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Abstract

Background: Humanization of mouse monoclonal antibodies (mAbs) is crucial for reducing their immunogenicity
in humans. However, humanized mAbs often lose their binding affinities. Therefore, an in silico humanization method
that can prevent the loss of the binding affinity of mAbs is needed.

Methods: We developed an in silico V(D)J recombination platform in which we used V(D)J human germline gene
sequences to design five humanized candidates of anti-tumor necrosis factor (TNF)-a mAbs (C1-C5) by using differ-
ent human germline templates. The candidates were subjected to molecular dynamics simulation. In addition, the
structural similarities of their complementarity-determining regions (CDRs) to those of original mouse mAbs were
estimated to derive the weighted interatomic root mean squared deviation (WRMSD) value. Subsequently, the cor-
relation of the derived wRMSDi value with the half maximal effective concentration (EC50) and the binding affinity
(Kp) of the humanized anti-TNF-a candidates was examined. To confirm whether our in silico estimation method can
be used for other humanized mAbs, we tested our method using the anti-epidermal growth factor receptor (EGFR)
a4.6.1, anti-glypican-3 (GPC3) YP9.1 and anti-a4{31 integrin HP1/2L mAbs.

Results: The R? value for the correlation between the WRMSD; and log(EC50) of the recombinant Remicade and
those of the humanized anti-TNF-a candidates was 0.901, and the R? value for the correlation between wRMSD; and
log(Kp) was 0.9921. The results indicated that our in silico V(D)J recombination platform could predict the binding
affinity of humanized candidates and successfully identify the high-affinity humanized anti-TNF-a antibody (Ab) C1
with a binding affinity similar to that of the parental chimeric mAb (5.13 x 10719, For the anti-EGFR a4.6.1, anti-GPC3
YP9.1, and anti-a4B1 integrin HP1/2L mAbs, the wRMSD, and log(EC50) exhibited strong correlations (R?=0.9908,
0.9999, and 0.8907, respectively).

Conclusions: Our in silico V(D)J recombination platform can facilitate the development of humanized mAbs with
low immunogenicity and high binding affinities. This platform can directly transform numerous mAbs with therapeu-
tic potential to humanized or even human therapeutic Abs for clinical use.
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Introduction

Therapeutic monoclonal antibodies (mAbs) have been
approved for the treatment of various human diseases
including cancer, infections, and immune disorders [1].
The global mAb market is predicted to reach US$179.56
billion by 2025, with a compounded annual growth rate
of 11.9% [2]. The conventional method used to develop
effective mAbs involves the immunization of mice with
the target antigen (Ag) and the generation of a hybrid-
oma to acquire the Ag-specific antibody (Ab) [3]. Mouse
mAbs cannot be directly applied to humans because
of the immunogenicity of the human anti-mouse Ab
(HAMA) in humans; therefore, chimeric mAbs fusing
variable regions with human constant region domains
were developed. Furthermore, to reduce immunogenic-
ity, humanized mAbs integrating human frameworks
were developed. Hwang et al. reported that the anti-Ab
responses of mouse, chimeric, and humanized Abs were
84%, 40%, and 9%, respectively [4]. The humanization
of murine mAbs can reduce their immunogenicity in
humans. Thus, a reliable approach for humanizing poten-
tial mouse mAbs is necessary for developing therapeutic
mAbs.

Approaches currently used to humanize mAbs
often lead to the loss of binding affinities [5]. The con-
ventional humanization approach involves grafting
complementarity-determining regions (CDRs) into
a suitable human template. For example, Kettlebor-
ough et al. grafted the CDR of a mouse anti-epidermal
growth factor (EGFR) mAb (mAb-425) into a human
template and found no detectable signal until some
framework residues of humanized mAbs were mutated
back to those of mice; this process is termed as back
mutation [6]. Cristina et al. found that the humanized
mouse anti-EGFR mAb did not inhibit EGFR in the
grafted version; however, the variant with back muta-
tions inhibited EGFR [7]. In addition, some humanized
mAbs still exhibited immunogenicity [8]. Thus, a more
favorable method for selecting the human mAb tem-
plate is required. The germline humanization approach
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involves the grafting of the CDRs of a mouse mAb into
a human Ab germline gene sequence with the highest
similarity [9, 10]. Because of the low intraclonal somatic
hypermutation of human germline genes, grafted mAbs
might exhbit low immunogenicity [11]. Using the ger-
mline humanization approach, Tan et al. aligned the
V region of the murine antihuman CD28 mAb to the
human germline gene sequence. They demonstrated
that the Ag-binding affinities of chimeric and human-
ized Abs were 20 and 630 nM and indicated moder-
ate loss of binding affinity [12]. Pelat et al. humanized
35PAg; with human germline sequences and regained
affinity through additional back mutations [13]. These
findings indicated the importance of back mutations
in maintaining the binding affinity of mAbs. However,
selecting human mAb templates and the subsequent
back mutations requires numerous tests, which can be
time consuming and expensive. Therefore, an in silico
method for predicting humanized candidates with a
high binding affinity should be developed.

The binding affinities of humanized candidates and
mouse mAbs can be estimated by determining the
binding energies of Ab—Ag complexes in all-atom simu-
lations [14]. However, the cocrystal structures of mouse
mAbs were typically not resolved when they were not
humanized. Only few in silico mAb humanization
methods have been used in the absence of Ab—Ag crys-
tal structures. For example, Pier et al. developed TabHu,
a sequence-based web server for Ab humanization
that can be used to calculate the contact probabilities
of mAbs, and employed it to humanize the anti-EGFR
Ab a4.6.1 [15]. However, the lack of structural informa-
tion would still lead to lower binding affinities. Bujo-
tzek et al. used a learning-based method to determine
the VH-VL orientation and selected similar human
template orientations to humanize the CD81K04 and
CD81K13 mAbs [16] However, this method cannot be
used to determine the binding affinity of humanized
candidates derived using the same human template.
A comparison of CDRs between mouse mAbs and
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their humanized candidates would be a more effective
method to estimate the binding abilities of humanized
candidates in the absence of Ab—Ag cocrystal struc-
tures. However, the structural information of mAbs
and their humanized variants must be determined
using homology modeling methods that require high
sequence similarities [17-20]. Molecular dynamics
(MD) simulation can be used with homology modeling
to improve the accurate structure of mAbs [21-23].
To compare CDRs and protein structures, interatomic
root mean squared deviation (RMSD)) has been widely
used [24—-27]. Weights can be added to RMSD; to com-
pare flexible proteins and limit the comparison to cer-
tain regions; hence, this approach would be suitable
for comparing the CDRs of humanized candidates with
those of parental mouse mAbs [28]. Therefore, the use
of a method involving MD simulation to improve the
homology modeling of mouse mAbs and their human-
ized candidates and weighted RMSD; (WRMSD,) to
compare the structural ensembles of CDRs can be a
rigorous and easy in silico method for evaluating the
binding affinities of humanized and mouse mAbs in the
absence of Ab—Ag cocrystal structures.

Herein, we propose an in silico V(D)] recombina-
tion platform consisting of two components: (1) In the
human germline V(D)] recombination component, the
variable regions of the heavy chain (VH) and light chain
(VL) of murine Abs were aligned to the human V(D)
] region. The human germline sequences with the high-
est similarities were selected as frameworks for V(D)]
recombination and then back mutated to generate many
germline humanized candidates. (2) In the in silico mAb
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estimation component, murine and humanized mAbs
were subjected to homology modeling and MD simula-
tion. The resulting trajectories were analyzed to derive
RMSD; by comparing the CDRs of murine and human-
ized candidates. Furthermore, the RMSD; was weighted
by referencing the solvent accessible surface area (SASA)
and dynamic fluctuations in CDR residues to reduce
the effect of nonbinding CDR residues or large vibra-
tion motions. The resulting wRMSD, was used to pre-
dict the affinities of humanized mAb candidates (Fig. 1).
Using the platform, we generated five humanized candi-
dates of anti-tumor necrosis factor (TNF)-a mAb: C1—
C5. The candidates were subjected to MD simulation
and compared with the parental mouse mAb to derive
the wRMSD; to estimate their binding affinities. The
wRMSD; was correlated with the half maximal effective
concentration (EC50) of the candidates by performing a
direct enzyme-linked immunosorbent assay (ELISA). To
confirm the predicted binding affinities, we examined
the correlation of the wRMSD; with the K of the candi-
dates. Furthermore, to evaluate whether our in silico esti-
mation method can be used for other humanized mAbs,
we tested our method using anti-EGFR [29], anti-GPC3
[30], and anti-a4P1 integrin [31] mAbs (Supplementary
information).

In the human germline V(D)J recombination compo-
nent, the parental mouse mAb sequence was matched
with the human germline gene sequences. Subsequently,
V(D)J recombination was performed to generate human-
ized candidates. In the in silico estimation component,
the humanized candidates were subjected to homology
modeling and MD simulation. The trajectories of the
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Fig. 1 A Flowchart and B schematic diagram of the in silico V(D)J recombination platform
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humanized candidates were compared with those of the
parental mouse mAb to determine the wRMSD, and the
most favorable humanized mAb candidates. The candi-
dates were synthesized and examined in experiments.

Results

In silico V(D)J recombination of humanized anti-TNF-a
mAbs

We used our human germline V(D)] recombination
platform to humanize anti-TNF-a mAbs (C1-C5). The
amino acid sequences of the chimeric Ab (Remicade)
were aligned to the human germline sequences [32].
IGKV6-21*01-JK2 and IGHV3-15*07-JH5 were selected
as the human immunoglobulin (Ig) frameworks for
CDR grafting for the VL and VH, respectively. Thus, we
designed three VL (A, B, and C) and VH (a, b, c) graft-
ing conditions. The detailed sequences are presented in
Fig. 2. To increase the feasibility of the calculations, nine
humanized candidates were generated by pairing the VL
(A, B, C) and VH (a, b, ¢). All the nine humanized anti-
TNF-a mAb candidates were subjected to MD simula-
tion, and the resulting trajectories were compared with
those of Remicade. Their wRMSD; was derived by com-
paring interatomic distances between different trajecto-
ries and was adjusted with weights for accessibility and
movability. The binding affinities of the nine mAbs were
in the following order: C1 (A+a)>C2 (A+b)>(B+¢c)>C3
(B+b)>C4 (B+a)>(A+c)>(C+c)>(C+a)>C5 (C+Db).
The estimated wWRMSD; are listed in Table 1. We
observed that the humanized candidates can be divided
into three groups: those with the highest structural simi-
larity, namely C1 (A+a), C2 (A+Db), and B+c; those
with a moderate structural similarity, namely C3 (B+Db),
C4 (B+a), A+c, and C+c¢; and those with the low-
est structural similarity, namely C+a and C5(C+b).
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Table 1 The wRMSD; of our Remicade humanized candidates
and their similarity rankings

Candidates WRMSD; (A) Similarity EC50 (ng/mL)
ranking
C1(A+a) 1.207 1 25.83
C2 (A+b) 1.214 2 26.08
B+c 1.308 3 -
C3(B+Db) 1327 4 513.65
C4(B+a) 1.400 5 545.70
A+c 1452 6 -
C+c 1453 7 -
C+a 1.465 8 -
C5(C+b) 1.469 9 > 1000
rRemicade 1.137 - 19.03

Therefore, we selected C1 and C2, C3 and C4, and C5
from the groups with the highest, moderate, and lowest
structural similarity, respectively, for further protein syn-
thesis and functional tests. The measured wRMSD, were
1.207, 1.214, 1.327, 1.400, and 1.603 for the humanized
anti-TNF-a candidates C1, C2, C3, C4, and C5, respec-
tively, and 1.137 for the recombinant Remicade mAb
(Table 1). If a humanized variant had a smaller wRMSD;
than did the mouse mAb, then the binding affinity of the
variant to Ags was similar to that of the mouse mAb. The
predicted order of the binding affinities was as follows:
C1>C2>C3>C4>C5.

In vitro binding of humanized anti-TNF-a mAb candidates

To confirm that the designed humanized variants have a
high binding affinity and whether the Ag-binding abili-
ties of C1-C5 mAbs agree with in silico predictions, we
purified the recombinant Remicade and C1-C5 mAbs.

(A) Light Chain

1 11 21 31 41 51

CDR1

CDR2

CDR3

61 71 81 91 101 107

IGKV6-21*01
JK2

(B) Heavy chain CDR1
1 11 21 31 41 51

Remicade VL DILLTQSPAILSVSPGERVSFSCRASQFVGSSIHWYQQRTNGSPRLLIKYASESMSGIPSRFSGSGSGTDFTLSINTVESEDIADYYCQQSHSWPFTFGSGTNLEVK
A EIVLTQSPDFQSVTPKEKVTITCRASQFVGSSIHWYQQKPDQSPKLLIKYASESMSGVPSRFSGSGSGTDFTLTINSLEAEDAATYYCQQSHSWPFTFGQGTKLEIK
B EIVLTQSPDFQSVTPKEKVTITCRASQFIGSSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTDFTLTINSLEAEDAATYYCHQSHSWPFTFGQGTKLEIK
C EIVLTQSPDFQSVTPKEKVTITCRASQSIGSSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTDFTLT INSLEAEDAATYYCHQSSSWPFTFGQGTKLEIK
EIVLTQSPDFQSVTPKEKVTITCRASQSIGSSLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTDFTLTINSLEAEDAATYYCHQSSSLP

YTFGQGTKLEIK

CDR2 CDR3
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JH5

replaced by the germline template (red)

Remicade VH EVKLEESGGGLVQPGGSMKLSCVASGFIFSNHWMNWVRQSPEKGLEWVAEIRSKSINSATHYAESVKGRFTISRDDSKSAVYLQMTDLRTEDTGVYYCSRNYYGSTYDYWGQGTTLTVSS
a EVQLVESGGGLVKPGGSLRLSCAASGFTFSNHWMNWVRQAPGKGLEWVGEIRSKSINSATHYAESVKGRFT ISRDDSKNTLYLQMNSLKTEDTAVYYCTRNYYGSTYDYWGQGTTVTVSS
b EVQLVESGGGLVKPGGSLRLSCAASGFTFSNHWMNWVRQAPGKGLEWVGEIRSKSINSATHYAAPVKGRFTISRDDSKNTLYLQMNSLKTEDTAVYYCTRNYYGSTYDYWGQGTTVTVSS
C EVQLVESGGGLVKPGGSLRLSCAASGFTFSNAWMNWVRQAPGKGLEWVGRIRSKTDGGTTDYAAPVKGRFTISRDDSKNTLYLOMNSLKTEDTAVYYCTRNYYGSTYDYWGQGTTVTVSS
IGHV3-15*07 EVQLVESGGGLVKPGGSLRLSCAASGFTFSNAWMNWVRQAPGKGLEWVGRIKSKTDGGTTDYAAPVKGRFTISRDDSKNTLYLQMNSLKTEDTAVYYCTT

Fig. 2 Sequence alignment of the light (A) and heavy (B) chain of humanized anti-TNF-a Abs and the human germline genes. The CDR regions
(bold) are defined by Kabat and conserved during the humanization process to increase the diversity of sequences; some key residues were

YYYYYGMDVWGQGTTVTVSS
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The mAbs were added to wells coated with recombi-
nant human TNF-a. The wells were blocked and washed.
Then, the horseradish-peroxidase-conjugated goat
antihuman IgG-Fc Ab was used to detect the binding
between the mAbs and TNF-a at 405 nm. Figure 3 pre-
sents ELISA results. The EC50 values were 19.03, 25.83,
26.08, 513.65, and 545.70 ng/mL for the humanized anti-
TNF-a mAb variants C1-C5, respectively, and > 1000 ng/

A4 -
= --Remicade N
-+Cl
3 C2
C3
-C4

=C5

Absorbance (405nm)
)

Ju—
1

Q

1 10 100 1000
Antibody concentration (ng/mL)

Fig. 3 Evaluation of the binding abilities of the antihuman TNF-a
Abs. The binding abilities of Remicade (blue @), C1 (green A),

C2 (grey I, C3 (yellow @), C4 (purple O), and C5 (blue []) were
examined by performing a TNF-a-based ELISA. The values represent
the mean & SD, *P <0.0001. Error bar: standard errors of experiments
performed in triplicate (https://www.aatbio.com/tools/ec50-calcu
lator)
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mL for the Remicade (Table 1). The R? value of the cor-
relation between the log(EC50) and wRMSD; was 0.901
(Fig. 5A), indicating that our wRMSD; estimations were
highly correlated with the EC50 values of the humanized
anti-TNF-a candidates.

In vitro binding affinities of Remicade, C1, C3, and C5 mAb
candidates examined using the BLItz affinity measurement
system

To confirm the accuracy of our in silico estimations, we
examined the C1, C3, and C5 mAb candidates by using
the biolayer interferometry (BLL; BLItz) affinity meas-
urement system because no significant differences were
observed between C1 and C2 and between C3 and C4.
Human TNF-a was immobilized on amine-reactive sec-
ond-generation (AR2G) biosensors. Subsequently, the
biosensors were incubated with various concentrations of
the antihuman TNF-a mAbs (Remicade, C1, C3, and C5).
The real-time binding graphs are presented in Fig. 4. The
binding ability of the antihuman TNF-a Ab C1 (Fig. 4B)
was similar to that of the parent Ab (Remicade; Fig. 4A).
The real-time binding curves and kinetics param-
eters were generated using BLItz Pro 1.2 software. The
detected in vitro binding affinities (Ky) of the Remicade,
Cl, C3, and C5 mAbs were 5.13x 107", 9.35x 107",
5.50 x 107°, and 1.77 x 10~ M, respectively (Table 2 and
Fig. 4). Our wRMSD; estimations were highly correlated
with experimental binding affinities, as indicated by the
obtained R? value of 0.9921 (Fig. 5B). The results revealed
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06 !
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Fig. 4 In vitro binding affinities of Remicade, C1, C3, and C5 mAb candidates. The kinetics of the binding of the mAbs to TNF-a were determined
through BLI by using human TNF-a—immobilized AR2G biosensors, followed by incubation with different concentrations of anti-TNF-a Abs. The
real-time binding curves shown as color lines indicate the global fit determined using black BLItz Pro 1.2 software
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Table 2 In vitro binding affinities of Remicade, C1, C3, and C5
mAb candidates

Candidates (mAbs) wWRMSD(A) BLItz affinity measurement system

Ka (1/Ms) Kd(1/S) Kp (M)
C1 1.207 143%x10° 134x10™ 935x 1070
a 1327 272%10* 150x 10 550x107°
cs 1469 268x10% 475%x10™% 177x107°8
rRemicade 1.137 186%x10° 953x10™ 5.13x107°

that our in silico V(D)J recombination mAb platform can
yield satisfactory predictions and thus be used to design
high-affinity humanized mAbs.

Examination of in silico simulation and estimation

with anti-EGFR a4.6.1, anti-GPC3 YP9.1, and anti-a4f1
integrin HP1/2L mAbs

To examine whether our in silico method can be used to
predict the binding affinity of other mAbs, we used our
method to test the three humanized mAbs published in
other studies: anti-EGFR a4.6.1 [29], anti-GPC3 YP9.1
[30] and anti-a4B1 integrin HP1/2L [31]. We used our
in silico estimation method to derive the wRMSD; of
the humanized variants of a4.6.1, YP9.1, and HP1/2L.
The EC50 values of the fab8, fabl10, fab11, and fab12 of
the anti-EGFR a4.6.1 mAb were 0.470, 0.314, 0.162, and
0.078 nM, respectively, whereas our simulated wRMSD;
were 3.140, 3.118, 3.066, and 2.997, respectively (Addi-
tional file 1: Table S1). The R? value of the correlation
between log(EC50) and wRMSD; was 0.9908 (Additional
file 1: Fig. S1). The EC50 values of YP9,1, hYP9.1a, and
hYP9.1b were 1.8, 47.0, and 6.7 nM, respectively, for
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the anti-GPC3 YP9.1 mADb (Additional file 1: Table S2),
whereas our simulated wRMSD; were 1.995, 2.239, and
2.092, respectively (Additional file 1: Table S2). The R*
value of the correlation between log(EC50) and wRMSD;
was 0.9999 (Additional file 1: Fig. S2). The EC50 values
of HP1/2L, #143, #144, #152, and #208 of the anti-a4f1
integrin HP1/2L mAB were 0.015, 0.53, 0.038, 0.023, and
0.3 nM, respectively, whereas our simulated wRMSD;
were 2.116, 3.080, 2.508, 2.484, and 2.787, respectively
(Additional file 1: Table S3). The R? value of the correla-
tion between log(EC50) and wRMSD; was 0.8907 (Addi-
tional file 1: Fig. S3). These results demonstrated that the
predictions of our in silico V(D)] recombination platform
were in good agreement with the experimental results,
indicating the applicability of our platform (Additional
file 1).

Discussion

We successfully demonstrated that our in silico V(D)]
recombination platform can be used to design functional
humanized mAbs and accurately predict the affinities
of humanized candidates. The results revealed that the
wRMSD; was correlated with the logarithm of the bind-
ing affinities of the anti-TNF-a mAbs (log(Kp)) with an
R? value of 0.9921. Moreover, after the germline V(D)
] recombinant humanization of the Abs, we observed
that the platform could effectively convert any nonhu-
man mAb into low-immunogenicity and high-affinity
therapeutic humanized mAbs. The in silico estimation
method could not only accurately predict the affinity of
the humanized mAbs but also be integrated with other
grafting and back mutation methods to predict the opti-
mal humanization conditions of unsolved mouse mAbs.
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3 A 2 _
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E 2 4 g -8
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Fig.5 Correlation of the wRMSD, and in vitro binding abilities of Remicade and anti-TNF-a humanized candidates. The in silico simulated wRMSD;
was linearly correlated with the logarithms of A the EC50 value of anti-TNF-a humanized candidates determined using ELISA (R?=0.9013) and B the
Ko anti-TNF-a humanized candidates determined using the BLItz affinity measurement system (R =0.9921)
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Therefore, our method can facilitate the discovery and
development of therapeutic humanized mAbs.

Several essential properties are necessary for the clini-
cal applications of mAbs: high Ag binding activity, high
stability, and low immunogenicity [33]. Because human
germline genes have less intraclonal somatic hypermu-
tations, humanized Abs with germline gene frameworks
might have lower immunogenicity than do humanized
mAbs with IgG frameworks [13]. Our in silico V(D)]
recombination platform used the germline humaniza-
tion method to generate low-immunogenicity humanized
mAbs. A study successfully used transgenic mice carry-
ing the human Ig gene to develop mAbs with low immu-
nogenicity [34]. For example, XenoMouse was genetically
modified by replacing the human Ig gene light chain (x
and \) and heavy chain loci in endogenous Ig genes, thus
enabling the mice to synthesize fully human mAbs upon
immunization. For example, panitumumab (Vectibix), a
fully human Ab directed against EGFR, is used to treat
advanced colorectal cancer [35]. Durvalumab (Imfinzi),
a fully human Ab directed against programmed death
ligand 1, is used to treat bladder and lung cancer [36].
However, XenoMouse could not convert potential mouse
mAbs into potential therapeutic Abs. Human mAbs
prepared using XenoMouse must be reimmunized and
rescreened each time, and they might have weaker affini-
ties than do mouse-immunized mAbs. Moreover, the
XenoMouse technique is expensive. Our in silico V(D)
] recombination platform can be used to convert mouse
mAbs obtained from conventional mouse experiments
into germline-based therapeutic humanized mAbs with
high Ag binding activity and stability. The computer-
based method can accelerate the humanization process
of mouse mAbs and increase their clinical potential.

MD simulation is a robust method for investigating the
structures and motions of mAbs. Although web-based
homology modeling tools (ABodyBuilder and Kotai Anti-
body Builder) [37, 38] can be used to predict the three-
dimensional mAb structure, matching the CDR loops of
mouse mAbs to any known template can be difficult and
result in low-quality modeled CDR loops, especially for
CDR-H3 [17-20] CDR-H3 is central in Ag binding and
contains highly diverse lengths, sequences, and struc-
tures because of V(D)] recombination. Liedl et al. sub-
jected five humanized mAbs to MD simulation and found
that the conformational diversity of CDR-H3 decreased if
it was grafted on the human framework. The inefficient
reproduction of the functional conformation of CDR-H3
in humanized candidates can reduce their binding affin-
ity. Therefore, the conformation of CDR-H3 should be
described as a structural ensemble rather than a specific
structure [39]. In our platform, the motions of CDR loops
were recorded as MD trajectories. The diversity of the
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CDR-H3 of the humanized candidates and mouse mAbs
was statistically compared between trajectories. There-
fore, the application of MD simulation can maintain the
structural ensemble, thus increasing the accuracy of the
computational prediction of mAb humanization.

RMSD,; is commonly used to compare the sets of MD
trajectories [24-27]. If a humanized candidate has a
smaller RMSD; in the CDR than the mouse mAb does,
then the binding affinity of the candidate to Ags would
be similar to that of the mouse Ab [40-42]. However, not
every CDR residue is crucial for Ag binding. Padlan et al.
examined Ab—Ag interfaces and found that only 21%-—
28% of CDR residues are used in Ag binding. Weights can
be applied to the RMSD method to compare the structure
with the binding region. If a residue is more accessible to
the solvent, then it might be involved in Ag binding [43].
Accordingly, we added accessibility weights to each CDR
residue on the basis of their SASA. Thus, our method
could compare binding residues. In addition, Damm
et al. described a Gaussian-weighted RMSD method for
comparing flexible proteins; the weights of amino acids
were undermeasured in the flexible regions of proteins to
prevent uncertainty [28]. Some CDR-H3 loops are flex-
ible and have highly diverse shapes [44]. This flexibility
can cause uncertainty in the comparison of humanized
candidates with these mAbs. In MD simulations, high
vibrational residues present high motional standard devi-
ations. Therefore, we added weights that were inversely
proportional to the simulational motional standard devi-
ation of each CDR residue to prevent the effects of CDR
loop flexibility. These two weights increased the accuracy
of our in silico estimation method. In the anti-TNF-a
mAbs, CDR-H3 was not particularly flexible; however,
wRMSD; could improve R? from 0.9855 to 0.9921. In the
humanized a4.6.1 containing highly flexible CDR-H3
(Additional file 1), the R? values of the best four variants
improved from 0.952 to 0.990. In the humanized HP1/2L
(Additional file 1), the weighting applied in more flex-
ible CDR-H3 improved the R? value from 0.712 to 0.850.
The R? differences between the unweighted and weighted
humanized mAbs are listed in Additional file 1: Table S4,
indicating that wRMSD; could improve the prediction of
the binding affinities of the humanized candidates.

Conclusion

We developed an in silico V(D)J recombination platform
that combines germline humanization to prevent HAMA
immunogenicity and can predict the best humanized
mADb candidates. We designed five germline-humanized
anti-TNF-a variants. The variants were subsequently
subjected to MD simulations, and their structural simi-
larities were estimated by comparing them with the origi-
nal mouse mAb. Furthermore, we used wWRMSD; to adjust
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the effect of each CDR residue on the basis of the SASA
and motional standard deviation to compare crucial
CDR residues and prevent the effects of highly flexible
CDR loops. The predictions of wWRMSD; agreed with our
experimental results, and the R? value of the correlation
between wRMSD; and log(Ky) was 0.992. In addition,
the binding affinity of the best humanized candidate C1
was similar to that of the chimeric parental mAb. Moreo-
ver, we tested our in silico estimation method by using
the anti-EGFR a4.6.1, anti-GPC3 YP9.1, and anti-a4{1
integrin HP1/2L mAbs. The R? values of the correlation
of wRMSD, with the log(EC50) of the humanized a4.6.1,
YP9.1, and HP1/2L mAbs were 0.991, 1.000, and 0.891,
respectively, indicating that our platform can be univer-
sally used to predict humanized mAb candidates. Over-
all, our in silico V(D)] recombination platform can be
used to convert mouse mAbs into low-immunogenicity
and high-affinity therapeutic humanized mAbs and thus
facilitate the discovery of mAbs. Our in silico estimation
method could effectively determine candidates with the
highest binding affinities and can be used for Abs with
further back mutations. Advancements in computational
methods and computing power can address challenges in
designing humanized mAbs.

Methods

Equations of WRMSD;

To prevent sampling bias, murine and humanized Ab
models were built using a crystal structure or through
homology modeling and then equilibrated and simulated
in 16 parallel sets of 100-ns MD simulations. The result-
ing simulation trajectories were analyzed, and wRMSD;
was calculated by comparing interatomic distances
between the Ca atoms of CDR residues. The RMSD
method was used to quantitatively determine intera-
tomic distances between CDR Ca atoms. A distance
matrix with all CDR Ca—Ca distances was recorded in
each snapshot, and the matrices of each humanized can-
didate were compared with those of the original murine
Ab to derive the RMSD; of each CDR residue. The RMSD;
was then reweighted depending on the accessibility and
movability of the wRMSDi. Relevant equations are listed
below:

RMSD; = 2 (d"f - d3‘>2

Wi—accessibilityWi—mombilityRMSDi
N

WRMSD; = Zi
(1)

Page 8 of 11

Here, RMSD, is the interatomic RMSD of the Ca atom
of the ith CDR residue, d;; is the distance between the
ith and jth Ca atom, dijo is the corresponding distance
in the snapshots of murine simulations, # is the num-
ber of interatomic interactions, and N is the number of

CDR residues. The weights W, ,cecipiticy 204 Wi ovapiliey aT€
determined using the following equations.
S‘
Wi—accessibility = 1/<S : >
iavg
T RMSD? 2
Wi P O
i—movability RMSD?ﬂVg (

The Wi yccessibility 1S the weight determined by measur-
ing the SASA of each CDR residue (S;). The CDR residues
with more solvent accessible areas were more accessible
during Ag binding. Wi y,ovability i based on the motional
standard deviation of the ith residue from the RMSDOi,
which is the standard deviation of the ith CDR residue
in the original murine mAb MD simulation. A higher
RMSDOI. indicates that a residue is more flexible; thus,
its weight should be decreased. In addition, S;,,, and
RMSDOi‘an are fractional denominators used to maintain
the relative value of wRMSD,.

Simulation environments of humanized mAb candidates
All the models of humanized mAb candidates were built
using ABodyBuilder web services [37], and the three-
dimensional Remicade model was obtained from the
Protein Data Bank database (PDB ID: 4G3Y) [45]. Sub-
sequently, the murine Abs and humanized candidates
were simulated using 16 separate replicas of simulations
to obtain adequate samples (in terms of entropy) [46]
by using the AMBER CUDA-accelerated PMEMD pro-
gram [47]. Each replica began with a 10000-step mini-
mization, followed by 1-ns heating, 40-ns equilibrium,
and 80-ns production steps. The time step of 2 fs used
the NVT canonical ensemble with Langevin dynamics,
and the temperature was set at 310 K. The GB/SA solva-
tion condition (igb=5) [48] was used, and SHAKE bond
restraints were used to constraint hydrogen-involving
bonds after energy minimization. In each 80-ns pro-
duction simulation, the distance between the Ca atoms
of CDRs was recorded to compare motional differences
between murine and humanized mAbs for calculating
the RMSD,. In addition, each MD snapshot was used to
calculate the SASA of each CDR residue by using the
freesasa program [49].
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Preparation of recombinant anti-TNF-a Abs

The light and heavy chains of antihuman TNF-a Abs
were cloned into a pLNCX vector. In this experiment,
30 pg of the antihuman TNF-a Ab plasmid was trans-
fected into 6 x 107 Expi293 cells by using Expifectamine
reagent. The media were harvested for subsequent exper-
iments 5 days after transfection. The antihuman TNF-a
Abs were purified through protein A sepharose fast flow
chromatography (GE Healthcare, Little Chalfont, UK).
The Ab concentration was determined using the bicin-
choninic acid assay (BCA) method, and the purity of
purified antihuman TNF-a Abs was analyzed through
sodium dodecyl sulfate—polyacrylamide gel electropho-
resis in reducing conditions.

Analysis of the binding affinity of antihuman TNF-a Abs
Multiwell plates were coated with 50 ng/well of recom-
binant human TNF-a. The plates were blocked by incu-
bation with 5% skimmed milk/phosphate-buffered saline
(PBS) for 2 h at 37 °C and subsequently washed twice
in 0.05% Tween-20/PBS. Graded concentrations of the
recombinant humanized Ab or mAb were diluted with
PBS containing 2% skimmed milk and added to the wells
(50 uL/well) at room temperature for 1 h. Anti-TNF-a
Abs bound to TNF-a were detected by adding the horse-
radish-peroxidase-conjugated goat antihuman IgG-Fc Ab
(0.5 pg/mL) at room temperature for 1 h. The plates were
washed with PBST three times and PBS once, and the
bound Ab was measured by adding 150 puL/well of 2-azin-
obis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
solution, 0.003% H,O,, and 100 mM phosphate—citrate
(pH=4.0) for 30 min at room temperature. Absorbance
was measured at 405 nm through blank subtraction. All
experiments were performed in triplicate, and data are
presented as the mean + standard deviation.

Analysis of the binding affinity of humanized anti-TNF-a
Abs by using the BLItz affinity measurement system
Human TNF-a was immobilized on the AR2G bio-
sensor according to the manufacturer’s instructions.
The sensor surface was activated with 20 mM N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)
and 10 mM s-NHS at room temperature. Next, human
TNF-a (5 pg/mL in 10 mM acetate buffer, pH 5) was
immobilized on the surface. Any remaining activated
groups were quenched using 1 M ethanolamine (pH 8.5).
To examine whether the immobilized human TNF-a
could specifically bind to the anti-TNF-a Ab, the sensors
were subsequently incubated with various concentrations
of the anti-TNF-a Ab at room temperature. The real-time
binding curves and kinetic parameters were generated
using black BLItz Pro 1.2 software (ForteBio, Fremont,
CA).
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Materials or reagents

Drug and reagents

We purchased ABTS solution from Sigma-Aldrich (St.
Louis, MO, USA). AR2G biosensors were purchased
from Fortebio (San Jose, CA, USA). EDC was purchased
from Aladdin Chemistry Co. (Shanghai, China). Recom-
binant human TNF-a was obtained from R&D Systems
(Minneapolis, MN, USA).

Cells

293 T cells were grown in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) containing 10% bovine calf
serum (HyClone) and 100 U/mL penicillin and strepto-
mycin (Invitrogen, Calsbad, CA) at 37 °C in a humidified
atmosphere of 5% CO,. Expi293 cells were grown in the
Expi293 expression medium (Gibco Laboratories, Grand
Island, NY, USA) and cultured in shaker flasks at 120 rpm
and 37 °C in an incubator with 8% CO,,.
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