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ABSTRACT
Background CD47 is a widely expressed transmembrane 
glycoprotein that delivers an antiphagocytic signal on 
macrophages through its interaction with SIRPα. CD47 is 
highly expressed in cancer cells and its overexpression is 
correlated with poor prognosis. CD47 blocking antibodies 
are actively being developed worldwide for cancer therapy, 
and the most challenging concern is associated with 
hematotoxicity. Ligufalimab (AK117) is a novel humanized 
IgG4 anti- CD47 antibody without hemagglutination effect. 
Blockade of CD47- SIRPα pathway by AK117 leads to a 
promising therapeutic strategy for cancer treatment with 
unique safety features.
Methods AK117 was discovered through a screening 
hierarchy excluding hemagglutination. AK117 was 
characterized by detecting CD47- SIRPα blocking potential. 
Its effect on human red blood cells was examined and 
the mechanism of its binding with erythrocytes was 
studied. The abilities of AK117 and its combination with 
various opsonizing antibodies to promote macrophage- 
dependent phagocytosis of multiple human tumor cells 
were determined using fluorescence microscopy and 
flow cytometry. In vivo, the antitumor efficacy of AK117 
monotherapy and combination with AK112 (an anti- PD- 1/
VEGF- A bispecific antibody) was assessed in a variety of 
xenograft models. Toxicologic studies were evaluated in 
non- human primates.
Results AK117 bound to CD47 with high affinity and 
blocked the CD47- SIRPα interaction. AK117 did not 
induce hemagglutination and showed significantly lower 
degree of erythrophagocytosis compared with Hu5F9- G4, 
and this mechanism of hemagglutination resistance 
might be related to the binding conformation. AK117 
enhanced macrophage- mediated phagocytosis in both 
hematologic cancer and solid tumor cell lines as a single 
agent or in combination with cetuximab and rituximab 
in vitro, respectively. The antitumor effects of AK117 as 
a single agent or in combination with AK112 were also 
encouraging in various xenograft models. In non- human 
primates, AK117 showed less hematotoxicity compared 
with Hu5F9- G4.
Conclusions AK117 eliminated hemagglutination and also 
enabled to maintain full effectiveness of CD47 blockade on 
tumor cells, which resulted in excellent antitumor efficacy 
and favorable safety profile of AK117. A series of clinical 
trials of AK117 as a therapeutic agent in combination 

with various agents such as AK112 are in progress for the 
treatment of multiple hematologic malignancies and solid 
tumors.

BACKGROUND
During the process of tumorigenesis and 
development, tumors continue to evolve 
and may escape tumor immune surveillance 
and inhibit antitumor immune response 
through various mechanisms. One of the 
main mechanisms of tumor immune escape 
is the employment of immune checkpoint 
pathway.1 2 Over the past decades, immu-
notherapy has shown remarkable clinical 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The main treatment- related adverse events of CD47 
blocking antibodies occurred in clinical trials are the 
hematotoxicities, especially hemagglutination and 
anemia, which limit the clinical application of those 
antagonists, thus, we have developed ligufalimab as 
a second generation of anti- CD47 antibody without 
inducing hemagglutination.

WHAT THIS STUDY ADDS
 ⇒ AK117 is a novel anti- CD47 antibody with no hem-
agglutination, and the mechanism of resistance to 
hemagglutination is correlated with the unique con-
formation of AK117/CD47 complex. AK117 is more 
likely to bind CD47 on one red blood cell (RBC), while 
Hu5F9- G4 is likely to bind CD47 on two separate 
RBCs, consequently leading to hemagglutination. 
Additionally, co- blockade of CD47, PD- 1 and VEGF 
by AK117 and AK112 (an anti- PD- 1/VEGF- A bispe-
cific antibody) exerts the excellent antitumor effect 
in xenograft model of triple- negative breast cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Ligufalimab as an immunotherapeutic agent in 
combination with various agents potentially shapes 
a promising therapeutic strategy for multiple human 
cancers.  on A
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efficacy in cancer treatment, especially immune check-
point inhibitors (ICIs) targeting cytotoxic T- lymphocyte- 
associated protein 4, programmed cell death protein- 1 
(PD- 1) and programmed death ligand- 1 for multiple 
cancer types, which act on the adaptive immune 
system.3–7 Macrophages are professional phagocytes of 
innate immune system and widely distributed in our body 
tissues. They engulf tumor cells through phagocytosis, 
which is regulated by pro- phagocytic and antiphagocytic 
signals. However, the function of macrophages is inhib-
ited by one of the phagocytosis immune checkpoints 
which is the CD47‐SIRPα pathway.8 Currently, adaptive 
ICIs in combination with innate ICIs have emerged as a 
novel anticancer strategy through corroborated action 
of phagocytosis, natural cytotoxicity and T cell- mediated 
cytotoxicity.9

CD47 is a transmembrane protein, widely expressed 
on essentially all human cell types and overexpressed 
broadly across tumor types. The overexpression of CD47 is 
correlated with poor prognosis in patients with cancer.10 11 
CD47 functions as a macrophage immune checkpoint by 
suppressing activity of phagocytes through its interac-
tions with SIRPα on phagocytic cells, which gives a ‘don’t 
eat me’ signal to the innate immune system as a mech-
anism of immune escape.8 12 The increasing number of 
studies has focused on anti- CD47 immunotherapy in 
recent years and it has been reported that tumor growth 
and metastasis can be inhibited significantly by blocking 
the CD47- SIRPα interaction.13 Blockade of the CD47- 
SIRPα interaction effectively promotes the phagocytosis 
of tumor cells by phagocytes such as macrophages, and 
induces proceeding and cross- presentation of tumor anti-
gens to T cells by antigen presenting cells, which results 
in activation of adaptive immune response.14–16 In addi-
tion, the blockade of CD47 also facilitates the recruitment 
of additional immune cells to tumors for synergizing the 
innate and adaptive immune response.14 15 17 However, 
the CD47- SIRPα axis can influence the maintenance of 
erythrocytes, platelets and hematopoietic stem cells.18 
SIRPα is barely detectable in red blood cells (RBCs) or 
in T or B lymphocytes, whereas CD47 is ubiquitously 
expressed on a variety of human cells including RBCs 
and platelets.10 18 19 Therefore, the blockade of CD47 by 
anti- CD47 antibody enables to induce cell- mediated cyto-
toxicity which leads to severe on- target off- tumor toxicity 
effects, including RBC hemagglutination, anemia, and 
platelet aggregation.20 21

In the past few years, there have been more than 20 
CD47- related therapeutic agents in over 40 clinical studies 
for the treatment of multiple hematological malignancies 
and solid tumors worldwide. A few failed clinical studies 
cast shadows over the development of CD47 agents.22 The 
main issues were lack of efficacy for monotherapy, and 
the occurrence of anemia, neutropenia and thrombo-
cytopenia.23 24 In 2018, a phase I dose- escalation clinical 
study of CC- 90002 in patients with relapsed/refractory 
acute myeloid leukemia and high- risk myelodysplastic 
syndromes was terminated due to the lack of monotherapy 

activity and evidence of anti- drug antibodies.25 Although 
the phase 1b clinical study of magrolimab (Hu5F9- G4) 
in combination with azacitidine showed positive results 
in patients with acute myeloid leukemia and myelodys-
plastic syndromes in 2019, a ‘priming dose’ strategy was 
still required to improve the issue of anemia.26 Therefore, 
it is imperative to develop a next generation of anti- CD47 
antibody to overcome the aforementioned issues and 
further improve the safety and therapeutic efficacy.

To enhance the tolerance of the anti- CD47 antibody, 
regulate the pathophysiological functions mediated by 
CD47- SIRPα signaling, and retain the antitumor effi-
cacy, we have developed a second generation of anti- 
CD47 antibody ligufalimab. Ligufalimab, also known as 
AK117, is a humanized IgG4 monoclonal antibody with a 
unique structure. Ligufalimab could effectively eliminate 
RBC hemagglutination and anemia, and induce robust 
macrophage- mediated phagocytosis of cancer cells, and 
improve the antitumor efficacy without the requirement 
of a lower ‘priming’ dose to prevent anemia.

METHODS
Antibodies and cells
6F7, the murine clone and parental version of AK117, 
was first screened through hemagglutination on human 
RBCs. Hu5F9- G4 (anti- CD47 antibody by Forty Seven and 
Gilead)20 and cetuximab (anti- EGFR antibody)27 were 
produced in- house according to published sequences. 
Anti- HEL antibody with IgG1 or IgG4 Fc were used as 
isotype control antibody (Akeso Biopharma). Rituximab 
(anti- CD20 antibody, Roche, Cat. H0277) was purchased 
from Roche. Both AK117 and Hu5F9- G4 were also 
produced in the following versions: intact antibody with 
IgG1 mutation Fc, monovalent with IgG4 Fc, F(ab)2. 
Human tumor cell lines (Jurkat, Raji, Ramos and HT- 29 
were purchased from the Cell Resource Center, Shanghai 
Institutes of Biological Sciences, Chinese Academy of 
Sciences. MDA- MB- 231 (triple- negative breast cancer 
(TNBC) cell line) was purchased from American Type 
Culture Collection.

Antibody affinity determination by surface plasmon resonance
The affinity of antibodies to the extracellular domain 
(ECD) of human CD47 was determined via surface 
plasmon resonance (SPR) on a Biacore T200 system. 
CM5 chip coated with human CD47- his protein was 
dipped into various concentrations of AK117 (from 0.78 
nM to 25 nM with twofold serial dilution). The process 
of molecular binding (time 120s) and dissociation (time 
300s) was recorded using Biacore control software V.2.0. 
The kinetics and affinity data were analyzed with a 1:1 
model using Biacore T200 Evaluation V.2.0.

Binding activity to CD47
Binding activity of AK117 to recombinant CD47 protein 
was determined by ELISA, and evaluation of AK117 
binding on Jurkat or Raji cells was performed by flow 
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cytometry. The details are available in the online supple-
mental methods.

Blockade of SIRPα to CD47
The ability of AK117 to disrupt recombinant SIRPα 
binding to CD47 was evaluated using competitive ELISA, 
and its ability to block the binding of SIRPα to CD47 
expressed on tumor cells was determined by competitive 
flow cytometry. The details are available in the online 
supplemental methods.

Species cross binding activity
96- well plates were coated with CD47 protein of cynomo-
lgus monkey, mouse and rat. The cross binding activities 
were detected using same procedure with binding activity 
by ELISA.

In vitro safety detection on RBCs
Human RBCs isolated from healthy donors (Zhongshan 
Blood Center) were washed in phosphate- buffered saline 
(PBS) for three times. For hemagglutination, human 
RBCs were 1:300 diluted in PBS and added into a 96- well 
plate. Gradient concentrations of AK117 (G4, G1m and 
F(ab)2) were mixed with RBCs completely and incubated 
at 37°C for 2 hours. HIgG4 and T500 were used as isotype 
antibody control and positive control.

For binding with RBCs, gradient concentrations of 
AK117 were incubated with RBCs at 37°C for 40 min, cells 
were washed and incubated with allophycocyanin (APC) 
labeled mouse antihuman IgG Fc secondary antibody, 
and incubated at 37°C for 30 min. Samples were analyzed 
using an BD FACSCalibur or Beckman cytometer analysis 
system.

Modeling and docking
Based on the sequence of AK117, the Fab AK117 was 
constructed using IgFold.28 The Fab Hu5F9- G4 (PDB ID: 
5IWL) was modeled using PyMOL29 and IgFold. Protein–
protein docking was performed to analyze the potential 
epitopes on CD47- ECD using docking script.30 The details 
are available in the online supplemental methods.

CD47-transmembrane domain modeling
The whole- length CD47 was constructed by PDB file (ID: 
7MYZ) to build an antibody- antigen structure. The details 
are available in the online supplemental methods.

Conformational comparison of antibody-antigen complexes
The construction of whole- length IgG4 antibody was 
prepared using the structural data of PDB: 5DK3 as the 
frame structure. The antigen part in Fab- antigen simu-
lated structure was superposed to IgG4 antibody to 
present the conformation of the whole antibody binding 
multiple antigens. The details are available in the online 
supplemental methods.

In vitro phagocytosis assay
Mouse and human macrophages were differentiated from 
bone marrow cells and peripheral monocytes for 7 days in 

vitro in the presence of macrophage colony- stimulating 
factor, respectively. Raji, Ramos, Jurkat and HT- 29 cells 
stained with carboxyfluorescein diacetate succinimidyl 
ester (CFSE) (2 µM) in 100 µL assay buffer (Dulbecco's 
Modified Eagle Medium with 10% fetal bovine serum) 
were added in 1.5 mL eppendorf tube and incubated 
with AK117 alone or combo with rituximab or cetuximab 
at 37°C for 30 min. Macrophages were added into wells 
and incubated at 37°C for 2 hours. Cell mixtures were 
washed using PBS with 1% bovine serum albumin three 
times and incubated with APC- labeled goat anti mouse 
CD11b at 4°C for 40 min, followed three times washing. 
The pellets were resuspended in 300 µL PBS with 1% 
bovine serum albumin and analyzed for phagocytosis 
using FACSCalibur. Data were analyzed using Flowjo. The 
ratio of CFSE+APC+double positive cells to APC+positive 
cells was recognized as a phagocytosis index.

In vivo xenograft tumor model
Female, 5–7 weeks old SCID/Beige mice were purchased 
from Beijing Vital River Laboratory Animal Technology 
(animal quality certificate number: 11400700259196). 
All mice were bred in house for a week before the 
experiment.

For xenograft models, mice were inoculated subcutane-
ously in right flank with 5×106 cells/mouse in 0.1 mL of a 
70% Roswell Park Memorial Institute 1640 medium/30% 
Matrigel (BD Biosciences) mixture containing a suspen-
sion of tumor cells (Raji or MDA- MB- 231). Mice were 
divided into five groups with seven mice per group. 
Each group resulted in a mean tumor volume (TV) of 
100–120 mm3.

In Raji xenograft model, mice were intravenously 
injected with 1 mg/kg AK117, 0.1 mg/kg AK117, 1 mg/
kg Hu5F9- G4, 0.1 mg/kg Hu5F9- G4 and 1 mg/kg anti- 
HEL- G4 antibody on the Day 0 (group day), D3, D7, D10, 
D14 and D17.

In MDA- MB- 231 TNBC xenograft model, mice were 
treated with 0.2 mg/kg and 0.02 mg/kg AK117, 0.2 mg/
kg Hu5F9- G4, 0.02 mg/kg Hu5F9- G4 and 0.2 mg/kg anti- 
HEL- G4 antibody on the Day 0 (group day), D3, D7, D10, 
D14 and D17.

The in vivo bioactivity of AK117 combo AK112 was also 
tested in a humanized PD- 1 mouse model bearing MDA- 
MB- 231 cells. Mice were inoculated subcutaneously in the 
right flank with 8×106 MDA- MB- 231 tumor cells/mouse. 
Mice were randomized into four groups of six mice each 
group with a mean TV of ~120 mm3. 4×106 CD3- acitvated 
peripheral blood mononuclear cells were intraperitone-
ally injected into mice for the construction of humanized 
PD- 1 mice model. Mice were treated intraperitoneally 
with AK117 or AK112 or AK117+AK112 once a week for 
4 weeks.

The TVs were measured every 3 days and calculated with 
0.52×L×W2 (L for length and W for width). Relative tumor 
growth inhibition (TGI%) was calculated with equation 

 
TGITV =

(
1 − meanRTVtreat

meanRTVvehicle

)
× 100%

 
.  RTVn = Vnt

Vn0
,  Vn0 and 
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Vnt mean TV of mouse with number n on day 0 and day 
t, respectively. RTVn: relative TV of mouse with number 
n on day t. Mean RTVvehicle and mean RTVtreat repre-
sent mean volume of tumor in vehicle and treat group, 
respectively.

All animal experiments were approved by the Animal 
Ethical Committee of Akeso Biopharma. The protocol 
numbers of Raji, MDA- MB- 231 and MDA- MB- 231 
(AK112+AK117) xenograft models are 20160927–01, 
20171020–01 and LAW- 2022–001, respectively. The 
animals received care in compliance with the Guide for 
the Care and Use of Laboratory Animals.

Toxicity study in non-human primates
Single dose toxicity studies were conducted at JOINN(Su-
zhou) according to a written study protocol and facility 
standard operating procedures in compliance with Institu-
tional Animal Care and Use Committee criteria, national 
legal regulations on animal welfare, and accepted animal 
welfare standards. Cynomolgus monkeys were intrave-
nously infused with a single dose of AK117 (one female 
and one male) and Hu5F9- G4 (one female and one male) 
at 10 mg/kg, following a 28- day observation period. Blood 
samples were withdrawn twice before the injections and 
at 0, 1, 3, 5, 7, 10, 14 and 21 days, following administration 
for blood counts including hemoglobin and hematocrit.

Statistical analysis
The phagocytosis and mouse tumor data were analyzed 
by GraphPad Prism (GraphPad Software) and the 
results were presented as mean±SE. Comparisons were 
performed using a one- way analysis of variance.

RESULTS
AK117 binding to CD47 and blocking of SIRPα interaction with 
CD47
In an effort to identify lead antibody for therapeutic 
targeting of CD47, we implemented a strategy that 
included a hemagglutination exclusion step high in the 
screening hierarchy. A CD47 blocking antibody that did 
not induce RBC hemagglutination was discovered and 
later humanized to be named as AK117. Then the speci-
ficity and antigen binding affinity of AK117 were detected 
using ELISA and SPR. The ELISA results showed that 
AK117 specifically bound to human CD47 antigen with a 
half maximal effective concentration (EC50) of 0.078 nM 
(online supplemental figure S1). We measured the 
antigen binding affinity of AK117, which was bound to 
human CD47 antigen with a KD of 1.52E−10M compared 
with a KD of 4.42E−11M from Hu5F9- G4 (figure 1A,B; 
table 1). In order to assess cellular binding activity of 
AK117, different tumor cells with high endogenous 
expression of CD47 were tested by flow cytometry. AK117 
bound to Jurkat and Raji cells with an EC50 of 0.40 nM 
and 0.32 nM, respectively (figure 1D,E), and the binding 
activity of AK117 to CD47 on these cells was comparable 

to that of Hu5F9- G4. These results indicated that AK117 
can specifically bind human CD47 with high affinity.

We next examined the ability of AK117 in blocking the 
interaction between CD47 and SIRPα by ELISA and flow 
cytometry. AK117 competed with SIRPα-ECD binding 
to human CD47 with an EC50 of 0.194 nM (figure 1C). 
AK117 effectively blocked the CD47- SIRPα interaction 
on the surface of Jurkat and Raji cells with an EC50 of 
2.748 nM and 0.4465 nM, respectively, and the blocking 
activity of AK117 was comparable to that of Hu5F9- G4 
(figure 1F,G).

AK117 does not induce RBC agglutination in vitro
The effects of AK117 on RBCs were investigated in vitro. 
The hemagglutination test showed that AK117 did not 
induce RBC hemagglutination even at concentrations up 
to 3000 nM, while Hu5F9- G4 induced RBC hemaggluti-
nation at concentrations as low as 4.1 nM (figure 2A). We 
examined whether bivalency is necessary for hemaggluti-
nation of Hu5F9 and if antibody isotype would contribute 
to hemagglutination. Thus, we constructed monovalent 
and bivalent Hu5F9- G4 and AK117, respectively, to detect 
their hemagglutinating capabilities. The results demon-
strated that monovalent Hu5F9- G4, monovalent AK117 
and bivalent AK117 did not induce hemagglutination, 
while bivalent Hu5F9- G4 induced hemagglutination. 
We also constructed IgG1 and IgG4 subclasses of AK117 
and Hu5F9. AK117- IgG1 and AK117- IgG4 did not induce 
hemagglutination, while both Hu5F9- G1 and Hu5F9- G4 
induced hemagglutination. F(ab)2 fragment antibodies 
were also constructed to test capacity for hemaggluti-
nation. While AK117 and AK117- F(ab)2 did not induce 
hemagglutination, Hu5F9- G4 and Hu5F9- F(ab)2 did 
(figure 2A). These results indicated that bivalency is 
necessary for Hu5F9 to induce RBC agglutination, and 
antibody isotype has no influence on an antibody’s 
capacity for inducing hemagglutination. AK117 induced 
a significantly lower degree of phagocytosis of erythro-
cytes compared with that of Hu5F9- G4 (figure 2B). AK117 
bound to human erythrocytes with an EC50 of 1.379 nM, 
the binding activity of AK117 to erythrocytes was signifi-
cantly weaker than that of Hu5F9- G4 (figure 2C). These 
results reveal that AK117 has superior safety features over 
Hu5F9- G4, particularly in terms of hematological toxicity.

AK117 and Hu5F9-G4 have different binding epitopes with 
several shared residues on CD47 through in silico analysis
In order to understand the potential mechanism that 
AK117 does not induce hemagglutination, we performed 
an antibody structure simulation and antigen binding 
docking analysis. The Fab AK117 and the Fab Hu5F9- G4 
(PDB ID: 5IWL) were well modeled, and the assembly 
analysis showed that both AK117 and Hu5F9- G4 inter-
acted with CD47- ECD in specific regions. We overlapped 
the Fab fragments from AK117 and Hu5F9- G4 on CD47 
protein and observed that AK117 oriented to CD47- ECD 
from side area, whereas Hu5F9- G4 formed a head- to- head 
conformation on CD47- ECD (figure 3A), indicating that 
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Figure 1 AK117 binding and competitive binding to human CD47. (A) and (B) are binding kinetics of AK117 and Hu5F9- G4 to 
extracellular domain of human CD47 examined by surface plasmon resonance on a Biacore T200 system. Competitive binding 
of AK117 to recombinant human CD47 with SIRPα by indirect ELISA (C). AK117 binding activity to CD47 expressed on tumor 
cells (D- Jurkat, E- Raji) and blocking of recombinant SIRPα interaction with CD47 on tumor cells (F- Jurkat, G- Raji) by flow 
cytometry.
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the epitope binding regions of AK117 and Hu5F9- G4 on 
CD47 are different. Additionally, we found the binding 
epitopes of AK117 and Hu5F9- G4 on CD47 were partially 
overlapped (online supplemental figure S2A). Then the 
binding orientations of the Fab fragments from AK117 

and Hu5F9- G4 on CD47 were analyzed and compared. 
The angle between the Fab Hu5F9- G4 and CD47 was about 
180 degrees, while the AK117/CD47 complex formed a 
smaller angle (figure 3B). The different binding orienta-
tions of AK117 and Hu5F9- G4 on CD47 might be related 
to the distinct binding epitopes of AK117 and Hu5F9- G4.

Next, we extended the structural analysis into the whole 
antibody to study the spatial structures of both AK117/
CD47 and Hu5F9- G4/CD47 complexes in order to 
better understand whether the conformational changes 
induced by different binding orientations are related to 
hemagglutination. Hu5F9- G4 bound two CD47 proteins 

Table 1 Kinetics data of AK117 to extracellular domain of 
human CD47

Antibody KD (M) ka (1/Ms) kd (1/s) Rmax (RU)

AK117 1.52E−10 2.54E+06 3.88E−04 253.21–272.60
Hu5F9- G4 4.42E−11 3.00E+06 1.32E−04 238.81–327.23

Figure 2 Safety test on human RBCs in vitro. Hemagglutination of AK117 and Hu5F9- G4 (A). All versions of AK117 do 
not induce hemagglutination. Bivalent Hu5F9- G4 could induce hemagglutination but not monovalent version (Mo- Hu5F9). 
Phagocytosis of human RBCs by mouse bone marrow- derived macrophages mediated with AK117 and Hu5F9- G4 (B, n=6, 
one- way analysis of variance Newman- Kuels analysis, ***p<0.001, **p<0.01). FACS binding of AK117 and Hu5F9- G4 on human 
RBCs (C). PBS, phosphate- buffered saline; RBC, red blood cell; FACS, fluorescence activated cell sorting.
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and formed a Y- shaped conformation with a big distance 
between two CD47 proteins and a dihedral angle of 28.5 
degrees (figure 3C, left; online supplemental figure S2B). 
However, AK117 bound two CD47 proteins which were 
almost parallel and their spacing was narrow, with a dihe-
dral angle of 40.0 degrees (figure 3C, right; online supple-
mental figure S2C). Despite the bigger dihedral angle of 
the AK117/CD47 complex, it is not significantly different 
from that in the Hu5F9- G4/CD47 complex, which is 
unable to provide sufficient space to bind another cell. 
This analysis hints that AK117 is unlikely to bind two 
cells simultaneously due to its conformational changes, 
however, the Y- shaped conformation with big distance 
between two bound CD47 proteins is more allowable for 
Hu5F9- G4 to bind CD47 on two different cells, resulting 
in RBC agglutination.

AK117 promotes phagocytosis of tumor cells in vitro
We initially investigated whether blockade of the CD47- 
SIRPα interaction by AK117 would enable macrophage- 
mediated phagocytosis of target cells in vitro. The 
phagocytic activity was measured by using a fluorescence 
microscope to count the number of ingested cells. At 
0.1, 1, and 10 µg/mL of AK117, the phagocytic indices 

on Raji cells were 28.70%±2.44%, 37.28%±0.95%, and 
56.44%±3.13%, respectively; the phagocytic indices on 
Jurkat cells were 53.78%±1.77%, 70.35%±5.78% and 
74.62%±6.28%, respectively; the phagocytic indices 
on Ramos cells were 13.33%±1.55%, 26.47%±2.49% 
and 44.56%±3.97%, respectively. The results demon-
strated that AK117 induced potent phagocytosis of Raji, 
Jurkat and Ramos cells in a dose- dependent manner by 
macrophages, with activity similar to that of Hu5F9- G4 
(figure 4A–C).

We also investigated the effect of AK117 in combi-
nation with different opsonizing antibodies on the 
phagocytosis of hematologic cancer and solid tumor 
cell lines by human macrophages in vitro. Human 
peripheral blood monocyte- derived macrophages 
were used as phagocytic cells and the phagocytosis of 
HT- 29 and Raji cells was detected when treated with the 
combination of AK117 with cetuximab and rituximab, 
respectively. The results indicated that the phagocytic 
index in each combo group was higher than that of the 
single drug- treated group in a dose- dependent manner 
(figure 4D,E).

Figure 3 Binding conformation of AK117 in complex with CD47. (A) Superimposed structure of the Fab AK117 and the Fab 
Hu5F9- G4 (PDB ID: 5IWL) in complex with CD47- ECD. Based on the homology modeling, the Fab AK117 was constructed, and 
molecular docking with limitation on AK117 CDRs residues was performed. (B) Structural analysis of AK117/CD47- ECD and 
Hu5F9- G4/CD47- ECD complexes. The binding epitopes and the orientations were compared. (C) Structural analysis of AK117/
CD47 and Hu5F9- G4/CD47 complexes on the whole IgG4 antibody (PDB ID: 5DK3). The spatial distances and the dihedral 
angles were compared. ECD, extracellular domain.
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AK117 demonstrates macrophages-mediated antitumor 
activity in a xenograft mouse solid tumor model, as 
monotherapy or in combination with AK112, a PD-1/VEGF 
bispecific antibody
The antitumor activity of AK117 in B cell lymphoma and 
TNBC xenograft models was evaluated and compared 
with that of Hu5F9- G4. The results demonstrated robust 
antitumor activity of AK117 compared with isotype 
control groups, and the tumor growth in both Raji and 
MDA- MB- 231 xenograft models was significantly inhib-
ited in a dose- dependent manner. Intravenous injection 
of Raji xenografts with AK117 or Hu5F9- G4 (1 mg/kg 
and 0.1 mg/kg, respectively) resulted in more than 50% 
inhibition of tumor growth (88.56% and 63.78% TGI at 
1 and 0.1 mg/kg of AK117, and 91.40% and 67.49% TGI 
at 1 and 0.1 mg/kg of Hu5F9- G4, respectively) in compar-
ison with isotype control group, and there was no obvious 
body weight loss among all groups (figure 5A,B). In MDA- 
MB- 231 xenograft model, AK117 and Hu5F9- G4 at a dose 
of 0.2 mg/kg inhibited tumor growth by more than 50% 
relative to isotype control group (AK117: TGI of 68.20%; 
Hu5F9- G4: TGI of 62.74%), and antitumor activity of 
AK117 was significantly higher than that of Hu5F9- G4 at 
the dose of 0.02 mg/kg (AK117: TGI of 34.96%; Hu5F9- 
G4: TGI of 5.25%). No significant body weight loss was 
observed among all groups (figure 5C,D).

As the combination of CD47 and VEGF blocking agents 
showed a synergistic antitumor effect in non- small cell 
lung cancer model,31 and VEGF and PD- 1 are known to 
have synergistic antitumor effect, we hypothesized that 

the co- blockade of CD47, PD- 1 and VEGF may result in 
enhanced antitumor effect. We thus designed an exper-
imental scheme for the combination of AK117 with 
AK112, a tetrameric bispecific antibody targeting PD- 1 
and VEGF- A developed by Akeso Biopharma. The anti-
tumor activity of AK117 in combination with AK112 was 
investigated in the humanized PD- 1 mice model against 
MDA- MB- 231 xenografts. The results demonstrated that 
tumor growth was effectively inhibited in monotherapy 
and combination therapy groups, and dramatic inhibi-
tion effect was observed in the AK117 and AK112 combi-
nation group with statistically significant differences, and 
no obvious body loss of mice was found in all groups 
(figure 5E,F).

AK117 shows a favorable safety profile in non-human 
primates
The toxicologic assessment of AK117 was performed 
in cynomolgus monkeys. We detected that AK117 only 
bound to cynomolgus CD47, but not to rat or mouse 
CD47 by ELISA (online supplemental figure S3A). Addi-
tionally, AK117 bound to the cynomolgus monkey RBCs 
in fluorescence activated cell sorting (FACS) assay (online 
supplemental figure S3B), but did not induce RBC hemag-
glutination in cynomolgus monkey (online supplemental 
figure S3C). Two groups of cynomolgus monkeys were 
intravenously administrated with AK117 and Hu5F9- G4 at 
a single dose of 10 mg/kg, respectively. Changes in clin-
ical signs, body weight, ECG and hematological param-
eters were evaluated in all cynomolgus monkeys during 

Figure 4 Phagocytosis of tumor cells with AK117 or combo with opsonizing antibodies. Phagocytosis of human Raji (A, 
n=5), Jurkat (B, n=4) and Ramos (C, n=6) by mouse bone marrow- derived macrophages mediated with AK117 and Hu5F9- G4 
(one- way analysis of variance Newman- Kuels analysis, ***p<0.001, **p<0.01, error bars represent mean±SEM of duplicate 
samples). Opsonizing antibodies cetuximab and rituximab increase AK117- driven phagocytosis of HT- 29 (D) and Raji cells 
(E), respectively.
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the 28- day observation period. The decrease of hemo-
globin and hematocrit levels in the AK117 treated group 
were significantly shallower than the Hu5F9- G4 treated 
group. At day 7 post treatment, the hemoglobin and the 
hematocrit in AK117 treated males were 10.6 g/dL and 
33.1%, respectively, which were significantly higher than 
those in Hu5F9- G4 treated males (hemoglobin: 5.9 g/dL; 
hematocrit: 18.3%); and the hemoglobin and the hema-
tocrit were 9.9 g/dL and 32.1% in AK117 treated female 
monkeys, and 9.6 g/dL and 30.6% in Hu5F9- G4 treated 
female monkeys. Importantly, the hemoglobin and hema-
tocrit levels spontaneously increased up and returned to 
baseline levels at day 20 after administration in all cyno-
molgus monkeys (figure 6A,B). Additionally, the relevant 
data of AK117 recorded at the doses of 30 mg/kg and 
100 mg/kg showed no obvious hematological side effects 
in both male and female cynomolgus monkeys (online 
supplemental table S1). These results revealed that AK117 

caused transient anemia, and was well tolerated, with no 
obvious adverse side effects in cynomolgus monkeys.

DISCUSSION
In this study, our findings demonstrated that AK117 binds 
human CD47 with high affinity, blocks CD47- SIRPα inter-
action, and achieves excellent antitumor effects in vitro 
and in vivo, especially when combined with different 
antibodies. More importantly, AK117 does not induce 
RBC hemagglutination compared with Hu5F9- G4, which 
provides the mechanistic foundation for improved safety 
profile for AK117. The study in non- human primates also 
shows that AK117 has much milder reduction of hemo-
globin compared with Hu5F9- G4. Also, the hemoglobin 
reduction effect induced by AK117 is transient in nature, 
and could be recovered spontaneously.

Figure 5 Monotherapy and combo therapy of AK117 demonstrated antitumor activity in vivo. (A, B) Efficacy and body weight 
change of AK117 in SCID/Beige mice bearing with Raji cells. (C, D) Efficacy and body weight change of AK117 in SCID/
Beige mice bearing with MDA- MB- 231 tumor cells. (E, F) Efficacy and body weight change of AK117 or combo with AK112 in 
SCID/Beige mice bearing with MDA- MB- 231 cells. Tumor volumes were assessed two times per week. Error bars represent 
mean±SEM of tumor volumes. Comparisons between groups were analyzed using two- way analysis of variance; *, p<0.05, **, 
p<0.01.
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CD47 is widely distributed in tumor cells and normal 
cells, especially in RBCs. At present, the main side effects 
of CD47 blocking antibodies are RBC hemagglutina-
tion and anemia, which limits the clinical application of 
CD47 antibody. Several approaches are being explored 
to cope with these problems. In these cases some anti-
bodies are designed to bind negligibly to CD47 on RBCs 
and some are designed as bispecific antibodies, which 
reduce binding to CD47 through the high affinity of 
another target.22 An important question is whether 
reduced affinity for CD47 could also affect the effective-
ness of CD47 blockade that relates to antitumor effect. 
Our studies found that AK117 does not induce RBC 
hemagglutination, and can also maintain full effective-
ness of CD47 blockade on tumor cells. The exploration 
of hemagglutination resistance showed that monova-
lent Hu5F9- G4 did not induce hemagglutination, while 
the bivalent Hu5F9- G4 did induce hemagglutination, 
and neither monovalent nor bivalent AK117 induce 
hemagglutination. These findings are consistent with 
the hypothesis that AK117 only binds CD47 on one RBC, 
while Hu5F9- G4 can simultaneously bind CD47 on two 
separate RBCs and thus could lead to hemagglutination. 
Moreover, the molecular simulation- based spatial struc-
ture analyses suggested that the AK117/CD47 complex 
demonstrated a distinct binding conformation compared 
with the Hu5F9- G4/CD47 complex. The Y- shaped confor-
mation of Hu5F9- G4/CD47 complex might contribute 
to the binding of Hu5F9- G4 to two separate RBCs, while 
AK117 could not. Additionally, we detected whether IgG 
subclasses and Fc region of both AK117 and Hu5F9- G4 
influenced on RBC hemagglutination, and the results 
indicate that IgG subclasses and Fc region are not the 
factors affecting RBC hemagglutination. At present, there 
are more than 10 CD47 monoclonal antibodies in clin-
ical trials stage, and for many antibodies the mechanisms 
related to RBC hemagglutination have not been reported 
so far. It is reported that TJC4 negligibly binds to human 
RBCs, and the mechanism of its binding to CD47 is 

studied as well. The structure of TJC4- CD47 complex is 
a novel conformational epitope with a straight head- to- 
head binding and an N- linked glycosylation site nearby 
the two critical epitopes on the CD47 protein prevents its 
binding to human RBCs.32 A study on SRF231 reported 
that it did not induce hemagglutination in vitro may 
be related to the binding mode of RBCs, which may be 
similar to the binding mode of AK117 to RBCs.33

Meanwhile, the antitumor activity of AK117 was compa-
rable to that of Hu5F9- G4 in vitro and in vivo studies. 
AK117 as a single agent or in combination with other anti-
tumor drugs may provide new anticancer therapy. CD47 
blocking antibodies have been explored in combination 
with various antitumor agents, such as FcR activating 
antibodies and antibodies with different targets. Some 
studies have shown that cetuximab or rituximab syner-
gizes with CD47 blocking antibody through enhanced 
FcR- mediated antibody- dependent cellular phagocytosis 
coupled with blockade of the antiphagocytic CD47 signal 
by anti- CD47 antibody.34 35 Our study also demonstrated 
significant enhancement of antitumor effect when AK117 
was combined with cetuximab and rituximab, which is 
consistent with previous studies. Accumulating evidence 
has increasingly supported the strategy of multitarget 
combination therapy. It is reported that CD47 upregula-
tion limits the antitumor effect of VEGF/VEGFR inhib-
itors. And, blocking VEGF/VEGFR pathway increases 
the expression of CD47 on tumor cells, consequently 
inhibiting the antitumor effect of macrophages.31 There-
fore, we believe that simultaneous blockade of VEGF and 
CD47 would effectively inhibit the immunosuppressive 
pathway induced by anti- angiogenic therapy and enhance 
macrophage- mediated phagocytosis to improve anti-
tumor effect. Furthermore, CD47 blockade also activates 
the adaptive immune system by triggering T- cell responses 
primarily through dendritic cells.15 Dendritic cells play a 
key role in innate immune response and adaptive immune 
response,36 37 and play a critical role in T cell- mediated 
tumor immunotherapy.38 39 Thus, co- blockade of CD47, 

Figure 6 Non- human primate toxicology studies show good safety. (A, B) Individual cynomolgus monkeys were administered 
with single intravenous infusions of AK117 at the 10 mg/kg. The hemoglobin and hematocrit levels were monitored over 3 
weeks.
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PD- 1 and VEGF by AK117 and AK112 (a PD- 1/VEGF 
bispecific antibody) in combined therapy may activate 
both innate and adaptive immune systems and enhance 
the directional recognition of tumors by human immune 
system. In this study, we evaluated the antitumor efficacy 
of AK117 combined with AK112 in the TNBC xenograft 
model, and the results showed that the antitumor efficacy 
was significantly improved.

The phase I clinical study of AK117 also showed that 
AK117 was well- tolerated up to 45 mg/kg every week (data 
not published) in subjects without dose- limiting toxicity 
events and no hematological treatment- related adverse 
events were observed in patients. Therefore, AK117 does 
not require a lower ‘priming’ dose to prevent anemia. 
CD47 receptor occupancy of AK117 on T lymphocytes 
in peripheral blood of subjects reached and maintained 
100% at a dose of 3 mg/kg only, full and durable receptor 
occupancy in peripheral blood was observed at ≥10 mg/
kg.40 All these data reveal that AK117 has excellent 
safety features in clinical application. Based on preclin-
ical data and early clinical results, a series of phase IB/
II clinical study of AK117 combined with various agents 
for the treatment of a number of cancer types are in 
progress (NCT04900350, NCT04980885, NCT05227664, 
NCT05229497, NCT05214482, NCT05235542 and 
NCT05382442).
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Supplemental Methods

Binding activity to CD47

Antibody-antigen binding activity was measured by ELISA and FACS. For ELISA

binding activity detection, gradient diluted antibodies were added into 96-well plates

precoated with CD47-IgV-TEV-His for 30min incubation at 37℃. Plates were washed

3 rounds with PBST (PBS with 0.05% Tween 20) and incubated with HRP conjugated

Goat anti Human IgG (H+L) secondary antibody at 37℃ for 30 min. Plates were

washed 3 rounds and incubated with TMB substrate at 25℃ for 10min, followed by

adding stop buffer (2M H2SO4). OD values were read at 450nM with Molecular

Devices and data were calculated using SoftMax Pro 6.2.1.

For FACS binding activity detection, gradient diluted antibodies were incubated with

Jurkat or Raji cells for 40min at 4℃. Cells were washed with precool (4℃) PBSA

(1% BSA in PBS) 3 times, followed incubation with APC labeled mouse antiHuman

IgG Fc (Biolegend) for 30min at 4℃. Cells were subsequently washed three times

and analyzed using FACSCalibur. Data were calculated using Flowjo and analyzed

using Prism Graphpad.

Blockade of SIRPα to CD47

Blocking activity of AK117 to CD47/SIRPα was determined by competitive ELISA

and FACS.

Competitive ELISA were carried out as follow: AK117 incubated with CD47

precoated on 96-well plates. Plates were washed, incubated with 0.469nM SIRPα

ECD-hFc-bio, washed and incubated with HRP conjugated streptavidin, washed and

incubated with TMB substrate, followed by adding stop buffer (2M H2SO4). OD

values were read at 450nM with Molecular Devices and data were calculated with

SoftMax Pro 6.2.1.

Competitive FACS binding were carried out as follow: AK117 incubated with Jurkat

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-005517:e005517. 10 2022;J Immunother Cancer, et al. Qu T



or Raji tumor cells. Cells were washed and incubated with 30nM SIRPα ECD-hFc-bio,

washed and stained with PE labeled streptavidin, washed and analyzed using

FACSCalibur. Data were calculated using Flowjo and analyzed using Prism

Graphpad.

Modeling and docking

Based on the sequence of AK117, the Fab AK117 was constructed, the FR and the

CDRs residues were identified by IgFold[1] and the whole sequences were

renumbered by ANARCI after uploading the sequences of AK117 light chain and

heavy chain. IgFold predicted AK117 structure by deep learning and returned a

predicted RMSD to evaluate the modeled structure. The structural data of Hu5F9-G4

Fv diabody in complex with CD47-ECD (PDB ID: 5IWL) were used and one Fv with

antigen binding was separated by PyMOL.[2] The Fab Hu5F9-G4 was completed by

grafting the missing Fab residues into Hu5F9-G4 Fv and modeling with IgFold, and

the modeled Fv part coincided with PDB file.

The protein-protein docking script, "light docking", was used to analyze the potential

epitopes on CD47 using PyMOL.[3] CD47-ECD (PDB ID: 5IWL) was set as the

antigen, the binding site of AK117 antibody was restrained in CDRs residues and

100,000 times docking was performed. All docking results were collected, and the

interacting residues of CD47-ECD were recorded. The frequency of each residues

combination was statistically counted and the stability of antigen-antibody complex

they formed was calculated. The residues combination with highest frequency and

acceptable stability was defined as the binding epitopes of AK117 on CD47-ECD.

The docking system was tested by simulating Hu5F9-G4 to recognize the CD47-ECD,

and the top residues combination of L39/E97/T99/L101/T102/E104 was selected,

which was consistent with the PDB structure file description.

CD47-Transmembrane domain (TMD) modeling

The simulated structural data of AK117 and Fab Hu5F9-G4 in complex with
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CD47-ECD were extracted by PyMOL. The PDB file 7MYZ was chosen as CD47

structure framework, which was the whole-length CD47 in complex with an antibody

Fab. The CD47-TMD structure was built for the antibody-antigen complex files. In

Gustavo’s research, this whole-length CD47 was determined by Lipidic cubic phase to

simulate the conformation of CD47 anchored on the cytomembrane. There was a 80

degrees angle between CD47 ECD and TMD. It was reported that Gustavo also used

molecular dynamics to simulate the flexibility of the relative position of the ECD and

TMD domains, suggesting that the CD47 has different conformational states when

anchored on cytomembrane.[4] The crystalline structure was used as the antigen

modeling framework in this study.

Conformational comparison of antibody-antigen complexes

For the construction of whole-length IgG4 antibody, the structure file of PDB:5DK3

was chosen as the frame structure of the hinge and Fc region. The conserved parts (CL

and CH1) in AK117 and Hu5F9-G4 Fab-antigen structure were superposed to the

corresponding parts in IgG4 structure, the original Fab of IgG4 was deleted, and

AK117 and Hu5F9-G4 were linked with the hinge and Fc regions of IgG4.

The antigen part in Fab-antigen simulated structure was also superposed to IgG4

antibody to present the conformation of the whole antibody binding multiple antigens.

CD47 was roughly defined as a bar-shaped protein linking N and C terminals, and

two Fab and Fc regions of IgG4 formed a plane. The angle and the distance between

two bound CD47 proteins were determined. The angle between two antigens was

defined as the angle between N-C terminals lines on the IgG4 antibody plane, and the

distance was the spacing between two C15 residues in CD47-ECD.
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Supplementary Materials

Supplementary Figure S1

AK117 (EC50=0.078 nM)
Hu5F9-G4 (EC50=0.068 nM)

Supplementary Figure S1. Binding activity of AK117 with CD47. 

Binding of AK117 to recombinant ECD of human CD47 was tested by ELISA.
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Supplementary Figure S3
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Supplementary Figure S3. AK117 bound to cynomolgus monkey CD47 with no hemagglutination 

of cynomolgus RBCs. (A) Binding activity of AK117 to cynomolgus monkey CD47 protein was 

examined by ELISA. (B) Binding activity of AK117 or Hu5F9-G4 to cynomolgus monkey RBCs was 

determined by FACS. (C) AK117 does not induce hemagglutination of cynomolgus moneky RBCs, but 

Hu5F9-G4 does.

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-005517:e005517. 10 2022;J Immunother Cancer, et al. Qu T



Supplementary Table S1. Hematological parameters in cynomolgus monkeys 
with different doses of AK117.

A

B

Time points of blood collection: D-1, 2-4 h after administration at D1, D2, D3, D5,  D8, D11 and D15. 
The hematological parameters monitored in individual cynomolgus monkeys: RBC, hemoglobin, 
hematocrit and reticulocyte.

Experimental design: 1 cynomolgus monkey/sex/group, single-dose intravenous injection at 
Day 1, euthanization at Day 15. 
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