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ABSTRACT
Anti-programmed cell death-1 (PD-1)/PD-ligand-1 (PD-L1) treatments are effective in a fraction of patients 
with advanced malignancies. However, the majority of patients do not respond to it. Resistance to cancer 
immunotherapy can be mediated by additional immune checkpoints. We hypothesized that co-targeting 
of PD-L1 and lymphocyte-activation gene 3 (LAG-3) could provide an alternative therapeutic approach. 
Here, we developed IBI323, a dual blockade bispecific antibody targeting PD-L1 and LAG-3.

We assessed the binding affinity, blocking activity, cell bridging effect, and immunomodulation func-
tion of IBI323 using in vitro assays. We also evaluated, in two humanized mouse models, anti-tumor effects 
and antitumor T cell immunity induced by IBI323.

IBI323 bound to PD-L1 and LAG-3 with similar potency as its parental antibodies and blocked the 
interaction of PD-1/PD-L1, CD80/PD-L1, and LAG-3/MHC-II. Moreover, IBI323 mediated the bridging of PD- 
L1+ cells and LAG-3+ cells and demonstrated superior immune stimulatory activity compared to each 
parent antibody in mixed leukocyte reaction. In PD-L1/LAG-3 double knock-in mice bearing human PD-L1 
knock-in MC38 tumors, IBI323 showed stronger anti-tumor activity compared to each parental antibody. 
The better antitumor response correlated with increased tumor-specific CD8+ and CD4+ T cells. IBI323 
also induced stronger anti-tumor effect against established A375 tumors compared with combination in 
mice reconstituted with human immune cells.

Collectively, these data demonstrated that IBI323 preserved the blockade activities of parental anti-
bodies while processing a novel cell bridging function. Based on the encouraging preclinical results, 
IBI323 has significant value in further clinical development.
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Introduction
Under healthy conditions, the immune system protects the host 
from allergy, autoimmunity, and exaggerated inflammation via 
negative regulators and checkpoints that limit the immune 
response. Tumors exploit these mechanisms to escape immune 
surveillance and promote immune evasion. The interaction of 
programmed cell death-ligand-1 (PD-L1) with its receptor 
programmed death-1 (PD-1), which is found in lymphocytes 
and monocytes,1 is one of the major pathways exploited by 
cancer cells for immune evasion.2 PD-L1 is constitutively 
expressed in a wide variety of tumors and has been associated 
with clinical response.3,4 Binding of PD-L1 to PD-1 on acti-
vated T cells inhibits anti-tumor immunity by counteracting 
T cell-activating signals.2,5 Therapeutic antibodies blocking the 
PD-(L)1 signal restore anti-tumor immunity and lead to dur-
able tumor regression.6–8 At present, antibodies targeting the 
PD-L1/PD-1 axis are being evaluated in various clinical trials 
and have been approved for the treatment of more than 20 
types of cancer.

Despite the success of anti-PD-(L)1 immunotherapy in 
a fraction of patients, the majority of patients with advanced 

malignancies still do not respond. This suggests that resistance to 
cancer immunotherapy can be mediated by additional immune 
checkpoints. There are intense ongoing efforts to identify new 
immune checkpoints and to develop approaches that can expand 
the benefits of immunotherapy to a larger patient pool. Among 
potential targets, LAG-3 has emerged as a possible candidate 
based on encouraging results in pre-clinical studies and clinical 
trials. LAG-3 is a transmembrane protein primarily found on 
activated T cells and a subset of natural killer (NK) cells, where it 
mainly functions as a receptor that delivers inhibitory signals.9– 

11 The LAG-3 protein consists of four extracellular immunoglo-
bulin (Ig)-like domains (D1–D4) with high homology to CD4 
and indeed binds to major histocompatibility complex class II 
(MHC-II) with a higher affinity than CD4.9,12 Studies in LAG-3 
knock-out mice demonstrated an inhibitory role of LAG-3 in 
regulating CD8+ and CD4+ T cell proliferation.13 Currently, 
monoclonal antibodies (mAbs) that block the interaction of 
LAG-3 with its canonical ligand, MHC-II, are being evaluated 
for their antitumor activity in clinical trials14 (NCT02460224, 
NCT01968109, and NCT02720068), and limited responses have 
been reported as monotherapy.
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Co-expression of LAG-3 and PD-1 on intra-tumoral T cells 
has been observed in several mouse tumor models, and the 
combination of anti-PD-(L)1 and anti-LAG-3 antibodies 
synergistically inhibits tumor growth in preclinical tumor 
models.15–17 Moreover, human tumor tissues showed co- 
expression of LAG-3 and PD-1 in infiltrated lymphocytes, 
which is associated with the exhaustion program of T cells, 
exemplified by impaired interferon (IFN)-γ and tumor necro-
sis factor (TNF)-α production.10,18 These studies generated 
a rationale for blocking both LAG-3 and PD-(L)1 molecules 
in a clinical setting. In a phase III trial in first-line melanoma, 
relatlimab combined with nivolumab resulted in a significantly 
longer median PFS compared with nivomumab alone (10.1 
versus 4.6 months). At 1 year, PFS rates were 47.7% for patients 
receiving the immunotherapy combination and 36.0% for 
those receiving nivolumab alone.19

Several bispecific antibodies (BsAbs) targeting the PD-(L)1 
and LAG-3 axes are currently in the pre-clinical or early clin-
ical research stage. MGD013, which is generated using the 
Dual-Affinity Re-Targeting platform, coordinately blocks PD- 
1 and LAG-3. The safety profile of MGD013 in the Phase 
I study is, in general, consistent with anti-PD-1 monotherapy. 
Anti-tumor activity of MGD013 as monotherapy has been 
observed in patients across several tumor types.20 FS118 is 
a tetravalent antibody against human PD-L1 and LAG-3. 
Mechanistic studies revealed that a mouse surrogate of FS118 
treatment decreased LAG-3 expression in T cells by enhancing 
LAG-3 shedding, but did not result in any significant change of 
T cells in tumor-infiltrating lymphocytes. However, the anti- 
tumor activity and mechanism of action of FS118 have not 
been investigated in humanized mouse models.21

Here, we developed IBI323, an anti-PD-L1/LAG-3 bispecific 
antibody based on LAG-3 mAb and PD-L1 single-domain 
antibodies (sdAbs). We characterized the affinity, blocking 
function, cell bridging effect, and immunomodulatory activity 
of IBI323 in vitro. In two humanized mouse models, we further 
investigated its in vivo antitumor efficacy and mechanisms of 
action.

Materials and methods

Reagents

IBI323, IBI110, and Bi127 were produced by Innovent 
Biologics Co., Ltd. (Suzhou, China). Human IgG was pur-
chased from Equitech-Bio (Kerrville). Peripheral blood mono-
nuclear cells (PBMCs) and dendritic cells (DCs) were 
purchased from AllCells (Shanghai, China). Cynomolgus 
macaque PBMCs were purchased from Sailibio (Shanghai, 
China).

Antibody generation and purification

IBI110 was generated from Adimab fully human IgG platform 
based on yeast display technology. Sixty-nine clones against 
LAG-3 were identified. After several rounds of primary screen-
ing based on binding affinity, blocking activity and specificity, 
five anti-LAG-3 antibody clones were selected for affinity 
maturation. 55 antibodies with improved affinity were 

obtained. After the second round of functional screening, 
IBI110 was selected as the most promising molecule. IBI110 
was produced by CHO cells, captured on protein A resin and 
then polished from antibody fragments by cation exchange 
chromatography (CEX).

Anti-human PD-L1 sdAb was isolated from a phage-display 
sdAb library derived from antibody repertoire of camel immu-
nized with PD-L1 antigen. Bi127 was constructed by fusing two 
sdAbs specific for PD-L1 to the N terminus of IgG1-Fc domain 
with LALA mutation. Bi127 was stably expressed by CHO cells 
and captured on protein A resin.

IBI323 was produced by CHO cells, captured on protein 
A resin and then polished from antibody fragments by CEX.

Mice

All animal experiments were performed in accordance with 
regulations for care and use of laboratory animals at Innovent 
Biologics, and were approved by the Institutional Animal Care 
and Use Committee. NOG mice were purchased from Vital 
River Laboratory Animal Technology Co., Ltd. (strain: 408). 
Human PD-L1/LAG-3 double knock-in mice were purchased 
from Beijing Biocytogen Co., Ltd (strain: C57BL/6-CD274tm1 

(hCD274)LAG3tm1(hLAG3)). Briefly, the exon 3 of mouse PD-L1 
gene that encodes the extracellular domain was replaced by 
human PD-L1 exon 3. The exons 2–7 of mouse Lag3 gene that 
encode the extracellular domain were replaced by human 
LAG3 exons 2–7 to get the double knock-in mice. All mice 
were maintained under specific pathogen-free conditions.

Surface plasma resonance (SPR) analysis of 
antibody-binding kinetics

SPR analysis was performed in HBS-EP+ (BR-1006-69, GE 
Healthcare) running buffer using the GE Biacore T200. First, 
human PD-L1 (PD1-H5229, Acro Biosystems Inc.) and human 
LAG-3 (LA3-H5222, Acro Biosystems) were immobilized onto 
a CM5 sensor chip (29–1496-03, GE Healthcare) at 300 RU and 
180 RU, respectively. For PD-L1 affinity detection, serial two-fold 
dilutions of each antibody (with a starting concentration of 
10 nM) as well as blank running buffer were injected and flowed 
over the sensor surface with an association time of 180 s and 
a dissociation time of 600 s in each running cycle. A mixture of 
10 mM glycine (pH 1.5, BR-1003-54, GE Healthcare) and 10 mM 
glycine (pH 2.0, BR-1003-55, GE Healthcare) (v/v = 1:2) was 
injected for sensor regeneration. For LAG-3 affinity detection, 
serial two-fold dilutions of each antibody (with a starting con-
centration of 40 nM) were flowed over the LAG-3 sensor surface 
with an association time of 180 s and a dissociation time of 600 
s. At the end of each cycle, a pulse injection of 3 M MgCl2 (BR- 
1008-39, GE Healthcare) was used for sensor regeneration. Raw 
data were processed using a 1:1 binding model in the Biacore 
T200 evaluation software version 3.1.

Bio-layer interferometry (BLI) analysis of IBI323-antigen 
interactions

To assess the capacity of IBI323 to bind PD-L1 and LAG-3 
simultaneously, biotinylated human PD-L1 (100 nM) was 
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directly coupled to a streptavidin sensor chip for 100 s. The 
sensor chips were dipped into 100 nM IBI323 solution for 300 
s and then moved to 100 nM human LAG-3 solution for 100 
s. Signal was measured using a FortéBio-based (Fremont) 
biolayer interferometry (BLI) (Pall: OctetRED96).

Cell line construction

CHO-S cells were purchased from Invitrogen (Carlsbad, USA) 
and transfected to stably express human PD-L1 according to 
the manufacturer’s instructions using the Freedom CHO-S Kit 
(Invitrogen, USA). FreeStyleTM 293-F cells were purchased 
from Thermo Fisher Scientific and transfected to stably express 
human LAG-3. The human PD-L1 knock-in MC38 cell line 
was constructed by Nanjing Galaxy Biopharma Co., Ltd. 
Briefly, mouse PD-L1 was replaced by human PD-L1 expres-
sion frame based on CRISPR/Cas9 technology.

Cell-based binding assay

The binding activity of antibodies to target-expressing cells was 
assessed using CHO-S cells stably expressing PD-L1, 293-F 
cells stably expressing LAG-3, and human CD4+ T cells iso-
lated from PBMCs using EasySepTM human CD4+ T cell 
enrichment kit (StemCell Technologies, USA). To induce 
LAG-3 and PD-L1 expression, human CD4 + T cells were 
activated by Dynabeads® Human T-Activator CD3/CD28 
(GIBCO, USA) for 3 days. Briefly, cells were stained with 
serially diluted IBI323, Bi127, IBI110, or IgG1 control for 
30 min at 4°C and then washed in phosphate buffered saline 
(PBS) and stained with a secondary phycoerythrin (PE)-labeled 
anti-human IgG for 30 min at 4°C. Thereafter, cells were 
washed and suspended in PBS for flow cytometry analysis 
and mean fluorescence intensity (MFI) was calculated. To 
assess the binding activity of antibodies to cynomolgus LAG- 
3 and PD-L1, PBMCs from cynomolgus macaque were acti-
vated by concanavalin A (Acro Biosystems, China) for 3 days 
and stained with APC-labeled anti-CD4 antibody (Cat. 
#317416, BioLegend) to gate CD4+ T cells. To check the co- 
expression of PD-L1 and LAG-3 in activated CD4+ T cells, cells 
were mixed with human TruStain FcXTM (Biolegend) and 
incubate at room temperature for 5–10 minutes, followed by 
staining with 100 nM Alexa Fluor 488-labeled IBI110 and 
100 nM AF-647-labeled Bi127 for 30 min at 4°C. Cells were 
washed in PBS followed by FACS analysis.

Blocking assays

CHO-S-hPD-L1 cells were incubated with serially diluted 
IBI323, Bi127 or hIgG antibody (with a starting concentration 
of 600 nM) at 4°C for 30 min, and then washed in PBS twice. 
2 μg/mL PD-1-mouse Fc protein (Acro Biosystems, China), or 
5 μg/mL CD80-mouse Fc protein (Acro Biosystems, China) 
was added into the above cells and incubated for 30 min at 4°C. 
Cells were washed with PBS and stained with a secondary 
APC-labeled anti-mouse IgG Fc (Biolegend, USA) for 30 min 
at 4°C. Thereafter, cells were washed and suspended in PBS for 
FACS analysis and calculation of mean fluorescence inten-
sity (MFI).

For LAG-3/MHCII blocking, serially diluted IBI323, IBI110, 
or IgG1 antibody (with a starting concentration of 600 nM) 
were mixed with LAG3-mouse Fc protein (Acro Biosystems, 
China) at the concentration of 3 μg/mL and incubated at 4°C 
for 30 min. The mixture was then added into CHO cells over-
expressing human MHC class II. After 30 min incubation, cells 
were washed with PBS and stained with a secondary APC- 
labeled anti-mouse IgG Fc (Biolegend, USA) for 30 min at 
4°C. Thereafter, cells were washed and suspended in PBS for 
FACS analysis and calculation of mean fluorescence inten-
sity (MFI).

Luciferase reporter assays

The ability of antibody to block PD-1 signaling and conse-
quently activate T cells was tested by PD-1/PD-L1 blockade 
bioassay (Promega, USA). The assay consists of two genetically 
engineered cell lines: effector cells, which are Jurkat T cells 
expressing human PD-1 and a luciferase reporter driven by 
an NFAT response element; and APC/CHO-K1 cells, which are 
CHO-K1 cells expressing human PD-L1 and an engineered cell 
surface protein designed to activate cognate TCRs in an anti-
gen-independent manner. PD-L1-expressing CHO-K1 cells at 
a density of 4 × 104 cells per well were co-incubated with Jurkat 
T effector cells at a density of 4 × 104 cells per well in the 
presence of serially diluted antibodies for 6 h. The Bio-Glo 
luciferase assay reagent (Promega, USA) was added, and lumi-
nescence was measured on a SpectraMax i3x reader (Molecular 
Devices, USA).

The ability of antibody to block LAG-3 signal and conse-
quently activate T cells was tested in LAG-3/MHCII Blockade 
Bioassay (Promega, USA) according to the manufacturer’s 
instructions. MHC APC cells at a density of 4 × 104 cells per 
well were co-incubated with Jurkat T cells, which express 
human LAG-3 and a luciferase reporter driven by T-cell acti-
vation pathway-dependent response elements, at a density of 
4 × 104 cells per well in the presence of HA-peptide (TCR 
activating antigen, part of hemagglutinin from influenza 
A virus) and serially diluted antibodies for 6 h. The Bio-Glo 
luciferase assay reagent (Promega, USA) was added, and lumi-
nescence was measured on a SpectraMax i3x reader (Molecular 
Devices, USA).

Crosslinking of PD-L1+ cells with LAG-3+ cells

CHO-S-hPD-L1 cells and 293-F-LAG-3 cells were labeled with 
CellTrace™ Violet (Thermo Fisher Scientific, USA) and 
CellTracker™ Far Red (Thermo Fisher Scientific), respectively. 
The labeled cells were mixed in the ratio of 1:1 and incubated 
with IBI323, Bi-127, IBI110 or an IgG1 control, followed by 
double positive event detection by flow cytometry.

MDA-MB-231 tumor cells and Jurkat T cells were labeled 
with CellTraceTM CFSE and CellTrackerTM Violet, respec-
tively. Because Jurkat T cells express both PD-L1 and LAG-3, 
to eliminate the interaction between Jurkat T cells, MDA-MB 
-231 cells were first incubated with IBI323, Bi127, IBI110, or 
IgG1 control for 30 min at 4°C. After washing in PBS, MDA- 
MB-231 cells were mixed with Jurkat-LAG-3 cells at 1:1 ratio 
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for 1 h at room temperature, followed by double positive events 
detection by flow cytometry.

Mixed lymphocyte reactions

DCs (1 × 104) and CD4+ T cells (1 × 105) were seeded in RPMI 
medium containing 0.1 ng/mL staphylococcal enterotoxin 
E (Toxin Technology, USA) in a 96-well plate and incubated 
with serial five-fold dilutions of IBI323, Bi127, IBI110, and IgG 
(with a starting concentration of 200 nM). Four days later, the 
concentration of INF-γ and interleukin (IL)-2 in culture super-
natant was measured using a Cisbio (Bedford, USA) kit.

Tumor models

MC38-hPD-L1 tumor model in human PD-L1/LAG-3 knock-in 
mice
Human PD-L1 knock-in MC38 cells (1.5 × 106) were 
implanted subcutaneously into the right flank of PD-L1 
/LAG-3 double knock-in female mice. On day 6 post-tumor 
implantation, mice were randomized into five groups (n ≥ 5 in 
each group) with a mean tumor volume of approximately 
130 mm3. On days 6, 10, 14, 17, and 21 post implantation, 
mice were intraperitoneally (i.p.) administered with equalmo-
lar of IBI110 (5 mg/kg), Bi127 (2.6 mg/kg), IBI323 (5.8 mg/kg), 
human IgG (5 mg/kg), and a relatively lower dose of IBI323 (1 
mg/kg). Tumor volume and body weight were measured twice 
a week. Tumor volume was calculated using the formula: 
(length × width2)/2. Mice were euthanized when tumor volume 
reached 2000 mm3.

A375 tumor model in humanized NOG mice
For unstaged A375 tumor model, A375 tumor cells (ATCC, 
CRL-1619TM, 5 × 106) were implanted subcutaneously into 
the right flank of female NOG mice 5 days after human PBMC 
(2.5 × 106) i.v. injection. hIgG (11.6 mg/kg) and IBI323 
(3.5 mg/kg or 11.6 mg/kg) were injected i.p. 1, 7, 10, 13, and 
16 days after tumor cell implantation. Tumor growth and body 
weight were measured twice a week.

The anti-tumor efficacy of IBI323 and anti-PD-L1 + anti- 
LAG3 was studied in established A375 tumor model. Five days 
after A375 melanoma cells (5 × 106) implantation, when 
tumors are well-established, PBMC (2.5 × 106) were injected 
intravenously. Mice were treated with hIgG (30.4 mg/kg), 
IBI110 (10 mg/kg) + Bi127 (5.2 mg/kg), IBI110 (20 mg/kg) + 
Bi127 (10.4 mg/kg), IBI323 (11.6 mg/kg), or IBI323 (23.2 mg/ 
kg) on day 8, 11, 15, 18 and 22. Tumor growth and body weight 
were measured twice a week.

Flow cytometry analysis of tumor-infiltrating cells

Flow cytometry analysis of single-cell suspensions from tumors 
and blood was performed using anti-mouse CD45 (Cat. 
#103134, BioLegend), anti-mouse CD3 (Cat. #100216, 
BioLegend), anti-mouse CD4 (Cat. #741912, BD Biosciences), 
anti-mouse CD8a (Cat. #563786, BD Biosciences), anti-mouse 
TNF-α (Cat. #506328, BioLegend), anti-mouse granzyme 
B (Cat. #372206, BioLegend), and anti-mouse IFN-γ (Cat. 
#505837, BioLegend). Staining of intracellular TNF-α, and 

IFN-γ was performed following the manufacturer’s instruc-
tions (eBioscience). Before intracellular TNF-α and IFN-γ 
staining, lymphocytes were incubated with or without IFN-γ- 
stimulated (50 IU/mL, 48 h) MC38-PD-L1 cells for 6 h at 37°C 
in the presence of brefeldin A (BioLegend). Cells were analyzed 
using a BD FACSCelesta flow cytometer (BD Biosciences) with 
FlowJo software.

Statistical analyses

Results are presented as mean ± standard error of the mean 
(SEM). Statistical analyses were performed using GraphPad 
Prism 6.0 statistical software (GraphPad Software Inc). 
Survival curves were compared using the log-rank test. 
A p-value <0.05 was considered significant (*p < .05, 
**p < .01, and ***p < .001).

Results

Generation of IBI323, a BsAb targeting human PD-L1 and 
LAG-3

IBI323 is a human IgG1 BsAb targeting PD-L1 and LAG-3 with 
reduced Fc-mediated antibody effector functions. Anti-LAG-3 
mAb IBI110 was generated from Adimab fully human IgG 
platform based on yeast display technology. IBI110 was 
selected as the final lead molecule due to its high binding 
affinity and specificity to LAG-3, potent LAG-3/MHCII block-
ing activity, and enhance T-cell response. Two anti-PD-L1 
sdAbs were fused to the C-terminus of heavy chain of the anti- 
LAG3 mAb with a flexible (GGGGS)2 linker (Figure 1a). The 
introduction of LALA mutations (LALA, L234A, L235A)22 to 
the Fc portion reduced Fc-mediated antibody-dependent cell- 
mediated toxicity (ADCC) and complement-mediated cyto-
toxicity (data not shown).

Binding and blocking properties of IBI323

We first evaluated the binding of IBI323, Bi127 and IBI110 to 
human PD-L1 and LAG-3 by SPR. As shown in Figure 1b and 
Table 1, the binding affinity of IBI323 to PD-L1 was preserved 
relative to its parental antibody Bi127. The binding affinity of 
IBI323 to LAG-3 was 671 pM, which was similar to that of 
IBI110 (675 pM, Figure 1c and Table 1). As expected, IBI323 
bound simultaneously to human PD-L1 and LAG-3 (Figure 
1d). Relatively high affinity for PD-L1 was selected to enable 
effective tumor targeting.

To confirm the binding ability of IBI323 to PD-L1 and 
LAG-3 molecules on cell surface, flow cytometry was per-
formed using either CHO-S cells stably expressing PD-L1 or 
293-F cells expressing LAG-3. IBI323 exhibited dose- 
dependent binding to both of the two target-overexpressing 
cell lines, resulting in an EC50 value of 4.74 nM for PD-L1- 
expressing cells and 1.25 nM for LAG-3-expressing cells 
(Figure 1e and f).

We further measured the binding ability of IBI323 to pri-
mary T cells in vitro using human CD4+ T cells. After activa-
tion by Dynabeads™ Human T-Activator CD3/CD28, CD4+ T 
cells expressed high levels of PD-L1 and moderate levels of 
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Figure 1. IBI323 binds to human PD-L1 and LAG-3. (a) Schematic structure of IBI110, Bi127 and IBI323. (b) Binding affinity and kinetics of IBI323 and its parental Fc-fused 
PD-L1 single-domain antibodies to PD-L1 determined by surface plasma resonance. (c) Binding affinity and kinetics of IBI323 and its parental LAG-3 mAb to LAG-3 
determined by surface plasma resonance. (d) Simultaneous binding of IBI323 to human PD-L1 and LAG-3 measured by biolayer interferometry. (e) Binding of IBI323 and 
its parental antibodies to PD-L1-expressing CHO-S cells. (f) Binding of IBI323 and its parental antibodies to LAG-3-expressing 293-F cells. Cells were incubated with 
serially diluted IBI323, IBI110, Bi-127 or IgG1 antibody, followed by a PE-conjugated anti-human IgG. MFI was determined by flow cytometry. (g) Flow cytometry analysis 
of PD-L1 and LAG-3 expression on activated CD4+ T cells. (h) Flow cytometry analysis of PD-L1 and LAG-3 co-expression in activated CD4+ T cells. (i) Primary cell-based 
binding assay for IBI323, its parental antibodies, and human IgG using activated human CD4+ T cells and anti-human Fc-PE secondary antibody. Data are representative 
of three independent experiments or three donors.
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LAG-3 (Figure 1g). Approximately 13.9% of activated CD4 
+ cells co-expressed PD-L1 and LAG-3 (Figure 1h). 
Accordingly, both Bi127 and IBI110 showed dose-dependent 
binding to activated CD4+ T cells, and Bi127 exhibited a much 
higher MFI for binding to T cells. IBI323 was able to bind CD4 
+ T cells; Interestingly, instead of an addictive effect, the max-
imum MFI of IBI323 was similar to that of Bi127, suggesting 
a cis-binding of IBI323 to a single cell or a trans-binding of 
IBI323 to two T cells (Figure 1i). A similar binding pattern was 
observed in primary cynomolgus macaques CD4+ T cells 
(Supplementary Figure 1).

IBI323 induces T-cell activation by blocking the PD-L1 and 
LAG-3 axes

The ability of IBI323 to block PD-L1 interaction with PD-1 or 
CD80 was tested using PD-L1-overexpressing CHO-S cells. 
IBI323 was found to completely block PD-L1-expressing cells 
from binding to PD-1 and CD80 (PD-1/PD-L1 blocking IC50: 
bispecific = 23.99 nM, Bi127 = 16.85 nM; PD-1/CD80 blocking 
IC50: bispecific = 14.96 nM, Bi127 = 11.63 nM; Figure 2a and 
b). In addition, IBI323 completely blocked MHC-II from bind-
ing to LAG-3 expressed on 293-F cells (LAG-3/MHC-II 

blocking IC50: bispecific = 39.75 nM, Bi127 = 39.56 nM; 
Figure 2c). These experiments demonstrated that the blockade 
potency of IBI323 for each target was preserved (within two-
fold) relative to the parental antibodies.

Targeted blockade of the PD-1/PD-L1 axis with immune 
checkpoint inhibitors can break suppression and promote 
T cell activation. The ability of IBI323 to activate T cells by 
blocking PD-L1 was tested in a PD-1/PD-L1 blockade reporter 
assay. Jurkat cells engineered to express PD-1 and a luciferase 
reporter driven by an NFAT promoter were co-cultured with 
CHO-K1 cells expressing PD-L1. As expected, the addition of 
increasing concentration of IBI323 or Bi127 led to a dose- 
dependent increase in luciferase expression (Figure 2d). 
Similarly, IBI323 and IBI110 induced Jurkat cell activation by 
blocking the interaction between LAG-3 expressed on Jurkat 
cells and MHC-II presented on antigen-presenting cells 
(APCs) (Figure 2e).

IBI323 enhances T cell activation by crosslinking PD-L1 
+ APCs with LAG-3 + T cells

We further assessed the binding potential of IBI323 to PD- 
L1 and LAG-3 molecules on two different cells simulta-
neously. CellTrace™ Violet-labeled PD-L1-expressing CHO-S 
cells and CellTracker™ Far Red-labeled LAG-3-expressing 
293-F cells were mixed 1:1 and incubated with IBI323, Bi- 
127, IBI110, or an IgG1 control, followed by double positive 
events detection by flow cytometry. While only a basal level 
of cell complexes formed in samples incubated with IgG1 or 
each parental antibody; IBI323 increased the doublets of PD- 

Table 1. Affinity of IBI323, IBI110 and Bi127 to human PD-L1 and LAG-3 measured 
by SPR.

Antibody Antigen ka (1/Ms) kd (1/s) KD (M)

IBI323 hLAG-3 2.45 (± 0.01) E05 1.69 (± 0.36) E-04 6.71 (± 1.34) E-10
IBI110 2.59 (± 0.27) E05 1.73 (± 0.34)E-04 6.77 (± 1.80) E-10
IBI323 hPD-L1 9.17 (± 0.62) E05 1.21 (± 0.14) E-04 1.32 (± 0.07) E-11
Bi127 2.16 (± 0.06) E06 1.80 (± 0.05) E-04 8.33 (± 0.01) E-11

Figure 2. IBI323 activates T cells by blocking the interaction of PD-L1/PD-1 and LAG-3/MHC-II. (a) IBI323 completely blocks the interaction of PD-1 with PD-L1 expressed 
on CHO-S cells. Cell-based blocking assay was conducted for IBI323, Bi127, and IgG using PD-L1-expressing cell line and PD-1-Fc protein. After incubation and washing, 
PD-1-Fc was detected by anti-human Fc-PE secondary antibody. (b) IBI323 completely blocks the interaction of CD80 with PD-L1 expressed on CHO-S cells. (c) IBI323 
completely blocks the interaction of LAG-3 with MHC-II expressing CHO-S cells. (d) IBI323 blocks PD-1/PD-L1 interaction and promotes T-cell activation in a PD-L1 
blockade reporter assay. Jurkat T cells engineered to express human PD-1 with a luciferase reporter driven by an NFAT response element were co-cultured with CHO-K1 
cells expressing PD-L1 and an artificial T cell receptor activator. Serially diluted IBI323, IBI110, Bi-127, or IgG1 control was added and luminescent signal was measured 
after 6 h. (e) IBI323 blocks LAG-3/MHC-II interaction and promotes T-cell activation in a blockade reporter assay. Jurkat T cells engineered to express LAG-3 with 
a luciferase reporter driven by an NFAT response element were co-cultured with APCs expressing MHC-II in the presence of HA-peptide. Serially diluted IBI323, IBI110, Bi- 
127, or IgG1 was added and luminescent signal was measured after 6 h. All the data are representative of at least three independent experiments.
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L1+ cells and LAG-3+ cells dramatically (Figure 3a). With 
increase in IBI323 concentration, the proportion of cell com-
plexes increased. Interestingly, when the concentration of 
IBI323 was higher than 1 nM, the proportion of cell com-
plexes decreased (hook effect23), suggesting the existence of 
a strong crosslinking effect when PD-L1 and LAG-3 mole-
cules are not saturated by IBI323. At a concentration of 
0.32 nM, the proportion of double positive events in IBI323- 
treated sample was 14.7%, while that in sample treated with 
hIgG was 1.74% (Figure 3b).

We confirm the bridging effect of IBI323 using PD-L1 
+ MDA-MB-231 tumor cells and LAG-3+ Jurkat T cells. This 
system can better mimic the interaction between antigen- 
presenting tumor cells and T cells. The expression level of PD- 
L1 on MDA-MB-231 tumor cells was ~30 times lower than 
CHOS cells and the expression level of LAG-3 on Jurkat T cells 
is ~2 times lower than HEK293 cells (Supplementary Figure 2a 
and b). Accordingly, we observed a lower, but significant 
percentage increase of doublets after incubation with IBI323 
(Supplementary Figure 2c and d). This experiment indicates 

that IBI323 also mediates the interaction of antigen-presenting 
cells and T cells.

Since IBI323 is capable of mediating the crosslinking of PD- 
L1+ cells and LAG-3+ cells, it might enhance T cell activation 
by stabilizing immune synapses formed between PD-L1+ APCs 
and LAG-3 + T cells. PD-L1 expression level on dendritic cells 
was shown in Supplementary Figure 3. We measured the 
ability of IBI323 to promote T cell response in vitro by mixing 
primary human CD4+ T cells with DCs. While Bi127 induced 
more IFN-γ and IL-2 secretion than IBI110, IBI323 further 
enhanced IFN-γ and IL-2 secretion in a dose-dependent man-
ner (Figure 3c).

Anti-tumor efficacy of IBI323 in humanized mouse models

Initially, we tested the antitumor effect of IBI323 in human PD- 
L1/LAG-3 double knock-in mice bearing human PD-L1 
knock-in MC38 colon carcinoma. Human PD-L1 expression 
in MC38 cells was validated by flow cytometry (Supplementary 
Figure 4a). Double knock-in mouse model was validated with 

Figure 3. IBI323 generates clustering of cells and enhances primary T-cell activation. (a) IBI323, IBI110, Bi127, or IgG was added to a 1:1 mix of Violet-labeled PD-L1- 
expressing CHO-S cells and Far Red-labeled LAG-3-expressing 293-F cells. The formation of cell complexes was determined by flow cytometry. Mean percentages of 
double positive events are shown for each treatment group. Data are representative of three independent experiments. (b) Representative flow plot showing the 
percentage of double positive cell complexes. (c) Dual blockade of PD-L1/LAG-3 pathway with IBI323 enhances CD4 + T-cell function in an allogeneic MLR. IFN-γ and IL-2 
secretion in culture was measured after co-culturing CD4 + T cells with monocyte-derived DCs for 3 days with IBI323, IBI110, Bi127, or IgG1. Data are derived from 
human PBMC from 2 healthy donors.
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the commercial anti-PD-L1 antibody atezomizumab. 20 mg/kg 
of atezolizumab dramatically inhibited MC38-PD-L1 tumor 
growth. Two out of six mice are tumor-free by day 34 in 
atezolizumab treated group (Supplementary Figure 4b). We 
used the same mouse model to study the antitumor effect of 
IBI323. Six-day post-subcutaneous implantation of MC38 cells, 
mice were treated with equalmolar of human IgG, IBI110, 
Bi127, IBI323, or relatively lower dose of IBI323. As shown in 

Figure 4a, IBI323 inhibited tumor growth in a dose-dependent 
manner. While IBI110 or Bi127 monotherapy inhibited tumor 
growth for a short period of time, equalmolar of IBI323 was 
more effective, resulting in a cure rate of 80% (Figure 4b). 
On day 21, IBI323-treated mice showed a significant reduction 
in tumor volume relative to the IgG group (Figure 4c).

We further investigated the antitumor efficacy of IBI323 
using a human A375 melanoma tumor xenograft model in 

Figure 4. Better tumor control of IBI323 treatment in vivo. Tumor growth (a) and survival (b) of MC38 tumor-bearing mice treated with equalmolar amounts of IBI110 
(5.0 mg/kg), Bi-127 (2.6 mg/kg), IBI323 (5.8 mg/kg), IgG (5.0 mg/kg) and a relatively lower dose of IBI323 (1 mg/kg). MC38 cells overexpressing human PD-L1 were 
subcutaneously injected into human PD-L1/LAG-3 knock-in C57BL/6 mice. Mice were treated with indicated antibodies on days 6, 10, 14, 17, and 21 post implantation. 
(c) Individual tumor volumes in each treatment group on day 21, the last time point when all animals in the study were alive (n ≥ 5 mice/group). (d, e) Tumor growth 
and body weight change of NOG mice bearing A375 human melanoma tumor which were treated with IgG (11.6 mg/kg) and IBI323 (3.5 mg/kg or 11.6 mg/kg) (n ≥ 5 
mice/group). (f) Tumor growth of NOG mice bearing established A375 human melanoma tumor which were treated with IgG, IBI110 + Bi-127 and IBI323 (11.6 mg/kg or 
23.2 mg/kg) (n ≥ 5 mice/group). Statistical analysis was done using two-way ANOVA for growth curves, log-rank test for survival curves, and t test for tumor weights.
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NOG mice reconstituted with human immune cells. Mice were 
treated with h-IgG or two different doses of IBI323. IBI323 at 
both 3.5 mg/kg and 11.6 mg/kg doses significantly inhibited 
A375 tumor growth (Figure 4d). Animal body weight reduc-
tion and toxicity was not observed in any of the treatment 
groups (Figure 4e).

Because both the MC38 and unstaged A375 tumor models 
are sensitive to immunotherapy, we investigated the anti- 
tumor efficacy of IBI323 and anti-PD-L1 + anti-LAG3 in estab-
lished A375 tumor model. Five days after A375 melanoma cells 
implantation, when tumors were well-established, PBMC were 
injected intravenously. Mice were treated with indicated anti-
bodies on day 8, 11, 15, 18 and 22. Established A375 tumors 
were quite resistance to anti-PD-L1 + anti-LAG-3 treatment. 
However, equalmolar of IBI323 (23.2 mg/kg) significant inhib-
ited A375 tumor growth compared with combination treat-
ment (Figure 4f).

Increase in intra- and extra-tumoral T cells, including 
tumor-specific T cells

We sought to understand the immune response induced by 
IBI323 treatment in vivo. Mice bearing MC38-hPD-1 tumors 
were treated with IgG and IBI323 at day 7, 10 and 14 post- 
tumor cell implantation. Fifteen-day post-tumor implantation, 
IBI323 significantly increased the number of CD8+ T and CD4 
+ T cells within tumor compared with hIgG group, which was 
consistent with the potent antitumor activity of IBI323. Note 
that the CD8+ T cell numbers per gram tumor increased from 
0.76 ± 0.14 × 106 (IgG) to 1.34 ± 0.19 × 106 (IBI323). Given the 
difficulties to calculate the absolute cell number in blood, we 
measured the proportions of different immune cell subsets 
within the CD45 population. After IBI323 treatment, the pro-
portions of CD8+ T and CD4+ T cells within the CD45 popu-
lation were significantly higher than control group (Figure 5b). 
Importantly, IBI323 treatment enhanced the number of 

Figure 5. IBI323 treatment dramatically enhances tumor-specific CD8 + T cell response in human PD-L1/LAG-3 knock-in mice bearing human PD-L1-expressing MC38 
tumors. Mice were injected with IgG and IBI323 at day 7, 10 and 14 post tumor cell implantation. At day 15, tumor and blood were collected and analyzed by flow 
cytometry for the absolute counts of the indicated cell subsets in tumor (a) and the proportions of indicated cell subsets within CD45+ cells in blood (b). (c–f) Absolute 
number of IFN-γ- and TNF-α- expressing T cells from the tumor were quantified, following ex vivo stimulation by MC38 cells. (g–j) Percentage of T cells expressing IFN-γ 
and TNF-α following ex vivo stimulation by MC38 cells in blood.
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effector cytokine-producing, tumor-specific CD8+ and CD4 
+ T cells in the tumor (Figure 5c–f) and blood (Figure 5g–j), 
as detected by flow cytometry after incubation with MC38 
tumor cells ex vivo.

Discussion

Anti-PD-1/PD-L1 treatments are the backbone for many clinical 
trials in various types of cancer and have been combined with 
other treatment strategies. However, owing to treatment resis-
tance, alternative immune checkpoint blockers are desperately 
needed. LAG-3, a promising immune checkpoint, is mainly 
found on activated immune cells and is involved in the process 
of T cell exhaustion. Its co-expression with PD-1 has led to 
extensive research on the blockade of LAG-3 and PD-(L)1 in 
preclinical and clinical settings. To block PD-L1 and LAG-3 
simultaneously, we developed a human IgG1-LALA BsAb target-
ing both human PD-L1 and LAG-3 and demonstrated its novel 
mechanism of action in addition to its dual-blockade function.

Bispecific antibodies offer new opportunities to modulate can-
cer immune response. Various BsAb formats with different biolo-
gical properties, including binding valency, geometry of antigen- 
binding sites, and effector functions, have been designed.24–26 To 
maintain the high binding affinity of PD-L1 and LAG-3 molecules, 
we generated a tetravalent BsAb with two antigen-binding sites for 
each of its target antigens. We tested the binding and blocking 
properties of IBI323 at the protein and cellular levels and demon-
strate that IBI323 maintains the binding and blocking potency of 
its parental antibodies.

The tumor microenvironment consists of different cellular 
components, including immune cells, and non-cellular compo-
nents in and around the tumor. Along with tumor cells, PD-L1 
expression is also upregulated in T cells in the tumor microenvir-
onment in response to antigen presentation.8,27 PD-L1 acts as both 
ligand and receptor on T cells, which exert tumor-promoting 
tolerance in the adjacent innate and adaptive immune 
compartments.28 The binding properties of IBI323 to T cells, 
which express both PD-L1 and Lag3, suggest the cis-action of 
IBI323 on PD-L1 and LAG-3 double-positive T cells in vitro. 
The avidity of the multivalent IBI323, obtained by targeting PD- 
L1 and LAG-3 on one T cell, may lead to prolonged inhibition of 
immunosuppressive pathways. In addition, PD-L1 is also 
expressed on different types of tumor cells and professional 
APCs. Lag-3 was mainly found on activated T and NK cells. We 
showed that IBI323 mediates the crosslinking between PD-L1 
+ cells and LAG-3+ cells in a simplified in vitro system comprising 
two types of target-expressing cells. IBI323-mediated crosslinking 
of PD-L1 on APCs and LAG-3 on T cells may stabilize immuno-
logical synapses and thereby facilitate T cell activation. Indeed, in 
an MLR assay, IBI323 induced stronger cytokine secretion com-
pared to that induced by its parental anti-PD-L1 or anti-LAG-3 
antibodies.

To date, preclinical development of therapeutic antibo-
dies that target immune checkpoints has been mainly based 
on surrogate, murine-specific antibodies, and syngeneic 
immune competent mouse models. Considering the intrin-
sic differences between the murine and human immune 
systems,29,30 we investigated the anti-tumor efficacy of 
IBI323 in two humanized mouse models. As human PD- 

L1 and LAG-3 can bind to murine PD-1 and murine MHC- 
II molecules, respectively,31,32 we evaluated the in vivo 
activity of IBI323 in PD-L1/LAG-3 double knock-in 
mouse model bearing human PD-L1 knock-in MC38 
colon adenocarcinoma. IBI323 significantly inhibited 
MC38 tumor growth through both CD8+ and CD4+ T 
cells and led to increased number of cytokine producing 
cancer-specific T cells in the tumors and blood. In addition, 
we further evaluated the anti-tumor efficacy of IBI323 in 
NOG mice reconstituted with human immune cells that can 
capture the distinct features of the corresponding human 
immune system and tumor microenvironment. In this 
humanized mouse model, we observed a dose-dependent 
tumor growth regression induced by IBI323.

The anti-tumor activity and mechanism of action of 
a surrogate murine PD-L1/LAG-3 BsAb has recently 
been investigated in syngeneic tumor mouse models. The 
mouse surrogate of FS118 did not induce any significant 
increase of T cells in MC38 tumors.21 However, we indeed 
observed that the absolute numbers of CD4 and CD8 
T cells in tumor increased significantly compared with 
IgG control group one week post IBI323 treatment. 
There might be several reasons for this difference: 1) We 
used PD-L1/LAG-3 double knock-in mice to characterize 
the mechanism of action of IBI323 directly. 2) The affinity 
of IBI323 to human antigens is higher than the affinity of 
FS118 surrogate antibody to mouse antigens. Therefore, 
IBI323 is possible to induce stronger anti-tumor immune 
response. Of note, we optimized the affinities of the PD-L1 
- and LAG-3-binding moieties, by applying two PD-L1 
sdAs and LAG-3 mAb affinity maturation, respectively, 
to guarantee that IBI323 binds with high affinity to PD- 
L1+ tumor cells while maintaining the blocking function 
of anti-LAG-3 mAb. The unequal affinities to PD-L1 and 
LAG-3 might result in a certain degree of IBI323 accumu-
lation within PD-L1+ tumor. On the contrary, the binding 
affinity of FS118 to PD-L1 is 17 times weaker than that to 
LAG3. Additional studies are necessary to determine the 
in vivo biodistribution and anti-tumor activity of these 
two antibodies in the same animal models.

Taken together, IBI323 is a PD-L1/LAG-3 BsAb that 
targets and inhibits both PD-L1 and LAG-3 pathways 
and has the potential to overcome primary and acquired 
anti-PD-(L)1 resistance via a synergistic effect. IBI323 has 
enhanced anti-tumor efficacy compared with monotherapy 
while process no extra toxicity. The encouraging pre- 
clinical data presented in this study support the clinical 
development of IBI323.
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