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Introduction: Prostate and breast cancer are the most prevalent primary malignant human tumors globally. Prosta-
tectomy and breast conservative surgery remain the most common definitive treatment option for the >500,000
men and women newly diagnosed with localized prostate and breast cancer each year only in the US. Morpho-
logical examination is the mainstay of diagnosis but margin under-sampling of the excised cancer tissue may lead
to local recurrence. In despite of the progress of non-invasive optical imaging, there is still a clinical need for
targeted optical imaging probes that could rapidly and globally visualize cancerous tissues.

Methods: Elevated expression of junctional adhesion molecule-A (JAM-A) on tumor cells and its multiple pro-
tumorigenic activity make the JAM-A a candidate for molecular imaging. Near-infrared imaging probe, which
employed anti-JAM-A monoclonal antibody (mAb) phthalocyanine dye IR700 conjugates (JAM-A mAb/IR700),
was synthesized and used to identify and visualize heterotopic human prostate and breast tumor mouse xenografts
in vivo.

Results: The intravenously injected JAM-A mAb/IR700 conjugates enabled the non-invasive detection of prostate
and breast cancerous tissue by fluorescence imaging. A single dose of JAM-A mAb/IR700 reduced number of
mitotic cancer cells in vivo, indicating theranostic ability of this imaging agent. The JAM-A mAb/IR700 conjugates
allowed us to image a specific receptor expression in prostate and breast tumors without post-image processing.
Conclusion: This agent demonstrates promise as a method to image the extent of prostate and breast cancer in
vivo and could assist with real-time visualization of extracapsular extension of cancerous tissue.

Introduction

Breast cancer (BCa) is the most common cancer in women and ap-
proximately 1 in 8 US women (12%) will develop invasive BCa over the
course of her lifetime. In 2016, an estimated 246,660 new cases of inva-
sive BCa are expected to be diagnosed and approximately 40,450 would
die as a result of it [1]. Due to better screening techniques cancers are

caught earlier and 75% of patients are candidates for breast conserving
surgery (BCS) to remove the cancer.

Prostate cancer (PCa) remains the most prevalent primary malignant
tumor among men in the United States [2]. Radical prostatectomy re-
mains the most common definitive treatment option for the >250,000
men newly diagnosed with localized prostate cancer each year [3], with
up to 85% of all prostatectomies in the United States performed robot-
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ically [4]. Despite well-developed therapeutic interventions including
surgery, radiation, and chemotherapy approximately 35% of patients
will develop a prostate-specific antigen recurrence within 10 years after
surgery [5,6].

With current screening and public awareness most of BCa and PCa
cases detected are estimated to be clinically localized and optimal for
surgical treatment. Nevertheless, the status of the microscopic margins
of excision of the BCa and PCa specimens is still the most important prog-
nostic and risk factor for local recurrence [7-9]. Unfortunately, despite
improving clinical imaging modalities [10,11], the process of achiev-
ing negative margins remains retrospective and is determined post hoc
by routine pathology exam [12,13]. Indeed, current pathology methods
only assess about one tenth of 1% of the entire volume of the removed
specimen. So, the ability to visualize small foci of extracapsular exten-
sion of both PCa and BCa at the time of surgery may reduce the incidence
of positive surgical margins while reducing damage to critical adjacent
structures [14]. Targeted optical imaging probes, as imaging tools to
visualize cancerous tissue, might be a solution.

Fluorescence imaging is a developing, highly beneficial, and promis-
ing approach for assessment of tumor boundaries during surgical pro-
cedures that holds many advantages, where among others are a high
sensitivity, a real-time visualization, and an ability to assess the entire
surgical margins [15,16]. Apart from the relatively low cost of the flu-
orescent contrast agent, it is considered to be safe for the patient and
for the medical team [17]. Several fluorescence probes for detecting the
activity of proteases upregulated in BCa cells have been developed to
visualize tumors rapidly and sensitively [18-21]. Tumor targeting fluo-
rescent probes, including anti-VEGF Bevacizumab-800CW [22,23] and
anti-integrin aVp3; cRGDY-PEG-Cy5.5-C dots [24], are in clinical trials
for fluorescence image guided surgery of BCa and better control of lo-
cal recurrences. Among many discovered proteins that PCa tissue is ex-
pressed, a few were well-characterized and then nominated as specific
biomarkers. Agents such as fluorescence-labeled hepsin- and matriptase-
targeted peptide and antibody [25-27] have been developed and ap-
plied for fluorescence imaging of PCa. Recently, prostate-specific mem-
brane antigen (PSMA) that is highly expressed in PCa was "brought to
light" of the fluorescent imaging realm. Levels of PSMA expression might
correlate with the stage of PCa disease and Gleason score [28] that made
it a promising target for both imaging [29-31] and treatment of prostate
cancer [32,33].

Junctional adhesion molecule-A (JAM-A) was discovered 20 years
ago, but it was recently described to have a prognostic role in cancer
development [34,35]. In addition, JAM-A expression has been demon-
strated to be necessary and sufficient for self-renewal and tumor growth,
indicating a cell-intrinsic role for JAM-A in biology of malignant tis-
sue [36], making JAM-A a potential new therapeutic target. JAM-A has
never been used as a target molecule for any molecular imaging modal-
ities mainly because of it widely expression by many tissues in humans
that might potentially lead to a low target-to-background ratio (TBR).
We hypothesized that anti-JAM-A monoclonal antibody (mAb) labeled
with near infra-red (NIR) IR700 dye (JAM-A mAb/IR700), could be used
as an imaging agent to detect tumors in vivo. Herein, we describe our
initial experience with JAM-A mAb/IR700 conjugates testing this agent
in human prostate and breast cancer xenografts in mice. We found that
a single dose of our construct demonstrates a sufficient TBR to discrim-
inate tumors and significantly reduces number of mitotic cancer cells in
vivo, that may indicate a theranostic potential of this construct.

Material and methods
Compliance of ethical standards
All experimental procedures were approved by the Case Western Re-

serve University Institutional Animal Care and Use Committee (protocol
number: 2015-0033).
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Reagents

Both mouse blocking JAM-A monoclonal antibodies (mAb) (IgG;,
clone J10.4; sc-53623) and non-specific (normal) mouse IgG Ab (sc-
2025) were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
Texas, USA). All other chemicals (Sigma-Aldrich Inc.) were of reagent
grade.

Synthesis of IR700-conjugated JAM-A mAb and control normal mouse IgG

Before conjugation of dye with mAbs, the azide preservative was re-
moved from the mAbs by buffer exchange for 1X PBS using Zeba spin de-
salting 2-mL columns (Thermo Scientific, Rockford, IL). Conjugation of
dyes with Abs was performed according to IRDye 700DX Low MW Pro-
tein Labeling Kit protocol (Li-Cor Bioscience, Lincoln, NE). Briefly, JAM-
A mAb or normal IgG (Norm Ab) — both 0.2-mg/mL — were incubated
with IR700 NHS ester (5.0-mg/mL) in 0.1 mol/L K,HPO, (pH=8.5) at
room temperature for 2-h followed by purification with Zeba spin desalt-
ing 2-mL columns at 1000 g for 2-min. The protein concentration was
determined by measuring the absorption at 280-nm with Tecan Infinity
200 reader (Tecan Group Ltd., Ménnedorf, Switzerland). The concen-
tration of IR700 was assessed by absorption at 689-nm to confirm the
number of fluorophore molecules conjugated to each IgG molecule.

Radiolabeling of antibodies

As a quality control of the JAM-A mAb/IR700, the levels of immune-
binding of intact JAM-A mAb and JAM-A mAb/IR700 conjugates to
alive PC3pip cells in vitro were assessed. First, JAM-A mAb and JAM-A
mAb/IR700 conjugates were labeled with 1251 Na using a direct protein
iodination. Briefly, aliquots of 250-uCi 1251 Na (PerkinElmer, Akron,
OH) in Tris-Iodination Buffer were activated in the Pierce Pre-Coated
Iodination Tubes (Thermo Scientific, Rockford, IL) followed by mixing
with 40-ug of JAM-A mAbs or IR700 conjugates per tube. After incuba-
tion with Scavenging Buffer, mixes were purified with Zeba spin desalt-
ing columns at 1000 g for 2-min and elution fractions were collected.
Next, for immune-binding assay, the purified radiolabeled JAM-A mAbs
or IR700 conjugates were mixed with alive culture of PC3pip cells for
1-h at 4 "C followed by washing and radioactive scan of the collected
pellets (Bioscan AR 2000, Bioscan Inc., Washington, DC). PC3pip cells
that were blocked by an excess of JAM-A mAb prior these procedures
were used as internal controls.

Cell culture

Human PCa retro-virally transformed prostate specific membrane
antigen-positive PC3pip cells were obtained from Dr. Michel Sadelain in
2000 (Laboratory of Gene Transfer and Gene Expression, Gene Transfer
and Somatic Cell Engineering Facility, Memorial-Sloan Kettering Can-
cer Center, New York, NY). The cells were last checked by Western
blot analysis in 2019; no genetic authentication was performed. Hu-
man triple negative mammary carcinoma cell line MDA-MB-231 was ob-
tained from the American Type Culture Collection. All cells were main-
tained in RPMI-1640 medium (Thermo Scientific, Rockford, IL) with
2 mmol/L L-glutamine and 10% FBS at 37 °C and 5% CO2 under a hu-
midified atmosphere.

Proliferation assay

Cell proliferation experiments were conducted by plating PC3pip or
MDA-MB-231 cells at a density of 1000 cells/well in a 96-well plate in
triplicate. Cell number was measured every other day in presence of
different concentrations (1-, 5-, and 10-xg/mL) of Norm Ab or blocking
JAM-A mAb in comparison and then normalized to the initial reading
at day zero using the CellTiter-Glo assay kit (Promega, Madison, WI).
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Western blotting

MDA-MB-231 and PC3pip cells were cultured in 10-cm petri dishes
(4x10%/dish). Cells were treated with anti-JAM-A mAb or normal IgG
for 24-h before lysate preparation. Aliquots of whole cell lysates (25-ug)
were separated on 12% SDS-PAGE and electro-blotted onto nitrocellu-
lose membranes. The membranes were then immunoblotted with anti-
bodies against JAM-A. The membranes were incubated with appropriate
peroxidase-labeled secondary antibodies (Dako, Santa Clara, CA), and
bands were visualized using enhanced chemiluminescence (GE Health-
care, Buckinghamshire, UK).

Animal and tumor models

All animal procedures were performed according to Institutional Ani-
mal Care and Use Committee (IACUC) approved protocols. Animals were
fed on a special rodent diet (Harlan Laboratories, Inc.) to reduce auto-
fluorescence. For flank tumor xenografts, 6-to 8-week-old athymic nude
mice were implanted subcutaneously with 2x 10° of MDA-MB-231 or
PC3pip cells in 100-uL Matrigel at the right upper chest (females) or
right dorsum flank (males), respectively. Animals were observed every
other day until tumors reached at about 150-mm? in volume.

In vivo fluorescent imaging

Imaging was performed with the aid of the Maestro In Vivo Imaging
System (PerkinElmer, Waltham, MA) with each mouse receiving 20-ug
of JAM-A mAb/IR700. For a probe competition, in vivo assay, JAM-A
mAb/IR700 conjugates (20-ug) and JAM-A mAb (40-ug) were mixed
immediately before i.v. injections. Norm Ab/IR700 conjugates (20-ug)
or IR700 alone (5.0-mg/mL) were used as controls. All compounds were
mixed with sterile 1X PBS followed by tail vein injection. Imaging was
performed at different time points using deep-red filter set. During imag-
ing, the temperature of imaging bed was kept at 37 'C. Mice received
inhalation of isoflurane through a nose cone attached to the imaging
bed. Mice were imaged over 2-day post-injection, after which, the mice
were sacrificed and tissues such as liver, kidneys, spleen, heart, lung,
seminal vesicles along with prostate gland, and tumor xenografts were
harvested for ex vivo imaging. Quantification of fluorescent signals was
obtained by calibration of IR700 using the 780-nm channel.

Fluorescent microscopy

PC3pip and MDA-MB-231 cells were plated on coverslips at about
70% confluency. After incubating overnight to promote adherence, cells
were treated with JAM-A mAb/IR700 (final: 12.5-u4g/mL). After in-
cubation for 3-h cells were washed 3 times with PBS, fixed with 4%
para-formaldehyde, counterstained with 4’,6-diamidino-2-phenylindole
(DAPI), mounted with Fluor-Mount aqueous mounting solution, sealed
with nail polish, and observed using Leica DM4000B fluorescence mi-
croscopy (Leica Microsystem Inc.). Blocking experiments were per-
formed by co-incubation of PC3pip and MDA-MB-231 cells with block-
ing mix of recombinant human JAM-A Fc chimera protein (R&D Sys-
tems, Minneapolis, MN) and JAM-A mAb/IR700 for 1-h (finals: JAM-
A mAb/IR700 (12.5-ug/mL) and JAM-A protein (50-xg/mL)) at room
temperature in the dark.

Immunofluorescent analysis of tumor xenograft samples

Tumors were extracted 48-h after a single i.v. injection of JAM-
A mAb/IR700 conjugates or controls, snap-frozen in optimum cut-
ting temperature compound, and kept at —80 °C followed by 10-um
thick cryosectioning at —25 "C (Leica CM30508S, Leica Biosystems). For
immune-histochemical analysis, the slides were warmed to room tem-
perature, fixed with 10% buffered formalin, and blocked in blocking
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buffer (5% normal goat serum/0.3% Triton X-100 in 1X PBS) for 1-
h at room temperature and incubated in primary mAb overnight at
4 °C followed by triple washing in 1X PBS. The tumor expression of
phosphorylated-histone H3 (Ser10) was evaluated by rabbit anti-human
histone H3 mADb (Cell Signaling) at a 1:200 dilution. After washing, the
slides were treated with the secondary ready-to-use antibody (goat anti-
rabbit polyclonal antibody labeled by Alexa Fluor-594, Invitrogen, Inc.)
for 20-min at room temperature followed by triple washing with 1X PBS
for 5-min. Tissue nuclei were contrasted with Fluoro-Gel-II (Electron Mi-
croscopy Sciences, Hatfield, PA). If needed, adjacent slides we stained
with hematoxylin and eosin by standard procedures.

Statistical analysis

All data are expressed as mean + standard deviation (SD). The values
are measured values between the groups was performed by one-way
analysis of variance (ANOVA) with 95% confidence limits for multiplex
analysis, by Mann-Whitney U-test, or by Student’s t-test. The p values
less than 0.05 was considered as significant for these studies.

Results

In vitro characterization of JAM-A mAb and JAM-A mAb/IR700
conjugates

To assess the utility of JAM-A mAb directed against human JAM-
A protein, we evaluated the levels of JAM-A expression in PC3pip and
MDA-MB-231 cancer cell lines. When compared to untreated controls,
presence of JAM-A mAb reduced levels of JAM-A expression (see Sup-
plementary Fig. S1A) indicating that expression of JAM-A protein in
cancer cells may be blocked specifically.

Conjugation of JAM-A mAb or Norm Ab to IR700 resulted in two
IR700 molecules conjugated to each mAb or IgG molecule. In vitro im-
munoreactivity of JAM-A mAb/IR700 were analyzed with a binding as-
say using 1%°I-labeled JAM-A mAb IR700 conjugates along with 1251-
labeled JAM-A mAb and revealed that 83.27 + 4.43% of binding was
achieved with JAM-A mAb conjugate. The specificity of binding was
confirmed by blocking with excess of native unconjugated JAM-A mAb
(less than 5%) (see Supplementary Fig. S1B).

To confirm expression of JAM-A and evaluate the possible impact of
disrupting JAM-A on cell growth of PC3pip and MDA-MB-231 cancer
cell lines, we utilized the same anti-JAM-A mAb to block the dimer-
ization of JAM-A [36]. Both cancer cell lines treated with the JAM-A
mAD at previously reported concentrations of 1- and 10-xg/mL [36,37]
showed significant reduction in growth over a 3-day time course that
was both specific and dose-dependent (see Supplementary Fig. S2). This
short time course did reveal a significant reduction in PC3pip cell line
growth at the 1-, 5-, and 10-ug/mL antibody concentration (see Sup-
plementary Fig. S2A) as compared with control Norm Ab. A significant
reduction in MDA-MB-231 cell line growth was found at the 5- and 10-
ug/mL but not at the 1-ug/mL JAM-A mAb concentration (see Supple-
mentary Fig. S2B).

To examine the uptake of JAM-A-targeted conjugates, in vitro cel-
lular uptake of JAM-A mAb/IR700 in PC3pip and MDA-MB-231 cells
were performed and visualized by fluorescent microscopy. No detectable
amount of fluorescence uptake was observed in either PC3pip or MDA-
MB-231 cells in presence of controls. Indeed, when JAM-A mAb/IR700
was pre-incubated with an excess amount of JAM-A protein (see Supple-
mentary Fig. S2C and D), no fluorescent signal was observed, confirming
that cellular uptake of fluorescence was attributed to the specific bind-
ing of JAM-A mAb/IR700 conjugates to JAM-A in the cells. Additionally,
the presence of Norm Ab/IR700 conjugates also did not visualize both
PC3pip and MDA-MB-231 cells. When cells were incubated with JAM-
A mAb/IR700, the IR700 fluorescence was detected mainly on the cell
surface of MDA-MB-231 cells (see Supplementary Fig. S2D). Whereas
the fluorescence was also detected inside the PC3pip cells, indicating
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Fig. 1. In vivo fluorescence imaging of PC3pip tumor xenografts.

(A) Invivo IR700 fluorescence real-time imaging of right flank PC3pip human prostate tumor xenografts in mice after tail vein injection of JAM-A mAb/IR700 (Probe).
Controls: 1) mix of JAM-A mAb and JAM-A mAb/R700 conjugates (2-to-1 ratio, respectively) — Probe competition; 2) non-specific mouse IgG/IR700 conjugates —
Norm mAb, and 3) IR700 alone. Black arrows — flank tumors. Pseudo-color images of IR700 fluorescence are presented in the same scale. Back is shielded by a black
tape. (B) Quantitative analysis of IR700 intensities in tumors. The IR700 fluorescence intensities were significantly higher in PC3pip tumor xenografts labeled with
probe as compared with controls. After pre-image (before i.v. injection), images were taken at 1-, 3-, 6-, 12-, 18-, 24-, and 48-h time points. Each time-point indicates
an average of IR700 fluorescence per mm? of tumor xenograft. Vertical bars — SD. Data were normalized to the levels of IR700 fluorescence of pre-images, n=>5 per

each group; * — p<0.005 to Norm Ab & IR700 alone, T — p<0.05 to Probe competition, ¢ — p<0.05 to Norm Ab & IR700 alone (Mann-Whitney-U test).
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Fig. 2. Invivo fluorescence imaging of MDA-MB-231 tumor xenografts.

(A) In vivo IR700 fluorescence real-time imaging of left chest MDA-MB-231 human breast tumor xenografts in mice after tail vein injection of JAM-A mAb/IR700
(Probe). Controls: 1) mix of JAM-A mAb and JAM-A mAb/R700 conjugates (2-to-1 ratio, respectively) — Probe competition; 2) non-specific mouse IgG/IR700 conjugates
— Norm mAb, and 3) IR700 alone. Black arrows — chest tumors. Pseudo-color images of IR700 fluorescence are presented in the same scale. Abdomen is shielded by a
black tape. (B) Quantitative analysis of IR700 intensities in tumors. The IR700 fluorescence intensities were significantly higher in PC3pip tumor xenografts labeled
with probe as compared with controls. After pre-image (before i.v. injection), images were taken at 1-, 3-, 6-, 12-, 18-, 24-, and 48-h time points. Each time-point
indicates an average of IR700 fluorescence per mm? of tumor xenograft. Vertical bars — SD. Data were normalized to the levels of IR700 fluorescence of pre-images,
n=>5 per each group, * — p<0.005 to Norm Ab & IR700 alone, ' — p<0.05 to Probe competition, ¢ — p<0.05 to Norm Ab & IR700 alone (Mann-Whitney-U test).

possible gradual internalization [38] (see Supplementary Fig. S2C) and
accumulation in the perinuclear position of the PC3pip cells, concurring
with our previous results with IR700 conjugates [39]. Taken together,
these data suggest that JAM-A mAb can specifically bind and attenuate
growth of PC3pip and MDA-MB-231 cells. Once conjugated with IR700
dye, JAM-A mAb can also specifically visualize both cancer cell lines in
vitro.

In vivo imaging

Animals bearing PC3pip or MDA-MB-231 tumors were used to
demonstrate noninvasive imaging and examine the bio-distribution of
IR700 conjugates in vivo. As shown in Figs. 1 and 2, strong uptake of
JAM-A mAb/IR700 conjugates (Probe) was observed in both PC3pip
and MDA-MB-231 tumor xenografts. The levels of fluorescence intensity
of JAM-A mAb/IR700 in prostate and breast tumors increased rapidly

and did not decline in time, remaining detectable in vivo throughout the
study.

To confirm that binding of JAM-A mAb/IR700 to JAM-A in the
cancerous tissue was specific, the in vivo imaging with controls was
performed. First, we found that iv. injection of a mix of JAM-A mAb
and JAM-A mAb/IR700 conjugates (Probe competition) led to 1.5-2-fold
lower IR700 fluorescence in prostate and breast tumors as compared
with JAM-A mAb/IR700 conjugates alone 18-h after injection. Second,
the levels of IR700 fluorescence in tumor xenografts were also signifi-
cantly lower in mice treated with Norm Ab/IR700 conjugates or IR700
alone that may indicate its lower accumulation in cancerous tissue as
compared with tested JAM-A mAb/IR700 probe (see Figs. 1B and 2B).

High fluorescence was observed in the middle back of the animals
bearing PC3pip tumor xenografts at early time points (see Supplemen-
tary Fig. S3A), that was gradually reduced with time; this is likely
due to nonspecific accumulation of JAM-A mAb/IR700 in the kidneys.
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Fig. 3. Ex vivo fluorescent imaging of mouse tumor xenografts.

(A) Imaging of tumor xenografts at 48-h post-injection of JAM-A mAb/IR700 and controls. Each xenograft was cut into 2 halves to image internal sides of the tumors.
The fluorescence was significantly higher in tumors of animals which were treated with JAM-A mAb/IR700 (Probe). Controls: 1) mix of JAM-A mAb and JAM-A
mAb/R700 conjugates (2-to-1 ratio, respectively) — Probe competition; 2) non-specific mouse IgG/IR700 conjugates — Norm mAb, and 3) IR700 alone. Pseudo-color
images of IR700 fluorescence are presented in the same scale. (B) Quantitative analysis of IR700 fluorescent intensities in tumor xenografts. Values represent mean of
IR700 fluorescence per mm? of internal surfaces of the tumor xenografts. The fluorescence of PC3pip and MDA-MB-231 xenografts was analyzed separately. Vertical
bars — SD; n=>5 per each group, " — p<0.001 to all controls; ** — p<0.02 to Norm Ab and IR700 alone; * — p<0.05 to IR700 alone (Mann-Whitney-U test).

Strong fluorescence was also detected in the middle abdominal area
of the animals bearing MDA-MB-231 tumor xenografts at the chest at
early time points (see Supplementary Fig. S4A), that also gradually re-
duced with time; this is likely due to nonspecific accumulation of JAM-A
mAb/IR700 in the liver, indicating hepatobiliary clearance of this agent,
which is typical of antibody clearance [40].

In contrast to IR700 dye alone that was fluorescently silent in mouse
bodies, analysis of the levels of fluorescent signals from kidney and liver
areas revealed that JAM-A mAb/IR700 (Probe), non-specific IgG/IR700
conjugates (Norm Ab/IR700), and specific but partially blocked JAM-A
mAb/IR700 conjugates (Probe competition) induced the same levels of
fluorescence from both kidneys and liver (see Supplementary Figs. S3B
and S4B). It worth to note that the liver/kidney zones of the mouse bod-
ies were shielded during imaging of the tumor xenografts in Figs. 1 and
2. Although this approach cannot be used in live-image guided surgery,
our experience indicates that it might be an issue for small animal mod-
els (rodents) rather than for large animal models (dogs). Indeed, a signif-
icant distance between BCa/PCa orthotopic tumor xenografts and liver
or kidneys along with a necessity to use a light source that can initiate
fluorescence at a short distance to a supposed cancer zone (-s) may elim-
inate a necessity to shield normal tissue/organs during image guided
surgery.

Altogether, it may indicate that strong fluorescent signal from these
organs is related to ability of IgG be accumulated non-specifically and
transiently in the mesenchymal tissue of these organs rather than to a
strong and specific binding of JAM-A Ab/IR700 to target protein [40].

Ex vivo imaging

Mice were euthanized 48-h after injection of JAM-A mAb/IR700 and
mouse organs along with PC3pip and MDA-MB-231 tumor xenografts
were taken for ex vivo imaging. Fig. 3 shows IR700 fluorescence in ex-
cised tumors. In these experiments, each xenograft was cut into two
halves and the levels of fluorescence from the tumor cores were com-
pared. As Fig. 3A shows, although not always equal but strong IR700
fluorescence was observed at the inner surfaces of tumor xenografts only

in animals which were treated with JAM-A mAb/IR700 conjugates. That
levels of IR700 fluorescence were significantly higher than those from
the inner cores of tumors in animals which were treated with controls
(see Fig. 3B). Although kidney and liver produced higher levels of IR700
fluoresce ex vivo (see Supplementary Fig. S5A), statistical analysis re-
vealed that only fluorescence from prostate and breast tumors was both
specific and strong as compared with all controls (see Supplementary
Fig. S5B).

Ex vivo imaging of frozen tumor tissue

To confirm or rule out a specific accumulation of JAM-A mAb/IR700
conjugates in prostate and breast tumors making them visible in vivo, we
assessed the levels of IR700 fluorescence in excised tumor xenografts
microscopically (see Fig. 4). Fluorescence microscopy of the tumor tis-
sue revealed that cancer tissue of animals that were treated with JAM-A
mAb/IR700 produced significantly higher levels of IR700 fluorescent
signals (see Fig. 4C and D), indicating specific binding of the studied
conjugates to the JAM-A expressing cancer cells in vivo. There was no
detectable difference of the levels of IR700 fluorescence in prostate and
breast tumors in animals that were treated with JAM-A mAb/IR700.

Mitotic activity in tumor xenografts

In our in vitro experiments, JAM-A mAb abrogated cell proliferation
for both prostate and breast cancer cell lines in a dose-depend manner
(see Supplementary Fig. S2A and S2B). Further, we conducted immune-
histochemistry study of the levels of mitotic cells in the prostate and
breast cancerous tissue to determine whether this blocking ability of
JAM-A mADb was preserved in vivo. Using a phosphorylated Ser10 of his-
tone H3 that is tightly correlated with chromosome condensation [41] as
a marker of the mitosis, we demonstrated that a single dose of JAM-A
mAb/IR700 agent decreases number of mitotic cells in cancer tissue (see
Fig. 5A). Statistical analysis revealed that absolute number of mitotic
cells were similar in cancerous tissue of animals that were treated with
controls. However, the levels of H3* mitotic cells were 1.5-fold lower
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Fig. 4. Accumulation of JAM-A mAb/IR700 in tissue of mouse tumor xenografts.

(A) Prostate PC3pip tumor xenograft. (B) Breast MDA-MB-231 tumor xenograft. JAM-A mAb/R700 (Probe) retains in tumor xenograft tissue compared with controls
after tail vein injection. 48 h after injection, tumor tissue was snap-frozen followed by frozen tissue slicing, slide preparation, and fluorescent microscopy. Pseudo
pink/red - IR700 fluorescence; pseudo blue — DAPI. Scale bar — 25-ym. Quantitative analysis of IR700 intensities in prostate PC3pip tumor (C) and breast MDA-
MB-231 tumor (D) xenografts after tail injection of JAM-A mAb/R700 (Probe). Values represent mean of IR700 fluorescence per field of view (FOV) of the tumor
xenografts during fluorescent microscopy (see A and B above). Controls: 1) mix of JAM-A mAb and JAM-A mAb/R700 conjugates (2-to-1 ratio, respectively) — Probe
competition; 2) non-specific mouse IgG/IR700 conjugates — Norm Ab, and 3) IR700 alone. The fluorescence of PC3pip and MDA-MB-231 xenografts was analyzed
separately. Vertical bars — SD. Data were normalized to the levels of IR700 fluorescence of IR700 alone group; n=5 per each group; fifteen FOV per group were
analyzed by ImageJ software. * — p <0.0001 to IR700 alone; T — p < 0.001 to Norm Ab and Probe competition (by t-test).
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Fig. 5. JAM-A mAb/IR700 down-regulates number of mitotic cells in tumor xenograft.

(A) Immunohistochemistry staining of PC3pip and MDA-MB-231 tumor xenograft tissue for phospho-histone H3* (mitosis). Tissue was collected 48-h after a single
JAM-A mAb/IR700 iv. injection (Probe) and then it was snap-frozen followed by staining of 10-um frozen sections. Controls: 1) mix of JAM-A mAb and JAM-A
mAb/R700 conjugates (2-to-1 ratio, respectively) — Probe competition; 2) non-specific mouse IgG/IR700 conjugates — Norm Ab, and 3) IR700 alone. Colors: false green
- H3* mitotic cells, false blue — DAPI. Scale bar — 50-ym. (B) Quantitative analysis of mitotic cells in tumor xenografts. Values represent average number of H3*
mitotic cells in ten fields of view at 100x. Vertical bars — SD; n=5 per each group, * — p<0.05 to controls, by ANOVA test.
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in both PC3pip and MDA-MB-231 tumors 48-h after JAM-A mAb/IR700
treatment (see Fig. 5B). The highest absolute number of mitotic cells
was detected in mouse spleens (see Supplementary Fig. S6A). However,
the levels of H3* mitotic cells in mice that were treated with JAM-A
mAb/IR700 conjugates were similar to controls in tested organs (see
Supplementary Fig. S6B). These observations may indicate that JAM-A
mADb preserve its activity in vivo and once JAM-A mAb/IR700 binds to
target protein it may reduce proliferation of malignant cells rather than
the normal cells of the internal organs tested.

Discussion

To our knowledge, this is the first study of molecular imaging the
JAM-A protein as a biomarker in human prostate and breast cancer tu-
mors. We found that JAM-A expressing tumors may be easily visualized
in vivo. Additionally, a single dose of JAM-A mAb was enough to signif-
icantly reduce number of mitotic cells in the prostate and breast tumors
but not in mouse internal organs in vivo.

JAM-A was initially identified as a cell junction protein that is re-
sponsible for epithelial cell organization and tissue integrity [42,43].
JAM-A exerts these functions through the homophilic binding of JAM-A
on adjacent cells, enhancement of integrin function on the same cell,
and interaction with integrins on adjacent cells [44]. JAM-A-deficient
mice show no major defects but do display an altered wound healing
phenotype due to delayed fibroblast invasion [45]. Work over the past
decade in the context of cancer has demonstrated that JAM-A regulates
both pro- and anti-tumorigenic processes in a cancer-specific manner
and may be useful as a biomarker of malignancy for certain cancer types
[44,46]. For example, reduced adhesion resulting from JAM-A down-
regulation in gastric [47], pancreatic [48], and kidney [49] cancers is
associated with increased tumor cell invasion. The majority of recent
studies support an intrinsic, pro-tumorigenic role for JAM-A in regulat-
ing the cell self-renewal, cancer cell proliferation, and tumor cell in-
vasion across multiple cancer types including glioblastoma multiforme
[36,50], multiple myeloma [34,51] diffuse large B-cell lymphoma [52],
squamous cell carcinoma of the neck [53], cervical cancer [54], non-
small cell lung cancer [55], nasopharyngeal cancer [56], with conflict-
ing reports in gastric [57], and BCa [58-62], and with absence of reports
in human PCa. Several groups successfully tied the levels of JAM-A ex-
pression in cancer tissue and patient survival [34,[35,47,55,61,63].

To develop our conjugates for the current study, we used a J10.4
clone of anti-JAM-A mAb that inhibits receptor dimerization and has
shown anti-proliferative effects to malignant cells that was confirmed
by others [34]. So, when a strong, specific, and dose-dependent inhibi-
tion of PC3pip and MDA-MB-231 cell proliferation was also confirmed in
our initial studies in vitro, we used this Ab to develop an optical imaging
probe. Next, a substantial cytoplasmic JAM-A expression was detected in
the human PCa PC3pip cell line. Further, we confirmed a distinct mem-
brane staining for the JAM-A protein in the human BCa cells. These pat-
terns of the JAM-A expression are in agreement with recently published
data [35].

Here, we also proved that the i.v. injected IR700-conjugated JAM-
A mAb accumulated in the prostate and breast tumor xenografts and
bound to JAM-A* tumor cells. We have also demonstrated here the pos-
sibility of non-invasive NIR imaging of the JAM-A* cells in prostate
and breast tumors in vivo. Indeed, JAM-A Ab/IR700-dependent fluores-
cence of prostate and breast tumors was 1.5-5-fold higher than IR700-
fluorescent signal from tumors in mice which were treated with con-
trols. Additionally, ex vivo JAM-A Ab/IR700-dependent fluorescence of
excised tumors was 2.5-3-fold higher than IR700-fluorescence of con-
trols and mainly observed at the core of both prostate and beast tumor
xenografts.

In the current study liver and kidney showed the highest IR700
fluorescence both in vivo and in vitro. However, levels of NIR IR700
signal from these organs were similar in all animals treated with
IR700 conjugates (see Supplementary Figs. S3B and 4B). Assum-
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ing that anti-JAM-A mAb (J10.4 clone) is recommended by vendor
(https://www.scbt.com/p/jam-a-antibody-j10-4) for detection of JAM-
A protein of mouse, rat and human origin, these findings may sug-
gest that there was a non-specific accumulation of the IR700 conju-
gates in liver and kidney that may be related to IgG Fc-receptor bind-
ing [64-67] rather than a distinct JAM-A mAb/IR700 uptake. Indeed,
some recent in vivo molecular imaging studies showed that highly spe-
cific recombinant mAb directed against the human HER2 (trastuzumab)
[68] and J591, a PSMA-specific mAb [69], revealed strong levels of flu-
orescent from the internal organs at Days 1-4 post-injection which were
comparable with ones from the tumor xenografts. Altogether, it may
indicate that both organs might be a temporary trap for IgG/IR700 con-
jugates [40].

Another possible explanation of the high TBR found in the study
might be attributed to significant differences between human and
murine JAM-As, leading to an artificially high TBR due to lack of bind-
ing of JAM-A mAb to murine JAM-As. In contrary to this assumption,
in our parallel studies when JAM-A mAb was used to assess its activity
to mouse cancer cells, we found that JAM-A mAb treatment may delay
metastasis of the mouse 4T1 BCa cells to the lungs in vivo, indicating
presence of affinity of J10.4 clone to the JAM-A of the mouse origin
(Supplementary Fig. S7).

Based on published data (https://www.proteinatlas.org/
ENSG00000158769-F11R/tissue) JAM-A protein is widely expressed
with low (breast) and moderate (prostate) levels in humans that
would make it somewhat difficult to discriminate between pathological
and normal tissues. Nevertheless, the agent, that we tested here,
demonstrated a sufficient TBR to visualize the tumors and showed
similar pharmacokinetics to the highly specific humanized anti-EGFR
or anti-PSMA mAbs [68,69].

JAM-A has been reported to interfere apoptosis [63,66,67,70], cell
proliferation [34,55,71], cell cycle arrest at the G1/S boundary [55],
cellular motility and invasiveness [34,71] of cancer cells as well as a pro-
liferation, adhesion, and self-renewal of CD133" cells but not CD133~
or neural progenitor cells [36]. Our in vitro tests showed a strong dose-
dependent activity of the JAM-A mAb in both PC3pip and MDA-MB-231
proliferation assays. This substantial level of anti-proliferative activity
is in agreement with published data [36]. However, it does not corrob-
orate with a published report where prostate PC3 cancer cells did not
respond to the 6F4 anti-JAM-A mAb treatment [72] that may indicate
an importance of inhibition of JAM-A dimerization by direct targeting
with J10.4 clone of anti-JAM-A mADb for propagation of PC3 cancer cell
line [72].

One of the important aspects of this study is in vivo evidence of
antitumor activity of the JAM-A mAb/IR700 on established models.
The direct targeting with JAM-A mAb/IR700 conjugates was able to
downregulate markers of proliferating activity in xenografted mice with
the human tumors. Ex vivo analysis demonstrated the JAM-A-targeted
IR700 conjugates induced in vivo inhibition of proliferation, as a signif-
icant decrease of phospho-histone H3 staining was observed for both
PC3pip and MDA-MB-231 cancer models. Additionally, there was a de-
lay of BCa cell metastasis in vivo during a short course of JAM-A mAb
therapy (Supplementary Fig. S7) that positively corroborates with the
most recent attempt to target multiple myeloma malignant xenograft
by blocking anti-JAM-A mAb. This study demonstrated an efficacy of
20-day course of anti-JAM-A therapy that led to inhibition of progres-
sion of tumor xenografts in vivo with a possible downregulation of dou-
ble positive multiple myeloma CD138*/JAM-A* cells [34]. It worth to
note, however, that the applicability of the current probe as a thera-
nostic agent is of limited by its origin and it should be humanized for
any possible application in humans. Nevertheless, the current probe,
as it is, might be useful for experimental animal photoimmunotherapy
[73]. Indeed, additionally to anti-cancer activity of the unlabeled JAM-
A mAb, the IR700 conjugates [74] may have a potential to target JAM-
Ahigh expressing cancer cells after subsequent local exposure to NIR light
that turns on this photochemical "death" switch, resulting in the rapid
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and highly selective immunogenic cell death of targeted cancer cells
[73].

Conclusion

An in vivo JAM-A-specific NIR-imaging of human-derived PCa and
BCa xenografts is presented. JAM-A mAb/IR700 conjugates are injected
and bind specifically to tumor JAM-A™ cells. A single injection of this
agent is diminished number of mitotic cells in cancerous tissue of mice
bearing heterotopic tumors. Since, JAM-A mAb/IR700 conjugates have
the potential to subtract surrounding normal tissue and depict the spe-
cific accumulation of antibody within the targeted breast and prostate
tumors, this agent may be adapted to local tumor targeted photoim-
munotherapy [73].
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