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Design and Generation of Humanized Single-chain
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Single-chain variable antibody fragments (scFvs) are attractive candidates for targeted immunotherapy in sev-
eral human diseases. In this study, a concise humanization strategy combined with an optimized production
method for humanizing scFvs was successfully employed. Two antibody clones, one directed against the
hemagglutinin of HSN1 influenza virus, the other against EpCAM, a cancer biomarker, were used to demon-
strate the validity of the method. Heavy chain (Vy) and light chain (V) variable regions of immunoglobulin
genes from mouse hybridoma cells were sequenced and subjected to the construction of mouse scFv 3-D
structure. Based on in silico modeling, the humanized version of the scFv was designed via complementarity-
determining region (CDR) grafting with the retention of mouse framework region (FR) residues identified by
primary sequence analysis. Root-mean-square deviation (RMSD) value between mouse and humanized scFv
structures was calculated to evaluate the preservation of CDR conformation. Mouse and humanized scFv genes
were then constructed and expressed in Escherichia coli. Using this method, we successfully generated hu-
manized scFvs that retained the targeting activity of their respective mouse scFv counterparts. In addition, the
humanized scFvs were engineered with a C-terminal cysteine residue (hscFv-C) for site-directed conjugation
for use in future targeting applications. The hscFv-C expression was extensively optimized to improve protein
production yield. The protocol yielded a 20-fold increase in production of hscFv-Cs in E. coli periplasm. The
strategy described in this study may be applicable in the humanization of other antibodies derived from mouse
hybridoma.

Introduction

INGLE-CHAIN VARIABLE ANTIBODY FRAGMENTS (ScFvs)
have enormous potential in clinical applications. ScFv is
an excellent targeting ligand for in vivo cancer imaging, as
well as for mediating cell targeting in drug delivery systems.
Its small structure, containing only the antigen binding site
(about 30 kDa rather than 150kDa of IgG), promotes tissue
penetration and speeds up clearance time.('~
There are two common strategies for generating scFvs:
phage dlsflay or cloning of variable regions from mouse hy-
bridoma.** Despite the popularity of scFv antibodies gener-
ated by phage display, obtaining high affinity scFvs from phage
libraries remains a challenging task.” Meanwhile, mouse
hybridoma is the predominant source of monoclonal antibodies
(MADs) that are well characterized with high affinity against

different targets. Thus far the available therapeutic scFvs are
constructed primarily from mouse hybridoma.”~

Generally, scFvs are engineered to contain an antigen-
binding site by cloning heavy and light chain variable region
genes (Vy and V) from hybridoma cells that secrete MAbs.
The Vy and V| regions are linked with a flexible polypeptide
linker, (Gly,Ser);.> For targeting applications, scFvs can
also be engineered by adding a free cysteine at the carboxyl
end of the structure."” Applicability of cysteine-tagged
scFvs for site-directed conjugation has been reported, spe-
cifically, in site-specific covalent radioactive labeling and
site-specific conjugation to lipids in liposomes. ' "2

Engineering of humanized scFv from mouse scFv is es-
sential for the generation of therapeutic agents. A variety of
antibody humanization techniques to reduce human anti-mouse
antibody (HAMA) responses has been developed."'*' The
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standard method involves grafting mouse complementarity-
determining regions (CDRs) onto human framework regions
(FRs). The critical objective is to prevent loss of antigen-binding
affinity due to loss of original CDR conformations after CDR
grafting.'!'” Several factors play a role in preventing loss of
affinity, including proper selection of human template, com-
patibility between mouse CDRs and human FRs, and retention
or back mutation of mouse FR residues at positions that maintain
original CDR conformation."'®'? Each back mutation can be
individually defined by computer-assisted molecular modeling
and sometimes requires trials of many different variants of the
CDR-grafted antibodies to identify back mutations.***" In
some cases, back mutations at well-defined positions are coun-
terproductive. To correct this problem, a simple and efficient
humanization strategy combined with an analytical method to
predict the preservation of original CDR conformation could
lead to more successful antibody humanization.

The present study demonstrates a simple, but effective
humanization method for the production of humanized scFvs
from mouse hybridomas. The method is based on generic
CDR grafting, with some modifications. Key mouse FR
residues, identified by primary sequence analysis, are re-
tained onto FRs of the human antibody to prevent affinity
loss. Analysis of root-mean-square deviation (RMSD) be-
tween mouse and humanized scFv structures provides guid-
ance in the identification and selection of the humanized
sequences that retain the original CDR conformation. This
process makes the humanization outcome more predictable
and therefore more successful.

Materials and Methods
Cell lines

Colorectal cancer cell line HT-29 was cultured in McCoy’s
5A modified medium (Gibco, Carlsbad, CA), supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT) and
100 U/mL penicillin-streptomycin. Embryonic kidney cell
line HEK-293T was cultured in RPMI (Gibco), supplemented
with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin. All cells were maintained at 37°C in a 5% CO,
atmosphere.

Amplification of antibody variable region genes

The variable region of heavy chain (Vy) and variable re-
gion of light chain (V1) of immunoglobulin (Ig) sequences
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were obtained from two hybridoma clones. One clone se-
creting IgG2a MAb was directed against EpCAM protein
(clone 2H10) and the other secreting IgG2a MAD directed
against hemagglutinins (HA) of the HSN1 virus (clone SE11).
The mouse hybridoma clones were established in our labo-
ratory. Total RNA was extracted from 1x10° hybridoma
cells using RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. The cDNA of Vy
and V| were synthesized using OneStep RT-PCR (Qiagen).
Primers used for cDNA amplification of Vg and Vi from two
antibodies were independently selected. Primers used for
amplification of 2H10 Vy cDNA were MH1 and IgG2, in
accordance with Wang and colleagues.*® Primers used for
amplification of 2H10 Vy, cDNA were V4 and Cy, in ac-
cordance with Coloma and colleagues.”® Consistent with
Larrick and colleagues (23), primers used for amplification of
5E11 Vg cDNA were Vil and Cyl. Primers used for am-
plification of SE11 Vi cDNA were V1 and Cy, in accordance
with Coloma and colleagues®®. All primers were synthe-
sized by Bio Basic (Markham, Canada; Table 1). Vi and Vi
genes were then sequenced and CDR and FR positions were
determined using the Igblast Kabat program (www.ncbi.nlm
.nih.gov/igblast). CDRH:3 and CDRL:3 were predicted ac-
cording to Kabat definition based on sequence variability,
which is the most commonly used method for CDR3 predic-
tion (www.bioinf.org.uk/abs/#cdrdef). Assignment of Kabat
numbering to Vg and Vi genes was performed using Kabat
sequence analysis tools (www.bioinf.org.uk/abs/abnum).**
An automated program (www.bioinf.org.uk/abs/chothia.html)
was used for determination of Chothia canonical structural
class of CDRs. CDR-H3, which had the most diverse CDR
structure, was not analyzable by the program.

Design of humanized single-chain antibody

The humanization design process involved CDR grafting
and used three-dimensional (3-D) structure information to
guide the process. To generate the humanized scFv gene, six
CDRs of mouse Vy and Vi were grafted onto selected human
FRs showing the highest amino acid sequence identity to the
FRs of mouse Vi and V. The human sequences used in the
humanization of the two scFvs were different. The human
immunoglobulin germline sequence was used as the selected
human FRs for 2H10, while the human immunoglobulin
consensus sequence was used as the selected human FRs for
S5E11. Human immunoglobulin germline sequences showing

TABLE 1. PRIMER SEQUENCES USED FOR AMPLIFICATION OF Vi AND Vi GENES OF MOUSE MABS

Primer

Sequence 5 to 3’

2H10 Vy and Vi genes

MHI1 SARGTNMAGCTGSAGSAGTC

IgG2 CTTGACCAGGCATCCTAGAGTCA

V4 CACCATGKCCCCWRCTCAGYTYCTTGT

Cx GGGGTCGACACTGGATGGTGGGAAGATGGA

5E11 Vg and Vi genes

Vyul GGGGATATCCACCATGGRATGSAGCTGKGTMATSCTCTT
Cul GGGGCTAGCYCTCCACACACAGGRRCCAGTGGATAGAC
Vil GGGGATATCCACCATGGAGACAGACACACTCCTGCTAT
Cx GGGGTCGACACTGGATGGTGGGAAGATGGA

Degenerate nucleotides: K=G or T; R=A or G; S=GorC; W=AorT; Y=Cor T; M=A or C; N=A or C (or T or G).
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the highest amino acid sequence similarity in FRs between
human and 2H10 Vg and Vi were identified independently
using IMGT/V-QUEST (www.imgt.org/IMGT_vquest/vquest?
livret=0&Option=humanlg).

Human immunoglobulin consensus sequences that showed
the highest amino acid sequence similarity in FRs between
human and SE11 Vg and Vi, were identified independently
from human antibody sequences from the Kabat database
(http://people.cryst.bbk.ac.uk/ ~ubcg07s/cons/cons.html).
Amino acid residues in FRs of mouse Vg and V;_ that differed
from human FRs were substituted with human residues, while
preserving mouse residues at positions known as Vernier
zone residues and chain-packing residues.

In order to study the importance of FR residues that could
influence CDR conformation, 3-D structural models of mouse
and humanized scFvs were constructed. Three-dimensional
structural models of mouse 2H10scFv (m2H10scFv) and
mouse SEllscFv (m5EllscFv) were constructed using
computer-assisted molecular modeling, based on Vi and Vi,
with highly identical amino acid sequences and 3-D struc-
tures. The Protein Data Bank (PDB) was searched for anti-
body sequences with a close sequence identity to Vy and Vi,
of 2H10 and 5SE11. Two separate BLASTp searches were
performed for Vy and V.. The amino acid sequence of anti-
body ID 2I9L chain B and 3CFB chain L. showed 88% and
97% identity with Vg and Vi of 2H10, respectively. Simi-
larly, the amino acid sequence of antibody ID 3S35 chain H
and 4FFZ chain L showed 78% and 94% identity with Vi and
Vi of 5E11, respectively. This close sequence identity facil-
itated construction of a 3-D model of mouse scFvs using the
software package SwissPdb Viewer (http://spdbv.vital-it.ch).
Newly built structures were subjected to refined 3-D model-
ing using SWISS MODEL program (www.expasy.ch/
swissmod/SWISS-MODEL.html). All structures were sol-
vated using TIPSP water model, with 2000 steps of minimi-
zation subsequently performed. The structure was equilibrated
for 0.1 ns before a 3 ns production run at 300 K using the
SANDER module of AMBERY. Equilibrium structure of
mouse scFv was obtained by averaging molecular dynamics
(MD) simulation results of the antibody between 2 and 3 ns.
For the 3-D structural model of humanized scFv, a single res-
idue was manually changed from the mouse scFv 3-D structure
using the Swiss PDB Viewer program. The created model was
then subjected to energy minimization under the same condi-
tions used for mouse scFv. The resulting models were viewed
and analyzed using the Swiss PDB Viewer and PyMOL
(www.pymol.org).

Residues that differed between mouse and selected human
FRs were determined individually for compatibility of sub-
stitutional changes, as guided by the 3-D structural model of
the mouse scFv. A root-mean-square deviation (RMSD) va-
lue of the two superimposed scFv structures was calculated
on alpha carbon atom using the Swiss PDB Viewer program.

Construction, expression, and purification of scFvs

The genes encoding the mouse scFv and humanized scFv
were synthesized in Vy-linker-Vy format with standard 15
amino acid linker (Gly,Ser);. In cases of cysteine-tagged
humanized scFv (hscFv-C), genes were synthesized in Vg-
(Gly4Ser);-V -6xHis-(GS),-Cys format. All scFv genes were
codon optimized and synthesized by GenScript USA (Pis-
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cataway, NJ). Synthetic genes were inserted into a pET26b+
vector containing a pelB promoter for controlling periplasmic
protein expression (Novagen, Madison, WI). For scFv ex-
pression, E. coli RosettaBlue (DE3) cells were transformed
with recombinant plasmids (Novagen). Transformed E. coli
Rosettablue (DE3) cells were cultured at 37°C in LB medium
with 50 pg/mL kanamycin and 12.5 pg/mL tetracycline until
ODgg reached 0.6, then induced with 1 mM IPTG at 20°C for
18 h. For hscFv-C expression, condition optimization, such as
decreasing the temperature, varying amounts of IPTG, and
adding different concentrations of glycine (1-3% W/V),
Triton X-100 (1-3% V/V), or 0.4 M sucrose to the culture
medium after induction were tested. Soluble scFvs were ex-
tracted from E. coli periplasm using TSE buffer (300 mM
Tris-HCI [pH 8.0], 20% sucrose, and 1 mM EDTA). The
periplasmic fraction was purified using HisTrap FF affinity
chromatography column (GE Healthcare, Uppsala, Sweden),
in accordance with the manufacturer’s instructions. The pu-
rity of purified scFvs was determined by 12% SDS-PAGE.

Expression of recombinant hemagglutinin
in baculovirus expression system

The recombinant hemagglutinin (rtHA) of influenza A
HS5N1 was expressed in Spodoptera frugiperda (sf9) using
the baculovirus expression system. Briefly, the full length of
HA gene of H5N1 virus was amplified from influenza A/
chicken/Nakorn-Pathom/Thailand/cu-k2/2004(HSN1) using
QIAamp Viral RNA Mini Kit (Qiagen). The amplified gene
was then cloned into pFastBacHtb, a donor plasmid (In-
vitrogen, Carlsbad, CA). The recombinant pFastBacHtb was
then transformed into E. coli DH10BAC, a baculovirus
shuttle vector (Invitrogen), to create recombinant bacmid.
Then, sf9 cells were transfected with recombinant bacmid to
produce recombinant baculovirus. For recombinant HA
protein expression, sf9 cells were infected with recombinant
baculovirus at multiplicity of infection (MOI) of 1, for 96 h.
The sf9 expressing HA cells were harvested and subjected to
either crude rHA extraction or rHA purification. The result-
ing rtHA was then used as antigen in ELISA experiments for
testing binding activity of SE11 antibodies.

Analysis of antigen binding specificity of scFvs
by competitive ELISA

Competitive ELISA was performed to confirm that scFvs
bind to the same epitope as the parental antibodies. For hu-
manized 2H10scFv (h2H10scFv), HT29 cells (25,000 cells/
well) were seeded in 96-well cell culture plate and allowed to
attach to the well surface. After growing in media for 24 h,
cells were fixed with 1:1 acetone-methanol and blocked at
37°C for 1 h with 2% skimmed milk. Cells were then washed
with PBST (PBS with 0.05% Tween-20). Different concen-
trations of purified scFvs were added to the wells in the
presence of 2H10 MAD (0.4 uM) and allowed to compete for
1 h at 37°C. After incubation, cells were washed with PBST
and bound 2H10 MAb was detected using HRP-conjugated
anti-mouse IgG antibody (KPL, Gaithersburg, MD) and TMB
substrate (KPL). The plate was then read in an ELISA reader
at 450/630 nm.

For humanized SE11scFv (h5E11scFv), the ELISA plate
was coated at 4°C overnight with 1:200 crude extract of rHA
and then blocked with 3% BSA in PBST at 37°C for 1h.
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Different concentrations of scFvs were added to the antigen-
coated ELISA plate in the presence of a 1:1500 dilution of
biotin-conjugated SE11 MAb and were allowed to compete
for 1 h at 37°C. The plate was washed with PBST and bound
SE11 MAD was detected using HRP-conjugated streptavidin
(Thermo Scientific, Waltham, MA) and TMB substrate
(KPL). The plate was then read in an ELISA reader at 450/
630 nm. Percent inhibition was calculated using [1 — (A2/
A1)] x 100 =percent inhibition for any given concentration of
inhibitor, with A1=absorbance in the absence of inhibitor
(maximum absorbance) and A2=absorbance at any given
concentration.

Cell targeting ability of humanized scFv
by immunofluorescence staining

HT29 (EpCAM positive cell line) or HEK293T cells
(EpCAM negative cell line) at 60,000 cells/well were seeded
in an 8-well chamber slide and allowed to attach to the well
surface. After growing in media for 24 h, cells were washed
with PBS and then blocked with 1% BSA and 10% goat
serum in PBS for 30 min at room temperature. After blocking,
cells were incubated with 2H10 MAb or scFv for 1 h on ice.
In the case of scFv, cells were additionally incubated with
mouse anti-histidine (Invitrogen). Bound antibodies on cells
were detected by FITC-conjugated goat anti-mouse IgG
(Invitrogen) containing Hoechst 33342 (Thermo Scientific).
After being washed with PBS, slides were mounted with 50%
glycerol and covered with a cover slip. Immunofluorescence
of cells was visualized with confocal laser scanning (Zeiss
LSM 510 META, Carl Zeiss, Jena, Germany).

Antibody affinity measurement by ELISA

Antibody affinity was determined using the described
method with some modifications.® Affinity of 2H10 MADb
and scFvs was measured using cell-based indirect ELISA.
Different concentrations of HT29 cells (1.25, 2.5, 5 of
10x 10° cells) were seeded in a 96-well cell culture plate and
allowed to attach to the well surface. After growing in media
for 24 h, cells were fixed and blocked as described in the
competitive ELISA section above. Cells were then incubated
with serial dilutions of 2H10 MAbs 37°C for 1h. All wells
were then washed, followed by the addition of HRP-
conjugated goat anti-mouse IgG and further incubation at
37°C for 30 min. In the case of 2H10scFvs, cells were incu-
bated with mouse anti-histidine at 37°C for 30 min and wa-
shed before the addition of HRP-conjugated goat anti-mouse
IgG and further incubation at 37°C for 30 min. The color was
developed with TMB solution (KPL), and the plate was read
in an ELISA reader at 450/630 nm. Affinity constants (Kz)
of antibodies for EpCAM found on the surface of HT29 cells
were calculated using the equation: K z=(n — 1)/2(n[Ab’]-
t2[Ab]t), where n=[Ag]/[Ag’]. Briefly, [Ag] and [Ag’] rep-
resent the amount of HT29 cells or rtHA; [Ab’]t and [Ab]t
represent measurable total antibody concentrations at half the
maximum OD (OD-50) for plates coated with [Ag’] and [Ag],
respectively.

In the case of SE11 MAD, different concentrations of pu-
rified tHA (0.25, 0.5, 1, 2pg/mL) were coated onto the
ELISA plate and incubated with serial dilutions of MAbs at
37°C for 1 h. The plate was then washed and incubated with
HRP-conjugated goat anti-mouse IgG at 37°C for 30 min. In
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the case of SE11scFvs, protein L-conjugated HRP was added
to each well and further incubated at 37°C for 30 min. The
color was developed with TMB solution (KPL) and the plate
was read in an ELISA reader at 450/630 nm. Affinity con-
stants of antibodies for rHA were calculated using the same
equation described above.

Statistical analysis

All ELISA experiments were performed in triplicate, with
data expressed as mean £ SD.

Results
Design of humanized single-chain antibody

Hybridoma cells secreting 1gG2a MAbs directed against
EpCAM (clone 2H10) and hemagglutinins (HA) of H5N1
virus (clone 5E11) were used as starting materials. Genes
encoding Vy and Vi were amplified by RT-PCR using a set
of degenerate primers. Vg and Vi genes were then con-
structed into mouse scFv sequences. Three-dimensional
structural models of mouse scFvs were simultaneously con-
structed using homology modeling.

Humanization of m2H10scFv and m5E11scFv was ac-
complished by CDR grafting. The strategy employed in the
selection of human sequences that showed the highest se-
quence similarity in FRs between mouse and human, as well
as similarity in the canonical structural class of CDRs. A set
of six CDRs from the Vi and Vi regions were then grafted
onto the corresponding regions of the selected human se-
quences. In this study, the selected human sequences used in
the humanization of the two scFvs were different. To design
the humanized 2H10scFv (h2H10scFv) sequence, the human
immunoglobulin germline, the V region from IGHV1-46*03
group, and the J region from IGHJ4*03 group were selected
as human acceptor FRs, as they showed 75.8% amino acid
identity to FRs of 2H10 V. For Vi the human immuno-
globulin germline, the V region from IGKV2-28*03 group,
and the J region from IGKJ2*01 group were selected as hu-
man acceptor FRs, as they showed 88.7% amino acid identity
to the FRs of 2H10 V..

In the case of hSE11scFv, the FR of human immuno-
globulin consensus sequences, Vg subgroup I and Vi sub-
group IV were used as acceptor FRs, as they showed 79% and
81% amino acid identity to the FRs of SE11Vy and Vi,
respectively. Alignments of Vg and Vi sequences of 2H10
and SE11 with their selected human sequences are shown in
Figure 1. In addition, the canonical structural class of CDRs
between mouse and human sequence was matched in order to
determine compatibility for CDR grafting. The Chothia ca-
nonical structural classes of 2H10 CDRs were H1-1, H2-2,
L1-4,L2-1,and L3-1. For 5E11, the classes were H1-1, H2-2,
L2-1, and L3-1, whereas the L1 class was undefined by the
database. Four CDRs of the selected human sequence be-
longed to the same canonical class as 2H10 (H1-1, L1-4, L2-1,
and L3-1). Similarly, three CDRs of the selected human se-
quence belonged to the same canonical class as SE11 (H1-1,
L2-1, and L3-1).

Vernier zone residues have been known to critically affect
antigen binding by having direct contact with the antigen or
by affecting the CDR loop."'®?® Similarly, chain-packing
residues are residues buried at the Vi/Vy interface that affect
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FIG. 1. Sequence alignment of variable regions of mouse antibodies, selected human sequences, and humanized anti-
bodies. (A) Alignment of amino acid sequences of variable regions of 2H10 with human immunoglobulin germline
sequence and humanized 2H10 sequence. (B) Alignment of amino acid sequences of variable regions of SE11 with human
immunoglobulin consensus sequence and humanized SE11 sequence. Amino acid residues are numbered according to the
convention of Kabat and colleagues.*® Identical amino acid residues are marked by dots (*). CDR residues, according to
Kabat’s definition, are indicated in brackets. Vernier zone residues are underlined. Chain-packing residues are blue-colored.
Residues that differ in hydrophilic and hydrophobic properties are red-colored. Mouse FR residues retained in humanized

antibody are indicated by asterisks (*).

conformation of the antigen binding pocket.?” Because
these residues may strongly affect the structure of CDRs and
antibody affinity, the conventional humanization procedure
suggests that these mouse residues should be retained (back
mutation) at these positions.®® In this study, we focused on
the preservation of the mouse Vernier zone and chain packing
residues onto FRs of the human antibody by primary se-
quence analysis. Sequence comparison between 2H10 and
selected human FRs showed that twenty and nine amino acid
residues were different in Vi and Vi, respectively. With a

focus on Vernier zone residues, seven residues (SerH:28,
lleH:48, AlaH:67, LeuH:69, AlaH:71, LysH:73, and
AlaH:78) for Vy, and one residue (SerL:64) for Vi were
different between sequences. At the same time, one of the
chain-packing residues for Vy (IleH:37) also differed from
the human counterpart, with no such difference in the resi-
dues of V.. Accordingly, these mouse residues were retained
in the h2H10scFv FRs (Fig. 1).

In the case of SE11, sequence comparison between SE1 1
and selected human FRs at the Vernier zone showed five
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residues (IleH:48, AlaH:67, LeuH:69, LysH:73, and ValH:78)
in Vg, and one residue (LeulL:4) in Vy, to be different be-
tween sequences. PheH:91 was the only chain-packing
residue in Vy that differed from the human counterpart. As
such, these mouse residues were retained in the hSE11scFv
FRs (Fig. 1).

Designed humanized scFv sequences were subjected to
construction of 3-D structure by manually changing a single
residue from constructed mouse scFv 3-D structures. To
evaluate similarity between the 3-D structures, humanized
scFv was superimposed onto mouse scFv to determine
RMSD value. Accordingly, h2H10scFv was superimposed
onto m2H10scFv. A comparison of RMSD values before and
after back mutation of the mouse Vernier zone and chain-
packing residues in human FRs revealed that the RMSD of
h2H10scFv reduced from 2.50 A to 2.07 A (Fig. 2). In order
to increase similarity between h2H10scFv and its mouse scFv
counterpart, we re-evaluated mouse residues for back muta-
tion from remaining non-identical residues in Vy and V.

B com

CDRH:1

RMSD 1.82 A

RMSD 2.07 A
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Based on the fact that changing hydrophobic-hydrophilic
interactions have a strong impact on protein folding, we fo-
cused on back mutation of remaining non-identical residues
at positions that differed in hydrophilic and hydrophobic
properties. Sequence comparison between 2H10 and selected
human FRs showed that five amino acids were different in
terms of hydrophilic and hydrophobic properties, as deter-
mined by hydrophobicity index (Fig. 1).?°2% So, we back-
mutated all of these mouse residues onto human FRs. The
3-D structure of h2H10scFv, with additional back mutation,
was superimposed onto m2H10scFv to determine the impact
of back-mutated residues on CDR conformation. Results
showed that the sets of back mutation that consisted of
LysH:12 to Ala and AlaH:40 to Arg in Vy, and ProL:8 to Ala,
LeuL:11 to Asn, and ProL:15 to LeuL in V| progressively
reduced RMSD from 2.07 A to 1.60 A (Fig. 2). As a result,
these mouse residues were also retained in the h2H10scFv
FRs. The back mutation of mouse residues, as described
above, allowed the engineered h2H10scFv sequence to

C CDRL:1

RMSD 1.60 A

E CDRL:A

RMSD 1.46 A

FIG. 2. Overall superimposed structures of mouse scFv and humanized scFv. (A) Structure of h2H10scFv before back
mutation (orange) is superimposed onto m2H10scFv (gray). (B) Structure of h2H10scFv with back mutation of mouse
residues (green) superimposed onto m2H10scFv (gray). (C) Structure of h2H10scFv with additional back mutations at
positions that are different in hydrophobic and hydrophilic properties (green) superimposed onto m2H10scFv (gray). (D)
Structure of hSE11scFv before back mutation (green) superimposed onto mSE11scFv (gray). (E) Structure of hSE11scFv
with back mutation of mouse residues (green) superimposed onto m5E11scFv (gray).
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become close in identity to the human sequence. The amino
acid sequence identity to the selected human FR sequence of
Vy was 87.3% and 93.5% amino acid sequence identity to the
selected human FRs sequence of Vi.

Similarly, h5E11scFv was subsequently evaluated for
RMSD value by superimposing its 3-D structure onto the
m5E11scFv structure. Results showed that the RMSD of
h5E11scFv reduced from 1.82 A to 1.46 A, compared with
RMSD value before back mutation (Fig. 2).

To demonstrate that some mouse residues could be re-
placed with human residues to make humanized scFv as close
to the human sequence as possible, different Vernier zone and
chain-packing residues were examined individually via mo-
lecular modeling of m5E11scFv (Fig. 3A). Molecular struc-
ture analysis revealed that AlaH:67 is positioned 3.033 A
away from PheH:63 (a CDRH2 residue) and LeuH:69 is
positioned 3.340 A away from TyrH:60 (a CDRH2 residue).
Both residues thus form a weak Van der Waals interaction
with these CDR residues (Fig. 3B, C). In addition, Leul.:4, an
N-terminal residue of Vi, formed surface contact with the
antigen binding pocket®" while IleH:48 was found to be
buried in the antigen binding pocket (Fig. 3A). Both residues
may have had direct contact with the antigen. The molecular
model of mS5El1scFv showed that PheH:91, the chain-
packing residue, was buried in the antigen binding pocket
(Fig. 3A). Therefore, these five mouse residues were retained
in the final hSE11scFv structure. The remaining differing
Vernier zone residues could be substituted with their re-
spective human counterparts (LysH:73 to Glu; ValH:78 to
Ala) due to their similar properties of being hydrophilic
(LysH:73 to Glu) or hydrophobic (ValH:78 to Ala) amino
acids. Interaction between the residues of interest and nearby
amino acids was analyzed by superimposing mouse residues
with their corresponding human counterparts. Results
showed that interactions between residues were retained (Fig.
3D, E). The results implied that substitution of mouse Vernier
zone residues with their respective human counterpart did not
alter RMSD value (1.46 A) Careful editing of these mouse
residues allowed the engineered hSE11scFv sequence to be as
close to the human sequence as possible, resulting in 95.3%
amino acid sequence identity to the selected human FR se-
quence of Vi and 98.8% amino acid sequence identity to the
selected human FR sequence of V.

ScFv expression and improvement in production yield
of cysteine-tagged humanized scFvs

After designing the humanized scFvs, the resulting
h2H10scFv and hSE11scFv sequences were subjected to
gene synthesis in scFv format. The mouse and humanized
scFv synthetic genes were cloned into multi-cloning sites of
the pET26b+ plasmid, after the pelB signal sequence, to di-
rect the target protein to the periplasm. Recombinant hu-
manized scFvs were expressed in the E. coli expression
system. After adding 1mM IPTG and allowing further
growth at 20°C for 18h, soluble scFvs were successfully
expressed and purified from bacterial periplasmic fraction.
All expressed humanized scFvs were systemically obtained
at a consistent yield of approximately 2 mg/L culture volume,
with a molecular mass of 29 kDa (Fig. 4A).

For potential targeting application, both humanized scFv
genes were modified by adding a cysteine residue at the
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C-terminus of the humanized scFv structure (hscFv-C), per-
mitting a site-directed chemical conjugation. After induction
of E. coli using the same conditions applied to non-cysteine—
tagged humanized scFv, we found that yields of h2H10scFv-
C and h5EllscFv-C reduced to approximately 0.2mg/L
culture (Fig. 4A). This finding was consistent with previous
publications, which reported that presence of unpaired cys-
teine affected the yield of recombinant protein expressed in
E. coli."%*% To improve protein production yield, condi-
tions were optimized as follows: reduction of temperature,
variation in amounts of IPTG, and addition of different
concentrations of sucrose, glycine, or Triton X-100 to the
culture medium after induction. Under the test conditions
described in Figure 4B, the highest level of soluble hscFv-C
was obtained from cultures at low temperature (15°C) with
0.125 mM IPTG and 1% Triton X-100 for 18 h. The yield of
expressed protein was 4—4.5mg/L culture. Under opti-
mized conditions, results showed an approximate 20-fold
increase in production of both hscFv-Cs, as determined by
SDS-PAGE.

Bioactivity determination of engineered
humanized scFv

To ensure that the targeting ability of parental MAb was
retained after the humanization process, the resulting hu-
manized scFv were evaluated for antibody binding specificity
and binding affinity, as compared to parental MAb and re-
spective mouse scFv counterpart. For h2H10scFv, binding
affinity studies showed that m2H10scFv and h2H10scFv had
binding affinity to ExCAM with a K 4y0f 5.24+0.69 % 108M™!
and 1.90+0.01x 10’ M, respectively. Binding affinity of
h2H10scFv to EpCAM upon humanization decreased by
~27-fold, compared with that of mouse scFv. This finding
suggested that the process of humanization may have resulted
in structural alteration of CDR conformation and the subse-
quent reduction of antigen-binding affinity. An approximate
2-fold and 60-fold reduction in Kug compared with parental
2H10 MADb (K=1.14+0.78 X 10 Mfl), were observed for
m2H10scFv and h2H10scFv, respectively. Competitive
ELISA was performed using varying concentrations of scFv
competitors and a fixed concentration of 2H10 MAb to verify
whether m2H10scFv and h2H10scFv still recognized a sim-
ilar epitope on EpCAM (Fig. 5A). The results showed that
binding of 2H10 MAb to EpCAM decreased in the presence
of increasing amounts of scFv competitors, suggesting that
both scFvs recognized the same epitope as that of their re-
spective parental antibody. The potential for EpCAM tar-
geting of h2H10scFv was, therefore, further demonstrated.
As shown in Figure 6, HT29, an EpCAM-positive cell line,
displayed high fluorescence signals after being incubated
with h2H10scFv, while HEK-293T, an EpCAM-negative cell
line, displayed no obvious fluorescence signal. Despite the
reduction in affinity upon humanization, h2H10scFv retained
epitope binding specificity and targeting ability toward
EpCAM-positive cells.

Regarding hSE11scFv, both m5E11scFv and hSE11scFv
had comparable binding affinity to hemagglutinin (HA), with
a K of 1.56+0.15x10" M~ and 1.64+0.13x107M ',
respectively. As shown in Figure 5B, hS5EllscFv and
mSE1 1scFv retained their epitope binding specificity, as they
successfully competed with the HA binding of SE11 MAb. In
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FIG. 3. Molecular structural analysis of mSE11scFv. (A) Vernier zone and chain-packing residues that are different from
human consensus sequences (shown in blue and red, respectively). (B) Interaction between Vernier zone residues (AlaH:67)
and amino acid residues in CDR2 (Phe;H63:F). (C) Interaction between Vernier zone residues (LeuH:69) and amino acid
residues in CDR2 (Tyr;H60:Y). (D) Superimposition of human residue Glu (H73:E, yellow) onto mouse residue Lys
(H73:K: purple). (E) Superimposition of human residue Ala (H78:A, yellow) onto mouse residue Val (H78:V, blue).
Interactions between residues of interest and nearby amino acids are also indicated.
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FIG. 4.
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(A) 12% SDS-PAGE analysis of humanized scFv expression from periplasmic extract. Lanes 1 and 2, periplasmic

expression of h2H10scFv-C and h5E11scFv-C, respectively; lanes 3 and 4, periplasmic expression of h2H10scFv and
h5E11scFv, respectively. (B) Effects of condition optimization on hscFv-C expression. Lanes 1 and 2, periplasmic ex-
pression of h2H10scFv-C and hSE11scFv-C, respectively; lanes 35, periplasmic expression of h2H10scFv-C from E. coli
cultured with 0.4M sucrose, 1% Triton X-100, and 2% glycine, respectively; lanes 6-8, periplasmic expression of
h5E11scFv-C from E. coli cultured with 0.4 M sucrose, 2% glycine, and 1% Triton X-100, respectively; lanes 9 and 10,
purified h2H10scFv-C and h5E11scFv-C, respectively; lane M, protein molecular weight marker. Band for scFv is indicated

by arrow, with expected molecular mass of 29 kDa.

addition, hSE11scFv demonstrated targeting ability to HSN1
virus-infected cells, as reported in our recent publication.®>
However, both scFvs had lower binding affinities than their
respective parental SE11 MAb. An approximate 40-fold re-
duction in K, (SE11 MAb; K- =7.06£0.6x 10* M™") was
observed. Taken together, these results demonstrated that
h5E11scFv fully retained the characteristics of m5E11scFv
after humanization.

Discussion

The aim of this study was to demonstrate a concise method
of generating humanized scFv from mouse hybridoma-
derived antibody. Recent studies have demonstrated use of
scFv as a targeting ligand for delivery of drugs or siRNAs to
cancer cells and have also regorted on targeting apphcatlons
in virus infection models.***> In this study, two promising
targeting antibodies derived from mouse hybridomas were
humanized—specifically, 2H10 and SE11 MAbs. The first
clone, 2H10 MADb, demonstrated selective binding against
EpCAM-positive cancer cell lines. The epithelial cell adhe-
sion molecule (EpCAM) is overexpressed in most solid
cancers, while limited in normal tissues.®® Therefore, an
scFv specific to EpCAM is an attractive biological tool in
cancer detection for in vivo targeting. The second clone, 5E11
MAD, recognized hemagglutinin (HA) of H5N1 influenza
virus, exhibiting potent neutralizing activity against isolated
HS5NI1 viruses. In the case of influenza virus, a HA protein is
abundantly expressed on the surface of a virus-infected cell.
Therefore, an scFv against HA would have practical use in
delivering therapeutic agents to these virus-infected cells.®>

Three key factors are responsible for the success of our
humanization method. First, selected human templates have
as much similarity as possible to the mouse FR sequences, as
well as similarity in CDR canonical structures. Second,

mouse residues at positions that can strongly affect the
structure of CDRs are retained or back-mutated into selected
human FRs to prevent affinity loss. Third, the RMSD value of
the two superimposed scFv is as low as possible to facilitate
CDR conformational preservation during the humanization
process.

In the humanization process, it is possible to graft 6 CDRs
onto human FRs, which may come from fixed framework,
human immunoglobulin homology sequences, human im-
munoglobulin germline sequences, or human immunoglob-
ulin consensus sequences.”" We intentionally selected
human immunoglobulin germline and human immunoglob-
ulin consensus sequences as the human acceptor FRs to rule
out possible unusual residues that may occur due to somatic
mutations when fixed framework or human immunoglobulin
homology sequences are used. The most identical sequence
between mouse and acceptor FRs is able to retain critical
residues, adversely affecting CDR conformation in the hu-
manized scFv. Canonical structural class determines the
conformation of CDRs.®” Therefore, if the selected human
sequences have similarly structured CDRs, the human ac-
ceptor FRs are likely to support the mouse CDRs. In this
study, the canonical structural class of CDRs of both mouse
and human sequences were identified. Specifically, four of
five were identical for 2H10 and three of five were identical
for SE11. In a previous study, a humanized antibody against
hepatitis B surface antigen was successfully generated with
retention of high affinity, with three of five CDR canonical
structures identical between mouse and selected human
consensus sequences.*®

To prevent binding affinity loss, we first focused on the
preservation of all mouse residues at the Vernier zone and the
chain-packing residues in both humanized scFvs. We iden-
tified the mouse residues that needed to be retained or back-
mutated by comparing the primary sequence of mouse and
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FIG. 5. Competitive ELISA for determination of antibody binding specificity of humanized scFv in comparison with
parental MAb and its mouse scFv. (A) m2H10scFv (M) and h2H10scFv (®) can compete against binding of 2H10 MAb to
EpCAM. (B) m5E11scFv (M) and hSE11scFv (®) can compete against binding of SE11 MAb to HA. Experiments were

performed in triplicate, with data expressed as mean £ SD.

human acceptor FRs to avoid the difficulty of identifying
back mutation by computer-assisted molecular modeling.
The combination of CDR grafting and preservation of the
mouse Vernier zone or chain-packing residues has led to
successful humanization of several antibodies.**%

RMSD values of the two superimposed proteins reflect the
structural differences.®” A high RMSD value correlates with
dissimilar 3-D structures, while an RMSD value of zero
correlates with identical 3-D structural conformation.“?”’
Regarding RMSD value <1.5 A, calculation on alpha carbon
atom is proposed to be suitable for defining similarity in
antibody epitopes.“'™® We therefore attempted to design
our two humanized scFvs with RMSD <1.5 A to prevent loss

of original CDR conformation and resulting loss of binding
affinity. To evaluate the impact of back-mutation residues on
CDR conformation, the RMSD value of mouse scFv struc-
ture, superimposed with the humanized scFv structure, was
calculated. The RMSD values were found to significantly
decrease after back mutations, indicating an increase in
similarity between CDR conformations compared with those
of mouse scFvs. We observed that, other than back mutation
of Vernier zone and chain-packing residues, back mutations
at positions that differ in hydrophobic or hydrophilic prop-
erties also had an influence on CDR conformational preser-
vation, such as in h2H10scFv. However, h2H10scFv, with an
RMSD of 1.6 A, had a 27 times reduction in binding affinity
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FIG. 6. Cell targeting ability of h2H10scFv in comparison with 2H10 MADb, as determined by confocal microscopy. HT29
and HEK-293T cells are stained with 2H10 MAb and h2H10scFv. Nuclei are labeled with Hoechst 33342 (blue).

after hgmanization. Conversely, h5SE11scFv, with an RMSD
of 1.4 A, completely preserved its binding affinity compared
to that of mouse scFv.

In order to improve the binding affinity of hu2H10scFv, we
suggest that additional mouse residues could be back-
mutated onto the designed humanized sequence to shift
RMSD toward a value <1‘.)5 A. For example, mouse residues
within approximately 5 A of CDRs could be identified as
mouse FR residues for back mutation.““**> It should be noted
that the presence of more back-mutation sites in a humanized
antibody could increase the immunogenicity of the antibodies,
causing the introduction of new MHC class II epitopes.

Guided by 3-D computer modeling, some mouse Vernier
zone residues could be replaced with their human counterpart
to allow the humanized scFv to become closer to the human
sequence, as demonstrated in hSE11scFv. For this purpose,
the 3-D structure-based design methodology relied on two
simple criteria. First, all mouse residues that might have di-
rect contact with the antigen were retained to avoid disturbing
any important interactions within the antigen binding pocket
(AlaH:67, LeuH:69, LeuL:4, IleH:48, and PheH:91). Second,
only the substitutions that would not critically affect inter-
action with nearby residues were selected. The substitution of
a hydrophilic residue for a buried hydrophobic residue or any
other substitution that would disrupt any chemical bonding
was carefully avoided. Using these two criteria, two mouse
Vernier zone residues were substituted with their respective
human counterparts (LysH:73 to Glu and ValH:78 to Ala).

The RMSD value of h5E11scFv (1.46 10%) did not change after
the substitution, indicating that some mouse Vernier zone
residues could be replaced with human residues without in-
terfering with CDR conformation. As a result, the obtained
hSE11scFv successfully retained the antigen-binding affinity
of mouse SEIl1scFv. A similar finding was reported in a
previous study that focused on the development of a hu-
manized antibody against human intercellular adhesion
molecule 1 (ICAM-1), in which some mouse Vernier zone
residues were replaced with human residues with no effect on
antibody affinity.?”

Notably, both the mouse and humanized scFv formats had
lower binding affinity compared to their respective intact
parental antibodies, with a 2-fold and 60-fold reduction in
binding affinity for m2H10scFv and h2H10scFv, respec-
tively. In the case of SE11scFvs, binding affinity was less
than that of SE11 MAD, with an approximate 40-fold reduc-
tion in K, Similar results have been consistently reported by
other studies, which demonstrates that scFvs exhibit a re-
duction in binding affinity, as compared to that of the original
whole antibody.“*™*® With many scFv molecules, this re-
duction in affinity develops when the format is switched from
larger bivalent monoclonal antibody to smaller monovalent
scFv. In most cases, scFvs have been shown to retain the
antigen-binding affinity of the monovalent Fab’ fragment.
Formation of multimeric scFvs or performing site-directed
mutagenesis within one or more CDRs were suggested as
ways to increase the affinity of scFvs.®%>D
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For potential targeted delivery application, the designed
humanized scFv sequences were engineered to include a
cysteine amino acid at the C-terminus, providing a free thiol
group to allow site-directed coupling of the scFv with other
biomolecules. Our recent publication has demonstrated tar-
getin%y ability of h5E1lscFv-C to H5NI1 virus-infected
cells.®? In that study, h5E11scFv-C has been employed as a
targeting ligand by site-directed coupling to the maleimide
group on the liposomes to generate immunoliposomes. The
immunoliposomes were shown to specifically bind HA-
expressing Sf9 cells and demonstrated enhanced siRNA
transfection efficiency. The study is underway to evaluate
potential targeting application of h2H10scFv-C in cancer
model.

The Pel B leader sequence in the expression plasmid fa-
cilitated the transportation of the scFv into the oxidizing
environment of the E. coli periplasmic space, a space where
two intra-domain disulfide bonds in the scFv can take
place.®? However, previous findings have indicated that the
presence of unpaired cysteine at the C-terminus affects
the yield of soluble scFv production by forming covalent
aggregates with other proteins containing cysteine within
the periplasmic space."**? To overcome this obstacle, the
conditions for hscFv-C production were investigated. Under
optimized conditions, we cultured E. coli at low temperature
and low IPTG to sustain a reasonably low speed, resulting in
the facilitation of correct scFv folding into a soluble form.
Yang and colleagues®® reported that adding glycine and
Triton X-100 enhances protein secretion into the culture
medium. The loss of integrity of the cellular membrane may
be a potential mechanism for such an enhancement. We
found that adding 1% Triton X-100 dramatically increased
production of both hscFv-Cs in the periplasm, with an ap-
proximate 20-fold increase in soluble hscFv-C production
being achieved. One possible explanation suggests that 1%
Triton X-100 may affect the membrane integrity of the E. coli
cells by increasing permeability of the inner membranes. This
may result in improvement of the mechanisms associated
with protein folding and export to the periplasmic space.
However, low amounts of hscFv-Cs in culture supernatants
were also detected in our system.

In conclusion, we successfully humanized two promising
targeting antibodies. Our relatively simple humanization
strategy relied on a combination of CDR grafting and pres-
ervation of mouse FR residues by primary sequence analysis.
Although back mutations have to be defined individually for
each antibody, we demonstrated that the combination of CDR
grafting and RMSD determination made the humanization
outcome both more predictable and more successful. We also
demonstrated improvement in cysteine tagged scFv produc-
tion, which will facilitate large-scale preparations of scFvs to
meet the needs of research and clinical applications. The
findings from this study may also be applied in the human-
ization of other antibodies derived from mouse hybridoma.
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