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ABSTRACT
◥

Purpose: Advances in our understanding of the contribution of
aberrant glycosylation to the pro-oncogenic signaling and metas-
tasis of tumor cells have reinvigorated the development of mucin-
targeted therapies. Here, we validate the tumor-targeting ability of a
novel monoclonal antibody (mAb), AR9.6, that binds MUC16 and
abrogates downstream oncogenic signaling to confer a therapeutic
response.

Experimental Design: The in vitro and ex vivo validation of the
binding of AR9.6 to MUC16 was achieved via flow cytometry,
radioligand binding assay (RBA), and immunohistochemistry
(IHC). The in vivo MUC16 targeting of AR9.6 was validated by
creating a 89Zr-labeled radioimmunoconjugate of the mAb and
utilizing immunoPET and ex vivo biodistribution studies in xeno-
graft models of human ovarian and pancreatic cancer.

Results: Flow cytometry, RBA, and IHC revealed that AR9.6
binds to ovarian and pancreatic cancer cells in an MUC16-depen-

dent manner. The in vivo radiopharmacologic profile of
89Zr-labeled AR9.6 in mice bearing ovarian and pancreatic
cancer xenografts confirmed the MUC16-dependent tumor
targeting by the radioimmunoconjugate. Radioactivity uptake
was also observed in the distant lymph nodes (LNs) of mice
bearing xenografts with high levels of MUC16 expression (i.e.,
OVCAR3 and Capan-2). IHC analyses of these PET-positive
LNs highlighted the presence of shed antigen as well as necrotic,
phagocytized, and actively infiltrating neoplastic cells. The
humanization of AR9.6 did not compromise its ability to target
MUC16-expressing tumors.

Conclusions: The unique therapeutic mechanism of AR9.6
combined with its excellent in vivo tumor targeting makes it a
highly promising theranostic agent. huAR9.6 is poised for clinical
translation to impact the management of metastatic ovarian and
pancreatic cancers.

Introduction
Cancers of the pancreas and ovaries rank among the top five leading

causes of cancer-related deaths in the United States (1). Although
localized forms of these malignancies are treated with surgery and
adjuvant chemotherapy, there is an unmet clinical need for more
effective targeted therapies for patients with metastatic disease (2, 3).
The growing appreciation for the role of altered glycosylation in cancer
progression has uncovered aberrantly glycosylated proteins as a
promising druggable target (4). Along these lines, particular attention
has been paid to epithelial cell-surface glycoproteins calledmucins (5).
Although mucins primarily serve to form as a barrier that protects
epithelial cells from mechanical forces and infection, altered glyco-
forms of mucins expressed by transformed cells have been implicated
in the induction of oncogenic features and the orchestration of the
metastatic potential of cancer cells (6, 7). Mucin-16 (MUC16) ranks
among the most widely known mucins due to the utility of its CA125
epitope as a biomarker for serous ovarian cancer (8). Isoforms of
MUC16 have also been implicated in the progression andmetastasis of
pancreatic ductal adenocarcinoma as well as aggressive subtypes of the
disease such as squamous and basal-like carcinomas (9, 10). Despite its
endogenous expression in a few healthy tissues and status as a shed
antigen, MUC16 remains a viable therapeutic target for antibody-
based and adoptive cell therapies (11–19).

The majority of MUC16-targeted antibodies bind CA125 epi-
topes in the SEA/tandem repeat region (10, 20) or the unshed
carboxy-terminus domain (13, 21, 22). To date, anti-MUC16 anti-
bodies have mostly been harnessed as vectors to deliver toxic
payloads, radionuclides, or fluorophores (12, 23–26). More recently,
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a new class of MUC16-targeted antibodies that interact with the N-
or O-glycosylation sites on MUC16 has emerged and exert a
therapeutic effect by abrogating the downstream pro-oncogenic
signaling of cancer cells (10, 15). AR9.6 is one such mAb, as it
binds to SEA domain 5 on MUC16 and interferes with the inter-
action of MUC16 with ErbB (EGF) receptors on the cancer cell
surface. The latter attenuates the subsequent activation of oncogenic
AKT and GSK3ß signaling pathways in tumor cells (10).

Herein, we describe the in vitro, in vivo, and ex vivo validation of
AR9.6 binding to MUC16 in xenograft models of human ovarian and
pancreatic cancers. Furthermore, we functionally validate a human-
ized version of AR9.6 (huAR9.6) in anticipation of its clinical use as a
theranostic agent for the noninvasive delineation and treatment of
metastatic ovarian and pancreatic cancers.

Materials and Methods
Detailed experimental procedures can be found in Supporting

Information.

Ovarian and pancreatic cancer cell lines
Human ovarian adenocarcinoma OVCAR3 and SKOV3 cells

were purchased from American Type Culture Collection (ATCC)
in 2013. Both cell lines were used for implanting tumors in mice
between passages 3 and 6 after the first thaw of the source vial.
Human pancreatic ductal adenocarcinoma (PDAC) cell lines
Capan-2, BxPC-3, and MIAPaCa-2 were purchased from ATCC
in 2014–2015 and used for implanting tumors in mice between
passages 3 and 6 after the first thaw of the source vial. S2-028 and
T3M-4 cell lines were provided by the laboratory of Dr. Hollings-
worth at the University of Nebraska Medical Center (UNMC) and
used between passages 40 and 50 for implanting tumors in mice. In
addition to routine testing formycoplasma using the Lonza MycoA-
lert mycoplasma detection kit (LT07-418), all cell lines were
authenticated by STR profiling at MSKCC and UNMC repeatedly
between 2009 and 2018. Ovarian cancer patient-derived xenograft
(PDX) lines OvCa PDX0003, PDX0004, and PDX0012 were
obtained via IRB approval and maintained by the antitumor assess-
ment core at MSKCC, sequenced via Integrated Mutation Profiling

for Actionable Cancer Targets (IMPACT), and used at passage 4 for
the studies described herein.

muAR9.6 expression and purification
The hybridoma for murine AR9.6 (muAR9.6) production was

provided by Dr. Madi Madiyalakan (Quest PharmaTech Inc.),
Dr. Prakash Radhakrishnan, and Dr. Michael Hollingsworth
(UNMC). muAR9.6 was purified from hybridoma cell culture super-
natant using protein G affinity chromatography.

Bioconjugation and radiolabeling
89Zr-labeled muAR9.6 and huAR9.6 were prepared using estab-

lished procedures (27). Briefly, the [89Zr]Zr4þ chelator desferriox-
amine (DFO) was attached to the antibody by reacting 3 mg of
AR9.6 antibody (>2 mg/mL) with 10 molar equivalents of p-SCN-
DFO (B-705; Macrocyclics, Inc.). Zirconium-89 ([89Zr]Zr-oxalate)
was procured from 3D Imaging or produced at Memorial Sloan
Kettering Cancer Center on a TR19/9 cyclotron (Ebco Industries
Inc.). During radiolabeling, 89Zr[Zr]-oxalate was neutralized
using 1 M sodium carbonate, and—depending on the scale of the
study—89Zr-labeled radioimmunoconjugates were prepared by
mixing 41 to 163 MBq (1.1–4.4 mCi) of pH-adjusted 89Zr[Zr]4þ

with 150 to 870 mg of DFO-AR9.6 in Chelex-treated PBS (pH 7.2)
while achieving a radioactivity concentration between 2.5 and
9.0 mCi/mL.

Xenograft models
All in vivo experiments described herein were approved by the

Research Animal Resource Center and Institutional Animal Care
and Use Committee (IACUC 08-07-013) of Memorial Sloan Ket-
tering Cancer Center. Three types of animal models were used in
this study: (i) mice bearing subcutaneous ovarian and pancreatic
cancer cell line xenografts; (ii) mice bearing orthotopic ovarian and
pancreatic cancer cell line xenografts; and (iii) mice bearing sub-
cutaneous ovarian cancer PDX.

Eight- to 10-week-old Nu/Nu (CRL:NU-Foxn1nu) female mice
were purchased from Charles River Laboratories. Animals were
housed in ventilated cages, given food and water ad libitum, and were
allowed to acclimatize for 1 week prior to inoculation of tumor cells.
Subcutaneous OVCAR3 and SKOV3 tumors were induced between
the right shoulder and the liver by injection of 10million and 5million
cells, respectively, in a 150-mL cell suspension of a 1:1 (v/v) mixture of
fresh media/BD Matrigel (BD Biosciences). To generate PDX models,
patient tumor tissue that was not needed for diagnosis was collected
under an approved IRB protocol and implanted subcutaneously into
6-week-old nod-scid-gamma (NSG) mice (005557; The Jackson Lab-
oratory). Upon reaching the predetermined endpoint of 1,000 mm3,
the tumor was processed to generate a single-cell suspension using the
Gentlemacs kit (Miltenyi), as previously described (28). Five million
cells of each of the OvCa PDX lines (012, 0004, and 0003) were
implanted subcutaneously in the region between the right shoulder
and liver of 6- to 8-week-old female NSG mice. Subcutaneous ovarian
cancer xenografts were used for in vivo studies when the tumor
volumes reached �150 to 300 mm3. Orthotopic ovarian xenografts
were developed by surgical implantation of 1.0� 106 OVCAR3 cells in
the left ovary of 10-week-old female Nu/Nu mice according to
published protocols (29). Orthotopic OVCAR3 xenografts were used
for in vivo PET imaging 6 weeks after surgical implantation of tumor
cells in the ovarian bursa.

Subcutaneous PDAC xenografts were generated by injection of 5
million cells of five cell lines—S2–028, Capan-2, T3M-4, BxPC-3, and

Translational Relevance

In recent years, proteins with aberrant glycosylation patterns
have emerged as therapeutic targets in oncology. Along these lines,
MUC16 glycoforms have been implicated in the oncogenesis and
metastatic progression of high-grade serous ovarian cancer and
pancreatic ductal adenocarcinoma. AR9.6 is a therapeutic mAb that
binds to MUC16, interferes with the interaction of MUC16 with
ErbB receptors on the surface of cancer cells, and thereby attenu-
ates the activation of downstream oncogenic signaling pathways.
Here, we report the in vitro, ex vivo, and in vivo validation of
[89Zr]Zr-DFO-muAR9.6 and [89Zr]Zr-DFO-huAR9.6 in murine
models of MUC16-positive high-grade serous ovarian cancer and
pancreatic ductal adenocarcinoma. Both radioimmunoconjugates
displayed excellent tumor-targeting properties in vivo, ultimately pro-
ducing high-quality PET images. This suggests that [89Zr]Zr-DFO-
huAR9.6 could play essential roles in the clinic as a theranostic
imaging agent for AR9.6 therapy and as a tool for the preoper-
ative delineation of draining or metastatic lymph nodes.

Noninvasive Delineation of Ovarian and Pancreatic Cancer
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MIAPaCa-2—which were separately resuspended in a 150-mL cell
suspension of a 1:1 (v/v) mixture of fresh media/BD Matrigel (BD
Biosciences) and implanted on the right flank of 6- to 8-week-old
female Nu/Nu mice. Subcutaneous ovarian cancer xenografts were
used for in vivo studies when the tumor volumes reached �150 to
200 mm3. Orthotopic pancreatic cancer xenografts were developed
by surgical implantation of 0.1 � 106 luciferase-transfected Capan-2
tumor cells into the head of the pancreas of 6-week-old female Nu/Nu
mice according to published protocols (29). Orthotopic Luc-Capan-2
tumors were monitored by bioluminescence imaging (BLI) to assess
tumor take prior to being used for terminal in vivo PET imaging
at 4 weeks after surgical implantation of tumor cells into the head of
the pancreas.

PET imaging
PET-CT images were acquired on an Inveon PET-CT scanner

(Siemens Healthcare). Tumor-bearing mice were administered
238 � 24.6 mCi (8.8 � 0.9 MBq; 41 � 16 mg) of the 89Zr-labeled
AR9.6 antibodies suspended in 150 mL of PBS via the lateral tail vein.
Single mouse PET-CT data were analyzed using AsiPRO image
analysis software. Data acquired using the mouse “hotel” were cali-
brated and cropped before analysis on AMIDE software (Stanford
University) and rendered for presentation using VivoQuant (Invicro).

Ex vivo biodistribution
Ex vivo biodistribution analyses were performed in separate

cohorts of xenograft mice that were administered 26.3 � 2.7 mCi
(0.97 � 0.1 MBq; 4.9 � 1.7 mg) of the 89Zr-labeled AR9.6 antibodies
suspended in 150 mL of PBS per mouse via the lateral tail vein. In
blockade cohorts designed to validate binding specificity, mice were
injected with a mixture of 89Zr-labeled AR9.6 and a 100-fold excess
(mass) of unmodified and unlabeled AR9.6.

Histopathology
Tissue samples harvested from PET-positive mice were fixed in

10% neutral buffered formalin. A period of 10 half-lives of Zr-89
(�33 days total) was allowed to pass before processing the samples
for histopathologic analysis. Paraffin-embedded blocks were sliced
to obtain 5-mm-thick sections, and slides were stained with
hematoxylin and eosin (H&E) and IHC. IHC staining of cryosec-
tions of ovarian patient tumors was done using muAR9.6 as the
primary antibody at 1:100 dilution and a biotinylated goat anti-
mouse (H þ L) secondary antibody (BP-9200; Vector Labs) at 1:500
dilution. IHC staining of OVCAR3 tumors and lymph node sections
was performed using huAR9.6 as the primary antibody at 1:100
dilution and a biotinylated goat anti-human (H þ L) secondary
antibody (BA-3000; Vector Labs) at 1:500 dilution. Pan-cytokeratin
staining of sections from OVCAR3 tumors and lymph nodes was
performed using a rabbit polyclonal antibody (Z0622; Dako) as the
primary antibody and a biotinylated anti-rabbit IgG (H þ L; PK-
6100; Vector Labs) as the secondary antibody–both used at 1:500
dilution. Histopathologic analysis was performed in a blinded
manner by a board-certified veterinary pathologist (AP).

Humanization of muAR9.6
muAR9.6 was humanized using a human germline CDR grafting

approach (30). Recombinant humanized AR9.6 (huAR9.6) was pro-
duced by transient transfection in expiCHO cells according to the
manufacturer’s instructions (Thermo Fisher Scientific). Transfections
were carried out using a 2:1 ratio of light-chain to heavy-chain
plasmids. The culture supernatant was harvested seven days after

transfection, and the antibody was purified using protein A affinity
chromatography.

Statistical analysis
All data are expressed asmean� standard deviation (SD). Statistical

analysis was performed usingGraphPad Prism version 9.1.0. Statistical
comparisons of radioactivity concentrations in a given organ across
groups in the ex vivo biodistribution studies were done using non-
parametric multiple Mann–Whitney tests to compare ranks. The
Holm–Sidak multiple comparison test was applied, and the threshold
for P value comparison was set to 0.05.

Results
In vitro and in vivo characterization of muAR9.6

FPLC purification using protein G affinity chromatography
yielded �25 mg/L of muAR9.6 (IgG1-kappa) having ≥95% mono-
meric content from hybridoma culture supernatant (Supplementary
Fig. S1 and S2). Flow cytometry of the unmodified muAR9.6
revealed strong binding to OVCAR3 cells, a cell line representative
of high-grade serous ovarian cancer that is known to express
high levels of MUC16 (Fig. 1A). In contrast, muAR9.6 exhibited
marginal binding to SKOV3 cells, a cell line representative of clear
cell ovarian carcinoma that is considered to be MUC16 negative yet
exhibits low levels of MUC16 expression (Figure 1B; Supplemen-
tary Fig. S3). The labeling of DFO-modified muAR9.6 with Zr-89
produced a radioimmunoconjugate—[89Zr]Zr-DFO-muAR9.6—
with high specific activity (5–10 mCi/mg) and radiochemical sta-
bility (Supplementary Fig. S4–S6). The binding of [89Zr]Zr-DFO-
muAR9.6 to OVCAR3 cells was found to be �4� greater than that
to SKOV3 cells, and—importantly—the binding of the radioimmu-
noconjugate to the antigen-positive cells could be blocked by a 100-
fold excess of unlabeled muAR9.6 (Fig. 1C). Furthermore, immu-
nostaining and fluorescence microscopy confirmed that both
muAR9.6 and FITC-modified muAR9.6 bind to the membrane of
MUC16-expressing OVCAR3 cells (Fig. 1D).

With this in vitro characterization complete, we next interrogated
the in vivo behavior of [89Zr]Zr-DFO-muAR9.6 in mice bearing
subcutaneous OVCAR3 and SKOV3 xenografts. ImmunoPET with
[89Zr]Zr-DFO-muAR9.6 revealed high uptake of the radioimmu-
noconjugate in OVCAR3 tumors (�35%ID/g), producing high-
contrast PET images (Fig. 1E; Supplementary Fig. S7). In contrast,
analogous experiments in the mice bearing SKOV3 xenografts
displayed lower amounts of [89Zr]Zr-DFO-muAR9.6 in tumor
tissue (�17%ID/g), likely a result of the enhanced permeability
and retention effect and low levels of antigen expression—as well as
with higher activity concentrations in the blood and liver (Fig. 1E;
Supplementary Fig. S8). Intriguingly, the ex vivo biodistribution
analysis of [89Zr]Zr-DFO-muAR9.6 in mice with OVCAR3 xeno-
grafts demonstrated heterogeneous radioactivity concentrations
in the blood, liver, and tumor. Specifically, animals with high
uptake in the liver exhibited low radioactivity concentration in
the blood as early as 1 day postinjection (p.i.). This somewhat
unusual phenomenon was encountered in three independent bio-
distribution experiments. Nonetheless, over the course of the
experiment, radioactivity concentrations in the OVCAR3 tumors
increased (from 12.0 � 2.6%ID/g at 1 d p.i. to 33.4 � 3.5%ID/g at
5 d p.i.), while those in the blood decreased over the same period
(from 9.6 � 4.1%ID/g at 1 d p.i. to 2.9 � 1.7%ID/g at 5 d p.i.)
(Fig. 1F; Supplementary Table S1).

Mice bearing OVCAR3 xenografts coinjected with a 100-fold
excess of unlabeled muAR9.6 alongside [89Zr]Zr-DFO-muAR9.6

Sharma et al.
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Figure 1.

In vitro and in vivo characterization of the binding of muAR9.6 to ovarian cancer cells. A and B, Flow cytometry illustrating the strong binding of muAR9.6
to OVCAR3 cells as well as its marginal binding to SKOV3 cells. C, RBA showing the high (81.4% � 2.1%) and blockable (11% � 1%) binding of [89Zr]Zr-DFO-
muAR9.6 to MUC16-positive OVCAR3 cells as well as its low (15.2% � 1.3%) binding to MUC16-negative SKOV3 cells. The inset shows cellular internalization
of [89Zr]Zr-DFO-muAR9.6 between 1 hour and 24 hours after adding to�1 million OVCAR3 cells. The blue bars represent the uptake of 10 ng of [89Zr]Zr-DFO-
muAR9.6 at each timepoint, whereas the red bars represent the blocked uptake of [89Zr]Zr-DFO-muAR9.6 in the presence of a 1,000-fold excess of unlabeled
muAR9.6. D, Immunostaining and fluorescence microscopy of OVCAR3 cells with muAR9.6 and FITC-labeled muAR9.6 revealing the membrane-bound
localization of fluorescence. E, PET images acquired 5 days after the administration of the 1.2 � 0.1 mg/kg [89Zr]Zr-DFO-muAR9.6 (255 � 49.5 mCi; 9.4 �
1.8 MBq; 29.6 � 2.0 mg) in female Nu/Nu mice bearing OVCAR3 and SKOV3 subcutaneous xenografts (n ¼ 3 mice per tumor type). The differential uptake of
the radioimmunoconjugate in the tumors (T) can be seen as well as accumulation in other tissue compartments, including the heart [H], liver [L], and
bone [B]. The latter is the result of the accretion of free, osteophilic [89Zr]Zr4þ released from the radioimmunoconjugate. Serial PET images are
shown in Supplementary Figs. S7 and S8. F, Ex vivo biodistribution profile up to 5 days after the intravenous administration of 0.11 � 0.02 mg/kg
of [89Zr]Zr-DFO-muAR9.6 (24 � 1.4 mCi; 0.88 � 0.05 MBq; 2.8 � 0.5 mg) to female Nu/Nu mice bearing OVCAR3 and SKOV3 subcutaneous xenografts
(n ¼ 5 mice per tumor type). � , P ≤ 0.03; �� , P ≤ 0.01; ���, P ≤ 0.0005. Detailed sets of %ID/g values are provided in Supplementary Tables S1 and S2. The
maximum intensity projections have been scaled from 0% to 100%.
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displayed higher radioactivity concentrations in the blood and
lower radioactivity concentrations in the liver at 3 d p.i. compared
with mice that received the radioimmunoconjugate alone. However,
this coinjected unlabeled antibody was not sufficient to significantly
block the uptake of [89Zr]Zr-DFO-muAR9.6 at the tumor. The
ex vivo biodistribution analysis of the mice bearing SKOV3 xeno-
grafts yielded predictably straightforward results. In these animals,
activity concentrations of 14.8 � 3.4%ID/g, 10.5 � 4.6%ID/g, and
8.2 � 2.8%ID/g were found in the tumor, liver, and blood 5 days
after the administration of the radioimmunoconjugate (Fig. 1F;
Supplementary Table S2). These data are in agreement with the PET
images acquired with [89Zr]Zr-DFO-muAR9.6 in SKOV3-bearing
mice (Fig. 1E). Unlike the mice with OVCAR3 xenografts, those
bearing SKOV3 xenografts showed no significant heterogeneity in
the activity concentrations in the tumor, liver, and blood.

Lymph node involvement in OVCAR3 xenografts
Additional PET imaging experiments in mice bearing OVCAR3

xenografts lent further insight into the heterogeneity observed in
the ex vivo biodistribution studies. Tumor-bearing mice with no
uptake of [89Zr]Zr-DFO-muAR9.6 in the lymph nodes produced
PET images similar to that shown in Fig. 2A. These animals
boasted high levels of signal in the subcutaneous tumor with little
radioactivity remaining in blood at 5 d p.i. Another subset of

tumor-bearing mice displayed significant radioactivity signal in the
ipsilateral lymph node chain paired with relatively low activity
concentrations in the tumor and high uptake in the liver (Fig. 2B).
This phenomenon was pronounced in mice with relatively larger
tumors (Fig.2C and D; Supplementary Figs. S9 and S10).

A biodistribution analysis confirmed that the uptake of [89Zr]Zr-
DFO-muAR9.6 was dramatically higher in the ipsilateral axillary
lymph nodes (IALNs) of the OVCAR3-bearing mice compared
with the contralateral axillary lymph nodes (CALNs) of the same
mice as well as the IALN or CALN of mice bearing SKOV3
xenografts (Fig. 2E; Supplementary Tables S3 and S4). Notably,
the coinjection of a 100-fold excess of unlabeled muAR9.6 along
with [89Zr]Zr-DFO-muAR9.6 effectively blocked the uptake of
radioactivity in the IALNs of mice bearing OVCAR3 xenografts.
We plotted the percentage of total injected activity (%ID) in the
IALNs and CALNs of the OVCAR3 tumor-bearing mice (Fig. 2F),
which provides a more realistic assessment of the uptake of
[89Zr]Zr-DFO-muAR9.6 in tiny tissues such as lymph nodes.
Ex vivo PET imaging corroborated differences in uptake between
the IALNs and CALNs of the OVCAR3 tumor-bearing mice
(Fig. 2G). Surprisingly, routine histopathologic analysis of PET-
positive IALNs did not reveal overt infiltration by neoplastic cells.
H&E staining of three-step sections taken 100 mm apart revealed
sinus histiocytosis and a moderate number of plasma cells in the

Figure 2.

ImmunoPET imaging and ex vivo biodistribution data delineate lymph node involvement in mice bearing OVCAR3 xenografts. A–D, Maximum intensity projection
(MIP) PET-CT images (scaled 0–100) of mice with subcutaneous OVCAR3 xenografts acquired 5 days after the intravenous administration of 1.2 � 0.1 mg/kg of
[89Zr]Zr-DFO-muAR9.6 (255� 49.5 mCi; 9.4� 1.8 MBq; 29.6� 2.0 mg) showing differing distributions of radioactivity. Heterogeneous patterns of uptake are evident
in the tumor (T), lymph nodes (ALN¼ axillary lymph node; BLN¼ brachial lymph node; CLN¼ cervical lymph node; ILN¼ inguinal lymph node), blood (indicated by
the heart, H), and liver (L). E, Ex vivo biodistribution data comparing the radioactivity concentrations (%ID/g) in the IALNs, CALNs, and subcutaneous tumors of the
tumor-bearing mice whose biodistribution data were reported in Fig. 1F. F, Graph comparing the percentage of total injected dose (%ID) values for the IALN and
CALN at 5 d p.i. in the OVCAR3 tumor-bearing mice whose biodistribution was shown in Fig. 1F. G, Ex vivoMIP PET image of the tumor, IALNs, and CALNs collected
from an OVCAR3-bearing xenograft 7 days after the administration of 1.2� 0.1 mg/kg of [89Zr]Zr-DFO-muAR9.6 (255� 49.5 mCi; 9.4� 1.8 MBq; 29.6� 2.0 mg).
H, H&E-stained IALN frommouse depicted in Fig. 2D revealing no signs of overt infiltration by neoplastic cells. Detailed sets of %ID/g and %ID values are provided in
Supplementary Tables S3 and S4. The maximum intensity projections have been scaled from 0% to 100%.

Sharma et al.

Clin Cancer Res; 28(5) March 1, 2022 CLINICAL CANCER RESEARCH952



paracortex and medulla (Fig. 2H; Supplementary Fig. S11). How-
ever, the limited sensitivity of H&E does not allow for detection of
very small numbers of infiltrating neoplastic cells, especially in
tissues with a rather dense and heterogeneous cellularity like the
lymph nodes of mice.

89Zr-AR9.6 immunoPET in clinically relevant tumor models
We next sought to validate the utility of 89Zr-AR9.6 immunoPET

undermore clinically relevant conditions. To this end,we developed an
orthotopic tumor model by surgically implanting OVCAR3 cells into
the bursa of the left ovary of female nude mice. Six weeks after

Figure 3.

ImmunoPET delineates the uptake of [89Zr]Zr-DFO-muAR9.6 in orthotopic-turned-metastatic and PDX models of HGSOC. A, PET images (MIPs scaled 0–100) of
female nude mice taken 6 weeks after surgical implantation of the left ovary with OVCAR3 cells. ImmunoPET imaging with 1 mg/kg of [89Zr]Zr-DFO-muAR9.6
(210 � 11.7 mCi; 7.8 � 0.4 MBq; 24 mg) delineated the orthotopic tumor as well as a lymph node in the hepatic region. B, Periodic immunoPET imaging of a
mouse bearing an orthotopic OVCAR3 xenograft showed disease progression from the primary site of tumor cell inoculation (left ovary) to the liver and
distant sites including the mediastinal lymph nodes in the thorax and the lumbar aortic lymph node in the lower abdomen. In this experiment, the mouse was
injected three times with [89Zr]Zr-DFO-muAR9.6 (210 � 11.7 mCi; 7.8 � 0.4 MBq; 24 mg) at 6, 10, and 16 weeks after inoculation, and the images were collected
6 days after each administration of the radioimmunoconjugate. C, Cryosections of tumor tissue resected from three human patients with HGSOC showing
strong immunoreactive staining with muAR9.6 relative to an isotype control IgG used for IHC. D, PET images of female NSG mice bearing three different types
of subcutaneous PDX (T; n ¼ 3 mice per PDX) injected with 1.3 mg/kg [89Zr]Zr-DFO-muAR9.6 (248 � 5.3 mCi; 9.2 � 0.2 MBq; 33.0 � 4.3 mg). E, Ex vivo
biodistribution data collected 6 days after 0.12 � 0.01 mg/kg (22.7 � 1.2 mCi; 0.84 � 0.04 MBq; 3.0 � 0.3 mg) [89Zr]Zr-DFO-muAR9.6 was administered
intravenously to mice bearing three types of subcutaneous PDX (n ¼ 4 mice per PDX). Detailed %ID/g values are provided in Supplementary Table S5. The
maximum intensity projections have been scaled from 0% to 100%.
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implanting these cells, immunoPET with [89Zr]Zr-DFO-muAR9.6
delineated both orthotopic tumor tissue and a regional draining lymph
node between the liver and the kidneys (Fig. 3A). This phenomenon
was observed in eight out of 10 mice bearing orthotopic xenografts
used in this study. In some cases, longitudinal PET imaging of these
mice allowed us to track disease progression from the initial site of
tumor implantation to the infiltration of the liver andmetastatic spread
to distal lymph nodes (Fig. 3B). Unlike the IALN harvested frommice
bearing subcutaneous xenografts, the PET-positive lymph nodes
harvested from mice with orthotopic xenografts were effaced by gross
infiltration by OVCAR3 tumor cells.

In light of these data, we were curious to explore the binding of
muAR9.6 to tumor samples from human patients with ovarian cancer.
Ex vivo IHC staining of cryosections of tumor samples collected from
three patients with high-grade serous ovarian carcinoma yielded IHC
positivity by muAR9.6 relative to an isotype control IgG (Fig. 3C).

Encouraged by this result, we then performed in vivo immunoPET and
ex vivo biodistribution studies using female NSG mice bearing sub-
cutaneously implanted PDXs. Both the PET images (Fig. 3D) and the
ex vivo biodistribution data (Fig. 3E) revealed high uptake of [89Zr]Zr-
DFO-muAR9.6 in the tumors—PDX0012 ¼ 25.1 � 7.2%ID/g;
PDX0004 ¼ 28.1 � 5.2%ID/g; PDX0003 ¼ 56.6 � 13.7%ID/g—at
6 d p.i. Interestingly, the ex vivo biodistribution data uncovered high
and heterogeneous concentrations of the radioimmunoconjugate in
the livers of the mice bearing each of the three different PDX
(PDX0012 ¼ 23.8 � 10.0%ID/g; PDX0004 ¼ 13.3 � 6.1%ID/g;
PDX0003 ¼ 8.2 � 5.1%ID/g). The mice bearing PDX0012 also
displayed high uptake in the spleen (13.2 � 8%ID/g) compared with
the lower levels of radioactivity in the spleens of the mice with
PDX0003 tumors (2.7 � 0.5%ID/g). Taken together, these data
collected using patient samples and PDXs bode well for the future
clinical utility of AR9.6 in the context of ovarian cancer.

Figure 4.

ImmunoPET demonstrates the MUC16-dependent uptake of [89Zr]Zr-DFO-muAR9.6 in xenograft models of pancreatic ductal adenocarcinoma (PDAC). A, Graph
showing the differential binding of 3 ng of [89Zr]Zr-DFO-muAR9.6 to five PDAC cell lines expressing different levels of MUC16. B, PET images of mice bearing
subcutaneous PDAC xenografts acquired 6 days after the administration of 2.1� 0.4mg/kg of [89Zr]Zr-DFO-muAR9.6 (225� 22.1 mCi; 8.3� 0.8 MBq; 51.7� 9.8 mg).
C, Ex vivo biodistribution data acquired from mice bearing subcutaneous PDAC xenografts 6 days after the intravenous injection of 0.3 � 0.03 mg/kg
[89Zr]Zr-DFO-muAR9.6 (27.7 � 0.9 mCi; 1.02 � 0.03 MBq; 6.3 � 0.8 mg; n ¼ 4 mice per time point). On the graph, � , P ≤ 0.05. Detailed %ID/g values are provided
in Supplementary Table S6. D, Representative bioluminescence (BLI) and PET images of female nude mice acquired 4 weeks after the surgical implantation
of Luc-Capan-2 cells in the head of the pancreas. The immunoPET images were acquired 6 days after the administration of 1.57 mg/kg of [89Zr]Zr-DFO-muAR9.6
(269.4 � 5.4 mCi; 9.97 � 0.2 MBq; 40 mg). The maximum intensity projections have been scaled from 0% to 100%.
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Exploring the theranostic utility of AR9.6 for pancreatic cancer
Motivated by our recent reports detailing the mechanism of action

and therapeutic utility of muAR9.6 in mouse models of human
pancreatic ductal adenocarcinoma (PDAC), we next embarked upon
exploring the theranostic utility of this antibody (10). In vitro binding
of [89Zr]Zr-DFO-muAR9.6 with five pancreatic cancer cell lines—
which demonstrated differential expression of MUC16 as determined
by Western blot (Supplementary Fig. S3)—showed that the radio-
immunoconjugate bound to different cells to different degrees
(Fig. 4A). ImmunoPET imaging of nude mice bearing subcutaneous
PDAC xenografts corroborated these in vitro results (Fig. 4B; Sup-
plementary Fig. S12). Although the mice with S2-028 and Capan-2
xenografts exhibited high tumoral activity concentrations and low
levels of radioactivity in the blood at 6 d p.i., those bearing T3M-4
xenografts demonstrated only moderate uptake in the tumor and
displayed some persistent radioactivity in the blood at the same time
point. Even lower activity concentrations were observed in BxPC-3
xenografts, and the least uptake of all was noted in the MIAPaCa-2
tumors; not surprisingly, mice bearing both types of xenografts
exhibited high residual concentrations of [89Zr]Zr-DFO-muAR9.6
in the blood. These imaging data were confirmed by ex vivo biodis-
tribution studies of [89Zr]Zr-DFO-muAR9.6 in separate cohorts of
mice with subcutaneous PDAC xenografts (Fig. 4C). The S2-028
and Capan-2 xenografts demonstrated high uptake at 6 d p.i.
(69.5 � 12.3 and 53.7 � 14.1%ID/g, respectively), the T3M-4 and
BxPC-3 tumors displayed moderate levels of accumulation (39.2 �
9.8 and 32.9 � 4.1%ID/g, respectively), and the MIAPaCa-2 xeno-
grafts held the lower activity concentrations of all (6.9 � 0.6%ID/g).
Unlike the PET imaging, however, the biodistribution data did not

uncover significant differences in the activity concentrations in the
blood across the various tumor-bearing mice.

These findings in subcutaneous PDAC xenografts were encourag-
ing, so we developed an orthotopic model by surgically implanting
luciferase-transfected Capan-2 cells into the head of the pancreas. The
mice were monitored weekly via BLI to confirm tumor growth
(Fig. 4D). At 4 weeks after surgical implantation, BLI-positive mice
were injected with [89Zr]Zr-DFO-muAR9.6 and imaged by PET.
Although 15 of 15 mice displayed high activity concentrations in the
pancreatic tumor, three exhibited uptake in the adjacent lymph nodes.

Humanization of muAR9.6 and testing huAR9.6
Murine antibodies present several significant limitations from the

standpoint of clinical translation. As a result, we humanized muAR9.6
by germline CDR grafting. Recombinant expression and purification
of the humanized variant huAR9.6 yielded up to 60mg of antibody per
liter of ExpiCHO cell culture supernatant (Fig. 5A; Supplementary
Figs. S13 and S14). Like itsmurine predecessor, huAR9.6 wasmodified
with DFO and radiolabeled with [89Zr]Zr4þ to produce a radioimmu-
noconjugate—[89Zr]Zr-DFO-huAR9.6—with high specific activity
(10 mCi/mg) and serum stability (Supplementary Figs. S5, S6,
and S15). In vitro cell binding assay of 89Zr-labeled huAR9.6 with
MUC16high OVCAR3 cells demonstrated blockable binding and inter-
nalization up to 50% over a 24-hour period (Fig. 5B). Furthermore,
in vitro flow cytometry analysis with OVCAR3 and SKOV3 cells was
performed to functionally validate the antibody. Similar to its murine
predecessor, huAR9.6 demonstrated high levels of binding to
OVCAR3 cells and only marginal levels of binding to SKOV3 cells
(Fig. 5C). Next, we tested the utility of huAR9.6 for ex vivo IHC

Figure 5.

Humanized AR9.6 demonstrates robust in vitro, in vivo, and ex vivo binding to MUC16-expressing ovarian and pancreatic cancer cells. A, Humanization of muAR9.6
by CDR grafting. B, In vitro internalization data of [89Zr]Zr-DFO-huAR9.6 in OVCAR3 cells at 1, 3, 6, and 24 hours. The blue bars represent the uptake of 10 ng of
[89Zr]Zr-DFO-huAR9.6 at each timepoint, whereas the red bars represent the blocked uptake of [89Zr]Zr-DFO-huAR9.6 in the presence of a 1,000-fold excess of
unlabeled huAR9.6. C, In vitro and ex vivo validation of the binding of huAR9.6 to MUC16high (OVCAR3) and MUC16neg (SKOV3) ovarian cancer cells using flow
cytometry and immunohistochemical (IHC) staining of FFPE tumor sections. D, Ex vivo validation of the binding of huAR9.6 to FFPE sections from MUC16high

(S2-028), MUC16med (BxPC-3), andMUC16low (MIAPaCa-2) tumors.E andG, Serial PET-CT images ofmice bearing subcutaneous S2–028 xenografts (E) andOVCAR3
xenografts (G; n ¼ 3 mice per tumor xenograft) acquired after the intravenous administration of 2.14 mg/kg [89Zr]Zr-DFO-huAR9.6 (250 mCi; 9.25 MBq; 53 mg)
showing gradual accretion of radioactivity in the tumor (T) and the liver (L) as well as gradually declining activity concentrations in the blood (indicated by the heart
[H]). F and H, Longitudinal ex vivo biodistribution data acquired after the i.v. injection of 0.25 mg/kg of [89Zr]Zr-DFO-huAR9.6 (29 mCi; 1.07 MBq; 6.2 mg)
in mice bearing subcutaneous S2-028 xenografts (F) and OVCAR3 xenografts (H; n ¼ 4 mice per time point). In the graph shown in F; � , P ¼ 0.0286. Detailed sets
of %ID/g values are provided in Supplementary Tables S7 and S8.
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staining of formalin-fixed paraffin-embedded (FFPE) tumor sections
from SKOV3 andOVCAR3 tumors. HuAR9.6 showed strong staining
of the OVCAR3 tumor compared with the SKOV3 tumor (Fig. 5C).
Eager to test huAR9.6 with pancreatic tumors, we tested the antibody
for the IHC staining of FFPE sections of S2-028 (MUC16high), BxPC-3
(MUC16med), andMIAPaCa-2 (MUC16low) tumors. HuAR9.6 stained
these PDAC sections in a manner consistent with the corresponding
in vitro and in vivo data acquired with its murine predecessor
(Fig. 5D).

Finally, we interrogated the in vivo performance of [89Zr]Zr-DFO-
huAR9.6 in mice with subcutaneous pancreatic cancer (S2-028;
MUC16high) and ovarian cancer (OVCAR3; MUC16high) xenografts.
Longitudinal PET imaging of the mice bearing S2-028 xenografts
demonstrated the gradual accretion of radioactivity in the tumor
accompanied by the concomitant clearance of radioactivity
from the blood (indicated by the heart), and some uptake of
radioactivity in the liver (Fig. 5E). Corresponding ex vivo biodis-
tribution data underscored these trends and validated the specificity
of [89Zr]Zr-DFO-huAR9.6’s tumoral uptake via a blockade exper-
iment in which the coinjection of 100-fold excess of unlabeled
huAR9.6 blocked the radioactivity concentration in the tumor (39.4
� 2.3%ID/g vs. 9.3 � 2.3%ID/g; P ¼ 0.028) (Fig. 5F).

Longitudinal PET imaging and biodistribution experiments with
[89Zr]Zr-DFO-huAR9.6 in mice with MUC16-expressing OVCAR3
xenografts produced similarly positive results (Fig. 5G and H).
Intriguingly, three of the six mice with OVCAR3 xenografts exhibited
uptake of [89Zr]Zr-DFO-huAR9.6 along the ipsilateral chain of lymph
nodes, a phenomenon previously observed with huAR9.6’s murine
predecessor (Fig. 6A). This time, however, in addition to performing a
coarse analysis of themorphology of PET-positive IALNs by H&E, the
granular identification of neoplastic cells was done via IHC. To this
end, a pan-cytokeratin (pan-CK) polyclonal antibody (Z0622; Dako)

was used to delineate cytokeratin 7 (CK7) expression by epithelial
cells (Fig. 6B–E), whereas huAR9.6 was used to detect cell-
associated or soluble MUC16 (Fig. 6F–I). Consistent with our
prior experience, morphologic analysis of the H&E-stained sections
did not reveal clear tumor cell infiltration of most lymph nodes.
However, IHC staining with huAR9.6 showed a diffuse and strong
membranous staining of neoplastic cells in the primary tumor and
positivity in the cortical sinuses and follicles of PET-positive
IALNs (Fig. 6F; Supplementary Figs. S16 and S17). IHC staining
with pan-CK and huAR9.6 yielded a strong signal in the primary
tumor (Fig. 6B and F), enabled the detection of scattered single
neoplastic cells in the subcapsular and subcortical sinuses (Fig. 6C
and G), and confirmed the presence of larger metastatic lesions in
some PET-positive IALNs (Fig. 6E and I).

In addition to cellular staining, both huAR9.6 and pan-CK IHC
yielded non-cell–associated staining patterns. In the vast majority of
cases, areas of positivity not clearly associated with a nucleus or with
neoplastic cell morphology were detected within different anatomic
compartments of the PET-positive IALNs. Widespread and “amor-
phous”non-cell–associated positive stainingwas found in the lumen of
the subcapsular sinuses. Such a positive signal was interpreted as
soluble tumor antigen draining into the node (Fig. 6C). Interestingly,
the cellular signal was also observed in the form of a small number of
cells in the cortex and paracortex of the lymph node that had a star-
shaped morphology similar to dendritic cells or macrophages and
displayedmoderate to strong, often punctate immunoreactivity, indic-
ative of phagocytized tumor cells or antigen (Fig. 6D and H).

Discussion
The therapeuticmechanism ofmuAR9.6 distinguishes it from other

MUC16-targeted antibodies, including those reported from our

Figure 6.

huAR9.6 can delineate lymph node involvement in a xenograft model of ovarian cancer. A, PET-CT image of a mouse bearing a subcutaneous OVCAR3 xenograft
acquired 6 days after the intravenous injection of 2.14mg/kg [89Zr]Zr-DFO-huAR9.6 (250mCi; 9.25MBq; 53mg) showing uptake of radioactivity in the tumor (T), liver
(L), and ipsilateral lymph node chain. B, Pan-cytokeratin (pan-CK) IHC staining of the OVCAR3 tumor showing a pattern of CK expression that is characteristic of
epithelial cancer cells. C–E, Pan-CK IHC staining of the PET-positive IALN showing (C) immunoreactive foci of neoplastic cells (red arrowheads) and lymphatic
fluid (black arrows) in the subcapsular sinuses. D, The cortex of the LN showing CK positivity in star-shaped cells (green arrowheads) indicative of dendritic cells
and (E) a cluster of neoplastic cells infiltrating the IALN (red arrows) (E); F, IHC staining of the OVCAR3 tumor with huAR9.6 showing membranous staining of
the OVCAR3 cells. G–I, huAR9.6 IHC staining of the PET-positive IALN (G) showing the presence of a few neoplastic cells (red arrowheads). The inset shows
the appearance of the huAR9.6-stained PET-positive but H&E-negative IALN, and the red box in the inset identifies the portion shown in the main image. H, The
cortex and follicles of the LN showing positivity for huAR9.6 staining in star-shaped cells (yellow arrowheads) indicative of dendritic cells. I, A cluster of neoplastic
cells draining into and infiltrating the medulla of the IALN (red arrows). The inset shows the architecture and appearance of the corresponding huAR9.6-stained
PET-positive but H&E-negative IALN, and the red box in the inset identifies the portion shown in the main image.
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laboratories (10, 13, 15, 16, 24, 25, 31, 32). Motivated by its novelty, we
set out to validate the in vitro cell binding of muAR9.6 and explore the
in vivo behavior of a 89Zr-labeled variant of the antibody in preclinical
tumor models. Flow cytometry revealed strong binding of muAR9.6
to MUC16-positive OVCAR3 cells as well as—more surprisingly—
some binding to SKOV3 cells. The latter are considered MUC16
negative, and we have previously not observed binding of other
MUC16-targeting antibodies such as B43.13 and 4H11 to SKOV3
cells (24, 25, 33, 34). However, Reinartz and colleagues have shown
that SKOV3 cells have very low levels of MUC16 transcript
(mRNA), and although they reported no binding of anti-CA125
antibodies to SKOV3 cells, Felder and colleagues reported marginal
binding of OC125-like MUC16-binding antibodies to SKOV3 cells
via flow cytometry. Plausibly, alternative splicing or posttransla-
tional modifications may be causing the AR9.6 epitope to be
expressed on SKOV3 cells, leading to marginal binding to this cell
line that is otherwise considered MUC16 negative (14, 32). In our
hands, using muAR9.6 as the primary antibody for Western blotting
of SKOV3 cell lysate revealed binding of the antibody to a low-
molecular-weight band observed in the other MUC16-positive cell
lines such as OVCAR3, Capan-2, S2-2028, and T3M-4 (Supple-
mentary Fig. S3). The latter band may represent an isoform/splice
variant or truncated version of the MUC16 epitope expressed by
SKOV3 cells. The specificity of muAR9.6’s binding to OVCAR3
cells was further demonstrated via radioligand binding assays, and
fluorescence microscopy experiments revealed that both unmodi-
fied muAR9.6 and an FITC-labeled variant produced membrane-
bound fluorescence with OVCAR3 cells (Fig. 1D). The latter data
are consistent with MUC16 being a membrane-anchored glycopro-
tein and are in line with our prior findings with B43.13, a clinically
relevant MUC16-targeted antibody (26).

Shifting gears to the in vivo experiments, the differing radioac-
tivity concentrations of [89Zr]Zr-DFO-muAR9.6 observed in the
OVCAR3 and SKOV3 tumors were consistent with the in vitro
binding of the antibody to these two cell types. Unlike other
MUC16-targeting antibodies such as B43.13 or 4H11 that have
demonstrated potential theranostic utility in the setting of high-
grade serous ovarian carcinoma, the ability of AR9.6 to delineate
SKOV3 tumors extends its utility for the noninvasive imaging and
targeted therapy of clear cell carcinoma of the ovaries. Notably, the
imaging and ex vivo biodistribution experiments in the OVCAR3
tumor-bearing mice proved particularly interesting, as they high-
lighted the influence that the lymphatic and reticuloendothelial
systems have on the performance of radioimmunoconjugates that
target shed antigens like MUC16. With respect to the former, the
root cause of the accretion of [89Zr]Zr-DFO-muAR9.6 in the lymph
nodes ipsilateral to the tumor demanded interrogation. The histo-
logic examination of these PET-positive IALNs did not show overt
infiltration by tumor cells. Yet MUC16 is a shed antigen, and the
epitope to which muAR9.6 binds lies in the portion of the cleaved
antigen. As a result, it is likely that the lymph nodes along the
ipsilateral chain could accumulate reservoirs of the shed antigen
and thus sequester [89Zr]Zr-DFO-muAR9.6. The uptake of
[89Zr]Zr-DFO-muAR9.6 in the IALN could be blocked in mice
that were coinjected with 100-fold excess of unlabeled muAR9.6, a
result that confirms the role of target binding in this accretion. We
previously observed a similar behavior with [89Zr]Zr-DFO-5B1, a
radioimmunoconjugate that targets another shed antigen: CA19-9.
In this case, predosing animals with unlabeled parent mAb prior to
the injection of the 89Zr-radioimmunoconjugate mitigated lymph
node uptake and increased tumoral activity concentrations (35).

The heterogeneity of the uptake of [89Zr]Zr-DFO-muAR9.6 in the
livers of the OVCAR3-bearing mice may also stem from the shedding
ofMUC16 and the clearance of circulating radioimmunocomplexes by
the reticuloendothelial system (RES). Other MUC16-targeting anti-
bodies such as B43.13 have been shown to form immunocomplexes
with soluble MUC16 in the serum of patients with ovarian cancer
(36, 37), and the majority of these immunocomplexes have been
shown to sequester within 30 minutes p.i. in the RES (i.e., liver).
Indeed, in this study, we noted higher activity concentrations in the
IALNs and livers of mice bearing larger OVCAR3 xenografts, which
may shed higher titers of MUC16 into the blood and lymph. Taken
together, these data plainly illustrate that while the shedding of
MUC16 does not preclude the use of [89Zr]Zr-DFO-muAR9.6 for
effective tumor imaging, it does mean that care will need to be taken to
optimize the dose and specific activity of the radioimmunoconjugate in
the clinical setting. Doing so will minimize false positives in the lymph
nodes and reduce the buildup of signal in the liver while simulta-
neously maximizing uptake in tumor tissue.

The role of MUC16 in the progression and metastasis of PDAC
fueled our evaluation of [89Zr]Zr-DFO-muAR9.6 in five subcuta-
neous xenograft models and one orthotopic xenograft model of
pancreatic cancer (9, 10). These results were particularly compel-
ling, as the differential tumor uptake of the radioimmunoconjugate
in these preclinical models of PDAC suggests that 89Zr-AR9.6
immunoPET could be used to facilitate patient selection for treat-
ment with AR9.6. Furthermore, these imaging data, the established
efficacy of combination therapy with muAR9.6 and gemcitabine in
preclinical models of PDAC, and gemcitabine’s properties as a
radiosensitizer suggest that muAR9.6 may have promise as a vector
for the radioimmunotherapy of MUC16-positive PDAC either
alone or in combination with gemcitabine (38). Finally, because
muAR9.6 is cross-reactive with murine MUC16, it may also be
possible to use syngeneic mouse models of PDAC to carry out
proof-of-concept studies that combine muAR9.6 with emerging
immune-checkpoint inhibitors in pursuit of effective immunothera-
pies for the disease (39, 40).

The final stage of the current investigation was centered on the
creation and validation of huAR9.6, the humanized—and thus more
readily translated—variant of muAR9.6. The excellent in vitro, ex vivo,
and in vivo target-binding ability of huAR9.6 is a testament to the
advances in recombinantDNA technology and protein expression that
allow for the humanization of murine monoclonal antibodies (41).
Importantly, immunoPET with [89Zr]Zr-DFO-huAR9.6 in mice bear-
ing MUC16-positive OVCAR3 xenografts produced images similar to
those acquired with the murine variant of the antibody. This time,
however, histopathologic findings fromPET-positive IALNs suggested
three distinct mechanisms behind the accumulation of [89Zr]Zr-DFO-
huAR9.6 in these tissues. The first and simplest explanation is pred-
icated on the shedding of the extracellular domain ofMUC16 from the
primary OVCAR3 tumor to the IALNs. Mucins such as MUC16 have
been shown to interact with immune cells to create an immunosup-
pressivemicroenvironment that facilitatesmetastasis (42, 43). That the
pan-CK staining of lymphatic fluid was predominantly noncellular
with only occasional positive cells in the subcapsular sinuses of the
PET-positive lymph nodes is suggestive of the accumulation of shed
antigen and cell debris in the IALNs. The sparsely distributed, pan-CK-
positive star-shaped cells in the paracortex of the PET-positive IALNs
hold the key to the second mechanism. These cells, we hypothesize,
may represent phagocytized infiltrating neoplastic cells. That some of
these cells could be stained with huAR9.6 during IHC suggests that the
target antigen (i.e., MUC16) could be presented on the surface of
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dendritic cells or macrophages, another possible sink for [89Zr]Zr-
DFO-huAR9.6 in the PET-positive IALNs. The third—and probably
most likely—possible explanation is the metastasis of OVCAR3 cells
from the primary tumor to the draining lymph nodes. This scenario is
consistent with clinical data, as ovarian cancer is known to spread via
the retroperitoneal lymphatics (among other routes), and MUC16-
positive serous adenocarcinomas are reported to have a higher pro-
pensity for metastases to lymph nodes (44–46).

Questions of mechanism aside, the PET data clearly underscore the
sensitivity of [89Zr]Zr-DFO-huAR9.6 immunoPET for the noninva-
sive delineation of draining, immunoreactive, and metastatic lymph
nodes. Systematic lymphadenectomy is typically unwarranted dur-
ing cytoreductive surgery of patients with ovarian cancer who have
undergone neoadjuvant chemotherapy (47). However, because
ovarian cancer—and pancreatic cancer, for that matter—is a sur-
gically treated disease, the noninvasive, preoperative delineation of
draining or metastatic LNs can provide a road map for surgeons to
selectively resect PET-positive LNs while leaving minimal residual
disease behind and avoiding morbidities associated with extensive
lymphadenectomies.

Conclusion
Herein, we report the in vitro, ex vivo, and in vivo validation of a pair

of radioimmunoconjugates—[89Zr]Zr-DFO-muAR9.6 and [89Zr]Zr-
DFO-huAR9.6—based on the novel MUC16-targeted therapeutic
mAb AR9.6. AR9.6’s unique mechanism of action, favorable in vivo
pharmacokinetic profile, and availability as a humanized variant
combine to give the antibody clinical promise as both a therapeutic
and a platform for theranostic PET imaging in MUC16-positive
ovarian and pancreatic cancer.
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