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Ovarian cancer is a leading cause of death from gynecological malignancies. Although

the prognosis is quite favorable if detected at an early stage, the vast majority of cases

are diagnosed at an advanced stage, when 5-year survival rates are only 30–40%. Most

recurrent ovarian tumors are resistant to traditional therapies underscoring the need for

new therapeutic options. Theranostic agents, that combine diagnostic and therapeutic

capabilities, are being explored to better detect, diagnose and treat ovarian cancer. To

minimize morbidity, improve survival rates, and eventually cure patients, new strategies

are needed for early detection and for delivering specifically anticancer therapies to tumor

sites. In this review we will discuss various molecular imaging modalities and targets that

can be used for imaging, therapeutic and theranostic agent development for improved

diagnosis and treatment of ovarian cancer.
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INTRODUCTION

Ovarian cancer is the leading cause of death from gynecological malignancies and ranks fifth as a
cause of cancer-related deaths amongwomen. Nearly 14,240 deaths and 22,280 new cases of ovarian
cancer are reported in the US every year (1). The majority of ovarian cancer related deaths, similar
to other cancers, are due to metastatic disease. Nearly 90% of ovarian cancers are of epithelial origin
and demonstrate various subtypes, serous, endometrioid, clear cell and mucinous, and have unique
signature biomarkers for classification, some of which could be used for targeting. Vast majority
(∼80%) of epithelial ovarian cancers are diagnosed at an advanced stage, with presentation of
widely metastatic disease within the peritoneal cavity. The 5-year survival rate for extensive stage
disease remains low at 30–40%, with limited therapeutic options.

Current first-line treatment of high-grade epithelial ovarian cancer involves a debulking surgery
that is followed by combination chemotherapy consisting of carboplatin and paclitaxel. However,
long-term results from those therapies have been disappointing (2). Cytoreductive surgery is
used as therapeutic intervention, as well as for diagnosis and staging. The amount of residual
disease following a debulking surgery is considered a prognostic factor of survival and the absence
of macroscopic residual disease is associated with low recurrence. Overall survival of advanced
stage ovarian cancer patients showed little improvement in the last 30 years despite progress
made in surgery and therapy. New targeted strategies are urgently needed to minimize morbidity
and mortality associated with ovarian cancer. Theranostic approaches that combine diagnostic
imaging with therapy have been shown to improve patient survival in several difficult to treat
advanced cancers, and could also be applied to ovarian cancer, a focus of this review (3–5).
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Mainly due to the lack of effective biomarkers to detect an
early stage disease, ovarian cancer is most frequently diagnosed
at an advanced stage. In this review, we will focus on various
molecular targets being used to develop imaging, therapeutic and
theranostic agents. High and specific expression of a biologic
target is paramount for cancer detection. Additionally, inter-
and intra-tumoral target expression heterogeneity is one of the
hallmarks of cancer and is poorly understood in the context
of advanced stage disease. The theranostic concept relies on
identifying appropriate molecular targets highly specific to the
cancer cells and assessing their expression levels and distribution
by imaging that can be subsequently used for guiding appropriate
therapy. The effectiveness of the approach comes from using
imaging to select the patient population who would most likely
benefit from the therapeutic agent, thus minimizing any off
target effects and toxicity. This process requires the development
and optimization of ligands for use as imaging/contrast agents
that bind to proteins overexpressed in ovarian cancers. Those
molecularly-targeted imaging agents help determine the tumor
location and heterogeneity in target expression. They also allow
assessment of the dosage and timing of drug administration,
and ultimately of tumor response to therapy. The imaging
component can also act as a surrogate for the possible therapeutic
agent that is likely to demonstrate similar chemical and in vivo
pharmacokinetic properties. Imaging and therapeutic molecules
that are chemically or biologically identical or agents that are not
identical but have similar enough biodistribution can be used.

Currently, the most clinically used theranostic agents
are primarily radiopharmaceuticals wherein a highly specific
molecularly targeted and optimized ligand is used for chelating a
radionuclide with imaging properties that can be readily swapped
for a radionuclide with therapeutic properties (6). Radionuclide
therapies also provide the benefits of bystander, crossfire and
abscopal effects that could lead to sterilization of the tumor as
a whole. With chemo- or targeted therapies only cells binding to
the therapeutic agent are destroyed. In contrast, with therapeutic
radionuclides, the emitted radiation particle path length is longer
than several cell diameters, and cell death can be observed in
multiple cells in the neighborhood of a cell with the accumulation
of the targeted therapeutic radionuclide. Those effects provide
an additional advantage to address the heterogeneity of the
tumors over targeted therapies because cells and tissues not
expressing the target and present in the particle path can still
be impacted by the radiation. Bystander effects induced by
radiation could also occur in cells that have not themselves
been exposed to the radiation but have received a signal from
a neighboring irradiated cell and behave as though it had been
irradiated which leads to genomic instability and cell death
(7, 8). Abscopal effect refers to an effect away from the target.
It is an immune system rendered response to ionizing radiation
by cancer cells that are located distant from the cancer cells
with the accumulation of the therapeutic radionuclide or the
irradiated site in the case of external beam radiotherapy (9).
With the advent of immune checkpoint therapeutics that activate
the immune system, therapies combining radionuclide therapy
with immunotherapy have the potential to boost the abscopal
response rates.

Other theranostic approaches being explored include the
use of a single platform strategy such as near-infrared
photoimmunotherapy (NIR-PIT) that incorporates therapeutic
and diagnostic components in one entity (10). NIR-PIT is a
target specific therapy involving an antibody conjugated to a
photoabsorber that binds to target cells and causes cellular
damage upon subsequent exposure to NIR light. The irradiation
with NIR light at 690 nm causes cell membrane damage and
necrotic cell death. The specificity of NIR-PIT comes from the
specificity of the antibody, injected intravenously for tumor
targeting, and the toxicity induced by the photosensitizer after
exposure to NIR light (11). NIR-PIT induces phototoxic effects
only when NIR irradiation and cell membrane binding are
combined. Importantly, NIR-PIT does not require intracellular
delivery of the therapeutic agent. The NIR emission of IR700
dye can also be used for non-invasive fluorescence detection to
optimize the delivery of the theranostic irradiation.

Another strategy is targeted nanoparticle delivery to the
ovarian tumors (12). Nanoparticles make it feasible to deliver
multiple imaging and therapeutic components simultaneously to
the cancer cells, and enable an on demand or environmentally
responsive therapeutic release once a sufficient concentration of
payload reaches the tumor.

We will discuss various imaging modalities and targets that
could be used for imaging, therapeutic and theranostic agent
development to diagnose and treat ovarian cancer, as listed
in Table 1.

IMAGING TECHNIQUES USED FOR
OVARIAN CANCER DETECTION AND
DIAGNOSIS

Currently, women with a clinical suspicion of ovarian cancer
are assessed with pelvic examination, transvaginal ultrasound
(TVUS), and serum biomarkers. However, these techniques
have significant limitations in the accuracy of detection and
characterization of ovarianmalignancy. Staging of ovarian cancer
is usually done with histology and computed tomography (CT)
to decide treatment and surgical procedures. Ultrasound (US)
imaging is frequently used in the diagnosis of ovarian cancer
(41, 42). The reported accuracies for distinguishing malignant
from benign tumors by US is 65–94%, 35–88%, and 48–99%
for gray-scale, color Doppler flow imaging, and Doppler arterial
resistance measurements, respectively (43). In a meta analysis
Kinkel et al. showed that sonographic techniques combining gray
scale morphologic assessment with tumor vascularity imaging
information are significantly better in characterizing ovarian
lesions compared to individual measurements alone. The Q∗

point (and 95% CI) for combined techniques was 0.92 (0.87,
0.96) vs. 0.85 (0.83, 0.88), 0.82 (0.78, 0.86), and 0.73 (0.58, 0.87)
for morphology, Doppler US and color Doppler flow imaging,
respectively (43). Q∗ values correspond to the point on the
summary receiver operating characteristic (ROC) curve where
sensitivity and specificity were equal.

To further improve ovarian cancer detection by US,
different non-targeted and targeted contrast agents have been
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TABLE 1 | Molecules, modalities and applications of ovarian cancer targeted theranostics.

Molecular target Imaging/Theranostic

agent

Imaging method Potential clinical application References

CA125 89Zr-DFO-mAb-B43.13 PET Cancer detection (13)

99Tcm-MAb-B43.13 SPECT Cancer detection (14)

Nanobubbles US Cancer detection and drug delivery (15)

Folate receptor Mirvetuximab

soravtansine

(IMGN853)

PET Cancer detection (16–18)

89Zr-radiolabeled

M9346A (parent mAb

of IMGN853)

PET Pre-screen cancer patients for

IMGN853 treatment

(19, 20)

Folate or folate analog

(EC17) conjugated to

FITC

Optical Real-time surgical visualization of

tumors for intraoperative staging and

surgical resection

(21, 22)

64Cu-labeled

pyropheophorbide-

folate

conjugate

PET and optical Detection and intraoperative

guidance of cancer resection

(23)

SPION-CDF-FA-

PAMAM

MR Cancer detection and treatment (24)

PLGA-RbCur-

gadolinium

complex

MR Combination therapies (12)

Microbubbles loaded

with paclitaxel and

oxygen

US and US targeted

MB destruction

Anti-cancer drugs and/or oxygen

delivery for combination therapy

(25)

Her2 89Zr-trastuzumab PET Cancer detection (26, 27)

89Zr-pertuzumab PET Cancer detection (28–30)

177Lu or 212Pb

radiolabeled

trastuzumab

Targeted radiotherapy Cancer therapy (31–33)

IR700DX-trastuzumab NIR-PIT Cancer detection and treatment (11)

EC1-GLuc-liposome bioluminescence Cancer detection and treatment (34)

NaPi2b (SLC34A2) 211At MX35 F(ab′)2 Targeted radiotherapy Cancer therapy (35)

EGFR Cetuximab-

benzoporphyrin

derivate conjugate

NIR-PIT Cancer detection and treatment (36)

KDR Microbubbles US Cancer detection (37)

GSA GSA-IR700 NIR-PIT Cancer detection and treatment (38)

β-galactosidase HMRef-βGal

SPiDER-βGal

Optical Laparotomic and endoscopic

detection of tumor and metastases

(39, 40)

developed and explored. Application of microbubbles (MB) as
a contrast agent to improve the detection of early stage ovarian
malignancies has been explored in preclinical (44), and clinical
studies (45). Intravenous injection of non-targeted perflutren
MB contrast agent was used to image 26 benign masses and
10 malignancies, to acquire the following parameters: presence
of contrast enhancement, time to peak enhancement, peak
contrast enhancement, half wash-out time, and area under the
enhancement curve (AUC). The study showed that an AUC
>787 s−1 was the most accurate diagnostic criterion for ovarian
cancer with high sensitivity (100.0%) and specificity (96.2%).
Other values that were found to be useful are the peak contrast
enhancement >17.2 dB that showed 90.0% sensitivity and 98.3%

specificity, and half wash-out time >41 s that 100.0% sensitivity
and 92.3% specificity (45).

Optical imaging is being extensively used in preclinical
settings and more recently in the clinic intraoperatively.
Intraoperative fluorescence imaging could be applied to improve
tumor staging and debulking in the course of cytoreductive
surgery to improve prognosis. Multiple tumor-specific
intraoperative fluorescence probes have been developed,
and applied to ovarian cancer, both in preclinical (39), and
clinical (21, 22) studies. Those clinical studies demonstrated the
potential benefit of a systemically administered tumor-specific
targeted fluorescent agent for intraoperative fluorescence
imaging and in staging and debulking surgery for ovarian cancer.

Frontiers in Oncology | www.frontiersin.org 3 January 2020 | Volume 9 | Article 1537

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Nimmagadda and Penet Ovarian Cancer Targeted Theranostics

Positron emission tomography (PET) imaging is highly
sensitive and provides specific and quantitative information
of a disease process given a molecularly targeted imaging
agent is available. The most conspicuous radiotracer 18F-
Fluorodeoxyglucose reports on upregulated glucose metabolism
in tumors and is routinely used in the management of ovarian
cancer for diagnosis, staging, and for monitoring tumor response
to chemotherapy (46).

Due to cost and availability limitations, Magnetic resonance
imaging (MRI) is not frequently used for ovarian cancer
diagnosis. MRI and magnetic resonance spectroscopy (MRS)
have been applied to describe the feasibility of effective cancer
imaging to assess complex ovarian masses indeterminate on
either palpation or ultrasonography. MRI diagnostic criteria of
ovarian malignancies are usually based on morphology, thick
septum, vegetations, ascites, lymphadenopathy, and contrast
characteristics.MRI can also be used for functional andmetabolic
imaging via dynamic contrast enhanced (DCE)-MRI, diffusion
weighted imaging (DWI) and MRS, in addition to gaining the
anatomic information. DCE-MRI is used to characterize ovarian
cancer noninvasively (47), and to distinguish benign from
malignant lesions on the basis of differences in contrast agent
distribution and uptake that are manifested by neoangiogenesis
induced microcirculation (48). Carter et al., showed that
quantitative parameters from DCE-MRI and T2 mapping could
be used to differentiate benign (n = 22) from malignant (n
= 12) ovarian masses (49). MRS has been proved useful in
diagnosis, grading and treatment planning of brain and prostate
cancer. However, studies using MRS for female pelvic lesions are
limited, due to technical issues that arise from susceptibility to
motion artifacts. The few reported clinical studies have shown
the feasibility of using single voxel spectroscopy to differentiate
benign frommalignant lesions by measuring total choline (tCho)
levels (50, 51). Booth et al., have shown that MRI at 3T can be
used to stage ovarian cancer with an accuracy comparable to
that obtained with surgical staging (52). 3D MRSI of ovarian
masses can also be performed at 3T to allow an accurate spatially
resolved analysis of ovarian cancer (53). There are however
some limitations associated with using MRS alone. tCho in
primary and metastatic ovarian tumors can be quantified using
1H MRS, although a high rate of failure has been observed (51).
Moreover, tCho was detected at 3T in both benign and malignant
gynecological neoplasms (52), highlighting the importance of
combining multiple MR techniques in order to improve tumor
detection and staging.

MOLECULAR TARGETS USED FOR
OVARIAN CANCER DETECTION AND
THERAPY

CA125
The overexpression of MUC16/cancer antigen 125 (CA125)
is one of the hallmarks of high-grade serous ovarian cancer
(HGSOC) (54). CA125, a mucin-type-O-linked glycoprotein, is
expressed as a membrane bound protein at the ovarian cancer
cell surface. It is also released in soluble form in bodily fluids.

CA125 level in serum, quantified via immunoassays, is one
of the most extensively studied biomarker for ovarian cancer.
CA125 measurements are applied in clinical management of
ovarian cancer in different situations including early detection,
disease monitoring, early prediction of outcome, tumor status
after completion of chemotherapy, and early detection of
recurrence (55, 56).

Lymph node involvement is observed in 75% of ovarian
cancer cases of late stage disease. Serum-based biomarkers, such
as CA125, despite their routine use and low cost, fail to accurately
pinpoint the lymph nodes involved and the site of recurrence.
PET probes targeting CA125 could be valuable tools in the
management of ovarian cancer for whole body visualization and
quantification of CA125. Antibodies that bind to CA125 have
been reported and can be readily converted into PET imaging
agents by conjugating imaging radionuclides with suitable half-
life such as zirconium-89 (3.27 days). Taking advantage of the
available antibodies, Sharma et al., have demonstrated that a Zr-
89 labeled anti-CA125 murine antibody B43.13 (57) (or 89Zr-
DFO-mAb-B43.13) could be used for clear delineation of CA125
positive human tumor xenografts from negative tumors inmouse
models (13) (Figure 1). CA125 positive tumors were detected as
early as 24 h after radiotracer injection. In mouse models with
lymph node involvement, the authors also observed high levels of
89Zr-DFO-mAb-B43.13 concentrations in lymph nodes by PET
imaging. That increased uptake observed was cancer specific
and confirmed by pathological validation of metastatic disease
in excised samples. PET negative lymph nodes were found to
be free of metastatic disease further validating the specificity of
the radiotracer. Collectively, these data show the potential for
development of a theranostic variant for detecting and targeting
CA125 positive ovarian cancer as one could readily generate a
radiotherapeutic version of the antibody. The pharmacokinetics
and radiation dosimetry of B43.13 labeled with 99mTc, a SPECT
radionuclide, have been reported previously (14). Additional
clinical studies with B43.13 as an imaging agent have not yet been
reported but B43.13 is being tested in combination with other
therapeutics in several clinical trials (58).

CA125 has also been shown as a potential target for contrast
enhanced ultrasound imaging. CA125-targeted echogenic lipid
and surfactant-stabilized nanobubbles were used in a mouse
model to image CA125 positive OVCAR3 tumor with a standard
clinical contrast harmonic ultrasound (15). An enhanced tumor
accumulation of nanobubbles, higher peak ultrasound signal
intensity and slower wash out rates were observed in OVCAR3
tumors compared to CA125 negative SKOV3 tumors. The
CA125 binding nanobubbles also showed increased tumor
retention and prolonged echogenicity compared to untargeted
nanobubbles. The study results suggest that CA125 antibody-
conjugated nanobubble-based ultrasound molecular imaging
could potentially improve diagnosis of CA125 positive ovarian
cancer (15).

Folate Receptor
Another target that is of significant interest in ovarian cancer
is folate receptor-α (FRα), a glycosylphosphatidylinositol (GPI)-
anchored membrane glycoprotein with a high affinity to folic
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FIGURE 1 | (A) Serial PET images of an athymic nude mouse bearing a CA125-positive OVCAR3 xenograft after tail vein injection of 89Zr-DFO-mAb-B43.13 after

(10.2–12.0 MBq). Coronal planar images intersect the middle of the tumor. (B) Coronal (top) and maximum-intensity projection (MIP; bottom) PET image obtained 72 h

after administration of 89Zr-DFO-mAb-B43.13 to a mouse 8 week post implantation of an OVCAR3 xenograft on the right shoulder. (C) Coronal (top) and MIP (bottom)

PET images obtained 72 h after administration of 89Zr-DFO-mAb-B43.13 to the same mouse 11 week post tumor implantation. (D) PET/CT image obtained 120 h

after administration of 89Zr-DFO-mAb-B43.13 to the same mouse 11 week post tumor implantation. ALN, axillary LNs; BLN, brachial LN; L, liver; p.i., post-injection;

SML, submandibular LN; T, tumor. Adapted with permission from Sharma et al. (13).

acid. Nearly 90% of HGSOC overexpress FRα (59). Expression of
FRα in normal tissues is negligible, thus providing an opportunity
for FRα specific delivery of theranostics to the tumor. Folic
acid binding results in internalization and sequestration of the
bound conjugates. Taking advantage of that phenomenon, folate
has been used to develop PET, SPECT, and fluorescence-based
imaging agents that yield highly resolved images of FRα positive
tumors in preclinical models (60).

A variety of folate-derived conjugates have been developed
as PET imaging agents incorporating most clinically used

radionuclides F-18 and Ga-68 (16). The overexpression of FRα

in cancer has also led to the development of a variety of
FR targeted therapeutics including antibody drug conjugates.
One such agent is mirvetuximab soravtansine (IMGN853), an
FRα-targeting humanized monoclonal antibody-drug conjugate.
IMGN853 is being tested in several clinical trials in cancer
patients, including platinum resistant ovarian cancer patients
(17, 18). Selection of patients for those therapies currently relies
on immunohistochemistry (IHC) analysis of archived biopsies.
To improve patient selection and therapeutic intervention, two
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FIGURE 2 | Biopsies of lesions found histologically to be metastases of serous adenocarcinoma. In total, 57 fluorescent lesions that were identified during surgery

were resected. Of these resected lesions 44 (77%) appeared to be malignant on histopathology. Seven (16%) of these 44 lesions were not detected by visual

inspection with the naked eye or palpation either because they appeared benign or because they were missed during inspection due to small size (<10mm) and flat

nature. Adapted with permission from Tummers et al. (22).

studies developed a 89Zr-radiolabeled version of M9346A as a
radiotracer for FRα detection. M9346A is the parent antibody
of IMGN853 (19, 20). Evaluation of 89Zr-M9346A uptake in
patient derived xenograft models of triple negative breast cancer
and ovarian cancer with graded expression levels of FRα showed
target specificity, sensitivity and correlated with treatment
response to antibody drug conjugate. Those studies portend the
potential of 89Zr-M9346A PET as a theranostic tool to pre-screen
ovarian or other cancer patients for IMGN853 treatment.

FRα can also be used as a target for optical imaging. Folate
conjugated with fluorescein isothiocyanate was used for real-
time visualization of tumors in patients for suspected ovarian
cancer and undergoing laparotomy. In that study, fluorescence
was detected intraoperatively in all patients with FRα positive
malignant tumors but not in FRα negative malignant tumors or
benign tumors, facilitating fluorescence guided surgical resection
of tumor deposits (21). Such agents could have direct impact on
patient survival by facilitating improved intraoperative staging
and surgical resection, as targeted probes improve specificity
and sensitivity of cancer detection during surgery. These results
were later confirmed in another study (22) where an FRα-
targeting agent, EC17, was intravenously injected to ovarian
cancer patients 2–3 h before surgery. EC17 consisted of a folate
analog conjugated to 5-fluorescein isothiocyanate (FITC). Using
fluorescence imaging ovarian cancer metastases located on the
intestine and mesentery could be visualized in those patients
(Figure 2). As a next step, the number of lesions and positive
margins detected with fluorescence were measured, following
which correlation was assessed between the fluorescent signal, the
presence of a malignant lesion, and the FRα status. Fluorescence
imaging detected 77% of lesions that appeared malignant on
histopathology in ovarian cancer patients and 16% of those were
not detected with inspection/palpation. A correlation between
fluorescence and FRα- and tumor status was demonstrated by
histopathology. In spite of a clear fluorescent signal produced
by EC17 in ovarian cancer tissue, false-positives were observed
due to the normal tissue expression of FRα, or auto-fluorescence

signal from collagen and false negatives were linked to inadequate
penetration depth of the fluorescence technology.

Those advances have also lead to the development of dual- and
multi-modality agents. Liu et al., developed a multimodal PET
and optical FRα-targeted agent for ovarian cancer imaging. The
agent, 64Cu-labeled pyropheophorbide-folate conjugate, showed
selective uptake in metastatic ovarian cancer deposits of <1mm
size that could assist in non-invasive tumor detection as well as
in intraoperative guidance of cancer resection (23).

MRI has also the potential to be used to visualize delivery of FR
targeting theranostic agent. Luong et al. developed a polyvalent
theranostic nanocarrier consisting of a superparamagnetic iron
oxide nanoparticle (SPION) core, loaded with a highly potent
anticancer agent, 3,4-difluorobenzylidene-curcumin (CDF) and
decorated with folic acid-polyamidoamine dendrimers (FA-
PAMAM) (24). In vitro, those nanoparticles exhibited a high
MR contrast and anticancer activity in ovarian (SKOV3) and
cervical (HeLa) cancer cells that are known to overexpress FR.
The intracellular accumulation and therapeutic effects were more
pronounced with targeted particles compared to non-targeted
ones. These studies showed the ability of multivalent theranostic
nanoparticles for simultaneous imaging and therapy in cancer
cells and will have to be confirmed in vivo.

Combination therapies can improve treatment efficacy. Novel
dual therapy nanoparticles such as poly (lactic-co-glycolic acid)
(PLGA) nanoparticles that simultaneously deliver a boron-
curcumin complex (RbCur) and an amphiphilic gadolinium
complex into tumor cells are being developed (12). Those
nanoparticles combined boron and gadolinium neutron capture
therapy with anti-proliferative effects of curcumin. The presence
of gadolinium makes the nanoparticles visible to MRI. These
nanoparticles were tested in vitro on ovarian cancer IGROV-1
cells with FR targeting. In those studies, an effective synergic
activity was described when neutron treatment was combined
with and curcumin cytotoxicity (12). The authors showed that
the presence of curcumin before and during neutron exposure
leads to increased cell mortality and significantly decreased
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proliferation of the surviving cells resulting in improved
treatment outcome compared to gadolinium neutron capture
therapy used alone (12).

Microbubbles (MBs) have the potential to deliver anti-cancer
drugs and/or oxygen for combination therapy in addition to
being used as contrast enhancement agents for ultrasound
imaging (25). MBs have a core-shell structure and can effectively
encapsulate anti-cancer drugs. The US targeted MB destruction
(UTMD) technique has been applied to increase drug delivery
to the tumors to improve therapeutic effect. Under ultrasound
pulses, MBs undergo stable and inertial acoustic cavitations that
induce a variety of dynamic processes leading to cell membrane
disruption and facilitating intracellular uptake of drugs (25).
When MBs are exposed to an US field, the mechanical wave
causes them to cavitate. Cavitation is a broad term for US-
induced oscillation, and collapse of bubbles (61). For drug
delivery, the US parameters induce mechanical effects that
also have the potential of enhancing the antitumor efficacy
of drugs by increasing microvessel permeability, enhancing
drug penetration through the interstitial space, and increasing
tumor cell drug uptake (61). Enhanced therapeutic efficacy
was demonstrated in vitro using US-targeted MB destruction
with delivery of paclitaxel and oxygen (25). Ligands can be
conjugated to the surface of the drug-loaded MBs to enhance
cancer cell selectivity, as shown by Luo et al. who developed
oxygen-paclitaxel loaded lipid MBs specifically targeted to FR
expressing cells, demonstrating therapeutic efficiency in ovarian
cancer xenograft models (62).

HER2
The EGF receptor (EGFR) (or HER) proto-oncogene family
consists of four transmembrane tyrosine kinase receptors (i.e.,
EGFR, ErbB2, ErbB3, and ErbB4) that play a role in cancer
pathogenesis and has been described as key therapeutic target in
many types of cancer, including ovarian cancer (63).

HER2 (or Erbb2) is a 185 KDa transmembrane glycoprotein
known to be overexpressed in a variety of cancers including
breast, ovarian, cervical, colon, endometrial, esophageal, lung,
and pancreatic cancers (64). HER2 overexpression may confer a
selective growth advantage to the tumor cells making it one of
the most important biomarkers for guiding therapy. HER2 status
determined by IHC and fluorescence in situ hybridization has
been used to guide and predict the efficacy of anti-HER2 therapy
(65). In ovarian cancer, HER2 overexpression has been reported
as highly variable. A broad range of HER2 expression frequencies
has been found based on IHC results, from 0 to 100% with an
average frequency equal to 40% amongmalignant ovarian tumors
across all studies (63). HER2 overexpression contributes to poor
survival, and patients with HER2 positive tumors are treated
with trastuzumab, a monoclonal antibody targeting HER2 that
received FDA approval.

Because of the significant interest in quantifying changes
in HER2 expression non-invasively, several antibodies and
antibody fragments including affibodies and nanobodies have
been developed as imaging agents. Those agents were then used
to quantify HER2 expression non-invasively and to assess HER2
positive tumor response to therapy. Radiolabeled trastuzumab,

89Zr-trastuzumab, has demonstrated HER2 specific uptake in
patients with metastatic breast cancer (26). Similarly, 89Zr-
pertuzumab, another HER2 targeted antibody that inhibits
dimerization of HER2, has shown promise in detecting HER2
positive tumors in preclinical models and in patients with
metastatic disease (28–30). The optimal image contrast times for
those intact antibodies are in days, which could potentially limit
their routine use in the clinic. Therefore, varieties of agents that
would allow image acquisition within hours after injection have
been investigated to improve clinical use. For example, affibody
and nanobody molecules labeled with a variety of radionuclides
including 18F, 68Ga, and 111In have shown promise in detecting
HER2 positive ovarian tumors within hours after the radiotracer
injection (66, 67). Such agents could be used to pre-screen
patients for HER2 targeted therapies and for real-time assessment
of tumor response to therapy.

Imaging is also uniquely positioned to inform on the
drug activity in real-time in the tumor. In patients, multiple
mechanisms contribute to trastuzumab resistance and imaging
has the potential to relate drug exposure at the tumor to response
to therapy. In a study by Gebhart et al. radiolabeled trastuzumab
was investigated in patients for non-invasive quantification of
HER2 expression (27). Nearly one third of the breast cancer
patients with tumors expressing HER2, as confirmed by IHC,
showed little or no uptake of 89Zr-trastuzumab across their
metastases. Those data suggest that penetration of a drug, in
this case 89Zr-trastuzumab, into tumor tissue does not solely rely
on target presence and that molecular imaging could provide
insights into tumor response to therapy. Although those data
were acquired in breast cancer patients, the results could have
implications for all solid tumors, including ovarian cancers.

Ovarian cancer spreads through the intraperitoneal cavity
contributing to significant morbidity and mortality. Low
toxicity treatments for intraperitoneal disease are few and
an unmet medical need. Intraperitoneal chemotherapy has
improved survival but it is not a standard option and carries
life-threatening toxicity (68). Targeted radiopharmaceutical
therapy delivers the radiation directly to the target expressing
cancer cells thus enhancing efficacy and limiting toxicity. Such
radiopharmaceutical therapies are often delivered using α-
and β-emitting radionuclides. Those radiotherapeutics provide
multiple advantages including cross-fire effect and abscopal
response that is not generally observed with conventional
systemic therapies (9). The overexpression of HER2 and high
selectivity of trastuzumab have been exploited to develop
radioimmunotherapy. Trastuzumab radiolabeled with α- and β-
emitting radionuclides have been investigated for the treatment
of disseminated peritoneal disease and tumors with HER2
expression (31). The β-emitting 177Lu radiolabeled transtuzumab
is being investigated in patients providing a theranostic
approach to HER2 overexpressing cancers (32). Similarly,
initial studies with β-emitting radioimmunotherapeutics
of TAG-72, tumor-associated glycoprotein 72, for treating
ovarian cancer have shown promise (69–71). However,
the failure of anti-MUC1 HMFG1 antibodies conjugated
with 90Y, a β-emitter, to improve survival in patients with
intraperitoneal disease in Phase-III trials have prompted
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further investigation of α-particle therapies in ovarian cancer
patients (72).

α-emitter therapy has been gaining attention for treating
ovarian cancer with intraperitoneal dissemination. α-particles
are highly suited for targeting single cells or small tumor
clusters as they have a short range in tissues (< 100µM)
with high linear energy transfer that deposits a localized
irradiation generating highly cytotoxic double strand breaks
in the DNA (73). Intraperitoneal radioimmunotherapy using
212Pb conjugated to trastuzumab, an α-emitter, in a first-in-
human study was found to be safe with patients showing a
trend of decreasing tumor growth and blood-based biomarkers
with increasing administered radioactivity (33). In another
study Hallqvist et al., investigated intraperitoneal α-particle
therapy using MX35, the antigen-binding fragments-F(ab′)2-of a
mouse monoclonal antibody, conjugated with α-emitter 211At in
epithelial ovarian cancer patients (35). MX35 F(ab′)2 fragment
targets the cell surface glycoprotein NaPi2b (SLC34A2) that is
expressed on more than 90% of human epithelial ovarian cancers
(74). Long-term follow up of those patients showed no apparent
signs of radiotoxicity and no decreased tolerance to relapse
therapy, thus paving the way for the use of α-particle therapy in
ovarian cancers.

Ovarian cancer is a great candidate for NIR-PIT as the
light can be applied during cytoreductive surgery. NIR-PIT

has been shown to induce effective cell killing of HER2
expressing SKOV3 cells, in subcutaneous and disseminated
peritoneal ovarian cancer preclinical models (11). The
antibody-photosensitizer conjugate consisted of trastuzumab
and IR700DX. The antitumor effect was observed in both
models after repeated light exposure, highlighting the
potential role of NIR-PIT to treat disseminated peritoneal
tumors (11).

Liposomes have been described in multiple studies as
effective targeted drug delivery systems for cancer therapy.
In the context of ovarian cancer, Han et al., have developed a
liposome conjugated with a recombinant protein, EC1-GLuc,
fusion of EC1 peptide, an artificial ligand of HER2, with
Gaussia luciferase (GLuc) for bioluminescent imaging (34).
This EC1-GLuc-liposome could be an effective theranostic
system for HER2-overexpressing metastatic ovarian carcinoma
by combining targeted imaging to drug delivery. In vitro
experiments revealed selective targeting and internalization
of the EC1-GLuc-liposome into HER2-overexpressing
SKOV3 cells. To assess the intracellular delivery, a cell-
impermeable fluorescence dye (HPTS) was encapsulated
in EC1-GLuc-liposome and delivered into SKOV3 cells. In
vivo, EC1-GLuc-liposomes targeted and delivered HPTS to
metastatic SKOV3 tumors, as shown by bioluminescence
imaging (34).

FIGURE 3 | (A) Transverse endovaginal (EV) low mechanical index reference B-mode ultrasound image of the right ovary in a 50-year-old woman showing a 5.2-cm

cystic and solid lesion (yellow arrows point to solid portion). (B) 13min post iv injection of KDR-targeted contrast MBs (MBKDR), strong imaging signal is seen in the

solid portion of the lesion (yellow arrows) on contrast mode ultrasound molecular image. (C,D) IHC performed on adjacent tissue sections demonstrating strong KDR

expression on tumor-associated neovasculature (CD31+) (red arrows). (E) Histology showing endometrioid carcinoma. (F) Transverse endovaginal low mechanical

index reference B-mode ultrasound image of right ovary showing a 4.8-cm cystic and solid ovarian lesion (yellow arrows point to solid portion) in a 65-year-old

woman. (G) 15min post iv injection of MBKDR, only minimal background signal is seen in 1.3-cm solid part of the lesion (yellow arrows) on contrast mode ultrasound

molecular imaging. (H,I) IHC demonstrating minimal KDR expression (green arrow) on CD31+ vasculature. (J) Histology showing benign serous cystadenofibroma.

Adapted with permission from Willmann et al. (37).
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FIGURE 4 | (A) IR700, RFP fluorescence, and luciferase activity in extracted mesentery from a SHIN3-luc-RFP tumor bearing mouse 3 h after i.p. injection of

GSA-IR700. IR700 fluorescent signal and luciferase activity were mostly coincident with RFP positive foci. (B) in vivo serial IR700 fluorescence images of SHIN3-RFP

(upper row) and SHIN3-luc (lower row) of tumor-bearing mice after administration of GSA-IR700. The distribution of GSA-IR700 correlated with the fluorescence of

(Continued)
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FIGURE 4 | RFP or luciferase activity without evident accumulation in other organs up to 6 h after GSA-IR700 administration. (C) BLI of SHIN3-luc tumor bearing mice

was obtained every day up to day 7. Luciferase activity decreased only in the NIR-PIT group. (D) Quantitative analysis of BLU ratio. Significant suppression of

increment of BLU ratio was seen in the NIR-PIT group compared to other groups. Adapted with permission from Harada et al. (38).

EGFR
Epidermal growth factor receptor (EGFR, ErbB1, HER1) has
been described as overexpressed in ovarian epithelial cancer
of all histologic subtypes. IHC studies reported highly variable
levels of EGFR expression among malignant ovarian tumors
with results ranging from 4 to 100% of ovarian carcinomas
expressing EGFR, and an average frequency of 48% across
all studies (63). Leveraging that expression, NIR-PIT targeting
EGFR has been applied to treat primary tumors as well as
to target metastases. Residual micrometastases are difficult to
detect by current imaging techniques and escape standard
treatments. Ovarian cancer metastases spread by hematogenous
and lymphatic routes and also through peritoneal dissemination.
Removal of peritoneal metastases have been shown to improve
overall survival in ovarian cancer patients, however, diffuse
peritoneal dissemination often consists of a large number of
unresectable sub-millimeter lesions that contribute to disease
recurrence. To monitor and treat disseminated micrometastases,
Spring et al., developed an EGFR targeting dual function
activatable immunoconjugate (36) and demonstrated the efficacy
of activatable PIT in an OVCAR5 peritoneal micrometastases
model (36). That strategy allowed enhanced contrast imaging and
selective delivery of therapy to micrometastases while decreasing
background fluorescence and toxicity to vital tissues (36). In
those studies, a benzoporphyrin derivate (BPD) was used as NIR
photoactivatable cytotoxic chromophore. To achieve optimized
tumor specificity and quenching, seven BPD conjugates were
combined to EGFR targeting cetuximab antibody (Cet-BPD).
Cet-BPD conjugates were trafficked to lysosomes through EGFR
internalization, and degradation pathway. Intracellular release
and dequenching of BPD led to activation of fluorescence
emission resulting in phototoxicity. Furthermore, use of a
fluorescence micro-endoscope allowed quantification of in vivo
pharmacokinetics of the immunoconjugate and monitoring of
metastatic burden reduction without the need of surgery and
with a reduced non-specific phototoxicity, demonstrating the
potential impact of the approach for metastatic disease.

New Directions
Several new targets and approaches are being evaluated for
ovarian cancer targeting with an emphasis on improving
detection and applications in image-guided surgery. A first-
in-human clinical trial using ultrasound molecular imaging in
patients with breast and ovarian lesions was recently performed
(37). In that study, a kinase insert domain receptor [KDR]
targeted clinical-grade microbubble contrast agent [MBKDR]
was used. KDR is one of the key regulators of neoangiogenesis
in cancer and angiogenesis plays a crucial role in the progression
of ovarian cancer and metastases (75). As a phase I, the
aim of the study was to assess safety and quantify KDR
expression using the gold standard IHC. Patients with focal

ovarian or breast lesions were intravenously injected with
MBKDR, followed with ultrasound molecular imaging and then
underwent surgical resection of the lesions. Those resected tissues
were immunostained for CD31 and KDR. Results from those
studies showed that MBKDR was well tolerated, and that KDR
expression on IHC correlated with US imaging signal in 85%
of malignant ovarian lesions, as shown in Figure 3. A robust
KDR-targeted signal was observed in 77% of malignant ovarian
lesions and absence of signal was noted in 78% of benign
lesions (37).

NIR-PIT studies often use antibody as targeting moiety. A
non-antibody derived NIR-PIT agent was developed by Harada
et al., and tested in a disseminated ovarian cancer model
(38). Galactosyl serum albumin (GSA) that is composed of
galactose molecule conjugated to albumin via carboxyl groups
was used. This construct can bind to beta-D-galactose receptor, a
surface lectin, which is overexpressed in many cancers, including
ovarian cancers. beta-D-galactose receptor is quickly internalized
after binding to ligands. The agent was tested using SHIN3
cells that overexpress galactose receptor and produces diffuse
peritoneal dissemination (38). GSA-IR700 probe accumulated
specifically in the tumor, and repeated regimens of NIR-
PIT improved the treatment efficacy by increasing the depth
of GSA-IR700 delivery into tumor nodules (Figure 4). The
study showed specific delivery of GSA-IR700 to the tumor
(Figures 4A,B), and reduction of the metastatic burden after
NIR-PIT (Figures 4C,D).

Nearly 50% of primary ovarian cancers show enhanced
enzymatic activities of β-galactosidase compared to normal
ovaries (76) and has been a focus of enzymatically activated
fluorescence probe development to visualize ovarian cancer
metastases (39, 40). Asanuma et al., developed a membrane-
permeable HMRef-βGal allowing visualization of metastases of
<1mm in diameter in the peritoneal cavity after intraperitoneal
administration of the fluorescence probe (40). More recently,
a topically-sprayable and activatable fluorescent probe was
developed to detect cancer, that would eliminate the need for
an iv injection pre-surgery. After activation by the enzyme
β-galactosidase, SPiDER-βGal can be retained within cells by
anchoring to intracellular proteins. SPiDER-βGal was tested
in vitro on different cancer cell lines and ex vivo on tumor
tissues (39). SPiDER-βGal when compared to γGlu-HMRG,
a probe activated by γ -glutamyltranspeptidase, demonstrated
high sensitivity for detection of ovarian cancer metastases in
the peritonium in a mouse model (39). SPiDER-βGal presented
higher signal retention, and improved contrast of the tumor
margin, as compared to γGlu-HMRG. Additionally, SPiDER-
βGal resulted in a high target-to-background ratio due to an
intense enhancement within the tumor and those signals lasted
up to 60min after activation (39). These results demonstrated
the potential applications of SPiDER-βGal targeted probes

Frontiers in Oncology | www.frontiersin.org 10 January 2020 | Volume 9 | Article 1537

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Nimmagadda and Penet Ovarian Cancer Targeted Theranostics

for laparotomic and endoscopic detection of primary tumors
and metastases.

CONCLUSION

The increasing use of genomic and epigenomic information
from cancerous tissue is providing new insights into the
genetic abnormalities, pathway alterations and target expression,
allowing for improved understanding and classification of
ovarian cancers. Assimilation of those advances combined
with the availability of highly specific probes, chemistry and
radiochemistry methods are likely to enhance the potential
of theranostic approaches that are already showing promise.
Ovarian cancer is also highly suitable for optical imaging
applications for surgical guidance. Both preclinical and clinical
studies have demonstrated the utility of fluorescent probes
for tumor detection during cytoreductive surgery and the
development of handheld devices will further increase their
use. Although MRI-based studies of ovarian cancer are limited

in their scope at this time, the integration of PET/MR
scanners could allow for characterization of tumor molecular
and metabolic features thus paving the way for imaging and
therapeutic guidance by taking advantage of both modalities.
These advances on multiple fronts, we believe, are likely to
transform our ability to detect, treat and hopefully eradicate
ovarian cancer.

AUTHOR CONTRIBUTIONS

SN and M-FP wrote the review, and provided approval for
publication of the content.

FUNDING

SN was supported by NIH 1R01CA236616, NIH P41EB024495,
and Allegheny Health Network-Johns Hopkins Cancer Research
Fund. M-FP was supported by Emerson Collective and Hopkins
Catalyst Award.

REFERENCES

1. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.

Cancer treatment and survivorship statistics, 2016. CA Cancer J Clin. (2016)

66:271–89. doi: 10.3322/caac.21349

2. Gadducci A, Guarneri V, Peccatori FA, Ronzino G, Scandurra G, Zamagni

C, et al. Current strategies for the targeted treatment of high-grade serous

epithelial ovarian cancer and relevance of BRCA mutational status. J Ovarian

Res. (2019) 12:9. doi: 10.1186/s13048-019-0484-6

3. Herhaus P, Habringer S, Philipp-Abbrederis K, Vag T, Gerngross C, Schottelius

M, et al. Targeted positron emission tomography imaging of CXCR4

expression in patients with acute myeloid leukemia. Haematologica. (2016)

101:932–40. doi: 10.3324/haematol.2016.142976

4. Werner RA, Weich A, Kircher M, Solnes LB, Javadi MS, Higuchi T, et al.

The theranostic promise for Neuroendocrine Tumors in the late 2010s

- where do we stand, where do we go? Theranostics. (2018) 8:6088–

100. doi: 10.7150/thno.30357

5. Barber TW, Singh A, Kulkarni HR, Niepsch K, Billah B, Baum RP.

Clinical outcomes of (177)Lu-PSMA radioligand therapy in earlier

and later phases of metastatic castration-resistant prostate cancer

grouped by previous taxane chemotherapy. J Nucl Med. (2019)

60:955–62. doi: 10.2967/jnumed.118.216820

6. Langbein T, Weber WA, Eiber M. Future of theranostics: an outlook

on precision oncology in nuclear medicine. J Nucl Med. (2019) 60(Suppl

2):13S−19S. doi: 10.2967/jnumed.118.220566

7. Mothersill C, Seymour CB. Radiation-induced bystander effects–implications

for cancer. Nat Rev Cancer. (2004) 4:158–64. doi: 10.1038/nrc1277

8. Brady D, O’Sullivan JM, Prise KM. What is the role of the

bystander response in radionuclide therapies? Front Oncol. (2013)

3:215. doi: 10.3389/fonc.2013.00215

9. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC.

Using immunotherapy to boost the abscopal effect. Nat Rev Cancer. (2018)

18:313–22. doi: 10.1038/nrc.2018.6

10. Kobayashi H, Choyke PL. Near-infrared photoimmunotherapy of cancer. Acc

Chem Res. (2019) 52:2332–9. doi: 10.1021/acs.accounts.9b00273

11. Sato K, Hanaoka H, Watanabe R, Nakajima T, Choyke PL,

Kobayashi H. Near infrared photoimmunotherapy in the

treatment of disseminated peritoneal ovarian cancer. Mol

Cancer Ther. (2015) 14:141–50. doi: 10.1158/1535-7163.MCT-

14-0658

12. Alberti D, Protti N, Franck M, Stefania R, Bortolussi S, Altieri S, et al.

Theranostic nanoparticles loaded with imaging probes and rubrocurcumin for

combined cancer therapy by folate receptor targeting. ChemMedChem. (2017)

12:502–9. doi: 10.1002/cmdc.201700039

13. Sharma SK, Sevak KK, Monette S, Carlin SD, Knight JC, Wuest

FR, et al. Preclinical 89Zr immuno-PET of high-grade serous

ovarian cancer and lymph node metastasis. J Nucl Med. (2016)

57:771–6. doi: 10.2967/jnumed.115.167072

14. McQuarrie SA, Baum RP, Niesen A, Madiyalakan R, Korz W, Sykes TR, et al.

Pharmacokinetics and radiation dosimetry of 99Tcm-labelled monoclonal

antibody B43.13 in ovarian cancer patients. Nucl Med Commun. (1997)

18:878–86. doi: 10.1097/00006231-199709000-00013

15. Gao Y, Hernandez C, Yuan HX, Lilly J, Kota P, Zhou H, et al.

Ultrasound molecular imaging of ovarian cancer with CA-

125 targeted nanobubble contrast agents. Nanomedicine. (2017)

13:2159–68. doi: 10.1016/j.nano.2017.06.001

16. Boss SD, Muller C, Siwowska K, Buchel JI, Schmid RM, Groehn

V, et al. Reduced (18)F-folate conjugates as a new class of PET

tracers for folate receptor imaging. Bioconjug Chem. (2018) 29:1119–

30. doi: 10.1021/acs.bioconjchem.7b00775

17. Ponte JF, Ab O, Lanieri L, Lee J, Coccia J, Bartle LM, et al. Mirvetuximab

soravtansine (IMGN853), a folate receptor alpha-targeting antibody-drug

conjugate, potentiates the activity of standard of care therapeutics in ovarian

cancer models. Neoplasia. (2016) 18:775–84. doi: 10.1016/j.neo.2016.11.002

18. Moore KN, Martin LP, O’Malley DM, Matulonis UA, Konner JA, Perez

RP, et al. Safety and activity of mirvetuximab soravtansine (IMGN853), a

folate receptor alpha-targeting antibody-drug conjugate, in platinum-resistant

ovarian, fallopian tube, or primary peritoneal cancer: a phase I expansion

study. J Clin Oncol. (2017) 35:1112–8. doi: 10.1200/JCO.2016.69.9538

19. Brand C, Sadique A, Houghton JL, Gangangari K, Ponte JF, Lewis JS, et al.

Leveraging PET to image folate receptor alpha therapy of an antibody-drug

conjugate. EJNMMI Res. (2018) 8:87. doi: 10.1186/s13550-018-0437-x

20. Heo GS, Detering L, Luehmann HP, Primeau T, Lee YS, Laforest R, et al.

Folate receptor alpha targeted 89Zr-M9346A immuno-PET for image-guided

intervention with mirvetuximab soravtansine in triple negative breast cancer.

Mol Pharm. (2019) 16:3996–4006. doi: 10.1021/acs.molpharmaceut.9b00653

21. van Dam GM, Themelis G, Crane LM, Harlaar NJ, Pleijhuis RG, Kelder W,

et al. Intraoperative tumor-specific fluorescence imaging in ovarian cancer

by folate receptor-alpha targeting: first in-human results. Nat Med. (2011)

17:1315–9. doi: 10.1038/nm.2472

22. Tummers QR, Hoogstins CE, Gaarenstroom KN, de Kroon CD, van Poelgeest

MI, Vuyk J, et al. Intraoperative imaging of folate receptor alpha positive

ovarian and breast cancer using the tumor specific agent EC17. Oncotarget.

(2016) 7:32144–55. doi: 10.18632/oncotarget.8282

Frontiers in Oncology | www.frontiersin.org 11 January 2020 | Volume 9 | Article 1537

https://doi.org/10.3322/caac.21349
https://doi.org/10.1186/s13048-019-0484-6
https://doi.org/10.3324/haematol.2016.142976
https://doi.org/10.7150/thno.30357
https://doi.org/10.2967/jnumed.118.216820
https://doi.org/10.2967/jnumed.118.220566
https://doi.org/10.1038/nrc1277
https://doi.org/10.3389/fonc.2013.00215
https://doi.org/10.1038/nrc.2018.6
https://doi.org/10.1021/acs.accounts.9b00273
https://doi.org/10.1158/1535-7163.MCT-14-0658
https://doi.org/10.1002/cmdc.201700039
https://doi.org/10.2967/jnumed.115.167072
https://doi.org/10.1097/00006231-199709000-00013
https://doi.org/10.1016/j.nano.2017.06.001
https://doi.org/10.1021/acs.bioconjchem.7b00775
https://doi.org/10.1016/j.neo.2016.11.002
https://doi.org/10.1200/JCO.2016.69.9538
https://doi.org/10.1186/s13550-018-0437-x
https://doi.org/10.1021/acs.molpharmaceut.9b00653
https://doi.org/10.1038/nm.2472
https://doi.org/10.18632/oncotarget.8282
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Nimmagadda and Penet Ovarian Cancer Targeted Theranostics

23. Liu TW, Stewart JM, Macdonald TD, Chen J, Clarke B, Shi J, et al.

Biologically-targeted detection of primary and micro-metastatic ovarian

cancer. Theranostics. (2013) 3:420–7. doi: 10.7150/thno.6413

24. Luong D, Sau S, Kesharwani P, Iyer AK. Polyvalent folate-dendrimer-coated

iron oxide theranostic nanoparticles for simultaneous magnetic resonance

imaging and precise cancer cell targeting. Biomacromolecules. (2017) 18:1197–

209. doi: 10.1021/acs.biomac.6b01885

25. Sun J, Yin M, Zhu S, Liu L, Zhu Y, Wang Z, et al. Ultrasound-

mediated destruction of oxygen and paclitaxel loaded lipid microbubbles for

combination therapy in hypoxic ovarian cancer cells. Ultrason Sonochem.

(2016) 28:319–26. doi: 10.1016/j.ultsonch.2015.08.009

26. Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager PL, de

Jong JR, et al. Biodistribution of 89Zr-trastuzumab and PET imaging of HER2-

positive lesions in patients withmetastatic breast cancer.Clin Pharmacol Ther.

(2010) 87:586–92. doi: 10.1038/clpt.2010.12

27. Gebhart G, Lamberts LE, Wimana Z, Garcia C, Emonts P, Ameye

L, et al. Molecular imaging as a tool to investigate heterogeneity of

advanced HER2-positive breast cancer and to predict patient outcome under

trastuzumab emtansine (T-DM1): the ZEPHIR trial. Ann Oncol. (2016)

27:619–24. doi: 10.1093/annonc/mdv577

28. Marquez BV, Ikotun OF, Zheleznyak A,Wright B, Hari-Raj A, Pierce RA, et al.

Evaluation of (89)Zr-pertuzumab in Breast cancer xenografts. Mol Pharm.

(2014) 11:3988–95. doi: 10.1021/mp500323d

29. Jiang D, Im HJ, Sun H, Valdovinos HF, England CG, Ehlerding EB, et al.

Radiolabeled pertuzumab for imaging of human epidermal growth factor

receptor 2 expression in ovarian cancer. Eur J Nucl Med Mol Imaging. (2017)

44:1296–305. doi: 10.1007/s00259-017-3663-y

30. Ulaner GA, Lyashchenko SK, Riedl C, Ruan S, Zanzonico PB, Lake

D, et al. First-in-human human epidermal growth factor receptor 2-

targeted imaging using (89)Zr-pertuzumab PET/CT: dosimetry and clinical

application in patients with breast cancer. J Nucl Med. (2018) 59:900–

6. doi: 10.2967/jnumed.117.202010

31. Milenic DE, Garmestani K, Brady ED, Albert PS, Ma D,

Abdulla A, et al. Targeting of HER2 antigen for the treatment

of disseminated peritoneal disease. Clin Cancer Res. (2004)

10:7834–41. doi: 10.1158/1078-0432.CCR-04-1226

32. Bhusari P, Vatsa R, Singh G, ParmarM, Bal A, DhawanDK, et al. Development

of Lu-177-trastuzumab for radioimmunotherapy of HER2 expressing breast

cancer and its feasibility assessment in breast cancer patients. Int J Cancer.

(2017) 140:938–47. doi: 10.1002/ijc.30500

33. Meredith RF, Torgue JJ, Rozgaja TA, Banaga EP, Bunch PW, Alvarez RD,

et al. Safety and outcome measures of first-in-human intraperitoneal alpha

radioimmunotherapy with 212Pb-TCMC-trastuzumab. Am J Clin Oncol.

(2018) 41:716–21. doi: 10.1097/COC.0000000000000353

34. Han XJ, Wei YF, Wan YY, Jiang LP, Zhang JF, Xin HB. Development of a novel

liposomal nanodelivery system for bioluminescence imaging and targeted

drug delivery in ErbB2-overexpressing metastatic ovarian carcinoma. Int J

Mol Med. (2014) 34:1225–32. doi: 10.3892/ijmm.2014.1922

35. Hallqvist A, Bergmark K, Back T, Andersson H, Dahm-Kahler P, Johansson

M, et al. Intraperitoneal alpha-emitting radioimmunotherapy with (211)At in

relapsed ovarian cancer: long-term follow-up with individual absorbed dose

estimations. J Nucl Med. (2019) 60:1073–9. doi: 10.2967/jnumed.118.220384

36. Spring BQ, Abu-Yousif AO, Palanisami A, Rizvi I, Zheng X, Mai Z, et al.

Selective treatment and monitoring of disseminated cancer micrometastases

in vivo using dual-function, activatable immunoconjugates. Proc Natl Acad Sci

USA. (2014) 111:E933–942. doi: 10.1073/pnas.1319493111

37. Willmann JK, Bonomo L, Carla Testa A, Rinaldi P, Rindi G, Valluru KS,

et al. Ultrasound molecular imaging with BR55 in patients with breast

and ovarian lesions: first-in-human results. J Clin Oncol. (2017) 35: 2133–

40. doi: 10.1200/JCO.2016.70.8594

38. Harada T, Nakamura Y, Sato K, Nagaya T, Okuyama S, Ogata F, et al. Near-

infrared photoimmunotherapy with galactosyl serum albumin in a model of

diffuse peritoneal disseminated ovarian cancer. Oncotarget. (2016) 7:79408–

16. doi: 10.18632/oncotarget.12710

39. Nakamura Y, Mochida A, Nagaya T, Okuyama S, Ogata F, Choyke PL, et al.

A topically-sprayable, activatable fluorescent and retaining probe, SPiDER-

betaGal for detecting cancer: advantages of anchoring to cellular proteins after

activation. Oncotarget. (2017) 8:39512–21. doi: 10.18632/oncotarget.17080

40. Asanuma D, Sakabe M, Kamiya M, Yamamoto K, Hiratake J, Ogawa

M, et al. Sensitive beta-galactosidase-targeting fluorescence probe for

visualizing small peritoneal metastatic tumours in vivo. Nat Commun. (2015)

6:6463. doi: 10.1038/ncomms7463

41. Fleischer AC. Transabdominal and transvaginal sonography

of ovarian masses. Clin Obstet Gynecol. (1991) 34:433–

42. doi: 10.1097/00003081-199106000-00027

42. Fleischer AC, Lyshchik A, Jones HW Jr, CrispensM, LovelessM, Andreotti RF,

et al. Contrast-enhanced transvaginal sonography of benign versus malignant

ovarian masses: preliminary findings. J Ultrasound Med. (2008) 27:1011–8;

quiz 1019–21. doi: 10.7863/jum.2008.27.7.1011

43. Kinkel K, Hricak H, Lu Y, Tsuda K, Filly RA. US characterization

of ovarian masses: a meta-analysis. Radiology. (2000) 217:803–

11. doi: 10.1148/radiology.217.3.r00dc20803

44. Niermann KJ, Fleischer AC, Huamani J, Yankeelov TE, Kim DW, Wilson

WD, et al. Measuring tumor perfusion in control and treated murine

tumors: correlation of microbubble contrast-enhanced sonography

to dynamic contrast-enhanced magnetic resonance imaging and

fluorodeoxyglucose positron emission tomography. J Ultrasound Med.

(2007) 26:749–56. doi: 10.7863/jum.2007.26.6.749

45. Fleischer AC, Lyshchik A, Jones HW III, CrispensMA, Andreotti RF,Williams

PK, et al. Diagnostic parameters to differentiate benign from malignant

ovarianmasses with contrast-enhanced transvaginal sonography. J Ultrasound

Med. (2009) 28:1273–80. doi: 10.7863/jum.2009.28.10.1273

46. Marzola MC, Chondrogiannis S, Rubello D. Fludeoxyglucose

F 18 PET/CT assessment of ovarian cancer. PET Clin. (2018)

13:179–202. doi: 10.1016/j.cpet.2017.11.005

47. Mitchell CL, O’Connor JP, Jackson A, Parker GJ, Roberts C, Watson Y, et al.

Identification of early predictive imaging biomarkers and their relationship

to serological angiogenic markers in patients with ovarian cancer with

residual disease following cytotoxic therapy. Ann Oncol. (2010) 21:1982–

9. doi: 10.1093/annonc/mdq079

48. Thomassin-Naggara I, Bazot M, Darai E, Callard P, Thomassin J, Cuenod

CA. Epithelial ovarian tumors: value of dynamic contrast-enhanced MR

imaging and correlation with tumor angiogenesis. Radiology. (2008) 248:148–

59. doi: 10.1148/radiol.2481071120

49. Carter JS, Koopmeiners JS, Kuehn-Hajder JE, Metzger GJ, Lakkadi N, Downs

LS Jr, et al. Quantitative multiparametric MRI of ovarian cancer. J Magn Reson

Imaging. (2013) 38:1501–9. doi: 10.1002/jmri.24119

50. Stanwell P, Russell P, Carter J, Pather S, Heintze S, Mountford C. Evaluation

of ovarian tumors by proton magnetic resonance spectroscopy at three Tesla.

Investigat Radiol. (2008) 43:745–51. doi: 10.1097/RLI.0b013e31817e9104

51. McLean MA, Priest AN, Joubert I, Lomas DJ, Kataoka MY, Earl H,

et al. Metabolic characterization of primary and metastatic ovarian

cancer by 1H-MRS in vivo at 3T. Magnetic Reson Med. (2009) 62:855–

61. doi: 10.1002/mrm.22067

52. Booth SJ, Pickles MD, Turnbull LW. In vivo magnetic resonance

spectroscopy of gynaecological tumours at 3.0 Tesla. BJOG. (2009) 116:300–

3. doi: 10.1111/j.1471-0528.2008.02007.x

53. Esseridou A, Di Leo G, Sconfienza LM, Caldiera V, Raspagliesi F,

Grijuela B, et al. in vivo detection of choline in ovarian tumors using

3D magnetic resonance spectroscopy. Invest. Radiol. (2011) 46:377–

82. doi: 10.1097/RLI.0b013e31821690ef

54. Scholler N, Urban N. CA125 in ovarian cancer. Biomark Med. (2007) 1:513–

23. doi: 10.2217/17520363.1.4.513

55. Jacobs I, Bast RC Jr. The CA 125 tumour-associated

antigen: a review of the literature. Hum Reprod. (1989)

4:1–12. doi: 10.1093/oxfordjournals.humrep.a136832

56. Jelovac D, Armstrong DK. Recent progress in the diagnosis and treatment

of ovarian cancer. CA Cancer J Clin. (2011) 61:183–203. doi: 10.3322/caac.

20113

57. Berek JS. Immunotherapy of ovarian cancer with antibodies: a

focus on oregovomab. Expert Opin Biol Ther. (2004) 4:1159–

65. doi: 10.1517/14712598.4.7.1159

58. Tse BW, Collins A, Oehler MK, Zippelius A, Heinzelmann-Schwarz

VA. Antibody-based immunotherapy for ovarian cancer: where

are we at? Ann Oncol. (2014) 25:322–31. doi: 10.1093/annonc/

mdt405

Frontiers in Oncology | www.frontiersin.org 12 January 2020 | Volume 9 | Article 1537

https://doi.org/10.7150/thno.6413
https://doi.org/10.1021/acs.biomac.6b01885
https://doi.org/10.1016/j.ultsonch.2015.08.009
https://doi.org/10.1038/clpt.2010.12
https://doi.org/10.1093/annonc/mdv577
https://doi.org/10.1021/mp500323d
https://doi.org/10.1007/s00259-017-3663-y
https://doi.org/10.2967/jnumed.117.202010
https://doi.org/10.1158/1078-0432.CCR-04-1226
https://doi.org/10.1002/ijc.30500
https://doi.org/10.1097/COC.0000000000000353
https://doi.org/10.3892/ijmm.2014.1922
https://doi.org/10.2967/jnumed.118.220384
https://doi.org/10.1073/pnas.1319493111
https://doi.org/10.1200/JCO.2016.70.8594
https://doi.org/10.18632/oncotarget.12710
https://doi.org/10.18632/oncotarget.17080
https://doi.org/10.1038/ncomms7463~
https://doi.org/10.1097/00003081-199106000-00027
https://doi.org/10.7863/jum.2008.27.7.1011
https://doi.org/10.1148/radiology.217.3.r00dc20803
https://doi.org/10.7863/jum.2007.26.6.749
https://doi.org/10.7863/jum.2009.28.10.1273
https://doi.org/10.1016/j.cpet.2017.11.005
https://doi.org/10.1093/annonc/mdq079
https://doi.org/10.1148/radiol.2481071120
https://doi.org/10.1002/jmri.24119
https://doi.org/10.1097/RLI.0b013e31817e9104
https://doi.org/10.1002/mrm.22067
https://doi.org/10.1111/j.1471-0528.2008.02007.x
https://doi.org/10.1097/RLI.0b013e31821690ef
https://doi.org/10.2217/17520363.1.4.513
https://doi.org/10.1093/oxfordjournals.humrep.a136832
https://doi.org/10.3322/caac.20113
https://doi.org/10.1517/14712598.4.7.1159
https://doi.org/10.1093/annonc/mdt405
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Nimmagadda and Penet Ovarian Cancer Targeted Theranostics

59. Kalli KR, Oberg AL, Keeney GL, Christianson TJ, Low PS, Knutson KL, et al.

Folate receptor alpha as a tumor target in epithelial ovarian cancer. Gynecol

Oncol. (2008) 108:619–26. doi: 10.1016/j.ygyno.2007.11.020

60. Ke CY, Mathias CJ, Green MA. Folate-receptor-targeted

radionuclide imaging agents. Adv Drug Deliv Rev. (2004)

56:1143–60. doi: 10.1016/j.addr.2004.01.004

61. Chen H, Hwang JH. Ultrasound-targeted microbubble destruction for

chemotherapeutic drug delivery to solid tumors. J Ther Ultrasound. (2013)

1:10. doi: 10.1186/2050-5736-1-10

62. Luo T, Sun J, Zhu S, He J, Hao L, Xiao L, et al. Ultrasound-mediated

destruction of oxygen and paclitaxel loaded dual-targeting microbubbles for

intraperitoneal treatment of ovarian cancer xenografts. Cancer Lett. (2017)

391:1–11. doi: 10.1016/j.canlet.2016.12.032

63. Lafky JM, Wilken JA, Baron AT, Maihle NJ. Clinical implications

of the ErbB/epidermal growth factor (EGF) receptor family and its

ligands in ovarian cancer. Biochim Biophys Acta. (2008) 1785:232–

65. doi: 10.1016/j.bbcan.2008.01.001

64. Iqbal N, Iqbal N. Human epidermal growth factor receptor 2 (HER2) in

cancers: overexpression and therapeutic implications. Mol Biol Int. (2014)

2014:852748. doi: 10.1155/2014/852748

65. Serrano-Olvera A, Duenas-Gonzalez A, Gallardo-Rincon D, Candelaria M,

De la Garza-Salazar J. Prognostic, predictive and therapeutic implications

of HER2 in invasive epithelial ovarian cancer. Cancer Treat Rev. (2006)

32:180–90. doi: 10.1016/j.ctrv.2006.01.001

66. Ren G, Zhang R, Liu Z,Webster JM,Miao Z, Gambhir SS, et al. A 2-helix small

protein labeled with 68Ga for PET imaging of HER2 expression. J Nucl Med.

(2009) 50:1492–9. doi: 10.2967/jnumed.109.064287

67. Heskamp S, Laverman P, Rosik D, Boschetti F, van der Graaf WT, Oyen

WJ, et al. Imaging of human epidermal growth factor receptor type 2

expression with 18F-labeled affibodymolecule ZHER2:2395 in a mouse model

for ovarian cancer. J Nucl Med. (2012) 53:146–53. doi: 10.2967/jnumed.111.

093047

68. Tewari D, Java JJ, Salani R, ArmstrongDK,MarkmanM,Herzog T, et al. Long-

term survival advantage and prognostic factors associated with intraperitoneal

chemotherapy treatment in advanced ovarian cancer: a gynecologic oncology

group study. J Clin Oncol. (2015) 33:1460–6. doi: 10.1200/JCO.2014.55.9898

69. Meredith RF, Partridge EE, Alvarez RD, Khazaeli MB, Plott G, Russell CD,

et al. Intraperitoneal radioimmunotherapy of ovarian cancer with lutetium-

177-CC49. J Nucl Med. (1996) 37:1491–6.

70. Rosenblum MG, Verschraegen CF, Murray JL, Kudelka AP, Gano J, Cheung

L, et al. Phase I study of 90Y-labeled B72.3 intraperitoneal administration in

patients with ovarian cancer: effect of dose and EDTA coadministration on

pharmacokinetics and toxicity. Clin Cancer Res. (1999) 5:953–61.

71. Alvarez RD, Huh WK, Khazaeli MB, Meredith RF, Partridge EE, Kilgore LC,

et al. A phase I study of combinedmodality (90)Yttrium-CC49 intraperitoneal

radioimmunotherapy for ovarian cancer. Clin Cancer Res. (2002) 8:2806–11.

72. Verheijen RH, Massuger LF, Benigno BB, Epenetos AA, Lopes A, Soper

JT, et al. Phase III trial of intraperitoneal therapy with yttrium-90-labeled

HMFG1 murine monoclonal antibody in patients with epithelial ovarian

cancer after a surgically defined complete remission. J Clin Oncol. (2006)

24:571–8. doi: 10.1200/JCO.2005.02.5973

73. McDevitt MR, Sgouros G, Sofou S. Targeted and nontargeted

α-particle therapies. Annu Rev Biomed Eng. (2018) 20:73–

93. doi: 10.1146/annurev-bioeng-062117-120931

74. Yin BW, Kiyamova R, Chua R, Caballero OL, Gout I, Gryshkova V, et al.

Monoclonal antibody MX35 detects the membrane transporter NaPi2b

(SLC34A2) in human carcinomas. Cancer Immun. (2008) 8:3.

75. Bamberger ES, Perrett CW. Angiogenesis in epithelian ovarian cancer. Mol

Pathol. (2002) 55:348–59. doi: 10.1136/mp.55.6.348

76. Chatterjee SK, BhattacharyaM, Barlow JJ. Glycosyltransferase and glycosidase

activities in ovarian cancer patients. Cancer Res. (1979) 39(6 Pt 1):1943–51.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Nimmagadda and Penet. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 13 January 2020 | Volume 9 | Article 1537

https://doi.org/10.1016/j.ygyno.2007.11.020
https://doi.org/10.1016/j.addr.2004.01.004
https://doi.org/10.1186/2050-5736-1-10
https://doi.org/10.1016/j.canlet.2016.12.032
https://doi.org/10.1016/j.bbcan.2008.01.001
https://doi.org/10.1155/2014/852748
https://doi.org/10.1016/j.ctrv.2006.01.001
https://doi.org/10.2967/jnumed.109.064287
https://doi.org/10.2967/jnumed.111.093047
https://doi.org/10.1200/JCO.2014.55.9898
https://doi.org/10.1200/JCO.2005.02.5973
https://doi.org/10.1146/annurev-bioeng-062117-120931
https://doi.org/10.1136/mp.55.6.348
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Ovarian Cancer Targeted Theranostics
	Introduction
	Imaging Techniques Used for Ovarian Cancer Detection and Diagnosis
	Molecular Targets Used for Ovarian Cancer Detection and Therapy
	CA125
	Folate Receptor
	HER2
	EGFR
	New Directions

	Conclusion
	Author Contributions
	Funding
	References


