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Abstract  Human papillomaviruses (HPVs) are etiologic agents of both benign and malignant
epithelial tumors. More than 60 different types of viruses are known, each associated with tissue site
and lesion type specificities and differing probabilities of malignant progression. HPVs type 6 and
type 11 cause benign papillomas of mucosal squamous epithelium in the aerodigestive tract, with only
rare conversion to malignancy. HPV 16 is the most frequently detected HPV in the genital tract,
inducing flat lesions with a significant risk of malignant conversion. In the aerodigestive tract,
HPV 16 is found only rarely in benign lesions but is detected in 5-20% of squamous carcinomas.

In the aerodigestive tract, HPVs frequently cause latent infection, i.e., viral DNA present in tissue
but no evidence of clinical or histologic disease. Approximately 10% of the general population may
have latent infections. Regulation and activation of latent infections are not well understood, although
it is clear that viral functions are tightly regulated by the state of differentiation of the squamous host
cell. Control of viral transeription may be the key to prevention of viral activation, and thus control
of disease. Among the possible agents under investigation are retinoids, growth factors, anti-sense
RNA which interferes with viral expression, and estrogen metabolites. All of these agents modulate
either viral expression or cell differentiation or both. It is hoped that in the near future one or more
of these agents will be useful in preventing HPV-associated disease. = © 1993 Wiley-Liss, Inc.
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Human papillomaviruses (HPVs) are small
DNA viruses that proliferate and cause disease
in squamous epithelium. The diseases caused by
HPVs include both benign lesions (papillomas
and warts) and carcinomas. There are more
than 60 different HPV types, and new types are

that share DNA sequences and biologic proper-
ties. The latter include tissue trophism and
potential for inducing malignant disease. The
HPVs of most interest in the head and neck are
those types which generally infect mucosal
epithelium, causing both aerodigestive and

still being identified [1]. Typing is based on
extent of DNA homology, although all of the
HPVs share the same genome organization as
well as some highly conserved genes. The types
can then be grouped into larger, related groups
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genital lesions [for review see 2]. HPV 6 and
HPV 11 cause benign papillomas with a low
probability of malignant progression. HPV 16
and HPV 18 are associated with lesions with a
much higher probability of progression to carci-
nomas.

The life cycle of the HPVs is shown in Fig-
ure 1. Unlike most viruses, there is a very tight
relationship between HPV functions and the
stage of differentiation of its host cell. The virus
infects the basal cells of the epithelium. As
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Fig. 1. Life cycle of papillomaviruses. This figure illustrates the latent period before any lesion is evident,
as well as the relationship between viral DNA replication, virus production, and epithelial stratification in

the papilloma.

these cells proliferate, the viral DNA also prolif-
erates, maintaining a low copy number of epi-
somal viral DNA molecules in the daughter
cells. For some variable period of time the virus
is latent, with no evidence of infection. The
tissue is clinically and histologically normal.
This latent state can presumably be maintained
for the life of the patient, since HPV DNA can
be detected in airway biopsies of patients with
no history of papillomavirus-related disease [3].

In a subset of infected cells the virus becomes
active, inducing the formation of a papilloma.
At this time viral RNA can be detected [4,5].
Initially, only two of the viral genes (E6 and
E7) are expressed. These two genes, when de-
rived from HPV 16 or HPV 18, are the major
transforming genes. They are able to transform
cells in vitro and are the only HPV genes ex-
pressed in most carcinomas {6,7]. HPV 16 and
HPV 18 E6 binds to and degrades p53, a cellu-
lar tumor suppressor protein [8], while E7 com-
plexes with and inactivates pRB, a second tu-
mor suppressor protein. However, benign papil-
loma cells are not immortalized, and the role of
these two proteins from the "benign" HPV 6 and
HPV 11 must still be determined. It has been

suggested that in papillomas the E6 and E7
proteins induce proliferation of their host cells,
or that they maintain the function of the cellu-
lar replication machinery in an active state such
that the virus might later replicate its DNA to
high levels.

As the infected epithelial cells begin to differ-
entiate, moving from a basal or parabasal posi-
tion to a more suprabasal position, additional
viral genes are expressed and HPV DNA is
replicated to high copy numbers in some of the
cells. E1 and E2 code for proteins required for
the productive viral DNA synthesis [9], interact-
ing with the cellular DNA replication complex
which is normally not functional in these supra-
basal cells, while E2 also regulates viral tran-
scription [10]. E5 protein has some transform-
ing capability [11], complexes with growth fac-
tor receptors [12], and may play an important
role in the formation of the benign papilloma. If
80, it is surprising that it is not expressed in the
basal and parabasal layers, or if it is, it is at
levels that are below detection with current
procedures. The function of E4 is not yet clear,
but its RNA is by far the most abundant RNA
in the papilloma [4]. In a subset of cells near
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the surface of the papilloma, the two HPV cap-
sid proteins (L1 and L2) are synthesized, the
viral DNA is packaged into virions, and virus-
laden squames are finally shed from the papil-
loma.

Conversion of abenign HPV-induced lesion to
a carcinoma is a rare event. All evidence sug-
gests that malignant progression requires not
only the presence of the virus but also cellular
mutations, usually induced by -carcinogenic
agents such as X-rays, ultraviolet light in sun-
light, or tobacco. There is usually a prolonged
lag time of decades between carcinogen expo-
sure and appearance of the cancer. When malig-
nant conversion occurs, the expression of the
virus changes. Usually, the viral DNA inte-
grates into the host chromosomes in such a way
that only the E6 and E7 genes are expressed.
There is no longer productive viral DNA synthe-
sis, or synthesis of capsid proteins, and new
virus is no longer made. Thus, induction of
cancer is a "dead end" for the viral life cycle.

HPV AND AERODIGESTIVE TUMORS
Prevalence

There are a number of HPV types associated
with lesions of the aerodigestive tract, including
the oral cavity, nose and nasopharynx, larynx,
trachea, and esophagus [for reviews see 2,13,
14]. These viruses include HPVs 2, 6, 11, 13,
and 16, as well as undetermined types. It is
widely accepted that recurrent respiratory papil-
lomas, a serious and life-threatening disease,
are primarily caused by HPVs 6 and 11. The
viral DNA is present and expressed in the papil-
lomas [15]. Laryngeal tissue infected with
HPV 11 virions and implanted under the renal
capsule of immunodeficient mice forms typical
papillomas [16]. HPVs 6 and 11 are the same
viral types that cause exophytic genital lesions,
and it is believed that juvenile-onset papillomas
result from infection of the infant as it moves
through an infected birth canal. Given this, it is
surprising that the prevalence of this disease is
so low (approximately 1:100,000) since the prev-
alence of active genital tract infection is esti-
mated to be 10-15% of sexually active adults in
the United States. Brandsma et al. [3] reported
finding HPV DNA in 4% of random, clinically
normal biopsies of the airway. This would sug-

gest that most of the airway infections remain
latent. Adult-onset respiratory papillomas could
reflect either activation of virus present since
birth or an infection acquired in adolescence or
adult life.

Although HPVs 6 and 11 are usually consid-
ered "benign," they can be found in a subset of
HPV-containing carcinomas. X-irradiation of
laryngeal papillomas caused squamous carcino-
ma of the larynx in nearly one-third of patients,
with a lag of 20 to 30 years [17]. There is a low
but real possibility of spontaneous malignant
conversion where the putative mutagenizing
event is unknown [2]. The HPV 6 or HPV 11
moleculeshave sometimes undergonerearrange-
ments in the tumor cells that might have in-
creased their malignant potential [18].

If reported prevalence studies are combined,
approximately 25% of head and neck carcino-
mas contain HPV DNA [14]. HPV 16 is the
most common HPV in carcinomas not associat-
ed with laryngeal papillomas, but HPVs 2, 18,
33, and unidentified types are also present.
Until recently, studies have focused on the
presence of HPV DNA and did not distinguish
between active viral function and latent infec-
tion. There is a relatively high level of latent
HPV 16 DNA in the aerodigestive tract (3,19,
20]. Without analysis of viral activity it is not
possible to distinguish between the accidental
presence of HPV DNA in a subset of tumors
and a true etiologic function. A recent study by
Snijders et al. [21] reported that the HPV in
tonsillar carcinomas expressed RNA that could
code for the E7 gene product, strongly suggest-
ing that the virus does play an important role
in the formation of the carcinomas.

Pathophysiology

The molecular mechanisms whereby papillo-
maviruses induce either benign or malignant
tumors are only partially understood. We have
focused our studies on laryngeal papillomas to
better understand the interactions between
virus and host cells that result in the initial
benign lesions. Laryngeal papillomas are charac-
terized by pedunculated masses with finger-like
projections of stratified squamous epitheli-
um supported by a connective tissue stroma
(Fig. 2). Histologically, the basal layer is either
normal or somewhat hyperplastic [22]. Mitotic
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Fig. 2. Histology of laryngeal papilloma. B: Basal layer; S: Spinous layer with many cells containing
perinuclear halos and abnormally large nuclei, similar to the koilocytes seen in genital tract papillomas;

C. connective tissue core. Hematoxylin-eosin stain.

TABLE I. Proliferation and Differentiation of Papilloma and Normal Tissue

% Proliferation® Differentiation®
Cell Layer Normal Papilloma Normal Papilloma
Basal 10 5.8 None None
Suprabasal 9 3.9 Complete None
Superficial 0 0.5 Complete Rare Cell

2 Percent of cells incorporating tritiated thymidine. Tissue fragments were labeled in vitro
immediately after biopsies were taken. After labeling, the fragments were fixed with 3.7%

formalin, sectioned, and autoradiographed.

b Determined by immunofluorescent staining of frozen sections, using antibodies that recog-
nize keratin 13 and filaggrin, two markers of normal differentiation in mucosal squamous

epithelium.
Data taken from Steinberg et al. [23].

figures are generally limited to the basal layer.
There is marked spinous hyperplasia, matura-
tional immaturity, and abnormal keratinization
with a thin parakeratotic layer.

We asked whether the thickening of the basal
and spinous layers reflected increased rates of
proliferation, abnormalitiesin differentiation, or

both [23]. Table | summarizes our findings.
Clearly, the fraction of dividing cells in the
basal and immediate suprabasal layers of the
papillomas is lower than in normal tissue, al-
though it must be remembered that the total
number of basal cells is greater in papillomas.
Most significantly, the papillomas do not under-
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go normal differentiation, as measured by syn-
thesis of keratin 13 and filaggrin. Rather, they
go through an abnormal type of differentiation
that is characteristic of hyperplastic epithelium
(data not shown). We postulate that the abnor-
mality in differentiation results in a reduction
in the loss of squames at the surface, resulting
in an accumulation of spinous cells and appar-
ent hyperplasia.

As described earlier in this paper, the
HPV E5 gene can alter cellular growth factor
receptor functions [12]. Responses to epidermal
growth factor (EGF) can modulate growth and
differentiation of keratinocytes [24], and some
tumors of the head and neck overexpress the
EGF receptor [25]. We therefore asked whether
the papilloma cells overexpressed the EGF re-
ceptor, and whether they responded to EGF in
a manner different from normal laryngeal cells
[26]. We found that papilloma cells do overex-
press the EGF receptor. Organotypic cultures of
papilloma cells showed intense antibody stain-
ing for the receptor in basal cells, which extend-
ed through the lower half of the stratified cul-
ture. In contrast, normal cells showed faint
staining restricted to the basal layer. The ef-
fects of EGF on differentiation of the two types
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of cells were also strikingly different, while
proliferation effects were similar (Table II).
From these data we have postulated that HPV-
induced over-responsiveness to EGF contributes
to the hyperplasia in papillomas by inhibiting
the normal differentiation processes.

POTENTIAL MODULATION OF
HPV-INDUCED TUMORS

Ideally, chemoprevention would be able to
inhibit the growth and recurrence of laryngeal
papillomas, and the induction of carcinomas by
papillomaviruses, by inhibiting the interactions
between the virus and its host cell. Several
potential modulators have been and are being
investigated.

Retinoids

One interesting class of chemopreventive
agents would be retinoids. These agents have
been effective in preventing second primary
carcinomas of the respiratory tract [27], so they
have potential use against HPV-induced can-
cers. Retinoids have also been used on a limited
basis to treat laryngeal papillomas [28]. While

TABLE 11. Effects of Epidermal Growth Factor
on Proliferation and Differentiation

% Proliferation® Differentiation®
Normal Papilloma Normal Papilloma
Cell Layer (EGFH - + - + - + - +
Basal 19 52 11 23 - - - -
Spinous -
Superficial +/-

Cells were cultured in serum-free medium (KGM) containing 1 ng/ml EGF, then re-fed
with media containing either 1 ng/ml EGF or 0 EGF for 5 days before analysis. Cells
were cultured on glass coverslips till near confluent for proliferation studies and on
organotypic rafts at the air-liquid interface at confluence for differentiation studies.

2 Percentage of basal cells in monolayer culture incorporating bromodeoxyuridine
during a 48 hour labeling period, then stained with an antibody to bromodeoxyuri-

dine.

b Presence of keratin 13 in most or all cells within a stratified layer; detected with AES,
an antibody specific for differentiation-specific keratin.

Data taken from Vambutas et al. [26].
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TABLE III. Effects of Retinoic Acid on HPV Persistence and Cell Differentiation

Squamous
Differentiation®

Retinoic Acid % HPV DNA
Concentration Persisting® Normal Papilloma
0 100 ND ND
10° M 90 complete complete
10° M 40 complete partial
107 M 20 none’ minimal
10° M 10 ND none

Papilloma and normal cells were cultured on organotypic rafts at the air-liquid interface in
serum-free KGM supplemented with varying concentrations of retinoic acid.

2 DNA was extracted from cultured papilloma cells, dot-blotted, probed with 32P-HPV DNA,
and hybridization quantified by densitometry. Normalized to HPV levels in absence of

retinoic acid.

> Measured by immunohistochemical stains using antibody to involuerin. Involuerin is present
in suprabasal squamous epithelium undergoing either normal or abnormal differentiation,
but not in respiratory epithelium, thus distinguishing squamous from respiratory differentia-

tion.
¢ Columnar epithelium with cilia.

ND: not done. Morphology in absence of retinoic acid was too poor for staining.
Data taken from Mendelsohn et al. [31] and Reppuceci et al. [32].

success was limited, further studies are war-
ranted. Retinoic acid regulates epidermal kerati-
nocyte differentiation through pathways that
are now being defined [29], and similar path-
ways may act to inhibit and repress HPV 18
expression in cervical carcinoma cells in culture
that are exposed to retinoic acid [30].

We have investigated the effects of retinoic
acid on normal laryngeal cells and papilloma
cells [31,32]. These studies are summarized in
Table III. Differentiation of normal cells into
either squamous or respiratory epithelium can
be regulated in vitro by the concentration of
retinoic acid in the culture medium. At concen-
trations of retinoic acid which limit squamous
differentiation as measured by expression of
involucrin in the suprabasal cells, the average
number of HPV DNA molecules per cell is re-
duced. We are currently investigating the effects
of retinoic acid on expression of viral RNA to
determine whether a latent state is induced, or
whether retinoic acid has the potential to actu-
ally cure the cells of HPV DNA.

Anti-Sense RNA

Several laboratories are investigating the
potential use of anti-sense RNA to limit or treat
HPV-induced lesions. The basic concept behind
this approach is that RNA molecules comple-
mentary to HPV mRNA can form a complex
with the viral mRNA and prevent its expres-
sion. Alternatively, these molecules can form a
complex with the viral DNA at the position
where mRNA isinitially synthesized, preventing
expression of the viral genes. The anti-sense
RNAs could conceivably be introduced directly
into the tissues, or could be expressed from a
genetically engineered virus which could infect
the tissues. HPV 18 E6/E7 anti-sense RNA
altered the transformed phenotype of HPV 18-
containing cancer cells in vitro, slowing growth,
reducing ability to form colonies in soft agar,
and increasing serum requirements [33]. Simi-
lar anti-sense RNAs inhibited the tumorigenici-
ty of cervical cancer cells in nude mice [34]. The
potential for this approach is exciting, not only
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against HPV-induced lesions, but against other
types of tumors providing we can identify
unique tumor proteins required for growth.

Estrogen Metabolism

The possibility exists that laryngeal papillo-
mas and laryngeal cancers can also be prevent-
ed by altering estrogen metabolism. Estrogen
metabolism can influence the risk of cancer
occurring in certain hormonally sensitive tis-
sues. Estradiol is oxidized to estrone and then
hydroxylated by alternate pathways to either
16a-hydroxyestrone or 2-hydroxyestrone
(Fig. 3). The relative activity of these alternate
pathways of estrogen metabolism influences
cancer risk. 16q-Hydroxylation is associated
with increased risk of developing cancer while
2-hydroxylation is associated with a decreased
risk of cancer. 16a-Hydroxyestrone prolongs
estrogenic effects and causes DNA damage
while 2-hydroxyestrone is anti-estrogenic.
Therefore, estrogen metabolism can have pro-
found effects on hormonally sensitive cells.

We recently established a relationship be-
tween estradiol 16a-hydroxylation and HPV
infection and its possible malignant sequelae
[35]. We determined that papillomavirus-
induced lesions predominate in genital tissues
that have high constitutive levels of estradiol
16«-hydroxylation, e.g., the transformation zone
of the cervix. Immortalization of cells from this
tissue with HPV dramatically elevates this
metabolism. Hence, a feedback mechanism
exists whereby 16q-hydroxylation increases
HPV expression, and HPV increases 16a-hy-
droxylation. Since the larynx is an estrogen-
sensitive tissue, we expanded these studies to
HPYV lesions of the larynx [36]. We determined
that the level of 16a-hydroxylation is constitu-
tively high in normal larynx and significantly
elevated above the high baseline in benign pap-
illomas. The results of the estradiol 16-hydrox-
ylation from normal and HPV-infected cells of
the laryngeal and genital epithelium are sum-
marized in Figure 4. We now have data that
estradiol 16a-hydroxylation is dramatically
increased not only in laryngeal cancers but also
in "normal” laryngeal tissue adjacent to cancer-
ous tissue (Fig. 5). Hence, 16-hydroxylation of
estradiol apparently predisposes the larynx to

Estrogen Metabolism
estradiol
oV
decreased t increased
risk estrone risk
2-hydroxy- 16a-hydroxy-
estrone estrone
2-methoxy- estriol
estrone

Fig. 3. The metabolism of estradiol showing
the alternate pathways of hydroxylation.

early events of transformation and may play a
role in the field effect of airway cancers.

Estrogen metabolism can be modulated. Feed-
ing indole-3-carbinol (I3C), a compound present
in cruciferous vegetables, increases 2-hydroxyla-
tion and reduces the formation of 16¢-hydroxyl-
ation metabolites systemically [37]. Dietary 13C
has been shown to decrease tumor incidence in
mice bearing spontaneous mammary tumors
[38]. We were able to determine that I3C has a
place in preventing HPV transformation by two
criteria:

In cell culture, I3C abrogated growth effects
of estradiol. Estradiol or 16a-hydroxyestrone in-
creased the number of replicating cells. 13C
abrogated this proliferative effect of estradiol in
both normal and HPV-infected larynx cells. 13C
actually caused an anti-proliferative effect simi-
lar to that caused by 2-hydroxyestrone [36]. In
a soft agar growth assay, we determined that
HPV-immortalized cells acquired the ability to
grow if estradiol was present. The growth in
soft agar was even more dramatic if 16«-hy-
droxyestrone was added. Soft agar growth usu-
ally correlates with tumorigenicity. I3C abrogat-
ed the effects of estradiol in this assay (unpub-
lished data).

In vivo, dietary 13C prevented the formation
of papilloma cysts in HPV-infected human la-
ryngeal tissue implanted under the renal cap-
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Fig. 4. 16a-Hydroxylation of estradiol is constitutively high in tissue susceptible to papillomavirus lesions,
and further elevated in papillomas and cancers. Primary explants from normal, papillomatous, and cancer
(larynx) tissue were grown and subcultured as described [35]. (16a-*H)Estradiol was added to confluent
cells and hydroxylation measured as production of tritiated water. Each assay was done with replicate
samples, using multiple tissues. Data are summarized from data described in Auborn et al. [35] and

Newfield et al. [36], as well as unpublished data.
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Fig. 5. 16a-Hydroxylation of estradiol is increased in both laryngeal carcinomas and normal tissues
adjacent to the carcinomas. Primary explants from normal, malignant, and adjacent non-involved larynx
tissue were grown and subcultured as described, and 16a-hydroxylation measured [35]). The values for
the corresponding cancer and "normal" adjacent site in the same patient are connected. In the case of
one patient, the four different "normal" sites were 1, 2, 2, and 4 cm from the site of the carcinoma.
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sule of immunocompromised mice. Using im-
plants of laryngeal tissue infected with HPV
type 11 virions, papilloma cysts developed in
100% of surviving xenografts in mice fed a
normal diet, but in only 25% of surviving xeno-
grafts in mice fed the same diet supplemented
with 13C [36].

Extension of these data to clinical use would
be the prophylactic use of dietary I3C or a diet
rich in cruciferous vegetables. Such dietary
supplements might help prevent recurrent la-
ryngeal papillomatosis and/or recurrent laryn-
geal cancer.

CONCLUSIONS

In this brief review we have discussed the
evidence for a clear role of human papillomavi-
ruses in both benign and malignant tumors of
the upper aerodigestive tract. We have also
reviewed recent studies and presented new data
that suggest possible chemopreventive or che-
momodulatory approaches to the management
of these diseases.
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