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Abstract

In vivo fluorescence imaging and single
photon emission computed tomography
using a novel human monoclonal antibody

against Claudin-3 in ovarian cancer

Sera Oh
Department of Biomedical Sciences
The Graduate School

Seoul National University

Introduction: : Claudin-3 (CLDN3), a tight junction protein, regulates
cell-to-cell interactions in epithelial or endothelial cell sheets. During
tumorigenesis, epithelial cells are transformed, and tumor cells
proliferate through out-of-plane division, resulting in external exposure
of CLDNS. Since alterations of CLDN3 expression are associated with

cancer progression and higher CLDN3 expression is observed in most



ovarian cancers, In this study, the feasibility of using a CLDN3-specific
antibody was evaluated as a novel imaging tracer.

Methods: : After reducing the CLDN3-specific antibodies to expose the
-SH groups, click chemistry was used to conjugate the radioactive
isotope [*In] or the fluorescent protein FNR648. Human ovarian cancer
OVCAR-3 and glioblastoma U87MG cells were used as CLDN3-
positive and -negative cells. Flow cytometry was used to determine the
CLDN3 IgG1 monoclonal antibody binding to both cell lines. OVCAR-
3 cells were injected subcutaneously into mice to establish a xenograft
model. In-labeled CLDN3 antibodies (370 kBg/50 pL) were
administered intravenously into mice. After 24 h, organs, including
tumors, were excised and measured with a y—counter. Images were
acquired with the IVIS optical imaging system and SPECT/CT.
Results: The labeling efficiency of [*!In]In-NOTA and [***In]In-NOTA-
antibody was 98.52% and 100%, respectively. FNR648-labeled CLDN3

antibody bound to the cell surface of OVCAR-3 and U87MG with 83.4%



and 5.7% specificity, respectively. In OVCAR-3 tumor xenografted mice,
CLDN3 1gG1 antibody showed a 2.5-fold higher tumor uptake (20.4 £
7.4% 1D/g) than control IgG1 (8.8 £ 2.6% ID/g) at 24 h post injection.
The CLDNS3 antibody fluorescence signal in the tumor peaked at 24 h
post injection.

Conclusion: In this study, CLDN3-specific antibody was successfully
conjugated with a radioisotope and a fluorescent protein and was verified
the specific binding of labeled antibodies to OVCAR-3 tumors in a
mouse model. These data suggest that CLDNS3-specific human

monoclonal antibodies could be used as a useful theranostic tracer.

Keywords : Claudin-3, Human monoclonal antibody, Dual imaging,

Imaging tracer, Human ovarian cancer

Student Number : 2016-21995
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INTRODUCTION

Carcinoma, a malignant tumor originating from epithelial tissues,
accounts for 80 ~ 90% of all human cancers. In normal cells, junctions
between adjacent epithelial cells form polarity by blocking the
movement of various proteins and lipids that are critical to normal cell
function. The most important feature of advanced tumors is the loss of
polarity in epithelial cells [1]. The tight junction (TJ), which controls
permeability to epithelial cell sheets and acts as a barrier to
intramembrane diffusion [2], is involved in tumorigenesis and
metastasis. Malignant cells often exhibit abnormal tight junctions and
cell polarity [3]. Reduced cell-cell interactions due to TJ loss lead to
disruption of the polarity of epithelial sheets, resulting in malignant
morphological features [4]. Thus, TJ components play an important
role in the development and progression of tumors and are potential
cancer targets [5].

Claudins (CLDNSs) are major transmembrane proteins that form the



TJ backbone and are required for its assembly, barrier, and paracellular

permeability functions [5]. CLDNs consist of a 24-member gene family

and are expressed in epithelial and endothelial cells, maintaining TJ cell

polarity and preventing diffusion of membrane proteins from the apical

to the basolateral cell membrane [6]. CLDN3 (220 amino acids) consists

of four transmembrane domains with cytoplasmic N- and C-termini and

two extracellular loops, ECL1 (27-80th amino acids) and ECL2 (144-

159th amino acids) [7]. Although the role of CLDNSs in tumorigenesis is

not yet clear, high expression of CLDN3 has been reported to correlate

with progression and recurrence in a variety of cancers, including breast,

colorectal, gastric, pancreatic, ovarian, and prostate [8-11]. In particular,

high expression of CLDN3 is known to correlate with poor prognosis

and survival [8, 12-15]. Many studies have recently investigated CLDN3

as a therapeutic target using overexpression of CLDN3 in various

carcinomas [14-18].

Although CLDN3 plays a pivotal role in tight junction integrity,

recent studies have shown that it is also independently involved in cancer



cell survival and invasion. CLDN3 has been proposed as a therapeutic

target as it is overexpressed in various carcinomas, particularly in

aggressive metastatic tumors. Clostridium perfringens enterotoxin (CPE),

which causes food poisoning, recognizes ECL2 of CLDN3 and CLDN4

[12, 19], enabling the development of CPE-based therapeutics in various

cancers with increased expression of CLDN3 or CLDN4 [19]. Therefore,

there is a need to develop drugs with high specificity, low

immunogenicity, and low cytotoxicity.

Therapeutic antibodies specifically target antigens overexpressed in

tumor cells and induce cell death in tumors through various mechanisms

[20, 21]. Many therapeutic antibodies have been developed, and more

than 80 have been approved by the United States Food and Drug

Administration (FDA) [22]. Therapeutic antibodies kill tumor cells

either directly or through immune-mediated mechanisms of antibody-

dependent cellular cytotoxicity (ADCC) or complement-dependent

cytotoxicity (CDC) [23, 24]. Although therapeutic antibodies have been

successfully used as a monotherapy, they have been further developed to



enhance therapeutic efficacy through more specific and selective
targeting involving cytotoxic agents, radioactive isotopes, toxins, or
photosensitizers [25-28]. Antibody-based targeted imaging enables non-
invasive whole-body imaging and has been used in clinical practice for
early cancer diagnosis, detection of cancer lesions, and prognostic

monitoring of treatment [29].

In a previous study, a human immunoglobulin G1 (IgGl)
monoclonal antibodies against CLDN3 were successfully produced from
a human single-chain variable fragment (scFv) phage library using
CLDN3-expressing CHO-K1 cells and CLDN3-containing lipoparticles
[30, 31]. In this study, the feasibility of using a CLDN3-specific antibody

was evaluated as a novel imaging tracer.



MATERIALS AND METHODS

1. In vitro study

1.1. Cell lines and culture

Human ovarian cancer (OVCAR-3), breast cancer (MCF7), and
glioblastoma (U87MG) cells were used to test CLDN3 expression and
establish xenograft mouse models. OVCAR-3 cells were cultured in
RPMI-1640 (Welgene Inc., Gyeongsan-si, Korea) with 10% fetal bovine
serum (FBS) (Gibco, Grand Island, NY, USA) and 1% antibiotics
(Invitrogen, Waltham, MA, USA). MCF7 and U87MG cells were
maintained in MEM (Minimum essential medium, Welgene Inc.,
Gyeongsan-si, Korea) with 10% FBS and 1% antibiotics. Cells were

grown in a humidified atmosphere at 37°C containing 5% COx.

1.2. Evaluation of CLDN3 protein expression in various human
cancer cell lines
Cells were lysed in RIPA buftfer (50 mM Tris-HCI, pH 8.0 with 150

mM sodium chloride, 1% Igepal CA-630, 0.5% sodium deoxycholate
5



and 0.1% sodium dodecyl sulfate), and cell lysates were centrifuged at

13,000 rpm for 10 min. Protein concentration was quantified by the BCA

protein assay kit (ThermoFisher, Waltham, MA, USA). 10 ug of protein

from each cell line was separated on a 15% SDS-PAGE gel and

transferred to a polyvinyl difluoride membrane (PVDEF, Millipore,

Watford, UK). After blocking the PVDF membranes with 5% skim milk

in tris-buffered saline for 1 h at room temperature, the membranes were

incubated overnight at 4°C with primary antibodies to CLDN3 (Abcam,

Cambridge, UK; diluted 1:1000) or B-actin (Sigma Aldrich, St. Louis,

MO, USA; diluted 1:5000). The membranes were subsequently probed

with HRP-conjugated anti-rabbit or anti-mouse IgG (Cell Signaling

Technology, Danvers, MA, USA; diluted 1:1000). Visualization was

performed using ECL reagents (Roche, Basel, Switzerland). Signal

intensity was measured using a chemiluminescence imaging system

(Bio-Rad, Hercules, CA, USA).

1.3. Flow cytometric analysis to evaluate CLDN3 expression at the

cellular level in human cancer cell lines
6



To confirm CLDN3 expression, 5x 10° cancer cells were incubated
in PBS containing 1% FBS with FNR648-conjugated control IgG
(Jackson Immunoresearch Laboratories, West Grove, PA, USA) or
CLDN3-specific antibodies [30, 31] (5 pug/mL) for 30 min on ice. Cells
were then washed 3 times with PBS containing 1% FBS. Stained cells
were analyzed with a BD Accuri C6 Plus FACS system (BD Biosciences,

Franklin lakes, NJ ,USA).

1.4. Immunofluorescence staining for visualization of CLDN3
expression in human cancer cell lines

Cells were seeded on cover glass in each well of a 12-well plate and
cultured for 24 h. Subsequently, cells were fixed with 4%
paraformaldehyde for 30 min, washed with PBS, and blocked with 5%
BSA in PBS for 30 min. Fixed cells were incubated with the anti-CLDN3
antibody (Abcam, Cambridge, UK; diluted 1:100) at RT for 1 h, and then
incubated with Alexa-flour 488-conjugated anti-rabbit antibody
(Invitrogen, Waltham, MA, USA; diluted 1:800) for 30 min. Nuclear

staining and mounting were performed with Prolong gold with DAPI
7
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(Invitrogen, Waltham, MA, USA). After fixing and drying at -20°C,
fluorescence images were obtained with a confocal microscope (Carl

Zeiss, Jena, Germany).

1.5. Radioisotope or fluorescence labeling of CLDN3-specific
antibody for in vivo dual imaging

To expose thiol groups of the antibody, | mM TCEP was added and
incubated with shaking at 37°C for 2 h. For conjugation with
radioisotopes or fluorophore, 2 pL of 20 nmol/uL of DBCO-PEG4-
maleimide (Dibenzocyclooctyne-PEG4-maleimide, 1  umole/uL,
dissolved in DMSO) was added and reacted at room temperature for 2 h.
The ratio of the CLDN3-specific antibody IgG (Abion, Seoul, Korea) to
ADIBO was used in a 1:10 reaction for binding with the —SH groups.
Conjugated antibodies were purified using a PD-10 column and eluted

with PBS at each step.

The pH of ['In]InCl; was adjusted to pH 5 using 1 M sodium

acetate buffer (NaOAc, pH 5) and 3-azidopropyl-NOTA (3-azidopropyl-



1,4,7-triaza-cyclononane-1,4,7-triacetic acid, 18 nmol dissolved in 10 pL
DMSO) was added to pH-adjusted ['!'In]InCls. The reaction mixture was
incubated at 70°C for 10 min in a heating block. Subsequently, [***In]In-
3-azidopropyl was added to DBCO-CLDN3 antibodies at 37°C for 1 h
in a heating block. At each step, the labeling efficiency of products (3-
azidopropyl-NOTA with [*In] or 3-azidopropyl-'"'In with the DBCO-
CLDN3 antibodies) was determined using Instant Thin Layer
Chromatography (ITLC-SG) with 0.1 M citric acid as a solvent. Strips
were counted with a Bio-Scan AR-2000 System Imaging Scanner (Bio-

Scan Inc., Washington D.C., USA).

For fluorophore conjugation, 10 nmole/uL of 3-azidopropyl-
FNR648 (Flamma® fluors 648) (BioActs, Incheon, Korea) was added to
CLDN3-specific antibodies, and reacted at room temperature for 1 h, and
fluorescence-labeled antibodies were purified using the PD-10 column

and eluted with PBS.

1.6. Serum stability test of "'In-labeled CLDN3 antibody

9



Human serum was filtered using a Minisart syringe filter
(hydrophilic, 0.2 pum, Sartorius Stedim Biotech., Bohemia, NY, USA)
and 5 mL syringe (BD, Franklin Lakes, NJ, USA). Filtered human serum
was mixed with [111In] labeled CLDN3-specific antibodies and incubated
at 37°C in a shaking incubator. At each time point (0, 4, 12, 24, 48, 72,
and 96 h after mixing with radiolabeled antibodies and human serum),
the mixture was analyzed using ITLC-SG with 0.1 M citric acid as the
solvent. Strips were counted with a Bio-Scan AR-2000 System imaging

scanner (Bio-Scan Inc., Washington D.C., USA).

1.7. Invitro cellular uptake of ''In-labeled anti-CLDN3

Cells were seeded in a 6-well plate until they reached approximately

80% confluency. Next, the cells were trypsinized and 1 x 10° cells

were added to a 5-mL test tube containing wamed Hank’s balanced salt
solution. After 1!In-labeled anti-CLDN3 mAb of 0.074 mBq (2 uCi/mL)
was added to the cells, the tubes were incubated in a shaking incubator

for 1 h at RT. These cells were then washed three times with cold Hank’s
10
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balanced salt solution and lysed for 5 min in 1% sodium dodecyl sulfate.
Cell lysates were collected and radioactivity was measured using a Cobra
IT gamma counter (Canberra Packard, Ontario, Canada). Radioactivity
was normalized to the amount of total protein at the time of the assay.
Total protein levels were quantified using the BCA protein assay kit
(Pierce, Rockford, IL, USA) according to the manufacturer’s
recommendations and bovine serum albumin was used as a protein

standard. All experiments were performed in triplicate.

2. In vivo study

2.1. CLDN3 targeted irn vivo imaging using radioisotope or

fluorescently conjugated antibody and biodistribution analysis

OVCAR-3 cells (5x10° cells) in 100 pL PBS were injected

subcutaneously into the right flank of a 6-week-old female athymic nude
mouse (Orient Bio, Seongnam, Gyeonggi, Korea) to generate xenografts.

FNR648-labeled antibodies (65 ug/100 uL in PBS) were intravenously

11



administrated to the tumor-bearing mice. After 0, 4, 24, and 48 h of
injection, mice were anesthetized with isoflurane and FNR648-labeled
antibodies were visualized using an IVIS imaging system (Perkin Elmer,
Waltham, MA, USA). Fluorescence was detected using excitation (645
nm) and emission (680 nm) filters.

After administration of 'In-labeled CLDN3 antibody (11.47 MBq
+ 0.523) to OVCAR-3 tumor-bearing mice by tail vein injection,
SPECT/CT images were acquired at 0, 4, 24 and 48 h post injection using
nanoSPECT/CT plus (Mediso, Budapest, Hungary). The scanning
acquisition parameters for the imaging modality are 245 keV + 10% v-
ray energy window. SPECT scans were acquired with 40 projections at
an 18° angular step. CT images were acquired with a tube voltage of 45
kVp, an exposure time of 1.5 sections per projection, and a
reconstruction algorithm of cone-beam filtered back-projection was used.
Images were processed using InVivoScope (BioScan, Washington D.C.,
USA) software and a Gaussian reconstruction filter was used for SPECT
images. After sacrificing the mice, the heart, lung, liver, kidney, spleen,

stomach, intestine, and tumor were excised. Organs from each mouse
12



were placed in a 100 mm petri dish and imaged using IVIS 100 (Perkin
Elmer, Waltham, MA, USA).

For biodistribution experiments, **In-labeled CLDN3 antibody
(370 kBqg/50 pL) was intravenously injected into tumor-bearing mice.
After 24 h, mice were sacrificed and organs including tumors were
excised. Tissues of interest were weighed and radioactivity was
measured with a y-counter (Canberra Packard, Ontario, Canada). For
blocking experiments, mice were co-injected with unlabeled CLDN3
antibody (3 mg).

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Seoul National University

(19-0128-S1A3).

2.2. Statistical analysis
Statistical comparisons were made using unpaired Student’s t-test
or one-way ANOVA. Data are presented as mean + standard deviation

(SD) of the mean for n = 3 to 4 replicates and the significance of the

13



values is indicated by asterisks (*P <0.05, **P <0.01, and ***P <0.001).

All statistical analysis was measured using GraphPad Prism 8 software

(San Diego, CA).

14
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Figure 1. Schematic experiment of labeling CLDN3-specific

antibody with radioisotopes or fluorophore

Among proteins forming tight junctions, CLDN3 plays a role in
maintaining parallel structures in normal endothelial cells and regulates
intercellular interactions. During tumorigenesis, out-of-plane division
occurs, exposing CLDN3 to the outside. In addition, it is known that the
expression of CLDN3 is closely related to poor prognosis and survival,

and CLDN3 is overexpressed in most epithelial ovarian cancers. The
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purpose of this study is to evaluate an image tracer that can

simultaneously use optical or nuclear medicine imaging using a CLDN3-

specific antibody. The labeled CLDN3-specific antibody was injected

into ovarian cancer mouse model and evaluated as a dual image tracer

that can be used for cancer diagnosis by optical or nuclear medical

imaging.

16



RESULTS

1. Evaluation of CLDN3 expression and selection of CLDN3-positive

cells

First, CLDN3 expression was characterized in various human

cancer cell lines, including glioblastoma cell line US7MG, breast cancer

cell line MCF7, and ovarian cancer cell line OVCAR-3. Western blotting

showed high expression of CLDN3 protein in MCF7 and OVCAR-3 cell

lines but no expression in US7MG (Figure 2a).

Cells were analyzed by flow cytometry to confirm the efficacy of

the CLDN3-specific antibodies. Similar to Western blotting results, 79%

and 83.4% of antibody binding was observed in MCF7 and OVCAR-3,

respectively, indicating high expression of CLDN3. On the other hand,

U87MG with low CLDN3 expression showed a binding affinity of 5.7%

(Figure 3d). Immunofluorescence images of CLDN3 expression showed

positive signals in the cell membrane of the CLDN3-expressing cell lines.

No signal was observed in the CLDN3-negative cell line, US7MG,

indicating the absence of non-specific binding (Figure 4a). As a result of

17



calculating and quantifying the fluorescence intensity from the

immunofluorescence images, the fluorescence intensity of Alexa 488-

conjugated CLDN3 antibody was the highest in MCF7 cell lines and

showed a statistically significant difference from the other two cell lines,

U87MG and OVCAR-3 (Fig 4b). Thus, the expression of CLDN3 was

confirmed in human cancer cells, and the OVCAR-3 cell line was used

as CLDN3-positive to target CLDN3.

18
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Figure 2. Expression of CLDN3 in various human cancer cell lines
(a) Western blot analysis of CLDN3 protein expression in various human

cancer cell lines, negative cell line US7MG (human glioblastoma),
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positive cell line MCF7 (human breast cancer cell line), OVCAR-3

(human ovarian cancer cell line). (b) CLDN3 protein expression level

related by [-actin. N.D: Not detectable.
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Analysis of binding affinity of fluorescently conjugated CLDN3 in

CLDN3 overexpressed cell lines. (a) Compared to con IgG, the

CLDN3-specific antibody showed 81% binding affinity to the

OVCAR-3 cell line. (b) As a result of analyzing the CLDN3 bound cell

population using the FNR648-labeled CLDN3 antibody, the CLDN3

antibody was bound over 80% in OVCAR-3 cell line. (c) Cells treated

with FNR648-CLDN3 antibody showed much stronger fluorescence

intensity and a much higher MFI values than other groups. (d) Flow

cytometric analysis of CLDN3 antibody bound in various human

cancer cell lines. (e) In the CLDN3 overexpressed cell lines, the

CLDN3-antibody bound was 79% in the MCF7 (human brease cancer

cell line) and 83.4% in the OVCAR-3 (human ovarian cancer cell line),

respectively. (f) In particular, the fluorescence bound CLDN3 antibody

was the strongest in the MCF7 cell line and showed a higher MFI than

other groups.
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Figure 4. Confirmation of CLDN3 expression by

immunofluorescence staining in various human cell lines

U87MG, MCF7 and OVCAR-3 cells were fixed with 4%

paraformaldehyde, incubated with anti-CLDN3 for 1 h at RT, and stained

with Alexa 488 conjugated anti-rabbit antibody for 30 min. (a)

Fluorescence was observed by confocal microscopy. (b) Quantitative

values of cells stained using Alexa 488 conjugated CLDN3 antibodies

were calculated and graphed.
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2. Characterization of labeled CLDN3-specific antibody

Human monoclonal CLDN3-specific antibodies [30, 31]. were
modified to expose thiol groups and labeled with In using click
reaction (Figure 5). According to TLC results, the radiochemical purity
of ['"'In]In-NOTA-N3 was more than 98%, and the purity of !!In
labeled Con IgG (Figure 6a) and CLDN3-specific antibodies was 100%
(Figure 6b). The stability of the labeled antibodies was over 80% at

37°C for up to 96 h in PBS and human serum (Figure 6c¢).
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Figure 6. Evaluation of the activity of human monoclonal antibody

for CLDNS3 in vitro
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(a) Radio thin-layer chromatography (TLC) analysis for the confirmation
of ""In-labeled Con IgG antibody, (b) '''In-labeled CLDN3 antibody.
Mn was successfully chelated to NOTA-Nj3 with a labeling efficiency of
over 98%. According to the TLC results, both Con IgG and CLDN3
antibodies showed 100% labeling efficiency. (c¢) In vitro antibody
stability in human serum. To evaluate the stability in human serum, each
labeled antibody was added to human serum and measured up to 0, 4, 12,
24, 48, 72, and 96 h. Each antibody was maintained in a shaking
incubator at 37°C. It was shown that the stability of the antibody in PBS
was more than 90% and was stable up to 96 h. Similarly, 'In-labeled-

CLDN3 antibody in human serum was stable at more than 80% up to 96
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Figure 7. In vitro binding affinity of "In-labeled CLDN3 antibody
All ""In-labeled-anti-CLDN3 cellular binding affinity assays in cells
were measured by radioactivity of !!!In (y-emitter) using a gamma
counter. (a) CLDN3 overexpressed cell line, OVCAR-3, showed higher
radioacitity values. On the other hand, U87MG with lower CLDN3

expression showed lower radioactivity, which showed a statistically
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significant. (b) As a result of quantifying protein isolated from each cell
lines for normalization, there was no statistically significant difference
in the amount of protein in the two cell lines. (c) As a result of
normalization, OVCAR-3 showed higher radioacitivity, indicating that

Hn-labeled-CLDN3 antibody more specifically bound to OVCAR-3.
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3. Fluorescence images of CLDN3-specific antibody in a mouse
model

Mouse tumor models were established using CLDN3-expressing
OVCAR-3 cells and whether CLDN3-specific antibodies were
recognized in vivo was investigated. FNR648-conjugated CLDN3
antibodies and control human IgGl (con IgG) were injected
intravenously into tumor-bearing mice and biodistribution images were
compared in a time-dependent manner. Con IgG had no fluorescence
signal in the tumor, but the CLDN3 antibody showed very specific
fluorescence signal. To confirm the non-specific binding of the CLDN3
antibody, 3 mg of the non-labeled antibody and the FNR648-labeled
CLDN3 antibody were intravenously injected into the mouse.
Fluorescence was almost invisible in normal tissues, and non-labeled
antibodies successfully blocked FNR648-labeled CLDN3 antibody
binding in the tumor. (Figure 8a). As a result of quantification for each
mouse, it was remarkably accumulated at the tumor site in mice injected
with CLDN3 specific antibody and it was higher than that of the control

group and the blocking group (Figure 8b). At 24 h post injection of the
31
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antibody, the fluorescence intensity in mice injected with the CLDN3-

specific antibody increased up to 10-fold compared to other groups,

followed by gradual clearance over time (Table 1). Quantitative analysis

of the fluorescence tumor images revealed specific binding of FNR648-

labeled CLDN3 antibody in the tumor (Figure 8). Fluorescence

measurement of ex vivo organs also demonstrated specific binding of

FNR648-labeled CLDN3 antibody in the tumor (Figure 9). Taken

together, the ability of fluorescently labeled CLDN3-specific antibodies

to target CLDN3-expressing tumors in vivo was demonstrated,

suggesting that fluorescently labeled antibodies have the potential to be

used as diagnostic imaging tracers for tumor detection.
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Figure 8. Fluorscence imaging of control IgG and CLDN3 specific

antibody

(a) Fluorescence imaging of control IgG and CLDN3 specific antibody

in OVCAR-3 tumor bearing mouse. OVCAR-3 cells were transplanted

subcutaneously into athymic nude mice. Control human IgG and CLDN3

were intravenously injected at a dose of 100 pg/mouse, and the

fluorescence intensity was monitored at 0, 4, 24, 48 h using IVIS100. (b)

Mean fluorescence intensity by group. In the case of the blocking group,

3 mg of non-labeled antibody was pre-injected before injecting the

fluorescently conjugated antibody. There was almost no fluorescence

intensity until the first 4 h. At 24 h after injection, a strong fluorescence

signal was detected at the tumor site in the mouse injected with the

CLDN3 antibody. After that, the fluorescence intensity decreased over

time. (b) As a result of the fluorescence intensity of the tumor region of

each mouse at 24 h post-injection, the mice injected with CLDN3

showed much stronger fluorescence intensity than the other groups. In

addition, the fluorescence intensity showed the highest peak at 24 h post-

injection.
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Table 1. Quantified fluorescence intensity of FNR648-labeled

CLDN?3 antibody

p/s/ecm?/sr 0 hr 4 hr 24 hr 48 hr
Control 7.16E+06 7.72E+06 8.10E+06 8.26E+06
CLDN3 4.44E+07 7.18E+07 8.57E+07 6.29E+07
Blocking 8.45E+06 8.96E+06 1.08E+07 1.15E+07

This table shows the fluorescence intensity at the tumor site time-

dependent-manner. The fluorescence intensity was remarkably

accumulated in the tumor site of the mice injected with the CLDN3-

specific antibody. After 24 h of antibody injection, mice injected with

CLDN3 specific antibody showed the highest fluorescence intensity,

which was increased up to 10-fold compared to other groups.
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Figure 9. Ex vivo fluorescence imaging

Ex vivo images of FNR648 conjugated CLDN3 antibody at 48 h post

injection. As a result of fluorescence measurement in ex vivo organs, it

was shown that the FNR648-labeled CLDN3-specific antibody

effectively targeted CLDN3-expressing tumors and 7showed higher

fluorescence intensity than other organs.
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4. SPECT/CT imaging of the CLDN3-specific antibody in a mouse
model

CLDN3 specific antibodies were labeled with ''In for SPECT
images to test the possibility of clinical application. SPECT/CT images
were obtained by intravenous injection of !!'In-labeled antibodies.
Uptake of !!"In-labeled control IgG was not observed in the tumor, and
it was gradually removed from other organs over time. As expected, the
Tn-labeled CLDN3-specific antibodies showed significant uptake in
OVCAR-3 tumors, with the highest tumor uptake observed at 24 h post-
injection. On the other hand, mice injected with non-labeled antibodies
for blocking showed lower uptake in the tumor and other organs (Figure
10). In summary, '''In-labeled CLDN3 antibody exhibited significantly
higher and specific tumor uptake in the OVCAR-3 tumor model.
Biodistribution study also demonstrated higher uptake of '''In-labeled
CLDN3 antibody in tumors (20.6 + 7.5 %ID/g vs 8.1 + 3.6 %ID/g, P <
0.05) than that in the blocking group (Figure 11). When the distribution
of each organ was compared, tumor uptake was the most prominent, but

kidney uptake was also seen to some extent (Table 2).
38



Oh 4h 24h 48h

Control

Figure 10. SPECT/CT images of !"'In-labeled CLDN3 antibody

Based on the time-dependent imaging, !''In-labeled CLDN3 specific
39



antibody showed high tumor uptake 24 h post-injection, which is
significantly higher than that of other groups. The blocking group
injected with unlabeled cold antibody showed lower tumor uptake than

that of CLDN3 injected group.
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Figure 11. Biodistribution of ['''In]In-NOTA-CLDN3 in mice

bearing xenograft OVCAR-3 tumor at 24 h.
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Table 2. In vivo distribution in OVCAR-3 tumor bearing mice

injected with '"In-labeled antibody

Control CLDN3 Blocking
%ID/g
(n=3) (n=6) (n=4)
Tumor 13.0 =54 20.6 £7.5 8.1+3.6
Kidney 13.3+1.9 145+1.1 11.5+3.6
Intestine 3.0+ 0.2 104+ 1.3 53+1.0
Stomach 2.1+£0.7 3.0£1.5 1.7+ 0.4
Spleen 7.5+1.6 6.8+0.8 45+1.5
Liver 11.4£1.6 155+2.3 16 +£3.2
Heart 7.2+0.2 5.6 £0.6 4.0+1.1
Lung 14125 10.2 £2.5 83+1.7
Bone 43+£1.0 25+0.9 24+1.0
Muscle 1.7+1.3 29+0.8 1.9+0.2
Brain 0.8 £0.1 0.4 +0.1 0.4+0.1

Mice injected with !'In-labeled CLDN3-specific antibody showed

significantly higher tumor uptake than that of other groups, which was
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statistically significant (p < 0.05). High uptake was also observed in

some normal tissues, such as the kidneys and lungs and liver. Bone,

muscle and brain tissue showed lower uptake than other tissues.
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DISCUSSION

In many cancers, CLDN3 is localized to cell membranes and shows

promise as a cancer therapeutic target. CLDN3 is an attractive target for

cancer therapy because it is accessible in cancer cells compared to

normal cells. A normal epithelial cell proliferates parallel to the epithelial

plane, and access of CLDN3 is restricted. However, in the early stage of

epithelial cancer cell formation, the direction of the mitotic spindle is not

controlled, and the cell loses the direction of division and proliferates

through out-of-plane division, resulting in CLDN3 is exposed outside.

As the exposed CLDN3 becomes easily accessible, CLDN3 can be a

therapeutic target that can be specifically delivered to tumor tissue for

cancer treatment or anticancer drugs. Therefore, in this study, I tried to

investigate the possibility as a potential therapeutic diagnostic biomarker

targeting CLDN3 by conjugating a therapeutic entity such as

pharmacological or radioactive to CLDN3-specific antibody.

Although the role of CLDN3 in tumorigenesis has not yet been

elucidated, it is overexpressed in various carcinomas, plays an important
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role in tumor progression and metastasis, and is associated with the
characteristic TJ dysfunction, the most important feature of epithelial
carcinoma [1-6]. Various molecular imaging and antitumor therapies
targeting CLDN3 have been developed. Although CPE-based
therapeutics that bind to ECL2 of CLDN3 are the best known of those
developed to target the CLDN3 protein, there is still a need to effectively
target CLDN3 with high specificity and low toxicity. In addition, since
CLDN3 overexpression is known to be associated with poor prognosis
in many cancer cells, especially ovarian cancer, it has a potential as a
useful biomarker for cancer detection and diagnosis in ovarian cancer.
Also, it has been reported that other CLDN3 antibodies are being studied
as candidates for drug delivery system in ovarian cancer [42]. However,
nuclear medicine treatment targeting CLDN3 has not yet been studied.
Through this study, effective targeting of the CLDN3 antibody was
evaluated, and it is thought to have a potential as a therapeutic target.
Furthermore, this is due to the disadvantage that it is difficult to confirm
the location or internalization of in vitro cells with confocal microscopy

images using isotope-conjugated antibodies. Since theses limitation can
46



be overcome with fluorescence images, this study attempted to perform
dual imaging of nuclear medicine and optical imaging simultaneously.

Antibody-drug conjugates are emerging as potential targeted
therapies for the delivery of highly cytotoxic drugs to the tumor site. To
date, only four known antibody drug conjugates have received FDA
approval. Its limitations include a diverse population with different drug-
to-antibody ratios and different drug conjugation sites. For this reason,
the synthesis of homogenous immunoconjugates is necessary and
important. In order to develop an antibody that effectively targets
CLDN3 by conjugating a more homogenous and specific therapeutic
entity, this study aimed to evaluate the potential of CLDN3-specific
antibody as a new antibody therapeutic agent.

In a previous study, it was confirmed that fluorescence-conjugated
CLDN3 antibody was intravenously injected into CLDN3 expressing
tumor bearing xenograft mice and localized to the tumor site [30-31].
However, other nuclear medicine imaging agents for CLDN3 have not
yet been reported. For example, as a representative nuclear medicine

gold standard, ['"®F]JFDG PET is generally used for cancer diagnosis, but
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it is uptake not only in tumors but also in areas of brain or inflammatory

lesion with high glucose uptake, which often leads to false positive

results. Antibodies can improve the selectivity and specificity of tumor-

to-normal tissues by delivering drugs such as pharmacologic agents,

radioisotopes, or photosensitive agents to the tumor. Therefore, it is

expected to be a potential as a non-invasive cancer biomarker using

antibodies in nuclear medicine.

Antibody conjugation is generally known to be accomplished by a

chemical reaction. Recently, many attempts have been made to conjugate

specific enzymes through protein engineering. However, the preferred

sites for chemical conjugation of antibodies are lysine and cysteine

residues, and after reducing the cysteine residues, we used the click

reaction, one of the highly efficient experimental techniques, as an

antibody conjugation method. The reaction between azide and alkyne

shows a high yield, and it can be used more diversely by relatively easily

introducing isotopes, fluorescence, or drugs.

In this study, human CLDN3 antibodies could specifically target

CLDN3 positive tumors and the CLDN3-overexpressing human ovarian
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cancer cell line OVCAR-3 both in vitro and in vivo. Optical and nuclear

images were successfully acquired by conjugating CLDN3 antibodies

with a fluorescent dye or radioactive isotope. These observations

suggested that the CLDN3 antibody can be used as an effective CLDN3-

specific imaging tracer in various molecular imaging modalities. In order

to label a CLDN3-specific antibody, it is important to minimize antibody

damage. TCEP is widely used as the most effective reductant for cleaving

protein disulfide bonds [34]. After cleavage of the disulfide bond of the

antibody using TCEP, highly site-specific click chemistry was used to

label imaging tracers to label fluorescence and radioisotopes at the same

site without damaging the CLDN3 specific Fab portion and preventing

non-specific binding.

Although it was successfully detected CLDN3-overexpressing

tumors in a mouse model by injecting the CLDN3 antibody labeled with

FNR648 fluorescent dye, autofluorescence was probably detected in the

intestinal region because the mice were fed a diet containing alfalfa that

could be avoided by feeding an alfalfa-free diet. On the other hand, intact

antibody clearance has also been reported to be generally up to 168 hours.
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However, it is known to show a remarkably high uptake even in 2 to 3
days [40]. Therefore, given the in vivo half-life of antibodies, radioactive
isotopes with half-lives of 2—3 days were considered appropriate. Thus,
the CLDN3-specific antibody was labeled '''In with a half-life of 2.8
days for SPECT/CT imaging.

In addition, SPECT/CT images of mice showed high kidney uptake
because CLDN3 is one of the proteins constituting the tight junction.
And it is known to be expressed not only in tumor but also in normal
tissues [32-33]. For example, high expression of CLDN3 is found in the
ovary, colon, thyroid, and salivary, and there is also some level of
CLDN3 expression in kidney, pancreas, and liver [33]. Therefore, there
1s a possibility of kidney uptake. As shown in the SPECT/CT image in
Figure 10, there was little bladder uptake at 24 h, and tumor or kidney
uptake seemed high. Also, according to the serum stability test, '''In-
labeled antibody was stable up to 96 ho, so it is thought that there was
little possibility that a small size such as ['!'In]In-NOTA.

Also, the safety of CLDN3 targeted therapeutics and selective

targeting of tumor tissues should be considered for clinical application.
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For example, it has been reported that CLDN18.2-specific chimeric
antigen receptor T cells (CAR T cells) have a therapeutic effect on gastric
and pancreatic cancer [35-37]. Recently, FDA approved the use of anti-
CLDN18.2 CAR T cells in the treatment of CLDNI18.2-expressing
gastric, pancreatic, and gastroesophageal junction adenocarcinomas.
CAR-engineered immune cell therapy will have a good response and will
be a good trial for a promising strategy for anticancer therapy [38].
Recently, various therapeutic radioisotopes have been used alone or
in combination by conjugation to antibodies. As one of the most suitable
nuclides for radioimmunotherapy using antibodies, !”’Lu has therapeutic
and diagnostic applications as it can furnish non-invasive whole-body
images. Further studies are needed to use of CLDN3-specific antibodies
as a theranostic tracer. Currently, the efficacy of binding '""Lu to
CLDN3-specific antibodies is being tested, and anti-cancer therapies
using CLDN3-specific antibodies combined with other therapeutic
radioisotopes in CLDN3-positive tumors are planned to be developed
and investigated. However, according to the SPECT/CT imaging and

biodistribution results, '''In-labeled antibodies had high kidney uptake.
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A drug called Gelofusin is known to inhibit normal renal absorption, and
it has been reported that it actually reduces renal absorption in vivo [41].
Treatment with drugs such as gelofusin that inhibit renal absorption

reduces renal uptake and makes them more effective tumor targets.
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