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Abstract

Women with high-grade cervical intraepithelial neoplasia (HGCIN) frequently present with
multiple cervical lesions, and multiple concomitant Human papillomavirus (HPV) genotype
infections. To elucidate HPV genotype attribution in different regions on the cervix, we performed
molecular mapping of cervical disease in women with HGCIN. Thirteen subjects referred to
colposcopy for abnormal cervical cancer screening results were included. A cervical smear and
biopsies from four different areas on the cervix were collected. HPV genotyping using Linear
Array (for cytology) or SPF-10-LiPA25 (for histology) were performed in 13 smears, 52 whole
sections from biopsies, and 138 tissue regions isolated with laser capture microdissection (LCM).
Twelve subjects had a diagnosis of CIN3 and one subject had a diagnosis of CIN2 based on the
worst histology found in four biopsies. Eight of the 13 smears (62%) showed multiple genotype
infections. Four of 13 women (31%) had multiple HPV infections in their biopsies. After
performing LCM-PCR, only one woman (8%) had two different carcinogenic HPV types in
morphologically distinct, but colliding HGCIN lesions. HPV16 was identified as the causal type in
all women with HPV16 in cytology. A large proportion of other HPV types found in cervical
smears were not detected at the tissue level. Using tissue-based genotyping and LCM-PCR
analysis, we were able to attribute an individual HPV type to each area of CIN lesions. We
demonstrate that HPV16 is even more etiologically dominant than previously thought, based on
various genotype attribution models.
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Introduction

Molecular and epidemiological studies have established the association between persistent
infections with HPV and the development of cervical precancer and cancer(1;2). A group of
approximately a dozen carcinogenic HPV types comprises the main etiologic factor for the
development of neoplasms of the lower genital tract and it is estimated that 70-80% of all
women are infected with cervical HPV at least once during their lifetime(3). Approximately
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10% of women fail to clear HPV infections, resulting in long term persistent infections,
which increase the risk of developing precancerous lesions that have a 30-50% risk of
invasion over the remainder of a woman's life(4;5).

Multiple infections with carcinogenic HPV types are common, especially among younger
women(6). It is generally assumed that HPV genotypes act independently and that each
lesion is caused by a single genotype infection(7). In 15-50% of women with prevalent CIN
of all grades, infection with more than one HPV genotype has been found in cervical smears
(6;8;9), complicating the attribution of carcinogenic types to disease stages. Precise
estimates of type attribution are important to understand the heterogeneous carcinogenicity
of different HPV types. Furthermore, knowledge about type attribution to precancer is
important in order to decide which HPV genotypes should be included in HPV detection
assays and in preventive vaccines. HPV genotyping from cervical smears gives the
composite view of all infections present on the cervical surface, including transforming
infections associated with HGCIN, and transient infections in low grade lesions. In addition,
vaginal infections completely unrelated to the cervix can be picked-up with the cervical
smear. Thus, attribution of HPV genotypes to individual cervical lesions can only be
determined by targeted tissue-based genotyping.

Laser Capture Microdissection (LCM) combined with sensitive PCR is considered the gold
standard to study HPV genotype attribution in cervical lesions, but has only been used to a
very limited degree to investigate cervical precancer(10;11). Here, we performed meticulous
HPV genotyping of cervical lesions at three levels of resolution: on the entire cervix by
cytology (covering several centimeters), on individual biopsies (covering several
millimeters), and on sub-regions processed with LCM (covering several 100 micrometers).
We used this unique approach to resolve HPV genotype attribution and to analyze the clonal
relationship of multiple HGCIN lesions on the cervix.

Materials & Methods

Study population and clinical investigations

We conducted our analysis in the NIH-OUHSC Biopsy Study, a population-based study of
women referred to colposcopy for abnormal cervical cancer screening results at the
University of Oklahoma Health Sciences Center (OUHSC). Design and methodology have
been described in depth elsewhere(6;12;13). In the current phase of the study, an extended
colposcopic biopsy protocol with up to four biopsies was used. We successively selected
women enrolled in the NIH-OUHSC Biopsy Study who had 4 biopsies taken, who had at
least one biopsy with a result of CIN2 or greater, and formalin-fixed, paraffin-embedded
tissue available for all four biopsies. Subjects were not selected by HPV genotypes present
in cytology.

Prior to colposcopic biopsy procedures, cervical cytology was collected using a broom
device and transferred to PreservCyt™ solution (Hologic, Boxborough, MA, USA). The
cytology specimen was used for Thinprep® liquid based cytology and for HPV DNA
analysis. Up to four biopsies were taken from distinct acetowhite lesions or large
heterogeneous lesions extending over two quadrants. If fewer than four directed biopsies
were taken, a biopsy from a quadrant without any visible CIN (random biopsy) was added.
Digital images were taken during the examination from representative cervical views.
Dedicated annotation software, based on the Boundary Marking Tool (BMT), a web-based
application, allowed us to mark boundaries and biopsy sites on digital images. Annotations
of the overall impression, as well as boundaries and biopsy sites related to the graphical
data, were stored in a database. As per standard practice, all histologically confirmed CIN3
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and most CIN2 were treated by loop electrosurgical excision procedure (LEEP) of the
transformation zone.

Histological processing and laser capture microdissection

Four wm thick sections were cut from the biopsies, stained with hematoxylin and eosin
(H&E) and evaluated by a pathologist. From every biopsy, additional consecutive tissue
sections were used for H&E and p16INK4a immunostaining. P16INK4a
immunohistochemistry was used to support diagnosis(14). Review diagnosis on these
additional slides was done by a second pathologist and if discordance occurred, a third
pathologist reviewed the discordances. Consensus diagnosis was determined by the
agreement of two of the three interpretations. Immunostaining with p16INK4a was done
using mouse anti-p16INK4a (Immunologic, Duiven, the Netherlands) and the EnVision™
kit (Dako A/S, Glostrup, Denmark) for signal visualization. A third consecutive slide was
used for whole tissue HPV analysis.

In cases where multiple HPV infections were detected in whole tissue specimens, LCM-
PCR analysis was used to study HPV genotypes on the individual lesional level. Samples of
CIN lesions and normal cervix were obtained for analysis on the additional H&E and p16-
stained slides. All slides were scanned using digital microscopy (Aperio Technologies Inc,
Vista, Ca, USA). We compared the consensus histology result of the slides used for HPV
genotyping to the clinical diagnosis; 40 of 52 biopsies (77%) had the same diagnosis in both
slides, 8 biopsies were downgraded compared to the original result, while 4 were upgraded.
A pathologist annotated areas of CIN grades 1, 2, and 3 and normal tissue on both H&E and
pl6-stained slides. Several regions spread over the total biopsy epithelium and random
regions of epithelium negative for CIN, or debris surrounding the tissue, were selected. The
sample size ranged from 14,000 — 193,000 square micrometers. Using the annotated digital
image of the slide, the selected regions were extracted with the Zeiss P.A.L.M. microbeam
ultraviolet (UV) laser microdissection and catapulting system and transferred to an Adhesive
Cap500 opaque tube (Zeiss Microimaging GmbH, Jena, Germany). In addition, LCM-PCR
was performed on a negative control (human placenta) before each sample analysis to
control and check for potential contamination of the patient samples, which was not found.

Cytology-based genotyping

HPV detection and genotyping of cytology specimens was done using the Linear Array (LA)
HPV Genotyping System (Roche Molecular Diagnostics, Branchburg, NJ, USA). The LA
assay is a type-specific PGMY09/11 L1 primer-based PCR assay for 37 HPV types (6, 11,
16, 18, 26, 31, 33, 35, 39, 40, 42, 45, 51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68,
69, 70, 71, 72, 73, 81, 82, 83, 84, 89). LA genotyping was performed according to the
manufacturer's instructions with slight modifications, as previously described(6). In brief,
the procedure followed recommendations of the manufacturer with the variation that 10 pL
of template DNA was amplified and the amplified products were hybridized and detected
using an automated Auto-LiPA staining system (Innogenetics N.V., Gent, Belgium) using
2.5 mL of each reagent per strip (as compared to 4.0 mL in manual processing). The LA
results were evaluated by unmagnified examination of the strips by two independent
observers. An unambiguous, continuous band was judged to indicate that biotinylated
amplicons had hybridized to complementary sequences of probes bound to the strips, and
was considered a positive result. The evaluators also subjectively graded the intensity of
each band, as strong (S), moderate (M), weak (W), very weak (VW) or extremely weak
(EW).
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Tissue-based genotyping

Results

The tissue was scraped by a sterile cotton swab from the slide after deparaffinization and
dissolving the tissue in proteinase-K dilution buffer. Next, the tissue was resuspended in 100
pL proteinase-K solution (1 mg/mL). DNA isolation was performed overnight at 70°C.
Proteinase K was inactivated at 95°C for 10 min, and 10 p.L of isolated DNA was used
directly for amplification by broad-spectrum primers that amplify a 65 bp region of the L1
gene(15-17). The amplification products were detected by the HPV SPF-10 PCR DNA
enzyme immunoassay (DEIA) system (Labo Bio-medical Products, Rijswijk, the
Netherlands), which detects at least 54 different HPV genotypes. DEIA-positive SPF-10
amplimers were used to identify the HPV genotype by reverse hybridization on a line probe
assay (SPF-10 HPV LiPA version 1, Labo Bio-medical Products), which detects 25 HPV
genotypes (6, 11, 16, 18, 31, 33, 34, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 56, 58, 59, 66, 68,
70, and 74)(18). The comparison of multiple HPV genotypes in cytology specimens and
tissue is limited by the different type coverage of LA and LiPa25. HPV types included in the
LA assay, but not in the LiPA25 assay (HPV26, 54, 55, 61, 62, 64, 67, 69, 71, 72, 73, 81,
82, 83, 84 and 89) could not be evaluated on the tissue level in this analysis.

Each run contained negative and internal and external positive controls to monitor for
efficiency of DNA isolation, PCR amplification, hybridization, and genotyping procedures.
Contamination or failure of analyses was not encountered. DNA isolation and PCR for HPV
DNA from LCM samples was performed as described for whole tissue biopsy specimens,
with an exception of the proteinase-K incubation temperature, which was 56°C.

HPV genotype distribution in cytology samples and biopsy histology results

A cytology result of high-grade squamous intraepithelial lesion (HSIL) or worse was
reported in 8 women, atypical squamous cells - cannot exclude HSIL (ASC-H) in 3 women,
and low-grade squamous intraepithelial lesion (LSIL) in 2 women. Five of 13 cases (38%)
were considered as a single HPV genotype infection and 8 cases (62%) were considered as
infected with multiple (between 2 and 6) HPV genotypes. LA signal intensity for each
detected HPV genotype showed at least one strong signal for a genotype in each woman
(Table 1). Among the 52 individual biopsy results (13 women each with four biopsies), 10
were diagnosed as normal, 8 with CIN1, 8 with CIN2, and 26 with CIN3. The number of
biopsies with a CIN3 result obtained from an individual woman ranged from one to four.

HPV genotype attribution in whole biopsies

We performed tissue-based genotyping using DNA extracted from a whole tissue section of
each individual biopsy. Among the 5 women with single HPV infections in cytology, the
same genotype found in cytology was detected in all 17 biopsies showing a cervical lesion
(CIN2 or CIN3). Two of three biopsy specimens with normal epithelium in these women did
not harbor any HPV DNA, while one was positive for HPV16. Of the 32 biopsies obtained
from the 8 women with multiple infections in cytology, 22 (69%) were found to have a
single HPV infection in the biopsy, 9 (28%) were positive for two or three HPV genotypes
and one biopsy was negative for HPV (3%). For each biopsy except one, the HPV genotypes
identified in the tissues were a subset of those found in the corresponding cytology
specimen. HPV51 was found as a single type in one biopsy without features of CIN, but this
type was not detected in the corresponding cytology specimen. In women with multiple
HPV genotype infections, 10 of 24 total HPV genotypes (42%) detected in cytology samples
were not detected in the corresponding biopsies. These included mainly infections with non-
carcinogenic types, such as HPV42, 55, 61, 67, and 84. Of note, in two women with two
infections on the cytology level, one of the two types was not covered by LiPA25 (HPV84
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in subject #12 and HPV61 in subject #13) and therefore could not be assessed on the tissue
level (Table 1).

HPV genotype attribution in microdissected lesions

We performed LCM on all 9 biopsy samples that showed multiple HPV genotypes on the
whole section analysis (including 2 CIN3, 5 CIN2, one CIN1, and one normal biopsy), on a
random selection of 17 biopsies that revealed only one HPV genotype, and on one HPV-
negative biopsy.

Of the 9 biopsies that showed multiple type infections on analysis of the whole tissue
section, 6 were found to be positive for only one HPV genotype in LCM. Two biopsies had
multiple types in LCM regions (one CIN3 and one CIN1 biopsy), and one had no HPV
detected by LCM analyses (normal tissue biopsy). In the 40 biopsies with a single HPV
genotype infection in the whole tissue specimen, 52 LCM regions were analysed. Of these
regions, 17 were HPV-negative, 34 showed a single HPV infection and in one LCM region,
a double HPV infection (HPV16 and 51) was observed. This region consisted of fragmented
debris that was not associated with the normal epithelium obtained in the biopsy.

Overall, from all 138 selected LCM regions, only 9 LCM regions showed multiple genotype
infections in the same LCM region (Table 1). Only one woman (Table 1; case 9) had two
different carcinogenic HPV types (HPV16 and 31) that were attributed to HGCIN in one
biopsy.

In all cases with a multiple HPV infection in cytology an HPV type with a strong signal
intensity on the reverse line blot strip was retrieved on lesion level by LCM, except for case
11 where both HPV16 (medium intensity) and HPV51 (strong intensity) were retrieved
(Table 1).

Table 2 gives an overview of all histological diagnoses of selected LCM regions and
respective HPV genotype distributions. All CIN1+ regions were positive for at least one
HPV genotype. HPV analysis showed negativity in 25 regions (18%) that all were
histologically normal epithelium. Of all regions with multiple genotypes detected, one was
negative for CIN, 6 consisted of CIN1 regions, one consisted of CIN2 and one of cellular
debris.

We compared LCM-genotyping between H&E and p16-stained slides in 57 randomly
selected regions from CIN1, 2 or 3 and normal tissue. An almost perfect agreement was
found between HPV positivity in H&E- and p16-stained slides (kappa 0.89) (Table 3). All
regions positive for HPV were positive for the same genotype in H&E- and p16-stained
slides.

Topography of cervical lesions with multiple HPV genotypes

Two cases with multiple HPV genotype infections on individual LCM regions are shown in
Figure 1. Figure 1A (case 9) shows a cervical biopsy of CIN3 associated with 2 HPV
genotypes. The H&E slide showed an extended continuous, but morphologically
heterogeneous lesion, a pattern confirmed by p16 staining. LCM-PCR revealed that the two
HPV types detected in the whole section (HPV16, 31) were present as two separate but
colliding high-grade CIN lesions, each associated with one HPV type. The HPV16-
associated lesion extended towards the endocervix, while the HPV31 related lesion extended
towards the ectocervix. In case 11, one LCM region showed infection with HPV16 and 51 in
a biopsy that was negative for CIN. The analyzed region consisted of debris with
(endo)cervical cells detached from the cervical epithelium. An LCM region from the
adjacent normal squamous epithelium was negative for HPV (Figure 1B).
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Attribution of HPV16 to high grade CIN

For all cases positive for HPV16 in cytology (n=10; 3 in single and 7 in multiple genotype
infections), HPV/16 was retrieved in whole tissue analysis of the biopsy and from LCM
regions representative for the highest grade histology result. Only two HPV16-positive cases
had additional carcinogenic types in the whole section genotyping analysis. In one case
positive for HPV16 and 51 in cytology, both types were retrieved at the lesional level;
HPV16 was found in the CIN2 lesion while HPV51 was found in a separate CIN1 lesion. In
another case, HPV16 and HPV31 were found in two distinct CIN3 lesions on the same
tissue section.

Discussion

Cervical studies using HPV, cytology, and histology can yield the incorrect impression of
homogeneity. A woman is said to have cervical infection with certain HPV types, and to
have a cytological impression or histological diagnosis of a certain grade. In fact, as we
show in this analysis, the topography of cervical HPV infection and resultant neoplasia is
much more complex.

Characterization of HPV genotype attribution in individual cervical intraepithelial lesions is
crucial to understanding the heterogeneous biology of individual HPV genotypes. HPV type
attribution also has important translational relevance, e.g. to decide which types should be
included in HPV detection assays and to estimate the efficacy of preventive HPV vaccines.
Multiple genotype HPV infections occur in 15-40% of women with CIN of all grades and
even in a small percentage of invasive cervical cancers(8;19). Type attribution is currently
mainly based on assumptions; actual measures of HPV genotype attribution can only be
obtained by tissue genotyping. Recent data have suggested that each morphologically
independent area of CIN is caused by one HPV genotype(7). However, these analyses have
so far been restricted to individual biopsies from the cervical surface.

In this analysis, the heterogeneous presentation of HGCIN was studied by histology
evaluation and genotyping of 13 cervical smears, 52 whole tissue sections, and 138 LCM
regions. We were able to attribute individual ‘causal” HPV genotypes to all lesions. Among
five women with single-genotype infections in the cytology specimen, the same genotype
was found in the whole section and in the individual corresponding LCM regions,
confirming that the genotypes found in cytology caused the CIN3 or CIN2 lesions. We
demonstrate that LCM-PCR is a technique that can be used to investigate HPV genotype
patterns in relation to histological findings in routine H&E- and p16-stained cervical
biopsies. Using LCM, the transforming HPV infection in HGCIN lesions can be
distinguished from transient HPV infections. We found HPV genotypes in all regions with
CIN1 or greater, while the majority of normal tissue areas were negative for HPV,
suggesting that even transient infections may frequently be associated with CIN1
morphology.

So far, our understanding of the biological relationship of multiple HPV genotypes and
multiple lesions present on the cervix has been limited. In this study, only one case with
multiple HGCIN biopsies had two carcinogenic types that were found in two independent
HGCIN lesions. All others had the same carcinogenic type even when multiple carcinogenic
types were found in cytology. Our data support that multiple high grade lesions on the
cervix are often caused by a single carcinogenic genotype while other carcinogenic HPV
types detected in cervical smears of the same patients are related to independent transient
infections. Our findings support the “one virus-one lesion” hypothesis and speak against
biological interactions of multiple infections on the lesion level(7).
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Whole tissue genotyping of colposcopically-guided biopsies reduces the proportion of
multiple HPV genotype infections substantially compared to cytology specimens and LCM-
PCR assigns an individual HPV type to each morphologically distinct area of CIN. In all
cases of HGCIN, LCM-PCR identified one of the genotypes detected in cytology,
supporting that LCM-PCR is both sensitive and specific in identifying the causal HPV
genotype for HGCIN. Due to the small areas targeted, LCM-PCR is not effective in
retrieving all HPV genotypes present on the complete surface of the cervix, which would
require hundreds of LCM-PCRs. The results from the different HPV detection methods used
to test cytology and histology specimens in this study were highly concordant for the types
present in the lesions, supporting previous data from van Doorn et al.(16), demonstrating
that the genotyping results obtained by LA (PGMY primer set) and SPF-10 LiPA25 are
highly comparable. In detail, HPV types 55, 61, 67 and 84 were detected by the LA in some
cases with multiple HPV infection in cytology. These genotypes are not present in the
LiPA25 assay and therefore could not be detected in biopsy and LCM-PCR samples. This
could have caused an underestimation of HPV infection in these specimens, although all of
these LA detected HPV types are low-risk types.

Our findings demonstrate that genotyping data from cervical cytology specimens may lead
to attribution of less-carcinogenic types to disease; these types are mostly present in
concomitant, transient infections. In addition, Castle et al.(20) showed that non-carcinogenic
HPV types of the a.3/a15 phylogenetic species have a tropism for vaginal epithelium but are
routinely detected in cervical smears, potentially by contamination of the cervical smear
with vaginal cells. They concluded that many HPV genotypes detected by standard cytology
might not be involved in the development of CIN on the cervical surface.

Our data demonstrate that HPV16 was the most predominant causal genotype, because in all
cases positive for HPV16 (n=10; 77%) by cytology, this genotype was retrieved in whole
tissue analysis of the biopsy and confirmed as the causal type for each CIN lesion in LCM
regions of the same lesion. The unique role of HPV16 as a carcinogenic agent has been
widely recognized. The attribution of HPV16 to cervical cancers, where multiple type
infections are far less common than in CIN, is over 50% with a big distance to other
carcinogenic types(21). Our data support the notion that HPV16 is more etiologically
dominant in HGCIN than what can be appreciated when analyzing genotype attribution in
cervical smears with frequent multiple infections.

As we continue our molecular studies in the NIH-OUHSC Biopsy Study, we will further
enhance the understanding of the molecular basis of HPV natural history. A wider
application to other techniques, such as identifying host and viral markers, could provide
new insights into the complex biology of concurrent HPV infections in the cervix. This may
allow us to gain a better understanding of the issue of biological heterogeneity of CIN
lesions and thus improve our diagnostic tools for patients with CIN.
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Abbreviations

HGCIN High-grade cervical intraepithelial neoplasia
HPV Human papillomavirus
LCM Laser capture microdissection
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OUHSC Oklahoma University Health Sciences Center
BMT Boundary Marking Tool

LEEP Loop electrosurgical excision procedure
H&E Hematoxylin and eosin

uv Ultraviolet

LA Linear Array

DEIA DNA enzyme immuno assay

SPF Short PCR fragment

HSIL High-grade squamous intraepithelial lesion
LSIL Low-grade squamous intraepithelial lesion
ASC-H Atypical squamous cells - cannot exclude HSIL
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HPV genotype map in 2 cases. A: Case 9 P16 stained slide. Apparently single high- grade
lesion associated with HPV16 and 31. B: Case 11 H&E stained slide. HPV16 and 51 in
debris with (endo)cervical cells, but not in normal squamous epithelium.
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Table 3
Concordance HPV positivity on HE & p16 slides; number LCM regions

p16

HPV typeconcordance HPV negative Total

HPV type concor dance 45 1 46
HPV negative 1 10 11
Total 46 11 57
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