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Abstract

Rapid and efficient bispecific antibody (BsAb) production for industrial applications is still facing many challenges. We
reported a technology platform for generating bispecific IgG antibodies, “Bispecific Antibody by Protein Trans-splicing
(BAPTS).” While the “BAPTS” method has shown potential in high-throughput screening of BsAbs, further understanding
and optimizing the methodology is desirable. A large number of BsAbs were selected to illustrate the conversion efficiency
and kinetics parameters. The temperature of reaction makes no significant influence in conversion efficiency, which can reach
more than 70% within 2 h, and CD3 x HER2 BsAb can reach 90%. By fitting trans-splicing reaction to single-component
exponential decay curves, the apparent first-order rate constants at a series of temperatures were determined. The rate constant
ranges from 0.02 to 0.11 min~! at 37 °C, which is a high rate reported for the protein trans-splicing reaction (PTS). The reac-
tion process is activated rapidly with activation energy of 8.9 kcal-mol~! (CD3 x HER2) and 5.2 kcal-mol~! (CD3 x EGFR).
The BsAbs generated by “BAPTS” technology not only had the similar post-translation modifications to the parental anti-
bodies, but also demonstrated excellent in vitro and in vivo bioactivity. The kinetics parameters and activation energy of the
reaction illustrate feasible for high-throughput screening and industrial applications using the “BAPTS” approach.

Key points

o The trans-splicing reaction of Npu DnaFE intein in “BAPTS” platform is a rapid process with low reaction activation and
high rate.

e The BsAb generated by “BAPTS” remained effective in tumor cell killing.

e The kinetics parameters and activation energy of the reaction illustrate feasible for high-throughput screening and indus-
trial applications using the “BAPTS” approach.
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Introduction

In protein splicing, intein is an intervening protein domain
that is able to excise itself from a precursor protein in a trace-
less manner and join the remaining portions (the exteins)
with a peptide bond (Sarmiento and Camarero 2019; Shah
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and structural biology, and protein engineering (Topilina and
Mills 2014). Examples include protein purification with-
out the use of tags (Zuger and Iwai 2005), soluble protein
expression in E.coli (Shi et al. 2017), in vitro and in vivo
protein semi-synthesis (Camarero et al. 2001; Liang et al.
2011; Wang et al. 2019), protein and peptide cyclization
(Deschuyteneer et al. 2010), molecular biosensors (Ozawa
et al. 2001), and bispecific antibodies construction (Han
et al. 2017).

Split inteins are comprised of two separate polypep-
tides, the N-intein and C-intein, where each is fused to
their respective extein. The intein fragments join together
by non-covalent bonds, and then the exteins join by protein
trans-splicing (PTS). Less than 5% of the identified intein
genes encode split inteins. The common naturally occurring
mini-intein with characteristic of split is Synechocystis sp.
strain PCC6803 (Ssp), and the two genes coding intein with
the split being are contained in the coding sequence of the
DNA polymerase III (DnaE) (Wu et al. 1998). Iwai and co-
workers reported the highly homologous Nostoc punctiforme
PCC73102 (Npu) DnaE intein allele and found that Npu
DnaE had a superior protein splicing yields compared with
Ssp DnaE when both segments of the Npu intein were co-
expressed in Escherichia coli (Iwai et al. 2006). In addition,
the half-life (t,,,) of Npu DnaE in the protein trans-splicing
reaction was about 1 min (Zettler et al. 2009). The favorable
kinetics of the Npu DnaE intein PTS reaction makes the
reaction practical for protein engineering.

We reported a technology platform for generating bispe-
cific IgG antibodies, “Bispecific Antibody by Protein Trans-
splicing (BAPTS)” as well as application in generating a
number of novel bispecific antibodies (Han et al. 2017, 2019;
Zhou et al. 2020; Sun et al. 2021). In this method, two anti-
body fragments targeting different antigens or epitopes were
separately expressed in mammalian cells and then joined
to obtain BsAbs by the PTS of the split intein Npu DnaE
(Fig. 1). The platform was further developed by Hofmann
et al. as a high-throughput screening of BsAbs (Hofmann
et al. 2020a, 2020b).

The limitations of split intein application are mainly
attributed to two common properties: slow splicing reac-
tions and extein dependence (Shah and Muir 2014; Xu et al.
2018). Although the mechanism of “BAPTS” is well under-
stood, the kinetics of trans-splicing are still poorly charac-
terized. The most important properties of the split intein
reaction are the yield, rate constant, and stability of the prod-
uct. Unlike full-length inteins, the Npu DnaE split intein
serves as an ideal model system because the splicing reac-
tion initiates only after mixing the two split intein fragments.
This report takes CD3 X HER2 and CD3 X EGFR BsAbs as
examples and focuses on the characterization of the kinetics
properties of trans-splicing, the investigation of the effect
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of temperature on activity, and calculation of the activa-
tion energy. Total eleven BsAbs, including CD3 X CD19,
CD3xCD174, CD3xCD22, and HER2 X HER3, were
assessed to verify the reaction kinetics parameters multi-
ple times. In addition, we compared the glycosylation of
CD3 x HER2 BsAb with that of the controls OKT3, trastu-
zumab, and fragment A (CD3), to conclude that the BsAb
generated by “BAPTS” not only appeared similar in terms
of glycosylation of the Fc domain but also almost had no
change in N-glycan distribution pattern after trans-splicing
reaction. At the same time, comparing with parental mAbs
trastuzumab, the CD3 X HER2 BsAb was demonstrated a
better in vitro bioactivity. Furthermore, the in vivo antitumor
activity of the CD3 X CD22 BsAb generated by the reaction
was also assessed.

Materials and methods
Cell lines and culture condition

HEK 293C18 human embryonic kidney cells (HEK 293E)
(CRL-10852, ATCC, USA) were cultured in a growth
medium consisting of a 50/50 mix of FreeStyle 293 expres-
sion medium and SFM4 HEK293 medium (GE Health-
care Life Sciences, Beijing, China) containing 100 pg/mL
of G418. The BT474 cells (HTB-20, ATCC, USA) were
grown in RPMI-1640 medium, and 10% of FBS and 2 mM
L-glutamine were added into base medium. All cell lines
were maintained at 37 °C in a 5% (v/v) CO, humidified
incubator. All cell lines listed were tested and were nega-
tive of mycoplasma. All medium and cell culture reagents
were purchased from Invitrogen (Carlsbad, USA), except
indicated specifically.

Fragments expression and purification

We constructed five plasmids with pCEP4 (Invitrogen,
Carlsbad, USA) vectors to assemble each BsAb (Han et al.
2019). Three plasmids (pCEP4-Lc1, pCEP4-Hcl, pCEP4-
His-CD40ECD-Npu DnaE€-Fc) assembled into the fragment
A, and two plasmids (pCEP4-Lc2 and pCEP4-VH2-CH1-
Npu DnaEY) assembled into the fragment B. “Knobs-into-
holes (KiH)” mutations were introduced into corresponding
Fc region (Carter 2001). Npu DnaEN was cloned downstream
the CH1 domain of fragment B. His tag and Npu DnaEC®
were cloned upstream the “Hole” Fc domain of fragment A.
There were no changes in the two light chains (Fig. 1). Each
plasmid was amplified and then purified using the Endo-free
Plasmid Maxi Kit (Omega Bio-Tek, Norcross, USA) fol-
lowing manufacturer’s instructions. Transfection into HEK
293E cells was performed according to published transient
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transfection procedure (Han et al. 2017). Supernatant was
taken for analysis or processing when cell viability drop
to 50% or 1 week post-transfection (Zhu 2013; Ding et al.
2017). Both fragment A and fragment B were captured by
protein L affinity chromatography (GE Healthcare, Chicago,
USA) and dialyzed overnight into splicing buffer (10 mM
Tris—HCI, 0.5 M NaCl, pH 7.9).

Trans-splicing kinetics assays

Purified Npu DnaE fusion proteins (fragment A and frag-
ment B) were mixed in splicing buffer (10 mM Tris—HCI,
0.5 M NaCl, pH 7.9) at equimolar concentration of 10 pM
and incubated at different temperatures (4 °C, 12 °C, 22 °C,
30 °C, 37 °C) in the presence of 0.5 mM DTT as indicated.
At various time points, the reactions were terminated by the
addition of H,O, and non-reducing SDS-PAGE sample
buffer. The samples corresponding to the 0 min time point
were obtained by mixing one fragment with SDS-PAGE
sample buffer and then adding another fragment. The yields
of the trans-splicing reactions were determined by the inten-
sities of the fragment A or fragment B bands through
Coomassie Brilliant Blue-stained SDS-PAGE. Quantifica-
tion of the scanned images used the program “ImagelJ.” The
percentage of the protein splicing was calculated by the ratio
of the splicing product and the most consumed precursor.
The latter was determined by the sum of the precursor itself
and its corresponding partial cleavaged product. The reac-
tion assays were performed at least in triplicate under each
of the reaction conditions. Splicing reaction was fitted to
single-component exponential decay curves of the formula
Y, = Y, « (1 —e™), where “t” is the incubation time in min-
utes, “Y,” is the quantity of product at the incubation time,
and “k” is the first-order degradation constant. Activation
energy was calculated according to the classical Arrhenius
equation, Ink = InA — (Ea R) X <1/T ), where “k” is the

reaction rate constant, “A” is the pre-exponential factor, “Ea”
is Arrhenius activation energy [cal-mol~!], “R” is molar gas
constant (1.985 [cal-K™'-mol~']), and “T” is the thermody-
namic temperature (K) (Hawe et al. 2009; Martin et al.
2001). The natural logarithm of each reduction rate constant
was plotted versus the reciprocal thermodynamic tempera-
ture. The linear regression slope was used to calculate the
Arrhenius activation energy.

BsAbs assembly and purification

The purified fragment A and fragment B were mixed in
splicing buffer (10 mM Tris—HCl, 0.5 M NaCl, pH 7.9) with
the presence of 0.5 mM DTT and incubated at 37 °C for 2 h.
The sample was dialyzed overnight into reductant remov-
ing buffer (10 mM Tris—-HCI, 0.5 M NaCl, pH 7.9), and
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the reaction was oxidized by the addition of 8 mM GSSG.
The fragment A left over from the reaction was removed via
Ni-Sepharose affinity column. The interested protein BsAb
was purified from the rest of reaction mixture by Mabse-
lect affinity chromatography. The eluates were neutralized
immediately, dialyzed overnight into phosphate buffer saline
(PBS), and sterilized by 0.22 pM filtration.

Glycan analysis

Glycosylation of the bispecific antibodies was determined
by mass spectrum (Ayoub et al. 2013). Briefly, purified
CD3 x HER2 BsAb, the parental antibodies trastuzumab
and OKT3, and its fragment A (CD3) were ultra-filtered
to 25 mM Tris—HCI (pH 7.5). And then, the samples were
reduced by 1 mM DTT (Sigma-Aldrich, St. Louis, MO,
USA) at 37 °C for 20 min to open the interchain disulfide
bonds. The reduced samples were diluted with 3% acetoni-
trile in 0.1% formic acid to reach a final concentration of
0.5 mg/mL and then used for LC/MS analysis (5 pL). All
of the samples were subsequently separated by RP-UPLC
(Acquity I-Class, waters) on ACQUITY UPLC Protein BEH
C18 column (300 A, 1.7 pm, 2.1 mm X 10 mm, waters);
eluents were 0.1% FA in water (eluent A) and 0.1% FA in
acetonitrile (eluent B), and the flow rate was 200 pL/min.
The column was heated to 60 °C to enhance separation. The
UPLC was directly coupled with the Waters Acquity VION
IMS Q-Tof mass spectrometer. The MS signals were col-
lected and deconvoluted with UNIFI 1.8 software of Waters.

In vitro cytotoxicity assays

The HER?2 high-expression BT474 cells (2 x 10* cells/well)
were seeded on 96-well cell culture plates (Corning, New
York, USA) and incubated overnight. CD3 X HER2 BsAb or
trastuzumab were added and incubated for 30 min in 37 °C
with the culture medium (no phenol RPMI 1640+ 10%
FBS +2 mM L-glutamine). After incubation, human
PBMCs were added at an E/T ratio of 10:1. After 20 h
incubation, CytoTox 96® Non-Radioactive Cytotoxicity
Assay Kit (LDH; Promega, Madison, WI, USA) was used
to detect cytotoxicity. All measurements were done in trip-
licate. The percentage of cytotoxicity was calculated as the
formula: % cytotoxicity = (experimental lysis — spontaneous
effector lysis — spontaneous target lysis)/ (maximum target
lysis — spontaneous target lysis) x 100.

In vivo cytotoxicity assays

Dosing and monitoring were performed in accordance with
guidelines from the Institutional Animal Care and Use Com-
mittee of Shanghai Jiao Tong University. The female NOD/
SCID mice (6—8 weeks of age; Charles River, China) were
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randomly divided into two groups (n=3): CD3 x CD22
BsAb (5 mg/kg) group and negative control PBS (10 mL/
kg) group. Raji cells (1 x 10° cells/mouse) and PBMC cells
(5% 10° cells/mouse) were fixed and implanted subcutane-
ously into the right flank of each mouse (Chen et al. 2021).
The first treatment was administered 1 day after inoculation.
All treatments were administered intraperitoneally once a
week for a total of six doses. Tumors were measured weekly,
until tumor volume exceeded 1000 mm?, the animal became
sick, or developed tumor ulcers.

Statistical analysis

Data analysis was performed using GraphPad Prism 8.0.2
software. Where indicated, comparison between two groups
was performed by two-tailed unpaired Student’s 7-test. For
all experiments, # is p <0.1.

Results
The Npu Dnak split intein-mediated “BAPTS”

“BAPTS” (Bispecific Antibodies by Protein Trans-Splicing)
is a technology platform to construct bispecific bivalent nat-
ural architecture IgG antibodies through PTS. As shown in
Fig. 1, antibody molecule was constructed as two fragments
at the hinge region. Npu DnaE Int® was cloned upstream the
“Hole” Fc domain of fragment A, and Npu DnaE Int" was
cloned downstream the CH1 domain of fragment B. The
intein fragments associate with one another by non-covalent
bonds and then trigger N-S acyl shift through the catalytic
Cys at+ 1 position of C-extein. For the amino acids directly
flanking the intein fragments, the native residue CFN was
kept downstream of the Npu DnaEC fragment. The non-
native sequence AS was added downstream of CFN for
cloning reasons (Supplementary Fig. S1). The intein splices
itself out to form a peptide bond in the BsAb after a series
of reactions involving transesterification, Asn cyclization,
and S—N acyl shift (Pavankumar 2018).

Trans-splicing kinetics measurement

Temperature is always the most important parameter in any
chemical reactions, so does the BAPTS. To assess the effect
of temperature on trans-splicing, we choose CD3 x HER2
and CD3 X EGFR BsAbs as the model proteins and tested
under a range from 4 to 37 °C. Purified fragment A (anti-
CD3) and fragment B (anti-HER2 or anti-EGFR) were
mixed at equimolar concentrations of 10 pM with presence
of 0.5 mM DTT. At various time points, aliquots of the reac-
tion mixture were removed and stopped by the addition of
H,0, and non-reducing SDS-sample buffer. Figure 2 shows

the analysis of the trans-splicing reaction of CD3 x HER2
BsAb carried out at various temperature (30 °C, 22 °C,
12 °C, and 4 °C) by a Coomassie-stained SDS-PAGE. A
new band representing the splicing product was observed
on the SDS-PAGE at the position corresponding in size to
expected BsAb (CD3 x HER2). The consumption of the
starting proteins (fragment A and fragment B) was almost
completed within 2 h. The trans-splicing reaction was a quite
rapid process. Even at low temperature of 4 °C, about 90%
of raw materials were converted to product (Figs. 2 and 3a),
indicating that the overall activation energy required for
the reaction was relatively low. The protein trans-splicing
reaction proceeded at a considerably high rate. Twenty-five
minutes was taken to consume 90% of raw materials at 30 °C
to convert to the product, while 90 min was cost to com-
plete the same percentage of the reaction at 4 °C (Fig. 3a).
For CD3 X EGFR BsAb, over 65% of raw materials were
converted to product under different temperature with 2 h
(Fig. 3d and Supplementary Fig. S2). Total eleven BsAbs
were generated through the reactions at 37 °C, and the yields
of all BsAbs were in the range from 65 to 90% at different
temperatures (Table 1 and Table 2, Supplementary Fig. S3,
and Supplementary Fig. S4).

Densitometry analysis of the protein band inten-
sity was carried out to plot the pseudo first-order reac-
tion curves under various temperatures with negligi-
ble residuals (R?>0.98) (Fig. 3b and Table 2). While
at 30 °C k=0.0976 + 0.0010 min~! was calculated,
the reaction proceeded virtually not slower at 37 °C
with a rate constant of 0.1122 +0.0038 min~!. Even at
lower temperature, very fast splicing with compara-
ble yields was still observed, for example, the rate con-
stant was 0.0261 +0.0008 min~' at 4 °C. Subsequently,
reaction activation energy of the CD3 x HER2 BsAb
(Ea=8.9 kcal-mol~!) was determined by Arrhenius
plot (Fig. 3c). Kinetics trends and activation energy
(Ea=35.2 kcal-mol™!) were similar to that of CD3 x EGFR
BsAb (Fig. 3 e and f). Besides, the first-order rate con-
stants of trans-splicing reaction of whole BsAbs were in
the same order of magnitude (Table 1 and Table 2). The
kinetics and low reaction activation energy confirm that
the “BAPTS” approach is feasible for development of
high-throughput screening and industrial application.

Glycan analysis of CD3 x HER2 bispecific antibody

Glycosylation of an antibody is a complex and variable
post-translational modification that influences biological
activity, stability, secretion, pharmacokinetics, and anti-
genicity (Dwek 1998). Spiess et al. co-cultured two E.coli
strains expressing corresponding half of each mAb that
was refolded to synthesize BsAb. Lacking post-transla-
tional modification resulted in differences in biological
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Fig.2 SDS-PAGE (4-20% non-reduced) analysis of the CD3 x HER2
BsAb trans-splicing efficiency at 4 °C, 12 °C, 22 °C, and 30 °C in
presence of 0.5 mM DTT. At various time points, aliquots of the
reaction mixture were removed and stopped by the addition of H,O,
and non-reducing SDS-sample buffer. At each temperature, 2 h after
trans-splicing reaction, the consumption of the starting proteins was

functions, stability, and in vivo half-life (Junttila et al.
2014; Rouet and Christ 2014; Spiess et al. 2013). BsAb
produced by “BAPTS” contains glycosylation in the Fc
region when expressed in HEK293 cells as expected.
The N-glycosylation of the CD3 x HER2 BsAb was com-
pared with parental antibodies OKT?3, trastuzumab, and
fragment A (CD3) using mass spectrum as described in
the “Materials and methods” section. The heavy chain
molecular weights of different antibodies were analyzed
by deconvolution of the mass spectrum (Fig. 4a—d). The
molecular weight of CD3 x HER2 BsAb was differ-
ent from its parental antibodies OKT3 and trastuzumab
because of the mutation of “Knobs-into-holes” on heavy
chains and the residues of “CFNAS” amino acids after
trans-splicing reaction. Relative abundance of the gly-
cans was calculated based on the corresponding response
(Fig. 4e). From the N-glycan distribution pattern of
CD3 x HER2 BsAb and the controls, the N-glycan distri-
bution pattern (GOF, G1F, G2F) could be detected in all
the samples. Compared with fragment A (CD3), the major
N-glycans of CD3 X HER2 BsAb almost had no change
after the trans-splicing reaction. It further revealed the
application value of BAPTS in industry.
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close to completion. Even at low temperature 4 °C, the protein trans-
splicing reaction proceeded with high rate and about 90% yield. In
the lane B, the band between 40 and 55 KDa represented dimeric
light chain and the band at 25 KDa represented the monomeric light
chain. The band around 15 KDa, which was increased as the process
going, was formed due to cleaved Npu DnaEN

Bioactivity analysis of CD3 x HER2 BsAb

To investigate the bioactivity such as cytotoxicity of
CD3 xHER2 BsAb and compare the activity with trastu-
zumab, we selected BT474 cells with high HER2 expression
level as target cells (Fig. 5a). Trastuzumab is a well-charac-
terized monoclonal antibody that promotes tumor cell death
in HER2 overexpressing cell lines such as BT474 (Jager
et al. 2009). We compared the ability of CD3 X HER2 BsAb
and trastuzumab to kill BT474 cells at E/T ratio of 10:1.
Cell lines with high expression of HER2 antigen appeared
more sensitive to the CD3 X HER2 BsAb than trastuzumab.
As shown in Fig. 5 b and ¢, 92.76 +3.02% BT474 cells
were lysed by CD3 x HER2 BsAb (EC5,=2.225+0.445 ng/
mL), while 74.58 +3.59% cells were lysed by trastuzumab
(EC5y=31.84+8.25 ng/mL). Furthermore, maximal con-
centrations of target cell killing by CD3 X HER2 BsAb
were as low as 8 ng/mL, which showed a superior ability
of CD3 x HER2 BsAb to kill tumor cells compared with
trastuzumab. In conclusion, the cytotoxic antitumor activ-
ity of CD3 x HER2 BsAb produced by “BAPTS” was more
excellent than the parental mAb in HER2 positive tumor
cell lines.
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Previously published articles of our laboratory demon-
strated that the BsAbs generated by “BAPTS” platform

Table 1 Reported apparent first-order rate constants of protein trans-
splicing for different BsAbs in presence of 0.5 mM DTT

Tempera-  Top* (%)  R? K (min~1)

ture (°C)
CD3xEGFRvIIl 37 76.4 0.92  0.0908
CD3xCD19 37 74.2 0.94  0.0436
CD3 xEpCAM 37 70.4 0.97  0.0484
CD3 xHER3 37 76.7 0.84  0.0537
HER2 x HER3 37 82.9 0.99  0.0430
HER2 x PRLR 37 83.0 0.94  0.0644
CD3 xCD22 37 84.7 0.98  0.0440
CD3xCD174 37 85.3 098  0.0616
CD3xCD174 22 77.0 0.95  0.0228
EGFR X TF 12 78.8 097  0.0884

* “Top” refer the maximum percentage of splice product formation

0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
1Tk

were biologically active both in vitro and in vivo (Han et al.
2019; Zhou et al. 2020; Sun et al. 2021). Here, we further
confirmed its versatility. We verified the in vitro cyto-
toxicity (data not shown) and in vivo tumor inhibition of
CD3 x CD22 BsAb in female NOD/SCID mice. Raji cells
were implanted together with non-activated human PBMCs
from healthy donors to the mice subcutaneously. Mice were
administrated intraperitoneally on a weekly schedule with
5 mg/kg of BsAb (CD3 X CD22) or 10 mL/kg of negative
control PBS and starting on the first day after inoculation.
Experimental results showed that the BsAb (CD3 x CD22)
had an inhibitory effect on tumor growth at 5 mg/kg (Fig. 6).
No mice became sick or developed tumor ulcers or died
before the tumor volume reached 1000 mm?®.

Discussion
Besides chain mispairing problem, low synthetic efficiency

of bispecific antibodies is another huge challenge. For exam-
ple, reduction and oxidation step of reoxidation method

@ Springer



168

Applied Microbiology and Biotechnology (2022) 106:161-171

Table 2 Reported apparent first-order rate constants of protein trans-splicing for CD3 x HER2 BsAb and CD3 X EGFR BsAb

Temp CD3 xHER2 CD3xHER2R?>  CD3xHER2K (min™) CD3 xEGFR CD3xEGFRR?>  CD3xEGFR K (min™")
Top*(%) Top*(%)
4°C 87.2+7.6 0.99 0.0261 +0.0008 76.7+2.5 0.98 0.0188+0.0016
12 °C 88.4+5.7 0.98 0.0325+0.0010 69.8+3.2 0.92 0.0343 +£0.0074
22 °C 90.5+7.3 0.99 0.0586 +0.0002 64.2+6.4 0.95 0.0364+0.0117
30 °C 90.3+2.5 0.98 0.0976 +£0.0010 749+1.6 0.98 0.0540+0.0040
37°C 89.4+4.2 0.99 0.1122+0.0038 759+3.4 0.99 0.0536 +0.0029
* “Top” refer the maximum percentage of splice product formation
CD3xHER2 BsAb OKT3
a 51088.50000 6.05e6 C I o
;;' 2.5e6 = 51267.00000 % " 1513|200000
£ 4910800000 4945050000 51068.00000 . | 5141200000 5 50966.00000 ’ /5133000000
oddn e . 5000050000 5033450000 5078200000 hl, JUI, w2050 £ : - - - - - - e T )
49250 49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000 49250 49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000
Mass [Da] Mass [Da]
b CD3-3F g Trastuzumab
. 15e7 - - 50561‘.’50000 298e7
E 1e7 5125100000 E 2e7
g ;» 50723.50000
2 Ses 5106500000 [ s1413,0000 § 50540.00000 ‘ 50885.50000
" . . N Y = 9 M L
49250 49500 49750 50000 50250 50500 50750 51000‘ 51250 51500 51750 52000 49250 49500 49750 50000 50250 50500 50750 51000 51250 51500 51750 52000
Mass [Dal Mass [Da]
e
Antibody Heavy chain GOF (%) G1F (%) G2F (%)
CD3 (Knob) 54.23 33.46 12.30
X
CD3xHER2 BsAb HER2 (Hole) 53.67 34.37 11.96
FragmentA (CD3)  CD3 (Knob) 54.85 34.52 10.63
OKT3 CD3 Hc 35.41 44.69 19.89
Trastuzumab HER2 Hc 65.74 25.43 8.83

Fig.4 Glycosylation analysis of CD3 X HER2 BsAbs and its controls
OKT3, trastuzumab, fragment A (CD3). a—d Mass spectrometry anal-
ysis of the reduced samples to test the abundance of major glycans. a

often costs from several hours to several days (Labrijn et al.
2013; Shatz et al. 2013; Strop et al. 2012). Solving chains
mispairing problem and achieving high synthesis efficiency
and rate would be of great significance for the application
at industrial scale.

“BAPTS” allows correct assembly of heavy/heavy chains
and light/heavy chains to form bispecific bivalent natural
architecture IgG antibodies, which was validated by exist-
ing antibodies tested in this report and any other potential
antibodies (Han et al. 2017; Sun et al. 2021; Zhou et al.
2020; Pan et al. 2021). We here report the reaction rate for
protein trans-splicing of “BAPTS”, which are consistent
with the reported result (Zettler et al. 2009). The Npu DnaE
split intein fusion constructs were converted to CD3 X HER2
BsAb with a high yield above 90% at 30 °C within 25 min.
For the CD3 X EGFR BsAb, the yields achieved 80% at
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CD3xHER2 BsAb, b CD3-3F, ¢ OKT3, d trastuzumab; e compari-
son of relative abundance of major glycans of the CD3 x HER2 BsAb
and its controls OKT3, trastuzumab, fragment A (CD3)

37 °C within 45 min. The yields of all BsAbs ranged from
65 to 90% at different temperature. It is well known that
the extein sequence could influence the efficiency of trans-
splicing (Cheriyan et al. 2013). To solve the chain mispair-
ing problem, two antibody fragments carrying different tar-
gets were separately expressed in host cells. Npu DnaE split
intein in the “BAPTS” was inserted into the hinge region
of antibody (Supplementary Fig. S1). The hinge region
sequence of antibody is quite conservative, and constant
region sequences of Fc and Fab are relatively conservative,
so different antibodies variable region sequences have little
influence on the efficiency of trans-splicing reaction.

To further understand “BAPTS”, kinetics was measured
under a range of temperatures with trans-splicing buffer
(10 mM Tris—HCI, 0.5 M NaCl, pH 7.9, 0.5 mM DTT).
Taking CD3 x HER2 BsAb as an example, the rate constant
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Fig.5 HER?2 antigen expression a 1 b
on BT474 cells and cytotoxicity 100 BT474
against BT474 cells. a BT474 100+ e Trastuzumab [
80
cells we?re analyzed for HER2 < 804 m CD3x HER2 BsAb
expression by flow cytometry. < °
Black line, unstained cells; S 60 G 60
red line, stained cells. b and © 3 40
¢ Cytotoxicity against BT474 40 g
cells mediated by trastuzumab O 207
(0.00005-5,000 ng/mL) or 2] od
CD3 xHER2 BsAb (0.00005- T
1,000 ng/mL). Effectors 0 L N .. o 0.0000010.0001 001 1 100 10000
huPBMCs, E/T ratio 10:1, time i . Concentration (ng/mL)
point of 20 h. Data points in 0 10 . ;ﬂc EC,, CD3xHER2 BsAb vs Trastuzumab, P = 0.0049
the figure represent the mean of )
three samples; error bar, SEM.
Two-tailed unpaired ¢ test for b c
ECso (ng/mL) Top (%) R2
Trastuzumab 31.44+8.25 74.58+3.59 0.9867
CD3xHER2 BsAb 2.225+0.445 92.76+3.02 0.9944
a BsAb or PBS, i.p faster the reaction rate. Furthermore, the Arrhenius activa-
Raji:PBMC=1:5 ) tion energy of the reaction is of great significance for judg-
s'cl l, l, l, l, l, l End ing the speed of the reaction. Reaction activation energy of
Do D1 D8 D15 D22 D29 D36 D58 the CD3 x HER2 BsAb is 8.9 kcal-mol~!. The CD3 x EGFR
Time (days) BsAb also has a similar kinetics trends and activation energy
b (Ea=5.2 kcal-mol™) compared to CD3 x HER2 BsAb. The
Raji PTS of “BAPTS” is a thermodynamically favored reaction.
5000 The rate constant of other nine BsAbs were in range of
e ~e- PBS 10 ml/kg 0.02~0.09 min~! at 37 °C. Kinetics analysis of a large num-
E 40001 = CD3xCD22 5 mglkg o ,
el ber of BsAbs further proved the versatility of the “BAPTS”
% 3000+ . platform.
S 2000 According to BAPTS construction process (Fig. 1), entire
S IgG is composed of three parts. Two of them are the frag-
€ 1000+ . .. . -
] ments for antigen binding (Fab domains), and the other is
0- T 1 the Fc domain that activates Fcy receptors on leukocytes
20 30 40 50 60

Days

Fig.6 Tumor suppressing effects of CD3xCD22 BsAb against sub-
cutaneously transplanted Raji cell in female NOD/SCID mice. a
Experimental protocol of the tumor therapy. b The tumor volumes of
different groups were measured weekly (n=3). One-tailed unpaired t
test for b, *P <0.1. Error bar, SEM

is 0.1122+0.0038 min~! at 37 °C. With the decreasing of
temperature, the rate constant was decrescent. However,
the rate constant (0.0261 +0.0008 min~!) at 4 °C was only
4.3-fold lower than the rate at 37 °C. The Npu DnaE split
intein fusion constructs were also converted to CD3 x HER2
BsAb with excellent yields of over 90% at 4 °C within
90 min. Wide reaction temperature range gave the possi-
bility to develop different reaction processes for products
with various stability. The lower the activation energy, the

and C1 component of complement. Fc domains bear oli-
gosaccharides at Asn297, and the oligosaccharides play
an essential role in Fc-mediated effector functions, includ-
ing antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC). Expression in
bacterial cells results in the loss of key glycosylation modi-
fications. Absence of glycosylation modifications unlikely
affects antigen binding affinity (Spiess et al. 2013) but does
abolish antibody effector functions (Junttila et al. 2014).
Glycosylation modifications may have potential impact on
biological function of bispecific antibodies in oncology
applications (Rouet and Christ 2014). In “BAPTS,” frag-
ments A and B were expressed in mammalian cells sepa-
rately, which not only maintained the maturation process
of the antibody in nature but also provided glycosylation
modifications of fragment A which bearing Fc domain. The
N-glycosylation of the CD3 X HER2 BsAb was compared
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with parental antibodies by Mass Spectrum. The N-glycan
distribution pattern (GOF, G1F, G2F) all could be detected
in the CD3 X HER2 BsAb and the controls. Compared with
fragment A (CD3), the major N-glycans of CD3 x HER2
BsAb almost had no change after the trans-splicing reac-
tion. The CD3 X HER2 BsAb also showed excellent cyto-
toxicity in vitro. Furthermore, in vivo antitumor activity of
CD3 x CD22 BsAb showed that the BsAb has an inhibitory
effect on tumor growth. “BAPTS” not only maintained the
major N-glycan distribution pattern of BsAb but also kept
the in vitro and in vivo bioactivity.

In summary, the kinetics analysis of “BAPTS” will have a
particular value for high-throughput screening of BsAb and
industrial applications, where efficiency is critical.
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