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Abstract

Objectives/Hypothesis: Folate receptor (FR) expression, although known to be elevated in
many types of cancer and inflammatory cells, has not been well characterized in head and neck
squamous cell carcinoma (HNSCC). We hypothesized that tumor infiltrating inflammatory cells
expressing FR-g could allow fluorescent visualization of HNSCC tumors using folate conjugated
dyes even when FR expression in cancer cells is low.

Study Design: Retrospective review of clinical pathologic specimens and in vivo animal study.
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Methods: A tissue microarray with tumor and tumor-free tissue from 22 patients with HNSCC
was stained with antibodies to FR-a and FR-8. We characterized FR-8* cells by examining CD45,
CD68, CD206, and transforming growth factor (TGF)-g8 expression. To investigate fluorescent
imaging, mice with orthotopic tumor xenografts were imaged in vivo after intravenous injections
of folate conjugated fluorescein isothiocyanate (folate-FITC) and were histologically evaluated ex
Vvivo.

Results: All tumor samples demonstrated significant FR-g staining and negligible FR-a staining.
FR-B* cells found in tumors coexpressed CD68 and had increased expression of CD206 and TGF-
B characteristic of tumor-associated macrophages. In the xenograft models, tumors showed strong
in vivo fluorescence after folate-FITC injection in contrast to surrounding normal tissues.
Histologic examination of the xenograft tissue similarly showed folate-FITC uptake in areas of
inflammatory cellular infiltrate.

Conclusions: Although HNSCC tumor cells do not express FR, HNSCC tumors contain a
significant population of FR-B- expressing macrophages. Folate conjugated fluorescent dye is able
to specifically target and label tumor xenografts to permit macroscopic fluorescence imaging due
to FR-B expression on the infiltrating inflammatory cells.
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INTRODUCTION

In the United States, head and neck cancer, represented mainly by head and neck squamous
cell carcinoma (HNSCC), has an annual incidence of over 52,000 new cases and causes over
11,000 annual deaths.! Despite several decades of advancements in treatment, the mortality
of HNSCC remains high, and the recurrence rate for locally advanced disease can reach
50%.2 The surgical resection of head and neck cancers requires high precision to maximize
tumor removal without compromising the many complex functions carried out in the upper
aerodigestive tract and neck. Techniques to improve the real-time intraoperative
visualization of tumors are needed to increase the efficacy and decrease the morbidity of
HNSCC resection. One strategy to improve the visualization of malignant tissues is the use
of tumor-specific ligand conjugated fluorescent dyes.3-5 Surgery guided by probes that
optically highlight tumors can lead to better surgical margins and improve survival.5-8 Many
methods for the delivery of fluorescent probes into tumors have been explored.#6.9.10 Of
these, folic acid conjugated fluorescent dyes that target the aberrant expression of folate
receptors is one of the most mature platforms for use in fluorescence-guided tumor
resection.

The folate receptor (FR) is a high-affinity folic acid binding endocytic receptor uncommonly
expressed in normal tissues. The a isoform (FR-a) is normally found on the apical surface
of polarized epithelial cells in tissues such as the proximal kidney tubule and the
submandibular salivary gland.1! Furthermore, it is overexpressed at high frequencies in a
variety of carcinomas including those of the ovaries, kidneys, and lung.11-14 In contrast,
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functional expression of the gisoform (FR-p) is limited to a specific subset of activated
macrophages and myeloid leukemia.11:15 Importantly, the binding and expression
characteristics of FR make it an ideal target for the intracellular delivery of tumor specific
drugs and imaging markers. Clinical trials are underway for several folate-linked molecules
including folate-fluorescein isothiocyanate (folate-FITC), which has been used for tumor-
specific fluorescence-guided surgery in patients with ovarian cancer.®

However, the utility of the FR as a biomarker in HNSCC molecular imaging is unclear due
to an incomplete characterization of the receptor’s expression. Previous mRNA expression
and radioligand binding assays on a limited number of tumor specimens have found FR-a
expression to be negligible in HNSCC.12:16 |n contrast, immunohistochemistry performed
on specimens from a larger patient sample detected FR expression of an unknown isoform in
45% of primary HNSCC tumors and 40% of lymph node metastases.1’ Furthermore, FR
expression in the aforementioned study was inversely correlated with disease-free survival
after surgery.1” A more thorough examination of FR expression in HNSCC is required to
assess the clinical potential of folate conjugated agents in the management of head and neck
cancer. In this study, we characterize the expression pattern of the two main isoforms of
folate receptor, FR-a and FR-g, in HNSCC patient specimens. We then report on the use of
folate-FITC to specifically target and optically image HNSCC in mouse tumor xenograft
models.

MATERIALS AND METHODS

Tissue Samples

Human primary tumor samples were obtained from patients undergoing primary surgery for
squamous cell carcinoma of the head and neck between 2007 and 2011. Patients who had
previously undergone treatment for head and neck cancer were excluded. Tumor samples
and adjacent tumor-free surgical margins were taken from 25 patients with HNSCC. Primary
tumor sites included the oral tongue, base of tongue, tonsil, supraglottic larynx, glottic
larynx, and hypopharynx. The clinical characteristics of the specimens used for the tissue
microarray are shown in Table I. Tissue samples were obtained with approval from the
institutional review board of the University of Texas Southwestern Medical Center in Dallas,
Texas.

Tissue Microarray Construction and Immunohistochemistry

A tissue microarray (TMA) was constructed by paraffin embedding 44 flash frozen samples
from 22 patients. All samples were processed with the approval and under the guidelines of
the University of Texas Southwestern institutional review board. Immunohistochemical
staining was performed to evaluate the expression of FR-a, FR-g, and CD68 on 4-um TMA
sections. FR-a was detected using the monoclonal antibody (mAb) 343. TMA scoring of
FR-a expression was done using stains from this antibody. FR-a staining was later
replicated using mAb 26B3 and corresponding immunoglobulin G (1gG) isotype control
(Biocare Medical, Concord, CA).18 FR-B was stained using biotinylated m909.1° CD68 was
stained using mAb PG-M1 (Dako, Carpinteria, CA). A general immunohistochemical
staining protocol follows. Formalin-fixed, paraffin-embedded samples were first
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deparaffinized and rehydrated. Antigen retrieval was performed by placing slides in a
preheated Dako Target Retrieval buffer followed by cooling in the buffer. Slides were then
subject to a protein block and an endogenous peroxidase block. Sections were incubated
with the necessary sequence of primary antibodies for 30 minutes at room temperature
followed by incubation with streptavidin-peroxidase. Sections were finally incubated in 3,3 -
diaminobenzidine and counterstained with hematoxylin. All staining was performed using
the appropriate positive and negative controls. In addition, double immunofluorescence
staining was performed on a frozen HNSCC tumor specimen to localize FR-gand CD68
expression. FR-gB was stained using biotinylated m909 followed by streptavidin-
phycoerythrin. CD68 was stained using FITC conjugated mAb Ki-M7 (Life Technologies,
Grand Island, NY). Fluorescence microscopy was performed using the Leica DM5500
microscope (Leica, Wetzlar, Germany).

TMA Analysis

A head and neck pathologist (j.t.) scored the FR-a and FR-g staining of the TMA
specimens. Staining intensity was graded as 0+, 1+, 2+, or 3+. The area of specimen staining
was given as a percentage of total specimen area in the analyzed section (0%-100%). KB
and CHO-g cells were used as positive controls for FR-a and FR-S staining, respectively.
The overall staining pattern of CD68 staining was compared with that of FR-a and FR-8 but
not formally scored. FR staining intensity and area scores were multiplied together for
analysis, resulting in a possible combined staining score of 0 to 300. For comparison,
primary tumor locations were categorized as either lymphoid (tonsils and base of tongue) or
nonlymphoid (all other locations).

Flow Cytometry

Flow cytometry was performed on tumor and adjacent benign surgical margin tissue samples
from two HNSCC patients. Tissues were manually minced, and then 5-mL specimens were
digested for 2 hours at 37° C in an enzyme solution containing 0.1% collagenase IV (Sigma-
Aldrich, St. Louis, MO) and 0.01% DNase | (Sigma-Aldrich). During digestion, samples
were placed in a shaker and also manually mixed every 15 minutes. Single cells were
isolated by straining digested tissue through a 40-zm cell strainer (BD Biosciences, San
Jose, CA) and digestion was halted by washing cells with phosphate-buffered saline (PBS)
containing 10% fetal bovine serum (FBS). Erythrocytes were depleted by incubation in red
cell lysis buffer (Sigma-Aldrich) for 5 minutes at room temperature. Cells were washed with
PBS and suspended in PBS containing 1% FBS.

For FR-8 detection, single cell suspensions were first incubated with biotinylated m9091° or
biotinylated 1gG1 isotype control (Biocare Medical) at a 1:100 dilution for 1 hour at 4°C.
Samples were then incubated with streptavidin-phycoerythrin at a 1:200 dilution for another
hour. For analysis of CD45 or CD206 coexpression, cells were then incubated in
allophycocyanin conjugated mAb HI30 (Life Technologies) or allophycocyanin conjugated
mADb 15-2 (Biolegend, San Diego, CA) at a 1:100 dilution for 1 hour. For analysis of TGF-g8
coexpression, cells were first incubated in BD Cytofix/Cytoperm fixation and
permeabilization buffer (BD Biosciences) for 20 minutes. Cells were then washed in the BD
Perm/Wash solution and incubated with allophycocyanin conjugated mAb TW4-2F8
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(Biolegend) at a 1:100 dilution for 1 hour. Flow cytometry was performed on a BD
LSRFortessa flow cytometer with FACSDiva software (BD Biosciences), and FlowJo (Tree
Star, Ashland, OR) was used for analyzing the data. For data analysis, the fluorescence gate
for antibody fluorescence was set so that <1% of the cells appeared to be positive when
examined with a nonspecific antibody isotype control.

Orthotopic Xenograft Model

All animal studies were carried out with the approval by the University of Texas
Southwestern Institutional Animal Care and Use Committee. HN5 and FaDu human
HNSCC cells were cultured in Dulbecco modified Eagle medium containing 5% FBS, L-
glutamine, penicillin, and streptomycin. Cells were incubated at 37°C in 5% CO». Female
athymic nude mice (Charles River Laboratories, Wilmington, MA) received an injection of 5
x 108 HNS5 cells suspended in 100 £ of PBS into the suprahyoid muscles. Similarly, severe
combined immunodeficiency disorder mice (Taconic, Hudson, NY) received an injection of
5 x 108 FaDu or HNS5 cells into the same location. Mice were sacrificed for imaging after 2
to 3 weeks of tumor growth. Tumor xenografts grew vigorously and were found to be
infiltrating into neck muscles and the base of the tongue.

Fluorescence Imaging

Two hours before in vivo imaging, mice received tail vein injections of 0.8 mg/kg folate-
FITC (produced as EC17; Endocyte Inc., West Lafayette, IN). In vivo and ex vivo images
were taken using the Maestro small animal imaging system (CRi, Woburn, MA). Folate-
FITC has an excitation wavelength of 495 nm and an emission wavelength of 520 nm.
Before in vivo imaging, mice were anesthetized, and skin overlying the lower face, neck,
and upper chest was removed. Still images of the mice were taken under white light and
fluorescent light. The folate-FITC signal strength in tumor xenograft tissues was calculated
using the Maestro imaging system software. The area of visible fluorescent signal as a
percentage of total xenograft tumor area was calculated from still images using ImageJ
(National Institutes of Health, Bethesda, MD). Mice were then sacrificed, and the entire
tumor along with adjacent benign tissues was resected for gross ex vivo imaging followed by
frozen sectioning. Before tissue fixation, fluorescent images of the tumors of probe-injected
mice were captured using the Leica DM5500 microscope (Leica). Finally, sections were
formalin fixed and stained with hematoxylin and eosin (H&E) for comparison with
fluorescent images.

Statistical Analysis

Statistical analysis was performed using JMP 10 (SAS Institute Inc., Cary, NC). Statistical
comparisons of paired tumor versus margin staining analysis were made using the Wilcoxon
signed rank test. Other unpaired comparisons were made using the Mann-Whitney Utest.
All tests were two-sided. A P<.05 was considered statistically significant.

RESULTS

FR-a staining with mAb 343 was minimal or completely absent in all 22 tumor specimens
examined (Table 11). Similarly, the benign surgical margins only exhibited FR-a staining in
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salivary glandular tissue, which has been previously reported to express FR-a (Fig. 1).11
This result was confirmed by repeated staining with a different antibody, mAb 26B3, against
FR-a. No FR staining was observed in normal nonglandular epithelial, vascular, adipose, or
muscle tissue. In contrast, all tumor specimens were moderately to strongly positive for FR-
B staining (Table Il and Fig. 1). The adjacent benign surgical margins also exhibited
moderate to strong FR-g staining. FRS expression in tumor specimens and the adjacent
benign surgical margins occurred solely in infiltrating inflammatory cells (Fig. 1). The
epithelial cancer cells showed no signs of FR-g staining.

Immunohistochemistry and flow cytometry were used to further characterize the FR-g-
expressing cells found in HNSCC. Double immunofluorescence labeling of FR-gand the
macrophage marker, CD68, showed strong colocalization between the two receptors (Fig. 2).
Flow cytometric analysis of tumor and benign margin tissues samples demonstrated that
cells positive for FR-g were indeed hematopoietic cells as indicated by CD45 expression
(Fig. 3). TGF-gand mannose receptor (CD206) were used in flow cytometry as markers for
alternatively activated (M2) macrophages.2 FR-B-expressing cells from tumor tissue
showed increased expression of both of these M2-related markers compared to FR-8-
expressing cells found in the benign tumor margin (Fig. 3).

To examine whether the local anatomy of the excised tissue affected FR staining, the
specimens were divided into two categories based on the location of the primary tumor—
lymphoid (base of tongue and tonsils) or nonlymphoid (oral tongue, larynx and
hypopharynx). Differences in the FR-£ staining of tumor specimens between these
categories did not reach significance (Table Il). On the other hand, benign margins from the
base of tongue and tonsils had less FR-g staining than margins taken from nonlymphoid
tissues, suggesting that the FR-B" leukocytes in the margins are not a consequence of normal
lymphoid tissue. Because nearly all the tumor specimens were from patients with already
advanced-stage cancer, no relationship was found between FR-g expression and the
pathological stage of the tumors (Table I1). There was no significant relationship between
FR-A staining and human papillomavirus status, smoking history, or 2-year absolute survival
(Table I1).

After demonstrating the presence of folate-receptor— expressing inflammatory cells in the
HNSCC tumor microenvironment, we examined folate-FITC targeting to head and neck
cancer in vivo with orthotopic xenograft models. In both HN5 and FaDu cell line implanted
mice, folate-FITC fluoresced strongly in regions of the tumor (Fig. 4). Analysis of still
images revealed that 6% to 39% (mean, 25%; n = 6) of the tumor area displayed visible
folate-FITC fluorescence. Benign tissues including the salivary glands, lymph nodes, oral
mucosa, and muscle did not exhibit visible fluorescent signal. Compared with FR-a-
expressing salivary glands, the tumor had a 3- to 30-fold higher total signal intensity (mean,
12-fold increase; n = 6). Under the excitation wavelength that we used, normal skin and fur
of the mice exhibited autofluorescence unrelated to folate-FITC uptake.

To determine whether the fluorescent tumor regions seen in the xenograft models correlated
with the FR-B- expressing regions seen in the TMA, tumors sections were examined with
fluorescent microscopy and H&E staining. Consistent with the FR-£ staining pattern seen in
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the TMA, folate-FITC fluorescence was localized to the inflammatory stroma of the tumor
and absent in the tumor cells (Fig. 4).

DISCUSSION

FR-p-expressing macrophages have been reported in the synovium of rheumatoid arthritis
patients and in malignant tumors.21-23 The effect of inflammatory cells on tumor
progression has long been appreciated.24 By promoting angiogenesis, lymphangiogensis,
tissue remodeling, immunosuppression, and tumor invasion through the production of TGF-
B and other factors characteristic of the M2 macrophage lineage, tumor-associated
macrophages (TAM), in particular, are correlated with poor prognosis in a variety of
malignancies.2> FR-B" TAM have been extracted from melanoma and breast
adenocarcinoma and characterized as interleukin (IL)-10-expressing anti-inflammatory M2
macrophages.?? In pancreatic cancer, FR-8" macrophages coexpress vascular endothelial
growth factor, and higher numbers of these cells are linked to an increased incidence of
metastasis and a poorer prognosis.23 These studies suggest that TAM with the FR-8
phenotype may promote tumor progression at least partially through immunosuppressive and
angiogenic influences.?223 Qur observations of CD68 colocalization on
immunohistochemistry and increased M2 marker signal on flow cytometry, suggest the FR-53
* inflammatory cells found in HNSCC tumors most likely represent FR-8" TAM as well.
However, the exact physiologic actions of FR-B" TAM and of the folate receptor itself are
uncertain. The fact that FR-8" macrophages appear to exert both prion-flammatory and anti-
inflammatory effects in rheumatoid arthritis and cancer, respectively, indicates that the
immunology of these cells is highly complicated.2122 The significance of FR-B-expressing
macrophages in HNSCC remains unknown.

Saba et al. reported that folate receptor is expressed in some HNSCC tumors, and that higher
expression is linked with poorer prognosis.1” We did not observe folate receptor expression
directly in the head and neck cancer cells. This discrepancy may be due to the polyclonal,
non-isotype-specific antibody used by Saba et al. to detect FR, which exhibits binding to
other FR isotypes on benign cells in addition to nonspecific binding associated with its
polyclonal nature. Our study used two different highly specific monoclonal antibodies
against FRa that have both previously been employed in immunohistochemistry to detect
FR on cancer cells.18:26 Additionally, their observation that FR expression negatively
correlates with disease-free survival in HNSCC may be due to the detection of the FR-8"
TAM that we describe here. Furthermore, because we did not find FR expression on cancer
cells, folate-linked anticancer drugs, an area of active research, would not be able to
effectively target cancer cells in HNSCC, but instead would target associated TAM.

Optical imaging of HNSCC under fluorescent light is feasible through the targeting of
folate-FITC to cells in the inflammatory tumor microenvironment. Normal tissue, including
lymphocytes within lymph nodes, do not exhibit folate-FITC uptake, highlighting the
specific upregulation of FR-B* in TAM and allowing specific optical visualization of the
tumor. However, inflammatory cell infiltration into the tumors is variable, leading to
heterogeneous fluorescence. Although this effect does not impede the macroscopic detection
of tumor nodules, it can limit the ability of folate-FITC to aid in the intraoperative
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determination of HNSCC tumor margins. Folate conjugated therapeutic targeting of TAM,
however, may be a viable avenue for drug delivery. It is also unknown whether a folate probe
can facilitate the detection of lymph node metastasis or high-risk sentinel lymph nodes. We
only examined primary tumors for FR-g expression. TAM are known to promote
lymphangiogenesis in the primary tumor through vascular endothelial growth factor C and
may even invade regional lymph nodes ahead of the tumor to prepare them for metastasis.
21,28 However, this phenotype has not been investigated in association with FR-/ expression
or in head and neck cancer. Detailed study of FR-g8 expression and TAM in regional lymph
nodes in HNSCC may be important.

In addition to a molecular probe’s tumor-targeting ability, the choice of conjugated
fluorophore also has a significant impact on tumor detection and image quality In this study,
we employed folate conjugated to FITC dye in particular due to the probe’s documented use
in human trials, extensive characterization in other animal models, and ready availability.?
However, fluorophores emitting in the near-infrared (NIR) spectrum offer the advantages of
having minimal tissue autofluorescence and better tissue penetration compared to
fluorophores with shorter wavelength emissions such as FITC. For image-guided surgery,
NIR may be ideal. NIR dye conjugated tumor targeting antibody probes have begun clinical
trials for HNSCC and rectal cancer detection.2930 Recently, folate has also been conjugated
to NIR dyes.3! Given the autofluorescence observed in our mice while imaging for folate-
FITC, we suspect that an NIR dye conjugated folate probe would result in improved tumor
imaging quality.

CONCLUSION

We demonstrate that HNSCC tumors contain a significant population of FR-B-expressing
stromal cells. Our characterization of these FR-3" cells suggests that they are tumor-
associated macrophages. In contrast to many other carcinomas, the HNSCC tumor cells in
our TMA did not express FR-a. Despite the lack of tumor cell FR expression, the folate-
FITC fluorescent probe was able to specifically label tumor xenografts in mice by targeting
the infiltrating FR-B" inflammatory cells. The folate receptor on the described macrophages
may represent a convenient target for the delivery of folate conjugated imaging agents and
drugs into the HNSCC tumor microenvironment.
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=1 Representative tumor and matched benign tissue microarray (TMA) specimens from the
g tonsils stained for folate receptor (FR)-a and FR-B. FR-a staining was absent or minimal in
= tumor and benign specimens. In contrast, FR- staining was seen in most TMA specimens.
g The FR-g staining of the specimens shown was scored as 3+, 15% (intensity, area of
5 specimen) for the tumor and 3+, 3% for the benign tissue. The bottom row represent higher
S magnification (20x) views of the corresponding boxed areas. Results from other TMA
2 specimens are summarized in Table Il.
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Fig. 2.
Dual immunofluorescence of tumor tissue for folate receptor-g (red) and the macrophage

marker CD68 (green) demonstrates strong signal colocalization (20x).
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Fig. 3.

Flgw cytometric analysis of folate receptor (FR)-8" cells from human tissues. Red and blue
lines on histograms represent cells stained with matched isotype immunoglobulin G controls
and cells stained with corresponding monoclonal antibodies respectively. (A) Histogram
shows the percentage of FR-g" cells in CD45* and CD45™ cell populations. FR-8* cells are
only found in the CD45* hematopoietic cell population. (B) Histograms show the percentage
of CD206* and Ter-B* cells in the FR-B" cell population from the tumor and the adjacent
benign surgical margin. Compared to the surgical margin, FR-g" cells from the tumor were
found to express more of both M2 markers. TGF-g = transforming growth factor g, APC =
Allophycocyanin, PE = Phycoerythrin.
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Fig. 4.
Folate conjugated fluorescein isothiocyanate (folate-FITC) targeting to head and neck tumor

xenograft. (A) Fluorescent and white light in vivo images of ventral mouse head and neck
with tumor outlined after folate-FITC injection. Fur in the background exhibits
autofluorescence unrelated to folate-FITC uptake. The signal of the tumor shown was 63
counts/pixel. The combined average signal of the nearby normal salivary glands, lymph
nodes, and muscles was 4.5 counts/pixel, yielding a tumor-to-background signal ratio of 14.
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(B) Fluorescent microscopy and hematoxylin and eosin staining of mouse tumor section
(10x). Folate-FITC uptake is seen in the tumor stroma but not within tumor cells.
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Clinical Characteristics of Specimens Used for the Construction of the Tissue Microarray.

TABLE L.

Case No./Age, yr

TNM Classification

Primary Tumor Location

1/43
2/56
3/64
4/68
5/50
6/52
7152
8/59
9/60
10/62
11/84
12/62
13/71
14/52
15/53
16/59
17/71
18/74
19/52
20/59
21/68
22/77

T3NOMO
T3N2bMO
T3N2cMO0
T4N2cMO

T3N1Mx
T2N2cMO0
T2N2cMO

T2N1MO
T1N2aMO0
T4AN2bMO

TINOMO

T3N2MO0

T3N1IMO
T4aNOMx

T3N1MO
T4aN2MO0

T3N1IMO

T2NOMO

T2NOMO

TINIMO

TINOMO
T3N2bMO

Oral tongue
Oral tongue
Oral tongue
Oral tongue
Base of tongue
Base of tongue
Base of tongue
Base of tongue
Base of tongue
Base of tongue
Base of tongue
Supraglottic larynx
Supraglottic larynx
Glottic larynx
Glottic larynx
Glottic larynx
Glottic larynx
Hypopharynx
Tonsil

Tonsil

Tonsil

Tonsil
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Immunohistochemistry Analysis of Folate Receptor Expression.

TABLE Il

Stain Characteristic No. Mean Staining Score P Value
FR-a  Tumor 22 0 .281
Tumor-free margin 22 1
FR-g  Tumor 22 24 .379
Primary tumor location
Lymphoid rich 11 32 .055
Lymphoid poor 11 15
Tumor stage
110, 11 30 119
v 11 17
HPV p16 positivity
Yes 7 12 .750
No or not tested 15 11
Smoking history
Yes 17 10 114
No 5 16
2-year survival
Yes 18 13 .094
No 4 7
Tumor-free margin 22 19
Primary tumor location
Lymphoid rich 11 11 .015
Lymphoid poor 11 28

Page 17

Staining score was calculated as the product of a specimen’s staining area (0%-100%) and staining intensity (0-3). Lymphoid rich indicates base of

tongue and tonsils. Lymphoid poor indicates oral tongue, supra- glottic larynx, glottic larynx, and hypopharynx.

FR = folate receptor; HPV = human papillomavirus.
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