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a structure-based computational
simulation to optimize the blocking efficacy of pro-
antibodies†

Bo-Cheng Huang,‡a Yun-Chi Lu,‡bc Jun-Min Liao,bc Hui-Ju Liu,d Shih-Ting Hong,d
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The on-target toxicity of monoclonal antibodies (Abs) is mainly due to the fact that Abs cannot distinguish

target antigens (Ags) expressed in disease regions from those in normal tissues during systemic

administration. In order to overcome this issue, we “copied” an autologous Ab hinge as an “Ab lock” and

“pasted” it on the binding site of the Ab by connecting a protease substrate and linker in between to

generate a pro-Ab, which can be specifically activated in the disease region to enhance Ab selectivity

and reduce side effects. Previously, we reported that 70% of pro-Abs can achieve more than 100-fold

blocking ability compared to the parental Abs. However, 30% of pro-Abs do not have such efficient

blocking ability. This is because the same Ab lock linker cannot be applied to every Ab due to the

differences in the complementarity-determining region (CDR) loops. Here we designed a method which

uses structure-based computational simulation (MSCS) to optimize the blocking ability of the Ab lock for

all Ab drugs. MSCS can precisely adjust the amino acid composition of the linker between the Ab lock

and Ab drug with the assistance of molecular simulation. We selected aPD-1, aIL-1b, aCTLA-4 and

aTNFa Ab as models and attached the Ab lock with various linkers (L1 to L7) to form pro-Abs by MSCS,

respectively. The resulting cover rates of the Ab lock with various linkers compared to the Ab drug were

in the range 28.33–42.33%. The recombinant pro-Abs were generated by MSCS prediction in order to

verify the application of molecular simulation for pro-Ab development. The binding kinetics effective

concentrations (EC-50) for aPD-1 (200-250-fold), aIL-1b (152-186-fold), aCTLA-4 (68-150-fold) and

aTNFa Ab (20-123-fold) were presented as the blocking ability of pro-Ab compared to the Ab drug.

Further, there was a positive correlation between cover rate and blocking ability of all pro-Ab candidates.

The results suggested that MSCS was able to predict the Ab lock linker most suitable for application to

aPD-1, aIL-1b, aCTLA-4 and aTNFa Ab to form pro-Abs efficiently. The success of MSCS in optimizing

the pro-Ab can aid the development of next-generation pro-Ab drugs to significantly improve Ab-based

therapies and thus patients' quality of life.
Monoclonal antibodies (Abs) have been regarded as potential
therapeutics due to their antigen (Ag) specicity that can be
applied to multiple diseases, such as malignant cancers,1–4

chronic diseases5 and autoimmune diseases.6,7 However, the
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targeted Ags are not only expressed in the disease area but also
in the healthy region, causing unexpected on-target toxicity
during systemic over-activation.8 Neutralization of the targeted
Ag can also reduce therapeutic efficacy or even terminate drug
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treatment. For example, previous studies have reported that the
immune checkpoint drug antagonists: Ipilimumab (aCTLA-4
Ab) and Nivolumab (aPD-1 Ab) may systemically target CTLA-
4/PD-1 and over-activate immune cells, causing immune-
related adverse events such as hepatitis, colitis, thyroid disor-
ders, and even paralysis.9–11 On the other hand, the Ab drugs for
rheumatoid arthritis (RA), Iniximab and Adalimumab (aTNFa
Ab) have been reported to reduce pathological inammation
and inhibit RA progression through targeting TNFa, which
modulates host defense and tumor growth. Systemic neutrali-
zation of TNFa may lead to severe infections, reactivation of
viral infections (hepatitis or herpes zoster), and raise the risk of
malignancy.12–14 Canakinumab (aIL-1b Ab) is an IL-1b blocker
for patients who suffer from associated periodic syndromes
(CAPS), IL-1b plays a role in resisting inammation and regu-
lating immune response, which by systemic neutralization
causes on-targeted toxicities such as increasing risk of pneu-
monia, bone and joint infections.15 To sum up, the U.S. Food
and Drug Administration (FDA) has indicated that most thera-
peutic Abs have on-target toxicity issues and therefore limits
their application.8,16,17 Hence, enhancement of Ab selectivity
and reduction of side effects are necessary if Ab-based therapies
are to be effectively used in the clinic.

Several technologies have been developed to increase the
selectivity of Ab to the disease region and the safety of Ab-based
therapies.18 CytomX Therapeutics, Inc. generated an epithelial
growth factor receptor (EGFR) pro-Ab by selecting a bacterial
display-associated binding peptide to specically mask the Ag-
binding site of an aEGFR Ab and linking it with a substrate
peptide of urokinase-type plasminogen activator (uPA).19 The
pro-aEGFR Ab exhibited 48-fold weaker Ag binding as compared
to the parental Ab and the biological activity could be speci-
cally restored in the tumor microenvironment.19 However, the
exogenous binding peptide may not be efficiently released from
pro-Ab due to the affinity of the binding peptide to the Ab, and
the exogenous nature of the peptide may induce undesirable
immune responses. The Beckman Research Institute at the City
of Hope also designed a reversible masking technology for two
distinct aEGFR single-chain Fv (scFv) by mutual masking with
their natural target, mutant domain III of the soluble EGFR and
linking with a matrix metalloprotease (MMP) substrate
peptide.20 The masked scFvs showed an 8-fold lower association
with EGFR as compared with the original aEGFR scFvs aer
unmasking by MMP treatment.20 Nonetheless, the low masking
efficiency of the masked scFvs and the customized masking
peptide may limit its broad application to other Abs. In addi-
tional, Seattle Genetics, Inc. used leucine-rich and parallel
heterodimeric coils with high inter-coil interactions (CC2B) as
a spatial hindrance-based masking domain to block the Ag
binding site of aCD20 Ab, aHER2 Ab, and mouse aCD3 Ab by
using MMP-2 or -9 substrate linkers to develop pro-Ab.21 They
proved that the CC2B masking domain can decrease the Ag
binding ability of each Ab by at least 80-fold, 470-fold and 1000-
fold, respectively. CC2B masking domains are also efficiently
removed to restore the Ag binding ability aer MMP protease
treatment. However, the complex helix structure and custom-
ized mask may affect the production efficiency and increase the
9760 | Chem. Sci., 2021, 12, 9759–9769
risk of immune responses. Overall, it's very important to
develop a universal and low immunogenic Ab lock with high
masking efficiency and release ability. In our previous research,
we developed a spatial hindrance-based “Ab lock” to generate
pro-Abs which can increase Ab selectivity and safety. We
“copied” the autologous Ab hinge as an “Ab lock” and “pasted”
it onto the binding site of the Ab by connecting a protease
substrate and linker in between to generate a pro-Ab.22 Once the
Ab lock is cleaved from the pro-Ab by a protease expressed at the
disease region, the Ab is expected to have restored binding
ability and neutralize its target Ag. In our previous study, we
generated pro-Iniximab which can be selectively activated by
MMP-2/9 only at the RA region. The Ab lock signicantly
inhibits TNFa binding of pro-Iniximab by 395-fold compared
with Iniximab, and MMP-2/9 protease treatment to pro-
Iniximab can completely restore the neutralization of TNFa.
Further, pro-Iniximab not only showed equivalent therapeutic
efficacy to Iniximab but also maintained immunity against
Listeria infection in the RA mouse model, which led to a 71%
survival rate compared to 0% of the Iniximab treatment group,
indicating that pro-Abs can enhance Ab selectivity and reduce
side effects.22 Our previous results showed that by using the
concept of “copy and paste”, we transformed almost 70% of
therapeutic Abs into pro-Abs and achieved over 100-fold
blocking ability compared to the parental Abs. Hence, this
strategy could be further applied to develop customized pro-
Abs. However, 30% of pro-Abs did not achieve the blocking
ability to even 50-fold compared to parental Abs. The reason for
the low blocking ability is that there are distinct differences
among the complementarity-determining region (CDR) loop of
each Ab,23,24 so the identical linker of the Ab lock cannot be
applied to every Ab. In order to overcome this issue, it is
essential to design a method to predict and select the Ab lock
with a suitable linker for each Ab.

Here we designed a method using structure-based compu-
tational simulation (MSCS) to predict the cover rate of the pro-
Ab in order to select a suitable linker for the Ab lock applied to
different Ab drugs. We precisely extended or shortened the
length of the amino acid composition to form linkers (L1, L2,
L3, L4, L5, L6 and L7) between the Ab lock and Ab drug. Next, we
predicted pro-Abs with each Ab lock linker using Amber and
Discovery Studio soware to simulate and calculate the cover
rate of the Ab lock to each CDR residue. The cover rate was
determined by a homemade program which analyzes the
trajectories and calculates the frequency if any atom of hinge,
linker or substrate above 120� and 4 �A of any atom of CDR
amino acids. In order to conrm the accuracy of the MSCS, we
selected four Ab drugs: aPD-1, aIL-1b, aCTLA-4, and aTNFa Ab
as models to simulate pro-Abs with the following Ab lock
linkers: pro-aPD-1 Ab (L2 and L3), pro-aIL-1b Ab (L3 and L4),
pro-aCTLA-4 Ab (L1 and L2) and pro-aTNFa Ab (L5, L6, and L7),
and calculated their cover rate, respectively. Then, we generated
the recombinant pro-Abs and evaluated the blocking ability
using biological assays. Finally, we analyzed the correlation
between the blocking ability and the cover rate to verify the
accuracy of the MSCS. If it is possible to efficiently transform
any Ab into a pro-Ab using MSCS, the development of pro-Ab
© 2021 The Author(s). Published by the Royal Society of Chemistry
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will be facilitated and Ab therapeutic efficacy will be improved.
In addition, serious side effects can be avoided, thereby
improving patients' quality of life.

Materials and methods
Cells

The Expi293F cells (Thermo Fisher Scientic, Waltham, MA,
USA) were cultured in Expi293 Expression Medium (Thermo
Fisher Scientic, catalog A1435102) at 37 �C in a humidied
atmosphere of 8% CO2.

Pro-Ab construction, expression, and purication

The complementary DNA coding for the heavy and light chains
of the pro-Abs and Abs were cloned based on the Ab (aCTLA-4,
aPD-1, aIL-1b and aTNFa) DNA construct through assembly
PCR. Human IgG1 hinge sequences were obtained from the
National Center for Biotechnology Information. The hinge-
encoding sequences (EPKSCDKTHTCPPCP), linkers (L1-VL:
VNGGGGS-GPLGVR-AAQPA/L1-VH: GGRGGGGS-GPLGVR-RS;
L2-VL: VN-GPLGVR-AAQPA/L2-VH: GGR-GPLGVR-PGRS; L3-VL:
GGGGS-GPLGVR-AAQPA/L3-VH: VNAAAGGGGS-GPLGVR-RS;
L4-VL: -GPLGVR-AAQPA/L4-VH: VNAAA-GPLGVR-PRS; L5-VL:
GGGGS-GPLGVR-GGGGS/L5-VH: GGGGS-GPLGVR-GGGGS; L6-
VL: GGGGS-GPLGVR-GGGFS/L6-VH: GGGGS-GPLGVR-GGGFS;
L7-VL: -GPLGVR-GGGDS/L7-VH: -GPLGVR-GGGDS), and MMP-
2/9 substrate-encoding sequences (GPLGVR) were introduced
upstream of the light chain and heavy chain to generate pro-Abs
(pro-aCTLA-4, pro-aPD-1, pro-aIL-1b and pro-aTNFa). All Ab or
pro-Ab production was generated through the Expi293 Expres-
sion System (Thermo Fisher Scientic, Waltham, MA, USA) and
was puried using Protein A-Sepharose (GE Healthcare, Mil-
waukee, WI, USA).

Computational structure predictions for pro-Abs

The structure of the antibodies was extracted from the crystal
structure in the protein data bank25 or found by homology
modeling if the crystal structure is not solved. Only Fv segments
were used in the simulations. The IgG1 hinges were built by
homology modeling. These hinges were combined with linkers
and MMP-2/9 substrate segments (GPLGVR), and then attached
to the N-terminal of the Ab to construct pro-Ab structures. The
3D pro-Ab structures were built using Discovery Studio Soware
(San Diego, CA, USA). To avoid D-amino acids and cis peptide
bonds in pro-Ab, these structures were validated by VMD so-
ware.26–29 These initial structures were then simulated using the
soware package AMBER 18 with the all-hydrogen amino acid
AMBER FF14SB force eld and generalized Born solvent model
(igb ¼ 5).30–32 All MD simulations were performed in the NVT
ensembles with a simulation temperature of 310 K, unless
otherwise stated, using the Langevin integrator with an inte-
gration time step of 2 fs and SHAKE constraints33 for all covalent
bonds involving hydrogen atoms. These complex structures
were minimized for 10 000 conjugate gradient steps and then
subjected to 20 ns GaMD equilibrium and 1000 ns GaMD
production simulations.34 Snapshots of all nine 1000 ns GaMD
© 2021 The Author(s). Published by the Royal Society of Chemistry
production simulations were used to calculate the cover rates
using our homemade program, in which the cover rate is
calculated from the blocking frequencies of the CDR residues. A
CDR residue is counted as blocked if any atom of the hinge,
linker or substrate reaches above 120� and 4 �A for any atom of
the CDR residues. The cover rate is expressed as follows:

Cover rate ¼
P

Ci

N � n

where the Ci is the counted number of times each CDR residue
is blocked over the whole production trajectories. N is the
number of snapshots of each trajectory and n is the number of
CDR residues.

Comparison of the binding ability of pro-Abs with or without
MMP-2/9 treatment

To determine the binding kinetics effective concentration (EC-
50) of pro-Abs (pro-aCTLA-4, pro-aPD-1, pro-aIL-1b and pro-
aTNFa Ab) and Abs (aCTLA-4, aPD-1, aIL-1b and aTNFa Ab), the
recombinant Ag-CTLA-4, PD-1, IL-1b and TNFa were coated
onto 96-well plates and blocked with 5% skim milk. The pro-Ab
or Ab were added onto the plates at the given concentrations
(aCTLA-4 and pro-aCTLA-4 Abs: 107.4–0.0138 nM, 6-fold serial
dilutions; aPD-1 and pro-aPD-1 Abs: 4000–0.004 nM, 10-fold
serial dilutions; aIL-1b and pro-aIL-1b Abs: 1440–0.0014 nM, 10-
fold serial dilutions; aTNFa and pro-aTNFa Ab: 500–0.0005 nM,
10-fold serial dilutions) for 1 h at RT. Aer washing, the wells
were incubated with HRP-goat anti human IgG Fcg Ab for 1 h at
RT, and detection was performed by the addition of ABTS
containing 30% H2O2. The binding ability was quantied
through absorbance detection at 405 nm.

Results
Prediction of the structure of pro-Ab candidates with different
linkers to analyze the cover rate of the Ab lock

We previously developed ten pro-Abs, seven of which achieved
more than 100-fold blocking ability. However, approximately
30% of the pro-Abs did not show such efficient blocking ability
(Table S1†). Here we designed a method using structure-based
computational simulation (MSCS) to predict the cover rates of
pro-Abs with different linkers, and selected a suitable ones for
specic Abs. To construct the structures of the pro-Abs, we rst
obtained the crystal structure of the Ab Fab fragment from the
protein data bank. The IgG1 hinge (Ab lock) was built by
homology modeling, and attached to the Ab Fab fragment
through protease substrate and linker to generate pro-Ab Fab
structure. In order to select a suitable linker to generate a pro-Ab
with high blocking efficiency, we designed a method which uses
structure-based computational simulation (MSCS) to predict
the cover rate of the Ab lock with various linkers. The cover rate
of the Ab lock was identied as the frequency of the appearance
of the Ab lock above 4�A within 120 degrees of each amino acid
on the CDR loop (Fig. 1). Here, we selected four Abs, aCTLA-4,
aPD-1, aIL-1b and aTNFa Ab as candidates with various
linkers for which the lengths were extended or shortened
between the Ab lock (EPKSCDKTHTCPPCP), MMP-2/9 substrate
Chem. Sci., 2021, 12, 9759–9769 | 9761
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Fig. 1 Schema of method of use of structure-based computational simulation (MSCS) used to optimize the blocking ability of Ab locks for Ab
drugs. The pro-Ab blocks the binding ability of the CDR loop using an Ab lock. A pro-Ab can be applied to all Ab drugs. We designed a method
which uses structure-based computational simulation (MSCS) to predict the cover rate of Ab locks with various linkers. The cover rate of the Ab
locks was defined as the frequency of appearance of the Ab lock above 4 �A within 120 degrees of each amino acid on the CDR loop.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 3
:5

6:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sequence (GPLGVR) and VL/H region (Table 1). In order to select
suitable linkers for each Ab, we designed six linkers based on
the patented version of linker, L1. Compared with L1, L2 has
a shortened linker 1 to test the masking effect of the shortened
spacer (linker 1). Compared with L1, L3 has non-symmetrical
linker. Based on L3, L4 has shortened link 1. L5 has symmet-
rical linker 1 and linker 2. Based on L5, L6 adds a phenylala-
nine, hydrophobic amino acid in its linker 2, and L7 has
aspartic acid, a negative charge amino acid in its linker 2 and
without linker 1. Using MSCS to the predict structure of each
pro-Ab, these Ab locks with various kinds of linkers were
observed to have a cover rate from 18.1% to 42.43% in the four
Ab drugs (Table 2). The computer simulated results indicated
that variation of the linker length and composition will lead to
different cover rates of the Ab lock on the CDR region of the Ab.

For clarity, the nal simulated structures of pro-Abs and the
corresponding X-ray crystal structures of the Ab–Ag complexes
Table 1 Design of various linkers that shorten or extend the amino acids t
a hinge domain, linker 1, MMP-2/9 substrate and linker 2. We selected se
the linker 1 and linker 2 sequence among the hinge domain, MMP-2/9
different Abs by MSCS

Name IgG1 hinge Linker 1 MMP-2

L1 L: EPKSCDKTHTCPPCP VNGGGGS GPLGV
H: EPKSCDKTHTCPPCP GGRGGGGS GPLGV

L2 L: EPKSCDKTHTCPPCP VN GPLGV
H: EPKSCDKTHTCPPCP GGR GPLGV

L3 L: EPKSCDKTHTCPPCP GGGGS GPLGV
H: EPKSCDKTHTCPPCP VNAAAGGGGS GPLGV

L4 L: EPKSCDKTHTCPPCP GPLGV
H: EPKSCDKTHTCPPCP VNAAA GPLGV

L5 L: EPKSCDKTHTCPPCP GGGGS GPLGV
H: EPKSCDKTHTCPPCP GGGGS GPLGV

L6 L: EPKSCDKTHTCPPCP GGGGS GPLGV
H: EPKSCDKTHTCPPCP GGGGS GPLGV

L7 L: EPKSCDKTHTCPPCP GPLGV
H: EPKSCDKTHTCPPCP GPLGV

9762 | Chem. Sci., 2021, 12, 9759–9769
are shown in Fig. 3. A comparison of the 3D structures of the
pro-aCTLA-4 Abs with the X-ray crystal complex structures
showed that the CDR region can be effectively locked with the
L2 linker (Fig. 3A–C). The predicted cover rates of L1 and L2
were 29.96 and 42.43%, respectively. A comparison of the 3D
structures of the pro-aPD-1 Abs with the X-ray crystal complex
structures showed that the CDR region can be effectively
blocked with the L2 linker (Fig. 3D–F). The predicted cover rates
of L2 and L3 were 41.19 and 28.33%, respectively. A comparison
of the 3D structures of the pro-aIL-1b Abs with the X-ray crystal
complex structures showed that the L3 and L4 linkers are
similarly placed on the middle of the CDR3 loop regions
(Fig. 3G–I). The predicted cover rates of L3 and L4 were 37.18
and 38.00%, respectively. A comparison of the 3D structures of
the pro-aTNFa Abs with the X-ray crystal complex structures
showed that the L5, L6 and L7 linkers are similarly bending
toward the heavy chains with TNFa binding to the light chain
o optimize the efficiency of pro-Ab usingMSCS. The pro-Ab consists of
ven linkers which have different features by altering the composition of
substrate and Ab VH/VL. Each type was applied to linker selection for

/9 substrate Linker 2 Feature

R AAQPA� Patent version
R RS�
R AAQPA� Shortened of L1's linker 1
R PGRS�
R AAQPA� Non-symmetrical
R RS�
R AAQPA� Shortened of L3's linker 1
R PRS�
R GGGGS� Symmetrical
R GGGGS�
R GGGFS� Hydrophobic of L5
R GGGFS�
R GGGDS� No link 1 and negative charge of L5
R GGGDS�

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Cover rate and blocking fold of various kinds of Ab lock on different Abs. L1 and L2 were used as pro-Abs for aCTLA-4 Ab; L2 and L3
were for aPD-1 Ab; L3 and L4were for aIL-1b Ab; and L5, L6 and L7 were for aTNFa Ab. The cover rate of each candidate was calculated byMSCS;
the value of blocking fold was confirmed by ELISA assay

Types of linkers

aCTLA-4 aPD-1 aIL-1b aTNFa

L1 L2 L2 L3 L3 L4 L5 L6 L7

Cover rate% 29.96 42.43 41.19 28.33 37.18 38 18.1 22.28 23
Blocking fold 68 150 250 200 152 186 31 38 39
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(Fig. 3J–M). The predicted cover rates of the L5, L6 and L7 were
18.10, 22.28 and 23.00%, respectively.

Generation of the recombinant pro-Abs predicted by MSCS to
conrm their blocking ability

We wanted to conrm the blocking ability of each pro-Ab with
different Ab lock linker candidates, so we generated the pro-Abs
and detected their binding kinetic by ELISA. We used gene
engineering to generate the computer simulation selected-pro-
Abs candidates of aCTLA-4 (L1 and L2), aPD-1 (L2 and L3),
aIL-1b (L3 and L4) and aTNFa (L5, L6 and L7), respectively, and
analyzed the blocking ability of the pro-Abs via Ag-base ELISA.
The results of pro-aCTLA-4 Abs showed that the EC-50 of L1 Ab
lock and L2 Ab lock had a 68-fold and 150-fold masking effect,
respectively, compared to aCTLA-4 Ab alone (Fig. 2A). As shown
in Fig. 2B, the EC-50 of the L2 Ab lock had a 250-fold, and L3 had
a 200-fold masking effect compared to aPD-1 Ab alone. The aIL-
1b revealed that the EC-50 of the L3 Ab lock had a 152-fold, and
L4 had a 186-fold masking effect compared to aIL-1b Ab alone
(Fig. 2C). And aTNFa showed that the EC-50 of the L5 Ab lock
had a 31-fold, L6 Ab lock had a 38-fold, and L7 had a 39-fold
masking effect compared to aTNFa Ab alone (Fig. 2D). These
data indicated that among various linker candidates, the higher
the cover rate the Ab lock had, the greater its blocking ability
was. Also each Ab lock with different Ab lock linkers led to
a distinct blocking ability (Table 2). We successfully used this
system to construct four kinds of pro-Abs, and the Ab locks with
the computer simulation-selected linkers showed binding
ability reduced by 31- to 200-fold compared to parental Ab
drugs.

Analysis of the correlation between the cover rate and
blocking ability of pro-Abs

To verify that the pro-Abs simulated by computer do not differ
from the biological results, we analyzed the correlation between
the computer simulated results-cover rate and blocking ability
(Fig. 4). The candidates, which included aCTLA-4, aPD-1, aIL-1b
and aTNFa Ab, showed positive correlations between the cover
rate and blocking fold. The R2 value of each pro-Ab we analyzed
was 0.6435. These results indicated that the MSCS could predict
the cover rate of the pro-Ab via computer modeling. By simu-
lating the Ab lock and predicting the blocking ability of the pro-
Ab by MSCS before generating it, we efficiently and accurately
selected the optimal Ab lock candidate; therefore, customizing
each Ab lock to different Ab drugs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Discussion

We successfully designed a method which used structure-based
computational simulation (MSCS) to efficiently select the most
suitable linker for enhancing the blocking ability of various pro-
Abs. We applied the concept of “copy and paste” to develop an
autologous Ab lock which is connected by various linkers. Here
we compared the cover rate of different Abs applied with
different linkers, L1, L2, L3, L4, L5, L6 and L7, and connected
them to aCTLA-4, aPD-1, aIL-1b and aTNFa Ab, respectively, as
pro-Abs. We found that pro-aCTLA-4 with L2 linker can achieve
higher cover rate (42.43%) compared to L1 linker (29.96%).
Producing the recombinant pro-Abs mentioned above biologi-
cally to evaluate their blocking ability conrmed that the linker
with a higher cover rate had better masking ability. Likewise,
pro-aPD-1 with the L2 linker (41.19% of cover rate) had better
masking ability (250-fold) compared to L3 linker (28.33% of
cover rate, 200-fold). During the analysis we found that there
was a positive correlation between the cover rate and masking
ability, indicating our MSCS can select the Ab lock with the
appropriate linker depending on different Ab drug character-
istics to efficiently optimize pro-Abs. This way, scientists can
easily apply the “copy and paste” concept to generate an effi-
cient pro-Ab according to the MSCS. Using this method, pro-Abs
can be more widely developed to enhance drug selectivity and
reduce on-toxicity of Abs.

GaMD approach can enhance conformational sampling for
biomolecules, and the GaMD simulations were previously
applied in the pro-Abs.35 In the pro-aCTLA-4 Ab GaMD simu-
lations, our nal simulated structures showed that L1 linker
bent toward the light chain of the Ab, leading to a lower cover
rate (29.96%). L2 linker was in the middle of the CDR3 loops
and showed higher cover rate (42.43%) (Fig. 3A and B). The X-
ray crystal complex structures of CTLA-4 (Fig. 3C) shows that
the Ag majorly binds on the heavy chain, and thus the pro-Ab
with the L2 linker could supply the better blocking fold to the
pro-Ab (Fig. 3C and Table 2). Likewise, in the pro-aPD-1Ab
GaMD simulated results, the L2 linker was majorly positioned
in the middle, but the L3 linker was bent toward the light chain
(Fig. 3D and E). The X-ray complex crystal structure showed that
the binding site of PD-1 involves both the middle of CDR3 loops
and the light chain regions of the Ab (Fig. 3F), and therefore the
L2 linker could supply a better blocking fold but L3 still kept the
blocking function. In these two cases, the short linker L2
provided better cover rates than longer linkers L1 and L3. We
Chem. Sci., 2021, 12, 9759–9769 | 9763
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Fig. 2 The blocking ability of each linker applied to different Abs. Pro-aCTLA-4 Ab with L1 and L2 linker (A), pro-aPD-1 Ab with L2 and L3 linker
(B), pro-aIL-1b Ab with L3 and L4 linker (C), pro-aTNFa Ab with L5, L6 and L7 linker (D) were added to 96-well plates pre-coated with
recombinant Ag (CTLA-4, PD-1, IL-1b and TNFa). The binding ability of the parental Ab (B) and pro-Ab (C) were assessed by Ag-based ELISA.
The values are mean � SEM. Error bar: standard error of two determinations. Ab, antibody; CTLA-4, cytotoxic T-lymphocyte antigen 4; PD-1,
programmed cell death protein 1; IL-1b, interleukin 1 beta; TNFa, tumor necrosis factor alpha; Ag, antigen.
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propose that the shorter linkers might possibly enhance the
coverage by limiting the Ab lock in the middle of CDR loops,
and therefore provide greater blocking fold. Overall, the in vitro
blocking fold test results were close to our GaMD simulations
and structural analysis. We contend that our predictions yield
9764 | Chem. Sci., 2021, 12, 9759–9769
valuable insight into making effective blocking fold predictions
for pro-Abs with various linkers.

It is important to develop pro-Abs depending on the diversity
of the CDR loop of each Ab. The structure motif of the CDR loop
is a key to determining the difference in bio-activity of each Ab.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Final simulated structures of pro-Abs. The aCTLA-4 pro-Ab structures are shown: (A) L1-aCTLA-4, (B) L2-aCTLA-4 and (C) the X-ray
structure of aCLTA-4 Ab–Ag complex. The aPD-1 pro-Ab structures are shown: (D) L2-aPD-1, (E) L2-aPD-1 and (F) the X-ray structure of aPD-1
Ab–Ag complex. The aIL-1b pro-Abs structures are shown: (G) L3-aIL-1b, (H) L4-aIL-1b and (I) the X-ray structure of the aIL-1b Ab–Ag complex.
The aTNFa pro-Abs structures are shown: (J) L5-aTNFa, (K) L6-aTNFa, (L) L7-aTNFa, and (M) the X-ray structure of aTNFa Ab–Ag complex. The
heavy chains are on the left side and the light chains are on the right side. Ab structures are shown as cartoon models (gray). Ab hinge substrate
and linker structures are shown in as tubes (blue). Ag structures are shown as surface models (yellow).
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For example, Regep and colleagues screened 1779 structures
and calculated that over 30% of CDR-H3 loops play a key role in
the ability of the Ab to bind to the diverse spaces of potential
Ags.36 Avnir and colleagues developed an inuenza hemagglu-
tinin neutralizing Ab (anti-inuenza A virus Ab) for which the
© 2021 The Author(s). Published by the Royal Society of Chemistry
major structure was achieved through two CDR-H2 loop anchor
residues with the Phe54 residue having the dominant posi-
tion.37 In addition to the CDR loop of the heavy chain, in some
cases the CDR loop of light chain has also been reported to play
the dominant role in Ag recognition. Van den Beucken and
Chem. Sci., 2021, 12, 9759–9769 | 9765
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colleagues reported that they generated the affinity maturation
of anti-streptavidin Ab fragments, R2H10 (3.2 nM) and R3B1
(5.5 nM), by yeast-display, then identied that mutation in CDR-
L1 and CDR-L3 could improve the affinity 10.7-fold and 6.3-fold,
respectively, compared to the starting Ab.38 These examples
indicate that the diversity of the CDR loop affects the charac-
teristics of the Ab. Therefore, it is essential to customize the Ab
lock for any Ab. Here we precisely adjusted the amino acid
composition of the linker between the Ab lock and the Ab drug
and predicted the most suitable linker via MSCS depending on
variable CDRs. As a result, we conrmed that there is positive
correlation between the cover rate simulated by MSCS and the
blocking ability measured through biological assay. Our results
not only showed the cover rate of the Ab lock with each linker
but also the individual cover rate of each CDR loop. With MSCS,
the linker could be adjusted in order to coordinate with the CDR
loop of an Ab, which is the key dominant region. We thus
designed a universal method-MSCS that can efficiently over-
come the issue of poor pro-Ab blocking ability due to CDR
diversity and generate better pro-Abs accurately.

Furthermore, blocking the binding of anti-idiotypic Ab (anti-
Id Ab) and prolonging the serum half-life of Ab drug is desir-
able, because generation of anti-Id Abs have been reported to
neutralize the activity of Ab drugs, thereby accelerating the
clearance rate, reducing therapeutic effect of Ab drug, and even
increasing the frequency of immune-mediated adverse effects.39

Previous studies suggested that 28% Adalimumab-treated RA
patients induced anti-Adalimumab Ab (>97% are anti-Id Ab)
during a 3 year treatment period. Anti-Adalimumab Ab reduces
the serum concentration of Adalimumab and causes a 2-fold
increase in treatment failure rate as compared with the anti-
Adalimumab-negative Ab.40 Ruiz Garcia et al also reported
that Certolizumab pegol (a-TNFa Fab' fragment bound to
polyethylene glycol) induces anti-Id Ab generation to
Fig. 4 Correlation between blocking fold and cover rate of the
different pro-Abs. The correlation between the computer-simulated
cover rate and blocking fold was analyzed by GraphPad Prism. We
collected the results of pro-aCTLA-4 Ab with L1 and L2 linker (✳), pro-
aPD-1 Abwith L2 and L3 linker (B), pro-aIL-1b Abwith L3 and L4 linker
(C), and pro-aTNFa Ab with L5, L6 and L7 linker (D), which indicated
the positive correlation and the R2 value was 0.6435. The red line
represents the overall trend line, and the dotted lines represent the
individual trend lines of each pro-Ab. The X-axis represents the cover
rate as a percentage, and the Y-axis represents the blocking fold
calculated as the EC-50 of pro-Ab/parental Ab.

9766 | Chem. Sci., 2021, 12, 9759–9769
Certolizumab pegol in 8.1% RA patients at 24 weeks, thus,
reducing the drug response (ACR20).41 In addition, Weinblatt
et al. indicated that a high incidence of anti-Id Ab (79%) was
found following treatment with Alemtuzumab (anti-CD52 Ab) in
patients with multiple sclerosis, and with reduced therapeutic
efficacy.4 These clinical ndings indicated that preventing the
interference effect of anti-Id Ab can solve many of the clinical
problems of Ab drugs. Our team have demonstrated that the
spatial hindrance-based Ab lock can prevent the response of
anti-Id Ab to Iniximab (anti-I-Id Ab); the binding of the anti-I-
Id Ab to pro-Iniximab was 108-fold weaker than that to
Iniximab,19 and the Ab lock maintained the TNFa binding
ability of pro-Iniximab which was pre-incubated with anti-Id
Ab. In the future, we will be able to efficiently transform Abs
into optimized pro-Abs to prevent the binding of anti-Id Ab
using MSCS. The custom-designed linker can enhance the
masking ability of Ab lock to cover the CDR region of each Ab,
thereby restricting the generation of anti-Id Abs. We believe
MSCS can generate safer pro-Abs and provide better therapeutic
efficacy.

Last but not least, it is important to develop pro-Abs with
changeable protease substrates depending on different
protease-expressing diseases. Proteases are disease-specic
diagnostic markers which offer a therapeutic index. Qu and
colleagues reported high levels of expression of matrix
metalloproteinase-9 (MMP-9) in breast cancer, which plays the
role of tumor migration and invasion. MMP-9 belongs to the
family of Ca2+ and Zn2+ ion-dependent endopeptidases and has
the ability to degrade extracellular matrix components, which
indicates that MMP-9 is involved in tumorigenesis of breast
cancer.42 Choi and colleagues have reported proteases that are
overexpressed in ovarian cancer, such as cathepsin D, which
can promote tumor progression. Cathepsin D is localized in
lysosomes, and is also detected at a high level in the area
surrounding tumors which causes the invasion.43 Duong and
colleagues reported that osteoclasts express high levels of
cathepsin K that can cause osteoporosis. Cathepsin K is
a cysteine protease and has the ability to degrade the bone
matrix and decrease bone mass, meaning cathepsin K may have
the potential to be a new treatment target.44 Many cases show
that different diseases express several proteases. If we generate
pro-Abs with different protease substrates, the distinct
substrate will change the composition of the linker and the
efficacy of the spatial-hindrance of the Ab lock, even affecting
the blocking ability of the pro-Ab. In order to overcome this
issue, we can utilize MSCS to calculate the cover rate of the pro-
Ab with different protease substrates in the pro-Ab. MSCS will
adjust the amino acid composition of the linker between the Ab
lock and Ab drug with the assistance of molecular simulation,
so that we can efficiently generate protease-independent pro-
Abs, and thereby replace any protease as the substrate peptide
of the pro-Ab depending on the disease. By MSCS, we can
accelerate pro-Ab development which is dependent on different
protease-expressing diseases.

In conclusion, we provide MSCS that can predict the cover
rate of Ab locks to optimize and customize pro-Abs. MSCS has
the following advantages: (1) it can adjust the cover rate of an Ab
© 2021 The Author(s). Published by the Royal Society of Chemistry
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lock to the Ab binding site depending on the diversity of each
CDR loop; (2) it can be utilized to predict the pro-Ab that may
prevent anti-Id Ab neutralizing the Ab in the blood; (3) it can
predict the pro-Abs that need to change the protease substrate
for different protease-expressing diseases; (4) any scientist
could easily apply MSCS to select the Ab lock with a most suit-
able linker to generate a pro-Ab. We expect that by using the
MSCS strategy to develop pro-Abs it will be possible to accelerate
the development of pro-Abs. In addition, it is possible to apply
this system which make all Abs transform pro-Abs and simulate
the cover rate of the inhibited domain. The development of pro-
Abs can be expected to change the behavior of next-generation
Abs and signicantly improve Ab therapy.
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