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HIGHLIGHTS

* There is a high medical need for better discrimination between (pre)malignant and healthy vulvar tissue

* Until now, targeted imaging techniques have not been studied in vulvar squamous cell carcinoma (VSCC)

 The aim of this systematic review was to identify potential targets for tumor-specific imaging of VSCC

« Seven potential targets were identified: EGFR, CD44v6, GLUT1, MRP1, MUC1, CXCR-4 and VEGF-A

» EGFR and VEGF are promising tumor-specific targets in VSCC based on the availability of FDA approved antibodies

ARTICLE INFO ABSTRACT
Article history: Introduction. Vulvar squamous cell carcinoma (VSCC) is a rare malignancy with an increasing incidence, espe-
Received 28 November 2019 cially in young women. Surgical treatment of VSCC is associated with significant morbidity and high recurrence
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rates, which is related to the limited ability to distinguish (pre)malignant from healthy tissue. There is a need for
new tools for specific real-time detection of occult tumor lesions and localization of cancer margins in patients
with VSCC. Several tumor-specific imaging techniques are developed to recognize malignant tissue by targeting
tumor markers. We present a systematic review to identify, evaluate, and summarize potential markers for

Keywords: o X

Vulvar squamous cell carcinoma tumor-specific imaging of VSCC.

Biomarkers Methods. Relevant papers were identified by a systematic cross-database literature search developed with as-
Tumor targets sistance of an experienced librarian. Data were extracted from eligible papers and reported based on the Pre-
Targeted imaging ferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines. VSCC-specific tumor
Immunohistochemistry markers were valued based on a weighted scoring system, in which each biomarker was granted points based
Fluorescence guided surgery on ranked eligibility criteria: I) percentage expression, II) sample size, and III) in vivo application.

Results. In total 627 papers were included of which 22 articles met the eligibility criteria. Twelve VSCC-specific
tumor markers were identified and of these 7 biomarkers were considered most promising: EGFR, CD44v6,
GLUT1, MRP1, MUC1, CXCR-4 and VEGF-A.

Discussion. This overview identified 7 potential biomarkers that can be used in the development of VSCC-
specific tracers for real-time and precise localization of tumor tissue before, during, and after treatment. These
biomarkers were identified in a small number of samples, without discriminating for VSCC-specific hallmarks
such as HPV-status. Before clinical development, experimental studies should first aim at validation of these bio-
markers using immunohistochemistry and cell line-based examination, discriminating for HPV-status and the
expression rate in lymph nodes and precursor lesions.

© 2019 Published by Elsevier Inc.
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1. Introduction

Vulvar carcinomas represent around 2-5% of all gynecological can-
cers and the incidence is rising, especially in young women [1]. Vulvar
squamous cell carcinoma (VSCC) is the most common histopathological
type and constitutes 80-90% of all vulvar cancers. There are two differ-
ent pathophysiological pathways for VSCC: (i) a high-risk human papil-
lomavirus (HPV) dependent type, accounting for 20% of all VSCCs,
which is often associated with high grade squamous intraepithelial le-
sion (HSIL) and occurs mostly in younger women, and (ii) an HPV-
independent type associated with lichen sclerosis which is mostly ob-
served in older women [2].

Surgery with or without adjuvant (chemo)radiotherapy is the cor-
nerstone of treatment of VSCC. Surgical treatment is frequently associ-
ated with significant morbidity, which is partly related to the limited

ability to distinguish between healthy and malignant tissue, both before
and during surgery. Positive surgical margins are associated with high
local recurrence rates up to 40% and corresponding poor survival (5-
year survival for recurrent VSCC is reported to be 25-50%) [3,4]. In
addition, precursor lesions are often found adjacent to the tumor,
which are sometimes difficult to identify clinically with current avail-
able imaging modalities. Consequently, incorrect identification results
in re-excisions, local recurrences, regional metastases and associated
worse prognosis. Moreover, when (pre)malignant lesions are located
near the urethra, clitoris, or anus, surgery may be technically challeng-
ing with suboptimal results, ensuing in a decreased quality of life. This
underlines the high unmet medical need for clinicians to more optimal
discriminate tissue abnormalities of the vulva.

Currently there are no real-time techniques to distinguish (pre)ma-
lignant from healthy tissue during surgery, equivalent to the
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pathological assessment of hematoxylin/eosin stained vulvar tissue sec-
tions suspected of tumor invasion. Gynecologists rely on visual and tac-
tile information, and experience for the identification of tumor tissue or
distinction of tissue margins, before, during and after treatment. Treat-
ment of patients can be improved upon the availability of safe and spe-
cific real-time detection of occult tumor lesions and localization of
cancer margins. Such techniques will enhance personalized treatment
decisions and minimize the risk of residual disease.

Molecular imaging integrates advanced imaging modalities with
probes targeting molecular biomarkers of interest. This technique
plays a significant role in accurate diagnosis of several cancer types
and is generally safe to apply. An imaging probe consists of a contrast
label, such as radionuclides for nuclear based imaging, paramagnetic
or electron opaque substances for radiological techniques, or biolumi-
nescent or fluorescent molecules for optical imaging [5], which is
conjugated to a molecular imaging agent with high affinity for a bio-
marker selectively expressed at the surface of tumor(—associated)
cells (Fig. 1). Small molecules, peptides, aptamers, antibodies, protein
fragments and nanoparticles have been used as molecular imaging
agents. After administration of an imaging probe, real-time images of
the tissue of interest can be obtained by a suitable camera system that
generates optical contrast between tumor and surrounding healthy
tissue [6]. This review will mainly focus on imaging agents applicable
for optical imaging, as this modality benefits of its high-spatial resolu-
tion and real-time localization. An example of optical imaging coupled
with image-guided surgery is Fluorescent Guided Surgery (FGS),
which has been widely explored in the last decade [6]. Particularly,
the use of near-infrared (NIR) fluorescence dyes can most likely provide
sufficient tissue penetration for vulvar carcinoma, though thus far,
targeted imaging has not been used to detect VSCC.

The following characteristics define a potential protein marker for
targeted imaging: extracellular biomarker localization, expression pat-
tern, tumor-to-healthy tissue ratio, percentage and distribution of posi-
tive cells, and previous use of the biomarker for in vivo targeted imaging
[7,8]. Based on these criteria we rank the feasibility of different vulva-
specific biomarkers, found through systematic analysis of the scientific
literature using the PRISMA guidelines. The purpose of this review is
to provide an overview of potential tumor specific targets for VSCC.
These vulva-specific biomarkers could serve as targets for molecular im-
aging and help develop a structured approach of tumor-visualization.

2. Methods

This study was performed according to the PRISMA guidelines [9].

Contrast label: fluorophore

Imaging agent: antibody i ]"a.j‘

k

2.1. Search strategy

Relevant scientific papers were identified by a systematic online cross-
database search performed in July 2019, using PubMed, Embase, Web of
Science, Cochrane Library and Academic Search Premier. Search strategies
for all databases were adapted from the PubMed strategy and developed
with assistance of an experienced librarian of the Walaeus Library of the
Leiden University Medical Center (JS). The search strategy consisted of
the medical subject headings and text words related to the keywords
“vulvar carcinoma”, “target proteins” and abbreviations thereof. See Ap-

pendix I for the complete search strategies for each database.
2.2. Eligibility

Clinical trials (phase I, II, and II), and prospective or retrospective co-
hort studies were included. The following eligibility criteria were set:
(1) Report of cell surface protein expression in >40% of the human VSCC
tumor or tumor-associated cells, such as stromal cells, and (2) Evaluation
of cell surface protein expression by immunohistochemistry. Results from
flow cytometry analysis of cell lines were considered as advantageous but
non-decisive. Animal studies, (systematic) reviews, not-English pub-
lished abstracts and case reports were excluded.

2.3. Target selection

Tumor-specific imaging is based on the distinction between malig-
nant and healthy tissue. However, information about the expression of
the target in non-malignant vulvar tissue and the pattern of expression
is mostly lacking in the included studies. It was therefore chosen to
leave these characteristics out of the target selection and refer to these
if known in the descriptive text of the potential marker headings in
the result section. To select potential tumor specific targets for optical
imaging in VSCC, a weighted scoring system was used, adapted from
the Target Selection Criteria (TASC) scoring system [8,10]. Biomarkers
were granted points (0-2), based on three criteria (Table 1). The criteria
where prioritized to value certain criteria more important than others.
The percentage expression score (criterion I) was chosen the most deter-
minative factor and granted most weight, followed by the criteria in vivo
application score (criterion II, based on the review of Hernot et al. [6]),
indicating previously use of the target for imaging of other cancer
types. The least weight was assigned to the sample size score (criterion
I11). If more than one publication described the same target, the scoring
system was applied to all articles. An average expression rate and a total
sample size (n) was calculated for the particular target. Some publica-
tions described multiple potential targets.

; Y
" SN
¢ ¢
R

Tumor cell Healthy cell

& L

Fig. 1. Optical imaging using Fluorescent Guided Surgery (FGS). A. An example of an imaging probe used for optical imaging, which consists of a fluorophore (contrast label) conjugated to
an antibody (imaging probe). B. Schematic illustration of a tumor cell and a healthy cell expressing different biomarkers (pink, orange or blue receptors/proteins). The imaging probe is
able to bind to the overexpressed biomarker of interest on the tumor cell (pink receptor). The healthy cell does not express this particular biomarker and stays unstained. Using a proper
imaging modality, the tumor cell expressing green fluorescence light can be distinguished from the healthy cell.
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Table 1

Target scoring system. Eligible biomarkers are granted points (0-2) based on three
criteria: I) Percentage expression: percentage of VSCC samples expressing the target of in-
terest; II) In vivo application: previously in vivo application of an imaging agent against the
target of interest; III) Sample size: total number of VSCC samples tested within a study.

Target scoring system 0 1 2

[ Percentage expression 40-59% 60-85% >85%
11 In vivo application No Yes
Il Sample size 0-9 10-50 >50

3. Results
3.1. Study selection

The literature searches yielded 1207 records: PubMed n = 440;
Embase n = 439; Web of Science n = 237; Cochrane Library n = 9; Ac-
ademic Search Premier n = 82. After removal of duplicates, 627 records
were available for screening. One investigator (BH) reviewed all titles
and abstracts for eligibility based on the above-mentioned criteria,
from which 151 full-text articles were obtained. Of the full-text articles,
129 did not meet the eligibility criteria: 78 articles described targets not
expressed at the cell surface membrane, 29 articles reported a high ex-
pression of the target in healthy vulvar tissue and/or lower expression
rates (<40%) of the target in VSCC, 8 articles were not about the expres-
sion in VSCC and for 8 articles no full-text was available. In case the
investigator (BH) doubted the eligibility of an article, a second investi-
gator (MvP) reviewed the paper and eligibility for inclusion in the
review was based on consensus. In total, 22 scientific papers were in-
cluded, describing 12 potential tumor targets for VSCC. See Fig. 2 for
the PRISMA flow diagram of the study selection.

3.2. Candidate targets

The 12 targets for tumor-specific imaging of VSCC evaluated in the
selected 22 scientific papers were scored according to the target scoring
system indicated in Table 1. Scores were summarized in Table 2. With
an expression average of 59% or higher (score > 0): EGFR [11-21],
(CD44v6 [22-25], GLUT1 [26-28], MRP1 [12,13], MUC1 [29] and CXCR-
4[30] were considered potential candidates for tumor-specific imaging
of VSCC. Although VEGF-A [22,27,31] showed an average expression of
45% (score 0), it fulfilled both other criteria and therefore this marker
was included as well. The other evaluated targets were considered less
potential, based on the granted scores (CD34 [32], CA IX [27], SPARC
M [13], CCND1 [15], BCRP [12]). The seven potential biomarkers for
tumor-specific imaging in VSCC are described below. Description of
the biomarkers is based on their physiological role, expression in
tumor and healthy tissue and the availability of clinical tracers targeted
against these biomarkers.

3.3. EGFR

3.3.1. Physiological role

Epidermal growth factor receptor (EGFR) is a transmembrane glyco-
protein and one of the four members of the Human Epidermal growth
factor Receptor (HER) family of tyrosine kinase receptors, consisting of
EGFR/HER1, HER2/erB2, HER3/erbB3 and HER4/erB4 [33]. Epidermal
growth factor binding to EGFR leads to cell proliferation. EGFR in normal
epithelium of the skin is mainly expressed in proliferating keratinocytes
[34].

3.3.2. Tumor upregulation/expression

Squamous carcinomas frequently overexpress EGFR, which is
thought to be characteristic for the loss of differentiation among
keratinocytes and associated with a poor prognosis [12,18]. Based on
this literature search, 11 scientific papers described EGFR expression
in VSCC with a total of 747 VSCC immunohistochemically stained

samples. Of these samples an average of 67% stained positive (range
36-96%), with a median of 73%. One study observed positive staining
for EGFR to be associated with good to moderate grade of differentiation
(p = .01) [16]. Another study found a progressive increase in EGFR ex-
pression from healthy vulvar tissue to primary malignant tissue to met-
astatic lesions within the same patient [18]. EGFR expression was
reported to be similar among VSCC samples with various FIGO stages
[19,20]. Two articles reported no difference in EGFR expression for
HPV-dependent or HPV-independent samples [14,19]. However, an-
other article described stronger EGFR positivity for IHC mainly in HPV-
independent VSCC samples and concluded that EGFR expression trends
toward a negative correlation with p16 expression [15]. EGFR expres-
sion in relation to lymph node metastases showed that increased ex-
pression in the primary vulvar malignancy was significantly associated
with presence of lymph node metastases. Tissue of these lymph node
metastases showed 88% EGFR expression [18].

3.3.3. Expression in non-malignant vulvar tissue

One study reported EGFR expression in some basal cells in 40% of
healthy vulvar tissue, in highly dysplastic cells in 40% of the VIN III
and in many neoplastic cells in 80% of vulvar condylomata acuminata
[21]. These data are consistent with another study wherein 26 out of
61 (43%) healthy vulvar tissue samples stained positive for EGFR [18].
Identical to expression patterns in normal skin, receptor expression
was confined to the basal and parabasal keratinocytes and was lost as
the cells migrated upward toward the surface of the epithelium. No
tumor to healthy ratios for EGFR have been described.

3.34. Clinical tracers

Avariety of anti-EGFR drugs are currently FDA approved or tested
in clinical trials. Moreover, humanized anti-EGFR monoclonal anti-
bodies as panitumumab and cetuximab conjugated to a fluorophore
(IRdye800CW) are being tested in several clinical studies for FGS
purposes in e.g. head and neck squamous cell carcinomas (HNSCC)
and oropharyngeal squamous cell carcinomas (OSCC). In a dose-
escalation study with cetuximab labeled to near-infrared fluorophore
(IRDye800CW) no adverse events higher than grade 2 were reported
[35].

3.4. CD44v6

3.4.1. Physiological role

CD44 (HCAM, Pgp-1, Hermes antigen) is a cell-surface glycoprotein
involved in cell-cell and cell-matrix adhesion and is widely expressed
in a variety of human tissues. It interacts as a receptor with hyaluronic
acid (HA) but can also bind with other ligands as collagens or matrix
metalloproteinases (MMPs). These interactions trigger cell activation,
motility and adhesion to other cells. Different isoforms of CD44 exist
due to complex alternative splicing of transcripts of the CD44 gene. Var-
ious CD44 isoforms were broadly investigated in multiple tissue types
and revealed CD44v6 expression to be mainly observed in normal
human thyroid, breast, cervix, placenta and skin tissue [36].

3.4.2. Tumor expression

Aberrant expression of CD44 isoforms like CD44v6 in human tumors
indicates a loss of splice control in malignant cells and has been associated
with poor prognosis in human malignancies as breast and oropharyngeal
cancer [23,37]. The major role of isoform v6 involves cell migration and
invasion and is thereby a metastatic determinant in aggressive stages of
several human cancers, mainly in squamous cell carcinomas [38]. Patients
expressing CD44v6 in vulvar cancer showed significantly poorer overall
and relapse free survival compared with patients whose tumors lacked
CD44v6 expression [24,25]. In the 4 included scientific papers from this
literature search, the average expression of CD44v6 on VSCC tissue was
59% (range 33-99%). Different staining patterns were used to score
CD44v6; even the same author used different cut-offs for the conducted
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Fig. 2. PRISMA flow diagram of literature search and selection process.

studies [23,25]. Two studies concluded CD44v6 expression not to be cor-
related to FIGO stage, tumor grade, pTNM classification, histologic grade
or type of treatment [23,24]. One study described CD44v6 staining pat-
terns in primary tumors compared to lymph node metastases and
found no obvious differences [24]. CD44v6 expression in relation to HPV
status was not described in the included scientific papers.

3.4.3. Expression in non-malignant vulvar tissue
None of the included articles has examined the expression of
CD44v6 in healthy vulvar or dysplastic tissue.

3.4.4. Clinical tracers
Several peptides [39] and antibodies [40] have shown potency in
CD44v6-targeting. For example, the humanized monoclonal anti-

CD44v6 antibody bivatuzumab was shown to be safe in clinical trials
and reliably visualized HNSCC lesions by nuclear imaging in humans
[41]. Thereafter, bivatuzumab was conjugated with both a near-
infrared fluorescent dye (IRDye800CW) and a radioactive label (In-
dium-111) to perform dual-modality imaging in a HNSCC xenograft
mice-model. Bivatuzumab accurately detected human HNSCC xeno-
grafts in mice and showed CD44v6 to be a suitable target in vivo [42].

3.5. GLUT1

3.5.1. Physiological role

Glucose transporter 1 (GLUT1, solute carrier family 2, facilitated glu-
cose transporter member 1/SLC2A1) is encoded by the SLC2A1 gene.
This uniporter protein is located in the cell membrane and facilitates
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Table 2

Potential targets for tumor-specific imaging of VSCC. Tumor markers are shown, followed by the number of included papers relating to this target based on the literature search. Each ex-
tracted biomarker is granted points based on ranked criteria; I) percentage expression, II) sample size, and IIl) in vivo application. Solitary patient trials are scored in the in vivo application
category. EGFR - Epidermal Growth Factor Receptor, CD44v6 — CD44 variant 6, GLUT1 - Glucose transporter 1, MRP1 - Multidrug resistance-associated protein, MUC1 - Mucine 1, CXCR-
4 - C-X-C chemokine receptor type 4, VEGF-A - Vascular endothelial growth factor A, CA IX - Carbonic anhydrase IX, SPARC M - Secreted protein acidic and cysteine-rich M, CCND1 -

Cyclin D1, BCRP - Breast cancer resistance protein.

Tumor marker Expression In vivo application Sample size

Included papers

Average % Score Yes/no Score (n) Score (n) Author,year
EGFR 70 1 yes 2 747 2 11 Fons 2009, Palisoul 2017, Koncar 2017, Lee 2007, Woelber 2012, Oonk 2007, Dong 2015, Johnson
1997, de Melo 2014, Brustmann 2007, Wu 2001
CD44v6 59" 1" no 0 249 2 4 Fons 2007, Tempfer 1996, Hefler 2002, Tempfer 1998
GLUT1 68 1 no 0 166 2 3 Vande Nieuwenhof 2010, Li 2012, Mayer 2014
MRP1 78 1 no 0 79 2 2 Palisoul 2017, Koncar 2017
MUC1 81 1 no 0 30 1 1 Wu2000
CXCR-4 68 1 no 0 22 1 1  Shiozaki 2013
VEGF-A 45 0 yes 2 100 2 3 Fons 2007, Li 2012, Obermair 1996
CD34 58 0 no 0 158 2 1 Dhakal 2013
CAIX 52 0 no 0 25 1 1 Li2012
SPARC M 49 0 no 0 35 1 1 Koncar 2017
CCND1 47 0 no 0 131 2 1 Woelber 2012
BCRP 44 0 no 0 25 1 1  Palisoul 2017

* Borderline value, investigators decided to include this target based on the number of included papers and the total sample size.

the transport of glucose into the cell. It is widely expressed on placental
tissue, red blood cells and normal capillaries of the brain, consistently
with the high uptake of glucose in these cells [43].

3.5.2. Tumor expression

Increased glucose intake is also seen after malignant transformation
of tissue triggered by hypoxia-induced gene expression [44]. VSCC is a
solid tumor with such a glycolytic phenotype. GLUT1 expression was
analyzed in 3 studies with a total sample size of 166 and was on average
expressed in 68% (range 50-100%) of the VSCC samples. In general a dif-
fuse staining of a large tumor area was observed, with a focally in-
creased staining intensity, both cytoplasmic and membranous. Less
differentiated tumors demonstrated lower GLUT1 expression levels. In
several cases, GLUT1 expression was observed directly adjacent to a
blood vessel/vascularized tumor stroma. However, the pattern of
GLUT1 clearly indicated that a large part of its expression is presumably
unrelated to hypoxia. One study investigating increased GLUT1 expres-
sion in relation to primary tumor characteristics as differentiation grade,
FIGO stage or recurrences found no significant associations [26]. In the
included scientific papers, GLUT1 expression in relation to HPV status
and staining patterns in metastases was not described.

3.5.3. Expression in non-malignant vulvar tissue

Healthy vulvar tissue showed weak staining expressed in basal cells
and prickle cells [27,28]. One study described GLUT1 expression in dys-
plastic tissue to be comparable to the observed low expression in
healthy vulvar tissue [28], while another study reported expression
levels of dysplastic tissue to be more comparable to upregulated expres-
sion as seen in VSCC tissue [27].

3.5.4. Clinical tracers

Up to now, no clinical studies have been performed with GLUT1
binding tracers. One pre-clinical study showed that a monoclonal
GLUT1 antibody conjugated to iron oxide nanoparticles could effectively
target GLUT1 positive tumor cells in infantile hemangioma using MRI
[45]. But, being a glucose channel, GLUT1 targeting is more easily
established by determining the accumulation of labeled glucose into
tumor cells. Metabolic PET scanning with 18F-fluoro-deoxy-glucose
(FDG) makes use of this principle and is widely used in the clinic for
tumor imaging, including nodal staging in vulvar cancer [46]. A near-
infrared version, IRDye800CW 2-DG, has been developed and showed
specificity in several tumor models in mice, but these data are not yet
confirmed in a clinical study [47].

3.6. MRP1

3.6.1. Physiological role

Multidrug resistance-associated protein 1, MRP1 (GS-X), is a protein
that in humans is encoded by the ABCC1 gene. MRP1 is a member of the
ATP-binding cassette transporters. This type of protein transports mole-
cules across extra-and intracellular membranes. It has been speculated
that MRP1 protects against carcinogens by preventing them from enter-
ing epithelial cells and is therefore ubiquitously expressed in almost all
human tissues [48]. This transporter may therefore play a role in
disrupting optimal cytotoxic agent efficacy by its capacity to mediate ef-
flux of drugs [49].

3.6.2. Tumor expression

Overexpression of MRP1 is known to occur in cancers as neuroblas-
toma, breast, and prostate [50], but little is known about the involve-
ment in VSCC. MRP1 expression has been tested in two studies with a
total of 79 VSCC samples included, showing 80% expression on average
(range 77-82%). One study described expression of MRP1 in primary
(26/34 samples, 77%) compared to metastatic alteration (22/28 sam-
ples, 79%), including metastatic lymph nodes and other distant metasta-
ses [12]. MRP1 expression in relation to other tumor characteristics such
as FIGO stage or HPV-status have not been described.

3.6.3. Expression in non-malignant vulvar tissue
None of the included articles has examined the expression of MRP1
in healthy vulvar or dysplastic tissue.

3.64. Clinical tracers

To our knowledge, no clinical studies have been performed with
MRP1 binding tracers. Pre-clinical research on inhibition of MRP1-
mediated transport to avoid multidrug resistance showed that mifepris-
tone, doramapimod and celecoxib are potential inhibitors of MRP1 ef-
flux [50]. Knowing that these small molecules show high specificity
for MRP1, indicates their potential for tumor-specific tracer. Further-
more, a small recombinant scFv antibody directed to an extracellular
epitope of the MRP1 in viable malignant cells was isolated. These
small Fv-based recombinant antibodies possess superior tumor pene-
tration capabilities and may possibly be used to selectively target
drugs or tumor cells expressing MRP1 [51]. As for GLUT1, MRP1
targeting is more easily established by determining the cellular uptake
of a non-binding tracer selectively passing MRP1 transporters into
tumor cells. These tracers could be potential for imaging of MRP1
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overexpressing tissues. MRP1 tracers are tested in vitro for different ap-
plication, as for instance to study multidrug resistance [52].

3.7. MUC1

3.7.1. Physiological role

Mucine 1 (MUC1) is a membrane-bound protein belonging to the
mucin family. This protein is O-glycosylated, plays a role in intracellular
signaling and is critically important for the formation of a protective mu-
cous barrier on epithelial surfaces. This protein is normally expressed on
the apical surface of epithelial cells of mucosal surfaces as stomach and
pancreas [53].

3.7.2. Tumor expression

Overexpression and changes in glycosylation are associated with
carcinogenic development. The one study reporting on MUC1 expres-
sion in VSCC tested three monoclonal antibodies (Ma695, CA15-3 and
DF3) on vulvar tissues. These showed on average positive MUC1 expres-
sion of 81% (100%, 84% and 60% for Ma695, CA15-3 and DF3, respec-
tively) in 30 VSCC samples tested. Increased MUC1 expression was
related to the degree of differentiation of VSCC, prevalence of expression
increased gradually from well through moderately to poorly differenti-
ated VSCC. The prevalence and intensity of MUC1 expression was tested
in 15 of the 30 VSCC samples by Ma695, and found to be higher in HPV-
negative (48%, 13/15 samples) compared to HPV-positive tissues (8%, 2/
15 samples). There were no significant associations between MUC1 ex-
pression and clinical stage or lymph node metastases in VSCC [29].

3.7.3. Expression in non-malignant vulvar tissue

MUC1 expression by Ma695 in VSCC was higher than the expression
in VIN III, HPV-independent VIN III (4/5) and HPV-dependent VIN III (0/
1). Both HPV-independent VINI-II (n = 4), HPV-dependent VIN I-II
(n = 6), HPV-dependent vulvar condylomata acuminata (n = 10) and
healthy vulvar tissue (n = 5) did not stain positive for MUC1 according
to one study [29].

3.7.4. Clinical tracers

Due to its overexpression in several other cancers, MUC1 has
emerged as a potential target for cancer therapy [54]. Monoclonal anti-
body development has historically been hampered by the abundant
presence of aberrant glycosylation of MUC1 on tumor cells. The human-
ized IgG1 antibody (PankoMab-GEX) is directed against a glycol-
epitope and has been shown to be safe, well tolerated, and promising
for anti-tumor activity, suggesting a possible use as imaging tracer
[55]. Mouse studies with another MUC1 antibody showed selectivity
for ovarian cancer MR imaging [56]. Other, non-antibody based tracers
like peptides and aptamers specifically binding MUC1 for imaging appli-
cations are under development. These ligands are relatively easy and
cheaper to produce than antibodies, with low toxicity and immunoreac-
tivity. A disadvantage for fluorescent based imaging might be the rapid
systemic clearance resulting in a too short circulation half-life. It was
shown that aptamers directed against the mucin 1 (MUC1) antigen,
demonstrated high specificity and uniform penetration in tumor xeno-
grafts [57].

3.8. CXCR-4

3.8.1. Physiological role

C-X-C chemokine receptor type 4 (CXCR-4, fusin, CD184) is a specific
receptor for stromal cell-derived factor-1. This factor is endowed with
potent chemotactic activity for lymphocytes. CXCR-4 is located on the
surface of the (tumor)cell membrane and acts with the CD4 protein to
support HIV entering into cells.

3.8.2. Tumor expression

CXCR-4 is known to be overexpressed in at least 23 types of cancer,
including breast cancer and prostate cancer [58]. The only study includ-
ing CXCR-4 in VSCC showed 68% expression in 22 tested samples [30].
Expression was mainly seen at the invasive front, at the invading
tumor clusters in deep stroma and in lymph node metastases. The ex-
pression rates of CXCR-4 in primary tumors were shown to be similar
in node-negative and node-positive disease. But at metastatic sites,
the expression rate of CXCR-4 in node positive diseases was very high.
CXCR-4 expression tended to be increased for higher FIGO stages (III-
IV) compared to lower stages (I-1I) although this was not statistically
significant (P = .08). Furthermore, expression was associated with
poor disease prognosis but was not an independent prognostic factor.
HPV-status in relation to CXCR-4 expression was not described [30].

3.8.3. Expression in non-malignant vulvar tissue
No information is available on expression in healthy tissue. None of
the intraepithelial lesions (n = 7) stained positive for CXCR-4 [30].

3.84. Clinical tracers

Antibodies, aptamers and peptides against CXCR-4 are extensively
evaluated for molecular imaging purposes, with promising results
[59]. An anti-CXCR-4 peptide conjugated to a NIR-dye was tested
in vivo at mice bearing human osteosarcoma xenografts. This showed
high NIR signal intensity within the CXCR-4-positive tumor and within
CXCR-4 receptor-positive organs [60]. The T140 peptide antagonist for
CXCR-4 was synthesized, containing fluorescent rhenium and techne-
tium for fluorescence or SPECT dual modality imaging [61]. The diagnos-
tic performance of 8Ga-Pentixafor, a recently introduced CXCR-4-
directed PET tracer in a small cohort of breast cancer patients, showed
that tumor detection was feasible but performed less than a glucose
based '8F-FDG tracer [62]. As CXCR-4 is also natively expressed in
immune-related cells, background staining in these tissues must be
taken into consideration when evaluating in vivo imaging results [59].

3.9. VEGF-A

3.9.1. Physiological role

Vascular endothelial growth factor A (VEGF-A) is a heparin binding
glycoprotein that mainly interacts with the VEGF-R1 and -R2 receptors
present on endothelial cell membranes and some cancer cells. VEGF-A is
important for angiogenesis by induction of proliferation and migration
of vascular endothelial cells.

3.9.2. Tumor expression

The protein is encoded by the VEGF-A gene and known to be upreg-
ulated in many, especially hypoxic, tumors [63]. Abnormal blood vessel
formation can form if VEGF-A expression is upregulated or disrupted,
leading to pathological angiogenesis. The three included scientific
papers show an average VEGF-A expression of 45% in VSCC samples
(range 25-70%). It is important to notice that one author observed
membranous expression of VEGF-A in tumor cells [22], whereas others
described the expression to be dominantly in the cytoplasm of epider-
mal prickle cells and tumor cells associated with micro vessels [27,31].
One author reported no clinically significant correlation between
VEGF-A expression in relation to the distribution of FIGO stage (p =
.58), histopathological stage (p = .69), and histological grade (p =
.09) [31]. HPV-status in relation to VEGF-A expression was not men-
tioned in any of the included articles [22,27,31].

3.9.3. Expression in non-malignant vulvar tissue

One author observed strong VEGF-A staining in 17% (2/12 samples)
of healthy tissue and 70% (7/10 samples) of VIN tissue [27]. Other in-
cluded authors did not describe VEGF-A expression in non-malignant
tissue.
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3.9.4. Clinical tracers

VEGF-A is relatively well investigated in clinical trials for tumor
imaging purposes in various cancer types. For instance, the thera-
peutic antibody bevacizumab (anti-VEGF) is being tested in various
clinical feasibility trials (phase 1 and 2) for detection of tumors over-
expressing VEGF-A [6]. Fluorescence imaging with bevacizumab
labeled to IRDye800CW enabled in-situ detection of additional ma-
lignant lesions in peritoneal carcinomatosis of colorectal origin
[64]. Additional studies with fluorescently labeled bevacizumab are
planned in for instance endometriosis (NCT02975219). In addition,
ranibizumab is an FDA approved humanized monoclonal antibody
with potential for targeting of VEGF-A as well, however more expen-
sive compared to bevacizumab.

4. Discussion

In this systematic review, we provide an overview of tumor-specific
biomarkers as potential candidates for tumor-specific imaging in VSCC
patients. Seven potential targets were identified from the literature, in-
cluding EGFR, CD44v6, GLUT1, MRP1, MUC1, CXCR-4 and VEGF-A.

EGFR was the most frequently evaluated biomarker in VSCC, and
showed an expression in 70% of the 747 tested samples. Based on the
availability of FDA approved anti-EGFR antibodies and the knowledge
obtained from previously executed clinical trials, targeted imaging of
VSCC with use of EGFR has high potential, although the relatively high
expression found in healthy vulvar tissue is a major concern [21]. The
expression of VEGF-A was lower with 45% of the 100 samples tested,
however, this target could also be easily used in a clinical setting be-
cause of the availability of FDA approved antibodies. Research in the
field of CD44v6 is mainly performed in HNSCC, which has two different
pathophysiological pathways, similar to VSCC (via a non-viral or an
HPV-driven oncogenic pathway). Therefore, the concept tested on this
target could easily be translated to application in VSCC. GLUT1 shows
a relatively high expression in VSCC compared to healthy tissue. MRP1
seems to have less potency as a tracer, since this protein is ubiquitously
expressed in almost all healthy tissues. MUC1 and CXCR-4 expression
were both evaluated in only one small study with 30 and 22 samples,
respectively.

This review is based on the available literature with respect to the
expression of tumor-specific targets in VSCC. Although the analysis pin-
points several potential imaging targets, it should be emphasized that
the studies from which the data are generated were not specifically de-
signed to prospectively evaluate imaging targets. For such a purpose,
these studies should be supplemented with more details on marker ex-
pression in relation to HPV-status, expression in precursor lesions and
metastatic lymph node tissue, and most ideally in comparison with
other VSCC-specific targets. The importance of the understanding and
incorporation of these VSCC-specific details on marker expression in
further research, will be explained in the following sections.

HPV-independent and HPV-dependent vulvar cancers represent two
distinct types of VSCC and have different precursor lesions and clinical
outcomes [2]. HPV status has not been examined in relation to target ex-
pression in most studies, except for EGFR and MUCT1. These targets
showed a higher expression in HPV-independent tissue samples com-
pared to HPV-dependent samples. HPV infected cells are known to ex-
press the oncoproteins E6 and E7, however these are expressed in the
cell nucleus and therefore seem not targetable for optical imaging. An
HPV status dependent proteomics study of vulvar samples could elicit
potential proteins expressed exclusively at either type. Considering
HPV status during target selection could result in a more accurate and
precise identification in both HPV-dependent and HPV-independent
(pre)malignant vulvar lesions.

This knowledge about HPV-related expression could also be valu-
able for detection of precursor lesions vulvar HSIL and dVIN, as these
lesions may sometimes be difficult to identify clinically and can
progress to invasive vulvar cancer if left untreated. Unfortunately,

information on expression in precursor lesions is mostly lacking for
the listed biomarkers.

Tumor-specific imaging of lymph node metastases could also be
used in the treatment for patients with VSCC. Lymph node metastases
are considered one of the most important prognostic factor affecting
disease-free and overall survival for VSCC patients [65]. Patients with
early stage VSCC have a 25% risk of lymph node metastases at the time
of diagnosis. Sentinel lymph node mapping, a non-tumor specific imag-
ing technique, is used for the detection of lymph node metastases in
these patients [66]. The detection of lymph node metastases by targeted
optical imaging could result in a further reduction of surgery-related
morbidity. Most of the included studies reported on differences in ex-
pression in the primary tumor based on presence or absence of lymph
node metastases. However, some studies reported on target expression
in lymph node tissue: in 14 patients with lymph node metastases mean
EGFR expression was 88% versus 65% in the primary tumor [18], CXCR-4
expression was seen in 100% of the lymph node metastases (n = 4) [30]
and in all cases in which the primary tumor stained positive for CD44v6
(3/10) a positive CD44v6 staining in the respective lymph node metas-
tases was ascertained. This data could be useful in targeted detection of
these nodes [24].

Other candidates for tumor-specific imaging in VSCC could be
tumor-specific targets that are identified in OSCC or HNSCC, such as
uPAR. Boonstra et al. described the applicability of an uPAR specific mul-
timodal tracer in an oral cancer model, combining SPECT with intraop-
erative guidance [67]. In addition, the use of photodynamic therapy,
with for instance 5-ALA, that showed great potential for both diagnosis
and treatment of premalignant vulvar lesions [68,69]. Proteomics or
surfaceome studies could identify new and specific VSCC and precursor
targets. Until now, these type of studies are lacking in vulvar (pre)
cancers.

This review has several limitations. First, the set of potential bio-
markers is based on general tumor marker expression, without discrim-
inating for VSCC-specific hallmarks as HPV-status. Second, only 22
studies could be included verifying expression of a small number of vul-
var samples. Furthermore, the evaluation of targets was performed
using different scoring systems, yielding results that are difficult to com-
pare with wide ranges of expression. In addition, no tumor-to-healthy
cell ratio could be estimated for the selected biomarkers.

Future studies should include the immunohistochemical analysis of
potential targets in VSCC and its precursors. Cohorts should at least in-
clude HPV-independent and HPV-dependent VSCC samples and precur-
sor lesions, healthy vulvar tissue samples and preferably tissue of
respective lymph node metastases. It is desirable that two antibodies
targeting the same biomarker will be used to test differences in sensitiv-
ity. Afterwards, cell line-based research should be executed to validate a
biomarkers potency as tumor-specific target for VSCC, whereafter an an-
tibody or peptide conjugated to a fluorophore could be tested in vitro
and in a tumor mouse model. Eventually, these findings might have clin-
ical implications in terms of the development of a VSCC-specific probe
for the safe and specific real-time detection of occult tumor lesions.

5. Conclusion

Based on the current literature, we identified seven biomarkers as
potential targets for VSCC-specific molecular imaging. This overview
can be used as a first step toward the development of a structured ap-
proach of tumor-visualization in patients with VSCC, which could be
used for pre-surgical diagnosis and real-time and precise localization
of vulvar cancer.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno0.2019.12.030.
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