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Abstract

Background: Therapeutic antibody drugs targeting the PD-1 pathway are generally characterized by relatively low response rates and
susceptibility to drug resistance during clinical application. Therefore, there is an urgent need for alternative therapeutic strategies
to increase the immune response rate. Bispecific antibodies co-targeting PD-1 and PD-L1 may have greater potential to improve the
efficacy of the immune checkpoint pathway.
Method: In this study, we developed a potent humanized common light chain (CLC) IgG shape bispecific antibody (bsAb), named
JMB2005, based on Hybridoma-to-Phage-to-Yeast platform. The platform allowed us to discover CLC bsAb from traditional mice for
any pair of given targets.
Results: JMB2005 exhibited favorable developability, good manufacturing property, and satisfactory efficacy, which could be given via
subcutaneous injection at the concentration of 120 mg/mL. Mechanistically, JMB2005 could bridge tumor cells and T cells with both Fab
arms and promote T-cells to function as direct tumor cell killers. It could also promote T cell activation by blocking the binding of PD-L1
to CD80. Furthermore, JMB2005 has exhibited a favorable half-life and has demonstrated promising anti-tumor therapeutic efficacy in
vivo.
Conclusion: Consequently, the present study showed that the novel humanized CLC bsAb JMB2005 may represent a novel therapeutic
agent of great clinical potential.

Statement of Significance: We discovered a common light chain (CLC) bispecific antibody targeting PD-1 and PD-L1 with favorable
biophysical properties and potent efficacy. Notably, we have developed a unique and flexible Hybridoma-to-Phage-to-Yeast platform
for the generation of CLC bispecific antibodies targeting a given pair of targets.
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Introduction
Immune checkpoint therapy is considered as a promising strategy
for treating cancers. PD-1 is a typical immune checkpoint that
limits the response of activated T-cells, and anti-PD-1 monoclonal
antibodies (mAbs) have attracted much attention in the field
of cancer immunology. Although these antibodies have demon-
strated strong potential in cancer treatment during clinical pro-
cesses, most patients have developed resistance to treatment
over time [1]. In addition, monotherapy with antibodies targeting
PD-1/PD-L1 has low response rates in most tumor patients, and
the benefit remains modest especially in patients with low PD-
L1 expression [2]. Therefore, some researchers are inclined to
seek for alternative therapeutic strategies for targeting PD-1 with
a view to increasing the immune response rate, improving the

efficacy of the immune checkpoint pathway, and demonstrating
more promising data in clinical trials [3]. Currently, there are
two reported bispecific antibodies (bsAbs) against PD-1 and PD-
L1, the LY3434172 and the 609A-based bsAb [4, 5]. LY3434172 is
the first antibody against PD-1/PD-L1, and some clinical data on
LY3434172 have been released.

BsAb is the most representative component of the new genera-
tion of therapeutic strategies, but the implementation of bsAbs
and the realization of function are hindered by different chal-
lenges, such as expression, stability, and pharmacological prop-
erties [6]. The molecular structure of bsAbs is highly complex
and diverse; new workflows are needed for molecule expression
and cell line development process. Chain mispairing, low expres-
sion, and immunogenicity are usually the common challenges,
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resulting in the desired product of interest (POI) being mixed
with unwanted product-related impurities that may result in
immune responses during the clinical trials [7]. To address these
issues, some effective Fab-based engineering strategies have been
developed, such as CrossMab [8], common light chain (CLC) [9,
10], orthogonal Fab interface [11], OAscFab-IgG [12], and Wux-
ibody [13]. Alternatively, Duobody is another method that effi-
ciently generates bsAb molecules through a controlled Fab-arm
exchange process [14, 15]. These platforms have been identified as
useful strategies that offer great potential for the development of
a new generation of bsAbs. Among the many options, CLC appears
to be an effective strategy to bypass a number of problems.
BsAbs based on CLC do not require additional engineering of the
antibody Fc or Fab molecules, such as charge pairing to avoid
light chain mispairing, which could have detrimental effects on
stability and immunogenicity of the engineered molecules. It is
a straightforward solution to avoid light chain mispairings, and
it simplifies the purification process in industrial scale manufac-
ture [16, 17].

Compared with traditional mAbs, most bsAbs are more com-
plex in structure and less stable during storage. Therefore, the
assessment of the developability should be considered as early
as possible during the molecular design and screening processes
of bsAbs. The lead molecules with poor developability will have
higher failure chances in the later development process [18]. In
the developability assessment of mAbs, parameters are assessed
based on the differences in physical, chemical, and colloidal
stability by techniques such as differential scanning calorimetry
(DSC), differential scanning fluorimetry (DSF), and dynamic light
scattering (DLS) [19, 20]. In some cases [21, 22], the assessment
of developability can be rationally applied to the design and
screening of bsAbs. Therefore, it is critical to make full use of the
developability assessment strategy in the early stages of bsAbs
development to identify cost-effective manufacturable biothera-
peutic drugs.

In this study, we reported the discovery and characterization
of a potent bsAb, named JMB2005, an IgG-like CLC format that
co-targets PD-1 and PD-L1. JMB2005 was generated from the
Hybridoma-to-Phage-to-Yeast (H2PtY) platform, which integrated
the strength of hybridoma, phage display and yeast display. The
platform allowed us to robustly identify (CLC) bsAbs from immu-
nized wild-type mice instead of using engineered CLC transgenic
animals that are expensive and are not commonly available in
general laboratories. Our data demonstrated that JMB2005 had
favorable physicochemical properties and good developability. It
exhibits potent activities both in vitro and in vivo. Specifically,
JMB2005 has the potential to be used as a high concentration
formulation with great potential benefit in clinical practice.

Materials and methods
Bispecific antibodies identified by the
Hybridoma-to-Phage-to-Yeast platform
Firstly, animals were immunized with antigens. Splenocytes were
isolated from immunized animals. Anti-PD-1 mAb was obtained
through hybridoma technology and antibody engineering tech-
nology. To obtain anti-PD-L1 mAb, we screened pre-constructed
phage libraries with biotinylated human PD-L1 (Acro, PD1-H82E5).
Phage libraries were constructed using VH genes from PD-L1
immunized animals and the light chain from anti-PD1 mAb.
The streptavidin magnetic beads (Thermo Fisher Scientific, Dyn-
abeads M-280) was used to capture the phage binders, which
associated with the human biotinylated PD-L1 (Acro, PD1-H82E5).

After two rounds of phage selection, the enriched VH and the
fixed VK genes were transferred to Saccharomyces cerevisiae strain
EBY100 (ATCC, MYA-4941) via electroporation, resulting in yeast
display Fab library.

Fluorescence activated cell sorting (FACS) was developed to
rapidly identify high specific binders for PD-L1. Specifically, the
library was incubated with human biotinylated PD-L1, then
labeled with mouse anti V5 tag conjugated Alexa Fluor™ 647
(Thermo Fisher, 451098) and streptavidin (SA)-phycoerythrin (PE)
(eBioscience, 12-4317-8). The population with double fluorescence
positive was sorted by FACSAria II (BD). The collected cells were
growled on the plate and picked colony for sequencing and
staining evaluation. The colonies with unique sequences were
stained with human PD-L1 or irrelevant antigen to confirm the
specific PD-L1 binding.

Protein expression and purification.
For transient expression, the candidate sequence containing vec-
tors were transfected into ExpiCHO-S™ cells. After 8–10 days of
growth, the supernatant was harvested and purified by AmMag™
Protein A Magnetic Beads (Genscript Biotech,L00695) according to
the manufacturer’s instruction.

For stable expression, the bsAb sequence containing vectors
were transfected into CHO-K1 cells, then antibiotic selection was
applied for screening stable cell clones. The obtained clone cells
were cultivated for 14 days, harvested and purified by protein A
column, buffer exchanged for tests.

Biophysical characterization
Size exclusion chromatography (SEC-HPLC) was carried out to
assess the monomer purity of candidates using Waters Alliance
e2695 HPLC system with a TOSOH TSK gel G3000WXL column
(300 × 7.8 mm, 5 μm). The mobile phase was 200 mM sodium
phosphate (pH 6.8), and the flow rate was 0.5 mL/min. Sam-
ples were measured by absorbance at a wavelength of 280 nm.
Data were analyzed with Waters Empower 3 Enterprise software
(Waters, MA, USA).

Hydrophobic interaction chromatography (HIC-HPLC) was per-
formed to evaluate the hydrophobicity of candidates using Waters
Alliance e2695 HPLC system with a Thermo MAbPacHIC-10 col-
umn (4 × 250 mm, 5 μm). Mobile phase A was 1 M ammonium
sulfate with 50 mM sodium phosphate (pH 7.0), and mobile phase
B was 50 mM sodium phosphate (pH 7.0). The linear gradient
was used, and the flow rate was 0.8 mL/min. Samples were
measured at the wavelength of 214 nm. Data were analyzed
by Waters Empower 3 Enterprise software (Waters, MA, USA). A
shorter retention time indicated that the antibody had increased
hydrophilicity.

The pI values and charge variants were characterized by
imaged capillary isoelectric focusing (iCIEF) in an iCE3 system
(ProteinSimple, CA, USA). Samples were prepared by mixing with
pharmalytes, 1% methyl cellulose, pI markers, and water. Samples
were pre-focused at 1500 V for 1 min and then focused at 3000 V
for 10 min with detection wavelength of 280 nm. Data were
acquired by Chrom Perfect software (ProteinSimple, CA, USA)
and analyzed by Waters Empower 3 Enterprise software (Waters,
MA, USA).

Capillary electrophoresis-sodium dodecyl sulfate (CE-SDS) was
performed on a PA800 plus pharmaceutical analysis system pur-
chased from ABSciex (Framingham MA, USA). For non-reducing
CE-SDS (nrCE-SDS), samples were diluted and mixed with SDS
sample buffer containing IAM, and incubated at 70 ◦C for 10 min.
For reducing CE-SDS (rCE-SDS), β-mercaptoethanol was mixed
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with samples and incubated at 70◦C for 10 min. Separation was
carried out and detected at an absorbance of 220 nm. Data were
acquired by 32 Karat software (SCIEX, CA, USA) and then analyzed
by Waters Empower 3 Enterprise software (Waters, MA, USA).

The melting temperature (Tm) values of the candidates were
measured with a Protein Thermal Shift Dye Kit (Thermo Fisher
Scientific, USA). Samples were mixed with Protein Thermal Shift
buffer and Protein Thermal Shift dye solution, and then, protein
melt curves were assessed in an Applied Biosystems Real-Time
PCR System (QuantStudio 3, Thermo Fisher Scientific, USA). Data
were analyzed by Protein Thermal Shift Software (version 1.3).

The correctly paired bsAbs were identified and quantified by
LC–MS method of intact mass using a Waters Xevo G2-XS Q-
TOF (Waters, MA, USA) connected to a Waters ACQUITY UPLC
I-ClassBio System, which was equipped with a Waters ACQUITY
UPLC BEH300 C4 1.7 μm 2.1 × 50mm column (Waters, MA, United
States). Mobile phase A was 0.1% formic acid (FA) and mobile
phase B was 0.1% FA in acetonitrile. Samples were separated using
the mobile phase B gradient of 5%–22% in 1 min and then 22%–
35% in 11 min. Capillary voltage and source temperature were
set at 3.0 kV and 150◦C while scanning range was 350–4500 m/z.
Data were acquired and analyzed by the Waters UNIFI 1.9.4.053
software (Waters, MA, United States).

Viscosity was evaluated with a viscometer (microVisc TC,
RheoSense, San Francisco, CA, USA) coupled to a low viscosity
chip (19HA05100415).

Stability evaluation by forced degradation study
To evaluate the stability of candidates and to predict their poten-
tial degradation pathways, a series of forced degradation condi-
tions were applied, including 40◦C, low pH and high pH. Samples
were analyzed by SEC-HPLC to detect aggregates, and icIEF to
measure charge variants and by nrCE-SDS to assess fragments.

To evaluate the stability of JMB2005 at high concentration,
short-term stability studies were performed, including 2–8◦C,
25◦C, and 40◦C for up to 4 weeks. Charge variants, aggregates,
and fragments of JMB2005 were measured by SE-HPLC, nrCE-SDS,
and iCIEF, respectively, for obtaining stability profiling.

Measurement of antibody affinity by bio-layer
interferometry
The affinity of bsAbs for human PD-1 (ACRO, PD1-H5221) and PD-
L1 (ACRO, PD1-H5229) was measured using Octet Red96 (ForteBio,
Sartorius). We used anti-human Fc (AHC) biosensors (ForteBio,
18–5060) to load different BsAbs (5 μg/mL) in kinetics buffer
[0.02% Tween-20, 0.1% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS)] for 40 s. After immersion for 3 min in
kinetics buffer, we incubated the antibody-coated sensors with
different concentrations of proteins and recorded association
curves for 3 min. Then, we transferred the sensors to wells con-
taining kinetics buffer and recorded dissociation for 10 min. We
calculated KD values with Octet Data Analysis HT 11.0 software
using a 1:1 global fit model.

Cell bridging by fluorescence activated cell
sorting
PD-1 and PD-L1 expressing CHO-K1 cells were stained with CFSE
(Thermo fisher, C34554) and CellTrace Far Red (Thermo Fisher,
C34564) following manufacturer’s method, respectively. After
staining, cells were washed and re-suspended in assay buffer
(PBS + 1% BSA). Labeled PD-1 expressing CHO-K1 cells were
mixed with the parental anti-PD-1 antibody or isotype control,
and labeled PD-L1 expressing CHO-K1 cells were mixed with

titrated JMB2005 or the combination of the parental anti-PD-1
antibody and parental anti-PD-L1 antibody for 2 h at 4◦C. The
mixture of PD-L1 expressing CHO-K1 cells and antibody was
then incubated with the mixture of PD-1 expressing CHO-K1
cells and antibody at a ratio of 1:5, respectively. Samples were
analyzed on CytoFLEX flow cytometer (Beckman) after incubating
for 48 h at 4◦C. FlowJo software was used to gate CFSE+/Far Red-,
CFSE-/Far Red+, and CFSE+/Far Red+ events. Percentage of dou-
ble positive events (CFSE+/Far Red+) was plotted using GraphPad
Prism.

Mixed leukocyte reaction
Mature dendritic cells (DCs; PB-DC002F-C) and allogeneic
peripheral blood mononuclear cells (PBMCs; PB004F-C) were
purchased from OriBiotech. DCs were treated with mitomycin
C (Selleckchem, S8146) for 30 min at 37 ◦C before cocultured
with PBMCs at a ratio of 1: 20. Titrated antibodies were added
into the coculture system and incubated for 3 d at 37◦C.
IL-2 secretion in the culture supernatant was measured by
enzyme-linked immunosorbent assay (ELISA; R&D Systems,
VAL110).

Measurement of binding activity to PD-1 and
PD-L1 overexpressing cells by fluorescence
activated cell sorting
The cellular binding activity of antibodies to PD-1 and PD-L1 over-
expressing cells was evaluated by FACS. Briefly, Jurkat PD-1-NFAT-
luc T cells and PD-L1/CHO artificial antigen-presenting cell (aAPC)
cells (Promega, J1252) were adjusted at 2 × 106 cells/mL and
added 50 μL into U-bottom 96-well plates, respectively. The cells
were then incubated with four-fold serially diluted antibodies and
incubated for 1 h at 4◦C. Subsequently, the cells were washed
with washing buffer [PBS + 2% fetal bovine serum (FBS)] and
incubated with 250-fold diluted Alexa Fluor™ 488-labeled goat
anti-human IgG (H + L) secondary antibody (Invitrogen, A-11013).
The samples were analyzed using iQue flow cytometry (Sartorius).
Fluorescent signal is plotted as geometric mean fluorescence
intensity versus antibody concentration as shown. IC50 values
were determined with Prism V8.0 software (GraphPad) using a
four-parameter logistic curve fitting approach.

Evaluation of PD-1/PD-L1 blockade by reporter
gene assay
We conducted the reporter gene assay to evaluate the block-
ade of PD-1/PD-L1 interaction using a commercially available kit
(Promega, J1252). Briefly, PD-L1/CHO (aAPC) cells were seeded at
4 × 104 cells/well in 100 μL in white 96-well plates and cultured
overnight at 37◦C. The next day, the PD-L1/CHO aAPC cells were
incubated with three-fold serially diluted antibodies and Jurkat
PD-1-NFAT-luc T cells (5 × 104/well) that express human PD-1
and luciferases under the control of NFAT response elements in
100 μL RPMI-1640 supplemented with L-glutamine and 1% FBS for
6 h. BioGloTM Reagent (Promega, G7940) was added to each well
and the plates were incubated at room temperature for 10 min.
Luminescence was read on an Envision Multimode Plate Reader
(PerkinElmer). The luminescent signal was tested as readouts in
response to PD-1/PD-L1 pathway blockade.

In vivo efficacy study
NPG mice (5 weeks of age, female) were obtained from Beijing
Vitalstar Biotechnology Co., Ltd, and frozen human PBMCs
were obtained from Milestone® Biotechnologies. Thawed human
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PBMCs and A375 tumor cells (ATCC, Manassas, VA) were co-
implanted at a 1:5 E:T ratio into mice to establish the PBMC
humanized A375 human melanoma tumor xenograft mouse
model for test. After modeling, mice received a dose of 5 mg/kg of
test antibodies twice a week via intraperitoneal administration
(n = 8/group) for 4 weeks. Human IgG1 was used as isotype
control. Pembrolizumab and atezolizumab, as well as their
combination, were used as positive controls. Body weight and
tumor volumes were measured twice a week starting at 1–
2 weeks post-implantation. Tumor volumes were calculated
according to the formula (vol = 1/2 × long diameter × short
diameter2) and plotted as means ± standard error of the mean
(SEM). Data was analyzed using GraphPad Prism (version 8), and
statistical analysis of tumor volume data was performed by two-
way analysis of variance (ANOVA) followed by Dunnett post-hoc
test.

Balb/c-hPD1/hPDL1 Knock-in mice (6–7 weeks of age, female)
were obtained from GemPharmatech Co. Ltd. Thawed CT-26-
hPDL1 tumor cells (GemPharmatech Co. Ltd) were cultured in vitro
and implanted into mice on the right hind limb to establish the
murine colon cancer mouse model for test. Once the mean tumor
volume reached ∼80–100 mm3, the mice were administered
intraperitoneally (n = 8/group) every 3 days with either an
isotype control antibody (10 mg/kg), pembrolizumab (5 mg/kg),
the parental anti-PD-1 antibody (5 mg/kg), a combination of
the parental anti-PD-1 antibody (5 mg/kg) with parental anti-
PD-L1 antibody (5 mg/kg), or JMB2005 (5 mg/kg). The study was
concluded on the 11th day post-initial drug administration. Tumor
volumes were measured and calculated according to the formula
(vol = 1/2 × long diameter × short diameter2) and plotted as
means ± SEM. Data was analyzed using GraphPad Prism (version
8), and statistical analysis of tumor volume data was performed
by two-way ANOVA followed by Dunnett post-hoc test.

In vivo pharmacokinetics study in human FcRn
transgenic mouse
A pharmacokinetic study was conducted in human FcRn (hFcRn)
transgenic mice. Human FcRn transgenic mice were purchased
from Biocytogen (Beijing, CN), 6–8 weeks old male mice were
used. Mice received a single dose of 10 mg/kg of test antibody

via intraperitoneal injection (n = 4/group). Serum samples were
collected at the following time points: pre-dose, 0.125, 0.292, 1, 2,
3, 4, 7, 10, 14, 21, 28, and 42 days post-dose. Serum concentrations
of the antibodies were measured by ELISA. Briefly, anti-human
F(ab’)2 (ABCAM, UK) antibody was used as the capture reagent
and the mouse anti-human IgG Fc (ABCAM, UK) conjugated to
Horseradish Peroxidase (HRP) was used for detection. Data was
analyzed using GraphPad Prism (version 8) and pharmacokinetics
parameters were determined using Phoenix WinNonlin 8.3 (Cer-
tara, NJ, USA).

Results
Generation of humanized common light chain
IgG-like bsAb candidates targeting PD-1/PD-L1
based on Hybridoma-to-Phage-to-Yeast platform
The CLC IgG shape bsAb candidates targeting PD-1 and PD-L1
were identified by H2PtY platform. The workflow was shown in
Fig. 1. Mice and rats were immunized with antigens PD-1 and PD-
L1, respectively. Splenocytes were isolated from immunized ani-
mals. Firstly, we obtained murine monoclonal antibodies through
hybridoma technology [23] and generated humanized anti-PD-
1 mAb by antibody engineering technology [24]. For humanized
anti-PD-L1 mAb, heavy chain variable VH genes were isolated from
immunized rats and combined with fixed light chain from the
humanized anti-PD-1 mAb to yield a phage display library [25,
26]. The library was screened for 1–2 rounds against PD-L1, and
the enriched VH genes were transferred to yeast surface display
[27]. FACS was employed to isolate high affinity VH genes for PD-
L1. PD-L1 specific VH genes were humanized, and combined with
above mentioned humanized anti-PD-1 mAb to assemble into CLC
IgG shape bsAbs. IgG1 LALA D265S and knobs-into-hole mutations
were introduced into Fc region to avoid the mispairing of two
heavy chains. Six bsAb candidates were obtained for further
evaluation.

Biophysical characterization of bispecific
antibodies candidates
To select a candidate with the lowest risks for manufac-
ture, physicochemical properties of the lead candidates were

Figure 1. Identification of CLC bsAbs with an H2PtY platform. We first subjected mouse to PD-1 immunization, and subjected rat to PD-L1
immunization. Hybridoma cells were obtained and then antibody engineering and humanization were applied to obtain the humanized anti-PD-1 Ab.
In another module, VH genes from immunized rats were combined with the light chain from the humanized anti-PD-1 mAbs in phage display library,
the scFv library was screened, and then transferred to yeast surface. FACS sorting selected VH genes were humanized and anti-PD-L1 mAbs were
identified. Humanized anti-PD-1 and anti-PD-L1 mAbs share the same light chain were assembled to CLC bsAbs candidates, knob-into-hole mutation
was inserted into Fc region.
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Figure 2. Degradation of bsAb candidates. (a) Change in %monomer measured by SEC-HPLC at 40◦C for 4 weeks. (b) Change in %IgG purity measured
by nrCE-SDS at 40◦C for 4 weeks. (c) Change in % acidic peak, main peak, and basic peak measured by iCIEF at 40◦C for 4 weeks.

evaluated. The yield of bsAb candidates was mostly higher
than 150 mg/L, except BAb2005.01 and BAb2005.06. Purity was
evaluated by SEC-HPLC, nrCE-SDS, and iCIEF. Tm values were
evaluated by DSF. Hydrophobicity was evaluated by HIC-HPLC. As
showed in Table 1, BAb2005.02 experienced protein precipitation
during storage, and BAb2005.03 displayed lower binding affinity to
PD-L1. Alternatively, BAb2005.04 and BAb2005.05 exhibited better
physicochemical properties, thus were chosen as candidates for
further evaluation.

Stability profiling of candidates by forced
degradation studies
To predict the stability and to understand in-depth biophysical
properties of bsAb candidates, stress condition (40◦C) was applied.
Samples were taken at different time points and analyzed by SEC-
HPLC, nrCE-SDS, and iCIEF. The purity of monomer of both candi-
dates slightly decreased, indicating the lower risk of aggregation
for the two candidates (Fig. 2a). The purity decrease of IgG in
BAb2005.05 measured by nrCE-SDS was lower than BAb2005.04
(8.3%; and 9.4%, respectively) after 4 weeks at 40◦C (Fig. 2b).
Major changes in the main peak of two candidates were observed
at 40◦C, which were primarily due to increased acidic charge
variants (Fig. 2c). To sum up, BAb2005.05 showed slower degra-
dation in above mentioned purity profiles, suggesting better sta-
bility than BAb2005.04 under the stress condition. Consequently,
BAb2005.05 was chosen for further evaluation of functionality,
and the molecule was named as JMB2005.

Functionality of JMB2005 in vitro
The binding activity of JMB2005 to human PD-1 and PD-L1
was measured by bio-layer interferometry (BLI). JMB2005 bound
human PD-1 with a KD of 0.84 nM, which is 4.5-fold higher
than that of pembrolizumab (clinically used anti-PD1 mAb)
(Fig. 3a). JMB2005 also bound human PD-L1 with a high affinity
(KD = 2.33 nM) but displayed a 6.9-fold lower binding activity than
that of atezolizumab (clinically used anti-PD-L1 mAb) (Fig. 3b).
Moreover, to determine whether JMB2005 recognized the similar

or different epitope with approved anti-PD-1 pembrolizumab
or anti-PD-L1 atezolizumab, an epitope binning experiment
using BLI was performed, which demonstrated that JMB2005
showed overlapping binding epitope with pembrolizumab
(Supplementary Fig. 2a) and similar epitope with atezolizumab
(Supplementary Fig. 2b).

To evaluate whether JMB2005 could engage PD-L1 expressing
tumor cells and PD-1 expressing T cells simultaneously, the PD-
1 overexpressing (green dye) and PD-L1 overexpressing CHO-K1
(red dye) cells were labeled with fluorescent dyes for in vitro test.
The FACS pictures with the gating strategy were shown in the
Supplementary Fig. 6. Adding JMB2005 into the mixture of PD-1
and PD-L1 expressing CHO-K1 cells resulted in higher percent-
age of doublets of PD-L1 and PD-1 expressing cells, compared
with the combined anti-PD-1 and anti-PD-L1 treated group, the
effects of which were abrogated by the addition of anti-PD-1 mAb,
confirming the bsAb-mediated engagement of these two cells
(Fig. 3c).

To test the specific binding of JMB2005 to PD-1 and PD-L1
expressed on cell surface, PD-1 (Jurkat PD-1-NFAT-luc T cells) and
PD-L1 (PD-L1/CHO aAPC cells) overexpressing cells from Promega
were used. JMB2005 retained the binding activity to PD-1 and
PD-L1 when compared to its parental antibodies. The binding
EC50 of JMB2005 and its parental anti-PD-1 antibody to Jurkat
PD-1-NFAT-luc T cells were 0.77 nM and 0.18 nM (Fig. 3e). The
binding EC50 of JMB2005 and its parental anti-PD-L1 antibody
to PD-L1/CHO aAPC cells were 0.71 nM and 0.15 nM (Fig. 3f).
Minimal expression of PD-L1 was also observed on the Jurkat PD-
1-NFAT-luc T cells. However, JMB2005 and its parental antibodies
had no effect on the luciferase signal when they were incubated
with Jurkat PD-1-NFAT-luc T cells without PD-L1/CHO aAPC cells
(Supplementary Fig. 3).

To measure the blocking ability of the antibodies on PD-1/PD-
L1 interaction, we used a reporter gene assay to test their abil-
ity to block PD-1/PD-L1 pathway. PD-L1/CHO aAPC cells were
cocultured with Jurkat PD-1-NFAT-luc T cells in the presence of
titrated antibodies. Luciferase expression, which was under the
control of NFAT response element, was increased in response to

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
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Figure 3. Bioactivity of JMB2005 in vitro. (a) Binding affinity to human PD-1 by BLI. (b) Binding affinity to human PD-L1 by BLI. (c) Cell bridging assay by
flow cytometry. (d) MLR of allogeneic immature DCs and CD4 T cells in the presence of test antibodies as indicated. IL-2 level in the culture media was
determined by ELISA. (e) Binding activity to Jurkat PD-1-NFAT-luc T cells. (f) Binding activity to PD-L1/CHO aAPC cells. (g) Inhibition of PD-1/PD-L1
pathway.

JMB2005, anti-PD-1 or anti- PD-L1 treatment, with EC50 values of
0.33, 0.86, and 0.25 nM, respectively (Fig. 3g). Moreover, JMB2005
also blocked the binding of human PD-L2 to PD-1 overexpressing
cells (IC50 = 0.83 μg/ml; Supplementary Fig. 4).

To test the ability of JMB2005 in promoting T cell responses,
mixed leukocyte reaction (MLR) assay was applied by coculturing
mature DCs and allogenic PBMCs, and the secretion of IL-2 was
measured as a hallmark for T cell activation. The blockade of PD-
1/PD-L1 pathway by JMB2005 displayed a titratable enhancement
of IL-2 release with comparable efficacy to the combination of
anti-PD-1 and anti-PD-L1 group (Fig. 3d). Meanwhile, the func-
tional activity of JMB2005 was higher than that of the pem-
brolizumab or atezolizumab monotreatment. In short, JMB2005
can promote T cell activation in vitro and shows better efficacy
than pembrolizumab or atezolizumab monotreatment.

Therapeutic efficacy of JMB2005 in vivo
To verify the in vivo antitumor efficacy, JMB2005 was evaluated in
the humanized A375 human melanoma tumor xenograft mouse
models that co-implanted with human PBMCs, and was compared
with pembrolizumab [28, 29], atezolizumab [30, 31], and their
combination, respectively. As shown in Fig. 4a, JMB2005 treatment
resulted in significant tumor growth inhibition (TGI) and promi-
nent complete responses (CRs) at the dose of 5 mg/kg (100%TGI;
8/8 CRs). The antitumor activity of JMB2005 was superior to that

of pembrolizumab, atezolizumab monotreatment, and their com-
bination treatment (22.5%TGI, 0/8 CRs; 82.3%TGI, 1/8 CRs; and
58.9%TGI, 0/8 CRs, respectively). In addition,no obvious toxicity
was observed in animals of JMB2005 treatment, as revealed by
body weight measurement. These results collectively confirmed
that JMB2005 was effective and safe.

Encouraging results were also observed in the genetically
engineered Balb/c-hPD1/hPDL1 knock-in mouse model bearing
with CT-26-hPDL1 tumors. The genetically engineered Balb/c-
hPD1/hPDL1 knock-in mice have intact immune system, with
normal development of macrophages and T cells, potentially
reflecting the impact of T-macrophage interaction on antitumor
responses. We compared the anti-tumor efficacy of JMB2005 with
its parental mAbs targeting PD-1 or PD-L1 in this model. As shown
in Fig. 4b, the antitumor activity of JMB2005 was superior to that of
pembrolizumab treatment, the parental anti-PD-1 monotherapy,
or the combined therapy of the parental anti-PD-1 with parental
anti-PD-L1 (74.58% TGI, 40.07% TGI, 67.28% TGI, and 67.63% TGI,
respectively).

Collectively, the results of in vivo efficacy suggested that
JMB2005 as a bsAb was more efficient than the anti-PD-1 or
anti-PD-L1 monotreatment as well as the anti-PD-1 and anti-
PD-L1 combination treatment. The blockade of both PD-1 and
PD-L1, and the induction of cell-to-cell bridging by JMB2005,
together contributed to the enhancement of T-cell activation and
antitumor immune responses.

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
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Figure 4. Antitumor efficacy and PK study of JMB2005 in vivo. (a) In A375 human tumor xenograft mouse model, 40 tumor-bearing mice were divided
into 5 groups. Statistically significant tumor volume reduction by JMB2005 at a dose of 5 mg/kg compared to the isotype control group. (b) In
CT-26-hPDL1 murine colon cancer model, 40 Balb/c-hPD1/hPDL1 knock-in mice-bearing CT-26-hPDL1 tumors were divided into 5 groups and subjected
to their respective treatment regimens. JMB2005, administered at a dosage of 5 mg/kg, demonstrated a statistically significant reduction in tumor
volume relative to the isotype control group. (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs isotype control group). (c) Pharmacokinetics detection
of JMB2005 in hFcRn transgenic mice.

Pharmacokinetics of JMB2005 in hFcRn
transgenic mice
To evaluate the serum PK profile, JMB2005 was administrated
to hFcRn transgenic mice at a single intraperitoneal dose of
10 mg/kg. Serum samples was collected and analyzed by ELISA
assay. As indicated in Fig. 4c, JMB2005 exhibited a typical human
IgG PK profile with a half-life (T1/2) of 7.32 days.

Manufacturability evaluation of JMB2005
JMB2005, a potent anti-PD1/PD-L1 bsAb, demonstrated desired
biophysical properties, good stability, and pharmacokinetics in
vivo, and enhanced efficacy in vitro and in vivo. Based on these
excellent characteristics, JMB2005 was pushed into the CMC
development stage to evaluate its manufacturability.

For the bsAbs production, the JMB2005 transfectant CHO cells
were cultivated for 14 days, then harvested, and bsAb was purified
by protein A column. The expression titer of JMB2005 was ∼5 g/L.
With one-step protein A affinity chromatography purification, the
purity of JMB2005 reached 90.3%, 92.3%, and 98.6%, respectively,
as measured by SEC-HPLC, nrCE-SDS, and rCE-SDS (Table 2). The

charge variants were <28% as measured by iCIEF, the percentage
of correctly paired bsAb was up to 88.9%, as monitored by LC–MS
method (Table 2). Importantly,JMB2005 can be purified by adopt-
ing the existing IgG monoclonal antibody purification process,
and the correctly pair rate of the bsAb increased to >95% after
further purification, suggesting the good manufacturability of
JMB2005.

Evaluation of developability of high
concentration preparations
There is a growing demand for subcutaneous delivery of biologics
due to the great convenience in clinical use, both for physicians
and patients [19]. Limited protein solubility is a major challenge
for the subcutaneous route of administration [32], and stability
and viscosity are often key factors determining the development
of highly concentrated formulations [33]. Solubility and associ-
ated viscosity are evaluated to verify whether JMB2005 has the
potential to be concentrated at a high concentration for subcuta-
neous injection. As shown in Fig. 5d, JMB2005 had a viscosity of <6
mpa at the concentration of 120 mg/mL, indicating good solubility
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and low viscosity of JMB2005 allowed the potential development
into high concentration solution for subcutaneous injection. High
temperature stress conditions can offer an opportunity to under-
stand major degradation pathway of candidates and provide a
foundation for further formulation development [34]. To gain a
first understanding about how JMB2005 at high concentration will
degrade, short-term stability studies were performed. JMB2005
was concentrated to 120 mg/mL in 20 mM histidine buffer at
pH 5.5 and staged at 5◦C, 25◦C, and 40◦C for up to 4 weeks.
As shown in Fig. 5a–c, no obvious changes were observed in the
purity of monomer, IgG, and charge variants at 5◦C for 4 weeks,
indicating the good stability of JMB2005 at a high concentra-
tion of 120 mg/mL at 5◦C. No decrease of monomer and IgG
was observed, and little reduction in the purity of main peak
was found at 25◦C for 4 weeks, suggesting the good stability of
JMB2005 at high concentration at room temperature. Decrease in
purity was observed at 40◦C, the main degradation products were
fragments (Supplementary Fig. 1b) and acidic variants (Fig. 5c).
No significant aggregation was induced under high temperature
conditions (Supplementary Fig. 1a), suggesting the lower risk of
aggregation tendency. At this stage of development, the formu-
lation had not been optimized. Excipients can provide stabilizing
effects and reduce protein degradation [35, 36]. There is room to
optimize the formulation and improve the stability of JMB2005
at high protein concentration in the future. Together, our results
show that JMB2005 has the potential to be formulated at a high
concentration as an effective subcutaneous injectable bsAb for
clinical usage.

Discussion
Immune checkpoint blockade strategies targeting “PD-1/PD-L1”
have displayed superior anti-tumor efficacy against many cancers
in the clinical practice [37]. However, <30% of patients main-
tain a sustained clinical response during anti-PD-1 or anti-PD-
L1 monotherapy, and a large percentage of patients do not ben-
efit from the therapy, or develop more complex conditions in
advanced stages [38]. Follow-up cases demonstrate that simul-
taneous blockage of PD-1 and PD-L1 can further inhibit the PD-
1 pathway and promote bridging between PD-1 expressing T
cells and PD-L1-positive tumor cells in tumor microenvironment,
suggesting that co-targeting PD-1 and PD-L1 with bsAbs might
be an effective way to improve clinical efficacy. In this study,
we described the discovery of a CLC bsAb, and the preclinical
studies verified the hypothesis that simultaneously blocking both
PD-1 and PD-L1pathways can increase the immune response and
improve the antitumor efficacy. BsAbs co-targeting PD-1 and PD-
L1 may have greater potential to improve the efficacy of the
immune checkpoint pathway.

The concept of using a CLC format to efficiently produce a
whole IgG shape bsAb was firstly reported by Merchant et al. in
1998, and the proposed notion of heterodimerization of the Fc
region by means of “knobs-into-holes” provided a new strategy
for the development of bsAbs. In the industrial manufacture of
bsAbs, the “CLC format” is an effective technique that reduces
mispairing between heavy and light chains and avoids related
manufacturability issues. Furthermore, it is possible to maintain
the natural molecular state of the antibody while introduce bis-
pecific functionality. CLC bsAbs have been developed by a variety
of different strategies. For example, McWhirter et al. created
transgenic mice with a fixed CLC and successfully identified a
human bsAb with CLC from the mice (WO2011097603). Smith
et al. described the VelocImmune® mouse anti-CD-20/CD-3 CLC

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
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Table 2. Physicochemical properties of JMB2005 after one-step protein A purification from stable cell line in the CMC stage.

Antibody Purity by
SEC-HPLC
(monomer %)

Charge variants by iCIEF Purity by
nrCE-SDS (IgG %)

Purity by rCE-SDS
(LC + HC %)

Correctly paired
bsAb (%)

Acidic peaks (%) Main peak (%) Basic peaks (%)

JMB2005 90.3 21.0 72.4 6.6 92.3 98.6 88.9

Figure 5. Stability evaluation of JMB2005 at 120 mg/mL. (a) Change in % monomer measured by SEC-HPLC at 5◦C, 25◦C and 40◦C for 28 days. (b) Change
in %IgG measured by CE-SDS at 5◦C, 25◦C and 40◦C for 28 days. (c) Change in % acidic peak, main peak and basic peak measured by iCIEF at 5◦C, 25◦C
and 40◦C for 28 days. (d) Viscosity measurement at 0 mg/mL, 60 mg/mL, 100 mg/mL and 120 mg/mL.

bsAb [39]. Krah et al. successfully obtained bsAbs with a CLC com-
bined with animal immunization and yeast display [16]. Based
on previous experience [40], bsAbs identified by screening naive
CLC antibody libraries have low affinity and low successful rates.
Here, we report H2PtY platform for the efficient discovery of
CLC bsAbs with good affinity and developabilities. H2PtY is an
upgraded version of the PtY platform [41, 42], where we have
added animal immunization and hybridoma technology to our
existing PtY platform [23]. By the combination of hybridoma and
PtY, the success rate of the discovery of CLC bsAbs was signifi-
cantly improved. The low affinity issue is also largely solved. By
immunizing the animals, we obtained a murine antibody against
PD-1 and used its humanized light chain sequence to recombine
with the antibody heavy chain variable region (VH) sequences
of human PD-L1-immunized rat spleen cells, to construct a CLC
single chain (scFv) phage antibody library [25, 26]. After phage
screening, the PD-L1 scFv antibody sequences were transferred to
yeast display and were screened by FACS [27]. Anti-PD-L1 murine
VH sequences were selected and humanized [24]. The humanized
anti-PD-1 heavy chain, anti-PD-L1 heavy chain, and their CLC
were assembled into a bsAb. The H2PtY platform has the following
unique features: (i) traditional wild-type mice was allowed to be
used to provide antibody genes to CLC bsAb discovery in general
laboratories. (ii) For any given pair of targets, the success rate of
bsAb discovery was almost 100% in our lab, which is in good align-
ment with a recent report that functional antibodies from immu-
nized animals exhibit light chain coherence [40]. (iii) The bsAb
molecules discovered by H2PtYplatform have reasonably high
affinity toward both arms, normally ∼10−9 M (Supplementary

Table 1). Admittedly, the platform also has its disadvantages, e.g.:
we need to individually immunize the animals with individual
antigens. Efforts are needed to generate hybridoma mAb for one
of the antigens, which may increase the screening efforts. Inter-
estingly, we have noticed that when one of the two antigens has
a lower immune response, we need to generate a candidate mAb
for this lower immune response antigen by hybridoma technology,
and the humanized light chain of this mAb should be used in
the H2PtY platform to improve the success rate of CLC bsAb
discovery.

Based on the available data, JMB2005 was deemed to comply
with CMC operations, and has favorable developability. It showed
high titer, and one-step protein A purification yielded high rate
of correctly paired bsAb products. In addition, JMB2005 exhibited
good solubility, lower viscosity, low risk of aggregation tendency,
and good short-term stability at high concentration under lower
temperature, suggesting the potential of subcutaneous adminis-
tration for clinical applications.

Targeting simultaneously to PD-1 and PD-L1, JMB2005 can
bridge tumor cells and T-cells, and can promote T-cells to play
a direct role in killing tumor cells. In previous studies, bsAbs
of anti-PD-1/PD-L1 were also able to block PD-L1 on DCs from
binding to CD80, bridging DC cells and T cells and promoting
T cell activation. This mechanism of action is not shared
by PD-1 monoclonal antibody, PD-L1 monoclonal antibody, or
the combination of both. Therefore, JMB2005 has better cell-
bridge function and lymphocyte activation function, which is
superior to a mAb monotreatment. Furthermore, in both tumor
models, JMB2005 showed better in vivo tumor suppression activity

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbae027#supplementary-data


10 | Liu et al.

compared to anti-PD-1 and anti-PD-L1 monotherapy as well as the
combination of both.

In terms of the mechanisms of action, JMB2005 showed dual-
target desired efficacy in pre-clinical studies. It bound to both
PD-1 and PD-L1 monovalently or simultaneously, and effectively
block the PD-1/PD-L1 pathway. However, the tumor microenviron-
ment in patients was relatively complex. Not all cancers respond
to checkpoint inhibitors and many tumors progress following
initial treatment, suggesting that additional immunosuppressive
factors, such as regulatory T cells, might be present that inhibit
anti-tumor responses. PDL1 is also expressed on activated T cells.
As previous studies identified [43, 44], PD-L1 ligation on human
CD25-depleted CD4+ T cells, combined with CD3/TCR stimula-
tion, induces their conversion into highly suppressive T cells. We
also found that JMB2005 induced the conversion of memory T
cells to inducible regulatory T cells (iTregs) in the combination
of CD3/TCR stimulation (Supplementary Fig. 5). The results could
have important consequences for the ability of the immune sys-
tem to respond to infections and affect the efficacy of immune
checkpoint immunotherapy against cancer. To illustrate, some
studies as reported [45–47] had shown that PD-1/PD-L1 inhibitors
combined with Treg-modulating agents were expected to enhance
the sensitivity of patients to anti-PD-1/PD-L1 therapy. These find-
ings provide a basis for further investigation in the future.

Moreover, a new study has also found that PD-L1 expressed
T cells interacted with PD-1 expressed macrophage, leading to
macrophage suppression [48]. Although JMB2005 exerts either
PD1/PDL1 blockade effect or a bridging effect for dual blockage, we
do not exclude the possibilities of a suppressive effect of JMB2005
on macrophage phenotype. Considering the complex nature of
PD1/PDL1 axis blockade which complicated involved in dose,
affinity, and PD-1 target saturation in the tumor. We will keep
exploring this potential mechanism of macrophage suppression.
Collectively, whether the unique mechanism of action of JMB2005
can be translated into clinical practice and exert the expected
effects requires more exploration in the future, including clinical
safety and efficacy validation.

In conclusion, we reported the successful discovery and
development process of anti-PD1/PD-L1 CLC bsAb JMB2005 in
the present study. JMB2005 showed enhanced T-cell activation
property in vitro, outstanding anti-tumor efficacy and favorable
half-life in vivo. Furthermore, JMB2005 demonstrated excellent
biophysical properties, good stability, desired manufacturing
characteristics as IgG shape antibodies, and high potential of
subcutaneous injection for clinical usage. Therefore, JMB2005
has the potential to achieve good clinical outcomes, providing
a new promising immunotherapy for cancer treatment in the
future. Notably, we reported a promising unique and flexible CLC
bsAbs discovery platform, which could be applied to identify more
potential CLC bsAbs targeting different targets for clinical usage.
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