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A B S T R A C T

BioPhi-guided humanization was utilized to enhance the humanness of a humanized single-chain variable 
fragment targeting CD99, leading to the development of two variants: HuScFvMT99/3BP and HuScFvMT99/3HY. 
The HuScFvMT99/3BP variant incorporated framework region modifications, leading to modest improvements in 
humanness, particularly in the VH domain, although the VL domain remained suboptimal. To address this 
limitation, HuScFvMT99/3HY was designed by combining the VL domain of wild-type with the VH domain of 
HuScFvMT99/3BP. Molecular dynamics simulations employing AlphaFold2, AlphaFold3, and HADDOCK were 
performed to evaluate the HuScFv-CD99 peptide complexes. AF2-based simulations demonstrated enhanced 
binding free energy (ΔGbinding) for both variants compared to HuScFvMT99/3WT. However, ΔGbinding values 
obtained from AF3 and HD simulations were inconsistent, with HuScFvMT99/3BP exhibiting the weakest binding 
affinity. While ΔGbinding patterns derived from AlphaFold3 and HADDOCK simulations aligned, amino acid 
decomposition analysis revealed variations in the interaction coordinates of the predicted complexes. Root- 
mean-square deviation analysis indicated improved structural stability for HuScFvMT99/3BP (0.975 Å) and 
HuScFvMT99/3HY (1.075 Å) relative to HuScFvMT99/3WT (1.225 Å). Biolayer interferometry further confirmed 
that HuScFvMT99/3WT exhibited the highest binding affinity (KD = 1.35 × 10⁻⁷ M) compared to HuScFvMT99/ 
3BP (KD = 2.64 × 10⁻⁷ M) and HuScFvMT99/3HY (KD = 3.95 × 10⁻⁷ M). Supporting evidence was provided by 
ELISA and flow cytometry experiments. PITHA analysis revealed a high immunogenicity risk for all variants, 
despite HuScFvMT99/3HY displaying improved humanness, a larger complementarity-determining region (CDR) 
cavity, and a more hydrophobic CDR-H3 loop. These findings highlight the delicate balance between enhancing 
humanness and preserving the structural and functional integrity critical for therapeutic antibody development.

1. Introduction

Therapeutic antibodies have shown remarkable efficacy in treating 
cancers, autoimmune disorders, and infectious diseases by specifically 

targeting disease-associated antigens. [1–3] However, immunogenicity 
remains a significant challenge, as the patient’s immune system may 
identify the antibody as foreign, thereby diminishing its therapeutic 
efficacy and potentially triggering adverse immune reactions. [4]
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Humanized antibodies are engineered to reduce immune responses by 
transferring complementarity-determining regions (CDRs) from 
non-human antibodies, typically mouse-derived, onto human antibody 
framework regions (FRs). [5] This approach retains the antigen-binding 
specificity of the non-human antibody while reducing its immunogenic 
potential. In cancer therapy, Trastuzumab, a humanized monoclonal 
antibody against human epidermal growth factor receptor 2 (HER2) has 
revolutionized the treatment of HER2-positive breast cancer, leading to 
tumor growth inhibition and improved patient outcomes. [6] Similarly, 
in autoimmune diseases, humanized antibodies like Tocilizumab inhibit 
the IL-6 receptor, relieving the symptoms of rheumatoid arthritis. [7]
Despite their versatility and effectiveness, the human anti-human anti
body (HAHA) induction by humanized antibody was observed in clinical 
trials, revealing further optimization for therapeutic humanized anti
bodies. [8,9]

Antibody humanization tools are indispensable for the development 
of humanized antibodies, as they ensure the retention of high specificity 
and affinity for target antigens while improving biocompatibility. [10, 
11] The T20 score assesses the "humanness" of antibodies by calculating 
the percentage identity of the top 20 matching sequences within a 
human variable region sequence database. [12] However, this method is 
limited by its lack of data granularity and reliance on a small reference 
sequence set, which may restrict the diversity of the designed thera
peutic antibody. Hu-mAb utilizes a random forest (RF) classifier trained 
on the Observed Antibody Space (OAS) database to differentiate be
tween human and non-human sequences. [13] Since the OAS database 
primarily contains mouse and human origin sequences, this model 
performs poorly in classifying sequences from origins that it has not 
been trained. Recently, BioPhi, an open-source antibody design plat
form, has emerged as a robust solution for advancing the humanization 
and design of therapeutic antibodies. [14] This software features auto
mated humanization methods, Sapiens, which utilizes deep learning on 
natural antibody repertoires for humanization, and Observed Antibody 
Space identity search (OASis), which evaluates antibody humanness 
based on peptide search in natural antibody repertoires and germline 
sequence identity.

While existing humanization tools have significantly advanced the 
development of therapeutic antibodies, amino acid modifications can 
potentially lead to immunogenicity, as well as affect the structural 
integrity and binding affinity of the antibody. Molecular dynamics (MD) 
simulations offers an in-depth understanding of the dynamic behavior 
and stability of antibodies at an atomic level, which is vital for com
prehending antibody-antigen interactions and overall stability. [15]
This method is particularly valuable for assessing the impact of modi
fications, such as CDR grafting and back mutations, on the structural and 
functional integrity of antibodies. [16,17] Additionally, MD simulations 
was employed to obtain valuable insights into the structural alterations 
resulting from residues mutations in the affinity-enhanced HuScFv. [18]

CD99, a glycosylated transmembrane protein, is integral to processes 
such as cell adhesion, migration, and differentiation. [19,20] However, 
its dysregulation has been linked to the development and progression of 
several T-cell malignancies. [21] While fully human anti-CD99 anti
bodies have been developed and tested in various formats (e.g., 
single-chain variable fragment (ScFv), diabodies, and full-length anti
bodies), [22,23] the humanization of murine antibodies remains a 
relevant challenge due to their unique binding properties and thera
peutic potential. The mouse anti-CD99 monoclonal antibody (MT99/3) 
demonstrated T cell proliferation inhibition and the ability to enhance 
immune effector functions. [24,25] Despite these promising properties, 
the therapeutic application of full monoclonal antibodies is constrained 
by their immunogenicity. Recently, HuScFvMT99/3, a humanized 
single-chain variable fragment (HuScFv) against CD99, was engineered. 
This construct exhibited binding activity comparable to the full mono
clonal antibody and preserved the binding region to CD99 at 
VDGENDDPRPP (residues 60–70), similar to MT99/3. [26] However, 
CDR grafting of mouse antibodies onto human frameworks 

demonstrates a high risk of immunogenicity, necessitating improve
ments in the humanness property of HuScFvMT99/3.

AlphaFold (AF) has revolutionized antibody design by providing 
reliable structural models that were previously challenging to access. 
This tool has accurately generated over 400 antibody-antigen complex 
structures with improved near-native modeling. [27] Furthermore, 
AlphaFold2 (AF2) has proven instrumental in facilitating the humani
zation of the anti-PD-L1 antibody h3D5-hIgG1, highlighting its potential 
in advancing therapeutic antibody development. [28] This study focuses 
on the impact of BioPhi-guided humanness improvements on the bind
ing affinity of HuScFvMT99/3 to CD99. Various humanness evaluation 
methods and PITHA were employed to assess the humanness and 
immunogenicity of HuScFvMT99/3 variants. AF2 [29] was applied to 
predict the structural interactions between HuScFvMT99/3, along with 
its humanized variants, and the CD99 peptide epitope. MD simulation 
was conducted to assess the dynamic behavior of the predicted structure.

To ensure consistency in structure prediction, alternative modeling 
methods, AlphaFold3 (AF3) [30] and HADDOCK (HD) [31] were uti
lized alongside AF2. The ΔGbinding and per-residue decomposition en
ergy were calculated to understand the energetic contributions to 
binding affinity. Furthermore, principal component analysis (PCA) was 
performed to evaluate the conformational dynamics of the complexes. 
The binding characteristics of HuScFvMT99/3 variants were validated 
using enzyme-linked immunosorbent assay (ELISA) and biolayer inter
ferometry (BLI). Binding activity against surface CD99 on Jurkat cells 
was further assessed by flow cytometry. By integrating computational 
predictions with experimental validation, this study provides a 
comprehensive framework for designing humanized antibodies, 
advancing the development of therapeutic antibodies for future 
applications.

2. Materials and methods

2.1. Humanization and structural model prediction of HuScFvMT99/3 
variants

The amino acid sequence of the wild-type (WT) HuScFvMT99/3 
(HuScFvMT99/3WT) was introduced to BioPhi software [14] to improve 
the humanness through substitution of amino acids at framework re
gions. The variable region sequence of antibodies was numbered using 
the Kabat numbering system. The improved HuScFvMT99/3 is called 
HuScFvMT99/3BP. Additionally, a hybrid version, HuScFvMT99/3HY, 
was designed by combining the light chain variable region from 
HuScFvMT99/3WT (VLWT) with the heavy chain variable region from 
HuScFvMT99/3BP (VHBP). Humanness scores for each variant were 
calculated using T20 score [12] and SAbPred [13] analysis software.

The predicted structure of HuScFvMT99/3WT and its variants 
(HuScFvMT99/3BP and HuScFvMT99/3HY) was generated using AF2 
(Fig. 1). [29,32] The structural similarity of HuScFvMT99/3 variants 
was determined through pairwise structural alignment and estimated 
RMSD analysis using the RCSB PDB server. [33] The specific deter
mining residues (SDRs) on VH and VL of HuScFvMT99/3 variants were 
indicated by Prodigy. [34,35] The structural complex of each variant 
was submitted to the PITHA web server [36] to estimate the cavity 
volume at the CDR region, the hydrophobicity at the CDR-H3 loop, and 
predicted immunogenicity.

2.2. Computational calculations

2.2.1. Model variants and structure preparation
The complex structure of each HuScFvMT99/3 variant with or 

without CD99 peptide (residues: 60VDGENDDPRPP70) was obtained 
from AF2. [29] To prepare the structure for the MD simulations, each 
complex system under periodic boundary conditions was solvated in a 
cubic box of TIP3P water model extending to 10 Å along each direction 
from the complex model with counter ions added to neutralize the 
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system. The LeaP module embedded in AMBER 22 software [37] was 
used for adding the missing atoms with the FF14SB force field [38] for 
applying the description of the protein characterization. The cut-off 
distance keeps to 12 Å to compute the non-bonded interactions. 
Particle-mesh Ewald (PME) method was used for calculating the 
long-range electrostatic interactions. SHAKE algorithm was applied to 
constrain the bonds that involved hydrogen atoms.

The CUDA-based program from the AMBER 22 program was used by 
PMEMD.CUDA module. [39,40] for speeding up the simulation times. 
Each system was first minimized using the steepest descent protocol 
followed by a conjugate gradient procedure for relaxation and elimi
nation of overlapping atoms. The first step was to allow, out of 10,000 
iterations, only water molecules to move. In the second step, in each of 
the 10,000 iterations, hydrogen and protein side chains were relaxed, in 
a fixed order. Finally, 20,000 steps were calculated with the 
restriction-free system. After energy minimization, the optimized MD 
systems were conducted gradually by heating (H) phase NVT (constant 
number of atoms, volume, and temperature) ensemble with the fixed 
protein atoms for 100 ps from 0 to 310.15 K (37◦C) by using a force 
constant of 10 kcal mol− 1 Å− 2. This was followed by 1000 ps of equili
bration (Eq1) phase NVT-MD at 310.15 K at a force constant of 
5.0 kcal mol− 1 A− 2. Then, 10,000 ps without any constrained forces of 
equilibration-2 (Eq2) phase NPT-MD were performed for each fully 
flexible equilibrium system at the same temperature and one atm pres
sure. The density of each system was about 1.0 g cm3. Finally, 100 ns of 
unrestrained production (Prod) phase NVT-MD simulation were applied 
at a constant temperature of 310.15 K. The time step of 2 fs was set, and 
the trajectory was recorded every 0.2 ps. Structural analysis of the 
RMSD, the root-mean-square fluctuation (RMSF), and the principle 
component analysis (PCA) were carried out by CPPTRAJ module [41]
using the Amber 22 program. The structural images were presented 
using DS software.

2.2.2. Binding free energy and per-residue decomposition energy analysis
Amber molecular mechanics Poisson–Boltzmann surface area (MM- 

PBSA) [42] method was applied to estimate the binding free energy 
(ΔGbinding, kcal mol–1) of the complex using the snapshot structures 
extracted from the last 30 ns (total 15,000 snapshots) Prod-phase tra
jectory data. The binding free energy (ΔGbinding, kcal mol–1) and 
per-residue decomposition energy (ΔGdecomp, kcal mol–1) were calcu
lated for each variant species in the energetic framework of the 
MM-PBSA method, and the binding free energy was computed from the 
following equation: 

ΔGbinding = ΔGComplex – (ΔGHuScFvMT99/3 + ΔGCD99) = (ΔEvdW + ΔEEEL +

ΔGSolvation) – TΔS                                                                          (1)

In which ΔEvdW and ΔEEEL refer to the van der Waals and 

electrostatic contribution calculated by the molecular mechanics force 
field, and ΔGsolvation represents the solvation-free energy. The entropy 
changes of the protein-protein complex (–TΔS, kcal mol–1) were calcu
lated using the normal mode analysis of the vibrational frequencies.

2.2.3. Principal component analysis (PCA)
To evaluate the displacement of atoms and conformational dynamics 

of a protein complex, PCA was performed and analyzed using a 
covariance-matrix-based approach. [43–45] The elements of the posi
tional covariance matrix C were obtained based on the following Eq. 2: 

Cij =
〈
(xi − 〈xi〉 ) ×

(
xj −

〈
xj
〉 ) 〉

(2) 

Here xi and xj represent the instantaneous coordinates of the ith and 
jth Cα-atoms of the system, used to construct matrix C, while 〈xi〉 and 

〈
xj
〉

denote ensemble averages. The averaged values are computed over the 
Prod-MD simulations after superimposition on a reference structure 
using the CPPTRAJ module of the AMBER 22, solvent water molecules 
and neutralizing ions added by the Leap module are stripped prior to MD 
trajectory generation. PCA was performed for Cα-atoms on 15,000 
snapshots each. PC1 and PC2, which represent the first two principal 
components, are created from the trajectories averaged from the WT and 
the variant systems. The trajectories were analyzed for the relative 
motions about their center of masses.

2.3. Production and binding activity characterization of HuScFvT99/3 
variants

2.3.1. Production and purification of HuScFvMT99/3 variants
The plasmid pET-21a-HuScFvMT99/3BP (His6X) and pET-21a- 

HuScFvMT99/3HY (His6X) were synthesized for protein expression in 
Escherichia coli (E. coli) system. The plasmids construction was depicted 
in Fig. 2. The HuScFvMT99/3 construct was designed with the VL- 
(G4S)3-VH configuration to facilitate proper folding and stability, as 
reported in previous studies. [46] This flexible linker helps maintain the 
relative orientation of the variable domains, minimizing steric hin
drance and ensuring functional binding. Additionally, the 
HuScFvMT99/3 genes were flanked with a C-terminus histidine tag, 
which facilitates protein purification. The genes were inserted into 
pET-21a (+) plasmid at NdeI and XhoI restriction sites.

The plasmids, including pET-21a-HuScFvMT99/3WT (His6X) [26], 
pET-21a-HuScFvMT99/3BP (His6X) and pET-21a-HuScFvMT99/3HY 

(His6X), were transformed into E. coli Origami B (DE3) competent cells 
for recombinant HuScFvMT99/3WT, HuScFvMT99/3BP and HuScFvM
T99/3HY production, respectively. A single colony was picked and 
inoculated in super broth (SB) supplemented with 100 µg/mL of ampi
cillin, 15 µg/mL of kanamycin, 12.5 µg/mL of tetracycline, and 0.05 % 
of glucose. The bacterial culture was incubated at 37̊C with 200 rpm 

Fig. 1. Structure alignment of HuMT99/3 variants. Comparative ribbon structure of HuScFvMT99/3WT (black), HuScFvMT99/3BP (red) and HuScFvMT99/3HY 

(blue) was generated by AF2. The conformational structure of HuScFvMT99/3 variants was compared using Chimera software version 1.18. Analysis by the RCSB 
PDB server showed RMSD of 0.66 and 0.64 Å for VH and 0.19 and 0.17 Å for VH of HuScFvMT99/3BP and HuScFvMT99/3HY, respectively.
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swirling until an optical density (OD) at 600 nm reached 0.8–1. The 
0.5 mM of IPTG was added to the bacterial culture to induce protein 
expression, and this process continued at 20̊C for 16–18 h. After incu
bation, bacterial cells were pelleted and washed three times with 
phosphate-buffered saline (PBS). The bacterial cell was lysed via three 
sonication times of 5 min each at 0.5 cycles with 80 % amplitude on ice, 
followed by centrifugation at 4000 ×g for 30 min at 4 ◦C. The lysate was 
collected and subjected to a purification process by affinity chroma
tography using Ni-NTA agarose (QIAGEN, 30210).

The purified HuScFvMT99/3WT (His6X), HuScFvMT99/3BP (His6X), 
and HuScFvMT99/3HY(His6X) were separated by 15 % sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to determine the 
purity of the protein. Proteins were transferred onto a nitrocellulose 
membrane and subsequently probed with 1:3000 dilution of HRP- 
conjugated anti-His antibody (Biolegend, 652504). The reaction was 
developed using a LumiGLO® Peroxidase Chemiluminescent Substrate 
Kit (Sera care, 54300042). The molecular estimation relies on Precision 
Plus Protein™ Kaleidoscope™ Prestained Protein Standards (BioRad, 
610375).

2.3.2. Binding activity assessment of HuScFvMT99/3 variants using ELISA
The binding activity of HuScFvMT99/3WT (His6X), HuScFvMT99/ 

3BP (His6X) and HuScFvMT99/3HY (His6X) against the CD99 epitope 
was determined using ELISA. Microwells were coated with 10 µg/mL of 
avidin at 37̊C for overnight. The avidin-coated wells were washed with 
0.05 % tween in PBS (washing buffer), followed by adding 2 % bovine 
serum albumin (BSA) in PBS (blocking solution). The reaction was 
incubated at 37̊C for 1 h. After washing step, the biotinylated CD99 
peptide target epitope (Biotin-Ahx-AVVDGENDDPRPPNP) [26] at 
2 µg/mL was added to the wells and incubated at 37̊C for 1 h. After 
incubation, the wells were washed three times with washing buffer, then 
incubated with 1 or 5 µg/mL of HuScFvMT99/3 variants at 37̊C for 1 h. 
The well without HuScFvMT99/3 served as a no-ScFv control. After 
washing, 1:3000 dilution of HRP-conjugated anti-His antibody was 
added to the reaction. The reaction was developed by adding TMB 
chromogen substrate (Sera care, 5120–0076) and was quenched by 1 N 
HCl solution. The OD at 450 nm was read using a microplate reader.

2.3.3. Binding affinity determination of HuScFvMT99/3 variants using 
Biolayer Interferometry (BLI)

To assess the binding affinity of HuScFvMT99/3 variants, the BLI 
technique was employed. The binding kinetic was evaluated using the 
Octet® K2 instrument (ForeteBio). All of the analysis steps were con
ducted in assay buffer (2 % BSA in 0.05 % Tween 20 in PBS) at 30◦C. 
Biotinylated CD99 peptide was immobilized onto the surface of the 

streptavidin biosensor tip at 10 μg/mL. Next, the biosensors were 
washed with the assay buffer. The pre-immobilized biosensors were 
immersed in solutions of HuScFvMT99/3 variants at various concen
trations to initiate the association phase. The dissociation phase was 
monitored by immersing biosensors into the assay buffer. The fitting 
curves were analyzed using 1:1 fitting mode by Octet software. The 
equilibrium constant (KD) was calculated from the ratio Koff/Kon.

2.3.4. Cell line
Jurkat T cells clone E6.1 (ATCC) were cultured in Roswell Park 

Memorial Institute (RPMI) medium (Gibco, 31800105) supplemented 
with 10 % heat-inactivated fetal bovine serum (HI-FBS) (Gibco, 
5256701), 100 U/mL of penicillin, 100 µg/mL of streptomycin (Gibco, 
15140122), and 2 mM of L-glutamine (Gibco, 25030081) (C-RPMI).

2.3.5. Binding activity determination of HuScFvMT99/3 variants against 
CD99 on Jurkat T cell using flow cytometry

Immunofluorescence staining was used to determine the binding 
activity of HuScFvMT99/3 variants against surface CD99 on Jurkat T 
cells. 5 × 105 of Jurkat T cells were incubated in 10 % heat-inactivated 
human AB serum in PBS to block the Fc receptor. After blocking, 20 µg/ 
mL of HuScFvMT99/3 variants were added to blocked cells. Cells were 
incubated on ice for 30 min, then washed twice with a FACs diluent (2 % 
FBS-0.5 mM EDTA, 0.1 % NaN3 in PBS). The condition without HuScFv, 
a conjugate control, served as the negative control for this experiment. 
After washing, cells were incubated with a 1:10 dilution of PE- 
conjugated anti-His tag antibody (Biolegend, 362603). The stained 
cells were washed three times with a FACs diluent and resuspended in 
1 % paraformaldehyde in PBS. The percentage of CD99 positive cells 
and mean fluorescence intensity were analyzed by flow cytometry using 
BD Accuri™ C6 plus (BD biosciences).

Inhibition immunofluorescence staining was also performed to 
ensure the binding activity of HuScFvMT99/3 variants against CD99 on 
Jurkat T cells. HuScFvMT99/3 variants at 20 µg/mL were pre-incubated 
with 50 µg/mL of CD99 peptide prior to being added to Jurkat T cells. 
The reaction was incubated on ice for 30 min. The condition lacking 
HuScFv; a conjugate control, served as a negative control for this 
experiment. Cells were washed three times with a FACs diluent, fol
lowed by incubating with 1:10 dilution of PE-conjugated anti-His tag 
antibody. The stained cells were washed three times with a FACs diluent 
and resuspended in 1 % paraformaldehyde in PBS. The percentage of 
CD99-positive cells was analyzed by flow cytometry using BD Accuri™ 
C6 plus. The percentage of inhibition (% inhibition) was calculated by 
[(MFI of uninhibited) ÷ (MFI of inhibited)] × 100.

2.3.6. Statistical analysis
Data were expressed as mean ± SD from triplicate experiments. One- 

way ANOVA was used for comparison. p ≤ 0.05 was considered statis
tically significant.

3. Results

3.1. Humanization, humanness scores calculation, and immunogenicity 
prediction of HuScFvMT99/3 variants

To enhance the humanness of HuScFvMT99/3, the amino acid se
quences of the VH and VL domains of HuScFvMT99/3WT were submitted 
to BioPhi. The amino acid modifications suggested by BioPhi are high
lighted in red, excluding CDRs (Fig. 3). HuScFvMT99/3BP showed a 
slight increase in the humanness score for the VL domain, while a sig
nificant improvement was observed in the VH domain (Table 1). The 
humanness scores of HuScFvMT99/3WT and its variants were also 
evaluated using the T20 score analyzer and SAbPred analysis. The VL 
domain of HuScFvMT99/3BP exhibited a decrease in the humanness 
score according to the T20 score analyzer, while SAbPred classified it as 
"not human". Consequently, HuScFvMT99/3HY was designed by 

Fig. 2. Schematic of HuScFvMT99/3 variants encoding plasmids. The pET-21a 
plasmid harbors the gene encoding HuScFvMT99/3WT, HuScFvMT99/3BP and 
HuScFvMT99/3HY. The VL and VH domains of HuScFVMT99/3 constructs were 
linked together with (G4S)3 linker. The HuScFvMT99/3 variants gene was 
flanked with a C-terminus histidine tag. VLWT and VLBP indicate the VL domain 
of HuScFvMT99/3WT and HuScFvMT99/3BP, respectively. VHWT and VHBP 

indicate the VH domain of HuScFvMT99/3WT and HuScFvMT99/3BP, 
respectively.
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combining VLWT with VHBP to preserve its humanness.
As seen in Fig. 1, RMSD analysis of the predicted HuScFvMT99/3 

variants structure was calculated by the RCSB PDB server. The RMSD 
values were 0.66 Å and 0.64 Å for VH, and 0.19 Å and 0.17 Å for VL in 
HuScFvMT99/3BP and HuScFvMT99/3HY, respectively. RMSD analysis 
indicated high structural similarity in the VL domain of HuScFvMT99/ 
3WT and its variants, while the VH domain showed slightly lower 
similarity.

Additionally, PITHA was utilized to predict the immunogenicity of 
HuScFvMT99/3 and its variants. The results indicated that 
HuScFvMT99/3WT was predicted to exhibit high immunogenicity 
(Table 2). Notably, the cavity volumes of HuScFvMT99/3BP and 
HuScFvMT99/3HY were greater than that of HuScFvMT99/3WT, 
measuring 520.8 Å³ and 664.1 Å³ , respectively. However, there was no 
significant difference in hydrophobicity at the CDR-H3 loop.

3.2. MD simulations

3.2.1. Structural analysis, stability, and flexibility of HuScFvMT99/3 
variants

The 3D structures of the HuScFvMT99/3WT (VH-VL domains) and its 

variant (HuScFvMT99/3BP, and HuScFvMT99/3HY), modeled using AF2 
[27], were subjected to the MD simulations calculations. Various 
structural analysis was performed to study the structural impact of each 
system. Comprehensive structural analyses were performed to evaluate 
the structural impact of each system. To assess the dynamics and sta
bility of the ScFv variants, the RMSD relative to the optimized complex 
structure was monitored throughout the entire MD simulation trajec
tory, as depicted in Fig. 4. The RMSD plot showed steady oscillations and 
minimal fluctuations for each complex model compared to 
HuScFvMT99/3WT (Fig. 4A). The RMSD plot of the HuScFvMT99/3WT 

system was found to be slightly higher as compared with the values for 
the observed variants, indicating the higher flexibility and/or significant 
conformational changes in the VH-VL domains. In contrast, the 
HuScFvMT99/3BP showed stable RMSD with inconsiderable fluctuations 
and endured lesser conformational changes during the whole MD sim
ulations, suggesting the VH-VL domains maintain their native fold with 
good stability. A slight conformational shift was observed in the 
HuScFvMT99/3HY at around 85 ns, which later stabilized, suggesting 
adaptive conformational changes due to the use of the VLWT.

Fig. 4B shows the RMSD distribution over the MD simulations. The 
lower RMSD distribution in both HuScFvMT99/3BP (0.975 Å) and 
HuScFvMT99/3HY (1.075 Å) suggests greater stability compared to the 
HuScFvMT99/3WT (1.225 Å). In addition, the HuScFvMT99/3HY 

showed a slightly broader distribution (~0.9 Å) compared to the other 
systems (~0.8 Å in both HuScFvMT99/3WT and HuScFvMT99/3BP). 
Although this difference is not significant, the VH-VL domains of 

Fig. 3. Amino acid sequence of HuScFvMT99/3 variants. The sequence of (A) VH and (B) VL domains of HuScFvMT99/3 variants were aligned. The red letter 
indicates a modified amino acid in the sequence. The CDRs of VH (CDR-H1–3) and VL (CDR-L1–3) identification as listed in bold letters relied on Kabat’s numbering 
rule. The specific determining residues (SDRs) on HuScFvMT99/3 variants were identified using Prodigy as highlighted in yellow color.

Table 1 
Humanness scores calculation of HuScFvMT99/3 variants. The humanness 
scores of VH and VL domain of HuScFVMT99/3 variants were calculated by 
humanness score evaluation software including BioPhi, T20 cores and SAbPred 
analysis.

Humanness scores

BioPhi T20 score SAbPred

VL VH VL VH VL VH

HuScFvMT99/ 
3WT

87 % 
identity

​ 94.74 0.74

HuScFvMT99/ 
3BP

88 % 
identity

​ 88.16 Not 
human

HuScFvMT99/ 
3HY

87 % 
identity

​ 94.74 0.74

HuScFvMT99/ 
3WT

​ 64 % 
identity

80.74 ​ 0.73

HuScFvMT99/ 
3BP

​ 77 % 
identity

87.47 ​ 0.85

HuScFvMT99/ 
3HY

​ 77 % 
identity

87.47 ​ 0.85

Table 2 
Immunogenicity prediction of HuScFvMT99/3. The structural complexes of all 
HuScFvMT99/3 variants were analyzed for immunogenicity using PITHA. The 
predicted data, including cavity volume in the CDR region, hydrophobicity at 
the CDR-H3 loop, and predicted immunogenicity, are presented.

Antibody Cavity 
volume 
at the CDR 
region (Å3)

Hydrophobicity 
at CDR-H3 loop 
(Å2)

Immunogenicity 
prediction

HuScFvMT99/ 
3WT

0 146.5 High

HuScFvMT99/ 
3BP

520.8 137.1 High

HuScFvMT99/ 
3HY

664.1 137.5 High
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HuScFvMT99/3HY may undergo substantial conformational fluctuations 
during the simulation.

To gain a deeper understanding of the structural properties of the 
potential models, we assessed the structural flexibility of the protein- 
protein complexes throughout the experimental simulation of the 
HuScFvMT99/3 variants. Specifically, we analyzed the dynamics of the 
residues by calculating the RMSF over the last 30 ns of the production 
phase of the MD simulations. This approach provides valuable insight 
into the flexibility and/or rigidity of protein-protein interactions. As 
shown in Fig. 5, the RMSF plots revealed similar fluctuation patterns 
with different magnitudes, particularly within the FR of both the H- 
chain and L-chain across the variants. The HuScFvMT99/3 variants (BP 
and HY), which share the same heavy chain variable region, exhibited 
greater fluctuations, indicating higher flexibility or structural mobility 
in these variants compared to the WT. Consequently, the less stable 
HuScFvMT99/3 variants showed deviations from the humanness score, 
especially in the heavy chain, when compared to the WT. In contrast, the 
WT displayed the lowest fluctuations in the amino acid residues, sug
gesting enhanced stability, which may reflect a more stable interaction 
with the binding partner.

Focusing on the light chain variable region of each variant (Fig. 5B), 
only a structural adjustment in HuScFvMT99/3BP was necessary to sta
bilize the binding surface configuration. In contrast, HuScFvMT99/3HY, 
designed with VLWT, exhibited additional instability in the VH-VL 
domain. While the RMSF value for the light chain in HuScFvMT99/ 
3HY remained comparable to the WT, certain amino acid positions in the 
framework region, as predicted by BioPhi (highlighted in red in Fig. 3), 
were constrained to align with the WT. This suggests that structural 
adjustments in the light chain variable region of HuScFvMT99/3HY, 
particularly involving key amino acids, are essential for maintaining 
ScFv binding stability, leading to reduced fluctuations in the framework 
region.

Since the biological function of a protein-protein interaction is 
influenced by its conformational dynamics, a detailed analysis of these 

dynamics is essential. In this study, we employed PCA, a robust method 
for extracting and interpreting the dominant motions and conforma
tional dynamics of proteins. This was accomplished by diagonalizing the 
covariance matrix of Cα–atom fluctuations during the production phase 
of the MD simulations. Fig. S1 illustrates the PCA scatter plot for the VH- 
VL domains of HuScFvMT99/3WT and its variants, along the first two 
principal components (PCs). The results revealed that both 
HuScFvMT99/3 variants (BP and HY) occupied a broader region of the 
conformational space compared to HuScFvMT99/3WT. This suggests 
that the variants exhibit greater flexibility and conformational vari
ability, implying higher mobility or potential structural instability in the 
VH-VL domain relative to the WT. In contrast, the tight clustering of 
HuScFvMT99/3WT indicates limited structural flexibility, maintaining a 
more rigid conformation with fewer dynamic rearrangements in the VH- 
VL domain. This rigidity may contribute to a more consistent molecular 
movement.

3.2.2. Energetic and structural affinities of HuScFvMT99/3 CD99 binding 
complexes

To investigate the conformational changes associated with the en
ergetic affinities of protein-protein interactions, the predicted complex 
structures of HuScFvMT99/3 and the CD99 peptide were preliminarily 
modeled using the AF2 method modeled. [29] Then, the 100 ns 
long-time of the MD simulations of complexed HuScFvMT99/3 binding 
to CD99 were performed. According to the thus-obtained predicted 
complexes, we found that the docked structure of the CD99 peptide 
preserves the same binding interface information. A key feature in the 
docked complexes was the interaction of hydrophilic residues at the CDR 
binding sites of HuScFvMT99/3, which was conserved throughout the 
MD simulations (Fig. S2). Table 3 presents the ΔGbinding values, initially 
analyzed during the production phase of MD simulations using molec
ular mechanics calculations via the MM-PBSA method.

Comparing with the complexed HuScFvMT99/3WT 

(–9.56 kcal mol− 1), the variant species of complexed HuScFvMT99/3BP 

Fig. 4. Comparison of RMSD for HuScFvMT99/3; WT (black), BP (red), and 
HY (blue) analyzed during prod-phase MD simulations. (A) RMSD plot, and 
(B) RMSD distribution of Cα-atom of HuScFvMT99/3 VH-VL domain.

Fig. 5. Comparison of RMSF for HuScFvMT99/3; WT (black), BP (red), and 
HY (blue) analyzed during prod-phase MD simulations. (A) RMSF of ScFv 
H-chain. and (B) RMSF of ScFv L-chain. The residues in FR in H-chain and L- 
chain, are highlighted in grey squares.
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(ΔGbinding = –28.90 kcal mol− 1) and complexed HuScFvMT99/3HY 

(–24.78 kcal mol− 1) showed a significantly stronger affinity to the CD99 
peptide. Although the HuScFvMT99/3WT VH-VL shows a stable and 
compact structure with low mobility, these features do not enhance the 
affinity of the docked CD99 peptide at the CDR binding interface. As 
expected, the complex variants of HuScFvMT99/3BP and HuScFvMT99/ 
3HY had a positive impact on the complex stability with a negative 
ΔGbinding value that is due to the decreasing of the vdW and EEL terms, 
respectively, in respect to the WT system (Table 3). In the later section, 
we will discuss the structural analysis of the complexed proteins by 
considering the conservative character in the flexibility and stability 
between ScFv VH-VL domain and the peptide.

As mentioned above, the structural complexes of HuScFvMT99/3 
variants and the CD99 peptide were also modeled using alternative 
methods, such as AF3 [30] and HD. [31] As shown in Table 3 and Fig. 6, 
the AF3 and HD methods rarely agreed with the AF2 predictions, both in 
terms of structural key hotspots and the confidence of binding affinities. 
The ΔGbinding value indicated that the HuScFvMT99/3WT complex, ob
tained from AF3 and HD prediction methods, significantly exhibited the 
strongest affinity for the CD99 epitope, while the HuScFvMT99/3BP 

complex showed the weakest. The ΔGbinding value of the 
HuScFvMT99/3WT complex improved, suggesting better binding affin
ity. In contrast to, the complexed HuScFvMT99/3HY-CD99 model ex
hibits greater binding affinity than the HuScFvMT99/3BP CD99 model 
likely due to the merging of the VLWT and VHBP domains.

To better understand these results, the binding free energies were 
decomposed into the energy contributions of the individual residues at 
the binding interface. This approach aims to provide insights into the 

cross-reactivity of the neutralizing antibody response. Fig. 7 illustrates 
the comparison alternative modelling methods, AF2, AF3, and HD, of 
the decomposed per-residue free energy (ΔGdecomp, kcal mol− 1) of the 
complexed HuScFvMT99/3 CDRs regions (VH and VL domains) with 
CD99 epitope calculated by the MM-PBSA method. Negative values 
represent favorable interactions, while positive values indicate unfa
vorable contributions. The final MD structures of each variant system 
related to the key hotspots at the binding interface (Fig. 7) are illustrated 
in Figs. 8–10. As shown in Fig. 7, the predictive models of the AF2 
method showed the key residues in the VH-VL domain of HuScFvMT99/ 
3 CDRs differ from the other AF3 and HD methods. The mutated FW 
regions (BP and HY) quite affect the highlighted hotspots favorable in
teractions at the CDRs binding interfaces compared with the 
HuScFvMT99/3WT-CD99 complex. Considering the WT model in each 
predictive method, the complex CD99-HuScFvMT99/3WT highlighted 
the significant potential residues on the CDR VH domain for CD99 
binding, especially the predicted complex from the HD method. As a 
result, the R50 position of the VH domain showed high potential indi
vidual decomposed energy for all complex systems.

Comparing all predictive modelling methods, the strong per-residue 
interaction in the CDR-H domain in all variants contributed to the 
tighter binding of HuScFvMT99/3 to the CD99 epitope. However, in the 
AF2 modelling, the key CDR positions contributed less to the interaction 
in the HuScFvMT99/3WT than those of the variant systems, leading to 
the weaker affinity of the WT complex. In contrast, the decomposed 
energy values from AF2, AF3, and HD methods did not show significant 
differences in the favorable contact with CD99 at the CDR VL domain for 
each HuScFvMT99/3 system. This suggests that mutations in the 
framework regions have a greater impact on the binding activity of the 
CDR loops in the VH domain than in the VL domain of HuScFvMT99/3 
when binding to the CD99 epitope.

3.2.3. Structural analysis and stability of HuScFvMT99/3 CD99 binding 
complexes

To further investigate the unstable structure of the HuScFvMT99/3- 
CD99 binding complexes, PCA was employed to explore the conforma
tional transitions of both the unbound systems and the HuScFvMT99/3- 
CD99 complex during MD simulations, as shown in Fig. 11. The PCA 
scatterplots for the HuScFvMT99/3-CD99 complexes, generated across 
the predictive modelling methods (AF2 in green, AF3 in blue, and HD in 
red), revealed significant differences between the complexes along the 
direction of PC1 and PC2.

As discussed earlier, excessive variability can weaken binding in
teractions. It was observed that the HD-modeled complexes of 
HuScFvMT99/3WT and HuScFvMT99/3HY exhibited lower conforma
tional diversity (ranging from − 10–10) compared to the HuScFvMT99/ 
3BP complex (ranging from − 20–25). This indicates stronger binding 
affinities for the former, due to reduced structural mobility during the 

Table 3 
Energy component (kcal mol–1) of HuScFvMT99/3 variants binding to CD99 protein estimated by MM-PBSA method.

Parameter HuScFvMT99/3WT HuScFvMT99/3BP HuScFvMT99/3HY

AF2 AF3 HD AF2 AF3 HD AF2 AF3 HADDOCK

ΔGbinding –9.59 
± 10.170

–15.58 
± 17.763

–21.17 
± 9.492

–28.90 
± 9.759

4.23 ± 8.702 6.15 ± 7.814 –24.78 
± 10.281

–12.78 
± 15.277

–13.03 
± 9.608

vdW –49.88 
± 4.968

–46.96 
± 5.038

–60.62 
± 5.745

–56.59 
± 5.974

–47.58 
± 5.442

–26.30 
± 7.146

–46.14 
± 5.128

–43.91 
± 5.435

–51.89 
± 4.806

EEL –471.00 
± 42.297

–525.08 
± 62.813

–611.92 
± 52.147

–472.30 
± 41.625

–323.04 
± 37.489

–335.78 
± 25.956

–534.68 
± 34.919

–512.22 
± 57.282

–522.22 
± 40.043

EPS 477.12 
± 41.219

522.91 
± 48.362

609.41 
± 48.912

464.46 
± 35.496

339.99 
± 38.877

342.28 
± 26.195

524.20 
± 32.708

510.01 
± 15.931

525.91 
± 34.812

ENPOLAR –43.40 
± 2.201

–38.91 
± 2.951

–50.22 
± 3.777

–49.73 
± 2.291

–35.28 
± 3.936

–24.67 
± 5.033

–42.93 
± 2.373

–37.83 
± 2.718

–44.89 
± 2.163

Note: The EEL and vdW represent the electrostatic and van der Waals contributions from MM, respectively. EPS stands for PB electrostatic contribution to the polar 
solvation-free energy, while ENPOLAR is the nonpolar contribution to the solvation-free energy. ΔGbinding (kcal mol–1) is the final estimated binding free energy 
calculated from the terms above.

Fig. 6. Comparison of alternative modelling methods, AF2, AF3, and 
HADDOCK (HD), of the binding free energy (ΔGbinding, kcal mol–1) for 
HuScFvMT99/3 CD99 complexes. The complexed HuScFvMT99/3 CD99 in 
WT (black), BP (red), and HY (blue) were analyzed during the prod-phase MD 
simulations.
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simulations. A similar trend was observed for the HuScFvMT99/3-CD99 
complexes predicted using the AF3 method. The HuScFvMT99/3BP- 
CD99 complex, obtained from both the AF3 and HD methods, displayed 
a broader conformational space compared to the AF2 model. This 

implied that the CD99 peptide enhances structural flexibility at the 
binding interface of HuScFvMT99/3BP. Notably, the AF2-modeled 
HuScFvMT99/3-CD99 complex exhibited greater conformational vari
ability during the simulations, except when complexed with 
HuScFvMT99/3BP, where slight stabilization was observed, leading to a 
narrower conformational range.

3.3. Construction and production of HuScFvMT99/3 variants

The pET-21a-HuScFvMT99/3WT (His6X), pET-21a-HuScFvMT99/3BP 

(His6X) or pET-21a-HuScFvMT99/3HY (His6X) plasmids were trans
formed into E. coli Origami B (DE3) for recombinant protein production. 
Following purification, the proteins were analyzed by SDS-PAGE to 
assess their purity. Additionally, Western blot analysis was performed to 
confirm successful protein production and purification. SDS-PAGE re
sults demonstrated the purity and integrity of the purified proteins 
(Fig. 12A). Western blotting revealed distinct 27 kDa bands corre
sponding to the sizes of HuScFvMT99/3WT, HuScFvMT99/3BP, and 
HuScFvMT99/3HY (Fig. 12B).

Fig. 7. Per residue free energy decomposition of HuScFvMT99/3 complex 
with CD99 peptide predicted models by AF2, AF3, and HD methods. The 
key residues in CDRs VH (green) and VL (orange) domains with the total 
binding free energy (ETOT) components are presented in each variant of the 
HuScFvMT99/3 CD99 complex. WT (black), BP (red), and HY (blue).

Fig. 8. Structural mapping of the binding interface obtained from the 
Prod phase MD simulations between HuScFvMT99/3, (A) WT, (B) BP, and 
(C) HY models, complex with CD99 peptide predicted models by AF2 
method. The secondary structures of VH-VL domains and CD99 peptide are 
portrayed as white ribbons and ball-stick style, respectively. The interfacial 
residues of ScFv are annotated and shown in yellow (VH) and green (VL) sticks. 
Each interacting amino acid residue is highlighted in black-color labeled. The 
figure was drawn by Discovery Studio 2019 Client (Biovia software).
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3.4. Binding activity and affinity of HuScFvMT99/3 variants against 
CD99 peptide

The binding activity of HuScFvMT99/3 variants against the CD99 
peptide was assessed using ELISA, which demonstrated dose-dependent 
binding activity (Fig. 13A). HuScFvMT99/3WT exhibited significantly 
higher binding activity compared to both HuScFvMT99/3BP and 
HuScFvMT99/3HY, with HuScFvMT99/3HY showing the weakest bind
ing activity. This phenomenon is particularly evident at 1 µg/mL of 
HuScFvs. Interestingly, at 5 µg/mL of HuScFvs, HuScFvMT99/3HY 

showed partial recovery of binding activity compared to HuScFvMT99/ 
3BP. However, as ELISA only measures the end-point binding activity 
against the CD99 peptide, it does not fully capture the overall binding 
characteristics of HuScFvMT99/3. Therefore, BLI was employed to 
evaluate the binding kinetics of the HuScFvMT99/3 variants. The 
binding kinetic of the HuScFvMT99/3 variants are shown as sensor
grams (Fig. 13B). The kinetic parameters, including the association rate 
constant (Kon), dissociation rate constant (Koff), and equilibrium disso
ciation constant (KD), are summarized in Table 4. Among the variants, 
HuScFvMT99/3BP exhibited a faster off-rate (Koff) compared to both 
HuScFvMT99/3WT and HuScFvMT99/3HY. HuScFvMT99/3HY displayed 

the highest KD (3.95 ± 1.14 × 10⁻⁷ M) compared to HuScFvMT99/3WT 

(1.35 ± 0.59 × 10⁻⁷ M) and HuScFvMT99/3BP (2.64 ± 0.79 × 10⁻⁷ M). 
Both ELISA and BLI assays confirmed consistent binding characteristics 
among the HuScFvMT99/3 variants.

3.5. Binding activity of HuScFvMT99/3 variants against CD99 on Jurkat 
T cells

The binding activity of the HuScFvMT99/3 variants to surface CD99 
molecules on Jurkat T cells was evaluated using immunofluorescence 
staining. Flow cytometry analysis indicated that HuScFvMT99/3 vari
ants were able to bind CD99 molecules on the surface of Jurkat T cells 
(Fig. 14A). While MFI from direct binding assay indicated the compa
rable binding level in HuScFvMT99/3WT and HuScFvMT99/3BP, the 
lowest MFI in HuScFvMT99/3HY indicated worst binding activity, which 
correlates to ELISA and BLI result. Additionally, inhibition flow 
cytometry was performed to determine whether the HuScFvMT99/3 
variants recognize CD99 on target cells at the same epitope as the CD99 
peptide. The HuScFvMT99/3 variants specifically targeted CD99 on 
Jurkat T cells at the same epitope as the peptide, as evidenced by a 
reduction in binding activity to approximately 3–5 % (Fig. 14B). The 

Fig. 9. Structural mapping of the binding interface obtained from the 
Prod phase MD simulations between HuScFvMT99/3, (A) WT, (B) BP, and 
(C) HY models, complex with CD99 peptide predicted models by AF3 
method. The secondary structures of VH-VL domains and CD99 peptide are 
portrayed as white ribbons and ball-stick style, respectively. The interfacial 
residues of ScFv are annotated and shown in yellow (VH) and green (VL) sticks. 
Each interacting amino acid residue is highlighted in black-color labeled. The 
figure was drawn by Discovery Studio 2019 Client (Biovia software).

Fig. 10. Structural mapping of the binding interface obtained from the 
Prod phase MD simulations between HuScFvMT99/3, (A) WT, (B) BP, and 
(C) HY models, complex with CD99 peptide predicted models by 
HADDOCK method. The secondary structures of VH-VL domains and CD99 
peptide are portrayed as white ribbons and ball-stick style, respectively. The 
interfacial residues of ScFv are annotated and shown in yellow (VH) and green 
(VL) sticks. Each interacting amino acid residue is highlighted in black-color 
labeled. The figure was drawn by Discovery Studio 2019 Client (Bio
via software).
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MFI from the direct binding and inhibition assays was used to calculate 
the percentage inhibition, which was 97.5 %, 93.5 %, and 95.26 % for 
HuScFvMT99/3WT, HuScFvMT99/3BP, and HuScFvMT99/3HY, respec
tively (Fig. 14C). Notably, although HuScFvMT99/3BP exhibited the 
lowest percentage inhibition, the MFI from direct binding flow cytom
etry indicated a binding level comparable to that of HuScFvMT99/3WT.

4. Discussion

The potential of humanized antibodies for therapeutic applications is 
promising, as they closely resemble the properties of human antibodies. 
While these engineered molecules have revolutionized the treatment of 
various diseases, the occurrence of HAHA responses remains a signifi
cant challenge in the clinical development of humanized antibodies. [8]
The HuScFvMT99/3 was recently developed and demonstrated retained 
immunoreactivity against CD99. [26] However, it is predicted to have 
high immunogenic potential. [24] These findings highlight the need for 
further optimization of the HuScFvMT99/3 sequence to improve its 
humanness and reduce its immunogenicity.

Humanization tools in antibody development are crucial for 

Fig. 11. Comparison of alternative modelling methods, AF2 (green), AF3 (blue), and HADDOCK (red) of PCA projection of the motion of Cα-atoms of 
HuScFvMT99/3 CD99 binding complexes. PCA profiles were obtained by plotting the first two principal components (PC1 and PC2) in the conformational space of 
the complexed HuScFvMT99/3 CD99 in (A) WT, (B) BP, and (C) HY. PC1 and PC2, respectively, represent a covariance matrix after elimination of eigenvectors.

Fig. 12. Expression of HuScFvMT99/3 variants in E. coli Origami B (DE3). 
The 100 µg/mL of purified HuScFvMT99/3WT (WT), HuScFvMT99/3BP (BP), 
and HuScFvMT99/3HY (HY) were subjected to SDS-PAGE (B) and western blot 
(C) under reducing condition. M represents the protein standard marker in kDa.

Fig. 13. Characterization of HuScFvMT99/3 variants activity. (A) The binding activity of HuScFvMT99/3 variants was determined using ELISA. Data represents 
mean ± SD from a triplicate experiment. The 0 µg/mL condition serves as the no-ScFv control. Statistical analysis was determined using One-way ANOVA. *p ≤ 0.05, 
*p ≤ 0.01, *p ≤ 0.001. (B) The kinetic binding of HuScFvMT99/3 variants at various concentrations was evaluated using BLI. The sensorgrams represent the data 
from triplicate experiments of each variant. WT, BP and HY represent HuScFvMT99/3WT, HuScFvMT99/3BP and HuScFvMT99/3HY, respectively.
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reducing the immunogenicity of therapeutic antibodies derived from 
non-human sources. These tools employ various computational and 
experimental strategies to modify antibody sequences, making them 
more human-like. In this study, the humanness of HuScFvMT99/3 was 
improved by introducing amino acid mutations in the FRs using the 
BioPhi humanization platform [14], resulting in the HuScFvMT99/3BP 

variant, which exhibited enhanced humanness compared to 
HuScFvMT99/3WT. However, humanness evaluation by the T20 score 
analyzer and SAbPred indicated low humanness in the VL domain of the 
HuScFv. The discrepancy in humanness scores may arise from differ
ences in the sequence database and training model employed by each 
humanization algorithm. [12–14] HuScFvMT99/3HY was engineered by 
combining the VLWT and VHBP domains, resulting in an improved hu
manness score. RMSD analysis of the predicted HuScFvMT99/3 struc
tures, using data from the RCSB PDB server, indicated high structural 
similarity among all HuScFvMT99/3 variants. Notably, the VLWT 

domain in the HuScFVMT99/3HY construct exhibited greater structural 
similarity to the WT than HuScFvMT99/3BP. In contrast, the VH do
mains in the variants exhibited slightly lower structural similarity to 
HuScFvMT99/3WT, likely due to the higher number of mutations in the 
VH framework regions near the CDRs. Immunogenicity predictions 
using PITHA indicated that, although HuScFvMT99/3HY showed 

improved humanness, it still carries a high immunogenicity risk, similar 
to HuScFvMT99/3WT and HuScFvMT99/3BP. However, HuScFvM
T99/3HY features a larger cavity volume in the CDRs and a more hy
drophobic CDR-H3 loop, suggesting a slight reduction in 
immunogenicity, thereby highlighting the effectiveness of the humani
zation process.

Accurate protein structure determination is crucial for improving 
humanness and understanding the biological activity of therapeutic 
antibodies. Using the deep-learning-based AF2 model [47,48], we con
structed 3D structures for the VH and VL domains of HuScFvMT99/3. 
Based on diverse multiple sequence alignments [29]. variant models of 
HuScFvMT99/3 (WT, BP, and HY) were predicted. Although AF2 gen
erates numerous confident predicted models, no specific pattern in 
secondary structure propensity was observed. The estimated RMSD 
values for the VH and VL domains calculated by the RCSB PDB server, 
closely resemble the WT model, which is expected, as both structures 
were derived from the same simulation framework. [49] Moreover, a 
z-score of the WT (VH = − 6.46, VL = − 5.17), BP (VH = − 6.55, VL =
− 5.08), and HY (VH = − 6.45, VL = − 5.1) indicate that the modeled 
protein falls within the quality range of X-ray solved structures, sup
porting the improved humanness observed in the VH domain of the 
variant models (Fig. S3). The HuScFvMT99/3 structures were also 

Table 4 
Binding affinity analysis of HuScFvMT99/3 variants by BLI. The binding kinetic of HuScFvMT99/3 variants against CD99 peptide was evaluated by BLI. The Kon, Koff, 
and KD were analyzed by Octet software.

Kon (1/Ms) Koff (1/s) KD(M)

HuScFvMT99/3WT 4.08±1.15×104 4.89±5.77×10-3 1.35±0.59×10-7

HuScFvMT99/3BP 6.05±0.18×104 15.9±1.36×10-3 2.64±0.79×10-7

HuScFvMT99/3HY 2.20±0.54×104 8.06±0.95×10-3 3.95±1.14×10-7

**
*

***

****

Note: The data was shown in mean ± SD from a triplicate experiment. Statistical analysis was determined using One-way ANOVA. *p ≤ 0.05, * **p < 0.001.

Fig. 14. Binding activity of HuScFvMT99/3 variants against CD99 in Jurkat T cells. (A) Direct binding of HuScFvMT99/3 variants against CD99 in Jurkat T cells 
was determined by flow cytometry. The percentage of CD99-positive cells is shown in the bar graph. (B) HuScFvMT99/3 variants were pre-incubated with CD99 
peptide before being added to Jurkat T cells to determine binding inhibition. The MFI of direct binding and inhibition assay in mean ± SD from the triplicate 
experiment was noted above the bar graph. Conj represents conjugate control. (C) The MFI of direct binding and inhibition flow cytometry was used for % inhibition 
calculation. WT, BP and HY represent HuScFvMT99/3WT, HuScFvMT99/3BP and HuScFvMT99/3HY, respectively. Data represents mean ± SD from triplicate ex
periments. Statistical analysis was determined by One-way ANOVA. * p ≤ 0.05, * * p ≤ 0.01.
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evaluated using the Verify3D server [50], which utilizes the DSSP al
gorithm to predict protein quality. This analysis showed that over 80 % 
of residues in these proteins exhibit a well-structured (data not shown).

As previously noted, proteins lacking templates in the Protein Data 
Bank may present challenges for accurate structure prediction using 
AF2. Therefore, to assess the reliability of the high-confidence models 
generated, all HuScFvMT99/3 VH and VL variants were subjected to MD 
simulations. The results of these simulations demonstrated that the 
predicted structures remained stable throughout the simulations. The 
RMSD (Fig. 4) and RMSF (Fig. 5) data provide insights into different 
structural characteristics. RMSD, which measures global stability, in
dicates that the HuScFvMT99/3BP and HuScFvMT99/3HY variants 
exhibit more stable VH-VL conformations than the WT. The WT struc
ture, in contrast, shows a higher RMSD, which is likely attribute to 
increased flexibility in the CDRs that facilitates induced-fit binding. In 
contrast, RMSF analysis of local residue dynamics highlights notable 
alterations in the framework regions of the variants, attribute to amino 
acid substitutions. These substitutions can affect binding affinity by 
altering the spatial arrangement and interaction potential of the CDRs. 
This phenomenon, confirmed by the PCA method, showed that the 
HuScFvMT99/3 variants exhibited structural instability in the VH-VL 
domain compared to the WT. However, a balance between rigidity 
and flexibility is crucial for effective antibody binding. While flexibility 
in the CDR loops is necessary to accommodate diverse antigens, exces
sive variability can compromise binding interactions. [51,52] The 
AF2-predicted structures of the HuScFvMT99/3 VH and VL domains 
exhibit instability across each variant, however, these structures should 
be considered as a preliminary model. The observed instability may 
result from the presence of repeated sequences during the AF2 structural 
construction process, which could influence affect the overall prediction 
accuracy.

To assess potential biases in the AF2-predicted models, the 
HuScFvMT99/3 complex with the CD99 peptide was re-modeled using 
AF2 and compared to results from MD simulations and experimental 
studies. The predicted complex structures showed that all initial variant 
complexes preserved the same binding interface and CD99 peptide 
orientation, without inducing conformational changes in the CDR 
binding site (Table S1-S2, and Fig. S2). The binding interface primarily 
involves electrostatic interactions mediated by hydrophilic amino acid 
side chains. [53,54] After the simulations, our calculations showed there 
is substantial plasticity in the CDR loops as the variants that affect the 
molecular conformation of the binding interface residues can enhance 
binding affinity. As shown in Table 3, the main dividing force for the 
binding affinity were favorable changes in electrostatic (EEL) and van 
der Waals (vdW) interactions. [55,56] However, the ΔGbinding values for 
the AF2-predicted models did not align perfectly with the experimental 
results, particularly those from flow cytometry analysis. This discrep
ancy suggests that the AF2 method might introduce bias in the structural 
prediction, potentially impacting the modelling of ScFv-peptide com
plex structures. To address this, we employed alternative modeling ap
proaches, including AF3 and HD, to model the HuScFvMT99/3-CD99 
peptide complex, followed by MD simulations. Both AF3 and HD 
methods confidently predicted the complex’s folded structures. The 
HuScFvMT99/3WT-CD99 complex exhibited the highest binding activity 
and affinity against CD99. In contrast, the HuScFvMT99/3HY-CD99 
complex demonstrated an improved binding affinity and better hu
manness than the HuScFvMT99/3BP-CD99 model. Although the 
modeling methods used in this study vary in their approaches to 
capturing known sequence-structure relationships, AF3 employs a 
simpler procedure for identifying homologous sequences than AF2. [30]
The AF3 method displayed high confidence in predicting binding ten
dencies, particularly for multimeric complex models. This suggests that 
different deep learning-based structure prediction tools yield distinct 
predictive models, each with its strengths and limitations.

Considering the per-residue decomposition energy calculations 
(Fig. 7), our data suggest that the stability of the CDR VH domain, 

potentially influenced by FR mutations, plays a significant role in CD99- 
binding affinity. The results from the AF2 predictive modeling method 
contrast notably with the ELISA and BLI studies, particularly for the 
HuScFvMT99/3WT complex, which exhibits weaker binding affinity. In 
contrast, the predicted complexes from the HD method revealed sig
nificant potential amino acid contributions from the CDR VH domain in 
both HuScFvMT99/3WT and HuScFvMT99/3HY complexes for CD99 
binding, consistent with the experimental data. The simulation results 
indicated that HuScFvMT99/3WT specifically enhanced the key residues 
Y33, H35, and R50, while HuScFvMT99/3HY showed notable contribu
tions from R50 and K59. These interactions were stronger at the CDR VH 
domain binding interfaces compared to the HuScFvMT99/3BP variant. 
This suggests that the conserved sequence in the CDR VH domain un
derpins the binding activity of the humanized antibody. Additionally, 
coevolving residues within the CDRs often mediate protein recognition 
in multiprotein complexes, typically being spatially close and forming 
clusters of interacting residues. These findings imply a potential bias in 
the HuScFvMT99/3-CD99 complex model, which could affect structural 
predictions, highlighting the model’s limitations despite the high con
fidence provided by AF2. The consistency between the per-residue 
decomposition energy from MD simulations and Prodigy predictions 
further supports this observation, even though the key amino acids at 
the binding interfaces of each system remain unchanged in the initial 
complex.

The confidence in the structures generated by AF2, at least in the 
present context, is low, which may be attributed to AF2’s limited ac
curacy when predicting multimeric protein structures. Recent bench
marks indicate that the average success rate for predicting dimers is 
approximately 60 %, with accuracy decreasing as the number of chains 
increases. [29,57,58] REponse to these challenge, adapting the multiple 
sequence alignment information used in AF2 could potentially enhance 
the network’s ability to outperform other protein docking methods, as it 
is currently trained primarily on single-chain data. [59,60]. Despite 
these limitations, the binding properties of the variant complexes (BP 
and HY) align with findings in antibody studies, where mutations that 
increase stability and rigidity often result in improved binding affinity. 
The evidence presented here suggests that AF2 models tend to misalign 
experimental results, as confirmed by MD simulations. When comparing 
the predicted HuScFvMT99/3WT (WT-AF2) complex to the X-ray struc
ture of the 10A1 Fab complex bound to the CD99 peptide (PDB ID: 7SFX) 
[23], we noted that (i) both the predicted and experimental epitopes 
bind within a cleft at the interface of the heavy and light chains; how
ever (ii) sequence alignment (Fig. S4) reveals a relatively low similarity 
between the ScFv domains with an overlay score of 0.4353. The 
observed peptide segment adopts a left-handed helix, resembling other 
proline-rich motifs that form left-handed polyproline type-II helices. 
[61] Furthermore, this study proposes an integrated computational 
approach that combines structural insights with predictive 
deep-learning methods to enhance the humanness of therapeutic anti
bodies while minimizing risks to their efficacy and safety. It is important 
to note that the structural inspection alone may not be sufficient to fully 
capture the key binding interactions and activity of the antibody. 
Therefore, combining alternative deep learning-based structure predic
tion tools with MD simulations offers a more comprehensive under
standing of potential structure-function relationships, grounded in 
experimental validation.

In this study, the amino acid residues of the FRs were modified using 
BioPhi, without altering the CDRs. Compared with HuScFvMT99/3WT, 
the T20 score indicated a significant decrease in humanness for the VL 
domain of HuScFvMT99/3BP, particularly when analyzing the full var
iable region (Table S3). This decrease in humanness is likely due to the 
grafting of mouse CDRs onto HuScFvMT99/3. These findings suggest 
that further improvement in the humanness of HuScFvMT99/3 could be 
achieved through CDR modification. Another humanization tool, abYsis 
[62], allows for more precise alterations of CDR residues to enhance the 
antibody humanness, overcoming some limitations of BioPhi. 
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Decomposed energy analysis using predicted structures from AF3 and 
HD highlighted critical amino acids in the CDRs involved in 
HuScFvMT99/3-CD99 interactions. Therefore, combining abYsis with 
decomposed energy data could support the modification of CDR residues 
to further improve the humanness of HuScFvMT99/3.

The HuScFvMT99/3 variants were successfully expressed in the 
E. coli system and were experimentally validated for binding activity 
using ELISA, and flow cytometry. All HuScFvMT99/3 variants demon
strated a specific binding against CD99 peptide. While both 
HuScFvMT99/3BP and HuScFvMT99/3HY demonstrated improved hu
manness, their binding activity was reduced compared to HuScFvMT99/ 
3WT. Despite HuScFvMT99/3HY carrying the VLWT domain, their binding 
activity against the CD99 peptide was not recovered. The binding af
finity of HuScFvMT99/3 variants was also determined by BLI. Although 
the Kon is comparable, the faster dissociation rates for HuScFvMT99/3BP 

and HuScFvMT99/3HY contributed to lower overall binding affinity than 
WT. Nevertheless, HuScFvMT99/3BP exhibits a nanomolar range of 
binding affinity, which is comparable to the previously reported potent 
anti-CD99 antibodies. [23,63] Additionally, the low-affinity antibody 
was found to exert cytotoxicity on cancer cells, and the reduced inter
nalization by target cells in low-affinity variants may be advantageous 
for cancer therapeutic applications. [64] The binding activity of 
HuScFvMT99/3 variants was confirmed through flow cytometry. 
HuScFvMT99/3BP exhibited comparable binding activity to the 
wild-type HuScFvMT99/3WT against CD99 on target cells but was less 
inhibited by the CD99 peptide. Since surface CD99 reflects dynamic 
interactions and conformational flexibility, HuScFvMT99/3 may engage 
surface CD99 differently from it interacts with the CD99 peptide. This 
phenomenon highlights the efficacy of HuScFvMT99/3BP in targeting 
the surface CD99, which is potentially developed as anti-CD99 thera
peutic applications in the future.

While HuScFvMT99/3 variants were designed to improve human
ness, the humanization process adversely affected their binding activity. 
Although BioPhi focuses on framework mutation, the modification could 
be introduced in the vernier zone. The phenylalanine 27 (F27) and 
asparagine 28 (N28) positions were identified as vernier zones in the VH 
domain of HuScFVMT99/3WT. Modification of residues in antibody 
vernier zone can lead to alteration of CDRs loop structure, leading to 
impaired binding activity. [65,66] Antibody numbering schemes and 
CDR identification rules are also crucial for humanization. In this study, 
CDRs of HuScFvMT99/3 were identified based on Kabat’s rules, which 
rely on sequence data to highlight key amino acids relevant to MD 
simulations and experimental data. While the Kabat numbering system 
relies solely on sequence alignment, it may overlook structurally 
important residues.[68] In this study, some VH residues were classified 
as CDRs based on alternative identification rules, despite amino acid 
mutations in the FRs. Thus, to preserve critical residues during hu
manization, it is essential to use numbering systems that incorporate 
structural context.

5. Conclusion

This study investigates the challenges of optimizing HuScFvMT99/3 
using the BioPhi humanization platform to further enhance its human
ness. While the modifications improve human similarity, they lead to a 
partial reduction in binding affinity for CD99. To explore the underlying 
factors, we examine structural stability and flexibility beyond the CDRs. 
AF2 and AF3 are employed to predict the 3D structure of the HuScFv- 
CD99 peptide complex, while HD is used to simulate their in
teractions. MD simulations assess the stability and flexibility of the 
complex over time. Additionally, PITHA and PCA utilize the immuno
genicity and flexibility of the modified ScFvs. This comprehensive 
approach underscores the limitations of BioPhi in optimizing 
HuScFvMT99/3 and provides insights into the relationship between 
humanization and binding affinity, highlighting the potential of com
plex structure prediction for future improvements.
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