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ABSTRACT
Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) is a critical inhibitory checkpoint molecule, and 
monoclonal antibodies (mAbs) targeting CTLA-4 that restore anti-tumor T cell immunity have achieved 
clinical success. Here, we report a humanized IgG1 mAb, namely JS007, with high binding affinity to CTLA- 
4. JS007 shows superior binding affinity and T-cell activating efficiency over ipilimumab. Moreover, it 
demonstrates substantial in vivo tumor suppression efficacy at low doses. The crystal structure of JS007/ 
CTLA-4 complex (PDB: 8HIT) shows JS007 adopts a heavy-chain-dominant binding mode, and mainly 
contacts the BC loop, DE loop and FG loop of CTLA-4. Notably, two Tyr residues (VH-Y100 and VL-Y32) 
from the complementarity-determining region loops insert into the two cavities formed by the residues 
from the loops of CTLA-4, which may contribute to the stabilization of the binding. Comparative analysis 
with other anti-CTLA-4 mAbs indicates that the double “wedge-into-hole” binding mode is unique for 
JS007 and may be responsible for the high-affinity binding to CTLA-4. These findings have provided an 
important molecular understanding of the high-affinity CTLA-4 blockade mAbs and shed light on future 
development of agents targeting CTLA-4.
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Introduction

Immune checkpoint therapy (ICT), or immune checkpoint 
blockade, takes advantage of the restoration of preexisting anti- 
tumor T cell immunity and has reshaped the scenario of clinical 
therapy for tumors.1–3 Cytotoxic T lymphocyte-associated anti-
gen 4 (CTLA-4), first discovered in 1987, competes the common 
ligands B7-1/B7-2 with stimulatory CD28 to negatively regulate 
T cell reactivity and serves as a critical inhibitory checkpoint 
molecule.4 Studies demonstrated that CTLA-4 is mainly 
expressed in regulatory T cells (Treg) and controls immune 
tolerance by enabling Tregs to rip B7-1/B7-2 molecules off the 
antigen-presenting cells.5 The binding of CTLA-4 can induce the 
endocytosis of B7-1/B7-2 molecules into CTLA-4-expressing 
cells, and then result in B7 degradation. Monoclonal antibodies 
(mAbs) that target CTLA-4 to block the interaction between 
CTLA-4 and its ligands have been proven to be beneficial in 
activating anti-tumor immunity, and been approved in clinical 
treatment of multiple tumors.

Currently, two CTLA-4 targeting mAbs, ipilimumab 
(Bristol-Myers Squibb, IgG1 subtype) and tremelimumab 
(AstraZeneca, IgG2 subtype) are extensively investigated in 
clinical trials.6,7 Ipilimumab became the first ICT mAb to be 
commercialized when it was granted an approval by the US 
Food and Drug Administration (FDA) in 2011.8 To date, 
tremelimumab has not been approved as monotherapy, but it 

was approved by FDA in 2022 in combination with Imfinzi 
(anti-PD-L1 durvalumab) for hepatocellular carcinoma.9 

Combination therapy of ipilimumab with anti-PD-1 mAbs 
can substantially improve survival of cancer patients and has 
gained particular interest in recent years.10–13 A large-scale 
Phase 3 clinical trial in patients with advanced melanoma 
revealed that the ipilimumab and nivolumab combination 
arm had a median survival of more than 60 months, whereas 
the ipilimumab-only arm had a median survival of 
19.9 months.14 However, high rates of severe (grades 3–4) 
immunotherapy-related adverse effects (irAEs) were also 
observed with ipilimumab, which is higher than that with anti- 
PD-1 nivolumab (NCT03048136, NCT03048136).15,16 The pH- 
sensitive mAb HL32, which dissociates from CTLA-4 after 
endocytosis and allows CTLA-4 recycling, has been shown to 
decrease immunotherapy-related adverse effects in mouse 
model.17–19 The structures of these mAbs with CTLA-4 have 
been reported and the binding and blocking mechanisms 
defined.20,21 Ipilimumab and tremelimumab bind to the same 
region on CTLA-4 and mainly locate on the front β-sheet, 
which is also occupied by its ligands. The complex structure 
of HL32 and CTLA-4 reveals that multiple histidines are 
observed within the interface and may be responsible for the 
pH-sensitive binding, which is also observed in the structure of 
pH-sensitive mAbs targeting the PD-L1.22
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Here, we identified a CTLA-4 specific humanized mAb 
JS007 with superior binding affinity and tumor suppression 
efficacy over ipilimumab. Structural studies of the interaction 
between JS007 and CTLA-4 revealed that JS007 adopts 
a unique “wedge-into-hole” binding mode to engage the 
CTLA-4, which may be responsible for the high-binding affi-
nity. These findings will greatly enhance our understanding of 
high-binding affinity CTLA-4 blockade antibody and provide 
a structural basis for further engineering modification.

Results

Superior binding, blocking and T cell activating reactivity 
of JS007

By using serial dilutions of JS007 proteins to stain Chinese 
hamster ovary (CHO) cells stably expressing CTLA-4 (CHO- 
CTLA-4), a flow cytometry-based binding assay was performed 
to investigate the dose-dependent binding of JS007. The bind-
ing of ipilimumab was analyzed in parallel as a positive control. 
The results reveal that the concentration for 50% of maximal 
binding (EC50) of JS007 (0.22 μg/mL) is about 6 times lower 
than that of ipilimumab (EC50 = 1.37 μg/mL), indicating JS007 
has a higher binding affinity than that of ipilimumab 
(Figure 1a). The binding characteristics of JS007 and ipilimu-
mab were further analyzed by using a protein-based surface 
plasmon resonance (SPR) assay (Figure 1b). JS007 proteins 

were immobilized on the chip and subsequently saturated 
with serial dilutions of CTLA-4 proteins. Similar to the results 
of the flow-cytometry-based binding assay, the binding affinity 
of JS007 to CTLA-4 (KD = 0.21 nM) is also substantially higher 
than that of ipilimumab (KD = 16.1 nM) (supplementary 
Figure S1 and Table S1).

The blockade of the binding between CTLA-4 and its 
ligands is the key mechanism for CTLA-4-specific mAbs in 
reactivation of anti-tumor T cell immunity. Therefore, the 
blocking efficiencies of JS007 and ipilimumab were further 
tested in a cell-based flow cytometry assay (Figure 1c). The 
binding of CTLA-4 to B7-1 was analyzed by using B7-1-mFc 
proteins to stain CHO-CTLA-4 cells, whereas the blockade of 
CTLA-4/B7-1 interaction was tested with serial dilutions of 
JS007 or ipilimumab proteins pre-incubated with CHO- 
CTLA-4 cells before staining with B7-1-mFc proteins. The 
results demonstrated that JS007 could block the interaction 
between CTLA-4 and B7-1 with 50% inhibition concentration 
(IC50) of 1.096 μg/mL, which was about 4 times lower than that 
of ipilimumab (IC50 = 4.399 μg/mL).

The T-cell activating potency of JS007 was further investi-
gated with primary T cells. We measured the ability of JS007 to 
promote T cell reactivity in vitro by mixed leukocyte reactions 
(MLR) assay using allogeneic human dendritic cells (DC) and 
T cells. Upregulated secretion of IL-2 upon stimulation with 
JS007 was detected in a dose-dependent manner (Figure 1d). 
The fold-change of IL-2 levels in the presence of 2 μg/mL and 

Figure 1. Binding, blocking and T cell activating characteristics of JS007. (a) Flow cytometry-based assay to test the binding between JS007 and CTLA-4, with 
serially diluted JS007 proteins to stain CHO cells stably expressing CTLA-4. (b) SPR analysis of the binding profiles between JS007 and CTLA-4. (c) Flow cytometry-based 
blocking assay to analyze the blocking of CD80-mFc protein to CHO cells stably expressing CTLA-4, with serially diluted JS007 proteins added. The binding and blocking 
of ipilimumab was tested in parallel as control, whereas human IgG1 isotype was analyzed as negative control. (d) Enhanced IL-2 production of T cells stimulated with 
allogeneic human dendritic cells in the presence of varied concentrations of JS007 as indicated. The concentration of IL-2 was measured with ELISA assay. Stimulation 
with serial dilutions of ipilimumab or human IgG1 isotype control were also enrolled as controls. Statistical analysis was calculated with student’s T test. ***, p < .001; **, 
p < .01; *, p < .05; ns, p > .05.
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10 μg/mL JS007 proteins was significantly higher than that of 
ipilimumab (p < .05), whereas JS007 demonstrates comparable 
fold-change of IL-2 levels to ipilimumab at the high concentra-
tion of 50 μg/mL. These results indicate that JS007 engages 
with CTLA-4 with superior binding affinity, blocking efficiency 
and T cell activation potency over ipilimumab.

In vivo tumor suppression of JS007

We next investigated the in vivo tumor inhibition activity of 
JS007 in MC38 and H22 syngeneic tumor model with human 
CTLA-4 knock-in mice. Two groups were included, with JS007 
injected at 0.1 mg/kg (low dose group) or 1 mg/kg (high dose 
group) via intraperitoneal injection twice a week in the MC38 

tumor model. Ipilimumab and IgG1 isotype control mAbs 
were injected at 1 mg/kg as controls. The results showed that 
the tumor volume and tumor weight in the high dose group 
demonstrated substantial tumor suppression efficacy com-
pared with the hIgG1 isotype control group (Figure 2 a and 
b). Of note, both the tumor volume and tumor weight of the 
JS007 high dose group were significantly lower than that of the 
ipilimumab group, suggesting better tumor inhibition efficacy 
of JS007 than ipilimumab (p < .05). The tumor inhibition 
efficacy in H22 syngeneic tumor model demonstrated 
a similar scenario compared to that observed in the MC38 
model (Figure 2 c and d). Both tumor volume and tumor 
weight were substantially lower in the JS007 high dose group 
(0.1 mg/kg) (p < .01). The tumor inhibition efficacy of JS007 

Figure 2. Tumor inhibition potency of JS007 in syngeneic tumor model. (a) The in vivo tumor suppression efficacy of JS007 in hCTLA-4 knock-in mice of the C57BL/6 
background by inoculation of MC38 tumor cell line. JS007 was injected i.p. twice a week in low dose groups (0.1 mg/kg) and high dose group (1 mg/kg). 1 mg/kg of 
ipilimumab or hIgG1 isotype antibodies were injected as control. The data with each dot shows the average tumor volume of the group while the SE was presented as 
longitudinal bars. (b) The tumor weight of each group at the end of the experiment was shown. (c) The in vivo tumor suppression efficacy of JS007 in hCTLA-4 knock-in 
mice of the BALB/c background by inoculation of H22 tumor cell line. JS007 was injected i.p. twice a week in two groups, 0.03 mg/kg low dose group and 0.1 mg/kg high 
dose group. 0.1 mg/kg of ipilimumab or hIgG1 isotype antibodies were injected as control. (d) The tumor weight of each H22 syngeneic tumor group at the end of the 
experiment was shown. Statistical analysis was calculated with Wilcoxon paired T test. *, p < .05; ns, p > .05.
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showed a better trend than that of ipilimumab in the H22 
model, though no statistical significance was 
observed (p > .05).

Structural basis for the interaction between JS007 and 
CTLA-4

To elucidate the molecular mechanism of the binding of JS007 
to CTLA-4, the structure of the CTLA-4 and JS007 complex 
was determined. The single-chain variable fragment (scFv) of 
JS007 and extracellular domain (residues 31–161) of CTLA-4 
(CTLA-4-ECD) were constructed and expressed in E.coli cells 
as inclusion bodies. Soluble JS007-scFv and CTLA-4-ECD pro-
teins were renatured through in vitro refolding processes with 
inclusion bodies. Complex proteins were obtained after co- 
incubation of CTLA-4-ECD and JS007-scFv proteins, and 
were further used for crystal screening (supplementary Figure 
S2). The crystal structure of CTLA-4-ECD and JS007-scFv 
complex was determined at a resolution of 3.2 Å (supplemen-
tary Table S2).

Overall, JS007 uses both the heavy chain (VH) and light 
chain (VL) to bind to CTLA-4, and buries a surface area of 833 
Å2 (Figure 3a). The binding interface mainly locates on the 
N-terminal loop, BC loop, DE loop and FG loop of CTLA-4. 
The three HCDR loops of JS007 form 171 atom-to-atom con-
tacts to the residues from BC and FG loop of CTLA-4, sub-
stantially more than that formed between the LCDR loops of 
JS007 and the residues from N-terminal loop, BC loop and DE 
loop of CTLA-4 (89 atom-to-atom contacts) (supplementary 
Table S3). Ten hydrogen bond interactions are formed between 
CTLA-4 and JS007. Specifically, the HCDR3 loop of VH 
domain (L100, Y101, S102 and Y104) formed five hydrogen 
bonds with residues from BC loop (P63, K65) and FG loop 
(P136) of CTLA-4, indicating a dominant role of HCDR3 in 
the interaction with CTLA-4 (Figure 3b; supplementary Table 
S3). Residues from HCDR1 (Y33), HCDR2 (Y54) and VL (T31, 
Y53 and D92) also formed hydrogen bond interactions with 
residues from BC loop (E59, K65), DE loop (D110), FG loop 
(Y135) and G strand (Y140) (Figure 3c).

The interaction network between JS007 and CTLA-4 
involves multiple aromatic residues. Of note, the 
134MYPPPY139 loop (FG loop) of CTLA-4 dominates the inter-
actions with HCDR1 and HCDR2, and half of the interactions 
with HCDR3. There are two cavities at the clefts formed by 
the BC loop, DE loop and FG loop (Figure 3d). Interestingly, 
Y100 of the HCDR3 inserts into the cavity formed by BC loop 
and FG loop, and forms a hydrogen bond interaction with the 
residue P136 in the cavity (Figure 3e), while Y32 of the LCDR1 
inserts into the cavity formed by BC loop and DE loop and 
formed multiple Van der Waals contacts with the residues 
constituting the cavity. The two Tyr residues, Y100 from 
HCDR3 and Y32 from LCDR1, act like two wedge anchors 
and insert into the two cavities of CTLA-4, stabilizing the 
binding of JS007 with CTLA-4 (Figure 3e). Therefore, we 
propose that the superior binding of JS007 to CTLA-4 mainly 
lies on two aspects: 1) multiple aromatic residues in the CDR 
loops of both VH and VL domain forming complicated 

interacting network with CTLA-4; and 2) the double “wedge- 
into-hole” binding mode with two Tyr anchoring residues 
from JS007 inserting into the holes on the surface of CTLA-4.

The structure of JS007-scFv/CTLA-4 complex was super-
imposed with that of CTLA-4/B7-1 or CTLA-4/B7-2 complex 
(PDB:1I8L and 1I85), respectively. The results reveal that the 
binding of JS007 to CTLA-4 results in steric clash to the 
binding of B7-1 or B7-2, and the competitive binding is mainly 
through the VH domain of JS007. The binding region on 
CTLA-4 by JS007 is overlapped with that by B7-1/B7-2 
(Figure 4 a and c). 23,24 The overlapped binding area mainly 
locates on the FG loop of CTLA-4 (Y135, P137, P138, Y140), 
which is critical for the binding of CTLA-4 to the concave 
surface of B7-1 or B7-2 (Figure 4 b and d). These results 
indicate that the blocking mechanism of JS007 relies on the 
VH domain, which binds to the same region on CTLA-4 
recognized by B7-1 or B7-2, and thereafter interrupts the 
binding of ligands.

Distinct binding epitope of JS007 on CTLA-4

In addition to the structure of the JS007/CTLA-4 complex 
reported here, the complex structure of CTLA-4 with the 
other mAbs, ipilimumab (PDB:6RP8), tremelimumab 
(PDB:5GGV) and HL32 (PDB:6XY2), have been 
reported.19,21,25 Therefore, comparative analysis was further 
performed to elucidate the binding mechanisms of distinct 
CTLA-4-targeting mAbs (Figure 5). Overall, the binding 
epitope of JS007 resembles that of HL32, but is substantially 
distinct from that of ipilimumab and tremelimumab. We 
previously reported that the epitope regions of ipilimumab 
and tremelimumab resemble each other.20,21 Previous stu-
dies reported that the binding affinity between HL32 and 
CTLA-4 (KD = 199 nM) is lower than those of the other 
three mAbs and substantially decreases in low pH condi-
tions, whereas the binding of JS007 is the highest among 
these four mAbs. Comparative structural analysis reveals 
that the buried surface area by HL32 is substantially smaller 
than the other three mAbs. Moreover, the double “wedge- 
into-hole” anchor residues are not presented in HL32, and 
the two cavities in CTLA-4, which are inserted with two 
Tyr anchor residues from JS007, are not occupied in the 
complex structure (supplementary Figure S3). Therefore, 
the comparative analysis indicates that the superior binding 
affinity of JS007 may be predominantly due to the unique 
double “wedge-into-hole” binding mode.

Superposition of CTLA-4 molecules extracted from 
complexes with the four mAbs and its ligands revealed 
that the overall structures of CTLA-4 are highly con-
served, but variations in the loops that connect the strands 
could be observed (supplementary Figure S3). The con-
formations of the two cavities responsible for the double 
“wedge-into-hole” binding of JS007 varied with the CTLA- 
4 molecules extracted from the other complexes, indicat-
ing that these flexible loops accommodate the anchoring 
residues of JS007 through fine tuning to form proper 
cavities.
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CTLA-4 is presented as a cysteine-linked homodimer on the 
cell surface, and we therefore modeled the binding of the full- 
length mAbs to the dimeric CTLA-4 molecules (Figure 6). 
CTLA-4 is formed by two β sheet faces and the dimerization 
mainly positioned carboxy terminal region. We measured the 
distance to see whether a full-length antibody could bind to the 
two CTLA-4 molecules in the dimer. The binding of the mAbs to 
CTLA-4 adopt distinct orientations and the two Fabs of the 
antibody cannot bind simultaneously to the two CTLA-4 mole-
cules in a dimer. On the other side, an antibody may bind to two 
different CTLA-4 dimers that the other binding region of the 
antibody is free and could adopt to bind to another CLTA-4.

Discussion

The anti-tumor effects of CTLA-4 targeting therapeutic mAbs 
mainly rely on two aspects: 1) inhibition of the interaction 
between CTLA-4 and its ligands; and 2) depletion of tumor- 
infiltrated Tregs with high levels of CTLA-4. The first aspect 
substantially depends on the superior binding affinity and 
competitive binding epitope that interrupts the interaction of 
CTLA-4 with its ligands, whereas the second aspect relies on 
the Fc-mediated effector function.26 We demonstrate that 
JS007 binds to CTLA-4 with superior binding affinity over 
ipilimumab, which may be the causative reason for the 

Figure 3. Structural basis for the interaction between JS007-scFv and CTLA-4. (a) Overall structure of the JS007-scFv and dimeric CTLA-4 complex. CTLA-4 is shown as 
cartoon representations in gray, and the heavy (VH) and light chains (VL) of scFv are shown in cyan and Orange, respectively. The CDR1, CDR2 and CDR3 loops of VH are 
colored in yellow, red, and light pink, respectively. The CDR1, CDR2 and CDR3 loops of VL are colored in green, blue and purple, respectively. (b-c) Detailed interactions 
involving the VH domain (b) and VL domain (c) of JS007 within the interface of JS007/CTLA-4 complex. The residues involved in the hydrogen bond interactions are shown 
as sticks and labeled. Hydrogen bonds are shown as dash lines. (d) Highlights of the two Tyr residues from JS007 inserting into the cavities on the surface of CTLA-4. The 
CTLA-4 is shown as electrostatic potential surface and the two Tyr residues present as sticks. (e) Detailed interactions involving the two Tyr residues with residues form the BC 
loop, DE loop and FG loop. Hydrogen bonds are shown as black dash lines, while Van der Waals interactions are shown as yellow dash lines.
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advantages of JS007, including more efficient blocking and 
T cell activating potency.

The binding affinity of JS007 is ~80 times higher than that of 
ipilimumab. Structural analysis demonstrates that the binding 
of JS007 to CTLA-4 mainly locates on the three loops, the BC 
loop, DE loop and FG loop. The interruption of the receptor/ 
ligand interaction by JS007 is mainly due to the competitive 
binding to the residues from FG loop of CTLA-4, which is also 
the main region for the interaction with its ligands. 
Interestingly, two anchoring residues, Y100 from HCDR3 
and Y32 from LCDR1, insert into the two cavities on the 
surface of CTLA-4. This double “wedge-into-hole” binding 
mode may help to stabilize the interaction between JS007 and 
CTLA-4. Moreover, the interaction network between JS007 
and CTLA-4 was mainly formed by multiple aromatic residues 

from the CDR loops of JS007. Therefore, we speculate that the 
two Tyr anchor mediated double “wedge-into-hole” binding 
mode and multiple aromatic residues in the CDR loops are the 
determinants of high affinity binding of JS007 to CTLA-4. 
However, the functional effects of this high affinity mAb, 
especially the toxicity side effects, should be further 
investigated.

The 134MYPPPY139 loop (FG loop) of CTLA-4 is found to 
dominate the interaction with its ligands and contributes ~80% 
of the interactions with B7-1 or B7-2 23–24, and binds to the 
concave surface presented by the front sheets of the ligands. 
Ipilimumab and tremelimumab, the two mAbs most widely 
investigated in clinical trials, bind to similar regions on the 
front sheet of CTLA-4, not the 134MYPPPY139 loop. In con-
trast, both JS007 and HL32 bind to the 134MYPPPY139 loop on 

Figure 4. Competitive binding of JS007-scFv and B7-1/B7-2 with CTLA-4. (a) Superposition of the JS007/CTLA-4 complex structure with CTLA-4/B7-1 complex 
structure (PDB: 1I8L). CTLA-4 is shown as surface diagram in gray, B7-1 in pink, JS007 VH in cyan and VL in Orange, respectively. (b) Binding surface of CTLA-4 by B7-1 or 
JS007. The binding residues by B7-1 on CTLA-4 are colored in pink, whereas residues contacted by the JS007 VH or VL domain are colored in cyan or Orange, 
respectively. The residues contact with both VH and VL are colored in green, and the overlapping residues bound by both B7-1 and JS007 are colored in light pink. (c) 
Superposition of the JS007 /CTLA-4 complex structure with CTLA-4/B7-2 complex structure (PDB: 1I85). B7-H2 is shown as cartoon in brown and the other parts are the 
same as in (a). (d) Binding surface of CTLA-4 by B7-2 or JS007. The binding residues by B7-2 on CTLA-4 are colored in brown, whereas residues contacted by the JS007- 
scFv VH or VL are colored the same as in (b). The residues contact with both VH and VL are colored in green, and the overlapping residues bound by both B7-2 and JS007 
are colored in light blue.
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CTLA-4 with multiple hydrogen bond interactions. The bind-
ing affinity of HL32 to CTLA-4 is comparatively lower than the 
other CTLA-4 mAbs, with a KD value of 199 nM at neutral pH 
conditions.19 Multiple histidines involved in the interface of 
HL32 and CTLA-4 may be responsible for the rapid dissocia-
tion at low pH conditions.19 HL32 has an 18 aa HCDR3 loop, 
substantially longer than the 11 aa HCDR3 loop of JS007. The 
major difference of the binding affinities with CTLA-4 between 
these two mAbs is probably due to the double “wedge-into- 
hole” binding mode.

We found that the loops of CTLA-4 accommodate the 
two anchoring residues of JS007 through fine tuning of their 
conformations. The FG loop is involved in binding to the 
ligands, whereas the BC loop and DE loop do not engage 
with the ligands. The BC loop locates in the middle, while 
the FG loop and DE loop lie on two sides of the BC loop. 
The DE loop and FG loop show no substantial variations 

upon binding to the ligands or mAbs, whereas the BC loop 
adopts varied conformations when binding to different 
ligands or mAbs. The variations of BC loop may preserve 
spaces for the insertion of anchoring residues from the 
mAbs. Therefore, the loops of CTLA-4 could be valuable 
targeting regions for future design of high affinity agents.

In conclusion, JS007 is a CTLA-4-targeting mAb with 
superior binding affinity and blocking efficiency, and shows 
substantial in vivo anti-tumor potency. Structure of JS007/ 
CTLA-4 complex reveals that JS007 mainly binds to the 
loops of CTLA-4 with multiple aromatic residues from the 
CDR loops. Of note, two Tyr anchoring residues from 
JS007 insert into the two cavities on the surface of CTLA- 
4, which may be the determinant factor for the high affinity 
binding. These findings will contribute to an important 
understanding of high-affinity CTLA-4 targeting therapeu-
tic mAbs.

Figure 5. Comparative analysis of the binding areas of JS007, ipilimumab, tremelimumab and HL32. (a-b) The front and back of CTLA-4 is shown in cartoon. (c-h) 
The binding surface of B7-1, B7-2, JS007, ipilimumab, tremelimumab and HL32 on CTLA-4 were depicted and colored as indicated. The binding surface areas for the 
ligand or the corresponding mAbs are labeled below each surface map. (i) Sequence alignment of the CDR loops of the four mAbs.
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Materials and methods

Plasmid construction and protein purification

The coding sequences for heavy chain and light chain of 
ipilimumab were obtained from IMGT®, the international 
ImMunoGeneTics information system® (www.imgt.org/; INN: 
8568). The heavy chain of ipilimumab and JS007 were cloned 
individually into HX1 vector (in-house constructed) with SapI 
restriction site, and the light chain were cloned individually 
into HX2 vector (in-house constructed) with SapI restriction 
site. Ipilimumab and JS007 proteins were expressed in human 
293-Freestyle cells and purified by HiTrap Protein A HP col-
umn (GE Healthcare).

The DNA sequence encoding CTLA-4-ECD (31–161 AA) was 
subcloned as previously described.20 The gene for the scFv of JS007 
was constructed as VL-GG(GGSGG)3-GG-VH and subcloned 
into the pET21a expression vector (Invitrogen). All plasmids 
were transformed into E. coli BL21 (DE3) and the CTLA-4-ECD 
and JS007 scFv proteins were expressed as inclusion bodies and 
refolded as previously described to obtain soluble proteins.20 

Inclusion bodies were collected at 4°C by 12, 000 rpm/min for 
20 min and solubilized in dissolution buffer (50 mM Tris, 100 mM 
NaCl, 10 mM EDTA, 6 M guanidine hydrochloride (Gua HCl), 
10 mM dithiothreitol (DTT), 10% glycerol, pH 8.0) by stirring 
overnight. After centrifuging (12,000 rpm/min for 10 min at 4°C) 
to remove undissolved protein, the solubilized proteins were 

Figure 6. Structural modeling of the binding of full-length antibody to dimeric CTLA-4 on cell surface. (a-b) Structure of dimeric CTLA-4 (a) and the binding of B7- 
1 to dimeric CTLA-4 (b). The B7-1 is depicted in lemon while CTLA-4 in gray. (c-f) Structure of full-length JS007 (c), HL32 (d), ipilimumab (e) and tremelimumab (f) 
antibodies to dimeric CTLA-4. The heavy chain of antibody is presented as cartoon in blue, while the light chain is colored in salmon. The dimeric CTLA-4 is presented as 
surface and colored in gray.
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diluted into refolding buffer (100 mM Tris, 400 mM L-Arginine- 
HCl, 2 mM EDTA, 5 mM GSH, 0.5 mM GSSG, pH 8.0) by stirring 
for 4–6 h in three times. Subsequently, refolded protein was con-
centrated and buffer exchanged into 20 mM Tris·HCl and 150 mM 
NaCl, pH 8, by Amicon ultrafiltration (Millipore) with a 10,000 Da 
molecular mass cut off membrane. The proteins were purified and 
analyzed in an ÄKTA Pure (GE Healthcare Life Sciences) by gel 
filtration chromatography using a HiLoad 16/600 Superdex™ 
200pg column (GE Healthcare Life Sciences). The protein qualities 
were evaluated by reduced and nonreduced 15% SDS–PAGE gel 
and stained with Coomassie blue. The JS007-scFv/CTLA-4 com-
plex was formed by incubating CTLA-4 and JS007-scFv in 1:2.5 
molar ratio at 4°C for 0.5 h. In a similar manner, the complex of 
JS007-scFv/CTLA-4 was purified and analyzed by using HiLoad 
16/600 Superdex™ 200pg column (GE Healthcare Life Sciences) 
and 15% SDS-PAGE gel stained with Coomassie blue.

SPR analysis

The determination of the binding characteristics of JS007 and 
ipilimumab toward human CTLA-4 was performed on Biacore 
T200 system with series S sensor chip CM5 (GE Healthcare, 
Catalog No. BR100530) at 25°C. For surface preparation, 40 µg/ 
mL goat anti-human IgG Fc antibodies (Jackson 
ImmunoResearch, Catalog No. 109–001-008) was immobilized 
on both flow cells of CM5 sensor chip, and then 0.5 μg/mL 
JS007 or ipilimumab was injected into flow cells, with the first 
flow cell as the reference channel, the second flow cell as the test 
channel. For JS007 binding characterization, serially diluted 
recombinant human CTLA-4-His-tag proteins (0.75 nM, 
1.5 nM, 3 nM, 6 nM, 12 nM and 24 nM) were then injected 
through both channels. For ipilimumab binding characterization, 
serially diluted recombinant human CTLA-4-His-tag proteins 
(7.5 nM, 15 nM, 30 nM, 60 nM, 120 nM and 240 nM) were then 
injected through both channels. For each cycle, after antigen 
association and dissociation, the sensor surface was regenerated 
with 10 mM glycine-HCl (pH 1.5). Kinetic binding data were 
analyzed with Biacore T200 Evaluation Software (Version 3.0) 
using 1:1 binding model.

Flow cytometry-based blocking assays

In the flow cytometry-based blocking assay, 1 μg/mL B7-1-mFc 
proteins were incubated with CHO-hCTLA-4 cells, together with 
a titration of JS007 and ipilimumab antibody (a threefold dilution 
series from starting concentration 300 μg/mL and a blank control). 
Cell surface bound B7-1-mFc proteins were subsequently detected 
by incubation with allophycocyanin-labeled goat anti-mouse IgG 
secondary antibody (Abcam, Catalog No. ab130782). Half- 
maximal inhibitory concentrations (IC50) were determined using 
a log (inhibitor) vs. response – variable slope curve fit (GraphPad 
Prism).

Stimulation of T cell reactivity with mixed leukocyte 
reaction assay

A MLR assay was performed to evaluate T cell reactivation 
activity of JS007 and ipilimumab antibodies. CD4+ T cells were 
isolated from peripheral blood mononuclear cells (PBMCs) 

(AllCells) using EasySep human CD4+ T cells enrichment kit 
(StemCell Technologies, Catalog No. 19052). DCs were gener-
ated by incubating PBMCs (AllCells) first with IL-4 (1000 U/ 
mL) and GM-CSF (1000 U/mL), followed by maturation in 
media containing tumor necrosis factor (1000 U/mL), IL-1β 
(5 ng/mL), IL-6 (10 ng/mL), and prostaglandin E2 (1 μM) for 
2 days. 1 × 104 DCs and 1 × 105 CD4 + T cells were seeded in 
RPMI 1640 medium (Gibco, Catalog No. 11875093) in a 96- 
well plate and incubated with serial fivefold dilutions of JS007 
antibody, ipilimumab analogue or control hIgG1 antibody 
from a starting concentration of 50 µg/mL overnight. The 
concentration of IL-2 in culture supernatants was measured 
by human IL2 HTRF kits (Cisbio, Catalog No. 62HIL02PEG) 
3 days later with two duplicated wells for each sample.

In vivo anti-tumor activity in a syngeneic tumor model

The animal experiments were performed in accordance with 
regulations for care and use of laboratory animals at Immune 
Technology Corp, and were approved by Immune 
Technology’s Institutional Animal Care and Use Committee. 
For both syngeneic models, the genetically modified mouse 
strain with human CTLA-4 knocked-in was used. All mice 
were kept in specific pathogen-free conditions.

In the MC38 syngeneic tumor model, human CTLA-4 
knock-in mice were purchased from Jiangsu Biocytogen Co., 
Ltd (strain: C57BL/6-CTLA4tm1(CTLA4)/Bcgen). Eight mice 
were enrolled in each group in MC38 model and 7 mice were 
included for each group in H22 model. Mice were subcuta-
neously inoculated with 1 × 106 MC38 cells in 100 uL phos-
phate-buffered saline on day 0. On day 7, the inoculated mice 
were randomized into four groups (tumor volume averages 
~120 mm3) and treated with JS007 at 0.1 and 1 mg/kg via 
intraperitoneal injection twice a week. In the H22 syngeneic 
tumor model, human CTLA-4 knock-in mice were purchased 
from Shanghai Model Organisms Center, Inc. (strain: BALB/ 
c-Ctla4em1(hCTLA4)Smoc). Mice were subcutaneously inoculated 
with 1 × 106 H22 cells in 100 uL phosphate-buffered saline 
on day 0. On day 5, the inoculated mice were randomized into 
four groups (tumor volume averages ~100 mm3) and treated 
with JS007 at 0.03 and 0.1 mg/kg via intraperitoneal injection 
twice a week. The tumor growth was monitored twice a week 
and the volume of the tumors was calculated by the formula: ½ 
length × width.2

Crystal screening, data collection and structural 
determination

The complex of JS007-scFv/CTLA-4 was concentrated to 
10 mg/mL for crystallization. Diffraction quality crystals of 
the complex of JS007-scFv/CTLA-4 was obtained by sitting 
drop vapor diffusion at 18°C by mixing 1 μL of protein with 
1 μL of reservoir solution. Crystals of JS007-scFv/CTLA-4 
complex grew in 100 mM Tris pH:8.5 30% w/v PEG 4000. 
For the purpose of protecting crystals, they were stored in 
the anti-freezing solution (the mixture of 2.5 μL crystal-
lization buffer and 1 μL 20% (v/v) glycerol) before flash- 
cooling in liquid nitrogen. Diffraction data were collected at 
Shanghai Synchrotron Radiation Facility (SSRF) BL17U. All 
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the datasets were processed with HKL2000 software.27 The 
structures of JS007-scFv and CTLA-4 were determined by 
the molecular replacement method using Phaser with pre-
viously reported antibody (PDB: 5XJ3) and CTLA-4 protein 
structure (PDB: 1I8L) as the search model.20,23,28 The 
atomic models were completed with Coot and refined with 
Phenix.29,30 The stereochemical qualities of the final model 
were assessed with MolProbity.31 All structure figures were 
prepared with Pymol (http://www.pymol.org). Coordinates 
and structure factor of the structure reported here have been 
deposited into the Protein Data Bank with PDB Code: 8HIT.
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