
Page 1/21

A New Approach to Produce IgG4-like Bispeci�c
Antibodies
Caizhi Zhao 

Fudan University
Wei Zhang 

Shanghai Institute of Pharmaceutical Industry
Guihua Gong 

Shanghai Institute of Pharmaceutical Industry
Liping Xie 

Shanghai Institute of Pharmaceutical Industry
Ming-Wei Wang  (  mwwang@simm.ac.cn )

Fudan University
Youjia Hu 

Shanghai Institute of Pharmaceutical Industry

Research Article

Keywords: bispeci�c antibodies, bispeci�c molecules, Pembrolizumab, immunogenicity

Posted Date: March 3rd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-259221/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Scienti�c Reports on September 20th, 2021.
See the published version at https://doi.org/10.1038/s41598-021-97393-2.

https://doi.org/10.21203/rs.3.rs-259221/v1
mailto:mwwang@simm.ac.cn
https://doi.org/10.21203/rs.3.rs-259221/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-021-97393-2


Page 2/21

Abstract
While achieving rapid developments in recent years, bispeci�c antibodies are still di�cult to design and
manufacture, due to mismatch of both heavy and light chains. Here we report a novel technology to make
correct bispeci�c molecules. The knob-into-hole method was used to pair two distinct heavy chains as a
heterodimer. IgG4 S228P CH1-CL interface was then partially replaced by T-cell receptor α/β constant
domain to increase the e�ciency of cognate heavy and light chain pairing. Following expression and
puri�cation, the bispeci�c antibody interface exchange was con�rmed by DNA sequencing and LC-
MS/MS. To ensure its validity, we combined a monovalent bispeci�c antibody against PD-1 (sequence
from Pembrolizumab) and LAG3 (sequence from Relatlimab). The results showed that the molecule
could be assembled correctly at a ratio of 95% in cells. In vitro functional assay demonstrated that the
puri�ed bispeci�c antibody exhibits an enhanced agonist activity compared to that of the parental
antibodies. Low immunogenicity was predicted by an open-access software and ADA test.

1. Introduction
As a key component of monoclonal antibody therapy1, bispeci�c antibodies have been developed rapidly
as a new strategy for cancer therapy2–4. Monoclonal antibodies are monospeci�c, can bind to only one
antigen and have limited target speci�city. However, bispeci�c antibodies, by design, can bind to two
different antigens or two different epitopes of the same antigen to maximize the speci�city, thereby
greatly expanding therapeutic scope and potential3.

It is known that bispeci�c antibodies are di�cult to produce in a single-cell system upon co-expression.
Mispairing of heavy and light chains usually leads to low yield5. Conventional bispeci�c antibodies are
made by chemical conjugation such as connecting the two monoclonal antibodies together or in the form
of a hybridoma6,7. Several techniques were applied nowadays to form heterogeneous heavy chains
including knob-into-hole8, charge interaction at CH39, replacement of CH3 domain10. These involve a
series of engineering processes such as heterodimerization of heavy and light chains11, replacement of
CL and CH1 domains12, application of linkers to connect heavy and light chains13, assembly of heavy
and light chains from two monoclonal antibodies in vitro14,15 and transformation of Fab domain16. For
instance, a recently reported bispeci�c antibody against EGFR and IGFR is a single-domain Fab that
connects the light chain to the heavy chain via a 32-amino acid linker17. It is of note that this novel
method facilitates the combination of a light chain with its cognate heavy chain by substituting CH1 and
CL domains of one Fab arm with Cα and Cβ domains of the T-cell receptor (TCR). The rationale behind
this approach is that TCR has a similar heterologous structure as Fab, and their constant region structure
is also homologous to IgG CH1/CL18. TCR has been widely utilized in antibody therapy, for example, the
variable domain of a monoclonal antibody was combined with the constant domain of TCR to form
recombinant and antibody guided T cells19–22.
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In this study, we used knob-into-hole technique to achieve heavy chain heterodimerization through
enhancement of heavy and light chain pairing and formation of monovalent IgG-like bispeci�c antibody
by partial replacement of CH1-CL interface with amino acids of TCR α/β constant domain interface.
Biochemical, biophysical and functional characterization was carried out to pro�le a bispeci�c antibody
against both PD-1 and LAG3. To our knowledge, this is the �rst description of using TCR α/β constant
domain interface to overcome heavy and light chain mismatching which may provide a new platform to
produce different types of bivalent/bispeci�c IgGs.

2. Results

Mutation design
We selected IgG4 S228P as the development target (PDB: 5DK3). After analyzing the crystal structure of
CH1-CL interface, we found that there were two sites where the interaction force was relatively weak. Sites
1 and 2 have hydrophilic amino acids that weaken the interaction between the two chains. As shown in
Fig. 1A, these two sites are located within the interface, not completely exposed and could be modi�ed
without affecting the function. Since TCR α/β constant domains have two major hydrophobic areas
(Figure S1), they were introduced to CH3, along with some site mutations, leading to heterodimerization
of heavy chains23. We also grafted these two regions to the two weak interaction sites of CH1-CL,
respectively, in order to obtain correct pairs of heavy and light chains, while leaving strong amino acid
interaction in the CH1-CL interface unchanged. 

It was found that the weak charge interaction of site 1 occurs among Asn26, Asn27, Ser85.1 of CL and
His79 of CH1 (Fig. 1B). We used one of the two major hydrophobic regions of TCR α/β constant domain
interface, i.e., Val86, Leu7 and Val22 in Cα and Val22 in Cβ23 to enhance the weak interaction. Thus,
His79 was replaced by Val in CH1 and Asn27, Asn26 and Ser85.1 by Leu, Val and Val in CL, respectively
(Fig. 1C). These mutations constructed a new hydrophobic region in the edge of CH1-CL. At the other end
of which, the second largest hydrophobic region of TCR was introduced to include residues Trp88 and
Tyr79 in Cα as well as Leu24 and Leu84 in TCR23. Similarly, Ser20 in CL was mutated to Trp, which has a
large side chain, and Gln13 was mutated to Tyr. Within CH1, basic residue Lys26 and polar residue
Gln84.2 were both mutated to non-polar amino acid Leu (Fig. 1C). With the addition of small non-polar
residues nearby, another new large hydrophobic region was formed. After analyzing the entire modi�ed
CH1-CL structure, two large hydrophobic interaction areas of TCR Cα-Cβ were con�rmed to present at
both ends of the β sheet within CH1-CL interface. These modi�cations should in theory strengthen the
acting force between CH1 and CL. Moreover, side chains of CH1 (Pro82 and Leu84.1) and CL (Ser81 and
Glu79) will form respective polar bonds to stabilize the entire structure.

To prevent mismatch of heavy and light chains, the native disul�de bond in CH1-CL was also mutated
(Fig. 1D), and the corresponding Cys was substituted by Val24. All amino acids of CH1-CL that were
subjected to mutation are shown in Fig. 1E.
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Heterodimer veri�cation
In human IgG-like bispeci�c antibodies, heavy and light chain mismatch is generated because CH1-CL
has two arms that form heterodimers with identical sequences when co-expressed in a single cell
(Fig. 2A). To examine if the newly designed molecules could be assembled correctly, we studied all
possible mismatches in the molecular format of one value M (Fig. 2B). The constructed plasmids bearing
single-strand antibody coding were co-expressed and the results showed that mutated CL and CH1 could
not be assembled with that of wild-type (Figure S2), while mutated CH1 and CL were able to assemble
correctly (Fig. 2C) with an abundance close to 95%. The product after protein A puri�cation displayed a
relatively single peak and the retention time is consistent with that of the theoretical value (Fig. 2E). One
previous study reported that native disul�de bonds replaced by a pair of non-native disul�de bonds can
mitigated the problem of mismatch26. We repeated this design but found substitution of disul�de bonds
did not signi�cantly improve the expression and correct paring of our bispeci�c antibody (Figure S3). 

Production and validation
Programed death-1 (PD-1) is an inhibitory receptor expressed on the surface of T cells. Inhibitory signal
caused by PD-1 binding with its ligands PD-L1 and PD-L2 reduces T cell proliferation, cytokine secretion
and cytotoxic activity25,26. In multiple syngeneic mouse tumor models, blockade of PD-1 or its ligands
promoted the antitumor activity27–29, which could be further enhanced by antibodies against other
negative regulators of T-cells, such as CTLA-4 and LAG330,31. To produce a bispeci�c antibody targeting
both PD-1 and LAG-3, we selected IgG4 S228P32 to make the construct.

The PD-1×LAG3 bispeci�c antibody (PD-1×LAG3 TiMab) was produced by transient co-expression of 4
plasmids in Expi293 cells (Fig. 3A). The molar ratio of heavy and light chains was 1:2. Construction of
plasmids encoding heavy and light chain genes is described in Materials and Methods. The PD-1×LAG3
TiMab yield was 30 mg/L (Fig. 3B) while that of PD-1 and LAG3 monospeci�c antibodies were 120 mg/L
and 95 mg/L, respectively. Obviously, the expression level of the bispeci�c antibody is lower than its
parental IgGs. PD-1×LAG3 TiMab was puri�ed using standard protein A a�nity chromatography. Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size exclusion chromatography were
employed to analyze the purity and chain composition. Puri�ed PD-1×LAG3 TiMab showed a single peak
with very low levels of aggregates in SEC analysis. Fragments of free chains were also insigni�cant
(Fig. 3C). The peak retention was similar to its parental molecules due to identical molecular mass of
IgGs. 

We subsequently carried out mass spectrometry to analyze whether the amino acids in the modi�ed CH1-
CL of PD-1×LAG3 TiMab were successfully mutated. Analysis of the different enzyme digested antibody
demonstrated that the target residues in CH1 and CL were all mutated according to our design, e.g., Glu
(Q) (Fig. 3D) in CH1 was changed to Leu (L) (Figure. 3E; other mutation sites were not shown).
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Binding property
Antibody binding a�nity to cell surface expressing antigens PD-1 and LAG3 was assessed by �ow
cytometry (FACS). PD-1×LAG3 TiMab exhibited similar binding a�nity as the parental monospeci�c
antibodies (Fig. 4A and 4B). It binds to CHO cells expressing PD-1 and LAG3 at 2.76 nM and 3.37 nM,
respectively (Table. S1). The dual binding ability of PD-1×LAG3 TiMab was demonstrated in engineered
cells that can bind to one arm of the antibody while the other arm is open for detection. When PD-1×LAG3
TiMab was saturated with PD-1 in the engineered cells, addition of LAG3 elicited a second binding signal.
By calculating the stoichiometry of the binding events, we determined that PD-1×LAG3 TiMab is capable
of binding both antigens simultaneously (Fig. 4C), suggesting correct Fab folding in the presence of
mutated CH1-CL interface. 

We then investigated whether mutations in CH1-CL interface affects Fc-mediated functional activity.
Binding a�nities of PD-1×LAG3 TiMab to various human Fcγ receptors, FcRn and C1q were determined
by a steady-state equilibrium binding assay on Proteon. As shown in Table 1, the binding kinetics of the
antibody to different Fcγ receptors and C1q are indistinguishable from the two parental antibodies and
an isotype control of human IgG4 S228P. The interaction with human FcRn at pH 6 was also shown in
Table S2. These data imply that Fc function is maintained following the mutations.

Thermostability
Thermostability of puri�ed PD-1×LAG3 TiMab was measured at 1 mg/mL and 2 mL of which were
incubated at 40°C for a speci�ed period. Protein concentration and purity were checked at different time
points. Compared to the control antibody, PD-1×LAG3 TiMab was not degraded signi�cantly (Table S3).
After incubation at 40°C for 21 days, it still displayed a similar binding ability as that of the parental
(Figure S4A and S4B). The thermostability was also examined with differential scanning �uorimetry
(DSF). As shown in Figure S4C, the melting temperature (Tm1) is 62.45°C, lower than the control IgG4

S228P whose Tm1 is 69°C, indicating that PD-1×LAG3 TiMab is relatively stable.

In vitro activity
The bioactivity of PD-1×LAG3 TiMab was compared to that of the monovalent forms of the parental
antibodies. In a human T-cell response assay consisted of an allogeneic MLR, stimulation of human
PBMC by super-antigenic DC and antigen-speci�c stimulation of T cells, blockade of PD-1 and LAG3 by
PD-1×LAG3 TiMab resulted in a titratable enhancement of IFN-γ release (Fig. 5B). In some donor T-
cell/DC pairs, enhanced T-cell proliferation was observed (Fig. 5A). It also enhanced IL-2 secretion in
response to DC using PBMC compared to the isotype control (Fig. 5C). Taken together, these data
demonstrated that PD-1×LAG3 TiMab can, at a very low concentration, enhance T-cell reactivity in the
presence of a TCR stimulus. Speci�cally, there were signi�cant releases of in�ammatory cytokines,
including IFN-γ and IL-2, from stimulated PBMC after co-incubation with the antibody. 
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Additionally, the ability of PD-1×LAG3 TiMab (0.003-50 mg/mL) to mediate ADCC activity in vitro was
tested by using IL-2 activated PBMC as a source of natural killer (NK) cells as well as activated human
CD4+ T cells expressing high levels of membrane PD-1 and LAG3 as target cells. Compared to a positive
control of IgG1 antibody, PD-1×LAG3 was unable to mediate ADCC of T cells at high concentrations
(Fig. 5D). It also failed to mediate complement-mediated cytotoxicity (CDC) of activated human CD4+ T
cells in the presence of human complement (Fig. 5E).

Pharmacokinetic pro�le
We used a rat model to study the pharmacokinetic properties of PD-1×LAG3 TiMab by intravenous
injection. Its circulating concentrations were determined by measuring that of PD-1 or LAG3 in the animal
serum speci�cally captured by anti-Fc antibodies. In fact that the serum concentration of the bispeci�c
antibody assessed by either antigen was very much alike, indicating that the molecule is intact in vivo
and has the ability to bind both antigens. However, it is less stable than conventional IgG at the same
intravenous dose (Fig. 6).

The drug clearance rate was faster, with a half-life shorter than 10 days.
This is expected because of the mutations in the CH1 and CL domains. The long half-life observed is
consistent with previous observations on heterodimers formed by knob-into-hole method33. 

Immunogenicity
We used free online IEDB software to predict the immunogenicity of PD-1×LAG3 TiMab in comparison
with Trastuzumab and Pembrolizumab (Fig. 7A) which are non-immunogenic in the clinic.
Immunogenicity can lead to the formation of anti-drug-antibody (ADA) immune complexes thereby
affecting drug safety and pharmacokinetics. Therefore, ADA test was performed in PD-1×LAG3 TiMab
coated plates and incubated with rat serum for 14 and 21 days. Mouse-anti-rat IgG was then added to
reveal the results showing that our antibody did not produce signi�cant ADA at both time points (Fig. 7C).
Combined with the above prediction, introduction of site-directed mutation didn’t cause observable
immunogenicity.

 

3. Discussion
Bispeci�c antibodies in cancer therapy mainly involve effector cell recruitment such as T cells that could
not be accomplished with conventional antibodies34,35. Other bispeci�c antibody based therapeutic
strategies may include repositioning effector molecules and cells, attenuating or enhancing ADCC and
CDC effects, prolongation of half-life and better penetration of blood-brain barrier36–40. These actions are
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related to the traditional IgG antibody, whose classical structures are of great value in the design of
bispeci�c antibodies.

In this study, we described a new approach to avoid heavy and light chain mismatch. This technique is
based on biomimicry where we took an existing heterodimer in TCR α/β domains and grafted it onto the
CH1-CL structure, while leaving the Fc domain intact. The characteristics of Fc such as long half-life,
ADCC, CDC and phagocytosis were thus retained. Notably, several of the mutated residues were not in the
CDR region. This design can be applied to IgG4 S228P/κ light chains as well as IgG1/λ light chains. In
addition, it is adaptable to parental sequences from rat, mouse or human without the need of
optimization, a signi�cant advantage over scFv and scFab, both contain linker whose length and residue
composition require to be optimized.

Although the concept of bispeci�c antibody has been used for a long time, heavy and light chain
mismatch is a bottleneck in the development of bispeci�c antibodies. In the case that heavy chains form
heterodimer, the light chains of the two targets of bispeci�c antibodies are co-transfected into single cells
in the instant, such a free combination can produce four forms, of which only one is the correct pair
(Figure S5). Therefore, heavy and light chain mispairing is one of the major challenges in obtaining pure
bispeci�c antibodies. The challenge of common light chain is that a large number of �lters need to be
built, and some targets may be hard to screen to obtain a common light chain41. While CrossMab method
that exchanges domain VH-VL or CH1-Cl between the heavy and light chain Fab domains can even
damage antigen binding ability42. In our design, with the application of knob-into-hole to increase the
formation of heavy chain heterodimers, two possible mismatches are expressed separately allowing
mutated CH1 and CL to correctly assemble in a single cell. Co-expression of three plasmids led to a
unique product (Fig. 2) that can be made simply by transient transfection of suspension cells. The purity
was close to 95% (Fig. 2C), higher than CrossMab (85%) and DuetMab (80%; Fig. 2C). Sequences of the
protein chains can be derived directly from two parental antibodies without the need of further
optimization. Because relatively complete Fab is retained, the binding data showed that the a�nity of PD-
1×LAG3 TiMab we designed is similar to that of the parental antibodies.

There are different ways to pair heavy and light chains, among which, scFv is most common. Its low
molecular weight makes scFv easy to penetrate into various tissues. However, it is relatively unstable and
prone to aggregate43. The a�nity and speci�city of scFv are generally lower than that of IgG, and linkers
between them may further weaken the activity of VL and VH. Like other single-domain antibodies, scFv
may be immunogenic due to the introduction of exogenous linkers44. Our design partially grafted the
interface of human TCR Cα/Cβ onto CH1-CL. Protein expression and puri�cation did not show any signs
of polymerization and aggregation. The protein is thermostable at 40°C. Supported by ADA assessment,
the immunogenicity prediction results are comparable to those drugs already on the market (Fig. 7).

Engineering disul�de bond is a common method to stabilize two interacting chains. Recently, one team
analyzed the crystal structure of CH1-CL and found that a pair of newly formed disul�de bonds other
than that of the native is important for the interaction between CH1 and CL26. Our experimental results
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demonstrated that by grafting the interface of TCR Cα/Cβ, CH1 and CL can bind well without the
dependence on engineered disul�de bonds (Figure S3). It is noteworthy that our design only introduced
mutations in CH1 and CL.

In summary, we have developed a new method to generate asymmetric bivalent bispeci�c IgG-like
antibodies. The classical structure is not only simple in puri�cation, but also retains the biological
function of Fc. No linker was introduced thereby reducing potential immunogenicity. In addition, this
technique also allows the production of symmetric molecules. A tetrevalent (2 + 2) IgG-like bispeci�c
antibody was made by adding wild-type Fab, mutating it to N-terminal or C-terminal of heavy chain
(Figure S6) and connecting them via a linker. Co-expression of an extended heavy chain and two light
chains are required. The mutation at Fab should enable each light chain to bind to its correct heavy chain
partner. This design has the potential to enhance the molecular force in bispeci�c antibody constructs
and is applicable to different molecules.

4. Materials And Methods

Construct
We selected IgG4 S228P subtype to construct the bispeci�c antibody (PDB: 5DK3). The amino acid
numbers at the interface of Cα/Cβ and CH1-CL refer to IMGT. The sequences of anti-PD-1 and LAG3 were
obtained from the patents [WO2015176033A1 and CN105793287A], and the corresponding VL and VH
were synthesized by GENEWIZ (Suzhou, China). In order to verify whether our design can correctly
assemble the heavy and light chains, we constructed a monovalent IgG and introduced knob-into-hole to
solve the heavy chain mismatch and added a stabilizing disul�de bridge in CH334. The sequence of anti-
PD-1 was used to construct the monovalent IgG. Mutations in the CH1 and CL domains of H chain
(pcDNA3.4-HC.knob) and L chain (pcDNA3.4-LC) transfer vectors were introduced by PCR, using the
primers presented in Supplemental Table I. Another heavy chain Fc that only has the hinge, CH2 and CH3
was constructed as the hole (pcDNA3.4-Fc.hole)35. A total of three molecules were constructed. Non-
mutated light chain, heavy chain and Fc were assembled as a positive control molecule; non-mutated
light chain, mutated heavy chain and Fc were assembled as a negative control molecule; and mutated
light chain, heavy chain and Fc were assembled as a target molecule (Fig. 1).

We also used pcDNA3.4 to construct the monovalent bispeci�c antibody TiMab against PD-1 and LAG3.
The HC of the anti-PD-1 antibody has the knob mutations and that of the anti-LAG3 antibody has the hole
mutations in the CH3. The cysteines in the CH1 and CL of the anti-PD-1 antibody were mutated to valines
and new mutations were introduced according to the positions shown in Table 1. The CH1 and CL of the
anti-LAG3 antibody have wild-type sequences. To determine correct pairing of cognate heavy and light
chains, plasmids encoding both antibodies were co-expressed and evaluated for dual speci�city by
concurrent binding to PD-1 and LAG3 using an ELISA assay (described below).
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Expression and puri�cation
Antibodies were produced by transient co-expression of Expi293 cells with pcDNA3.4-Heavy and
pcDNA3.4-Light expression vectors (Life Technologies, Carlsbad, USA) in serum-free expression medium
(Life Technologies) according to the supplier’s recommended protocol. For co-transfections, plasmids
were transfected in the same mass ratio into mammalian cells which were supplemented with enhancer
the next day. Cell culture supernatants were harvested 5 days thereafter. SDS-PAGE was used to detect
the protein bands. Antibodies were puri�ed by protein A column (GE Healthcare, Pittsburgh, USA) and size
exclusion column (GE Healthcare) following buffer exchange in PBS (pH 7.2). Antibody concentration
was measured by NanoDrop at 280 nm. The protein purity was analyzed by SDS-PAGE and SEC-HPLC.

LC-MS/MS
Protein samples were digested with different enzymes. The products were desalted using a self-priming
desalting column, and the solvent was evaporated in a vacuum centrifuge at 45°C. The peptides were
then dissolved, centrifuged at 13,200 rpm for 10 min at 4°C, and the supernatant was transferred to the
sample tube for mass spectrometry analysis. The raw MS �les were analyzed and blasted against target
protein database based on the species of the samples using Byonic.

Antibody stability
Antibodies were incubated at 40°C on an Eppendorf constant temperature mixer. After 1, 7, 14, 21 and 28
days, the absorption value of protein solution was measured at 280 nm by NanoDrop 2000, the
appearance recorded, and the purity detected by SEC-HPLC.

Tm of antibodies was investigated using QuantStudio™ 7 Flex real-time PCR system (Applied Biosystems,
Carlsbad, USA). The antibody solution (19 µL) was mixed with 1 µL of 62.5⋅ SYPRO orange solution
(Invitrogen, Carlsbad, USA) and transferred to a 96-well plate (Applied Biosystems). The plate was heated
from 26°C to 95°C at a constant rate of 0.9°C/min and the resulting �uorescence data were collected. The
negative derivatives of the �uorescence changes with respect to different temperatures were calculated
and the maximal value was de�ned as melting temperature (Tm).

Antigen binding
Cells with a high expression level of anti-PD-1 were cultured and their number was adjusted to 1⋅105

cell/mL before loading to ELISA plates (100 µL/well). The bispeci�c antibody was diluted with 1% BSA
for 20 nM and incubated at 100 µL/well. The LAG3 antigen with His label was added at the same volume,
and the plate was washed after 1 h incubation at 4°C. The �rst added antibody was against His and
biotin-labeled. The second antibody was then added to read the absorbance. Both antigens have to be



Page 10/21

simultaneously bound to the bispeci�c antibody to give the absorbance reading thereby verifying its
integrity.

T-cell proliferation
The effects of PD-1×LAG3 TiMab on T-cell proliferation was tested by an allogeneic (Miltenyi Biotec,
Germany). Primary dendritic cell (DC)-stimulated MLR was conducted in 96-well U-bottom tissue culture
plates. Each well has 200 µL RPMI 1640 containing 10% FCS and antibiotics. DCs were mixed with 1⋅105

allogeneic CD4+ T cells (Stemcell, Vancouver, Canada) at a ratio between 1:10 and 1:100. Cells were
cultured in the presence or absence of neutralizing PD-1×LAG3 TiMab and control antibodies (10 µg/mL).
The plates were incubated for 5 days, and 16 h before the end of the culturing [3H]thymidine was added
(1 µCi/well). [3H]thymidine incorporation was measured by scintillation counting and T cell proliferation
was expressed as the mean [3H]thymidine incorporation (counts per minute, CPM) of triplicate wells.
Counts due to DCs proliferation alone were routinely lower than 1,000 cpm32,45,46.

Cytokine secretion
Human CD4+ T cells were puri�ed from PBMC (AllCells, China) by negative selection with CD4+ T cell
enrichment cocktail kit (Stemcell, Vancouver, Canada) according to the manufacturer’s instruction.
Immature DC (iDC) was generated from monocytes by culturing with GM-CSF and IL-4 for 5 days and
mature DC (mDC) was differentiated by stimulation with LPS at 1 µg/mL overnight. CD4+ T cells were
mixed with iDC/mDC at a ratio between 10:1 and 100:1. Cells were cultured in the presence or absence of
M3 and control antibodies. After 5 days, the supernatants from each culture were harvested for IFN-γ or
IL-2 measurement by ELISA. Maxisorp plates were coated with anti-human IFN-γ or IL-2 monoclonal
antibody diluted in coating buffer (0.75 µg/mL) to 50 µl/well (i.e., for a 96-well plate adding 3.7 µL of
antibody to 5 mL of coating buffer) and incubated overnight at 4°C. Spare protein binding capacity was
blocked by adding 200 µL/well of blocking buffer for 2 h. Dilutions of IFN-γ or IL-2 were used as
standards. Two-fold serial dilutions were made from 8,000 pg/mL down to 125 pg/mL in complete
medium. After washing, standards and test supernatants (100 µL/well) were added and incubated for 2–
3 h. The biotinylated anti-IFN-γ or IL-2 monoclonal antibody (1:1333) in blocking buffer was introduced
followed by the addition of the extra-avidin peroxidase. The reaction was developed by adding TMB
substrate and stopped with 2 M HCl. Absorbance was measured at 450 nm.

ADCC
Activated T cells (Miltenyi Biotec, Germany) were used as target cells and incubated with various
concentrations of human antibodies in 96-well plates for 30 min. Then activated PBMCs as a source of
NK cells were added at the ratio of 50:1. The plates were incubated for 6 h at 37°C in a 5% CO2 incubator.
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Target cell lysis was determined by cytotoxicity detection kit (Roche, Mannheim, Germany). Optical
density was measured by a SpectraMax M5e plate reader (Molecular Devices, Sunnyvale, USA)

CDC
Activated T cells, diluted human serum complement and various concentrations of human antibodies
were mixed in a 96-well plate for incubation for 4 h at 37°C in a 5% CO2 incubator. Target cell lysis was
determined by Cell Titer glo (Promega, Madison, USA).

ADA
ADA was measured by ELISA. Target proteins (1 µg/mL) were coated and diluted rat serum was added at
different time points. Mouse-anti-rat-IgG-HRP was then introduced followed by absorbance reading. OD
ratio (S/N) < 2: no ADA; OD ratio ≥ 2: ADA.

Pharmacokinetics
The pharmacokinetic properties of PD-1×LAG3 TiMab were analyzed in male Sprague-Dawley rats
(Nanjing, China). The animals were cared for according to the National Institutes of Health guidlines.
They were housed in rooms and given normal living conditions and food.

An Institutional Animal Care and Use Committee (IACUC) approved all animal handling and exprimental
protocols.
After a single dose (10 mg/kg) of intravenous injection, serum samples were taken at different time
points and the antibody concentration in the rat serum was detected by ELISA. Goat anti-human Fab was
used to capture the target antibody and biotin-conjugated mouse anti-human IgG Fc (Sigma, St. Louis,
USA) was used for detection. Plates were read on an EnVision plate reader (PerkinElmer, Boston, USA)
and the pharmacokinetic parameters were analyzed by non-compartmental model using WinNonlin
software.
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Figure 1

Amino acid analysis and mutations in the CH1-CL interface. A, The crystal structure of CH1-CL was
analyzed by electrostatic potential. Red represents negatively charged amino acids, blue represents
positively charged amino acids, and white represents non-polar amino acids. The color change from red
to blue represents the trend of amino acids from negatively charged to positively charged. The color
shows that the charge and hydrophobic action of amino acids at Site 1 and Site 2 are weak. B, The
spherical structure of Site 1 and Site 2 at both ends of the Interface. Red and yellow represent CL and
CH1 mutated amino acids, respectively. C, The speci�c locations. D, The red balls show the spatial
position of the CH1-CL native disul�de bond. E, The amino acids of CH1-CL and their positions grafted
from TCR. Red represents the position of native disul�de bond and the mutated amino acids.
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Figure 2

Expression and puri�cation of one value format M. A, Schematic diagram of heavy and light chain
mispair. B, The model diagram of M. Mutated CH1 and CL are shown as MCH1 and MCL. Possible
mismatch forms are shown. Heterodimerization of distinct heavy chains is achieved by use of the KIH
technology. C, 1, 2 and 3 respectively represent the one value M molecules of crossMab, DuteMab and
TiMab in our design. The puri�ed SDS-PAGE results show that molecules 1 and 2 could not be completely
assembled and the light chain dropped, while molecule 3 was almost completely assembled at an
apparent ratio close to 95%. D, The reduced SDS-PAGE of TiMab after puri�cation. The result shows a
normal antibody band pro�le (lane 4). E, The SEC-HPLC result shows that the peak time was as expected
and the TiMab displays a single peak.
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Figure 3

Physicochemical characterization of PD-1×LAG3 TiMab. A, The molecular form of the bispeci�c antibody.
B, Non-reduced SDS-PAGE con�rms the purity of 94.5% by gray scanning. The apparent size corresponds
to the theoretical molecular weight of 145 kDa. C, Size-exclusion chromatography of puri�ed antibody
shows a single main peak with a purity of 94.2%. Peptide mapping of wild-type CH1. Number 1 represents
the �rst amino acid from the N terminal (D) and mutated antibody (E) by LC-MS. The amino acid Q was
successfully mutated to L.

Figure 4

Binding analysis of PD-1×LAG3 TiMab by FACS. The engineered cells expressing PD-1 (A) or LAG3 (B)
only were incubated separately. Results show that TiMab has a similar antigen-binding ability as that of
the parental antibodies. The circle is TiMab, the square is PD-1×LAG3, and the triangle is negative control
(NC). C, PD-1×LAG3 TiMab molecule was incubated with the engineering cells expressing PD-1 only.
LAG3 was used as the detection target. Corresponding antigens were added. The detection results show
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that the binding level of LAG3 was similar to that of the parental, indicating that TiMab is capable of
binding to PD-1 and LAG3 simultaneously at the cellular level. Ab, antibody.

Figure 5

Function assay of PD-1×LAG-3 TiMab. A, The effects of all the antibodies studied on T-cell proliferation.
Activation of the bispeci�c antibody is higher than that of the parental and is concentration-dependent.
IFN- (B) and IL-2 (C) secretion were promoted by the addition of antibodies. ADCC (D) and CDC (E) assays



Page 20/21

using activated T cells. Bispeci�c and parental antibodies had weak ADCC and CDC activities compared
with human IgG1 isotype. Data shown are means±S.D. of multiple measurements. Ab, antibody.

Figure 6

Pharmacokinetics pro�les of PD-1×LAG3 TiMab in SD rats. Pharmacokinetics parameters were
determined by non-compartmental analysis using WinNonlin software. Cmax, peak concentration; AUC,
the-area-under-the curve; T1/2, terminal half-life; CL, clearance; Vss: volume in steady state; ab, antibody.
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Figure 7

Software prediction and in vivo ADA detection of immunogenicity. A, Software prediction using
Pembrolizumab and Trastuzumab as positive control whose immunogenicity pro�les are low in the clinic.
PD-1×LAG3 TiMab has a similar low level. B, Schematic diagram of ADA detection principle. C, In vivo
detection of ADA. Group 1 and Group 2 produced no obvious ADA. Pre-dose is a negative control without
anti-drug antibodies.
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