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ABSTRACT
Alpha folate receptor (FRa) is currently under investigation as a target for the treatment of patients
with non-small-cell lung cancer (NSCLC), since it is highly expressed in tumor cells but is largely absent
in normal tissue. In this study, a novel human variable domain of a heavy-chain (VH) antibody frag-
ment specific to FRa was enriched and selected by phage bio-planning. The positive phage clone
(3A102 VH) specifically bound to FRa and also cross-reacted with FRb, as tested by ELISA. Clone 3A102
VH was then successfully expressed as a soluble protein in an E. coli shuffle strain. The obtained sol-
uble 3A102 VH demonstrated a high affinity for FRa with affinity constants (Kaff) values around
7.77 ± 0.25� 107M�1, with specific binding against both FRa expressing NSCLC cells and NSCLC
patient-derived primary cancer cells, as tested by cell ELISA. In addition, soluble 3A102 VH showed the
potential desired property of a targeting molecule by being internalized into FRa-expressing cells, as
observed by confocal microscopy. This study inspires the use of phage display to develop human VH
antibody (Ab) fragments that might be well suited for drug targeted therapy of NSCLC and other FRa-
positive cancer cells.
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Introduction

Lung cancer is the second most common cause of death
from cancer in the world (Siegel et al., 2017; Woodman et al.,
2021). It can be divided into the two types of non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC), which
account for 85% and 15% of lung cancers, respectively (Shi
et al., 2013). Overall, NSCLC has received attention in many
studies because it is found in the majority of lung cancers
that cause death and metastasize to other organs, such as
the brain and liver (Tamura et al., 2015). Currently, targeted
therapy is viewed as a potentially good approach for the
treatment of NSCLC and other cancers (Sokolowska-Wedzina
et al., 2017). However, this therapy requires the discovery of
drug-targeting molecules specific to tumor-associated anti-
gens (TAAs) or tumor antigens (TAs) in order to be more spe-
cific to cancer cells (J€ager et al., 2001; Ahmad et al., 2012;
Iqbal & Iqbal, 2014)

In the case of NSCLC, TAAs that are interesting for use in
clinical areas include alpha folate receptors (FRa), mucin 1,
and the transforming growth factor-beta receptor (Kalli et al.,
2008; Furler et al., 2018; Syrkina et al., 2019). Focusing on

FRa, it is a membrane glycoprotein that is overexpressed on
the surface of various tumor types, including NSCLC as well
as pancreatic, ovarian, and breast cancers (Hartmann et al.,
2007; Iwakiri et al., 2008; Kalli et al., 2008), whereas it is
expressed at a low level on the apical surface of normal epi-
thelial cells of the lungs, kidneys, choroid plexus, and uterus
(Fern�andez et al., 2018). This restricted distribution makes
FRa out of direct contact with the bloodstream, and so it is
unable to be accessed with drug-conjugated folate-targeting
agents, resulting in normal cells being less susceptible to
cytotoxic drugs (Srinivasarao et al., 2015; Patel et al., 2016).
In contrast, epithelial cancer cells overexpress FRa on their
basal surface, where it is exposed to drug-conjugated folate-
targeting agents in the bloodstream, leading to a more spe-
cific destruction of cancer cells (Toffoli et al., 1998; Allard
et al., 2007; Brown Jones et al., 2008). For this reason, FRa
has been viewed as a potential marker for both folic acid
and FRa specific antibodies (Abs) to develop a diagnostic
and targeted drug delivery system for discriminating
between normal cells and FRa-overexpressing cancer cells
(Ab et al., 2015; Sato & Itamochi, 2016).
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According to Ab-drug conjugate (ADC)-based targeted
therapeutic strategies, FRa-targeting monoclonal Antibody
(mAb) conjugated with a cytotoxic drug could offer potential
benefits, such as reducing the required therapeutic dose and
avoiding the nonspecific cytotoxicity toward normal tissues.
For example, Mirvetuximab soravtansine, a humanized FRa-
targeting Ab conjugated with the maytansinoid DM4 drug,
can induce cell-cycle arrest and cell death by targeting the
microtubules of cancer cells (Kovtun et al., 2006; Lambert,
2013; Moore et al., 2018). This FRa-specific mAb is currently
in clinical use for the treatment of NSCLC and ovarian can-
cers (Konner et al., 2010; Shi et al., 2013; Ponte et al., 2016).

Recently, phage display has emerged as a new technique
that displays an Ab fragment on the surface of the bacterio-
phage (Bazan et al., 2012). This technique allows bio-panning
to screen for Abs specific to the target of interest, and does
not require any laboratory animals (Azzazy & Highsmith,
2002). Moreover, the phages can express just the variable
domain of a heavy-chain (VH) Ab, and these have been dis-
covered from camelids, nurse sharks, and human VH syn-
thetics (Davies & Riechmann, 1996; Hairul Bahara et al.,
2016). Due to its smaller size, the VH has many advantages
over an intact Ab, such as a low immunogenicity, good
penetrance into solid tumors, low tumor to background ratio,
and the ability to access cryptic epitopes (Harmsen & De
Haard, 2007). In addition, the VH has a high serum stability
and can resist a wide range of pH and temperatures com-
pared with peptides, which are another popular type of tar-
geting molecule (Thundimadathil, 2012; Bates & David, 2019
Apr 9). These benefits open up a new idea for cancer treat-
ment by conjugating VH Ab molecules with toxic-drugs or
radioisotopes, to result in not only a high tumor penetration
but also a faster blood clearance, which would reduce the
undesired nonspecific drug cytotoxic effects (Harmsen & De
Haard, 2007; Rodriguez-Fernandez et al., 2019). In this study,
a phage display library was used to select a human VH Ab
directed against FRa that is overexpressed on NSCLC. The VH
specific to FRa was evaluated for its binding activity and cell-
internalization after binding. The obtained VH could be used
for further development of diagnosis or targeted drug ther-
apy that is specific to NSCLC and other FRa-positive can-
cer cells.

Materials and methods

Materials and bacterial strain

The recombinant human alpha and beta folate receptor pro-
teins (rhFRa and rhFRb) were purchased from Sino Biological
Inc. (Eschborn, Germany). The human domain antibody
library (Dab) (Source Bioscience, Nottingham, UK) was used
for selecting the VH phage specific to rhFRa. The Abs used
in this study included: rabbit anti-human FRa polyclonal ab
(Sino Biological, Germany), anti-M13 Ab-HRP conjugate (Sino
Biological, Beijing), protein A-HRP conjugate (Abcam, U.K.),
mouse anti-His-tag (Cell Signaling, USA), mouse anti-His-tag
alkaline phosphatase (AP) conjugate (Cell Signaling, USA),
goat anti-mouse IgG-FITC conjugate (Merck, Germany), and
protein A-FITC conjugate (Abcam, U.K.). Streptococcus suis

serotype 2 specific VH, hereafter called the irrelevant soluble
VH, was produced in-house. The E. coli ShuffleVR T7 compe-
tent cell strain (New England Biolabs, USA) was used to
express soluble VH. This strain was cultured in Terrific Broth
(TB) supplemented with 50 mg/mL of kanamycin at 30 �C.

Cell lines and culture conditions

The human NSCLC H292, A549 cell lines, human breast can-
cer MDA-MB-231 (FRa-expressing cells) and the human skin
fibroblast BJ cells (FRa non-expressing cells) were obtained
from the American Type Culture Collection (Manassas, VA,
USA).The ethically approved patient-derived primary NSCLC
cells ECL-08, -10, -12, -16, -17, and -20 (IRB 365/62) were
kindly cultured and provided by Prof. Dr. Pithi
Chanvorachote (Faculty of Pharmaceutical Sciences,
Chulalongkorn University, Thailand). The A549, MDA-MB-231
and BJ cells were cultured in DMEM, while H292 cells were
cultured in RPMI, each supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 1% L-glutamine, 1% penicillin,
and 1% streptomycin (Gibco, Gaithersburg, MA, USA). Cells
were maintained under 5% CO2 at 37 �C until at 70-80% con-
fluence before using for experiments.

All cell lines used in experiments were confirmed for the
expression of FRa by cell-based ELISA and cell immunofluor-
escence using a rabbit anti-hFRa polyclonal antibody.

Bio-panning

The Human Dab library was screened for VH Abs specific to
rhFRa. The phage library was amplified to 2.1� 1011 plaque
forming units (pfu) and subjected to seven rounds of bio-
panning. Firstly, the phage library was pre-absorbed with 1%
(w/v) bovine serum albumen (BSA) at room temperature (RT)
for 60min to remove phages with specific binding to the
BSA-based blocking buffer used in the panning system. Six
wells of 96-well plates were coated with rhFRa at 2.5mg/well
and incubated overnight at 4 �C. The wells were washed
with phosphate buffered saline pH 7.4 (PBS) five times and
then blocked with 3% (w/v) BSA at 37 �C for 1 h. After
removing the blocking solution, 2.3� 1010 pfu of pre-
adsorbed phage were added in each well. The wells were
further incubated on a platform shaker with gentle shaking
for 30min at RT and then stood still for 60min at RT. The
wells were then washed with PBS containing 0.1% (v/v)
Tween-20 (PBST) 15 times, followed by washing twice with
PBS. The elution of phage binding was performed by adding
50 mL of trypsin (0.5mg/mL) and left on a platform shaker
with gentle shaking for 1 h at RT. The eluted phages (output)
were determined for titration and amplified to be input
phage for the next round by infecting E. coli TG1 as previ-
ously described (Lee et al., 2007). The pre-absorption step
was applied as the first step in each round. Stringency of
selection was performed by increasing the washing time and
% (v/v) Tween-20 in the washing buffer, as summarized in
Table 1.
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Polyclonal phage ELISA

Amplified phages (input) from each round of bio-panning
were screened for binding activity to rhFRa using a poly-
clonal phage ELISA. For this, a 96-well plate was coated over-
night with 2.5mg/well of rhFRa or rhFRb or BSA at 4 �C. The
wells were washed with PBS and blocked with 2% (w/v) skim
milk in 0.05% PBST (2%MPBST) at 37 �C for 1 h. After remov-
ing the blocking solution, the amplified phages of each
round were diluted in 2%MPBST, added into each well, and
incubated at 37 �C for 1 h. The phage suspensions were dis-
carded and the wells were washed five times with 0.05%
PBST. To detect bound phage, a 1:2,000-fold dilution of anti-
M13 Ab-HRP conjugate in 2%MPBST was added to the wells
and incubated at 37 �C for 1 h. After washing, bound-phages
were detected using the BioFXVR TMB substrate (Surmodics
IVD, Inc., Eden Prairie, USA) at RT for 30min in the dark, with
the reaction being stopped by the addition of BioFXVR

450 nm liquid Nova-stop solution (Surmodics IVD, Inc., Eden
Prairie, USA). The absorbance of each well was read at
450 nm (A450) using a CLARIOstarVR microplate reader (BMG
LABTECH, Singapore). The uncoated wells served as a nega-
tive control.

Monoclonal phage ELISA

The eluted phages from the seventh bio-panning round
were transfected to E. coli TG1. A total of 145 individual
clones were picked for screening using a monoclonal phage
ELISA. Briefly, a single colony was cultured in cell culture
microplates at 37 �C with shaking at 200 rpm for 3 h. After
incubation, 4� 108 pfu/well of helper phage was added and
incubated for 1 h at 37 �C. The plates were then centrifuged
at 2000 � g for 15min and resuspended in 200 mL 2x tryptic
soy broth supplemented with 100mg/mL ampicillin and
50mg/mL kanamycin and incubated at 25 �C with shaking at
200 rpm overnight. The plates were centrifuged to harvest
the amplified phage in the supernatant. Each 96-well plate
was coated with 0.8 mg/well of rhFRa protein. After the
blocking and washing steps, the individual amplified phage
supernatants (50 mL) were diluted with 50mL of 5%MPBST.
The positive phage clones were detected and performed in
the same manner as described in polyclonal ELISA system.
Phage clones that gave a three-fold greater signal (A450) in
the wells coated with rhFRa than that in the uncoated wells
were selected as positive phage clones.

Cross-reactivity test of phage clone

Positive phages selected from the monoclonal ELISA were
tested for cross-reactivity with rhFRa, rhFRb, and 3% (w/v)

BSA. Each 96-well plate was coated with 0.8mg/well of rhFRa
or rhFRb or 3% BSA. After blocking with 2%MPBST, 50 mL of
positive phage diluted in 50mL of 5%MPBST was added in
each well and incubated at 37 �C for 1 h. The binding activity
of the phages was then evaluated in the same manner as
described in the polyclonal ELISA section, using uncoated
wells as a negative control.

Examination of the VH amino acid sequence

The phagemid from each positive clone was extracted to
determine the DNA sequence of the VH in the recombinant
phagemid. The VH sequencing was performed using the
pR2-vector specific primers LMB3: 50-CAGGAAACAGCTATGAC-
30. The DNA sequences and the deduced amino acid sequen-
ces were compared with the DNA sequences in the GenBank
sequence database to determine the complementarity-deter-
mining regions (CDR) and framework.

Expression and purification of the soluble VH

The 3A102 positive phage clone (3A102 VH) was used for
expression as soluble 3A102 VH in an E. coli expression sys-
tem. The 3A102 VH gene was synthesized by the Invitrogen
company (Genscript, USA) and re-cloned into the pET-28b
vector (Genscript, USA) to construct a 6xHis-tag fused 3A102
VH recombinant gene. After that, the 3A102 recombinant
plasmid was transformed into E. coli Shuffle and then cul-
tured in TB supplemented with 50mg/mL of kanamycin and
incubated with shaking at 30 �C until the OD at 600 nm
(OD600) reached �0.7-0.8. Then, the antibody expression was
induced by 0.5mM of isopropyl-1-thio-b-D-galactopyranoside
and incubated at 30 �C for 21 h. After incubation, the culture
was collected and centrifuged at 5,000 rpm 4 �C for 10min.
The pellet was resuspended in lysis buffer [150mM NaCl, 1%
(v/v) Triton x-100, 50mM Tris-HCl, and 20mM imidazole, pH
7.4]. Cytoplasmic soluble protein was extracted by sonication
(10 s pulse cycles for 3min with 35% amplitude) on ice. The
cell lysates were centrifuged at 5,000 rpm, 4 �C for 10min to
remove insoluble fractions. The soluble 3A102 VH in lysis
buffer was enriched by immobilized metal affinity chroma-
tography. Briefly, the soluble proteins in lysis buffer were
added to a nickel-nitrilotriacetic acid agarose column (GE,
USA) at a 0.5mL/min flow velocity, and then the column was
washed with washing buffer (40mM imidazole, 0.5M NaCl,
and 20mM sodium phosphate, pH 7.4). The soluble 3A102
VH bound to the column was then eluted with 400mM imid-
azole in a washing buffer. The purity of the soluble 3A102
VH was evaluated by 15% (w/v) sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) under a
reducing condition and, for western blots, was detected by
mouse anti-His-tag AP conjugate and BCIP/NBT AP substrate
(Surmodics IVD, Inc., Eden Prairie, USA).

Bioactivity determination of soluble VH

The binding ability of soluble 3A102 VH with FRa was tested
by ELISA. Briefly, 1 mg/well of rhFRa was coated overnight at

Table 1. Concentration of the target rhFRa, number of washes, and concen-
tration of Tween-20 in the wash buffer for the seven rounds of bio-panning.

Round 1 2 3 4 5 6 7

rhFRa (mg/well) 2.5 1.25 0.625 0.313 0.156 0.156 0.156
% (v/v) Tween-20 0.1 0.2 0.3 0.4 0.5 0.6 0.6
Number of washes 15 15 15 15 15 20 20
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4 �C. The wells were blocked with 5%MPBST and then two-
fold concentrations of 3A102 VH from 1.75–28 mg/mL were
added to the wells and incubated for 1 h at 37 �C. After
washing, the binding activity of soluble 3A102 VH to the
rhFRa was detected using the protein A-HRP conjugate
(1:1500 in 2%MPBST), with the bound VH being detected
using the TMB substrate in the same manner as described in
the polyclonal ELISA section.

Affinity test

The affinity constant (Kaff) was determined by indirect ELISA
as previously reported (Beatty et al., 1987). In brief, 96-well
plates were coated with two-fold concentrations from
0.5–2 mg/well of rhFRa antigen. After overnight incubation,
the plate was blocked with 2%MPBST and washed. The wells
were then incubated with 50 mL of different concentrations
(2.5–40 mg/mL) of soluble 3A102 VH for 1 h at 37 �C, washed
with PBST, and then incubated with 1:1500 protein A-HRP
conjugate in 2%MPBST. The bound VH was detected using
the TMB substrate in the same manner as described in poly-
clonal ELISA section. The affinity constant (Kaff)was calculated
from Kaff ¼ (n� 1)/2(n[Ab’]t � [Ab]t)

Cell-based ELISA

The FRa-expressing cell lines, MDA-MB 231, H292, A549 and
NSCLC patient-derived primary cancer cells were used for
FRa-binding test while the BJ fibroblast cell line that does
not express FRa was used as a negative control. The binding
ability of the soluble 3A102 VH against FRa expressed on the
cell surface was evaluated using a cell-based ELISA as
described below. Briefly, 8,000 cells/well of positive or nega-
tive FRa expressing cells were seeded in a 96-well cell cul-
ture plate and allowed to attach to the well surface. After
growing in media for 24 h, cells were fixed with 4% formal-
dehyde and blocked with 5% (w/v) skim milk in PBS (MPBS).
After that, the soluble 3A102 VH (2.5–40 mg/mL) was added
to each well and incubated at 37 �C for 1 h before being
washed with PBS three times. The binding ability of the VH
Ab to FRa was detected using a 1:1000 dilution of the pro-
tein A-HRP conjugate. After washing, the bound VH was
detected using the TMB substrate in the same manner as
described in the polyclonal ELISA section.

Immunofluorescence assay (IFA)

The targeting ability of soluble 3A102 VH against FRa
expressed on the cell surface was also evaluated using an
IFA. Here, 8,000 cells/well of MDA-MB-231 and H292 cells
were seeded in eight-well chamber slides. After seeding and
fixation, as described in the cell-based ELISA section, the cells
were incubated with 50 mg/mL of soluble 3A102 VH or the
irrelevant soluble VH at 37 �C for 1 h. The BJ cells incubated
with soluble 3A102 VH were used as a negative control. The
VH Abs bound on the cell surface were detected using 1:200
of mouse anti-His-tag and then incubated with 1:200 of goat
anti-mouse IgG-FITC conjugate. After washing to remove

nonspecific bound Abs, the nuclei were stained with Hoechst
33342 and imaged with scanning laser confocal microscopy
(SLCM;Olympus Fluoview FV10i, Olympus
Corporation, Japan).

Cell internalization assay

The FRa expressing H292 cell line was used to evaluate the
internalization of soluble VH. In brief, 10,000 cells/well were
seeded on eight-well chamber slides and incubated at 37 �C
in 5% CO2 for 24 h. Then, 50 mg/mL of soluble 3A102 VH or
the irrelevant soluble VH were incubated with the H292 cells
for 3 h at 4 �C or 37 �C in 5% CO2 to allow cell internalization.
The BJ cells incubated with soluble 3A102 VH were used as
the negative control. After washing, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.5% (v/v) Triton
X-100 for 5min at RT, and then blocked with 3% (w/v) BSA
at 37 �C for 1 h. To visualize antibody internalization, the cells
were stained with 1:200 dilution of the protein A-FITC conju-
gate in 1% (w/v) BSA and nuclei were stained with Hoechst
33342 at 37 �C. The internalized fluorescent signals were
imaged using SLCM.

Statistical analysis

Data are expressed as the mean± one standard deviation
(SD). Comparisons between means were performed using an
unpaired t test for independent samples. Statistical analysis
was performed using the SPSS version 22.0 software (SPSS
Inc., Chicago, IL, USA). Statistical significance was accepted at
the p< 0.05 level.

Results

Enrichment of phage specific to rhFRa protein

Seven rounds of phage bio-panning with increasing selection
stringency (see Table 1) were performed to highly enrich for
rhFRa-specific binding phage. After each round of phage
bio-panning, titration experiments showed a gradual increase
in the output/input ratio of the eluted phage after each
round. The eluted phage titration increased from 3.9� 105

pfu in the first round to 2.4 � l07 pfu in the last round, with
an enrichment of about 62-fold (Table 2). This result sug-
gested a successful enrichment of specific phages against
rhFRa. Meanwhile, the enriched phages of each round were
tested for their ability to bind to rhFRa using a polyclonal
phage ELISA. The ELISA result (Figure 1) showed an increased
A450 signal to 1.137 in the seventh round, indicating that

Table 2. Phage enrichment evaluation during seven rounds of
bio-panning, as determined by phage titration.

Round Input (pfu) Output (pfu)

1 2.3� 1010 3.9� 105

2 1.6� 1013 5.8� 107

3 1.3� 1013 2.7� 107

4 7.7� 1011 2.6� 107

5 2.4� 1012 4.3� 107

6 1.7� 1012 2.1� 107

7 3.6� 1012 2.4� 107

Enrichment 62-fold
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rhFRa-specific phages were effectively enriched for in the
bio-panning process. However, we found that the panning
could also enrich for phages specific to rhFRb, another type
of surface folate receptor.

Selection of FRa-specific phages by monoclonal
phage ELISA

After the seventh round of bio-panning, 145 phage clones
were randomly selected from the eluted phages and their
binding ability to rhFRa was analyzed using a monoclonal
phage ELISA. Four clones (1D47, 2B63, 2D88, and 3A102) had
the acceptable criterion of an A450 at least three-fold greater
than that seen in the uncoated wells (Figure 2). Hence, these
four phage clones were identified as positive and screened
for cross-reactivity.

Cross-reactivity of the four phage clones (1D47, 2B63,
2D88, and 3A102)

To determine the cross-reactivity of the four positive phage
clones, they were tested against rhFRa, rhFRb, and BSA. No
cross reactivity to BSA, a blocking buffer used in the bio-pan-
ning, was observed. Among these four positive clones,
3A102 (3A102 VH) had the highest binding ability against
rhFRa, but it and four clones also showed cross reactivity
with rhFRb (Figure 3).

Examination of the amino acid sequence of the phage
clones showing binding to FRa

The four selective positive clones (1D47, 2B63, 2D88, and
3A102) were examined to identify their VH sequences. The
amino acid sequences of the four positive clones are shown
in Table 3. Multiple sequence alignment revealed that clones

Figure 1. Polyclonal phage ELISA result for phage-binding (A450) to three dif-
ferent targets during seven rounds of bio-panning. Data are shown as the
mean ± SD (n¼ 3).

Figure 2. The rhFRa-specific phage binding analysis of 145 randomly selected clones from the seventh round of bio-panning.

Figure 3. Cross-reactivity of the four positive phage clones against 3%BSA,
rhFRa, and rhFRb, as tested by ELISA. Data are shown as the mean ± SD (n¼ 3).�p< 0.05 compared to the negative control (uncoated well).
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2B63 and 2D88 had an identical sequence, and all four
clones had translational defects in the CDRs: namely amber
stop codons (UAG).

Expression and purification of soluble VH

The 3A102 VH that showed the strongest binding activity
(highest A450 signal) against the FRa in the monoclonal
phage ELISA, was expressed as a soluble VH protein in the E.
coli expression system. The sequencing data showed that
3A102 VH had an amber stop codon at CDR3, this amber
codon was replaced with glutamine, before expressing as a
soluble VH protein (soluble 3A102 VH) in the E. coli shuffle
strain, so as to obtain disulfide bond formation and complete
VH expression. The produced soluble 3A102 VH was then
evaluated and confirmed for its expression and the purity
after purification via SDS-PAGE and western blotting analy-
ses, respectively. The soluble 3A102 VH was successfully
expressed in a soluble form in the bacterial cytoplasm with a
molecular weight of approximately 16.243 kDa (Figure 4(A,B)
lane 3). The SDS-PAGE results also showed that the soluble
3A102 VH was purified with purity about 90%, after protein
purification.

Bioactivity determination of soluble VH

To verify the binding ability of purified soluble 3A102 VH,
the concentration from which the soluble 3A102 VH bound
to rhFRa in the ELISA test was determined. As shown in
Figure 5, Soluble 3A102 VH bound to the rhFRa antigen in a

dose-dependent manner. Accordingly, soluble 3A102 VH still
retains its binding activity against rhFRa after expression as a
soluble protein in the E. coli Shuffle strain.

Affinity of soluble VH

The affinity constant (Kaff) is a parameter that shows the abil-
ity of the Ab to bind to its antigen. Determination of the Kaff
from three different rhFRa concentrations (Figure 6), based
on Beatty et al. (Beatty et al., 1987), revealed Kaff values
for the soluble 3A102 VH to rhFRa to be around
7.77 ± 0.25� 107M�1 (Table 4).

Evaluation of the binding ability of soluble VH to FRa
on NSCLC cells

MDA-MB-231, A549 and H292 were assessed for FRa expres-
sion by cell-based ELISA and cell IFA using a rabbit anti-hFRa
polyclonal antibody. As shown in Supplemental Figure 1, 2,
all cells expressed FRa on their surface, so they could be
used to investigate the binding activity of soluble 3A102 VH
against the nature form of FRa receptor. Then, we evaluated
the binding ability of soluble 3A102 VH to FRa on the cell
surface. Due to the soluble 3A102 VH Ab showed cross-
reactivity with FRb, the MDA-MB-231 cell that expresses only
FRa but not FRb isoform, was used to query the binding
(Shen et al., 2018). After binding MDA-MB-231 with soluble
3A102 VH, a high intensity signal in cell-based ELISA was
observed and also exhibited a fluorescence signal around
the cell surface in IFA (Figure. 7(A) and 8(A)). These results

Table 3. Amino acid sequence analysis of the four different phage clones of VH (1D47, 2B63, 2D88, and 3A102). Identical residues between the four positive
clones are marked by (�). The amber stop codon is marked by (-).

Framework-1 CDR1 Framework-2 CDR2

1D47 QVQLLESGGGLVQPGGSLRLSCAASG F�LSH-Y�T WVRQAPGKGLEWVS T�GVHS
2B63 Y�FNS-A�G S�SMAG
2D88 Y�FNS-A�G S�NMRG
3A102 F�LSH-Y�T T�GVHS

Framework-3 CDR3 Framework-4
1D47 GSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCA SYR�V��KS . . .. . HLKF WGQGTLVTVSSAAA
2B63 �VP�S��WAGLTAKPIRY
2D88 �VP�S��WAGLTAKPIRY
3A102 �KWFRE�FF . . LAPSLKS

Figure 4. Soluble 3A102 VH expression and purification. (A) SDS-PAGE analysis of soluble 3A102 VH expressed in E. coli shuffle strains. Protein marker (MW, lane
1), total protein in pellet (lane 2), soluble fraction in cytoplasm (lane 3), and purified 3A102 VH in Eluted fractions 1–5 as lane 4–8, respectively. (B) Western blot
analysis of the soluble 3A102 VH. Pre-stained protein marker (lane 1), total protein in pellet (lane 2), soluble fraction in the cytoplasm (lane 3), and purified 3A102
VH in Eluted fractions 1–5 as lane 4–8, respectively.
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supported the idea that the soluble 3A102 VH could bind to
native conformation of FRa form on cell surface. Next, cell-
based ELISA also was used to test the activity of soluble
3A102 VH toward the FRa on the NSCLC cell lines. A signifi-
cant and dose-dependent difference in the A450 between the
FRa expressing NSCLC cell line (A549 and H292) and non-
FRa expressing (BJ) cells was evident after incubating with
soluble 3A102 VH (Figure 7(A)). Moreover, after binding with
soluble 3A102 VH, a high intensity signal (A450) was observed
in the NSCLC patient-derived primary cancer cells compared
to the BJ cells (Figure 7(B)). These results confirmed that
the soluble 3A102 VH could bind with the native form of
FRa on both NSCLC cells and NSCLC patient-derived primary
cancer cells.

A cell IFA was also performed to confirm the targeting
activity of the soluble 3A102 VH against the native form of
FRa expressed on the cell surface of NSCLC cells. The H292
cells displayed a high fluorescence signal around the cell sur-
face after being incubated with soluble 3A102 VH, while BJ
displayed no obvious fluorescence signal (Figure 8(B,C)).
Additionally, the irrelevant VH incubated with H292 cells
revealed no fluorescence signal around the cells (Figure 8(E)).
Both the cell ELISA and immunofluorescence results demon-
strated that the soluble 3A102 VH retained its epitope bind-
ing specificity and targeting ability toward the native form
of FRa.

Cell internalization of soluble 3A102 VH

To develop a suitable ADC treatment, the selected antibodies
must have the ability to bind to and then induce internaliza-
tion of the ADC into the cell for intracellular release of the
cytotoxic drug. Thus, the soluble 3A102 VH was evaluated
for its ability to be internalized into FRa-positive cells.
Soluble 3A102 VH was incubated with BJ and H292 cells for
3 h at 37 �C, fixed, and then examined under SLCM to visual-
ize the level of internalization of VH. At 4 �C in Figure 9(B),
the internalization of soluble 3A102 VH was inhibited under
the cold condition, resulting in signal fluorescence was
observed only around the cell surface. While curing at 37 �C
that introduced cell internalization, the fluorescence signal
was observed in both cytoplasm and at perinuclear region of
H292 cells (Figure 9(B)). These results revealed that soluble
3A102 VH could be internalized into H292 cells under induc-
ing temperature. In contrast, neither BJ cells incubated with
soluble 3A102 VH nor H292 cells incubated with the irrele-
vant VH showed no any binding or internalization into the
cells both at 4 and 37 �C (Figure 9(A,C)).

Discussion

Nowadays, targeted therapy is the preferred choice for the
disease management of patients with NSCLC (Yuan et al.,
2019). An ADC is one of the targeted treatment approaches
that capitalizes on the highly specific targeting of mAbs to
transport a drug into cancer cells, while minimizing the
exposure to non-target tissues. However, the limitations of
an ADC may be the incomplete penetration into cancer cells
and solid tumor, due to the large size of the intact Ab
(Xenaki et al., 2017). More recently, VH Abs from many spe-
cies have emerged as a smaller targeting molecule
(Kontermann et al., 2009; Hairul Bahara et al., 2016; Keyaerts
et al. 2016; Teng et al., 2020). The idea behind these studies
was based upon the advantages of VH of its small size result-
ing in a good penetration into the desired cells (Arbabi
Ghahroudi et al., 1997; Harmsen & De Haard, 2007) . In add-
ition, their lower immunogenicity than animal-derived VH,
due to the high degree of identity of their framework to
human Abs, makes human VH approaches preferred over
xenogeneic Abs and encourages ADC development.

Another important molecule for targeted therapy is can-
cer-specific cell markers. In NSCLC, FRa has been a potential

Figure 5. Binding assay of the purified soluble 3A102 VH against rhFRa, as
evaluated by ELISA. Data are shown as the mean ± SD (n¼ 3).

Figure 6. Affinity of soluble 3A102 VH antibody, as tested by ELISA, based on
Beatty et al. (Beatty et al., 1987).

Table 4. Affinity constants of soluble 3A102 VH against recombinant FRa pro-
teins, as determined by ELISA.

Ag
(mg/well) OD-50a

Ab at OD-50
(ng/mL) Kaff (M

-1)
Average Kaff
(M-1) ± SD

0.5 0.68 89.04 7.8� 107 7.77 ± 0.25� 107

1 1.30 76.56 4.7� 107

2 1.50 45.1 2.8� 107

aOD-50 represents the half maximum optical density obtained for a given con-
centration of rhFRa ([Ag]) and the corresponding soluble 3A102 VH ([Ab]).
The affinity constant (Kaff) for each selected concentration of Ag and Ab was
determined using the formula described in the Methods. Data are shown as
the mean ± SD (n¼ 3).
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marker for both folic acid and FRa-specific Abs to develop
targeted therapy. However, folic acid-drug conjugates have
the major concern that they can be transported into normal

cells via other pathways beside the FR, such as the folate car-
rier and the proton-coupled folate transporter, which results
in the uptake of the payload drug by normal cells (Wibowo

Figure 7. The binding activity of soluble 3A102 VH against FRa on cells surface, as evaluated by a cell-based ELISA. Soluble 3A102 VH bound to the FRa-expressing
(A) MDA-MB-231, A549 and H292 cells and (B) ECL-08, -10, -12, -16, -17, and -20, NSCLC patient-derived primary cancer cells compared to the BJ cells. Data are
shown as the mean ± SD (n¼ 3). �p< 0.05 compared to the negative control (BJ).

Figure 8. Representative cell images of soluble 3A102 VH binding, as determined by SLCM. (A, B and C) MDA-MB-231, H292 and BJ cells were stained with soluble
3A102 VH, respectively. (D and E) MDA-MB-231 and H292 cells were stained with an irrelevant VH, respectively. The antibody was detected with mouse anti-His-
tag and goat anti-mouse IgG-FITC conjugate (green) Abs, respectively. Nuclei are labeled with Hoechst 33342 (blue).
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et al., 2013; Goldman et al., 2010). For this reason, we aimed
to develop a novel human VH Ab against the FRa and estab-
lished its targeting ability in preliminary in vitro testing in
this study. We applied bio-panning to select for human syn-
thetic VH Abs from a Dab phage library synthesized by PCR
mutagenesis of amino acids in the CDR1-3 region to gener-
ate a variety of VH Ab repertoires (Lee et al., 2007).

To screen the VH Abs against FRa, we used a rhFRa pro-
tein as the ELISA coating antigen, since it’s a simple and
widely accepted method for successful selection of antigen-
specific Abs (Barkhordarian et al., 2006; Lim et al., 2019). To
select specific phages, we increased the stringency in each
of the seven rounds of the bio-panning process. First, we
used a high concentration of rhFRa as the coated antigen in
the first round of bio-panning to prevent the loss of specific
phages if the antigen had been deformed after being coated
on the solid surface or was removed during washing. Then,

in subsequent rounds, the amount of antigen (rhFRa) was
decreased to keep only phage clones with a high specificity
to rhFRa, while the number of washes and the concentration
of Tween-20 in the wash buffer was increased in each round
of bio-panning to eliminate nonspecific phages.

At the end of the bio-panning, we selected the positive
3A102 VH phage clone as it showed the highest binding
ability to rhFRa protein. In fact, FRs consist of three subtypes:
FRa and FRb, which are extracellular receptors anchored to
the membranes (Wibowo et al., 2013), and the gramma fol-
ate receptor (FRc), which is a soluble receptor and secreted
at low levels from lymphoid cells in the spleen, thymus, and
bone marrow (Wibowo et al., 2013). Accordingly, FRc is
unsuitable as a TAA surface maker and so we only tested the
cross-reactivity between rhFRa and rhFRb. Interestingly, the
3A102 VH Ab also showed cross-reactivity with FRb. This
result was consistent with previous research where a

Figure 9. Cell internalization of soluble 3A102 VH as determined by SLCM. Representative images of (A and B) BJ and H292 cells stained with soluble 3A102 VH at
4 �C and 37 �C, respectively, and (C) H292 cells stained with the irrelevant VH at 4 �C and 37 �C. The antibody was detected with protein-A-FITC conjugate (green).
Nuclei are labeled with Hoechst 33342 (blue).
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hybridoma derived mAb that recognized FRa also bound to
FRb (Nagai et al., 2015). Cross-reactivity between these two
antigens occurred because FRb has a high sequence similar-
ity (77%) with FRa (Wibowo et al., 2013). Since FRb is only
highly expressed in leukemia, lymphomas, and the tumor-
associated macrophages (TAM) in NSCLC, liver, breast, and
brain cancers (Shen et al., 2015), these facts highlight the
potential of 3A102 VH for targeting against the TAMs of
NSCLC and other cancers as well.

Nucleotide sequencing identified that 3A102 VH had a
translational defect codon in the CDRs, namely amber stop
codons (UAG), frequently found in phage displayed Abs due
to the randomization of CDR sequences. This codon stops
protein expression in a non-amber suppressor E. coli. strain,
but could be read as glutamine (CAG) instead of a stop
codon in an amber suppressor E. coli strain, such as TG1
(Carmen & Jermutus, 2002). Consequently, the amber codon
of 3A102 VH was optimized in CDR3 to encode for glutamine
before reforming from phage to soluble protein in E. coli.
Since the VH Ab has one pair of disulfide bonds that play a
significant role in the protein folding and stability, the VH
was then selected to be expressed as soluble protein in E.
coli Shuffle, an engineered strain that can promote disulfide
bond formation in its cytoplasmic part (Liu & May, 2012;
Lobstein et al., 2012).

After expression and purification, the soluble 3A102 VH
still retained its bioactivity against FRa. Cell-based ELISA was
performed to evaluate the activity of soluble 3A102 VH to
the native conformation of FRa on NSCLC cell lines and
NSCLC patient-derived primary cancer cells. With a strong
signal against FRa, this suggested that soluble 3A102 VH
could bind to the native form of FRa on both cell lines. The
Kaff value of the soluble 3A102 VH against FRa was around
7.77 ± 0.25� 107M � 1, corresponding to several previous
reports that have described VH Abs with affinities achieved
in the range from 107–1010M � 1, as shown in Supplemental
Table 1. However, the Kaff value of soluble 3A102 VH
described here was rather lower than that of intact monoclo-
nal antibodies, having a Kaff value higher than 107M � 1

(Ohlin et al., 1991; Michael et al., 1998; Bayat et al., 2013; Lee
et al., 2017). To improve the affinity of soluble 3A102 VH,
site-directed mutagenesis or the generation of dimer formed
through VH-VH non-covalent interactions were taken into
consideration (Adams et al., 1998; Baral et al., 2012; Li et al.,
2014). The key features to develop an ADC is that the VH
should have targeting and internalization abilities into target
cells, so as to release the cytotoxic payload drug inside the
tumor. So, these two key abilities were intentionally deter-
mined in our study.

Cell IFAs revealed that the 3A102 VH retained its targeting
ability around the cell surface of NSCLC cells, and that it
could bind to and become internalized into FRa-expressing
cell lines. A previous study reported that only high affinity
Abs could exhibit a high degree of internalization in both
in vitro and in vivo studies (Rudnick et al., 2011). Therefore,
the observed binding affinity of about 7.77 ± 0.25� 107M � 1

could be high enough to promote the internalization of VH
into the FRa-expressing cells.

Recently, Bannas et al. demonstrated a good targeting
property of 16aVHH, a llama antibody directed against
ARTC2 in lymphoma cells. Their small VH fragment showed a
faster and deeper tumor penetration and a higher tumor to
background ratio than intact antibody (Bannas et al., 2015).
These evidences may imply the potential of VH antibody
fragment in order to be a promising targeting molecule and
may improve ADC efficacy of current FRa specific
intact antibodies.

Currently, there has been a rapid growth in the number
of anti-cancer agents, such as Renieramycin M from the Thai
blue sponge Xestospongia sp. that was reported for its anti-
cancer activity against both normal cells and NSCLC cell lines
(Sirimangkalakitti et al., 2016). To improve the specific thera-
peutic ability of these new findings, our soluble 3A102 VH
could be offered. In conclusion, this our preliminary in vitro
study provided a good rationale for using a phage library to
isolate a novel human VH as a targeting molecule against
FRa. However, the targeting ability and in vivo stability of
soluble 3A102 VH, including the drug-conjugate toxicity,
should be suggested and warrants further investigation
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