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Abstract

Ovarian cancer is the fifth leading cause of cancer deaths amongst women, accounting for more
deaths than any other cancer of the female reproductive system. The foundation of its management
consists of cytoreductive surgery (CRS) followed by systemic chemotherapy, with the
completeness of surgical resection consistently identified as one of the most important prognostic
factors for the disease. The goal of our investigation is the development of a near-infrared
fluorescence (NIRF) imaging agent for the intraoperative imaging of high-grade serous ovarian
cancer (HGSOC). As surgeons are currently limited to the visual and manual assessment of tumor
tissue during CRS, this technology could facilitate more complete resections as well as serve
important functions at other points in the surgical management of the disease. Elevated levels of
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cancer antigen 125 (CA125) have proven a useful biomarker of HGSOC, and the CA125-targeting
antibody B43.13 has shown potential as a platform for immunoPET imaging in murine models of
ovarian cancer. Herein, we report the development of a NIRF imaging agent based on B43.13:
$5B43.13-1R800. We site-specifically modified the heavy chain glycans of B43.13 with the near-
infrared dye IRDye® 800CW using a chemoenzymatic approach developed in our laboratories.
SDS-PAGE analysis confirmed the specificity of the conjugation reaction, and flow cytometry,
immunostaining, and fluorescence microscopy verified the specific binding of $SB43.13-IR800 to
CA125-expressing OVCAR3 human ovarian cancer cells. NIRF imaging studies demonstrated that
$5B43.13-1R800 can be used to image CA125-expressing HGSOC tumors in subcutaneous,
orthotopic, and patient-derived xenograft mouse models. Finally, ex vivo analyses confirmed that
$5B43.13-1R800 can bhind and identify CA125-expressing cells in primary tumor and metastatic
lymph node samples from human patients with HGSOC.

/ : Tumor \
:/Livsr “ \

= / . Ovariesv
s \ Spleen /

Murine Model of
High Grade Serous Ovarian Cancer

GRAPHICAL ABSTRACT

Y/

|naoo+3- $0-IRE00 \w>

% uyoos,d) sounmpey

*B43.13-1R800

Keywords

B43.13; IRBOOCWDye; CA125; ovarian cancer; site-specific bioconjugation; near-infrared
fluorescence imaging; immunoconjugate

INTRODUCTION

Ovarian cancer is the most lethal gynecologic malignancy and the fifth leading cause of
cancer-related deaths in women.! Cytoreductive surgery (CRS) remains the most effective
first-line treatment for the disease. However, the complete removal of malignant tissue
during surgery can be extremely challenging. In patients with unresectable disease,
neoadjuvant chemotherapy followed by interval CRS is a valid alternative to primary CRS
and is supported by multicenter randomized controlled trials.2~# The volume of residual
disease (RD) after CRS is one of the strongest prognostic indicators of progression-free and
overall survival in ovarian cancer patients.> While optimal CRS is defined as RD <1 cm,
each incremental decrease in RD below 1 cm improves outcomes.? 3 In spite of this, the
determination of RD is based solely on the surgeon’s visual and manual assessment. The
limitations of this approach are underscored by a study that discovered high inter-observer
variability, with surgeons more often underestimating rather than overestimating the amount
of RD.® Furthermore, several studies have examined the value of postoperative CT and
found that anatomical imaging revealed RD >1 cm in up to 40% of patients that had been
deemed ‘optimally resected’.”- 8 Collectively, this makes a clear case for improving the
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intraoperative assessment and accurate reporting of RD in the treatment of ovarian cancer
patients. Therefore, the development of tools that can improve the assessment of RD during
CRS is a vitally important unmet clinical need. The development of this technology could
aid clinicians in achieving greater reductions in disease burden via the NIRF-guided
resection of residual tumor tissue, thereby improving patient outcomes.

High-grade serous ovarian cancer (HGSOC) comprises the vast majority (~70%) of ovarian
adenocarcinomas.? A vital molecular signature of this malignant histotype is the over-
expression of MUC16, a mucinous glycoprotein that carries the cancer antigen 125 (CA125)
epitope.10: 11 A telltale sign of ovarian cancer is elevated serum CA125 levels, and
malignant cells themselves are known to profusely express this tumor-associated antigen.12
Despite being a shed antigen, high concentrations of MUC16/CA125 remain on the surface
of cancer cells, enabling the PET imaging of ovarian cancer.13 A CA125-targeted
intraoperative imaging agent could thus be a valuable surgical tool for the identification of
microscopic or metastatic deposits within the peritoneum and in clinically normal-appearing
lymph nodes. While advanced HGSOC is the most commonly encountered form of ovarian
cancer and thus the most appropriate malignancy in which to study this technology, rarer
subtypes of epithelial ovarian cancer — such as endometrioid, clear cell, and low grade
serous carcinomas — may benefit from this approach as well and will be incorporated into
future work once its clinical utility has been established.

We recently reported the creation of a PET imaging agent for the /n vivo delineation of
CA125 expression in ovarian cancer based on B43.13, a CA125-targeting murine antibody
(Kp for CA125 = 1.2 nM) formerly tested as a immunotherapeutic and a radiotracer for
immunoscintigraphy in ovarian cancer patients.14 Under the name oregovomab, B43.13
continues to be investigated in clinical trials as part of combination treatments for epithelial
ovarian cancer alongside chemotherapy and immunotherapy.15-22 In addition, in our hands,
B43.13-based radioimmunoconjugates labeled with [f4Cu]Cu?* and [89Zr]Zr** have
demonstrated promise for the PET imaging of CA125 expression in murine xenograft
models of human ovarian cancer.13 14 /n vivo imaging experiments in murine xenograft
models of HGSOC clearly demonstrate that [89Zr]Zr-DFO-B43.13 is not only capable of
visualizing primary tumor tissue but also can provide sensitive maps of the metastatic spread
of ovarian cancer through the ipsilateral chain of lymph nodes.14

Herein, we report the development of $5B43.13-1R800, a CA125-targeting molecular probe
for the NIRF imaging of HGSOC during CRS. To this end, a pair of fluorophore-labeled
immunoconjugates — $B43.13-AF488 and B43.13-1R800 — were synthesized via the
chemoenzymatic bioconjugation of Alexa Fluor™ 488 (AF488) and IRDye® 800CW
(IR800) to the heavy chain glycans of B43.13. After employing $B43.13-AF488 for in vitro
characterization assays, near-infrared fluorescence imaging experiments were performed
with $5B43.13-1R800 in mice bearing subcutaneous, orthotopic, and patient-derived
xenograft mouse models of HGSOC. Finally, the translational potential of $SB43.13-IR800
was further examined via the ex vivo histopathogical staining of primary tumor and
metastatic lymph node tissue samples obtained from HGSOC patients that underwent CRS.
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It is important to note that we are not the first to propose creating an intraoperative imaging
agent for ovarian cancer. Indeed, a Phase Il clinical trial focused on the use of OTL38 — a
fluorophore-modified variant of folate that targets folate-receptor alpha (FOLR1) — for
intraoperative imaging during CRS has recently produced promising results.23 24 In
addition, the use of indocyanine green (ICG), a non-targeted fluorophore, has been explored
in a small clinical trial, though high false positive results were observed.2®> A handful of
preclinical reports investigating the potential of nanoparticle-based imaging agents for the
NIRF imaging of ovarian cancer have also recently been published.26: 27 Nonetheless, we
contend that the CA125-targeted strategy we discuss here will offer an improvement over
these strategies for three reasons. First, targeted imaging agents generally offer greater
sensitivity and specificity than untargeted probes that rely upon the enhanced permeability
and retention effect for accumulation in tumor tissue. Second, targeting an ovarian cancer-
specific biomarker (7.e. CA125) rather than an antigen with significant levels of expression
in healthy tissues (e.g. FOLR1) will further bolster the sensitivity and specificity of the
imaging agent and yield improved tumor-to-background ratios that will translate into higher
contrast visualization of metastatic tumor nodules in the peritoneal cavity. And third, the
remarkable ability of B43.13-based probes to delineate small deposits of metastatic disease
within lymph nodes — as illustrated via immunoPET — could prove highly valuable in the
surgical setting, particularly in the context of clinically normal-appearing nodes, for which
there is currently no consensus for management.14

RESULTS AND DISCUSSION

The first step in the investigation was the attachment of Alexa Fluor™ 488 (AF488) and
IRDye® 800CW (IR800) to the CA125-targeting antibody. To this end, we turned to a
chemoenzymatic approach to bioconjugation developed by our laboratories that leverages a
pair of enzymes and strain-promoted azide-alkyne click chemistry to append cargoes to the
heavy chain glycans of the antibody’s Fc region.28-30 This strategy is predicated on three
steps: (1) the truncation of the heavy chain glycans with EndoS, an enzyme which cleaves
off most of each oligosaccharide chain and leaves only a single GIcNAc residue; (2) the use
of a promiscuous galactosyltransferase — [GalT-('Y289L)] — to incorporate N3-bearing
galactose sugars (GalNAZ) into the glycans; and (3) the click ligation between the azide-
modified antibody and dibenzyocycloooctyne (DBCO)-bearing variants of AF488 or IR800
(Figure 1A). We have demonstrated that this strategy produces better defined and more
homogenous immunoconjugates with improved /n vivo performance compared to constructs
created using random lysine-based bioconjugation methods.31-3% In this case, this
methodology produces $5B43.13-AF488 and °B43.13-IR800 immunoconjugates with
degrees of labeling of ~1.0 and ~0.75 fluorophores/mAb, respectively. While these values
admittedly lie below the theoretical maximum of 2 fluorophores/mAb, they are consistent
with previous results obtained using this strategy in conjunction with bulky, hydrophobic
fluorophores.32: 34 Denaturing SDS-PAGE was employed to confirm the site-specificity of
the modification procedure and clearly illustrates that the chemoenzymatic manipulation of
the antibody alters the heavy chain while leaving the light chain untouched (Supplementary
Figure S1).
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In vitro characterization experiments were performed using SSB43.13-AF488 due to the
compatibility of its excitation and emission wavelengths with flow cytometry instruments
and fluorescence microscopes. More specifically, flow cytometry experiments with both
CA125-positive (OVCAR3) and CA125-negative (SKOV3) human ovarian cancer cells
confirmed the specificity of the immunoconjugate by demonstrating binding to the former
but not the latter (Figure 1B and Supplemental Figure S2). Furthermore, the specificity of
the probe was illustrated in fluorescence microscopy experiments, which clearly showed
$5B43.13-AF488 binding to OVCARS cells but not SKOV3 cells (Figure 1C and
Supplemental Figure S2).

Due to the enhanced tissue penetration of near-infrared light, intraoperative imaging agents
bearing near-infrared fluorophores are more viable candidates for clinical translation than
their shorter wavelength cousins. Consequently, $SB43.13-IR800 was employed for all of the
in vivo validation experiments of the investigation. Along these lines, preliminary NIRF
imaging was performed in athymic nude mice bearing subcutaneous CA125-positive
OVCARS3 xenografts. We previously observed that [89Zr]Zr-DFO-B43.13 reaches a near-
optimal biodistribution in tumor-bearing mice 72 h after its administration, so this interval
was chosen for all experiments with $B43.13-1R800; however, slightly longer circulation
times (e.g. 96, 120, or 144 h) could undoubtedly be used in the clinical setting without
compromising the performance of the immunoconjugate. Moving on to the data, high levels
of accretion of $5B43.13-1R800 were observed in tumor tissue (Supplementary Figure S4).
Interestingly, in some — but not all — of the mice, NIRF signal was observed in the lymph
nodes adjacent to the tumor. Our previous experience with [89Zr]Zr-DF0-B43.13
immunoPET in OVCAR3-bearing nude mice suggests that this NIRF signal stems from the
uptake of the immunoconjugate in metastatic lesions within the ipsilateral lymph node chain.
While the concentration of the immunoconjugate in most healthy organs remains low,
significant background uptake was observed in the liver. This accumulation likely arises
from either (a) the formation of immune complexes with shed CA125 in the blood and their
subsequent deposition in the liver or (b) the clearance of the exogenously administered
murine IgG1 (/.e. 5°B43.13-IR800) by hepatocytes or resident macrophages (Kupffer cells)
in the liver.

Next, the NIRF imaging and post-mortem resection of athymic nude mice bearing orthotopic
OVCAR3 xenografts implanted in the left ovary provided an opportunity to simulate the use
of $SB43-1R800 for intraoperative imaging (Figure 2 and Supplemental Figure S5). Ina
representative mouse, NIRF imaging during necropsy revealed high levels of fluorescence in
the liver and left ovary. Upon further resection, significant uptake of 5B43.13-IR800 was
detected in these two tissues as well as a peritoneal implant and the renal lymph nodes. The
ipsilateral and contralateral inguinal lymph nodes, in contrast, did not contain significant
NIRF signal. Subsequent histopathologic analysis of the resected tissues identified the
primary tumor in the left ovary and confirmed the presence of neoplastic cells in both the
peritoneal implant and the renal lymph nodes. Critically, however, the inguinal lymph nodes
that did not produce signal during ex vivo NIRF imaging proved negative for the presence of
neoplastic cells upon histopathological analysis.
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These promising preliminary results prompted us to explore the performance of $B43.13-
IR800 in Nod-Scid-Gamma (NSG) mice bearing subcutaneous, orthotopic, and patient-
derived xenograft (PDX) models of HGSOC. This switch to NSG mice was made in
response to the low take-rate, slow growth, and inconsistent size of OVCAR3 xenografts in
athymic nude mice. In contrast, the absence of functional NK cells in the highly
immunocompromised NSG mice allows for a nearly 100% take-rate of OVCAR3
xenografts. Furthermore, NSG mice are a preferred strain for the propagation of frozen
parent PDX tumor seeds to generate larger cohorts of PDX-bearing mice for preclinical
imaging. Our first in vivo experiments with NSG mice employed our most basic tumor
model: subcutaneous xenografts (Figure 3). In these mice, higher levels of NIRF signal were
observed with $B43.13-1R800 compared to mlgG-IR800, a non-specific, isotype-control
immunoconjugate. This observation was supported by ex vivo imaging, which likewise
revealed significantly higher uptake of B43.13-1R800 in the tumor compared to the
negative control. In the SB43.13-1R800-treated mice, very little NIRF signal was observed
in the healthy organs — including, critically, the ovaries — with the exception of the liver,
which again displayed moderate uptake of the immunoconjugate.

We next turned to orthotopic and patient-derived xenografts (PDX) to provide more realistic
recapitulations of human disease. In NSG mice bearing orthotopic OVCAR3 tumors and
subcutaneous, CA125-positive PDXs, dramatically higher levels of NIRF signal were
observed with B43.13-1R800 compared to mlgG-IR800 (Figure 4 and Supplemental Figure
S6). In these mice, the uptake of $°B43.13-1R800 in most healthy organs remains low, but
elevated NIRF signal was again observed in the liver. Before moving on, it is worth noting
that while moderate liver uptake was observed in each of the NSG models tested, the hepatic
NIRF signal was substantially higher in the athymic nude mice in which the original pilot
studies were performed. This discrepancy may stem from strain-induced differences in the
catabolism of exogenously introduced murine 1gG1, but it also may be a result of the higher
mass of 55B43.13-1R800 employed in the nude mice (100 pg) compared to the NSG mice (50
ug). These data underscore the need to determine an optimized dose of $B43.13-1R800 for
clinical studies that will facilitate target-mediated clearance of the NIRF probe by tumors in
the peritoneum whilst yielding high contrast signal for the surgeons performing CRS.

Finally, in order to further probe the translational promise of $B43.13-1R800, the
fluorophore-bearing immunoconjugate was tested with tissue sections obtained from tumors
and metastatic lymph nodes harvested during the surgical debulking of patients with
HGSOC at Memorial Sloan Kettering Cancer Center (Figure 5). Manual
immunohistochemical analysis of adjacent sections of these tissues with unmodified B43.13,
$5B43.13-1R800, and a commercially-available anti-CA125 antibody produced identical
staining patterns for CA125 expression. On the other hand, tissues from a patient with
CA125-negative tumors — clear cell carcinoma of the ovary — stained negative with all
three antibodies (Supplementary Figure S7). Taken together, these results suggest that the
bioconjugation of B43.13 does not significantly hinder its ability to bind and identify
CA125-expressing cells in human patients, thereby making a strong case for clinical
translation.
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In this investigation, we explored the utility of $SB43.13-1R800 for the intraoperative near-
infrared imaging of CA125-expressing high-grade serous ovarian cancer (HGSOC) tumors.
The ability of $5B43.13-1R800 to delineate both primary tumor tissue and metastatic lesions

from healthy organs in subcutaneous, orthotopic, and patient-derived xenograft mouse

models of HGSOC was clearly demonstrated. Furthermore, $B43.13-IR800 proved capable
of staining primary tumors and metastatic lymph nodes in clinically resected samples from
human HGSOC patients. In light of these data, we are optimistic that the clinical translation

of $5B43.13-1R800 could help surgeons performing CRS achieve the most complete

resection of disease, thereby further reducing the volume of residual disease present after

surgery and improving the outcomes of patients with HGSOC.
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Figure 1. The synthesis and biological characterization of SSB43.13-IR800.
(A) The chemoenzymatic synthesis of $B43.13-IR800; (B) flow cytometry data illustrating

the binding of $B43.13-AF488 to CA125-positive OVCAR3 human ovarian cancer
xenografts. In the blocking experiment, a 75-fold excess of unlabeled $B43.13-AF488 was
employed; (C) fluorescence microscopy images showing CA125-positive OVCARS (left)
and CA125-negative SKOV3 cells (right) stained with $SB43.13-AF488 and counterstained
with DAPI.
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Figure 2. In vivo and ex vivo NIRF imaging using $843.13-1R800.
(A) NIRF image of a mouse bearing an orthotopic, CA125-positive OVCAR3 xenograft

implanted in the left ovary obtained 120 h after the administration of $SB43.13-1R800 (100
ug; 0.66 nmol); NIRF images obtained after (B) the exposure of the peritoneal cavity, (C) the
removal of the liver [L] and left ovary [LO], (D) the removal of the peritoneal implant [PI],
and (E) the removal of the renal lymph nodes [RLN]; ex vivo NIRF images obtained of (F)
the liver as well as (G) the left ovary, right ovary [RO], renal lymph nodes [RLN], ipsilateral
inguinal lymph nodes [IILN] and contralateral inguinal lymph nodes [CILN]J;
histopathologic analysis of the resected (H) reproductive tract, (1) xenografted left ovary, (J)
healthy right ovary, (K) peritoneal implant, and (L) renal lymph nodes
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Figure 3. In vivo and ex vivo NIRF imaging with SSB43.13-IR800 and 1gG-I1R800 in an NSG
mouse bearing a subcutaneous OVCARS xenogr aft.

Representative NIRF images were obtained in an NSG mouse bearing a CA125-positive
OVCAR3 human ovarian subcutaneous xenograft 72 hours after the intravenous
administration of (A) $$B43.13-1R800 (50 pg; 0.33 nmol) and (B) mlgG-I1R800 (50 pg; 0.33
nmol). Upon necropsy, selected organs were harvested, and ex vivo NIRF images were
obtained: T = tumor; H = heart; Lu = lungs; Liv = liver; Sp = spleen; St = stomach; Pa =
pancreas; L.l. = large intestine; S.1. = small intestine; Ov = ovaries; Ki = kidneys; Mu =
muscle; Bo = bone; Sk = skin.
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Figure 4. In vivo and ex vivo NIRF imaging with 843.13-1R800 and mlgG-IR800 in NSG mice
bearing orthotopic and patient-derived xenogr afts.

Representative NIRF images were obtained of (A and B) an NSG mouse bearing a CA125-
positive OVCAR3 human ovarian orthotopic xenograft and (C and D) an NSG mouse
bearing a CA125-positive patient-derived xenograft acquired 72 hours after the intravenous
administration of (A and C) $°B43.13-1R800 (50 pg; 0.33 nmol) or (B and D) migG-IR800
(50 pg; 0.33 nmol). Upon necropsy, selected organs were harvested, and ex vivo NIRF
images were obtained: T = tumor; H = heart; Lu = lungs; Liv = liver; Sp = spleen; St =
stomach; Pa = pancreas; L.l. = large intestine; S.l. = small intestine; Ov = ovaries; Ki =
kidneys; Mu = muscle; Bo = bone; Sk = skin.
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Figure 5. Histopathologic analysis of tumor and lymph node samples from a patient with
metastatic HGSOC.

Immunohistochemical staining of CA125 in tumor and lymph node samples obtained from a
patient who underwent surgical debulking to remove peritoneal tumor masses and metastatic
lymph nodes at Memorial Sloan Kettering Cancer Center. The inset image on the top right
corner shows staining of the HGSOC tumor section with mouse isotype 1gG1 antibody. A
high concordance was observed in the staining patterns (brown) when equivalent dilutions of
unmodified B43.13, B43.13-1R800, and a commercially available anti-CA125 antibody
(Novus Biologicals, NBP1-96619) were employed for immunohistochemistry. IHC images
are representative of samples from 3 independent HGSOC patients.
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