dose levels. No 
abnormal clinical signs and BR105- related changes in 
body weight or food consumption were observed during 
the study (online supplemental figures S7, 8). There were 
no BR105- related changes in ophthalmologic examina-
tions or cardiovascular safety pharmacology evaluations 

(online supplemental figure S9). There were also no 
BR105- related effects on hematology or clinical chemistry 
parameters (online supplemental figures S10- 12). Tran-
sient anemia and thrombocytopenia were not observed 
after BR105 administration when compared with the 
control group (figure 6A,B). In addition, there were no 
BR105- related effects on gross pathology, relative organ 
weights, or histopathology (online supplemental table S1, 
figure S13). These findings show that BR105 may have a 
favorable safety profile.

Serum concentration of BR105 were measured and 
analyzed by PK modeling. Following four weekly intra-
venous administration of BR105, approximately dose- 
proportional increases in maximum concentration 
(Cmax) and area under the concentration- time curve 
(AUC) were seen across the dose range 15 to 150 mg/kg 
(figure 6C). Serum accumulation of BR105 was observed 
following intravenous infusion one time per week for 4 
weeks. The accumulation ratios for AUClast ranged from 
1.3 to 1.7.

DISCUSSION
Myeloid cells, including macrophages, dendritic cells and 
neutrophils, are the most abundant cells in the tumor 
microenvironment (TME). The TME reprograms infil-
trating myeloid cells into immunosuppressive tumor- 
associated macrophages (TAMs) or myeloid- derived 
suppressor cells (MDSCs) to sustain an immunosuppres-
sive environment. The tumor- infiltrating myeloid cells 
stimulate tumor angiogenesis, suppress tumor immunity, 
promote metastasis, and are associated with immune 
checkpoint therapy resistance and poor prognosis.40 
Targeting TAM and MDSCs may represent a promising 
approach to control tumor progression and prevent 
metastasis of cancer cells. SIRPα is established as a myeloid 
inhibitory immunoreceptor, which can interact with CD47 
on cancer cells and send ‘don't eat me’ signal to phago-
cytes. The CD47/SIRPα axis has emerged as one of the 
most promising cancer immunotherapy targets. Various 
CD47/SIRPα blocking agents have entered clinical trials. 

Figure 6 BR105 can be safely administered intravenously in non- human primates. BR105 was administered intravenously to 
cynomolgus monkeys at 15, 50, and 150 mg/kg (five males and five females for each group) one time per week for 4 weeks. 
Following the dosing period, two animals/sex per group were maintained for a 6- week recovery period. (A, B) Peripheral blood 
was collected for hematology during the pre- dose phase; on Days 2 and 16 of the dosing phase; and on Days 30 and 71 of the 
recovery period. (C) Serum concentration- time profiles of BR105 following intravenous repeat doses in cynomolgus monkeys 
(semi- logatithmic). Values are presented as mean ± SD.

Figure 5 In vivo therapeutic activity of combination 
treatment with BR105. Raji- Luciferase cells were engrafted 
intravenously into hSIRPα B- NDG mice (n=8 for each group). 
3 days post engraftment, treatment was initiated with human 
IgG1 (hIgG1), BR105, anti- CD20, or combination of BR105 
and anti- CD20. Total flux measurements were obtained two 
times per week to assess tumor growth. Data represent mean 
± SEM. *indicate statistical differences compared with the 
respective single agent control group: **p<0.01, ***p<0.001.
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Some CD47- targeting agents, including Hu5F9, ALX148 
and TTI- 621, have shown encouraging clinical efficacy 
in hematological malignancies, especially when using in 
combination with other agents.19 22 24 It has been reported 
that CD47- targeting agents can cause anemia or thrombo-
cytopenia.22–24 The on- target anemia observed with Hu5F9 
was mitigated by the strategy of prime and maintenance 
dosing.16 Other Anti- CD47 antibodies with negligible red 
blood cell binding properties have been developed and 
are currently being tested in clinical trials.41 The long- 
term safety and durability of clinical responses in patients 
treated with these CD47- targeting agents are needed to 
be further evaluated. In addition, the widespread CD47 
expression in many normal tissues is thought to create 
an ‘antigen sink’, which may affect the bioavailability and 
receptor occupancy of CD47- targeting agents. Given its 
more restricted histological distribution, direct targeting 
of SIRPα is anticipated to overcome these challenges and 
provide an alternative strategy for cancer immunotherapy.

Here, we described a novel humanized anti- SIRPα anti-
body BR105. BR105 binds human SIRPα with high affinity 
and blocks the interaction between CD47 and SIRPα. 
BR105 promotes phagocytosis of antibody- opsonized 
tumor cells and synergizes with therapeutic antibodies to 
inhibit tumor growth in vivo. SIRPα polymorphism pres-
ents challenges for the development of effective SIRPα 
blocking antibodies. SIRPα variants with polymorphism 
in the amino- terminal ligand binding domain have been 
reported across diverse human populations. Among the 
SIRPα variants, SIRPα V1, SIRPα V2, and SIRPα V8 are the 
most predominant variants, constituting approximately 
90% of SIRPα present in human population.35 36 The 
SIRPα V1 allele is mainly found in European, Admixed 
American, South Asian and African populations, while 
SIRPα V2 is the most prominent allele among the East 
Asian population. The SIRPα polymorphism was thought 
to be the result of evolutionary pressure following 
binding of pathogens or pathogen products to the inhibi-
tory receptor.42 BR105 could bind to SIRPα V1, SIRPα V2 
and SIRPα V8, and showed potent antagonism of these 
SIRPα variants. As a pan- allele–specific anti- SIRPα anti-
body, BR105 is anticipated to have clinical efficacy in a 
wide range of patients.

SIRPγ is another member of the SIRP family and is 
expressed in T cells and NK cells. The extracellular 
domain of SIRPγ is highly homologous to SIRPα, and 
no known signaling motifs are found in the cytoplasmic 
domain of SIRPγ, suggesting a lack of intrinsic signaling 
capacity. SIRPγ could also bind to CD47 but with a 10- fold 
lower affinity than SIRPα.43 It has been shown that the 
interaction between CD47 and SIRPγ is involved in cell‐
to‐cell adhesion, T cell activation and cytokine secre-
tion.39 Some antibodies against CD47 or SIRPγ resulted 
in inhibition of T cell proliferation.36 39 44 BR105 showed 
a very slight binding to SIRPγ. We further tested whether 
BR105 impaired T cell function. We found that BR105 
did not inhibit OKT3- induced T- cell proliferation, and 
did not change IFNγ levels in allogeneic MLR assay. These 

indicated that BR105 had no impact on T cell function. In 
contrast, treatment with anti- CD47 agents or anti- SIRPα 
antibody KWAR23 inhibited T cell activation.

Our data suggest that SIRPα targeting by BR105 
enhances macrophage- mediated phagocytosis of tumor 
cells when used in combination with the anti- CD20 anti-
body (zuberitamab) developed in our laboratory, which 
is now being evaluated in phase 3 clinical trials, and 
has shown encouraging efficacy in diffuse large B- cell 
lymphoma. Moreover, BR105 synergizes with anti- CD20 to 
inhibit tumor growth in a B- NDG mice model, although 
BR105 alone has no obvious effect. Phagocytosis is tightly 
regulated by prophagocytic (‘eat me’) and anti- phagocytic 
(‘don’t eat me’) signals. Engagement of activating FcRs on 
immune cells induces protein tyrosine phosphorylation 
and provides a robust stimulus for macrophage activation. 
It has been shown that SIRPα protein or anti- CD47 anti-
body without an Fc portion was unable to induce phago-
cytosis,21 implying the disruption of the SIRPα–CD47 
interaction may not be enough to induce robust anti-
tumor immunity. Combined with tumor- opsonizing anti-
bodies that retain FcγR binding capacity, SIRPα-blocking 
agents can effectively induce phagocytosis and display 
enhanced antitumor responses.32 36 45 These also provides 
strategy for anti- CD47 antibodies to achieve tumor 
selectivity, thereby reducing on- target off- tumor toxicity 
toward healthy CD47- expressing cells. In addition, other 
receptor on macrophages, including LRP- 1, SLAMF7 
and Mac- 1, may also be involved in prophagocytic signals 
during the SIRPα–CD47 blockade.46 47 However, evidence 
suggests that intrinsical activating signals are frequently 
insufficient to support single agent SIRPα-CD47 
blockade.21 32 37 Further clarifying activating signal and 
addition inhibitory signals presented on myeloid cells 
may help to improve our ability to predict the outcome of 
SIRPα-CD47 inhibition.

We showed that BR105 could bind and activate macro-
phages, leading to enhanced phagocytosis of cancer 
cells. Studies in syngeneic mouse models suggest that 
anti- SIRPα antibody modifies the tumor microenviron-
ment with an enhancement in the M1/M2 macrophage 
ratio.44 48 Tumor- associated macrophages can be divided 
into M1 and M2 phenotypes, which are thought to have 
anti- tumorigenic and pro- tumorigenic activities, respec-
tively. The increased M1/M2 macrophage ratio may favor 
promoting the antitumor immune response. Besides the 
innate immune system, the adaptive immune system may 
also contribute to the tumor growth inhibition on the 
SIRPα-CD47 pathway blockade. In an ovalbumin (OVA) 
model antigen system, OVA- specific CD8+ T cells exhib-
ited increased cytotoxicity toward OVA- positive tumor 
cells on injection of macrophages that had been co- cul-
tured with OVA- expressing target cells in the presence of 
anti- CD47 antibody.49 The study suggests that the SIRPα–
CD47 blockade augments the ability of macrophages 
to stimulate antigen- specific CD8+ T cells responses. In 
another study, cross- priming of CD8+ T cells by dendritic 
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cell, rather than dendritic cell, was thought to be crit-
ical for the therapeutic antitumor effect of anti- CD47 
treatment.50 It seems feasible that enhanced antigen- 
presentation on the SIRPα–CD47 blockade contributes 
to CD8+ T cell responses. Moreover, it has been reported 
that SIRPα inhibition induced macrophage chemokine 
secretion, stimulated tumor nest T cell recruitment and 
increased antitumor T cell responses.44 Collectively, the 
above studies suggest that targeting the SIRPα–CD47 
immune checkpoint could bridge innate and adaptive 
immunity and may induce a more durable immune 
response. The exact mechanism by which the CD47- 
SIRPα blockade regulates T cell function remains to be 
elucidated.

In summary, we developed a novel humanized anti- 
SIRPα antibody BR105 and performed preclinical assess-
ment of BR105. BR105 binds with high affinity to human 
SIRPα and blocks binding of SIRPα to CD47. Moreover, 
BR105 displays broad activity across various SIRPα vari-
ants. We further showed that BR105 synergizes with ther-
apeutic antibodies to potentiate phagocytosis of tumor 
cells in vitro and to inhibit tumor growth in vivo. Further-
more, toxicology studies in NHP suggest BR105 displays 
a favorable safety profile. These findings support further 
development of BR105 in clinical combination strategies 
for antitumor therapy.

CONCLUSION
BR105 is a differentiating anti- SIRPα antibody that 
binds to major SIRPα variants and activate macrophages 
to lead enhanced phagocytosis of tumor cells. BR105 
shows favorable safety profiles over other non- selective 
SIRPα-targeting antibodies and CD47- targeting agents. 
Thus, BR105 is a promising agent to be further developed 
for cancer immunotherapy.
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Figure. S1 Representative flow cytometry plots of isotype control IgG1 and BR105

binding to U937 (A), THP-1 (B) and primary cells (C).
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Figure. S2 Sample data to determine inhibition of soluble CD47 binding by BR105 to

SIRPα-expressing cells, data for U937 cell line shown.

Figure. S3 Epitope competitive ELISA assays for binding of BR105, KWAR23, 1H9,

18D5 and SIRP4 to human SIRPα V1.

Figure. S4 Representative dot plots of CD14+ macrophages co-cultured with CFSE-

labeled Raji (A) or SK-BR-3 (B) to determine the percentage of macrophages that

have engulfed tumor cells.

Figure. S5 Bioluminescence images of Raji xenograft mice performed on the

indicated days after initiation of treatment with human IgG1, BR105, anti-CD20

(zuberitamab), or combination of BR105 and anti-CD20 (zuberitamab).
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Figure. S6 BR105 binding to cynomolgus monkey SIRPα was assessed by ELISA.

Figure. S7 Effects of BR105 on body weight in cynomolgus monkeys. Values are

presented as mean ± SD.
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Figure. S8 Effects of BR105 on food consumption in cynomolgus monkeys. Values are

presented as mean ± SD.

Figure. S9 Electrocardiogram evaluation (A) and blood pressure measurement (B) in

cynomolgus monkeys following intravenous administration of BR105. Values are

presented as mean ± SD.
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Figure. S10 Hematology parameters in cynomolgus monkeys following intravenous

administration of BR105. Values are presented as mean ± SD.
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Figure. S11 Serum chemistry measurements in cynomolgus monkeys following

intravenous administration of BR105. Values are presented as mean ± SD.

Figure. S12 Coagulation parameters evaluation following intravenous administration

of BR105 in cynomolgus monkeys. Values are presented as mean ± SD.
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Figure. S13 Representative photomicrographs of HE staining in brain, heart, liver,

spleen, lung and kidney tissue from cynomolgus monkeys following intravenous

administration of BR105 (150 mg/kg). Scale bars = 100 μm.

Table S1 Effect of administering BR105 on relative organ weight (%) of cynomolgus

monkeys

Organ
Drug treatment

0 mg/kg 15 mg/kg 50 mg/kg 150 mg/kg

Brain 2.138±0.615 2.096±0.713 1.909±0.600 2.210±0.741

Thymus 0.037±0.023 0.045±0.025 0.045±0.040 0.064±0.035

Heart 0.343±0.047 0.391±0.070 0.367±0.032 0.378±0.038

Lung and main bronchi 0.494±0.062 0.493±0.052 0.454±0.043 0.528±0.064

Liver 1.764±0.270 1.943±0.249 1.854±0.295 1.944±0.282

Spleen 0.130±0.059 0.139±0.079 0.157±0.061 0.183±0.115

Kidney 0.350±0.063 0.386±0.102 0.393±0.126 0.387±0.076

Adrenal gland 0.015±0.005 0.018±0.006 0.016±0.005 0.017±0.005

Thyroid and parathyroid

glands
0.009±0.002 0.012±0.003 0.009±0.003 0.011±0.005

Pituitary 0.001±0.001 0.002±0.001 0.002±0.001 0.002±0.001

All values are Mean ± SD (n=6).
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