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Abstract: Small-cell lung cancer (SCLC) is the most aggressive form of lung cancer and the leading
cause of global cancer-related mortality. Despite the earlier identification of membrane-proximal
cleavage of cell adhesion molecule 1 (CADM1) in cancers, the role of the membrane-bound fragment
of CAMD1 (MF-CADM1) is yet to be clearly identified. In this study, we first isolated MF-CADM1-
specific fully human single-chain variable fragments (scFvs) from the human synthetic scFv antibody
library using the phage display technology. Following the selected scFv conversion to human
immunoglobulin G1 (IgG1) scFv-Fc antibodies (K103.1–4), multiple characterization studies, including
antibody cross-species reactivity, purity, production yield, and binding affinity, were verified. Finally,
via intensive in vitro efficacy and toxicity evaluation studies, we identified K103.3 as a lead antibody
that potently promotes the death of human SCLC cell lines, including NCI-H69, NCI-H146, and NCI-
H187, by activated Jurkat T cells without severe endothelial toxicity. Taken together, these findings
suggest that antibody-based targeting of MF-CADM1 may be an effective strategy to potentiate T
cell-mediated SCLC death, and MF-CADM1 may be a novel potential therapeutic target in SCLC for
antibody therapy.

Keywords: fully human antibody; MF-CADM1; cell death; T cell; small cell lung cancer

1. Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide [1]. More
specifically, an estimated 2,206,771 new cases and 1,796,144 deaths from lung cancer were
reported globally in 2020 [2]. Lung cancers include non–small-cell lung cancer (NSCLC) and
small-cell lung cancer (SCLC) [3]. Especially, SCLC is a highly aggressive neuroendocrine
carcinoma that represents approximately 10%–15% of lung cancers with an exceptionally
poor prognosis [4]. Furthermore, SCLC tends to grow and spread faster than NSCLC [5].
In the United States (US), approximately 30,000–35,000 people are diagnosed with SCLC
each year [6]. Currently, SCLC has two stages, namely, the limited and extensive stages [7].
Limited-stage SCLC is only present in one lung and potentially in nearby lymph nodes to
the same side of the chest, whereas extensive-stage SCLC spreads to the opposite side of
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the chest or distant organs [8]. Over several decades, a variety of therapeutic regimens,
including chemotherapy, radiation therapy, immunotherapy, surgery, and combination
therapy, have been clinically used for SCLC treatment [9]. These treatment options are
mainly determined based on the stage of cancer, but other factors, such as a person’s overall
health and lung function, are also considered [10]. However, the 5-year survival rate for
SCLC is reported to be relatively low (6.5%) [11].

Monoclonal antibody (mAb) is a laboratory-produced molecule that is engineered
to study disease-related molecular mechanisms and/or treat various diseases, such as
infectious diseases, immunological disorders, and cancers [12,13]. Currently, mAb therapy
is one of the most effective treatments for cancers [14]. Since the first approval of the US
Food and Drug Administration (FDA) for OKT3, a mouse anti-CD3 mAb, 131 therapeutic
antibodies have been approved by the US FDA and/or European Medicines Agency (EMA)
thus far [15,16]. Among them, 59 are indicated for cancer treatment. Some immune
checkpoint inhibitors, such as atezolizumab, which is a humanized IgG1 antibody to
PD-L1, and durvalumab, which is a fully human immunoglobulin G1 (IgG1) antibody to
PD-L1, are currently used for SCLC treatment in combination with chemotherapy [17];
however, according to a phase III clinical trial results, their therapeutic efficacy is not
dramatic [18]. In detail, the median overall survival (OS) of atezolizumab plus carboplatin
and the etoposide-treated group was 12.3 months, which was 2 months longer than that of
the carboplatin and etoposide-treated groups (10.3 months) [19]. Furthermore, the median
OS of durvalumab plus platinum-etoposide-treated groups (13 months) was 2.7 months
longer than that of the platinum-etoposide-treated group (10.3 months) [20]. Therefore,
identifying the novel potential therapeutic targets in SCLC is essential for not only better
understanding their functional role and relevance in SCLC but also for developing novel
therapeutics for improving the clinical outcomes of patients with SCLC.

Cell adhesion molecule 1 (CADM1), also known as IGSF4, TSLC1, Necl-2, and Syn-
CAM1, is a member of the Immunoglobulin (Ig) superfamily that consists of an extracellular
domain (ECD) containing three Ig-like loops, a single transmembrane domain (TM), and
a cytoplasmic domain (CD) [21]. CADM1 protein is expressed in some normal tissues,
including epithelial, neuronal, lung, brain, pancreas, and testis tissues [22–25]. It plays a
vital role in the regulation of cell adhesion, migration, and survival [22,26,27]. CADM1
seems to play different roles depending on the cancer type. Many studies reported CADM1
as a tumor suppressor in several cancer types, including ovarian, breast, and pancreatic can-
cers, and the loss of CADM1 expression is closely associated with cancer progression and
metastasis [28–30]. Contrarily, CADM1 overexpression in SCLC is particularly associated
with tumorigenicity, suggesting its unique oncogenic role in SCLC [31,32]. Furthermore,
CADM1, encoded by 12 exons, undergoes alternative splicing to generate several splicing
variants through combining alternative exons 8/9/10. Among them, variants 8 and 8/9 of
CADM1 are almost exclusively observed in SCLCs [32]. Variant 8/9 is susceptible to cleav-
age by proteases, such as a disintegrin and metalloprotease 10 (ADAM10), and γ-secretases,
and it generates the membrane-bound fragment of CADM1 (MF-CADM1) on the cancer cell
surface, whereas variant 8 was known to be a cleavage-resistant form of CADM1 [33]. In
addition, normal lung and brain tissues did not express variant 8/9; however, its expression
could be detected in testis, suggesting that the expression of MF-CADM1 might be specific
to SCLC [32]. However, the role of MF-CADM1 in SCLC has not been clearly identified yet.

Therefore, for the first time, this study developed fully human antibodies that are
specific to human and mouse MF-CADM1 using a phage display technology. Our intensive
in vitro characterization and functional analyses with these antibodies provided a proof of
concept that antibody-based targeting of MF-CADM1 may potentiate the T cell-mediated
cell death of SCLCs and that MF-CADM1 may be a novel potential therapeutic target in
SCLCs for antibody therapy.
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2. Results
2.1. Preparation and Analysis of MF-CADM1 Peptide Conjugates for Antibody Selection

CADM1 is an Ig superfamily member that promotes the malignant features of SCLCs [31].
Reportedly, some proteases, such as ADAM10 and γ-secretase, induce the membrane-
proximal cleavage of CADM1, called shedding, that results in MF-CADM1 formation on
tumor cells (Figure 1A) [33]. To investigate whether the cleavage of CADM1 also occurs on
NCI-H69 human SCLC cells, the cell extracts and culture media were individually collected
and subjected to immunoblot analysis with a commercially available anti-CADM1 antibody
that is specific to the second Ig-like domain in the ECD of CADM1. We detected a discrete
CADM1 band that had a smaller molecular weight in the media than that in the cell extract,
thereby suggesting the membrane-proximal cleavage of CADM1 on the NCI-H69 cells
(Figure 1B).
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Figure 1. Cleavage of CADM1 protein and preparation of CADM1 peptide conjugates as antigens for
antibody selection. (A) Schematic drawing of the membrane-proximal cleavage of CADM1 and its
resulting membrane-bound fragment of CADM1 (MF-CADM1) on cancer cell surfaces. (B) NCI-H69
SCLC cell extracts (left) or the culture media (right) were individually subjected to immunoblot
analysis with commercially available anti-CADM1 antibodies. Beta-actin was used as a loading
control. (C) MF-hCADM1-BSA, MF-hCADM1-BSA, or BSA as a negative control, was subjected to
SDS-PAGE, and the mobility shift was visualized by Coomassie Brilliant Blue (CBB) staining.

To generate MF-CADM1 peptide conjugates as antigens for antibody selection, we
first synthesized the peptides of human MF-CADM1 (MF-hCADM1; amino acids 360–374)
or mouse MF-CADM1 (MF-mCADM1; amino acids 374–388), respectively, and conjugated
them to bovine serum albumin (BSA) as a carrier protein (MF-hCADM1-BSA and MF-
mCADM1-BSA). The quality of the MF-CADM1 peptide conjugates was then assessed
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie Brilliant Blue (CBB) staining. We confirmed the mobility shift of MF-hCADM1-
BSA or MF-mCADM1-BSA compared with BSA as a negative control, showing the proper
conjugation of MF-CADM1 peptide conjugates (Figure 1C). These conjugates were then
used for antibody selection using phage display technology.
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2.2. Selection of Fully Human scFvs Specific to Human and Mouse MF-CADM1

To select fully-human antibodies having cross-species reactivity to human and mouse
MF-CADM1, we performed phage display bio-panning with the MF-hCADM1- or MF-
mCADM1-BSA-immobilized magnetic beads and selected scFv clones specific to both MF-
hCADM1 and MF-mCADM1 from a human synthetic scFv antibody library (Figure 2A).
In detail, following the consecutive six rounds of bio-panning by increasing detergent
concentration and washing frequency, 96 clones from output titer plates were randomly
selected, rescued by the helper phages, and tested for their reactivity to MF-hCADM1
and MF-mCADM1 using phage enzyme-linked immunosorbent assay (phage ELISA). All
of the selected scFv clones were found to have strong reactivity to MF-hCADM1- and
MF-mCADM1-BSA (Figure 2B), but not to BSA, as a negative control (data not shown),
showing the specific binding of the selected scFvs to MF-hCADM1 and MF-mCADM1.
Finally, the deoxyribonucleic acid (DNA) sequencing results reveal that four scFv clones
have different complementarity-determining region (CDR) sequences (data not shown).
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Figure 2. Selection of human and mouse MF-CADM1-specific scFv clones using phage display
technology. (A) Schematic representation of the scFv antibody selection procedures using phage
display bio-panning. Six rounds of bio-panning were performed with the MF-hCADM1- or MF-
mCADM1-BSA-immobilized magnetic beads. (B) Phage ELISA, with 96 randomly selected phage
clones, was performed to select MF-hCADM1- and MF-mCADM1-specific scFv clones.

2.3. Biophysiochemical Characterization of the Selected scFv-Fc Antibodies

Following the conversion of the selected scFvs to human IgG1 scFv-Fc antibodies,
the antibodies were transiently overproduced in Expi293F cells and purified using affinity
column chromatography with protein A sepharose, respectively. Here, we designated four
scFv-Fc antibodies as K103.1–4 and found that all the scFv-Fc antibodies have a production
yield of approximately 20 mg/L (Figure 3A). Further, the endotoxin contamination in each
antibody preparation was individually tested, wherein negligible endotoxin was detected
(data not shown).

To examine the conformation status of the scFv-Fcs, each scFv-Fc clone, in the presence
or absence of dithiothreitol as a reducing agent, was subjected to SDS-PAGE followed by
CBB staining. We observed that each clone is monomeric in the reducing condition, whereas
it has dimeric a conformation as expected in the non-reducing condition (Figure 3B).

To verify the specific binding of each scFv-Fc antibody to human and mouse MF-
CADM1, we individually performed ELISA with recombinant human CAMD1-ECD, MF-
hCAMD1-BSA, or MF-mCADM1-BSA. Here, BSA is used as a negative control. We found
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that all the selected scFv-Fc antibodies bind to MF-hCADM1- and MF-mCADM1-BSA but
not to recombinant human CAMD1-ECD or BSA alone (Figure 3C).
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Figure 3. Biochemical characterization of the four selected scFv-Fc antibodies. (A) The selected
antibodies were transiently overproduced and purified using affinity column chromatography. The
production yield of each scFv-Fc antibody was shown as graph bars. (B) The conformation status of
the scFv-Fcs was confirmed by SDS-PAGE under reducing and non-reducing conditions, followed by
CBB staining. (C) ELISA was performed with recombinant human CADM1-ECD, MF-hCADM1-BSA,
or MF-mCADM1-BSA to verify the specific binding of each antibody to MF-CADM1. BSA alone was
used as a negative control.

To investigate the binding affinity of each scFv-Fc antibody to human MF-CADM1, we
performed surface plasmon resonance (SPR). In detail, following the immobilization of MF-
hCAMD1-BSA onto a sensor chip, the binding kinetics of antigen-antibody interaction was
measured by increasing the concentration of the selected scFv-Fc antibodies (Figure 4A–D).
We demonstrated that K103.1, K103.2, K103.3, and K103.4 specifically bind to MF-hCADM1
with a dissociation constant (KD) of ~4.5, 39, 2.3, and 41 nM, respectively (Table 1).

Table 1. SPR analysis of the binding affinities of the selected scFv-Fc clones to MF-hCADM1.

Antibody (scFv-Fc) KD (M) Kon (1/M·s) Koff (1/s)

K103.1 4.49 × 10−9 4.63 × 104 2.07 × 10−4

K103.2 3.91 × 10−8 5.04 × 104 1.97 × 10−3

K103.3 2.25 × 10−9 1.38 × 105 3.11 × 10−4

K103.4 4.12 × 10−8 4.59 × 104 1.89 × 10−3

2.4. Effect of the Selected scFv-Fc Antibodies on Jurkat T Cell-Mediated SCLC Cell Death

To examine the surface binding of each scFv-Fc antibody to MF-CADM1 on SCLC cells,
we conducted flow cytometry with each scFv-Fc and NCI-H69 cell. The result revealed that
all the antibodies bind to the NCI-H69 cell surface (Figure 5A), whereas control IgG has
no binding (Supplementary Figure S1), indicating the specific interaction of the antibodies
to the considerable amount of MF-CADM1 on NCI-H69 cells. To further test the specific
binding of the antibody to MF-CADM1 on NCI-H69 cells, we pre-incubated K103.3 in
the presence or absence of MF-hCADM1 peptide-conjugated BSA and then conducted
flow cytometry. We found that pre-incubation of K103.3 with MF-hCADM1 reduces the
antibody binding to the NCI-H69 cell surface, indicating the specific binding of K103.3 on
MF-CADM1 on the cells (Supplementary Figure S2).
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Figure 5. Effect of the selected scFv-Fc antibodies on death in NCI-H69 cells by activated Jurkat T
cells. (A) The binding of the selected antibodies to MF-CADM1 on NCI-H69 cells was investigated
in the presence (solid line) or absence (dashed line) of the selected antibodies using flow cytometry.
(B) T cell activity was compared by measuring the fluorescence of GFP expressed in activated Jurkat T
cells in the presence or absence of selected antibodies. (C) The death rate of NCI-H69 cells using the
activated Jurkat T cells in the presence or absence of the selected antibodies, respectively. (D) Antibody
concentration-dependent death in NCI-H69 cells was measured. All values represent the mean ± SEM
of triplicate measurements from one of three independent experiments. * p < 0.05; ** p < 0.01.
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To investigate the role of the selected antibodies on T cell-mediated death in SCLC
cells, we first generated an antibody specific to CD3ε for T cell activation and prepared
engineered Jurkat T cells that specifically express a green fluorescent protein (GFP) upon T
cell activation. Then, we treated NCI-H69 with this anti-CD3ε antibody in the presence
or absence of each scFv-Fc antibody and measured the T cell activity. We confirmed that
the selected antibodies do not affect the Jurkat T cell activation induced by the anti- CD3ε
antibody (Figure 5B). Simultaneously, we incubated NCI-H69 cells with IncuCyte annexin V
red reagent, a fluorescent death dye, and quantified the extent of NCI-H69 cell death in the
presence or absence of each scFv-Fc antibody in the same experimental settings. We found
that, among the selected antibodies, K103.3 most potently induces the death of NCI-H69
cells by the activated Jurkat cells (Figure 5C). Further, we detected that K103.3-induced
death in NCI-H69 cells was increased in an antibody concentration-dependent manner
(Figure 5D).

To further examine the universal effect of K103.3 on T cell-mediated death in SCLC
cells, we also performed flow cytometry with K103.3 and other SCLC cell lines, such as
NCI-H146 and NCI-H187. We confirmed the binding of K103.3 on the surface of both
NCI-H146 and NCI-H187 cells (Figure 6A). Then, we incubated the activated Jurkat T cell
with NCI-H146 or NCI-H187 cells in the presence or absence of the K103.3 antibody. We
confirmed that the selected antibodies did not affect the Jurkat T cell activation induced
by the anti-CD3ε antibody (Figure 6B). Simultaneously, we found that K103.3 increases
the Jurkat T cell-mediated death in NCI-H146 (Figure 6C) or NCI-H187 (Figure 6D) in an
antibody concentration-dependent manner.
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Figure 6. Effect of the selected scFv-Fc antibodies on death in NCI-H146 and NCI-H187 cells by
activated Jurkat T cells. (A) The binding of the selected antibodies to MF-CADM1 on NCI-H146 and
NCI-H187 cells were examined in the presence (solid line) or absence (dashed line) of the selected
antibodies using flow cytometry. (B) T cell activity was compared by measuring the fluorescence
of GFP expressed in activated Jurkat T cells in the presence or absence of selected antibodies. An-
tibody concentration-dependent death in NCI-H146 (C) and NCI-H187 cells (D) in the presence or
absence of the selected antibodies was measured. All values represent the mean ± SEM of triplicate
measurements from one of three independent experiments.
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2.5. Effect of K103.3 on Endothelial Cell Toxicity

To investigate the effect of K103.3 on endothelial cell viability, we first evaluated the
viability of human umbilical vein endothelial cells (HUVECs) in the absence or presence of
K103.3 and 5-fluorouracil (5-FU) as a positive control. We confirmed that K103.3 did not
affect HUVEC viability, whereas 5-FU significantly reduced the cell viability (Figure 7A).
Furthermore, we treated HUVECs with K103.3 or human tumor necrosis factor α (hTNFα)
as a positive control. We monitored the HUVEC activation by measuring the expression
of vascular cell adhesion molecule-1 (VCAM-1) and intracellular cell adhesion molecule-1
(ICAM-1), endothelial cell activation markers. We found that K103.3 did not affect the
HUVEC activation, while hTNFα significantly induced the cell activation (Figure 7B).
Additionally, to investigate the possible adverse effects of the antibody in normal cells, we
first evaluated the MF-CADM1 expression on HUVECs using flow cytometry. The result
showed that CADM1, but not MF-CADM1, is expressed on HUVECs (Supplementary
Figure S4). Next, we incubated the activated Jurkat T cell with HUVECs in the presence or
absence of the K103.3 antibody. We confirmed that the selected antibody did not induce
Jurkat T cell-mediated death in HUVECs in an antibody concentration-dependent manner
(Supplementary Figure S5).
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Figure 7. Effect of K103.3 on endothelial cell toxicity. (A) HUVECs were incubated in the absence or
presence of K103.3 or 5-FU. Cell viability was measured at an absorbance of 450 nm. Values represent
the mean ± SEM of triplicate measurements. (B) HUVECs were cultured in the presence or absence
of hTNF-α or K103.3, stained with anti-ICAM-1 (upper panel) or VCAM-1 (lower panel) polyclonal
antibody, and analyzed using flow cytometry.

3. Discussion

SCLC is an aggressive form of lung cancer that has metastasized to other body areas
by the time it is diagnosed [34]. To date, some immunotherapy treatments have been
developed for the treatment of patients with SCLCs [35]. The two US FDA-approved
immune checkpoint inhibitors, namely, durvalumab and atezolizumab, are clinically used;
however, these have shown limited clinical efficacy because the median OS is only extended
by < 3 months [19,20]. Furthermore, other than these inhibitors, there are no other options
for antibody therapy for SCLC treatment [17]. Therefore, continuous efforts are needed to
identify promising potential therapeutic targets in SCLCs and therapeutics to improve the
clinical outcome of patients with SCLCs. In this study, we selected MF-CADM1-specific
fully human antibodies, a cleaved fragment of CADM1 on the cell surface of advanced
SCLCs, using phage display technology. Through intensive characterization and functional
studies, we demonstrated that an antibody targeting MF-CADM1 shows promising anti-
tumor activity by promoting the T-cell-mediated cell death of SCLCs. Here, based on our
findings, we suggest that MF-CADM1 may be a novel potential therapeutic target in SCLCs,
and antibody-based targeting of MF-CADM1 may be effective against SCLC.
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Antibody therapy is one of the targeted therapies that specifically modulates a causative
factor in cancer and blocks a specific signaling pathway that is closely associated with can-
cer progression and metastasis [36,37]. As well known, the target specificity of antibodies
leads to fewer adverse effects and superior efficacy and/or in combination with pre-existing
chemotherapeutic agents in cancer therapy [38]. Based on the present study findings, we
propose that the anti-MF-CADM1-specific antibodies that we have developed can be used
as antibody platforms for a wide range of use, such as research and pharmaceutical pur-
poses. Several lines of evidence support our hypothesis. First, K101.3 seems to be specific to
MF-CADM1. Our phage ELISA and ELISA with the selected scFv-Fc antibodies (K103.1~4)
show that all scFv or scFv-Fc clones specifically recognize MF-CADM1-BSA but not BSA.
All scFv-Fcs only bind to MF-CADM1-BSA but not to rhCADM1-ECD, and BSA further sup-
ports the specific binding of the antibodies to MF-CADM1. Furthermore, we confirmed that
K103.3 does bind to MF-CADM1-KLH but not to KLH alone (Supplementary Figure S1).
Second, all scFvs that are isolated from the human synthetic antibody library are fully
human antibodies. Thus, they may relatively lead to lower immunogenicity than the mouse
or chimeric antibodies in vivo. Third, it has broad cross-species reactivity to human and
mouse MF-CADM1 that can apply to preclinical and clinical safety and efficacy evaluation
studies. In phage ELISA and ELISA with selected antibodies, we observed that all the scFvs
or scFv-Fcs specifically recognize both MF-hCADM1-BSA and MF-mCADM1-BSA, but not
BSA. Fourth, our SPR analysis showed that K103.3 has a high affinity (KD approximately
2.3 nM) to MF-hCADM1, indicating strong binding toward the target antigen. Fifth, K103.3
specifically target MF-CADM1 expression on the membrane surface of SCLC cells. Using
flow cytometry, K103.3 specifically binds to a broad range of SCLC cell lines, including
NCI-H69, NCI-H146, and NCI-H526, whereas control scFv-Fc does not bind to these cell
lines (Supplementary Figure S2). Furthermore, K103.3, pre-incubated with MF-hCADM1,
does not bind to these SCLC cell lines (Supplementary Figure S3). Lastly, we confirmed
that all the selected scFv-Fc antibodies do not form visible aggregates during antibody
purification, indicating that the antibodies are physiochemically stable. Taken together,
these results suggest that the anti-MF-CADM1-specific antibodies may be useful not only
for identifying the functional role and relevance of MF-CADM1 in SCLCs but also for
developing the next-generation SCLC therapeutics for antibody therapy.

Cancer immunotherapy is a type of cancer treatment that boosts the body’s immune
system to combat cancer [39]. Upon the activation of T cells, it plays a pivotal role in
cancer cell death by secreting a variety of factors, including perforin, granzymes, and
cytokines [40]. By monitoring cell death using IncuCyte annexin V red reagent in the
present study, we found that K103.3 significantly promotes the death of three types of SCLC
cell lines, such as NCI-H69, NCI-H146, and NCI-H187 cells, by the activated Jurkat T cells
without interfering with the T cell activation. Furthermore, we found that each cancer cell
death was increased in a K103.3 antibody concentration-dependent manner. This evidence
leads us to speculate that K103.3 may act as a facilitator to recruit the activated T cells
near MF-CADM1-expressing SCLC cells and result in efficient SCLC cell death. In these
functional analyses, we have used an engineered Jurkat T cell line as a model cell line to
simultaneously monitor T cell activation and cancer cell death. This study has focused
on identifying the role of K103.3 on SCLC cell death by activated Jurkat T cells; however,
we cannot exclude the possibility that CD8-positive cytotoxic T cells participate in T cell-
mediated cell death of SCLCs in vivo. Additionally, through our in vitro toxicity evaluation
studies, we demonstrated that K103.3 does not affect the HUVEC activation, as well as
the HUVEC viability, suggesting that this antibody may not induce significant endothelial
cell toxicity in vivo. Taken together, although further in vivo studies are needed, based on
our findings, we suggest that MF-CADM1 may be a novel potential therapeutic target in
SCLCs and that antibody-based targeting of MF-CADM1 may be effective against SCLCs.

In conclusion, based on currently available evidence, we suggest a mode of action
whereby MF-CADM1-specific IgG-based antibody can promote the efficient recruitment
of T cells by interactions between the Fc region of the antibody and Fc gamma receptors
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expressing on T cells and redirect the activated T cells proximal to the membrane surface of
MF-CADM1-expressing SCLC cells, resulting in potentiating T cell-mediated SCLC cell
death. Furthermore, despite our antibodies being developed as mAbs, these antibodies
are also used as antibody platforms to generate bi- or multi-specific immune cell engagers
or chimeric antigen receptor T cells for the effective treatment of patients with SCLCs. In
future studies, we plan to further investigate the action mechanism in more detail and
evaluate in vivo efficacy, in combination with immune checkpoint inhibitors and against
MF-CADM1-expressing SCLCs.

4. Materials and Methods
4.1. Cell Culture

NCI-H69, NCI-H146, and NCI-H187 human SCLC cells (Korean Cell Bank, Seoul, Ko-
rea), and NF-κB/Jurkat/GFP™ transcriptional reporter cells (System Bioscience, Palo alto,
CA, USA) were cultured in RPMI 1640 medium (Gibco, Waltham, MA, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco) and 1% (v/v) penicillin/streptomycin
(Gibco) and maintained at 37 ◦C with 5% CO2. HUVECs were cultured in Endothelial
Cell Growth Medium-2 (EGM-2) (Lonza, Basel, Switzerland) at 37 ◦C with 5% CO2. The
Expi293F cells (Gibco) were cultured in Expi293 expression medium (Gibco) in a humidified
shaking incubator at 37 ◦C with 8% CO2.

4.2. Immunoblot Analysis

The NCI-H69 cells were lysed with RIPA buffer (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with a protease inhibitor cocktail (GenDEPOT, Katy, TX, USA).
NCI-H69 cultured media was concentrated with Amicon® Ultra Centrifugal Filters (Merck
Millipore, Burlington, MA, USA) following the manufacturer’s protocol. Then, the amount
of total protein was determined using the BCA assay kit (Thermo Fisher Scientific, Waltham,
MA, USA). Then, 10 µg of protein samples in the cell extracts or cultured media were re-
solved by SDS-PAGE and transferred to nitrocellulose membrane (GE Healthcare, Chicago,
IL, USA). The membrane was incubated with chicken anti-CADM1 mAb (1:1000; MBL,
Tokyo, Japan) or mouse anti-β-actin antibody (1:3000; Santa Cruz Biotechnology, Dallas,
TX, USA), respectively, overnight at 4 ◦C. After several washes with tris-buffered saline
with 0.1% (v/v) tween 20 (TBST), the membranes were incubated with horseradish perox-
idase (HRP)-conjugated anti-chicken IgY antibody (1:5000; Abcam, Cambridge, UK), or
HRP-conjugated anti-mouse IgG antibody (Seracare Life Science, Milford, MA, USA) for
1 h at room temperature. After washing with TBST buffer three times, the protein bands
were visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions.

4.3. Analysis of MF-CADM1 Peptide-Conjugates and Purified Antibodies

MF-hCADM1 or MF-mCADM1 peptide-conjugated BSA was generated by peptide
synthesis (Peptron, Daejeon, Korea). Then, 2 µg of MF-hCADM1 or MF-mCADM1 peptide-
conjugated BSA or BSA were only resolved by SDS-PAGE with a 12% polyacrylamide
under reducing conditions. The same amount of selected scFv-Fc antibodies was separated
under reducing or non-reducing conditions. After separation, each band on the resulting
gels was visualized by CBB staining.

4.4. Isolation of Fully Human scFv Antibodies Specific to MF-hCADM1 and MF-mCADM1

Phage display bio-panning was conducted to select MF-hCADM1- and MF-mCADM1-
specific fully human scFv antibodies from a human synthetic scFv antibody library. In detail,
4 µg of MF-hCADM1 or MF-mCADM1 peptide-conjugated BSA for each bio-panning was
first immobilized onto magnetic beads (Dynabeads M-270 epoxy, Invitrogen™, Waltham,
MA, USA). Then, to select scFv clones cross-reactive to human and mouse MF-CADM1, six
rounds of bio-panning were consecutively performed by alternately using magnetic beads
immobilized with MF-hCADM1 peptide conjugate for the first, third, and fifth bio-panning
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or MF-mCADM1 peptide conjugate for the second, fourth, and sixth bio-panning. Finally,
96 phage clones were randomly selected from output colonies and tested for their reactivity
to target antigens by phage ELISA. Following DNA sequencing, scFv clones with different
CDR sequences were selected and used for the next studies.

4.5. Phage ELISA

Single colonies were inoculated into 1 mL of SB media containing 50 µg/mL of
carbenicillin in 96-deep-well plates (Axygen, Union City, CA, USA) and incubated at 37 ◦C
overnight. Then, 1012 pfu/mL helper phages (VCSM13; Agilent, Santa Clara, CA, USA)
and 70 µg/mL of kanamycin were added and incubated overnight at 37 ◦C. The plates
were centrifuged at 4000 rpm, and the supernatant was applied for phage ELISA. The
96-well high-binding microplates (Corning, Corning, NY, USA) were coated overnight
with 0.1 µg of MF-hCADM1 and MF-mCADM1 in phosphate-buffered saline (PBS) at
4 ◦C. After blocking with 3% (w/v) BSA in PBS, the plates were incubated with 100 µL of
phage supernatant at 37 ◦C for 2 h. After washing three times with PBS containing 0.05%
(v/v) tween 20 (PBST), HRP-conjugated anti-hemagglutinin (HA) antibody (1:3000; Bethyl
Laboratories, Montgomery, TX, US) was added and incubated at 37 ◦C for 1 h. Colorimetric
detection was performed by adding 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution
(Thermo Fisher Scientific, Waltham, MA, USA) as the chromogenic substrate. The reactions
were stopped by the addition of 2 M of sulfuric acid (H2SO4), and the absorbance was read
at 450 nm using a microtiter plate reader (Bio-Tek Instruments, Winooski, VT, USA).

4.6. Generation of scFv-Fc Antibodies

To generate the scFv-Fc forms of antibodies, the selected scFv clones were individually
subcloned into the pCEP4 mammalian expression vector containing the fragment crystalliz-
able (Fc) region of human IgG1. The recombinant vectors that encode the scFv-Fc antibodies
were transfected into Expi293 cells using the Expi293 transfection kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) following the manufacturer’s instruction and cultured at 37 ◦C
with shaking at 125 rpm and 8% CO2. On the 7th day after transfection, the resulting
supernatants were collected for antibody purification using affinity chromatography with
protein A sepharose (GE Healthcare, Chicago, IL, USA) as previously described [41].

4.7. ELISA

Then, 0.05 µg of MF-hCADM1 or MF-mCADM1 peptide-conjugated BSA were coated
on 96-well plates (Corning) overnight at 4 ◦C. After blocking with 3% BSA in PBS, the plates
were incubated with the diluted antibodies in blocking buffer at 37 ◦C for 2 h. Following
several washes with PBST, the plates were then incubated with HRP-conjugated anti-HA
antibody (1:5000; Bethyl Laboratories) at 37 ◦C for 1 h. Finally, 100 µL of TMB substrate
(Thermo Fisher Scientific, Waltham, MA, USA) to each well was added for colorimetric
detection, and the reaction was stopped with the addition of 2N H2SO4 solution. The
absorbance was measured at 450 nm using a microtiter plate reader (Bio-Tek Instruments,
Winooski, VT, USA).

4.8. SPR

The real-time interaction of antibody and antigen was measured at room temper-
ature using SPR with an iMSPR mini-instrument (Icluebio, Seongnam, South Korea).
MF-hCADM1 peptide-conjugated BSA was immobilized on a research-grade carboxylic
(COOH) sensor chip using an amine coupling kit (Icluebio, Seongnam, South Korea) accord-
ing to the manufacturer’s instruction. Then, the increasing concentrations (8 nM, 16 nM,
32 nM, 64 nM, and 128 nM) of the selected antibodies in a running buffer containing 10 mM
of HEPES-buffered saline, pH of 7.4, 2 mM of CaCl2, 1 mM of MnCl2, 700 mM of NaCl, and
0.005% (v/v) tween 20 were injected at a flow rate of 50 µL/min at room temperature. For
the regeneration of the sensor chips at each cycle, 10 mM glycine-HCl, with a pH of 2.5,
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was used to remove bound antibodies from the surfaces. The affinity constant (KD) was
obtained using the iMSPR analysis software.

4.9. Flow Cytometry

To evaluate the selected antibody binding to MF-CADM1 on SCLC cells, 1 × 106 of
NCI-H69, NCI-H146, and NCI-H187 cells were fixed with 4% (w/v) paraformaldehyde
(PFA), blocked with 1% (w/v) BSA in PBS, and stained with 20 µg/mL anti-CADM1
scFv-Fcs at 4 ◦C for 30 min. The cells were then incubated with Alexa Fluor 488-labeled
anti-human Fc antibody (1:200; Invitrogen™, Waltham, MA, USA) at 4 ◦C for 30 min.
The samples were analyzed using flow cytometry (Guava easyCyte, Merck Millipore,
Burlington, MA, USA). The data were analyzed using FlowJo software (TreeStar, V 10.6,
Ashland, OR, USA).

To test the specific binding of K103.3 to MF-CADM1, 1 × 106 NCI-H69 cells were
fixed with 4% (w/v) paraformaldehyde (PFA), blocked with 1% (w/v) BSA in PBS, and
stained with K103.3 pre-incubated with MF-hCADM1 (4 ◦C for 1 h). The cells were then
incubated with Alexa Fluor 488-labeled anti-human Fc antibody (1:200; Invitrogen™) at
4 ◦C for 30 min. The samples were analyzed using flow cytometry (Guava easyCyte, Merck
Millipore, Burlington, MA, USA). The data were analyzed using FlowJo software (TreeStar,
V 10.6).

To evaluate the effects of K103.3 on endothelial cell activation, 2 × 105 HUVECs were
incubated in the absence or presence of 20 ng/mL hTNFα (Millipore) or 20 µg/mL K103.3
for 24 h. After blocking with 1% (w/v) BSA in PBS at room temperature for 1 h, cells were
incubated with 2 µg of anti-ICAM-1 (Abcam) or anti-VCAM-1 antibody (Abcam) at 37 ◦C
for 1 h and then with Alexa 647-labeled anti-rabbit IgG antibody (1:1000; Invitrogen™) at
37 ◦C for 1 h. The samples were analyzed using flow cytometry (Guava easyCyte). The
data were analyzed using FlowJo software (TreeStar, V 10.6).

To investigate the expression of CADM1 and MF-CADM1 on HUVECs, 1 × 106

HUVEC cells were fixed with 4% (w/v) paraformaldehyde (PFA), blocked with 1% (w/v)
BSA in PBS, and stained with 20 µg/mL anti-CADM1 scFv-Fc or chicken anti-CADM1 mAb
(1:1000; MBL) at 4 ◦C for 30 min. The cells were then incubated with Alexa Fluor 488-labeled
anti-human Fc antibody (1:200; Invitrogen™) or Alexa Fluor 488-labeled anti-chicken IgY
antibody (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at 4 ◦C
for 30 min. The samples were analyzed using flow cytometry (Guava easyCyte, Merck
Millipore). The data were analyzed using FlowJo software (TreeStar, V 10.6).

4.10. T Cell-Mediated Tumor Cell Killing Assay

The 96-well plates were coated with poly-L-lysine at 37 ◦C for 2 h and washed with
PBS three times. After drying, 5 × 103 of the indicated SCLC cells and HUVECs were
seeded and incubated at 37 ◦C overnight. Then, 5× 104 Jurkat T cells activated by 1 µg/mL
anti-CD3ε antibody were incubated with the target cells in 96-well clear flat bottom (Falcon,
Corning, NY, USA) in the presence or absence of the indicated concentration of the selected
antibodies. Simultaneously, Annexin V red reagent (Sartorius, Goettingen, Germany) was
also added to this experimental setting to monitor the death of SCLC cells and HUVECs,
which was measured using the IncuCyte® system (Sartorius) hourly for 2 days.

4.11. Cell Viability Assay

To test the cell viability of HUVECs in the absence or presence of the selected antibody,
5 × 103 HUVECs were seeded on 96-well plates after cell counting with ADAM-CellT
(NanoEntek, Seoul, Korea) and incubated in EGM-2 in the absence or presence of 20 µg/mL
of K103.3 or 36 µg/mL of 5-fluorouracil (5-FU) for 24 h at 37 ◦C. Cell viability was deter-
mined using the Cell Counting Kit-8 (Sigma-Aldrich, St Louis, MO, USA) following the
manufacturer’s instructions and measured at 450 nm absorbance using a microtiter plate
reader (Bio-Tek Instruments).
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4.12. Statistical Methods

The statistical analyses were carried out using GraphPad Prism (GraphPad Software
Inc., San Diego, CA, USA) using the two-tailed Student t-test for comparisons between
two groups. p-values of < 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01;
*** p < 0.001). Graphs are presented as the mean of independent experiments ± standard
error of the means (SEM).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms23136895/s1.

Author Contributions: Conceptualization, S.L., S.-W.S. and Y.J.; methodology, J.H.L., J.W.K., S.-
J.L., A.J. and K.H.; validation, J.H.L., J.W.K., H.R.Y. and J.H.Y.; formal analysis, J.H.L. and J.W.K.;
investigation, J.H.L., J.W.K., N.L., M.-G.K. and M.K.; resources, H.S. and S.L.; writing—original draft
preparation, J.H.L. and J.W.K.; writing—review and editing, S.L., J.H.L. and J.W.K.; visualization,
J.H.L. and J.W.K.; supervision, S.L.; project administration, S.L.; funding acquisition, S.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea, grant number
2019M3E5D5065844, and CellabMED Inc., grant number H2020-0033.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The collected data in this study are available from the corresponding
author on reasonable request. The information of the antibody clone sequences is not publicly
available due to patent issue.

Acknowledgments: We acknowledge that images were created with Biorender.com, accessed on 21
April 2022. We also appreciate Yea Bin Cho for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barta, J.A.; Powell, C.A.; Wisnivesky, J.P. Global Epidemiology of Lung Cancer. Ann. Glob. Health 2019, 85, 8. [CrossRef] [PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. Rudin, C.M.; Brambilla, E.; Faivre-Finn, C.; Sage, J. Small-cell lung cancer. Nat. Rev. Dis. Prim. 2021, 7, 3. [CrossRef] [PubMed]
4. Raso, M.G.; Bota-Rabassedas, N.; Wistuba, I.I. Pathology and Classification of SCLC. Cancers 2021, 13, 820. [CrossRef] [PubMed]
5. Oronsky, B.; Reid, T.R.; Oronsky, A.; Carter, C.A. What’s New in SCLC? A Review. Neoplasia 2017, 19, 842–847. [CrossRef]
6. National Organization for Rare Disorders (NORD). Small Cell Lung Cancer. Available online: https://rarediseases.org/rare-

diseases/small-cell-lung-cancer/ (accessed on 2 March 2022).
7. Kalemkerian, G.P. Staging and imaging of small cell lung cancer. Cancer Imaging 2012, 11, 253–258. [CrossRef]
8. The American Cancer Society. What Is Lung Cancer? Available online: https://www.cancer.org/cancer/lung-cancer/about/

what-is.html (accessed on 1 March 2022).
9. Wang, Y.; Zou, S.; Zhao, Z.; Liu, P.; Ke, C.; Xu, S. New insights into small-cell lung cancer development and therapy. Cell Biol. Int.

2020, 44, 1564–1576. [CrossRef]
10. Treatment Choices for Small Cell Lung Cancer, by Stage. Available online: https://www.cancer.org/cancer/lung-cancer/treating-

small-cell/by-stage.html (accessed on 2 March 2022).
11. Dayen, C.; Debieuvre, D.; Molinier, O.; Raffy, O.; Paganin, F.; Virally, J.; Larive, S.; Desurmont-Salasc, B.; Perrichon, M.;

Martin, F.; et al. New insights into stage and prognosis in small cell lung cancer: An analysis of 968 cases. J. Thorac. Dis. 2017,
9, 5101–5111. [CrossRef]

12. Quinteros, D.A.; Bermúdez, J.M.; Ravetti, S.; Cid, A.; Allemandi, D.A.; Palma, S.D. Therapeutic use of monoclonal antibodies:
General aspects and challenges for drug delivery. In Nanostructures for Drug Delivery; Elsevier Inc.: Amsterdam, The Netherlands,
2017; pp. 807–833. [CrossRef]

13. Lu, R.-M.; Hwang, Y.-C.; Liu, I.-J.; Lee, C.-C.; Tsai, H.-Z.; Li, H.-J.; Wu, H.-C. Development of therapeutic antibodies for the
treatment of diseases. J. Biomed. Sci. 2020, 27, 1. [CrossRef] [PubMed]

14. Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [CrossRef]
15. Kuhn, C.; Weiner, H.L. Therapeutic anti-CD3 monoclonal antibodies: From bench to bedside. Immunotherapy 2016, 8, 889–906.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23136895/s1
https://www.mdpi.com/article/10.3390/ijms23136895/s1
Biorender.com
http://doi.org/10.5334/aogh.2419
http://www.ncbi.nlm.nih.gov/pubmed/30741509
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1038/s41572-020-00235-0
http://www.ncbi.nlm.nih.gov/pubmed/33446664
http://doi.org/10.3390/cancers13040820
http://www.ncbi.nlm.nih.gov/pubmed/33669241
http://doi.org/10.1016/j.neo.2017.07.007
https://rarediseases.org/rare-diseases/small-cell-lung-cancer/
https://rarediseases.org/rare-diseases/small-cell-lung-cancer/
http://doi.org/10.1102/1470-7330.2011.0036
https://www.cancer.org/cancer/lung-cancer/about/what-is.html
https://www.cancer.org/cancer/lung-cancer/about/what-is.html
http://doi.org/10.1002/cbin.11359
https://www.cancer.org/cancer/lung-cancer/treating-small-cell/by-stage.html
https://www.cancer.org/cancer/lung-cancer/treating-small-cell/by-stage.html
http://doi.org/10.21037/jtd.2017.11.52
http://doi.org/10.1016/b978-0-323-46143-6.00025-7
http://doi.org/10.1186/s12929-019-0592-z
http://www.ncbi.nlm.nih.gov/pubmed/31894001
http://doi.org/10.3390/antib9030034
http://doi.org/10.2217/imt-2016-0049
http://www.ncbi.nlm.nih.gov/pubmed/27161438


Int. J. Mol. Sci. 2022, 23, 6895 14 of 14

16. Kaplon, H.; Chenoweth, A.; Crescioli, S.; Reichert, J.M. Antibodies to watch in 2022. MAbs 2022, 14, 2014296. [CrossRef] [PubMed]
17. Mathieu, L.; Shah, S.; Pai-Scherf, L.; Larkins, E.; Vallejo, J.; Li, X.; Rodriguez, L.; Mishra-Kalyani, P.; Goldberg, K.B.; Kluetz,

P.G.; et al. FDA Approval Summary: Atezolizumab and Durvalumab in Combination with Platinum-Based Chemotherapy in
Extensive Stage Small Cell Lung Cancer. Oncol. 2021, 26, 433–438. [CrossRef] [PubMed]

18. Regzedmaa, O.; Zhang, H.; Liu, H.; Chen, J. Immune checkpoint inhibitors for small cell lung cancer: Opportunities and
challenges. OncoTargets Ther. 2019, 12, 4605–4620. [CrossRef] [PubMed]
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