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HUMAN PAPILLOMAVIRUS INFECTION AND CERVICAL CANCER

Toshiyuki Sasagawa
School of Health Science, Faculty of Medicine, Kanazawa University, Kanazawa, Japan

More than 50% of young women who have had sex early in life acquire cervical human papillomavirus (HPV) infection. Most of
the infections are with the high-risk HPV types, which are potential ethiologic factor for cervical cancer. Although ten or more
HPYV types are thought to be of high-risk, perhaps less than 30% of such infections persist and less than 1.5% develop cancer. Many
previous studies clarify the oncogenic potentials of HPV16 or 18 genes by the experimental transformation of cells, introduced
with target genes. Some molecular events induced with E6 and E7 genes of high-risk HPV types could explain the mechanisms
of HPV for promoting cancer development. One important step for the malignant progression by HPV is the stable expression
of HPV E6 and E7 oncoproteins in the host cells, and this may be caused by the integration of the HPV genome into the host
genome. The E6 and E7 proteins induce uncontrollable cell growth and accumulate mutations in the host genome after many
cell divisions by inhibiting the functions of Rb and p53, which tightly regulate cell division cycle. However, it is postulated that
such molecular events may occur only in cells able to escape from the immune-surveillance system, since all viral proteins are
potentially immunogenic and targeted by the immune cells. Thus, immune responses to HPV and immune-evasion mechanisms
of HPV play the most important role for persistent HPV infection and the progression of cervical diseases. It is reported that
increased helper T type 2 (Th2) responses (suppression of cell-mediated immunity) and reduction of Thl responses (no stimula-
tion of cell-mediated immunity) are more frequently observed in cervical intraepithelial neoplasia (CIN) lesions than in normal
cervices, suggesting that immune suppression is involved in CIN development. Correlations between certain major histocompat-
ibility complex (MHC) class I and class I alleles and susceptibility to cervical carcinoma or protection against HPV infection
are reported, suggesting that the genetic background related to immune responses may contribute to different outcome in the
women who are infected with HPV. HPV appears to evade the host immune responses by several mechanisms: (i) avoidance of
viral antigen recognition, (ii) induction of HPV16 E7 tolerance, (iii) modulation of the signal transduction pathways of interferons
and other cytokines such as interkeukin-18, and MHC antigens, (iv) inhibition of surrounding immune cell activity by secreted
E6 and E7 proteins. Both immune-suppressive and oncogenic actions induced with HPV infection may allow HPV-infected cells
to transform into cancer cells in vivo by conferring survival abilities against the growth inhibitory or apoptotic stimulation of
cytokines and the attack of killer cells.
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INTRODUCTION and 230,000 women die from invasive cervical cancer each

year. Cervical cancer predominantly afflicts economically
Cervical cancer is one of the most common cancers world- disadvantaged women, in both developing and industrialized
wide, accounting for 6% of all malignancies in women (1). nations. Papillomavirus DNA was first identified in cervi-
Globally, approximately 470,000 new cases are diagnosed, cal cancer tissues and cloned by zur Hausen and colleagues
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(2-4). Human papillomaviruses (HPVs) are small, double-
stranded DNA viruses. The virus particle is composed of 72
capsomeres (Fig. 1). HPV infection is known to induce hy-
perproliferative lesions and cutaneous warts on the skin, and
condylomata acuminata in the genital epithelia. Accumulat-
ed evidence indicates that HPV is the major causative agent
of anogenital cancers, which include cervical, vulvar, penile
and anal squamous cell carcinomas. HPV infections of the
genital areas are thought to be sexually transmitted. The ma-
jority (85-90%) of all cervical carcinomas are of squamous
type, and develop in women aged 40-60 years. The precursor
lesions to squamous cell carcinoma are known as cervical
intraepithelial neoplasia (CIN) or squamous intraepithelial
lesions (SIL), and are generally diagnosed in younger wom-
en at 20-30 years of age (5). This demonstrates the signifi-
cant time lag between HPV infection and the development
of invasive cervical cancer, which suggests that additional
molecular events are required for progression to malignancy.
More than 40 HPV types are known to infect the mucosal
epithelium of the uterine cervix, and some of these types are
implicated in cervical cancer. Thus, these HPVs are referred
to as "high-risk types" for causing cervical cancer. Although
not all HPV infections induce cancer, it is important to note
that a high incidence of cervical HPV infection is observed
in young women, and HPV-infected women may develop

cervical cancer without displaying any symptoms. In this
review, the numerous data on the gene function, natural his-
tory, and immune responses to human papillomaviruses are
summarized. Understanding these mechanisms may provide
an important insight for the rational management of cervical
HPV infection and the development of an effective vaccine.

HPV GENE FUNCTION AND LIFE CYCLE

The genomes of all HPV types contain approximately eight
open reading frames (ORFs), which are transcribed as poly-
cistronic messages from a single DNA strand (Fig. 2). The
regulatory sequences that are required for viral replication
and transcription are concentrated in a noncoding region,
which is termed the upstream regulatory region (URR) or
long control region (LCR). The gene products can be di-
vided into early and late classes. The early proteins (E) in
high-risk HPV types are expressed from the early promoter
(P97 in HPV31) prior to productive replication, while the
late proteins (L) are expressed from the late promoter (P742
in HPV31) during the synthesis of new virions. The early
proteins E1 and E2 are necessary for viral DNA replication,
and they bind as a complex to sequences around the origin of
replication (6-8). It has been suggested that E2 has repressor
activity for viral gene transcription and has the ability to con-

Figure 1. Native
HPV type 1 virions
(A), and HPV
type 16 virus-like
particles (B).
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Figure 2. The genome of the
high-risk HPV31. The diagram
indicates the ORFs of the early (E)
and late (L) genes, the upstream
regulatory region (URR), the
two major promotors that drive
viral expression (P97 and P742)
and the two polyadenylation sites
(AE4140 and AL7227).

trol viral DNA replication (9,10). E4 is expressed as a fusion
protein with amino acids from the N-terminus of E1 (E1, E4),
and has been implicated in alterations to the cytoskeletal net-
work (11). The function of the E5 gene is largely unknown,
but it appears to encode a membrane protein with weak trans-
forming activity for the infected cell (12). The £6 and E7
genes are thought to have oncogenic potential, and the late
genes L] and L2 encode the capsid proteins that are assem-
bled to form the virus shell.

The productive life cycle of HPV is directly linked to
epithelial cell differentiation. Papillomavirus infection is
believed to occur in the epithelium at areas of microscopic
trauma, where the basal cells are exposed to viral entry. Fol-
lowing entry into basal epithelial cells, the HPV genomes are
established as episomes at approximately 50 copies per cell,
and these episomes replicate in synchrony with the cellular
DNA (13). The establishment and maintenance of HPV ge-
nomes are associated with the expression of the early HPV
transcripts that encode the oncoproteins E6, E7 and ES, as
well as the replication proteins E1 and E2. Following cell di-
vision, infected daughter cells leave the basal layer, migrate
towards the suprabasal regions, and begin to differentiate.
In contrast to uninfected keratinocytes, which exit the cell
cycle as soon as they detach from the basement membrane,
HPV-infected cells enter into the S phase after reaching the
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suprabasal layer. This entry into the S-phase results in ampli-
fication of the viral genomes to thousands of copies per cell,
along with cell proliferation. Concurrent with viral DNA am-
plification, the E1 and E4 proteins and the capsid proteins
are synthesized, which results in the assembly of infectious
virions (14). Subsequently, the virions are released into the
environment as the upper layer of the epithelium is shed. In
low-grade cervical lesions, the HPV genomes are found ex-
clusively as episomal DNA molecules, which suggests that
these lesions are the result of reproductive viral infection. In
contrast, in cervical carcinomas, high-risk HPV genomes are
often found integrated into the cellular DNA of the host (15).
HPV-DNA integration is considered to be an important event
in the development of cervical cancer, because it ensures the
stable expression of the E6 and E7 proteins (15,16).

The distinct functions of E6 and E7 were first reported by
Yutsudo and coworkers, who showed that E6 had the ability
to induce tumor formation in the nude mice, while E7 in-
creased the saturation density of transformed mouse fibrob-
last cell lines (17). In addition, another study showed that
both E6 and E7 genes are essential for the immortalization of
human keratinocytes, which are the true target cells for HPV
infection (18). Our group has demonstrated that the introduc-
tion of £6 and E7 genes induces tumor formation in various
organs (19) and cervical premalignant lesions in the in vivo
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mouse model systems (20,21). The E6 and E7 proteins of
the high-risk HPV types modulate the activities of cellular
proteins that regulate the cell cycle. The E7 protein interacts
with the retinoblastoma gene product Rb (22), and E6 inter-
acts with p53 (23), disrupting the cell cycle control. The E7-
Rb interaction releases E2F, which is a transcriptional factor
for genes that are involved in the induction of cell division,
thereby promoting abnormal cell proliferation. E6 binding to
p53 promotes the degradation of p53 (24), the major function
of which is to stop cell division and induce cell senescence,
during which DNA is damaged or the telomere is shortened.
Our recent study has shown that DNA damage induces G2
arrest in most cell lines that lack the functional p53 protein,
which suggests that G2 arrest be induced by a factor other
than p53. When the G2 checkpoint is further abrogated by the
administration of caffeine, which forces the cells into mito-
sis, cells that lack p53 exhibit a mitotic catastrophe (25). This
suggests that HPV16 E6 expression and exogenous stimuli
that induce DNA damage induce severe chromosomal altera-
tions. Therefore, the induction of uncontrolled epithelial pro-
liferation by E7, and the perturbation of DNA repair by E6
may cause genetic changes to accumulate in HPV-infected
cells. These circumstances may confer a growth advantage
on certain cells that acquire resistance to the anti-prolifera-
tive and anti-apoptotic stimuli mediated by immune modula-

tors such as cytokines.

EPIDEMIOLOGICAL CLASSIFICATION OF HIGH-RISK
(ONCOGENIC) HPV TYPES

To date, more than 100 HPV types have been identified, and
about 40 types specifically infect the genital epithelium (26)
(Fig. 3). Genital papillomavirus infection, which is passed
between individuals through sexual contact, now repre-
sents one of the most common sexually transmitted diseases
worldwide (27,28). Some HPV types, such as types 6 and
11, are referred to as low-risk types, since they induce only
benign warts in the genital tract (condylomata acuminata)
with a low risk of progression to malignancy. In contrast, the
high-risk HPV types are associated with a high frequency of
development of malignant lesion (5). More than 90% of cer-
vical cancers contain HPV DNA of the high-risk type, with
type HPV16 being the most prevalent, followed in order of
decreasing prevalence by types 18, 31, 33, 39, 45, 51, 52, 58,
59 and 68 (29) (Fig. 4).

In a study of Japanese women using the PCR-based meth-
od established in our group for targeting the E6 and E7 genes,
infection with multiple HPV types was identified in about 10-
20% of the cervical cytological samples (28,30). With regard
to infections with a given HPV type, the HPV types 16, 31,
51, 52, 58 and 67 were identified in squamous cell carcinoma

I High-risk types
A3 [ ] Intermediate risk type

[ ] Low-risk types

Group A: Genital HPVs

Group B: Epidermodysplasia
verruciformis HPVs

Group C: Fibropapillomaviruses

Group D: Bovine papillomaviruses

Group E: Animal and human

Fig. 3. Phylogenetic classification of HPV types. HPV types are classified for L1 gene similarity by phylogenetic
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Figure 4. Clinicopathological classification of mucosal HPV types.

(SCC) of the cervix (comprising more than 95% of the cervi-
cal cancer cases). HPV18 was detected in both adenocarci-
noma and adenosquamous cell carcinoma (5% of the cervical
cancer cases), and HPV types 33, 35 and 56 were detected
in high-grade SIL, which suggests that these types represent
the high-risk HPV types for cervical malignancies in Japan
(30) (Fig. 4). This study also showed that HPV52 and HPV58
were more prevalent in cervical cancer and high-grade SIL in
Japan than in Europe and USA. Although HPV 18 was identi-
fied in adenocarcinoma and adenosquamous cell carcinoma,
other HPV18-related types, i.e. HPV types 39, 45, 59 and 68,
were identified only in cases of SIL in our analysis. A recent
worldwide study found that these types and others, including
HPV types 73 and 82, and possibly HPV types 26, 53 and
66, were high-risk HPV types (31)(Fig. 4). The variability
in the prevalent HPV type in cancers may be due to the dif-
ferent distributions of prevalent HPV types among differ-
ent geographical areas. However, Matsukura and coworkers
disagree with the categorization of HPV types according to
PCR-based methods. In their analysis, using Southern blot
hybridization under low-stringency condition, they identi-
fied many HPV types in cervical intraepithelial lesions of
various grades (32). They have found that HPV18 DNA is
rarely identified in high-grade CIN lesions or cervical SCC,
whereas many of these specimens have been shown to be
positive for HPV18 by PCR with the GP5/GP6 consensus
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primers (33). They speculate that the uneven amplification,
due to sequence similarities between the HPV sequences and
the consensus primers, may account for the disparate find-
ings regarding HPV18 prevalence (33). Therefore, caution
should be exercised in the interpretation of data on HPV
types in clinical samples, particularly when PCR-based de-
tection systems are used.

NATURAL HISTORY OF HPV INFECTION IN CASES
OF CERVICAL CANCER

Various groups, including ours, have demonstrated a high
prevalence of HPV infections in the uterine cervices of young
women - more than 50% prevalence for any HPV types, and
30-40% for high-risk types in women in the age category of
late teens to early 20s. This is associated with other risk fac-
tors in the Japanese study, including having multiple part-
ners, younger age at first sexual intercourse, frequent sex and
engaging in sex without condom usage (28). Although high-
risk HPV infection is sexually transmitted, not all women
with this infection are destined to develop cervical cancer.
There is no evidence to associate a risky sexual behavior with
cancer development. Epidemiological evidence for young
women shows that about 30% of the infections with any HPV
type persist and induce CIN1 lesions within three years (34).
A recent cohort study that tested 227 cytologically normal
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women, who were positive for HPV showed that 23% and
7% remained positive after one- and five-year follow-up pe-
riods, respectively (35). Persistent HPV infection is induced
at higher frequency by high-risk HPV types than by low-risk
HPV types (34-36). Molano et al (35) have demonstrated
that HPV16 persists longer than other HPV types, includ-
ing HPV18 and its related types, and that more than 20% of
HPV16 infections persist longer than five years. The mean
duration of oncogenic HPV infection is 13.5 months, while
that for non-oncogenic types is 8.2 months. The age of the
infected woman does not affect the mean duration of HPV
infection (35). The clearance of HPV infection occurs chiefly
in the first two years after HPV detection, and occurs rarely
thereafter. Exact data on the percentage of infected women
who go on to develop cancer are lacking. We postulate that
7-30% of HPV infections are persistent, and that the major-
ity of persistent infections induce CIN lesions. The results of
follow-up studies on CIN lesions, as analyzed by actuarial
life-table methods (37-39), show that about half of the vari-
ous forms of dysplasia (CIN1-2) progress to carcinoma in
situ (CIS), and 43-66% of the CIS cases progress to invasive
SCC. The transition time from dysplasia to CIS is estimated
at 3-7 years, and the one from CIS to invasive cancer at 3-10
years. Taken together, 7% of women infected with HPV de-
velop CIN1, 3.5% develop CIN3, and 1.5% develop cervical

cancer, in the absence of any treatment (Fig. 5). However,
the actual progression rates in industrialized countries may
be lower, since the diagnostic procedures, such as repeated
sampling and punch biopsy, which are applied to women
with HPV-related lesions, may elicit HPV-specific immune
responses, which induce spontaneous regression of the le-
sions.

PERSISTENT HPV INFECTION AND HOST IMMUNE
RESPONSES

As shown in the previous section, many HPV infections are
transient and regress spontaneously over a period of sev-
eral months to two years, whereas a few cases persist and
progress to invasive carcinoma. Therefore, the establishment
of persistent high-risk HPV infection is a critical step to-
wards malignant progression. It is well known that immuno-
compromised women, who have undergone renal transplan-
tation (40), or who are infected with HIV (41) are at high
risk of anogenital HPV infection and cervical cancer, which
suggests that immunity is a determining factor for viral per-
sistency. However, the mechanisms underlying persistent
HPV infection in healthy women are unclear. It has been sug-
gested that HPV has evolved certain strategies to evade the
host immune responses. The human immune system consists
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Figure 5. Natural history of HPV infection.
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of two major subsystems: innate and adaptive immunity. In
the following section, we review the literature on immune
responses against HPV infection during cancer development,
and explore the potential mechanisms employed by HPV
and HPV-infected keratinocytes to evade the host immune
responses.

Growth inhibition properties of cytokines, and the
acquired resistance of HPV-infected cells to anti-pro-
liferative factors; innate immunity

HPV and HPV-infected epithelial cells initially encounter
the innate immune system, which involves major histocom-
patibility complex (MHC)-non-restricted, non-specific reac-
tions. Immune cells, such as macrophages, neutrophils and
dendritic cells engulf foreign materials, such as bacteria and
viruses, while natural killer (NK) cells eliminate virus-infect-
ed and cancer cells. The virus-infected cells also encounter
growth inhibitory stimulation by cytokines that are released
from both immune cells and the infected cells themselves (a
phenomenon known as "autocrine regulation"). Several stud-
ies have investigated the ability of cytokines, particularly
transforming growth factor (TGF)-, tumor necrosis factor
(TNF)-a, and the interferons (INF), to inhibit the prolifera-
tion of both normal and HPV-transformed keratinocytes, as
well as to inhibit the expression of the £6 and £7 genes. TGF-
B1 has been shown to be both a product of and a growth in-
hibitor of cells that are transformed with the nontumorigenic
HPV types 16 and 18 (42). Woodworth et al concluded that
TGF-B1 is an autocrine regulator of HPV gene expression in
HPV-infected genital epithelial cells (43). In this system, not
only the expression of a HPV gene, but also that of c-myc (a
stimulator of proliferation), was suppressed. Keratinocytes
also produce TNF-o, which may have antiproliferative ef-
fects on HPV-infected cell (44) (Fig. 6). This effect involves
growth arrest in the GO-G1 phase of the cell cycle (45). TNFau
was shown to repress HPV16 E6 and E7 expression at the
transcriptional level in HPV16-immortalized human kerati-
nocytes, a property it shared with interleukin (IL)-1a (46).
In contrast, INF-y and IL-6 do not exhibit such an effect. In
general, all INFs suppress the proliferation of HPV-immor-
talized keratinocytes and down-regulate the expression of
the HPV E6 and E7 genes (47-49), although these effects are
likely to differ from cell to cells. The down-regulation of £6
and E7 gene expression by cytokines, such as TNF-a., IL-1a,
INF-o and INF-f3, probably occurs during the innate immune
response, since these cytokines are released by phagocytic
cells or NK cells. In addition, since epithelial cells are also
capable of producing these cytokines (except INF-y), some
authors have suggested that these molecules play autocrine
roles in keratinocyte growth regulation during HPV infection
(Fig. 6). It seems likely that many cell types contribute to the
growth inhibitory effect. Additional functions of these and
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other cytokines in HPV immunity are discussed in the sec-
tions on adaptive immunity.

Accumulated evidence suggests that malignant transfor-
mation involves a loss of responsiveness to the inhibitory ef-
fects of certain cytokines (42,50-52)(Fig. 6). For example,
TGF-B1 has been shown to inhibit cell growth and HPV gene
transcription in nontumorigenic HPV16-immortalized cell
lines, but not in HPV16-positive cervical cancer cell lines,
such as CasKi and SiHa (42). Another group reports that the
cytopathic effect of INF-y on HPV16-immortalized cells is
not induced in HPV16-harboring SiHa cells (50). These re-
sults support the notion of escape from cytokine-mediated
growth inhibition of HPV-infected cells during the stage of
malignant progression. Malejczyk et al compared HPV16-
transformed cell sublines with different levels of tumorigenic-
ity in nude mice and showed correlations between increased
tumorigenicity, resistance to TNF-mediated inhibition of
proliferation in vitro, and significantly decreased expression
of TNF receptors (51). These authors also show increased
shedding of soluble type I TNF receptor in the more potently
tumorigenic subline (52). Interestingly, the serum levels of
soluble type I and type II receptors are significantly elevated
in patients with HPV16- or HPV18-associated carcinomas
or anogenital Bowen's carcinoma (53). Conversion of non-
tumorigenic HeLa-fibroblast hybrids to tumorigenic cells is
accompanied by the development of resistance to TNF-me-
diated suppression of HPV18 gene transcription, as well as
changes in the composition of the activator protein 1 (AP-1)
complex, which plays a role in the expression of E6 and E7.
Moreover, it has been proposed that the loss of TNF sensitiv-
ity may be causally related to alterations in the AP-1 tran-
scription activator complex (54) (Fig. 6).

Inhibitory effect of HPV genes on the signal transduc-
tion mediated by interferons and antiviral proteins

One of the possible mechanisms of acquired resistance to cy-
tokines may involve the functions of HPV E6 and E7, which
inhibit the signal transduction associated with interferon-me-
diated antiviral responses (Fig. 7). In response to viral infec-
tion, several signal transduction pathways are activated (55),
which ultimately lead to the activation of transcription factors
that regulate immediate early genes, including the genes that
encode type I interferons, such as INF-o and INF-B. Once
secreted, these INFs interact with specific receptors on the
surfaces of the surrounding cells, thereby inducing the Janus
kinase (JAK)/signal transducers and activators of transcrip-
tion (STAT) signaling pathway. This leads to the activation
of transcription factors called INF-stimulated gene factor
(ISGF)-3 and interferon regulatory factor (IRF)-7. Upon virus
infection, IRF-3 and IRF-7 contribute to the expression and
amplification of the INF response by inducing delayed-type I
INF genes and several other genes that modulate antiviral ef-
fects, including RANTES, IL-15, interferon-stimulated gene
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Figure 6. Cytokine effect on the keratinocytes infected with HPV. Proliferation of keratinocytes infected with HPV is
inhibited by cytokines released from immune cells: macrophages, NK cells, and keratinocytes themselves. The cytokines
secreted from the keratinocytes sometimes play an autocrine role for this inhibition. However, HPV-transformed cells
which have acquired resistance to this inhibitory effect are able to grow regardless of the presence of cytokines. AP-1,

(ISG), double-stranded RNA activator kinase (PKR), 2'-5'-
OASs/RNase L, and others (55) (Fig. 7).

During HPV infection, E6 and E7 are associated with pro-
teins that transduce signals inducing the expression of INFs
and other antiviral signals, such as those mentioned above.
It has been reported that HPV16 E6 binds to IRF-3, thereby
inactivating the IRF-3 transactivating function (56), which
plays a critical role in the regulation of INF-a and INF-f. In
the delayed response stage, HPV 18 E6 interacts with tyrosine
kinase 2 (Tyk2), which plays an essential role in signal trans-
duction via the INF receptor by binding INF-a. or INF-f3 (57).
HPV16 E7 also interacts with IRF-9 (58), which is one of the
components of ISGF-3, resulting in the reduced expression
of IRF-7. The reduction in the levels of IRF-7 decreases the
expression of INF-a,, INF-f§ and other antiviral proteins (55)
(Fig. 7). The ability of E7 to interfere with IFN signaling is
further demonstrated by its binding and inactivation the tran-
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scription factor IRF-1 (59). IRF-1 was originally identified
as an INF-f3 promoter-binding transcription factor, and was
characterized as a critical mediator of INF signaling induced
by viral infection or INF treatment (60). IRF-1 overexpres-
sion inhibits cell growth, and the introduction of activated
c-Ha ras oncogene alone is sufficient to transform embry-
onic fibroblasts from IRF-1 knockout mice (60). Cho et al
recently demonstrated that HPV16 E6 downregulates IL-18,
a stimulator of type | helper T-cell responses, by inducing
INF-y expression (61). Although macrophages are the major
source of IL-18, this cytokine is also secreted by keratinoc-
ytes, suggesting that the down-regulation of IL-18 expression
in HPV-infected keratinocytes contributes to the inhibition of
cell-mediated immunity. In addition, the production of type 1
INFs enhances the expression of IL-12 and IL-18 receptors.
Therefore HPV interference with both the INF pathway and
IL-18 expression comprises a double-edged sword to block
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Figure 7. Control of interferon signaling in HPV infection. Virus infection induces early and delayed events in the interferon
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expression in neighboring cells via binding to cell surface receptors and transducer signals, and provoke anti-viral effect
on the cells. Second viral attack induces stronger response by expressing many additional anti-viral genes such as PKR,
MxA, 2'-5"-OAS, ADAR1/2, GBP, IRF-1, ISG-15, -54, -56 as well as INF-o. and -B. HPV16 or 18 E6 and E7 proteins block
these signaling pathways by protein to protein interactions. IkB, inhibitory factor of kB; IRF, interferon regulatory factor,
ISGF, interferon stimulated gene factor, Jak, Janus kinase; NFkB, nuclear factor-kB; PKR, double stranded RNA activated
kinase; STAT, signal transducer and activator of transcription; ISG, interferon-stimulated gene; 2'-5'-OAS, oligoadenylate
synthase; MxA, Mx protein; GBP, guanylate-binding protein; ADAR, RNA-specific adenosine deaminase.
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an effective immune response. These immune evasion mech-
anisms, which are mediated by the HPV E6 and E7 genes,
may explain the resistance of HPV-transformed keratinoc-
ytes to the anti-proliferative effects of cytokines.

Inhibition of antigen recognition. The recognition
Pphase of adaptive immunity

HPV16 E6 and E7 gene expression is limited to the basal epi-
thelial cell layers, and the expression levels of these genes are
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very low in pathological studies. The late genes L/ and L2,
which encode the viral capsid proteins, are expressed only
in the superficial squamous epithelial layers. Viral antigen
exposure to the antigen-presenting cells (APCs) in the skin,
known as Langerhans cells, is the first and crucial step in the
induction of immune responses against HPV. Limited or lo-
calized expression of viral proteins facilitates viral evasion of
immune surveillance (62). Human trials of a HPV16 vaccine
conducted by Koutsky and co-authors showed that intramus-
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cular injection of HPV16 virus-like particles induced anti-
HPV16 neutralizing antibodies that protected against HPV16
infection in 100% of the vaccinated subjects (63). This result
suggests that HPV particles that are administered (albeit to-
gether with an adjuvant) into the stromal tissues effectively
elicit anti-HPV neutralizing antibodies. In natural HPV in-
fections, anti-HPV (capsid) antibodies are not induced in
every HPV16-infected woman (64). IgG antibodies against
high-risk HPV are induced in women with persistent HPV16
infection (64,65), but not during transient infections (65).
Our recent study demonstrates that both IgA and IgG anti-
bodies against high-risk HPV types 16, 18, 31 and 45 are se-
creted in the uterine cervix in approximately 70% of women
with SIL (66). In this study, some of the women elicited IgG
responses after treatment for SIL, which suggests that the
surgical procedure induces inflammation that enhances the
immune response. We postulate that HPV infection does not
always induce inflammation, and consequently, no immune
response is elicited, since many cervical HPV infections are
clinically asymptomatic.

Several investigators have suggested that the density of
Langerhans cells decreases during genital HPV infection,
condylomas (67) and SILs (68). The decrease of Langer-
hans cells during HPV infection may, along with other lo-
cal immune deficiencies, contribute to prolonged infection
and possibly to malignancy. Other studies have suggested
that the Langerhans cells in HPV lesions are functionally
impaired, which may also contribute to the persistence of
infection. One group has shown a defect in S-100 protein
expression in Langerhans cells within SILs, although the
marker of CD1 expression on the same cells was intact,
which suggests disrupted maturation of the Langerhans cells
(69). Once Langerhans cells have captured an antigen, the
recognition phase continues with their migration from the in-
fection site to the draining lymph nodes. Certain cytokines,
particularly IL-1a and TNF-a (mainly produced by kerati-
nocytes) and IL-1p (mainly produced by Langerhans cells),
promote this migration (70). In contrast, IL-10, which is pro-
duced by keratinocytes and type 2 helper T cells, acts as an
inhibitor of Langerhans cell migration (71). Other cytokines,
e.g. the keratinocyte-produced granulocyte-macrophage
colony-stimulating factor (GM-CSF), promote the initiation
of maturation of Langerhans cells into mature dendritic cells
(72). An association between defective production of these
cytokines and persistent HPV infection has been postulated,
based on the findings of reduced expression of IL-1a., IL-1j3,
TNF-a, GM-CSF, etc. by several HPV-immortalized cervi-
cal cell lines and several cervical cancer lines, as compared
to normal cervical cells (73). Mota et al found that TNF-o
expression by keratinocytes was absent in some SIL biopsy
specimens, but was present in all of the biopsy specimens
from normal cervical squamous epithelium (74). Conversely,
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IL-10 expression by keratinocytes was present in many SIL
biopsy specimens, but absent in samples of normal epithe-
lium. Our ongoing study has shown high-level secretion of
IL-10 and relatively low-level secretion of TNF-a in low-
grade cervical SIL. The circumstance of high-level IL-10 and
low-level TNF-a at the early stage of HPV-infected lesion
development may have the effect of inhibiting Langerhans
cell activation and migration, resulting in impaired antigen
recognition. Tindle er al have postulated that the disrupted
maturation of Langerhans cells by HPV16 E7 may induce
immune tolerance, rather than immune activation (75).

HPYV antigen-specific helper T cell and cytotoxic T cell
responses. The effector phase of adaptive immunity
Naive helper T cells are activated following the recognition
of viral antigens that are exposed on class Il MHC molecules
on the surface of APCs, such as Langerhans cells. This activa-
tion converts naive T cells into mature helper T cells. Follow-
ing activation, these cells proliferate rapidly upon secondary
exposure to the same antigen (T-helper response). In three of
five cross-sectional studies, T-helper responses to HPV16 E6
and E7 proteins and peptides were observed more frequently
in subjects who were cytologically normal, than in subjects
who had developed SIL, which suggests that these antigens
are important in SIL prevention (76-78). In one study, re-
sponses to HPV16 E7 peptides were observed more frequent-
ly in SIL subjects, who were infected with HPV types 16, 31
and 33, than in controls without SIL (HPV status unknown)
(79). In contrast, another study found no correlation between
these responses and the presence of SIL (80).

The results from studies that have focused on helper T cell
response against other HPV16 proteins are equally confus-
ing. T-cell proliferative responses to HPV16 L1 were ob-
served more frequently in subjects with SIL, than in healthy,
age-matched controls (81,82). These results are concordant
with the results of serological investigations showing that
anti-high-risk HPV L1 IgG responses are induced more
frequently in women with SIL and cancer than in control
women (64,65). In cross-sectional studies, the E2 responses
were associated with viral clearance, but not with the resolu-
tion of SIL (83), whereas the E5 responses were associated
more frequently with low-grade SIL (LSIL) subjects than
with HPV-positive normal and high-grade SIL (HSIL) sub-
jects (84). A longitudinal study of E5 expression would be
of great interest in determining whether the higher responses
in subjects with LSIL are associated with disease resolution.
One limitation is that the activities of helper T cells alone
may not correlate directly with the clearance of the virus and
virus-associated lesions, since they are not the effector cells
that kill HPV-infected cells.

On the other hand, CD8-positive, MHC class-I restricted
cytotoxic T-lymphcytes (CTLs) are known to be responsi-
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ble for the recognition and killing of virus-infected host cells
and virus-induced tumors (85). CTLs that recognize specific
parts of the HPV antigen kill those keratinocytes that present
the corresponding antigenic peptides on the cell surface. In
humans, HPV16 E6- and/or E7-specific CTLs have been
detected in women with cervical cancer and in women with
SIL (86,87). Lack of E6 but not E7 correlates with persistent
HPV16 infection, which suggests that the CTL response to
E6 is important in the clearance of HPV16 infection (88).
However, the CTL responses noted in this study were fre-
quently transient. The sensitivity of the current assay for the
detection of circulating T cells that are specific for local-
ized infection may be limited. Recently, a novel technique
for identifying antigen-specific T lymphocytes, which uses
peptide-MHC class 1 tetramers, has been used to identify
and isolate CD8-positive T lymphocytes with specificity for
HPV. Positive tetramer responses to the HPV16 E7 (11-20)
peptide were observed in patients with cervical cancer and
CIS (89). However, the interpretation of positive responses
in cancer patients is problematic, since these patients have
defective immune responses.

MHC-restricted antigen presentation. The recogni-
tion and effector phases of adaptive immunity
Foreign antigens are presented by MHC class Il molecules
on the cell surface of APCs, after being processed inside
the cell. INF-y treatment of HPV16-, HPV 18-, and HPV33-
immortalized keratinocytes has been shown to enhance the
transcription of MHC class II (90). Several studies have
reported evidence of impaired MHC class II expression in
high-grade cervical lesions (73,91,92), whereas other studies
have provided rather confusing results, showing more fre-
quent expression of Human Leukocyte Antigens (HLA)-DR
in HSIL than in LSIL (74,93). The hypothesis is that HPV
evades cellular immune responses and relies on the inhibition
of MHC class II expression. This idea was suggested by a
study in which two groups of patients with genital condylo-
ma were compared: those who responded and those who did
not respond to interferon treatment (92). The impaired up-
regulation of this antigen in the nonresponders, as compared
to the responders, was associated with the overexpression of
the HPV E7 gene, which suggests a possible causative link
between high-level E7 expression and reduced inducibility
of HLA-DR expression in nonresponders. A recent report
showed that HPV E5 downregulates the expression of MHC
class II (94). Sequential degradation of the invariant chain
within the acidic endocytic compartments is a key process in
the successful loading of antigenic peptides onto MHC class
II molecules. The ES protein may affect appropriate peptide
loading onto MHC class II by inhibiting the acidification of
the late endosomes in human keratinocytes.

Normal human keratinocytes constitutively express MHC
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class I molecules, and are susceptible to class I-mediated
lysis by alloantigen-primed CTLs (95). Moreover, exog-
enous INF-y enhances this susceptibility. A drastic reduction
in MHC class I expression in cutaneous warts was reported,
but with only a mild reduction in condyloma and laryngeal
papillomas (96). At least 30% of cervical cancer cases ex-
hibit a significant reduction in MHC class I expression (97).
Torres et al found that the loss of MHC class I expression
in cervical cancer biopsy specimens correlated with tumor
invasiveness and more aggressive histology, as assessed by
the Glanz histoprognostic index of malignancy (98). Fur-
thermore, some reports have demonstrated the down-regula-
tion of the transporter associated with antigen presentation
(TAP1) and MHC class I proteins in laryngeal papilloma
biopsies from patients with recurrent respiratory papilloma-
tosis (RRP), which is a disease that is refractory to treatment
(99). A similar result was observed in cervical cancer biopsy
specimens (100). Ashrafi et al have demonstrated that the
bovine papillomavirus E5 downregulates MHC class I ex-
pression (101), and they have confirmed that the human pap-
illomavirus E5 also has this function. Therefore, HPV might
be able to disrupt CTL recognition of HPV-infected cells by
down-regulating the expression of TAP-1 and MHC class 1.
However, the down-regulation of MHC class I may result
from altered cytokine levels or sensitivity to cytokines, such
as INF-y and TNF, rather than a direct effect of viral infec-
tion (102). Regardless of the reasons for the changes in MHC
class I expression, the data suggest that the loss or down-
regulation of MHC class I expression may contribute in a
significant way to the defective recognition and removal of
infected cells by CTLs. This may explain why HPV-specific
CTL responses have been detected in some women who are
developing cancer.

REGULATION OF T-CELL RESPONSES BY CHEMOKINES AND
ADHESION MOLECULES

An important component of the effector phase of the cu-
taneous immune response is the recruitment and retention of
activated lymphocytes at sites of inflammation, reflecting
processes that involve both soluble chemokines and mem-
brane-bound adhesion molecules. Cervical keratinocytes con-
stitutively produce IL-8, the secretion of which is enhanced
by activation with IL-1 or TNF-a.. The T-cell product INF-y
has been shown to synergize with TNF-o in the enhance-
ment of keratinocyte IL-8 production, which may provide a
positive feedback loop whereby T cells migrate to sites of
inflammation (103). Spear et al demonstrated significantly
higher IL-8 levels in women with genital tract dysplasia or
with cytological or histological evidence of HPV infection
than in women without these signs of disease, whereas the
levels of other chemokines, such as RANTES and MIP-1a,
were not significantly different (104). In contrast, other au-
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thors have reported significantly diminished production of
IL-8 in HPV16- and HPV18-immortalized cell lines and in
cervical carcinoma cell lines (73). Treatment with IL-1 or
TNF-a failed to upregulate IL-8 production in these cancer
cells.

The chemokine macrophage chemoattractant protein 1
(MCP-1) may also be important in HPV control. HeLa cells
that were transformed with the MCP-1 gene showed signifi-
cant growth retardation, as well as marked macrophage infil-
tration when inoculated into nude mice, whereas HeLa cells
that lacked the transformed MCP-1 gene rapidly produced
growing tumors in the absence of macrophage infiltration
(105). Keratinocytes are capable of producing MCP-1, and
the endogenous gene in HeLa cells is not rearranged struc-
turally. However, the expression of MCP-1 in HeLa cells ap-
pears to be suppressed and is only marginally upregulated by
TNF-a (106). This suggests another potential mechanism of
escape from host defenses in HPV-associated malignancies.

Keratinocytes express intercellular adhesion molecule 1
(ICAM-1) and its ligand, leukocyte function-associated anti-
gen 1 (LFA-1). The LFA-1 interaction with ICAM-1 appears
to be involved in specific antigen recognition and is critical
for CTL-mediated killing (103). The constitutive expression
of ICAM-1 in keratinocytes is very low, but is markedly in-
creased by stimulation with the cytokines TNF-a and INF-
v (106). In a study comparing regressing and nonregressing
genital condylomas, significant induction of ICAM-1 and two
other adhesion molecules, E-selectin and vascular cell adhe-
sion molecule 1 (VCAM-1), was observed in the regressing
lesions (92). The regressing lesions also contained signifi-
cantly more T cells and macrophages than the nonregressing
controls. Some investigators have presented evidence that
malignant transformation of cervical keratinocytes is associ-
ated with impaired ICAM-1 inducibility (73), whereas others
have reported the upregulation of [CAM-1, VCAM-1 and E-
selectin in HSIL, as compared to the respective expression
levels in LSIL or normal cervical epithelium (107). These
data suggest a role for adhesion molecules in anti-neoplastic
immune responses in HSIL, but do not support the hypoth-
esis that the impaired expression of adhesion molecules is
associated with the progression of HPV-induced lesions.

EXPRESSION OF TH1 AND TH2 CYTOKINES DURING
HPV INFECTION

In recent years, studies of immunoregulation have focused on
the functional dichotomy of cytokines, i.e. those that support
cellular immune responses and those that support humoral
responses, as well as the parallel dichotomy of cytokine-pro-
ducing helper T cells. The phenotypic classification of acti-
vated helper T cells into INF-y-, TNF-a.-, and IL-2-producing
T helper type 1 (Th1) cells, which stimulate cellular respons-
es, and into IL-4-, IL-5-, IL-6-, IL-10-, and IL-13-produc-

Biomed Rev 14, 2003

ing T helper type 2 (Th2) cells, which stimulate humoral re-
sponses, has been reviewed previously (108). Accessory cell-
derived cytokines, such as IL-12, which promote Thl cell
development, are also important regulators of T cell function.
In addition, accessory cells and even keratinocytes contribute
to the production of various Th1 and Th2 cytokines, such as
TNF-o and IL-10. The imbalance between Th1 and Th2 cells
induces severe infectious diseases in humans, as confirmed
in several studies. The Th1-Th2 hypothesis of immune regu-
lation may also be applicable to the natural history of HPV
infection.

Some studies have suggested that HPV infection normally
elicits a Th1 response. The immune responses to HPV vacci-
nation in a mouse model were characterized by the secretion
of the Th1 cytokines INF-y and IL-2 (109). Tsukui ef al dem-
onstrated IL-2 production in response to HPV 16 peptides, by
the peripheral blood lymphocytes of women with SIL and
cervical cancer and in cytologically normal women with a
history of HPV16 infection (78). The contention that the
Th1 response is important for clearance of HPV infection,
or conversely, that the lack of such a response may be as-
sociated with persistent HPV infection or the development of
HPV-related neoplasia, is supported by several studies. In a
study of cytokine mRNA patterns in exfoliated cervical cells,
seven HPV-positive subjects, who showed HPV clearance on
examination four months later (110), displayed a Thl-like
pattern of cytokine secretion (INF-y-positive, IL-4-negative)
prior to clearance, as compared to the highly variable patterns
observed in HPV-negative women with a previous history of
HPV infection. Another investigation, using cervical biopsy
specimens, showed decreased levels of INF-y expression in
women with SIL or cervical cancer as compared to normal
cervical tissues (111). The normal cervical tissues were ob-
tained from HPV16- and HPV18-negative women, although
it was not stated whether these women were positive for any
other HPV type. Yet another recent study examined cervical
biopsies by immunohistochemistry, and found that SIL, par-
ticularly HSIL, biopsies contained fewer Thl (IL-2-postive)
cells and had an increased density of Th2 (IL-4-positive)
cells as compared to normal cervical epithelium (112). In a
report by Tsukui et al using peripheral blood lymphocytes
(78), the production of IL-2 following in vitro stimulation
with HPV16 peptides correlated with cervical disease grade -
the highest IL-2 levels were detected in cytologically normal
HPV16-positive women, intermediate levels of IL-2 were es-
tablished in women with SIL, and the lowest levels of 1L-2
were reported in women with cervical cancer. Clerici et al
(113) examined the antigen- and mitogen-stimulated cytokine
production levels in peripheral blood mononuclear cells from
women with SIL, and reported a shift from Thl to Th2 cy-
tokines in women whose HPV infection extended beyond the
cervix to the vagina. The authors speculated that augmented
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IL-10 production decreases the immune recognition of HPV-
associated tumors by downregulating the expression of MHC
class I and/or class II molecules. As described above, both of
these molecules have been reported to show diminished ex-
pression in persistent or progressing HPV-associated lesions,
although the evidence for the loss of MHC class II expression
is controversial at this time.

We examined the levels of cytokine secretion in the cervi-
ces of ten women who had HPV infection that was followed
for a year. Most of the women (with only one exception) had
persistent infection and showed high-level IL-10 secretion,
regardless of the level of INF-y. On the contrary, most of the
women who have cleared the HPV infection had low levels
of [L-10 and high levels of INF-y secretion (data not shown),
which suggests that high-level secretion of IL-10 may be the
predominant factor in immune suppression against HPV. This
hypothesis appears to be supported by the findings of our
cross-sectional study, which showed that the Th2 cytokine
IL-10 was secreted at higher levels in women with LSIL
than in healthy women, whereas the secretion levels of INF-y
(Th1) and TNF-a remained unchanged (unpublished data).
Surprisingly, TNF-a was overexpressed in women with ma-
lignant lesions, and immunohistochemical analysis revealed
that malignant cells that infiltrated into the lesion contributed
to this increased expression rather than monocytes. Although
the reason for this finding is currently unknown, we postulate
that it reflects a strong immune response to inhibit the malig-
nant cell growth in vain. As has been noted, this process may
not be effective against malignant cells that have already ac-
quired resistance to the anti-proliferative effects of TNF-a.

IMMUNE EVASION DURING HPV INFECTION

The potential mechanisms by which HPV evades the host
immune responses have been outlined in the preceding sec-
tions and are summarized in this section.

First, HPV may have evolved mechanisms that limit the
extent to which viral antigens are exposed to immune recog-
nition. HPV delays the expression of abundant viral proteins
(the capsid proteins encoded by the late viral genes) until the
terminal differentiation stage of the squamous epithelium,
which is an anatomically superficial location in which den-
dritic cells, such as Langerhans cells have less access to these
antigens. In contrast, in the basal epithelium, where the early
genes (such as E6 and E7) are expressed, the level of protein
expression is low and confined to a nuclear location, which
potentially limits an effective immune response against those
cells in which the virus is active. Some authors have pro-
posed that the delayed expression of the capsid-encoding
genes may be due to a pattern of codon usage that inhibits
their expression in basal epithelial cells (114).

Second, viral proteins such as ES5, E6 and E7 may modu-
late the immune responses. Either E6 or E7 can modulate
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the signal transduction pathway of interferon and other anti-
viral proteins. This apparently corroborates the finding that
HPV-infected keratinocytes acquire the ability to resist the
antiproliferative effects of many cytokines. E5-mediated
acidification of endosomes affects antigen processing and
presentation in keratinocytes (115). HPV16 E7 is tolerogenic
in the mouse model system, if the inflammatory stimulus is
absent at the time of E7 recognition (75).

Third, immune evasion may be achieved by inhibiting
antigen recognition, mainly via the downregulation of MHC
class I and class II antigens. HPV-specific CTLs have been
detected in some women who develop cervical cancer. A
possible explanation for this phenomenon is the downregula-
tion of TAP-1 and/or MHC class I antigens on the surfaces of
cancer cells, which results in the CTL attack being averted.
The increased secretion of immunosuppressive cytokines,
such as IL-10, the downregulation of IL-18 by HPV E6, and
the non-responsiveness to TNF-a of HPV-transformed cells
are all responsible for the downregulation of MHC expres-
sion. Correlations between certain MHC class I and II alleles
and susceptibility to, or protection against, CIN lesions and
cervical carcinoma probably reflect T-cell responses that are
directed against the HPV oncoprotein (116). The fact that
only some HPV-infected women are susceptible to cervi-
cal cancer indicates that immune-response-driven selective
pressures have shaped the sequences of native oncoproteins
so that the derived peptides do not bind to any of the MHC
molecules in the repertoire of that individual and, thus, these
peptides are not presented to T cells.

Alternative immunosuppressive mechanisms have been
presented previously (75). HPV16 E7 shows extensive simi-
larity to several human proteins. Molecular mimicry of self-
antigens may underlie the limited immunogenicity of E7.
The E6 and E7 proteins secreted by cervical carcinoma cell
lines can reduce the production of immunostimulatory IFN-y
in NK cells. HPV E7 expressing cells are resistant to lysis by
NK cells (117).

CONCLUSION

Many molecular events induced by oncogenic HPV types
could explain the mechanisms of HPV infection for cancer
development. However, such molecular events were not
prosecuted in many women, if HPV-infected cells could not
escape from the immune surveillance system. The possible
mechanisms by which HPV promotes cancer development
are summarized as follows:

e The stable expression of HPV E6 and E7 oncoproteins
in the cells, and this may be established by the integra-
tion of HPV genome into host genome.

e E6 and E7 proteins induce uncontrollable cell growth
and accumulate mutations in host genome by inhibit-
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ing the functions of Rb and p53, which tightly regulate
the cell division cycle.

The immune-evasion mechanisms of HPV can be sum-
marized as follows:

Avoidance of antigen recognition of APCs by limited
expression of viral antigens such as E6, E7 and capsid
proteins.

Induction of HPV16 E7 tolerance if there is no aug-
mented inflammatory stimulation at the stage of E7
recognition.

HPV proteins suppress the immune stimulation from
the host cells: HPV 16 or 18 E6 and E7 proteins block
the signal transduction pathway of IFN and other anti-
viral proteins, E5 downregulates antigen processing
and presentation of MHC antigens, and HPV16 E6
downregulates expression of IL-18 enhancing cell-
mediated immune response.

Secreted E6 and E7 suppress the immune responses of
surrounding immune cells. E6 and E7 secreted from
cervical carcinoma cell lines can reduce the produc-
tion of IFN-y in NK cells. E7-expressing cells are re-
sistant to lysis by NK cells.
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