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Abstract

Background Monoclonal antibodies are essential in life science research and developing antibody drugs and test
drugs. Various methods have been developed to obtain monoclonal antibodies, among which hybridoma technol-
ogy continues to be widely used. However, developing a rapid and efficient method for obtaining conformation-
specific antibodies using hybridoma technology remains challenging. We previously developed the membrane-type
immunoglobulin-directed hybridoma screening (MIHS) method, which is a flow cytometry-based screening tech-
nique based on the interaction between the B-cell receptor expressed on the hybridoma cell surface and the antigen
protein, to obtain conformation-specific antibodies.

Results In this study, we proposed a streptavidin-anchored ELISA screening technology (SAST) as a secondary
screening method that retains the advantages of the MIHS method. Anti-enhanced green fluorescent protein mono-
clonal antibodies were generated as a model experiment, and their structural recognition abilities were examined.
Examination of the reaction profiles showed that all monoclonal antibodies obtained in this study recognize the
conformational epitopes of the protein antigen. Furthermore, these monoclonal antibodies were classified into two
groups: those with binding activities against partially denatured proteins and those with complete loss of binding
activities. Next, when screening monoclonal antibodies by the MIHS method as the first screening, we found that
monoclonal antibodies with stronger binding constants may be selected by double-staining for hybridomas with
fluorescently labeled target antigens and fluorescently labeled B cell receptor antibodies.

Conclusions The proposed two-step screening method, which incorporates MIHS and SAST, constitutes a rapid,
simple, and effective strategy to obtain conformation-specific monoclonal antibodies generated through hybridoma
technology. The novel monoclonal antibody screening strategy reported herein could accelerate the development of
antibody drugs and antibody tests.
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*MIHS-SAST screening generates mAbs that target protein structures.
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Introduction

Monoclonal antibodies (mAbs) have high affinity and
binding specificity for target molecules and are widely
used in life science applications, such as in immunoassays
and flow cytometry [1]. Additionally, mAbs enable use as
biosensor for diagnosis and detection of various emerg-
ing infectious diseases, foods, and illicit drugs [2]. Since
1975, when Koehler and Milstein [3] reported that mAbs
could be produced via hybridoma technology, which
fuses B cells with myeloma cells, many laboratories and
companies have used hybridoma technology to produce
useful mAbs. Subsequently, various alternative and inno-
vative methods were developed for mAb production. The
in vitro phage display method enabled the rapid produc-
tion of mAbs without using immunized animals. How-
ever, this method needs further improvement, including
better antibody binding constants and procedures for
building and maintaining large phage libraries of opti-
mal diversity [4—6]. Several methods have been devel-
oped to obtain mAbs by immortalizing B cells selected
from the blood cells of patients recovering from an infec-
tion or by cloning immunoglobulin genes from similarly
selected cells and genetically engineering them to pro-
duce antibodies [7-9]. This technology has substantially
contributed to the development of neutralizing antibod-
ies against infectious diseases, such as Covid-19 [10].
However, only a few laboratories currently have access to
these technologies [7].

Hybridoma technology is methodologically simple
and can be implemented in any laboratory. Moreover,
this technology not only takes advantage of the in vivo
mechanisms (e.g., genetic recombination and somatic
hypermutation) that enable the generation of diverse
antibodies [5, 11] but also enables the generation of
mAbs with strong and specific binding abilities.

Hybridoma technology has high potential and versatil-
ity; however, the repeated hybridoma screening and clon-
ing process and cultivation of multiple positive clones
are laborious, costly, and time-consuming. Furthermore,
despite considerable efforts, this approach does not
always produce high-quality mAbs with desired appli-
cations. Another major challenge in mAb production is
that most of the obtained antibodies only recognize the
linear epitopes of the antigen, and antibodies that rec-
ognize the physiological structure of the antigen cannot
be efficiently obtained [5]. Antibodies for therapeutic
drug testing must essentially recognize the physiological
structure of the antigen to target biological substances.
Therefore, to obtain mAbs for drug testing and support

the development of therapeutic drugs for emerging
infectious diseases, a rapid, simple, and effective strat-
egy to produce mAbs that recognize the conformational
epitopes of a target protein is required.

B-cell receptor (BCR), a type of transmembrane immu-
noglobulin, has recently been gaining increasing atten-
tion owing to its applicability as a tag for screening
structure-recognizing antibodies [12-17]. Hybridomas
not only secrete soluble antibodies but also express BCRs
on their cell membranes. Because the BCR and its cor-
responding secreted antibody share the same antigen-
binding specificities, hybridomas producing antibodies
that bind to target antigens can be obtained by screen-
ing them using the binding BCRs as indicators. The
membrane-type immunoglobulin-directed hybridoma
screening (MIHS) method involves three steps: (1) intro-
duction of a fluorescent-labeled antigen into the culture
medium, (2) binding of the antigen to the BCR on the
hybridoma cell surface, and (3) selection of fluorescent-
labeled hybridomas via flow cytometry (FCM) [14, 15].
FCM enables the simultaneous screening of numerous
cells and single-cell sorting in a short time, thereby allow-
ing tedious and time-consuming screening and cloning to
be completed in a single operation. Another important
advantage of the proposed method is that it can selec-
tively generate conformational epitope-specific mAbs, as
screening is performed by binding antigens with three-
dimensional structures to BCRs in a hybridoma medium.

As some hybridomas selected by MIHS were pseudo
positive clones, secondary screening must be performed
[14, 15]. The secondary screening method should retain
the advantages of the MIHS method, which recognizes
the conformational epitope of the antigen. Furthermore,
as MIHS selects only a few hundred clones of positive
cells from hundreds of thousands of hybridomas, a sim-
ple and relatively high-throughput secondary screening
method must be used for selection.

Immunostaining is a method to detect the localiza-
tion of intracellular or cell membrane proteins and can
be used for hybridoma screening. Fixation during immu-
nostaining or the formation of protein complexes with the
target antigen protein may denature the antigen struc-
ture or hide the epitope. Furthermore, immunostaining
is labor-intensive and not suitable for high-throughput
screening. In the sandwich ELISA method, because the
antigen is not directly attached to the plate, antibod-
ies that react with the antigen and retain their original
structure are obtained. Moreover, the procedure is simple
and can be performed without using special equipment.
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However, a major disadvantage of this method is that it
requires paired and secondary antibodies [18]. Immu-
noprecipitation is an excellent method for obtaining
antibodies that recognize conformational epitopes of
antigens; however, it is costly to use this method for high-
throughput screening. To resolve these problems, we
devised streptavidin-anchored ELISA screening technol-
ogy (SAST) as a secondary screening method for hybrid-
omas and confirmed its usefulness; however, the concept
of SAST is not novel [19-21]. In this study, we identified
the novel and useful properties enabling this method to
be used to screen hybridomas producing conformational
epitope-specific mAbs. Owing to this new utility, we have
named this method SAST.

The SAST method involves anchoring a biotin-labeled
antigen protein to an ELISA plate with immobilized
streptavidin, following which the ability of the antibody
to bind to the antigen is screened. The binding of biotin
to streptavidin has the highest binding constant in nature
and has been used in a wide range of life science stud-
ies. There are two strategies (chemical and enzymatic)
for introducing biotin into antigen proteins. In chemi-
cal methods, biotin is introduced into the amino, thiol,
and aldehyde groups of amino acids, such as lysine and
cysteine [16, 17, 20]. However, this approach is not suit-
able for antigen production because biotin can modify
antigenicity. However, in enzymatic method, a biotin-
protein ligase (BirA) introduces biotin into the lysine
residue of a specific 15 amino acid residue biotin accep-
tor peptide (BAP) sequence. In this method, biotin can
be introduced into a BAP-fused recombinant protein
without epitope modification. Furthermore, biotin labe-
ling with BirA is efficient and inexpensive when BirA is
produced via genetic engineering [21], thereby making it
a useful biotin-labeling method. When the biotinylated
antigen protein is fixed to a streptavidin-coated ELISA
plate, the antigen is fixed away from the plate, and the
three-dimensional structure of the antigen protein is
expected to be retained. Therefore, screening hybrido-
mas that bind to the conformational epitopes of antigen
proteins could enable the development of conformational
epitope-specific mAbs, which is a characteristic of the
MIHS method. Moreover, as the protocol of the SAST
method is nearly the same as that of the ordinary ELISA
method, antibodies can be easily screened.

Herein, we report a two-step hybridoma screening
method with MIHS as the primary screening method
and SAST as the secondary screening method that can
rapidly and selectively obtain conformation-specific anti-
bodies with high binding affinity. This two-step screening
method is expected to be useful in developing antibody
drugs and diagnostic agents for emerging infectious
diseases.
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Materials and methods

Chemicals

All chemicals were purchased from Fujifilm Wako Pure
Chemicals (Osaka, Japan). Restriction enzymes used
in this study were obtained from Takara Bio Inc (Shiga,
Japan).

Enhanced green fluorescent protein (EGFP) production
The experiments were conducted using His-EGFP-pCol-
dIl, an expression vector that produces recombinant
EGFP, as reported in a previous study [15]. The synthe-
sized DNA sequences for BAP [21] and 6xHis (Euro-
fins) were inserted into the Pst I-Xba I site of pCold III.
Furthermore, a sequence encoding EGFP was inserted
into the BamHI-Pstl site of this vector to prepare EGFP-
BAPHis-pCold III. DNA sequencing confirmed this DNA
sequence. The recombinant proteins were purified as
previously described [15].

In vitro biotinylation of recombinant EGFP

The production of recombinant BirA enzyme and biotin
labeling of the purified EGFP-BAPHis protein were con-
ducted in a manner similar to that described by Fairhead
and Howarth [21]. For biotin labeling, 1 pmol Bir A and
150 umol D-biotin were added to 500 pL PBS contain-
ing 5 mM MgCl,, 2 mM ATP, and 20 umol EGFP-BAP-
His protein. The mixture was then gently stirred at 30
C. After 1 h, 150 pmol D-biotin and 1 pmol BirA were
added, and the mixture was gently stirred for an addi-
tional hour. The reaction mixture was then dialyzed twice
with 1 L of PBS to remove unreacted D-biotin.

A supershift assay was then performed to confirm
the D-biotin labeling of the EGFP-BAPHis protein [21].
Briefly, 2.5 uL of 5 x sample buffer (312.5 mM Tris—HCl
pH6.8, 10% sodium dodecyl sulfate, 50% glycerol, 25%
2-mercaptoethanol, 0.1% Bromophenol Blue) was added
to 12.5 pL of 10 pM biotin-labeled EGFP-BAPHis pro-
tein solution and boiled for 5 min. After cooling, 1 pL of
streptavidin solution adjusted to 2 mg/mL with PBS was
added and incubated for 5 min. The sample was then sep-
arated using 12% SDS-PAGE, and the gel was subjected
to Coomassie Briliant Blue staining (250 mg Coomassie
Brilliant Blues R250, 10 mL acetic acid, 45 mL methanol,
45 mL distilled water) to confirm the supershift owing to
the binding of streptavidin to the biotin-labeled antigen.

Hybridoma and MIHS screening

The hybridoma used in this study was prepared by immu-
nizing mice with anti-His-EGFP, followed by cell fusion,
aliquoting the hybridoma cells into tubes, and cryo-
preservation. Both our previous study [15] and the pre-
sent study used cells that were stocked at the same time.
After culturing, hybridoma cells were screened using the
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MIHS method. Briefly, 2 nmol of His-EGFP was added to
1 mL of 5 x 10° hybridoma cell culture medium, follow-
ing which the cells were cultured at 37 °C and 5% CO, for
2 h. The cells were then washed three times with serum-
free RPMI 1640, and EGFP-positive cells were seeded
individually using a MoFlo Astrios cell sorter (Beckman
Coulter Inc, CA), as described in a previous study [15].

SAST and denatured SAST

Streptavidin (200 ng/50 pL in PBS) was coated into the
wells of a 96-well ELISA plate (Sumitomo Bakelite,
Tokyo, Japan), shaken gently with a microplate mixer,
and left at 4 °C overnight. The next day, the same vol-
ume of 10% skim milk in TBST was added to the wells
(5% final skim milk concentration), and the plate was
shaken for 1 h at room temperature. After discarding
the solutions from the wells, biotin-labeled recombinant
EGFP (200 ng/50 pL) was added to each well and shaken
for 10 min. The wells were washed five times with PBS,
the hybridoma culture supernatant was diluted to 1:4
with PBS, and the mixture was shaken for 1 h. After five
washes with PBS, 50 pL of goat anti-mouse IgG (H+L)-
HRP (Medical and Biological Laboratories, Tokyo, Japan)
diluted 10,000-fold with TBST was added, and the plate
was shaken for 1 h. The plate was washed thrice with
PBS, and bound antibodies were detected using the TMB
Microwell Peroxidase Substrate System (Seracare, MA).
Absorbance at 405 nm was measured using a PowerScan
HT multiwell plate reader (Sumitomo Pharma Promo,
Osaka, Japan).

For dSAST, heat-denatured biotin-labeled recombinant
protein antigens were used. Biotin-labeled EGFP-BAPHis
protein (20 pug/10 mL in TBST) was boiled for 3 min, and
the disappearance of green fluorescence was confirmed.
The denatured protein antigen was immobilized on a
streptavidin-coated ELISA plate, following which the
same procedure was performed for SAST.

Western blotting (WB)

WB was used to confirm the binding specificities of anti-
bodies to the antigen and identify isotypes, as described
previously [15].

Determination of the binding constants

Using the Biacore 8 K instrument (Cytiva, Tokyo, Japan),
the association and dissociation rate constants (k, and k,
respectively) and dissociation constants (Kp=ky/k,) of
the anti-EGFP mAbs were calculated. Rabbit anti-mouse
IgG polyclonal antibodies were immobilized on a Series S
Sensor Chip CM5 (Cytiva, Tokyo, Japan). The anti-EGFP
mAb was captured on the sensor chip. Recombinant
EGFP was diluted with running buffer in two dilution
series (5 uM to 312.5 nM and 500 nM to 31.25 nM in a
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two-fold dilution) and analyzed in duplicate using the
multi-cycle kinetics in the appropriate dilution series.
After each cycle, the sensor surface was regenerated
using a glycine—HCI solution at pH 1.7. All analyte sam-
ples were diluted in 1 x HBS-EP + running buffer.

Reversed immunoprecipitation

A mixture of 10 pL streptavidin magnetic beads (JSR Life
Sciences, CA) and 5.2 ug biotin-labeled EGFP-BAPHis
recombinant protein in 500 uL PBS was periodically
inverted at room temperature for 20 min. The beads
were attracted to the magnet to remove the superna-
tant and washed twice with 500 pL PBS. Subsequently,
100 pL of the hybridoma culture supernatant and 50 uL
of PBS were added, and the mixture was gently spun at
4. °C for 2 h. The beads were adsorbed on a magnet, and
the supernatant was removed, following which the beads
were washed twice with 500 pL of PBS. The samples were
then suspended in 20 pL of 1 x SDS sample buffer and
boiled for 3 min, and the supernatants were separated
by SDS-PAGE. The immunoprecipitation of the anti-
body was confirmed using WB with goat anti-mouse IgG
(H+L)-HRP antibodies (Medical and Biological Labo-
ratories, Tokyo, Japan) or goat anti-mouse IgM p chain-
HRP antibodies (MilliporeSigma, MO).

Statistical analysis

Unpaired Student’s t-tests and other statistical evalu-
ations were analyzed using descriptive statistics in the
Excel software in Microsoft Office 365 (Microsoft, WA).
Statistical significance was set at p <0.05.

Results

Principle and reproducibility of SAST

The basic strategy of SAST is shown in Fig. 1. A BAP
was fused to the antigen protein, and biotin was intro-
duced into the lysine residue in the tag sequence by
BirA. Streptavidin is efficiently absorbed by ELISA plates
and does not lose its biotin-binding ability. Therefore,
biotinylated proteins can be efficiently immobilized on
streptavidin-coated ELISA plates [19, 20]. The appar-
ent size of the streptavidin tetramer is 5 nm [22], and
assuming a contour size of 0.4 nm per amino acid [23],
the antigen protein was fixed at an estimated distance
of at least 10 nm from the ELISA plate. This presumably
allows the antigen protein to be fixed without interfer-
ence from streptavidin or the bottom of the ELISA plate,
while maintaining its conformational epitopes [19]. Fur-
thermore, the tested antibodies were added, and anti-
gen—antibody binding was detected as described in the
Materials and Methods section. The basic method of
operation was the same as the usual direct and indirect
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Tested antibody

Recombinant protein antigen

Biotin

Streptavidin

Fig. 1 Concept of the SAST method. After applying streptavidin to the ELISA plate, biotinylated antigen protein was fixed. The distance between
the bottom of the plate and the antigen protein was expected to be at least 10 nm (both arrows), which could maintain the undenatured structure
of the protein. Subsequently, the tested antibodies were applied, the unbound antibodies were washed away with PBS, and HRP-conjugated
anti-mouse IgG secondary antibodies were added to the wells. After washing the wells, the bound secondary antibodies were visualized as
described in the Materials and Methods. This method is expected to allow the mAb screening of antigens with their undenatured structures

ELISA methods; therefore, it can be easily performed in
any laboratory.

First, the efficiency of biotin incorporation into the
antigen protein was evaluated via a supershift assay. As
shown in Fig. S1, the addition of streptavidin to the EGFP
protein did not supershift the protein band (lane 4). How-
ever, in the case of biotinylated EGFP protein, the bands
of the labeled protein disappeared and supershifted (lane
5), indicating that the protein can be efficiently bioti-
nylated by BirA. We then examined the reproducibility
of the SAST method using the culture supernatants of 94
anti-EGFP mADb clones, as described in a previous study
[15]. The comparison of values observed by the two inde-
pendent experiments (Fig. S2) confirmed the low degree
of dispersion and high reproducibility of SAST (linear
approximation equation y=0.9682x).

Hybridoma screening of anti-EGFP mAbs using MIHS

and SAST

To demonstrate the applicability of SAST, we generated
anti-EGFP mAbs as a model experiment. The target anti-
gen was selected for two reasons. First, the physiological

structure of EGFP was confirmed using green fluores-
cence. Second, we used cryopreserved aliquots of hybri-
domas produced using immunization and cell fusion, as
described previously [15]. This enabled us to compare
the efficiencies of antibody acquisition in the present and
previous experiments.

One of the cryopreserved fused cells was thawed and
cultured in the HT medium for 3 days. The cells were
labeled with recombinant EGFP and analyzed via flow
cytometry. The mode of hybridoma labeling intensity
(H-LI) of the unlabeled hybridoma was regarded as back-
ground fluorescence, and labeled cells showing a fluores-
cence intensity of 3 x [H-LI] or higher were considered
positive cells. As shown in Fig. S3, approximately 1% of
the cells was labeled and sorted into 96-well plates, with
one positive cell per well. The culture supernatant of
273 wells grown as a colony was subjected to secondary
screening via the SAST method, and 63% (172/273 wells)
was positive (Table 1). The previously reported positive
acquisition efficiencies of ELISA-WB screening (EW)
and MIHS-WB screening (MW) were 1.8% and 15.2%,
respectively [15]; however, the MIHS-SAST screening

Table 1 Comparison of the efficiency of mAb acquisition by EW, MW and MS combinations

First Screening Secondary screening Abbreviation Positive Clone %
(positive/analyzed)
ELISA Western blotting EW 1.8 (24/1300) (14)
MIHS MW 15.2(57/375)
SAST MS 63.0 (172/273) This work
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(MS) method acquired positive cells from secondary
screening at a higher rate.

Antigen-binding specificity and isotype determination

by WB

Of the 172 clones that tested positive in SAST, 72 anti-
bodies were analyzed using WB for reactivity against
the EGFP-BAPHis protein produced by Escherichia coli.
Consequently, seven clones (9.7%) showed non-specific
reactivity, and 32 clones (44.4%) showed positive bands
with high specificity. Notably, 33 clones did not show
positive reactions (representative WB images are shown
in Fig. 2a). However, as strong H-LI was observed even
in WB-negative clones, as observed in S2E8 and S2F1
(Fig. 2b), we found that some clones did not react to WB,
although the antigen did bind to the BCR on the hybri-
doma. Because these mAbs seemed to be conforma-
tional epitope -specific mAbs, we examined the H-LIs of
65 hybridoma clones producing 32 antibodies that spe-
cifically reacted with WB and 33 antibodies that did not
positively react with WB for binding to the EGFP anti-
gen by FCM. The H-LI of the hybridoma without EGFP
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(negative control) was 5.56, whereas the H-LI measure-
ment of 65 clones showed a wide range from 17.98 to
196.84. These results corroborated the finding that posi-
tive clones with more than three times the H-LI of the
negative control were selected via MIHS screening. Suf-
ficient H-LI was also observed in the 33 clones that did
not show a positive reaction in WB, indicating that these
clones also produced antibodies that reacted with EGFP.
These results are shown in the additional file.

To demonstrate that the mAbs obtained by MS were
antibodies that recognize the structure, immunopre-
cipitation was performed using eight mAbs for which no
bands were detected by WB and seven mAbs for which
specific bands were detected (Fig. 3a). For comparison,
three anti-EGFP mAbs obtained using the EW combi-
nation were used for immunoprecipitation. When con-
ducting immunoprecipitation, antibodies are usually
immobilized on beads, and their ability to bind to anti-
gens is examined. However, the ability to bind proteins A
and G depends on the antibody class. In this study, bioti-
nylated EGFP antigens were adsorbed onto streptavidin
beads to eliminate the variations in their binding ability,
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Fig. 2 Western blotting reactivities and fluorescent labeling of hybridomas of the MS clones. a mAbs obtained in combination with MS screening
were subjected to WB against Escherichia coli-expressed EGFP. A subset of them is shown in the figure, and the arrows indicated the EGFP signal.
Some clones showed a strong single signal, while S2E8 and S2F1 did not give a signal. b Two hybridomas (S2E8 and S2F1) secreting mAb that did

not give a signal in WB were labeled with EGFP and analyzed via FCM. Areas
fluorescence units

marked in gray indicate hybridomas labeled with EGFP. RFM, relative
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Fig. 3 Immunoprecipitation and Ig class determination of MS clones. a Immunoprecipitation was performed using 15 representative clones
obtained by MS combination, and the precipitants were subjected to SDS-PAGE followed by WB with HRP-anti-mouse IgG antibody. The samples
indicated by arrows are antibodies that did not give signals in WB; however, all mAbs, including these, were antibodies that could be used for
immunoprecipitation. For comparison, the results of immunoprecipitation using antibodies obtained by EW are shown; however, only one

of the three mAbs could be used for immunoprecipitation. b Ig class determination. After electrophoresis of the culture supernatant of the
hybridomas of the MS clone by SDS-PAGE, WB was performed with HRP anti-mouse Ig antibody. The results showed that all mAbs used in the
immunoprecipitation test were from the IgG class, as they all showed bands of H chain of approximately 55 kD and L chain of approximately 25 kD.
The Ig class results for the other MS clones are shown in the additional file. The mAbs of the clones obtained by EW were also from the IgG class

and the antibodies bound to the protein were confirmed
via WB to determine their immunoprecipitation ability.
Two of the three clones obtained using the conventional
EW combination could not be immunoprecipitated. In
contrast, all clones obtained via the MS combination
were immunoprecipitated. Among these, eight mAbs that
did not react in the WB assay are indicated by the arrows
in Fig. 3a. These results strongly suggest that the mAbs
obtained by MS recognized the conformational epitopes
of the antigen, as the mAbs could be immunoprecipitated
regardless of WB reactivity.

Subsequently, the immunoglobulin class of the mAbs
was determined by WB as previously described [15].
Sixty-five clones of the hybridoma culture supernatants
obtained by MS, excluding clones showing multiple
bands in WB analysis, were analyzed using anti-mouse
IgG-HRP and anti-mouse IgM-HRP antibodies. Dataset
are shown in the additional file, and representative data
are shown in Fig. 3b. All mAbs obtained by MS combi-
nation belonged to the IgG class, comprising H chains
of ~55 kDa and L chains of 25 kDa.
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Characterization of the conformational recognition ability
of mAbs

As the results of SAST, WB, and immunoprecipitation
suggested that the mAbs obtained using MS recognized
conformational epitopes of the antigen protein, we com-
pared the experimental values of ELISA and SAST for
further characterization of the conformation specifici-
ties of mAbs. Although non-covalent binding is generally
involved in the binding of proteins to ELISA plates, it is
known that hydrophobic interactions play a major role,
particularly in aqueous solvents. Therefore, when a pro-
tein is immobilized on an ELISA plate, the hydrophobic
region of the protein adheres to the bottom of the plate,
which is considered to modify protein structure. How-
ever, as antigens used in SAST are expected to have a
physiological structure, we used mAbs obtained by MS,
MW, and EW to examine the difference in reactivity
when using different screening tags in ELISA and SAST.
First, ELISA was performed with 65 mAbs derived from
MS. Subsequently, ELISA and SAST were performed for
eight mAbs derived from EW clones and 54 mAbs from
MW clones. All the observed values are shown in the
Additional file 1; Table S1. The incremental absorbance
was obtained by subtracting the background values with-
out primary antibody from the measured values (ELISA;
0.0538, SAST and dSAST; 0.0617) and plotted for each
clone (Fig. 4). Next, in order to compare the binding of
mAb to the antigen by the three methods, an approxi-
mate straight line was obtained for these plots. assum-
ing an approximate straight line of y=ax+ b, the values
of b for the three methods were very different, affect-
ing the slope (a). The R? value was also small, and these
approximate straight lines were considered to be inap-
propriate in this analysis. The incremental absorbances
can be obtained by subtracting the background values.
Since the incremental absorbance should be zero if the
antigen and antibody do not react, it should be reason-
able to assume an approximate straight line with y=ax.
The calculated approximate line between the ELISA and
SAST values for the EW mAbs was y=0.9298x (Fig. 4a).
This suggested that each mAb obtained using EW bound
to the same or similar epitope structures between the
two methods (Fig. 4f). Subsequently, mAbs produced
by MW (54 clones) and MS (65 clones) were analyzed
similarly, and the results indicated a linear approxima-
tion of y=0.7414 x and y=0.5965x, respectively (Fig. 4b,
¢). These showed that, unlike those of EW, the clones
obtained by MW and MS responded more strongly to the
SAST antigen structure than ELISA antigen. Student’s t
test for significance of the slope values (a) obtained by
the three methods showed that all combinations were
significantly different (p<0.01) (Fig. 4f). This means
that mAbs obtained by MW and MS recognize different
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antigen epitopes in ELISA and SAST, and that MS can
obtain mAbs that bind more strongly to the antigens with
undenatured antigens in SAST. In addition, some of the
MS clones had mAbs that reacted with WB and others
did not. These were plotted and analyzed in the same way
(Fig. 4 d, e), and the mAbs that did not react with WB
had a smaller slope (a) of the approximate line, although
not significantly different, suggesting that they might also
be recognizing more nondenaturing antigen structures.

SAST and dSAST values were then compared for
mAbs obtained from EW, MW, and MS. As shown in
Fig. 4, the incremental absorbances were plotted for
each method (Fig. 5). Although the incremental absorb-
ances were greatly reduced due to the thermal denatura-
tion of the antigen, the mAbs obtained by EW had the
highest dSAST values and showed little reaction with
MS mAbs. Furthermore, there was a significant differ-
ence in the slope of the approximate straight line for the
three methods (p<0.01; Fig. 5f), indicating that MS and
MW recognize epitopes more strongly affected by ther-
mal denaturation. Furthermore, as shown in Fig. 4, when
mAbs that reacted with WB were compared with mAbs
that did not react with WB in MS clones, the slope (a)
was smaller for mAbs that did not react with WB. How-
ever, the difference was insignificant, suggesting that
mAbs that did not react with WB were more strongly
affected by thermal denaturation.

All mAbs obtained by MS were divided into four
groups based on their reactivity, as summarized in
Table 2. All mAbs obtained by MS recognized the func-
tional structure of antigens because they showed a posi-
tive result upon immunoprecipitation and reacted with
MIHS and SAST. However, some of these mAbs reacted
with one or both WB and ELISA (Groups B, C, and D),
suggesting that the different sites of antigen protein
denaturation in WB and ELISA led to diversity in mAb
reactivity. Notably, conformational epitope-specific and
highly denaturation-sensitive mAbs were obtained at a
frequency of approximately 25% (Group A).

Estimation of parameters predicting binding strength

The binding strength of an antibody to a target molecule
is an important parameter for assessing antibody quality.
Surface plasmon resonance experiments were performed
using a BIAcore 8 K, and the binding constants (K,) of
15 mAbs obtained by MS were determined. The results
showed that the antibodies had a wide range of binding
constants (14.3-822 nM) between clones (Fig. 6b and
Table 3A and the sensorgrams were shown in Fig. 6a and
Fig. 4S). When screening mAbs, selectively obtaining
mAbs with a high binding strength is also important. It
would be more useful to have clues to selectively obtain
high-binding mAbs when screening hybridomas.
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Fig. 4 Correlation between ELISA and SAST experimental values. a ELISA values of eight clones obtained by the EW method were plotted on
the vertical axis, and SAST values were plotted on the horizontal axis, resulting in an approximate equation with small dispersion and a slope of
approximately 1. b For the 54 clones obtained by the MW method, the variation was small, and an approximate equation with a slope of 0.7414
was obtained, indicating that the SAST experimental value was slightly higher than the ELISA experimental value. ¢ ELISA and SAST values of 65
clones obtained by MS combination were plotted as in (a), showing that the dispersion was small. The slope was 0.5965, indicating that the SAST
experimental values were higher than the ELISA experimental values. d ELISA and SAST values of 32 WB positive clones of MS were plotted, and an
approximate equation was obtained. (e) ELISA and SAST values of 33 WB negative clones of MS were plotted to obtain an approximate equation.
Note that the slope of the approximate equation of (d) was higher than that of (e); however, there was no significant difference between the two
values. (f) Student’s t-test analysis confirmed no significant difference between ELISA and SAST absorbance in EW; however, SAST experimental
values were significantly higher than those of ELISA in MW and MS. ***; p <0.01

While the K, of the mAb was the binding property considered to depend on the binding properties of the
of the antibody itself, the parameter used for screening BCR and the number of BCR. Therefore, to confirm the
(H-LI) was the fluorescence intensity obtained by flu- number of BCRs, the BCRs of the 15 hybridoma clones
orescent-labeling the binding of the antigen to the BCR  were labeled with fluorescent anti-mouse Ig antibodies,
on the hybridoma cell membrane. The H-LI value was and the fluorescence intensity of the BCRs (B-LI) was
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Fig. 5 Correlation between SAST and dSAST experimental values. a dSAST values of the eight clones obtained by the EW method were plotted on
the vertical axis and the SAST values on the horizontal axis; an approximate equation between the two data sets was calculated, yielding a slope
of 0.1988. This indicated that the dSAST values were lower than the SAST values; however, these mAbs had reactivity to the antigen after thermal
denaturation. b dSAST and SAST values were plotted for the 54 clones obtained by the MW method as in (a). The approximate equation showed

a slope of 0.107, which was smaller than the slope of EW, indicating that the reactivity between mAb and antigen was reduced owing to thermal
denaturation. ¢ dSAST and SAST values of 65 clones were obtained by MS combination as in (a), and the slope of the approximate equation was
0.0648. This indicates that the antigenicity recognized by MS antibodies was mostly lost after thermal denaturation. d ELISA and SAST values of 32
W8 positive clones of MS were plotted, and an approximate equation was obtained. e ELISA and SAST values of 33 WB negative clones of MS were
plotted, and an approximate equation was obtained. Note that the slope of the approximate equation of (d) was slightly higher than that of (e);
however, although there was no significant difference between the two values. f Using Student’s t-test, we examined the significance between
the slopes of the three plots; no statistically significant difference was observed between EW and MW; however, the slope was slightly lower for
MS. A significant difference was observed between EW and MS, indicating that mAbs recognizing epitopes sensitive to thermal denaturation were
obtained in MS compared to EW. ***: p <0.01

measured using FCM. Subsequently, (H-LI)/(B-LI) was
calculated to obtain the H-LI per unit BCR (U-LI). Based
on this value, we considered that the binding intensity

of BCRs to the antigen could be estimated indepen-
dently of the number of BCRs. The results are presented
in Table 3, with the U-LI values ranging from 0.04—0.44.
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Table 2 Groups of ELISA, SAST, and dSAST reactivity patterns of mAbs obtained from MS combination

Group Native Structure Denatured Structure Number
of
MIHS SAST ELISA WB dSAST Clones
A O O X X x 15
B O O O X x 18
C O O X (@) X 6
D O @) @) ©) X 26
(@ . y nM
_ 400
500+ 500
$ 300+ J 300 250
: . 400 . 125
¢ 2004 300 200 62.5
e 31.25
2 200
ﬁ 100 1004 1004
$2G3 S1H5 S2E3
0 0{ — 04 —
T T ‘ ‘ T T ‘ ‘
0 500 1009, 0 5007 0 500
S Time (s) Time (s) Time (s)
% | I
] 300
& 300 400 nM
9]
% . 3001 . 200 500
é 200+ 250
° 2004 125
.2 100 100 62.5
= 1004 31.25
€ 5 S2H12 ol S2H5 o) S2E9
T r ‘ T T ‘ T ‘
0 § 0 500 0 500 .
Time (s) Time (s) Time (s)
mAb clone S2H9 S2F1 S2E8 S1F3 S1B8 S2G3 S1H5 S2E3 S2H12 S2H5
K, (S?) 9.92e+04  2.45e+05  2.00e+05  1.63e+05  152e+05  1.87e+05  1.76e+05  9.11e+04  7.40e+04  1.75e+05
K4(S?) 2.11e-03  1.56e-02  1.42e-02  1.33e-02  125e-02  2.67e-04  7.53e-04  526e-04  4.86e-04  1.25e-03
Kp (M) 2.13e-08  6.39e-08  7.11e-08  815e-08  821e-08  1.42e-09  4.27e09 57709  6.57e-09  7.10e-09
mAb clone S2E9 52D10 S1E1 S1B11 s2D7
K, (S?) 1.95e+05  1.35e+05  1.50e+05  1.14e+05  1.22e+05
Kq(S?) 1.45e-03  1.84e-03  199e-03  1.79%e-03  2.49e-03
Kp (M) 7.41e-09  1.36e-08  132e-08  1.56e-08  2.04e-08

Fig. 6 Binding affinities of MS mAbs shown by surface plasmon resonance. a Sensograms showing the concentration-dependent bindings of six
representative mAbs to the antigen protein (b) Surface plasmon resonance yielded measures of the association constant (k,), dissociation constant

(ky), and affinity (Kp)

For clarity, the average of all U-LI values was determined
(average =0.22), and each clone was classified into hU
with a higher U-LI than the average and 1U with lower
values. As shown in Table 3, clones with strong K}, tended
to have a high U-LI, and clones with weak K}, tended to
have a low U-LI From these results, it was inferred that
clones with high binding strengths could be obtained
by selectively obtaining clones with low B-LI and high

H-LI using both antigen and BCR labels in hybridoma
screening.

Discussion

Antibodies that recognize the functional structure of
proteins are very useful for research and therapeutic
purposes in life sciences. In this paper, we report the
development of a simple two-step screening system
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Table 3 Evaluation of parameters of various structural recognition properties of selected mAbs obtained by MS combination

Clone Name Kp (nM) Hybridoma BCR H-LI per unit BCR
H-LI (RFU) Hybridoma Group B-LI (RFU) (H-LI)/(B-LI) Group

S2G3 14.2 60.86 H 196.84 0.31 hu
STH5 42.7 33.84 H 225.39 0.15 U
S2E3 57.7 114.50 hH 354.01 032 hu
S2H12 65.7 188.15 hH 424.08 0.44 hu
S2H5 71.0 4437 H 143.50 0.31 hu
S2E9 74.1 114.50 hH 405.36 0.28 hu
STE1 132 4642 H 1046.18 0.04 V]
S2D10 136 69.68 H 246.69 0.28 hu
S1B11 156 76.27 H 188.15 0.41 hu
S2D7 204 179.85 hH 1046.18 0.17 V]
S2H9 213 95.59 IH 636.68 0.15 V]
S2F1 639 17191 hH 1570.65 0.11 V]
S2E8 711 50.80 IH 729.03 0.07 V]
STF3 815 100.00 hH 1145.05 0.09 V]
S1B8 821 157.06 hH 1253.25 013 (V]

that enables the acquisition of mAbs that recognize
conformation specific epitopes of the antigens. mAbs
can generally be classified into two categories based on
their recognition epitope structures [24]. One is a lin-
ear epitope antibody that recognizes the alignment of
amino acids, and the other is a conformational epitope
(stereo-specific) antibody that recognizes the confor-
mational structure of proteins. However, in practice, it
is difficult to classify antibodies into these two catego-
ries based on their reaction characteristics. For exam-
ple, mAbs that can be used for immunoprecipitation
are generally considered to be antibodies that recognize
conformational epitopes; however, if the epitope is a
linear or random region of the protein structure, lin-
ear epitope-specific mAbs that recognize the alignment
of amino acids can also be used for immunoprecipita-
tion. When peptide antigens are used as immunogens,
antigen sequences are typically designed for the ter-
minal regions of proteins, so that they can be used in
a wide range of applications, such as immunoprecipi-
tation [25]. This is because the terminal regions of the
protein are exposed to the solvent and are more likely
to adopt a random structure, increasing the probability
of obtaining antibodies that can be used for immuno-
precipitation. Therefore, it is easy to imagine the two
classifications; however, experimentally distinguishing
whether the epitope of the mAb is a linear epitope or a
conformational epitope is difficult.

We propose three classifications based on the reac-
tion properties of antibodies that can help infer the
applications of mAbs.

Class 1: mAbs for the epitopes of intact structures

This class of mAbs belongs to Group A (Table 2) and
reacts only with undenatured and intact protein anti-
gens. Structural epitopes formed by tertiary structures
are formed by interactions between distal amino acids.
Tertiary structures, which are generally formed by inter-
actions between distal amino acids, are more thermo-
dynamically unstable than secondary structures [26],
and structural alterations of even a portion of a protein
region can affect the overall protein structure. The mAbs
belonging to group A were used for immunoprecipitation
and reacted only with MIHS and SAST. These mAbs were
considered class 1 tertiary structure recognition antibod-
ies because they did not react when partially denatured,
as demonstrated by ELISA and WB. Post-translational
modifications and amino acid substitutions can alter the
overall tertiary structure. Tertiary structure recognition
antibodies can be used as sensors to detect these modifi-
cations and amino acid substitutions.

Class 2: mAbs for the epitopes of partially denatured
structures

This class includes many mAbs that are generally con-
sidered useful and belong to groups B, C, and D as pre-
sented in Table 2. This class of mAbs can recognize the
functional structure by immunoprecipitation; however,
mAbs that recognize partially denatured epitopes of the
protein structure have different reactivities depending on
the detection method. In ELISA, the protein is fixed to
the plate bottom in the hydrophobic region of the pro-
tein; therefore, it is considered that some changes have



Sakaguchi et al. Journal of Biological Engineering (2023) 17:24

occurred in the protein structure due to fixation to the
bottom. In WB, the reactivity between the antigen pro-
tein and the antibody was examined, in which the frag-
ile structure was denatured by heat and SDS. As some
protein secondary structures are heat-stable and some
are unstable [27], it is considered that some of the pro-
tein structures used in WB maintain the conformational
epitopes; however, a significant portion is denatured. The
fact that mAbs in groups B, C, and D showed diverse
reaction patterns in ELISA and WB was expected
because of the structural changes in different protein
regions depending on the method.

Class 3: mAbs for the epitopes of denatured structures

This class of mAbs does not react with conformational
epitopes of the protein but recognizes only denatured
protein antigens. As class 2 mAbs that have various appli-
cations involving denaturing can also be obtained, there
is little need for this class of antibodies. No mAbs of this
class could be obtained from the MS clones reported in
this study.

By combining MIHS and SAST screening and the
short immunization period (3 weeks) reported herein,
all processes from the first immunization to generating
the desired hybridoma clone could be completed within
35 days. Short-term immunization produces antibodies
with low binding affinity owing to insufficient matura-
tion of B cells. However, this method efficiently gener-
ated antibodies with high binding affinity and specificity
in a relatively short time. Moreover, as expected, we con-
firmed that immunoprecipitation and dSAST can selec-
tively acquire conformational epitope-specific mAbs. For
hybridoma technology, the higher the efficiency of cell
fusion between antigen-sensitized B cells and myeloma,
the greater the chance of obtaining good antibodies. Cell
fusion using the electrofusion method is 10-100 times
more efficient (~3x 10° hybridomas can be obtained
from 2 x 10% B cells) than that using polyethylene glycol.
Under such conditions, it is extremely difficult to select
antibody-producing cells from hybridomas by ELISA or
single-colony picking; however, MIHS can detect posi-
tive signals from a vast number of fused cells using FCM.
The number of positive cells selected by MIHS (typically
less than 10 cells) allowed SAST to be used for second-
ary screening. These results indicate that mAbs target-
ing conformational epitopes of protein structures can
be quickly and effectively generated from many hybri-
domas using the MIHS and SAST approaches. There-
fore, the novel mAb screening strategy reported here
could accelerate the development of antibody drugs and
tests. The limitation of this method is that mAbs can-
not be produced using insoluble antigens or multiple
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transmembrane protein antigens, and future technologi-
cal improvements are needed to make this possible.

Conclusions

In this study, a combination of the MIHS and SAST
methods was used to screen mAbs that selectively rec-
ognize three dimensional structures of protein anti-
gens. Approximately 25% of the mAbs obtained using
this method were antibodies that did not react to slight
changes in protein structure, suggesting that they recog-
nized stereostructural epitopes comprising distal amino
acids. Furthermore, the intensity of fluorescent labeling
and the BCR of the hybridoma could be used as indica-
tors to select antibodies with strong binding constants at
the time of MIHS screening.

Abbreviations

BAP Biotin acceptor peptide tag
BCR B-cell receptor
dSAST Denaturing SAST

EGFP Enhanced green fluorescent protein

ELISA Enzyme-linked immunosorbent assay

EW ELISA-western screening

HRP Horse radish peroxidase

mAb Monoclonal antibody

MIHS Membrane-type immunoglobulin-directed hybridoma screening
MS MIHS-SAST screening

MW MIHS-western screening

PBS Phosphate buffered saline

SAST Streptavidin-anchored ELISA screening technology
SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TBST Tris-buffered saline with tween 20

TMB 3,3)5,5"-Tetramethylbenzidine

WB Western blotting
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Additional file 2: Fig. S1. Confirmation of biotin labeling of the target
protein. Samples of non-biotinylated EGFP-BAPHis and biotinylated EGFP-
BAPHis with or without streptavidin were prepared as described in the
Materials and Methods, and SDS-PAGE was used to show the degree of
biotinylation of the antigen protein. Comparing lanes 4 and 5, no bands
with the expected molecular weight of EGFP-BAPHis (approximately

28 kDa) were observed in Lane 5, in which streptavidin was added to
biotinylated EGFP-BAPHis. Alternatively, two bands (indicated with black
arrows) were identified at positions higher than those of streptavidin, con-
firming that the protein was efficiently labeled by biotin. Lane 1, Strepta-
vidin; Lane 2, Non-biotinylated EGFP; Lane 3, Biotinylated EGFP; Lane 4,
Streptavidin 4+ Non-biotinylated EGFP; Lane 5, Streptavidin + Biotinylated
EGFP Fig. S2. Confirmation of reproducibility of the SAST method. To
confirm the reproducibility of the proposed method, the same procedure
described in the Materials and Methods section was performed twice
using culture supernatants from 94 anti-EGFP hybridoma clones gener-
ated in a previous study (15). The horizontal and vertical axes represent
the absorbances of the first and second experiments, respectively. The lin-
ear approximation equation is shown in the Fig. Fig. $3. FCM profile of the
first screening using MIHS from the fusion mixture. The cells cultured after
the fusion of B cells from the spleens of mice immunized with EGFP and
myeloma cells were examined via FCM. Compared with the FCM profile



https://doi.org/10.1186/s13036-023-00345-9
https://doi.org/10.1186/s13036-023-00345-9

Sakaguchi et al. Journal of Biological Engineering (2023) 17:24

of the unlabeled fused cells (H-LI), approximately 1% of the cells was in
the positive area (more than 3 x H-LI). The positive area is enlarged and
colored green. Fig. S4. Sensograms of other mAbs not provided in Fig. 6a.
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