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Abstract

We previously determined that human papillomavirus (HPV) virus-like particles (VLPs) and
pseudovirions (PsV) did not, respectively, bind to or infect intact epithelium of the cervicovaginal
tract. However, they strongly bound heparin sulfate proteoglycans (HSPG) on the basement
membrane of disrupted epithelium and infected the keratinocytes that subsequently entered the
disrupted site. We here report that HPV capsids (VLP and PsV) have the same restricted tropism
for a wide variety of disrupted epithelial and mesothelial tissues, whereas intact tissues remain
resistant to binding. However, the HPV capsids directly bind and infect most tumor-derived cell
lines in vitro and have analogous tumor-specific properties in vivo, after local or intravenous
injection, using orthotopic models for human ovarian and lung cancer, respectively. The
pseudovirions also specifically infected implanted primary human ovarian tumors. Heparin and -
carrageenan blocked binding and infection of all tumor lines tested, implying that tumor cell
binding is HSPG-dependent. A survey using a panel of modified heparins indicate that N-sulfation
and, to a lesser degree O-6 sulfation of the surface HSPG on the tumors are important for HPV
binding. Therefore, it appears that tumor cells consistently evolve HSPG modification patterns
that mimic the pattern normally found on the basement membrane but not on the apical surfaces of
normal epithelial or mesothelial cells. Consequently, appropriately modified HPV VLPs and/or
PsV could be useful reagents to detect and potentially treat a remarkably broad spectrum of
cancers.
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INTRODUCTION

There were an estimated 14.1 million new cancer diagnoses and 8.2 million cancer-related
deaths reported in 2012, making cancer one of the leading causes of death worldwide 1. In
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recent years, there has been a tremendous effort towards understanding cancer biology and
this has led to the rapid advancement of a variety of cancer treatments. However,
management options for many solid tumors, such as ovarian and lung cancer, remain limited
and rely heavily on traditional surgery, radiotherapy, and chemotherapy. These treatments
are often hampered by drug resistance, relapse and failure to detect malignancies in the
earliest, most treatable stages 2 3. Additional tools for cancer detection and therapy are
urgently needed for primary and metastatic tumors. Here we present data showing that the
use of HPV virus-like particles (VLP) and pseudovirions (PsV) might advance these goals.

HPV VLP are 55 nm capsids composed of the HPV L1 or L1 and L2 structural proteins.
Additionally, preparations can be made in which L1/L2 particles encapsidate reporter gene
plasmids of a limited size (<8 Kb) during self-assembly, resulting in an HPV PsV. Although
PsV are non-replicative, as they do not contain any viral genes 4, they are useful for studying
the early binding and entry stages of the virus. HPV PsV have been used as gene delivery
vectors in the vaginal mucosa, respiratory tract, muscle and skin 5-°.

One notable feature of Ps\VV-mediated gene delivery (hereafter referred to as infection) is the
need for chemical or physical disruption or permeabilization of an epithelium to allow the
virion access to the basement membrane. Specific binding of basement membrane heparan
sulfate proteoglycans (HSPG) initiates a series of conformational changes in the virus
leading to epithelial cell binding and, ultimately, delivery of encapsidated plasmid DNA into
the cells 610, HSPG are widely recognized as the primary attachment factor necessary to
promote HPV binding and infection both in vitro and in vivo 11713, Removal of HSPG from
the cell surface or extracellular matrix (ECM) by heparinases prevents virus infection 12 14,
and cells deficient in HSPG are incapable of being infected 1° 16, However, VLPs/PsV do
not bind or infect the surfaces of intact cervicovaginal epithelium in vivo or primary
keratinocytes in vitro, presumably because their cell surface HSPG lack the specific
modifications required for capsid binding.

HSPG are ubiquitously expressed, and their importance in basement membrane remodeling
is exemplified by the role they play in wound healing by facilitating repair and cellular
repopulation. Though the need for physical access to the basement membrane may partially
explain HPV’s requirement for tissue disruption prior to infection, atraumatic infection of a
mouse ovarian cancer model in vitro and in vivo suggests that other factors may affect HPV
PsV targeting, such as cellular proliferation, inflammatory response, or recruitment and
interaction with the immune system 17. One bridging concept may be the comparison of
tumor physiology to an "overhealing wound" where cellular and molecular changes involved
in wound healing are exaggerated and extended in a pathological fashion 18. In particular,
overexpression, mutations and changes in HSPG sulfation patterns on tumors have been
well-documented, potentially making them a target for HPV binding and infection 19-22,
While the tumor microenvironment lacks a structured basement membrane, it creates its own
extracellular matrix. The ECM/tumor cell surface interface is enriched with HSPG and can
play a role in cell signaling via binding growth factors and chemokines that influence cell
growth, motility, adhesion and differentiation 23-25, Changes in HSPG on tumors can lead to
unregulated autocrine signaling loops that can promote tumorigenesis and angiogenesis.
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Because of the unique aspects of the interactions of HPVs with their HSPG primary
attachment factor and the documented changes in HSPG during tumor development, we
have investigated the tropism of HPV binding and infection in multiple intact mouse tissues
invivo, in the NCI-60 cancer cell line panel in vitro, and in various tumor models in vivo.
We found that HPV capsids fail to bind and infect normal, undisrupted tissues but do bind
and infect a remarkably broad range of cancer cell lines in vitro and tumors in vivo in an
HSPG-dependent manner.

MATERIALS AND METHODS

Cells and animals

Unless otherwise noted, all cells were cultured in DMEM supplemented with 10% FBS and
were incubated at 37°C and 5% CO,. NCI-60 cells lines were acquired from the
Developmental Therapeutics Program at the National Cancer Institute (Frederick, MD) and
were cultured in RPMI-1640, supplemented with 5% FBS and 2mM L-glutamine. Four lines
from the NCI-60 panel were excluded due to inaccessibility or discrepancies with regard to
cell origin (RS, MDA-N, MDA-MB-435, NCI/ADR-RES). Other cell sources: HelLa, CaSki,
SiHa, C-33 A (ATCC, Manassas, VA), ES-2 (MPI Research, Mattawan, Ml), A2780 cells
(Sigma, St. Louis, MO), SHIN-3 DSR cells 26 were obtained from Dr. Hisataka Kobayashi
(NCI, Bethesda, MD), bladder/uroepithelial cancer lines (J82, RT112, T24 and UMUC-5)
were obtained from Dr. Piyush Agarwal (NCI, Bethesda, MD), head and neck tumor lines
(CAL-33, HSC-3, UPCI-SCC-90, UPCI-SCC-154) were obtained from Dr. José Baselga
(MSKCC, New York, NY) and NCI-H460-GFP cells were generated by TGen Drug
Discovery (TD2, Scottsdale, AZ). Human tumor FM-108 (a poorly differentiated
adenocarcinoma obtained from a metastasis to the diaphragm of a patient with a prior
history of micropapillary serous carcinoma of the ovary) was a kind gift from Dr. Richard
Roden (Johns Hopkins University, Baltimore, MD), and the tumor was obtained with patient
consent under IRB protocol number J9883. MRI-H-207 (undifferentiated ovarian
carcinoma) and MRI-H-258 (ovarian adenocarcinoma) were acquired from the NCI DCTD
Tumor/Cell Line Repository (Frederick, MD) and were also obtained under IRB consent.

Female 6-8-week-old BALB/c and Athymic nude-NCr"/nU mice (NCI, Frederick, MD)
were housed in the NCI animal care facilities under pathogen-free conditions and
maintained on standard rodent feed, with water supplied ad libitum, according to the current
IACUC-approved documents. For the lung tumor orthotopic models, Athymic nude-Foxn1™
female mice aged 8-9 weeks were used (Harlan Laboratories, Indianapolis, IN) and housed
at the TD2 facilities under the same conditions described above.

Pseudovirus (PsV) and virus-like particle (VLP) preparation and labeling

HPV16 VLP and PsV were generated, purified and titered as previously described 27. Total
L1 protein content was quantified using SDS-PAGE. Fluorescent labeling of VLP and PsV
was performed using an Alexa Fluor 488 Protein Labeling Kit (AF488; Life Technologies,
Carlsbad, CA) as described in Roberts, et al. 6. Labeled particles were purified away from
free dye either by filtration using a 2% 50-150mm agarose bead column (Agarose Bead
Technologies, Tampa, FL) or OptiPrep density gradient (Sigma).
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In vitro infectivity assay

NCI-60 screen—Cells were plated in duplicate into 96-well flat-bottomed, tissue-culture-
treated plates at plating densities ranging from 5,000 to 40,000 cells/well based on the
doubling time of individual cell lines. Cells were incubated for 24 hr prior to addition of
PsV. Serial dilutions (1:10, 1:100 and 1:1000 ) of HPV16-GFP PsV (green fluorescent
protein; titer: 1 x 10% 1U/ml) were made in DPBS+0.8M NaCl, and 5 pl of each dilution,
undiluted PsV and DPBS+0.8M NaCl alone were added to the cells. After 48 hr, cells were
analyzed for GFP expression by flow cytometry using a FACSCanto Il (BD, San Jose, CA).
Data were analyzed using FlowJo v7 (TreeStar, Ashland, OR). The dilution of pseudovirus
producing a percentage of GFP-positive cells within the linear range of the analysis (1-10%)
was used to calculate the titer of HPV16-GFP PsV on each cell line. This value was then
used to calculate relative infection compared to HeLa cells.

Heparin inhibition of infection—Cells (2x103) were plated in triplicate in a 96-well
flat-bottom plate and incubated overnight. A dilution of HPV16-GFP PsV which infected
cells in the range of 10-40% (amount varied between cell lines) was incubated with serially
diluted concentrations of heparin (1mg/ml, three-fold serial dilutions to 0.001mg/ml; Sigma
H4784) for 1 hr on ice. Samples were then added to the cells, and after 48 hr, cells were
harvested and infection was assayed using flow cytometry as described above.

In vitro binding assay

Cells were dissociated and rotated on a nutating rocker at 37°C for 2—4 hr in 10ml of culture
medium in order to recover their cell surface HSPG. AF488 VLP (2ug/ml) were pre-
incubated with or without heparin (final concentration of 0.1mg/ml, Sigma H4784) for 1 hr
on ice in 100ul PBS supplemented with 2% FBS (FACS buffer). For the modified heparin
studies, a fixed amount of VLPs (2ug/ml) was pre-incubated as described above with
serially diluted heparins: high molecular weight (HMW) heparin (H4784; Sigma) or N-
desulfated, 2-O desulfated, 6-O desulfated or N-desulfated re-N-acetylated (all supplied
from Galen Laboratory Supplies, Middletown, CT). Cells were counted, washed and
resuspended in FACS buffer and plated in a 96-well round bottom plate at 1x10° cells/well,
centrifuged and the supernatant removed. The virus and virus/heparin samples were added to
the cells and incubated at 4°C for 1 hr. For heparinase studies, cells were allowed to recover
for 2 hr at 37°C on a nutating rocker, and were then transferred to a round-bottom 96-well
plate and incubated with serially diluted heparinases (1, Il or 111; Sigma) for an additional 2
hr at 37°C prior to addition of the VVLPs directly to the cell/heparinase mixture and
incubated as described above. After 1 hr of binding, cells were washed twice with FACS
buffer, fixed with 4% paraformaldehyde, washed and resuspended in FACS buffer for
analysis by flow cytometry as described above. Data are reported as either percent positive
of total cells, or the geometric mean fluorescence was used to calculate the percent
inhibition values.

In vivo VLP binding and PsV infection

Tissue tropism—Non-tumored BALB/c mice were treated with 2% nonoxynol-9 (N9;
Ortho, Titusville, NJ) in 100ul PBS intraperitoneally (IP) 2 hr prior to virus inoculation.
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AFA488 VLP (62.5ug) was diluted in 100l PBS and injected IP. Twenty-four hours post-
injection, mice were euthanized and their organs harvested. Organs were snap-frozen in
tissue freezing medium (EMS, Hatfield, PA), and 6um sections were cut, mounted on
SuperFrost Plus glass slides (Fisher, Waltham, MA) using ProLong Gold mounting medium
with DAPI (Life Technology), and examined using a Zeiss LSM 510 confocal microscope
(Zeiss, Oberkochen, Germany).

Tumor tropism ovarian model (fluorescent)—SHIN-3 DSR cells (1 x 107) were
injected IP into nude mice. AF488 VLP (100ug) were administered 14 days later by IP
injection. Tissues from animals treated with AF488 VLPs were harvested after 2 hr. To test
inhibition of binding, AF488 VLP were pre-incubated with 100ul of 1% 1-carrageenan
(Sigma) for 1 hr prior to injection. At the designated time points, the animals were
euthanized, and the small intestine was removed from each animal and placed in a wheel
formation on a black background for imaging. A Maestro device outfitted with a
multispectral camera (PerkinElmer, Waltham, MA) with blue and green excitation filters
paired with a 515-nm and a 580-nm long-pass emission filter, respectively, was used to
obtain images from 500 nm to 900 nm in 10-nm wavelength increments. A spectral
unmixing algorithm was applied to the composite images to determine the intensity and
location of infection. Images were acquired, processed and analyzed using Nuance software
(Perkin Elmer) and Image J (NIH, Bethesda, MD). After imaging, tissues were embedded in
tissue freezing media (EMS), frozen, and 6pm sections were made and fixed to the slides for
10 min in —20°C ethanol (100%), then mounted and imaged as described above.

Tumor tropism ovarian model (luminescent)—SHIN-3 DSR cells were injected IP as
described above. HPV16-Luc PsV (1 x 108 1U) was administered IP 14 days later +/— 1% 1-
carrageenan as described above. After 48 hr, the animals were imaged using an 1VV1S100
imager (PerkinElmer). Luciferin-D substrate (200ul of a 15mg/ml stock; PerkinElmer) was
injected IP, and after 3 min, bioluminescent images were acquired using a 30 sec exposure at
medium binning. Data were analyzed using Living Image software (PerkinElmer), and
values reported are average radiance within a region of interest drawn around the ventral
area of each mouse.

Tumor tropism human xenograft ovarian models—Sterile tumor pieces (Imm3;
FM-108, MRI-H-207 and MRI-H-258) were implanted subcutaneously in 6-8 week old
nude mice using a 13G cancer implant needle (Popper and Sons, Inc., New Hyde Park, NY).
PsV was administered when tumors reached 7—15mm in diameter. PBS (50ul) or 2x107 |U
HPV16-Luc or RFP PsV (in 50ul) was injected intratumorally. For luminescent imaging,
animals were imaged after 48hr as described above. Tumors treated with RFP PsV were
harvested three days post-infection and snap-frozen in tissue freezing medium (EMS). Six
um sections were cut and fixed onto glass slides in 2% paraformaldehyde, then mounted and
imaged as described above.

Tumor tropism lung model—Animals received an intrathoracic administration of
1.5x10% H460-GFP cells. After 14 days, tumored and non-tumored mice were randomized
and divided into groups receiving saline, empty HPV VLPs (100ug) or HPV16 PsV (Luc
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and RFP; 25ug or 100ug) by intravenous (1V) administration. Whole body bioluminescent
images were acquired as described above. Animals were then euthanized and their tissues
(brain, lungs, draining lymph nodes, liver, and kidneys; ovaries in select animals if a signal
was observed) were harvested for additional bioluminescent imaging (60 sec acquisition
time). Tissues were fixed for 10min in 2% paraformaldehyde and frozen in tissue freezing
medium (EMS) for microscopic analysis. Tissues were cut and sections mounted as
described above. RFP and GFP expression was assessed using a Nikon Deconvolution
Wide-Field Epifluorescence System (Nikon, Melville, NY).

Disruption is required for HPV binding to normal epithelial and mesothelial tissues

To extend our previous observation that HPV VLP do not bind to normal undisrupted tissues
of the female genital tract 6, we chose to examine other tissues by inoculating mice with
AF488 VLPs by intraperitoneal injection (IP). At 24 hr post-inoculation, no labeled virus
could be detected on mouse peritoneal surfaces, including on the surface of the mouse
peritoneum, intestine, uterus, liver, or ovary (Fig. 1a, c, e, g, and i). However, when mice
were pre-treated IP with 2% nonoxynol-9 (N9) 2 hr prior to VLP treatment, virus was
readily detected on organ surfaces (Fig. 1b, d, f, h, and j). These data extend previous
findings that disruption of epithelial integrity is required for efficient HPV binding to a
mesoderm-derived surface. Infection of intact tissues was also assessed using PsV
transduction of an RFP-expressing plasmid (HPV16-RFP PsV) after local (IP, intranasal,
intrabronchial) or intravenous application of the PsV (+/- N9 pre-treatment for locally
administered conditions) followed by histological detection of red fluorescent cells. Tissues
examined include: oropharyngeal mucosa, tongue, esophagus, small intestine, large
intestine, anal canal, cornea and conjunctiva, trachea, bronchi, peritoneal surfaces, liver,
spleen, bladder, uterus and ovaries. Although infection was readily detected after N9 pre-
treatment, no infection was detected in intact mouse tissues, the one exception being an
occasional infectious event observed in some sections of the lower lungs after intrabronchial
instillation (Fig. S1). We conclude that binding to and infection of normal, undisrupted
mouse tissue surfaces is minimal at best.

HPV16 PsV infect various cultured human tumor cell lines

To date, no systematic study of HPV PsV infectivity of a well-characterized panel of human
tumor cell lines has been published. To investigate HPV16 PsV’s ability to infect tumors of
multiple origins, we assayed the infectivity of 56 tumor cell lines from the NCI-60 cancer
cell panel. All of the tested cell lines were susceptible to HPV16 PsV infection, although
their degree of susceptibility differed by more than four orders of magnitude (Fig. 2; Table
S1). Generally, the epithelial-derived tumor types were more susceptible to infection
compared to the non-epithelial types (CNS, lymphoid, melanoma).

HPV16 binding to, and infection of, tumor cell lines is competitively inhibited by heparin

To address the hypothesis that HPV tumor targeting activity was related to HSPG on the
surface of the tumors, heparin (a highly sulfated form of heparan sulfate) was employed as a
blocking agent for HPV binding on a panel of 24 tumor cell lines of diverse tissue origin
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(cervical, head and neck, melanoma, lung, ovarian, uroepithelial). Heparin blocked binding
of AF488 VLPs to all cell lines tested, indicating that HSPG likely play a role in the tumor
tropism of HPV (Fig. 3a). To elucidate the particular sulfation patterns required for the
interaction between HPV and the tumor cells, four modified heparins were examined to
determine their comparative ability to prevent HPV binding. We chose to focus on epithelial
derived ovarian and lung tumor lines along with a non-epithelial melanoma tumor line in
order to examine HPV binding behavior on different cell lineages and to complement the in
vivo studies. High molecular weight heparin (HMW; 16,000 Da), N-desulfated heparin, N-
desulfated re-N-acetylated heparin, 2-O desulfated heparin and 6-O desulfated were tested.
N-sulfation proved to be critical for HPV binding to all cell lines tested (Fig. 3b). Some
reduced inhibition was noted with the N-desulfated re-N-acetylated heparin, indicating the
importance of occupancy at the N-position. A minor reduction in binding was observed with
the 2-O and 6-O desulfated heparins, however not to the degree noted with the N-desulfated
heparin. Further, heparinases I, Il and Il were employed on these same cell lines to remove
cell surface HSPG, and this treatment abrogated VLP binding in a dose-dependent manner
(Fig. 3b).

Ovarian, lung and melanoma tumor line panels were tested for heparin’s ability to block
infection by HPV16-GFP PsV. A dose-dependent inhibition of infection was observed with
each cell line, further implicating a role for HSPG in tumor infection by HPV PsV (Fig. 3c—
e). Collectively, the data show that many human tumor cell lines were infected by HPV16
PsV, and even those that were poorly transduced were still capable of being bound by the
HPV VLP.

HPV16 PsV specifically bind and infect human ovarian tumors in an HSPG dependent
manner using an orthotopic murine model

We next studied the tumor tropism in vivo in order to determine if the tropism we had
observed was an artifact of cell culture. The orthotopic SHIN-3 murine model of ovarian
cancer was examined for its ability to be targeted by HPV after IP administration.
Additionally, in order to address the role of HSPG in vivo, v-carrageenan was used in lieu of
heparin to block the VLP-HSPG interaction. To detect in vivo binding with the Maestro
imaging system, a large amount of VLPs must be administered. The amount of heparin
required to block this quantity of VVLPs is toxic to the animals, therefore v-carrageenan was
employed for this purpose. Carrageenan is a heavily sulfated polysaccharide that prevents
association of the HPV virion with HSPG, making it an exceptionally potent inhibitor of
HPV binding and infection 6: 28, AF488 VLP binding to, and infection of, a panel of tumor
cell lines in vitro was effectively blocked by -carrageenan (Figs. S2 and S3a). SHIN-3 DSR
cells, which express red fluorescent protein, were implanted IP into nude mice. After 14
days, animals received an IP injection of AF488 VLP +/- 1% v-carrageenan, and 2 hr post-
injection, tissues were analyzed ex vivo. We observed specific co-localization of AF488
VLPs (green signal) with the red fluorescent tumor cells within the peritoneal cavity, and
binding was greatly diminished in the presence of 1-carrageenan (Fig. 4a). Minor
autofluorescence in the green channel is an artifact of imaging tissues using this modality;
however this background signal is consistent across all experimental conditions, and AF488
VLP localization is discernible over background. Upon microscopic assessment, the virus
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was observed on the surface of the tumors, and this binding was effectively blocked by -
carrageenan treatment (Fig. S3b).

IP injection of HPV16-GFP PsV into mice bearing SHIN-3 DSR tumors resulted in strong
co-localization of green and red fluorescent signals, indicating specific PsV infection of the
tumor cells (Fig. S4). To assess the HSPG dependency of PsV infection of tumors in vivo,
SHIN-3 DSR-inoculated animals received an IP injection of HPV16-Luc PsV +/- 1% 1
—carrageenan. After 48 hr, luminescence was measured, and a significant decrease in
infection was noted in mice receiving v—carrageenan (Fig. 4b; p=0.02). Taken together,
these data indicate a role for HSPG in HPV binding to, and infection of, tumors in vivo.

HPV PsV specifically infect established human ovarian xenograft tumors but not healthy
tissue in vivo

To address the possibility that HPV only specifically targets tissue culture-adapted tumor
cells that may have developed specific HSPG modification in culture, we tested the ability
of HPV16 PsV to infect primary human ovarian tumors. Tumors were implanted
subcutaneously in immune-compromised mice, and RFP or Luc PsV was delivered
intratumorally. Two days after PsV delivery, tumor-specific luciferase expression was
observed (Fig. 5a). Non-tumored animals received a subcutaneous injection of PsV to serve
as background controls. Additionally, upon microscopic evaluation of the tumors, RFP
expression was observed in the extracted tumors (Fig. 5b) but was not observed in the
adjacent normal tissue (data not shown). These results imply that human tumors that have
evolved entirely in vivo are also selectively infected by HPV PsV.

HPV PsV specifically infect both primary and metastatic human lung tumors after
intravenous delivery

Having demonstrated that local and direct HPV delivery to tumors was feasible, we then
examined the tumor targeting ability of the PsV after systemic administration (1V). To test
this possibility, we used an orthotopic lung tumor model in which human H460-GFP cells
(stably expresses green fluorescent protein) are implanted into the thoracic cavity of nude
mice. Two weeks post-implantation, IV injections of saline, empty HPV16 VLP or PsV
(25ug or 100ug) consisting of HPV16-RFP and HPV16-Luc PsV were administered, and
animals were imaged for infection. Whole body and lung imaging for bioluminescent signal
indicated that HPV16 preferentially targeted the tumors in a dose-dependent manner (Fig. 6a
and 6b, respectively). Ex vivo imaging of individual organs shows preferential infection in
the lungs of tumored animals and the draining lymph nodes and ovaries of some tumored
animals (Fig. S5). Microscopic analysis was performed on several tissues harvested from the
non-tumored and tumored animals (lungs, mediastinal lymph nodes, brain, liver, spleen,
kidneys and the ovaries of one mouse that appeared luciferase-positive). Tumor cells were
detected by GFP expression (expression levels varied throughout the tumor), and HPV16
PsV infection was demarcated by RFP expression. Co-localization of HPV infection was
dispersed throughout the primary lung tumors (Fig. 6¢). With the exception of a few positive
events found in luminal cells of the liver and spleens of three animals (data not shown), non-
specific infection was not observed in the normal mouse tissues. Interestingly, metastatic
nodules were observed in some animals in the draining lymph nodes and ovaries (as
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demonstrated by GFP-expressing tumor cells); in these instances, RFP expression was also
observed, indicating that systemically administered HPV PsV was capable of targeting
metastases at distant sites (Fig. 6¢, ovaries, lymph nodes).

DISCUSSION

The results of this study reveal interesting aspects of tumor biology and describe a reagent
with the potential to identify and target, for detection and treatment, a broad spectrum of
tumor types. Biologically, our results imply that there is a strong, previously unappreciated,
selective pressure on tumors of many types to evolve a specific pattern of HSPG
modifications mimicking a pattern normally found on the basement membrane but not the
apical surfaces of normal tissues. While the precise tumor and basement membrane HSPG
modification pattern recognized by the HPV capsids remains to be identified, the binding
and infection inhibition experiments with the heparin derivatives implicate heparan sulfate
N-sulfation as a critical component for binding to tumors and, as previously reported, to the
basement membrane 12. Importantly, our in vitro observations were confirmed using
primary human tumors implanted in mice, indicating that the tumor tropism we observed
was not an artifact of in vitro passaged cells. We have observed similar results using murine
tumors in immune-competent mice, and studies examining spontaneously arising tumors are
planned.

HSPGs play an important role in wound healing by facilitating repair and cellular
repopulation. HSPGs expressed on the cell surface (syndecans and glypicans) and in the
ECM (perlecans) play several roles in growth factor autocrine and paracrine signaling loops
within the local microenvironment. HSPGs can serve several functions, namely 1) they
sequester soluble growth factors within the ECM such that these factors are poised for
release upon stimulation; 2) they mediate adhesion molecule ligand interactions and
signaling involved in cell motility and migration; 3) they are able to bind and initiate
oligomerization of growth factors promoting a bioactive state; and 4) they prevent the
functionality of coagulation factors which can enable neovascularization 23 29, In the setting
of cancer, each of these characteristics can simultaneously serve to promote tumorigenic
growth and metastasis 24 25: 30,31,

We speculate that the normal restriction of epithelial proliferation to the basal layer may be
due, at least in part, to a requirement for signals derived from the specifically modified
forms of HSPG normally found only on the basement membrane. Proliferation of tumor
cells in the absence of basement membrane attachment may therefore be dependent on
evolution of similar HSPG modifications on their cell surfaces and/or the ECM they
produce. Contrary to primary keratinocytes’ inability to be bound or infected by HPV, it is
interesting to note that many non-tumorigenic cell lines immortalized by in vitro passage are
readily bound and infected by the HPV capsids 11-13, suggesting that the requisite HSPG
modifications may develop at an early stage in culture in the absence of a basement
membrane. However, it is unknown whether this is also true of intraepithelial neoplasia and
other premalignant lesions in vivo.
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Our finding that HPV preferentially targets tumor cells in vivo may temper causal inferences
in some epidemiology studies that detect HPV DNA in human tumors. HPV infection is
clearly established as the primary cause of cervical and several other anogenital cancers,
based upon the criteria of clonality, consistent viral oncogene expression and the fact that
prospective studies have shown that infection precedes development of premalignant
neoplasia and progression to cancer 32, However, the causal association of cutaneous HPV
with non-melanoma skin cancer is less well established. Given the near ubiquitous detection
of Beta and Gamma HPVs on human skin, it seems possible that their frequent detection in a
minority of skin cancer cells might be due to secondary infection of established tumors 33,
We have not yet fully evaluated the tumor tropism of cutaneous HPV types, but the tropism
of HPV5 and the animal cutaneous papillomavirus types from cows (BPV1), rabbits (CRPV)
and mice (MusPV1) is similar to that of HPV16 (our unpublished observations). HPV
virions have also been detected in circulating blood and are capable of binding to peripheral
blood mononuclear cells of otherwise healthy individuals in several studies 3437, It is
plausible to imagine a scenario in which free or cell-associated HPV virions in the
circulation could home to a pre-existing tumor, leading to non-productive infection. This
scenario might explain reports of sporadic detection of HPV DNA in various tumor types,
including lung 3839, breast 49, prostate 41, colon 42 43 and bladder 44.

The ability of HPV capsids to home to both primary and metastatic tumors, even after
intravenous instillation, suggests a variety of applications, both in diagnostics and
therapeutics, as broad-spectrum “pan-tumor” targeting reagents. We have demonstrated that
coupling small molecules such as dyes to the HPV VLP does not adversely affect its
targeting ability, nor alter its reliance upon HSPGs. Imaging dyes (ICG, FITC) or radio
isotopes (gamma emitters) could be easily attached to the VLP and used for live, in situ
imaging of tumors and metastases upon systemic administration. Further, adding a cytotoxic
reagent or pro-drug could target the tumor for killing while leaving healthy cells intact and
reducing the systemic toxicity often associated with chemotherapy and radiotherapy. An
alternative approach, recently initiated by Hung et al (2012) 17, would be to encapsidate
within the HPV PsV plasmid DNA encoding cytotoxic genes such as thymidine kinase or
other “suicide genes” that either kill the infected tumor cells or increase their sensitivity to
chemotherapeutics.

Potential shortcomings of using HPV to target tumors may include: 1) the presence of
neutralizing antibodies due to natural infection or vaccination with an HPV VLP vaccine
and 2) HPV virions may bind immune cells 34 35 and therefore fewer virions may reach the
tumor and/or trigger a systemic innate immunological response. To avoid neutralization in
vaccinated individuals, we are further evaluating other human and animal papillomavirus
types for their tumor tropism. Thus far, all types demonstrate tropism similar to HPV16 in
vitro (our unpublished data). With regard to immune cell binding particularly after systemic
administration, there is no reason to believe that it will impact the tumor homing as was
demonstrated in mice. No toxicity has been observed in mice that have received up to 200ug
IV. Additionally, blood chemistry and blood counts measured in mice prior to 1V injection
and 24hr post-injection show no major differences, indicating that, at least in the murine
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model, systemic administration was well tolerated and did not impact overall immune status.
Toxicity studies in other animal models are currently ongoing to further address these issues.

Precedent exists for using antibodies, viruses and bacteria in the approaches described above
with regard to tumor therapy. However, these strategies rely on very specific receptor
expression (i.e. HER2), require modifications to the agent in question, have substantial
interactions with normal tissue and/or are tumor type restricted. Importantly, the HPV VLP
(or PsV) requires no modification, as the tumor tropism is an innate feature of the virus and
serves as a means to exploit the HPSG modifications found on many tumor types but not
normal intact tissues. We are continuing to investigate the particular heparan sulfate
modifications and patterns that mediate HPV VVLP binding to the tumors. Exploration of the
delivery of drugs and nuclear isotopes are also underway in various tumor models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

HPV human papillomavirus
HSPG heparan sulfate proteoglycans
VLP virus-like particle

Psv pseudovirus

Luc firefly luciferase

GFP green fluorescent protein
RFP red fluorescent protein
DSR ds-Red fluorescent protein
ECM extracellular matrix
AF488 Alexa Fluor 488

N9 nonoxynol-9

V] infectious units

IP intraperitoneal

Y intravenous
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Novelty and Impact

We demonstrate the broad tumor tropism of HPV both in vitro and in vivo, in part due to
over-expression and possible modification of HSPGs on tumors. Healthy intact tissue is
resistant to HPV binding, thus making HPV particles loaded with contrast agents or drugs
useful tools for targeting tumors for diagnostic and therapeutic applications.
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Figure 1.
Normal tissues are refractory to HPV binding in vivo unless traumatized. HPV VLPs

coupled to Alexa Fluor 488 (AF488) were administered intraperitoneally into naive animals
or animals that had been pre-treated with 2% nonoxynol-9 (N9) via the same route. After
24hr, the tissues were harvested, frozen, sectioned and VLPs were imaged directly by
detecting AF488 signal microscopically (Blue=DAPI, Green=VLP). The first row depicts
tissues from animals that did not receive N9 (panels, a, ¢, €, g and i) and the second row
depicts tissues from animals after N9 pre-treatment (b, d, f, h and j). Images are
representative of 3 animals.
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HPV-16 infects many human tumor cell lines. A panel of 56 human tumor cell lines were
infected with HPV16-GFP PsV, and GFP signal was measured 72hr later. HeLa cells served
as controls and were used to calculate the relative infection of each cell type and these
values are plotted (see Table S1 for raw data values). Cell lines are ordered as follows:
Leukemia/Lymphoid (K-562, RPMI 8226, CCRF-CEM, MOLT-4, HL-60); Melanoma (SK-
MEL-2, UACC-62, SK-MEL-5, MALME-3M, LOXIMVI, UACC-257, M14, SK-MEL-28);
Central Nervous System (CNS; SNB-19, U251, SF-268, SF-539, SNB-75, SF-295); Colon
(HCC-2998, HCT-15, KM12, COL0205, HCT-116, HT29, SW-620); Renal (TK-10,
CAKI-1, A498, 786-0, SN12C, ACHN, UO-31, RXF-393); Lung (NCI-H522, NCI-H23,
NCI-H322M, NCI-H460, EKVX, A549, HOP-62, HOP-92, NCI-H226); Ovarian
(OVCAR-3, OVCAR-4, IGROV1, OVCAR-8, OVCAR-5, SK-OV-3); Breast (T47D;
MCF7, HS578T, BT-549, MDA-MB-231); Prostate (PC-3, DU-145).
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Figure 3.

HPV16 VLP binding to and PsV infection of tumor cell lines is competitively inhibited by
heparin. (a) Flow histograms of 2ug/ml AF488 VVLPs bound to cells in the absence (black
line) or presence (gray line) of 1Img/ml heparin (negative control, dashed line). Tumor cell
lines tested: Cervical (HeLa, SiHa, C 33A, CaSki); Head and Neck (CAL-33, HSC-3, UPCI
SCC-90, UPCI SCC-154); Melanoma (SK-MEL 2, SK-MEL 5, SK-MEL 28, UACC-62);
Lung (NCI-H23, NCI-H322M, NCI-H460, NCI-H522); Ovarian (SK-OV-3, A2780,
OVCAR-3, OVCAR-4); Uroepithelial (J82, RT112, T24, UMUC-5). (b) Dose response
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inhibition of binding using modified heparins and heparinases on SK-OV-3 (ovarian, solid
black line), NCI-H460 (lung, solid gray line) and SK-MEL-2 (melanoma, dashed black line)
(experiment performed in triplicate, data representative of two experiments). Dose response
of heparin inhibition of PsV infection of (c) ovarian, (d) lung and (e) melanoma cancer cell
line panels. Heparin concentration begins with Img/ml and is serially diluted three-fold
(experiment performed in triplicate, data representative of two experiments).
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Figure4.
1-Carrageenan blocks binding of HPV to SHIN-3 DSR ovarian tumors in vivo. Non-tumored

and SHIN-3 DSR tumored mice were examined for AF488 VVLP binding (a) and HPV16-
Luc PsV infection (b). (a) Animals received an intraperitoneal injection of PBS, 100ug
AF488 VLP or 100ug AF488 VLP+1% v-carrageenan. 2hr post-injection, the small
intestines was removed and placed in a “wheel” formation for ex vivo fluorescent imaging.
White, Red (tumor), and Green (VLP) channels were collected and individual as well as
merged images are pictured. (b) Tumored and non-tumored animals received an
intraperitoneal injection of 1x1078 1U of HPV16-Luc PsV in 100l PBS +/- 1% 1-
carrageenan. 48hr later, luciferin substrate was administered and bioluminescence was
measured. A region of interest was drawn around the peritoneal cavity and the average
radiance was calculated. All data are representative of n =5/group.
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HPV pseudoviruses infect established xenograft human ovarian tumors but not healthy

tissue in vivo. Human ovarian tumors passaged only in immune-compromised animals were

subcutaneously implanted. When tumors were between 7-15mm in diameter, animals
received an intratumoral injection of 50ul PBS or 50ul 2x1077 U HPV16-Luc (a) or RFP
(b) PsV. Non-tumored animals received a subcutaneous injection in their hind flank.

Luminescence values are reported as average radiance (a) and micrographs (b) depict RFP

expression (Red=RFP; Blue=DAPI) as a readout for PsV infection. n=2-11/group.
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Figure®6.
HPV pseudoviruses infect orthotopic lung tumors after systemic administration (1V). Non-

tumored or orthotopically H460-GFP tumored animals received intravenous injection of
25pg or 100ug each of HPV16-Luc 48hr before imaging (a) and (b) and HPV16-RFP 72hr
before imaging (c). Whole body luminescent images were first acquired (a) followed by
imaging of individual organs ((b) depicts lungs) (signal decreases rapidly upon euthanasia
and dissection; Fig. S5 shows raw images of all organs). After imaging, tissues were frozen,
sectioned and examined by fluorescent microscopy (c). Images are merged channels,
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Blue=DAPI, Red=PsV infection and Green=tumor (faint in some images). T= tumor, N=
normal. n=7-10/group.
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