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Cervical cancer is the fourth most common cancer in women and is almost exclusively caused by human papillomavirus (HPV)
infection. HPV is also frequently associated with other cancers arising from mucosal epithelium, including anal and oropharyn-
geal cancers, which are becoming more common in both men and women. Viral persistence and progression through precancer-
ous lesion stages are prerequisites for HPV-associated cancer and reflect the inability of cell-mediated immune mechanisms to
clear infections and eliminate abnormal cells in some individuals. Cell-mediated immune responses are initiated by innate
pathogen sensing and subsequent secretion of soluble immune mediators and amplified by the recruitment and activation of
effector T lymphocytes. This review discusses early defensive mechanisms of innate responders to natural HPV infection, their
influence on response polarization, and the underappreciated role of keratinocytes in this process.

Human papillomavirus (HPV) infects epithelial cells of the
skin and mucosal tissues and is best known for its causal role
in cervical cancer (1, 2), the fourth most common cancer in
women worldwide (3). HPV remains a serious public health prob-
lem despite the availability of effective prophylactic vaccines such
as Gardasil (Merck, Whitehouse Station, NJ, USA) and Cervarix
(GlaxoSmithKline Biologicals, Rixensart, Belgium). In the United
States in 2009, cervical cancer represented 53.4% of the newly
diagnosed HPV-associated cancers in women and oropharyngeal
cancer represented 78.2% of the newly diagnosed HPV-associated
cancers in men (4). The incidence rates of HPV-associated anal
and oropharyngeal cancers in both men and women increased
between 2000 and 2009 (4). In addition, adoption of prophylactic
vaccines has been slow. Therefore, understanding of early events
that occur upon HPV infection would be important in developing
additional modalities for preventing HPV-associated malignan-
cies. This review presents recent advances in our knowledge of the
impact of epithelial danger sensing and cytokine responses on the
clearance of HPV infections and the emerging role of keratino-
cytes (KC) as initiators of and partners in the amplification of
anti-HPV immunity.

HPV INFECTION AND DISEASE PROGRESSION

The site of infection matters. HPV can be divided into cutaneous
and mucosal types based on their tropism for the epithelium of
different tissues (5). Mucosal HPV types are further divided into
low- and high-risk categories, depending on oncogenicity. High-
risk HPV types cause virtually all cases of cervical cancer (1,2) and
are commonly associated with cancer and high-grade precursor
lesions in other mucosal tissues (5-7). HPV16 and -18 cause ap-
proximately 70% of cervical cancers, while low-risk HPV6 and -11
cause 90% of anogenital warts. Although HPV broadly infects
proliferative cells of cutaneous and mucosal epithelia (2), the risk
of HPV-associated disease progression is much higher in the
metaplastic transformation zones of the cervix, anus, and oro-
pharynx (8). Active metaplasia of the cervical transformation zone
in young women is a significant risk factor for HPV infection and
progression to low-grade cervical intraepithelial neoplasia (CINT1,
analogous to low-grade squamous intraepithelial lesion [LSIL])
(9, 10). Conversely, the vagina lacks a transformation zone, and
HPV-associated cancer of the vagina is much less frequent than
cervical cancer, despite common vaginal HPV infections (8).
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Danger sensing enables clearance. The sensing of pathogen-
associated molecular patterns via pattern recognition receptors
(PRRs) is central to the induction of innate immune responses
and identifies the nature of the infection for an adaptive response.
Viral nucleic acids can be detected by endosomal Toll-like recep-
tor 3 (TLR3), TLR7, TLRS, and TLRY. Two recent studies by the
same group revealed that increased expression of TLR mRNAs,
measured by quantitative reverse transcription-PCR (qRT-PCR)
in cervical cytobrush specimens, is significantly associated with
impending viral clearance. The first study examined women with
incident HPV16 infections (11). Greater cervical expression of
TLR2, -3, -7, -8, and -9 after incident infection with HPV16 than
preinfection was significantly associated with subsequent clear-
ance within 4 months. In women who cleared the infection, ex-
pression of TLR1, -3, -7, and -8 was significantly associated with
increased secretion of antiviral alpha 2 interferon (IFN-a2). No
such associations were found in subjects with HPV51 infections,
suggesting type-specific mechanisms by which different HPV
types may evade innate immune responses (11). The second study
examined the clearance of HPV16 infection following periods of
persistence (12). Higher expression of TLR3 or TLR7 was predic-
tive of HPV16 clearance by the following visit. The associations
grew stronger and expanded to include TLR3, -7, -8, and -9 in
women who produced positive IFN-y immunospot responses to
the HPV16 E6 oncoprotein but not E7. Together, these studies
suggest that increased TLR expression is important in the clear-
ance of HPV16 infections. Furthermore, there appears to be a link
between the role of TLRs in the clearance of persistent HPV16
infection and an E6-specific effector response.

Soluble immune mediators. PRR activation induces cytokine
secretion both directly and through autocrine and paracrine cyto-
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TABLE 1 Chemokine nomenclature and recruited cell types

Chemokine  Other name  Recruited cell type(s)

CCL2 MCP-1 Monocytes, memory T cells, DC/LC, NK cells
CCL3 MIP-1a Polymorphonuclear leukocytes
CCL4 MIP-1P3 Monocytes, NK cells

CCL5 RANTES T cells, monocytes, other leukocytes
CCL20 MIP-3a LC precursors, memory T cells
CCL27 CTACK Memory T cells (homing to skin)
CXCL8 1L-8 Neutrophils, other phagocytes
CXCL9 MIG Activated Th1 cells

CXCL10 IP-10 Activated Th1 cells

CXCL11 I-TAC Activated Th1 cells

kine signaling. Cytokines and chemokines (chemotactic cyto-
kines) can suppress viral gene expression, create an inflammatory
microenvironment, and recruit both innate and adaptive immune
cells. Cervicovaginal lavage samples from healthy young women
with immature, metaplastic cervical epithelium contain higher
levels of interleukin-1a (IL-1ax), IL-18, IL-6, IL-10, IL-12, CCL3,
CCL5, CXCLS8, tumor necrosis factor alpha (TNF-a), and IFN-vy
(measured by Luminex-based multiplex cytokine/chemokine as-
say) than those from women with mature epithelium, irrespective
of HPV status (13). Chemokine nomenclature is described in Ta-
ble 1. Young women have the highest rate of HPV infection (14),
yet it is unclear whether robust cytokine secretion in the healthy
state represents a greater readiness to mount an immune response
or greater susceptibility to harmful inflammation (13). Two lon-
gitudinal studies have shown that IFN-y mRNA expression, mea-
sured by qRT-PCR in cervical cytobrush (15) or cervical biopsy
(16) samples, is associated with HPV clearance. IFN-vy expression
in natural killer (NK) cells and activated T cells can be stimulated
by IFN-a, IL-12, and IL-18 produced by infected cells, activated
dendritic cells (DC), or macrophages (17). These studies com-
bined with those linking higher TLR expression and antigen-
specific IFN-y immunospot responses to HPV clearance (11,
12) underscore the importance of cytokine production by in-
nate immune cells to promote an effective T-cell response
against HPV.

The fact that 90% of HPV infections are cleared within 2 years
(18) speaks to the success of immune effector mechanisms. Nev-
ertheless, some women harbor persistent HPV infections for
years. A prospective study by Scott et al. (19) discovered a signif-
icant inverse relationship between time to clearance of incident
high-risk HPV infections and high levels of IL-12 and TNF-a
measured in cervicovaginal lavage samples by a multiplex im-
mune assay. High levels of IL-12 were also associated with signif-
icantly longer times to clearance of established infections (defined
as clearance after at least two high-risk HPV-positive visits). Given
its role as a promoter of IFN-vy secretion and T-helper type 1 (Th1)
responses, it is counterintuitive to associate IL-12 with viral per-
sistence, and changes in [FN-+y secretion were not associated with
longer times to clearance in this study. However, IL-12 can also
stimulate the production of TNF-a by macrophages (20). The
inverse association of time to clearance with high levels of both
IL-12 and TNF-a may reflect macrophage activation and resultant
inflammation. Chronic inflammation is known to cause tissue
damage and can promote cellular changes leading to malignancy
(21). On the other hand, insufficient immune activation also leads
to advanced disease. A previous cross-sectional study (22) of high-
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risk HPV-associated lesion progression found that women with
lower levels of IFN-vy and IL-10 mRNA in cervical cytology brush
specimens were significantly more likely to have CIN2/3 than
CIN1 or normal histology. These associations were paralleled by
significantly higher levels of FoxP3 mRNA with CIN2/3, sug-
gesting larger numbers of regulatory T cells and an immuno-
suppressive environment. Thus, in this study, reduced Th1 and
homeostatic cytokine expression appeared to be permissive for
immunosuppression and disease progression.

Additional studies have demonstrated that cytokine responses
are increasingly dysregulated during HPV-related disease pro-
gression. Azar et al. (23) examined cytokine (TNF-a, IFN-v, IL-6,
and IL-10) levels in cervical cytobrush specimens for a continuum
of subject classifications: HPV negative normal, HPV negative in-
flamed, HPV positive with normal cytology, HPV positive with
CIN1, and HPV positive with CIN2/3. All of the cytokine levels
were higher in secretions from inflamed cervices and all HPV-
positive cervices than in those from HPV-negative normal cervi-
ces. An increased level of TNF-a was significantly associated with
CIN2/3. The amounts of Th1-promoting cytokines (IFN-v, TNF)
and Th2-promoting cytokines (IL-6, IL-10) were inversely corre-
lated in HPV-positive samples without dysplasia and CIN1, but
these correlations decreased with progressive disease grades, sug-
gesting a role for an impaired immune response in disease pro-
gression. Mhatre et al. (24) reported that women with negative
Papanicolaou test results secreted higher levels of anti-inflamma-
tory markers (IL-1 receptor antagonist, 3-defensins 1, 2, and 3)
and lower levels of proinflammatory cytokines (IL-1a/f3, CCLS5,
and CXCL8) than did women with CIN1 and CIN3. IL-1 receptor
antagonist and B-defensins are normally increased with inflam-
mation and infection (24), so this reciprocal modulation with
proinflammatory cytokines suggests dysregulation of the normal
cytokine-defensin network.

Defensins can block HPV infection (25, 26) and potentially
influence adaptive immunity by recruiting immune cells (27, 28).
Greater expression of B-defensins has been reported in HPV-as-
sociated genital warts than in uninfected tissue (29) and in anal
intraepithelial neoplasia than in nonlesional tissue in men who
have sex with men (30). These observations suggest that defensins
play a role in the local immune response to HPV. In addition,
Hubert et al. (28) noted a regional disparity in the expression of
human a-defensin 5, which was readily detectable in ectocervical,
vaginal, and vulvar neoplasia but nearly absent from the cervical
squamocolumnar junction, and suggested that this absence of
a-defensin 5 may contribute to the unique susceptibility of the
squamocolumnar junction to HPV infection and progressive dis-
ease.

KC AS MEDIATORS OF INNATE IMMUNITY

Pattern recognition. Undifferentiated basal KC are the target of
HPV infection but also the first line of defense. Expression of
TLR1 to -7, -9, and -10 has been described in cultured primary
human KC (31-35). As mentioned above, TLR3, -7, -8, and -9
detect nucleic acids present in endosomes. TLR3 senses double-
stranded RNA (dsRNA) and the synthetic agonist poly(I-C). TLR9
senses unmethylated CpG sequences in DNA and synthetic CpG
oligodeoxynucleotides (CpG ODN). TLR7 and -8 sense single-
stranded RNA and can be stimulated by synthetic oligoribonucle-
otides or small imidazoquinoline molecules. The imidazoquino-
line drug imiquimod is an immunomodulator and FDA-approved
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topical therapeutic for skin conditions, including genital warts, and
its effectiveness as a treatment for anogenital intraepithelial neopla-
sias continues to be examined (36-39). KC also constitutively express
the cytoplasmic dsRNA sensors protein kinase R (PKR), retinoic ac-
id-inducible gene I (RIG-I), and melanoma differentiation-associ-
ated gene 5 (MDAD5) (33, 34). Expression of all four dsRNA sensors
(TLR3, PKR, RIG-I,and MDAS5) is upregulated in KC by type Iand II
IFNs (40—42) or poly(I-C) (33), further enhancing viral detection
capability.

Karim et al. (34) developed a KC culture model by using pri-
mary KC from foreskin, vagina, and cervix tissues electroporated
with HPV16 or -18 episomes to study the effect of HPV on virus-
sensing PRR responses. Genome-wide expression profiling dem-
onstrated that the presence of high-risk HPV episomes downregu-
lated genes involved in innate and adaptive immune responses
and upregulated genes involved in the cell cycle, DNA replication,
and RNA metabolism. Basal expression of TLR3, PKR, RIG-I, and
MDAS5 was not altered in KC harboring HPV16 or -18 episomes.
However, TICAM]I (encodes a TLR3 adaptor and mediator of type
I IFN expression) expression was downregulated and poly(I-C)
responses were broadly depressed, suggesting that high-risk HPV
suppresses PRR signaling (34). Of the poly(I-C)-stimulated genes
most downregulated by HPV, those for IL-1B and IL-6 are the
most interconnected to other cytokines and antigen presentation
pathways. The gene for CDKN2A, a cell cycle regulator, was the
most interconnected of the genes upregulated by high-risk HPV.
Reduced secretion of IL-1f and CCL5 in poly(I-C)-stimulated,
HPV-positive KC was confirmed by enzyme-linked immunosor-
bent assay (ELISA), and reduced expression of the inflammasome
component NLRP2 was confirmed by qRT-PCR (34). Thus, the
ability of HPV16 and -18 to counter PRR-mediated signaling and
target central hubs of highly interconnected gene networks favors
immune escape and cell proliferation.

Later reanalysis of genome-wide expression profiles (43) re-
vealed a significant upregulation of genes belonging to the protein
ubiquitination pathway in HPV-positive KC, and the gene for
ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) was the most
highly upregulated of these. UCHLI proved to be a potent nega-
tive regulator of PRR-induced immune responses in KC and was
exploited by high-risk HPV to prevent the production of IFNs,
cytokines, and chemokines and the attraction of professional im-
mune cells. Mechanistic studies showed that UCHLI-mediated
suppression of nuclear factor kB (NF-kB) and IFN response factor
(IRF) signaling pathways by destabilizing NF-«B essential modu-
lator and preventing polyubiquitination of TNF receptor-associ-
ated factor 3, respectively (43). HPV-transformed KC tend to lose
expression of UCHLI, suggesting that different mechanisms of
immune escape operate in these cells.

In contrast, Hasan et al. (32) demonstrated that HPV16 E6 and
E7 downregulate the constitutive expression of the viral DNA sen-
sor TLRY in undifferentiated KC. HPV16 E6 and E7 also sup-
pressed CCL20 and CXCL8 secretion and inhibited NF-«B re-
porter activity in CpG ODN-stimulated KC. TLR9 promoter
deletions that removed several NF-«B binding sites restored pro-
moter activity to normal levels, suggesting that HPV16 E6 and E7
actively suppress TLR9 promoter activity via the NF-kB binding
sites (32). Karim et al. (43) also observed that KC could respond to
CpG ODN stimulation by upregulating IFN-1, IL-8, and CCL20
gene expression and that this response was abrogated by HPV16
and -18. However, findings of the two groups conflict with respect
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to the differentiation state of TLR9-responsive KC. While Lebre et
al. (35) also detected TLR9 expression and CpG ODN-stimulated
chemokine secretion in undifferentiated KC, Karim et al. (34, 43)
and others (33) failed to detect TLR9 expression in undifferenti-
ated KC. Several groups demonstrated TLR9 expression and re-
sponsiveness in in vitro differentiated primary KC (34, 43, 44) and
differentiated layers of normal (44) and lesional (34) epithelium.
The reason for the conflicting findings is unknown but may reflect
differences in culture conditions (media, feeder cells, passage
number) and/or tissue sources (embryonic versus adult, foreskin
versus cervical).

TLR7/8 are also typically absent in KC. Andersen et al. (31)
found that primary cervical epithelial cells mount functional re-
sponses to TLR3 and TLR9 activation but fail to respond to several
TLR7/8 ligands. It has been thought that in the absence of TLR7/8
responses from cervical epithelial cells, any benefit from imi-
quimod/resiquimod therapy would arise from stimulation of DC
and other TLR7/8-responsive immune cells present in cervical
tissue (31). However, a few groups have uncovered circumstances
under which TLR7 and -8 are upregulated in KC. One group (33)
found that TLR7 was functionally upregulated in primary KC ex-
posed to poly(I-C). They also observed 3-fold higher TLR7 expres-
sion in HPV-positive genital wart specimens than in healthy epi-
dermis. As poly(I-C) mimics viral dsRNA, these results suggest
that activation of TLR3, PKR, RIG-I, and MDA5 may upregulate
TLR7 in HPV-infected tissue and confer lesion-specific sensitivity
to the TLR7 agonist imiquimod (33). Another group (45) found
that differentiated KC respond to imiquimod in a TLR7-depen-
dent manner by secreting CXCL8 and TNF-a. TLR7 expression
was induced 3-fold by KC differentiation and further induced by
imiquimod. Interestingly, Hasan et al. (32) discovered that TLR8
was induced in KC lines infected with HPV16 E6/E7-expressing
retroviruses and that conditioned medium from these cells could
induce TLR8 expression in mock-infected KC.

KC-derived cytokines. KC constitutively secrete low levels of
soluble immune mediators, including cytokines, chemokines, and
growth factors (46—48), the production of which can be elevated in
response to proinflammatory stimuli, including PRR activation
and autocrine or paracrine stimulation with inflammatory cyto-
kines (31, 43, 46, 47, 49). Several cytokines, including type I IFNs,
TNF-a, IL-1a, IL-4, IL-13, and transforming growth factor 3
(TGE-B), share the ability to inhibit HPV early gene expression
(50-54). In addition, type I IFNs, TNF-a, and TGF-[3 suppress the
growth of normal KC and nontumorigenic, HPV-transformed
KC, although effectiveness can vary with the transforming HPV
type and is generally lost with progression to a tumorigenic phe-
notype (50, 51, 54, 55). The complexity of HPV-host interactions
is well reflected by the roles of antiviral type I IFNs and their
subversion by HPV.

Type I IENs are produced by most cells in response to viral
infection to induce an antiviral state in both the infected cell and
neighboring cells to prevent the spread of viral infection. Initial
danger sensing via intracellular nucleic acid-sensing PRRs leads to
the activation of constitutively expressed IRF3 and subsequent
expression and secretion of IFN-f3, which in turn induces the ex-
pression of IFN-a-stimulated genes and other IFN-stimulated
genes (ISGs) through autocrine and paracrine signaling pathways
dependent on signal transducers and activators of transcription
(STAT) transcription factors (56, 57). [FN-a/B and IFN-y exert
potent antiproliferative activity on HPV-immortalized KC and

August 2015 Volume 22 Number 8


http://cvi.asm.org

reduce the transcription of HPV genes, but IFN sensitivity differs
greatly among cell lines (50).

High-risk HPV oncoproteins are effective suppressors of ISG
expression (58-60). The E6 and E7 oncoproteins from HPV16
and -31 inhibit both STAT1 (61), an essential mediator of IFN
signaling, and PKR (40), which is increased by IFN-a/B/7y to in-
duce translation inhibition. HPV oncoproteins inhibit PKR func-
tion by multiple pathways, including inhibition of PKR phos-
phorylation and alteration of PKR subcellular localization in
organotypic raft cultures and CIN lesions (40). STAT1-deficient
mice are susceptible to viral infection because of almost complete
loss of IFN signaling (62). STAT1 increases during KC differenti-
ation, but to a lesser extent in HPV-positive cells. Suppression of
STAT]1 expression by viral proteins is required for differentiation-
dependent HPV amplification, as well as long-term maintenance
of episomal HPV (61). Nees et al. (58) discovered that the HPV16
E6 and E7 oncoproteins downregulate the expression of ISGs, as
well as genes involved in NF-kB activation and cell cycle regula-
tion in differentiating but not proliferating KC. E6 was a stronger
repressor of IFN and ISG expression than E7 was and strongly
reduced IFN-a and STAT1 protein levels and STAT1 binding to
DNA. Even so, the combination of E6 and E7 was more effective
than E6 alone. In contrast to the group of ISGs, very few of the
E6/E7-modulated genes involved in NF-kB activation or cell cycle
regulation were modulated by IFN-a/( treatment (58).

IFN-k is a KC-specific type I IFN that, unlike IFN-f3, is consti-
tutively expressed in resting KC (63). Viral infection, dsRNA,
IFN-B, and I[FN-v all significantly increase IFN-k expression. Ex-
ogenous IFN-k signals through type I IFN receptors, activates
IRFI and STAT1 signaling mediators, induces several antiviral
effector pathways (PKR, oligoadenylate synthetase, Mx dynamin-
like GTPases) common to other type I IFNs, and can protect fi-
broblasts from viral infection (63). The upregulation of STAT1 by
IFN-« is notable because STAT1-deficient mice are susceptible to
viral infection because of almost complete loss of IFN signaling
(62). HPV16-, HPV18-, and HPV31-positive KC cell lines down-
regulate the constitutive expression of IFN-k and a broad selec-
tion of ISGs, including those for STAT1 and dsRNA-sensing PRR,
and respond weakly to poly(I-C) (59). However, reexpression of
IFN-k restores ISG and PRR expression in HPV18-positive KC
cell lines and HeLa cells (59) and restores p53, IRF-1/7/9, and
MxA expression in HPV16-positive SiHa cells (64), highlighting
the importance of IFN-k as a regulator of ISG expression in KC.
The E6 oncoprotein is the main driver of IFN-«k repression, which
is achieved via promoter hypermethylation (59, 64). Interestingly,
promoter demethylation restores IFN-k expression in CaSki but
not SiHa cells (both HPV16 positive), yet forced expression of
IFN-k can protect SiHa cells from viral infection (64).

Sunthamala et al. (60) reported that HPV16 E2 also suppresses
many genes associated with innate immunity, including those for
IFN-k and stimulator of IFN genes (STING). Activation of STING
by cytosolic DNA sensors induces type I IFN expression via Tank
binding kinase 1 and IRF3. This is the first report of a possible
involvement of STING in HPV immunity. Furthermore, knock-
down of STING moderately reduced IFN-k expression in primary
human KC, and both proteins were reduced in HPV-positive cer-
vical tissue and CIN1 (60). IFN-«k downregulation in HPV-posi-
tive precursor lesions and cervical cancer has been observed before
(64, 65). Interestingly, De Carlo et al. (65) found that while IFN-{3
and IFN-y mRNAs were detectable in HPV16-positive cervical
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epithelium from LSIL, high-grade squamous intraepithelial le-
sion, and carcinoma biopsy specimens, IFN-k mRNA was absent.
In contrast, IFN-k, IFN-3, and IFN-y mRNAs all increased in
stroma associated with higher lesion grades, which was selectively
infiltrated by monocytes and DC (65). The authors suggest that
these immune cells may be responsible for increased IFN expres-
sion in stroma. Thus, the absence of IFN-k in diseased epithelium
and suppression of IFN-k and STING by E2 may both contribute
to viral persistence and immune evasion at an early stage of HPV
pathogenesis.

KC COMMUNICATE WITH PROFESSIONAL IMMUNE CELLS
Recruitment. Leukocytes expressing the appropriate chemokine
receptors are recruited to sites of inflammation by gradients of
chemokines that are released locally. Several of the studies de-
scribed above (31, 34, 35, 43) document that KC readily upregu-
late the production and secretion of chemokines (CCL2, CCL3,
CCL4, CCL5, CCL20, CCL27, CXCL8, CXCL9, CXCL10, and
CXCL11) in response to danger signals. Chemokine-responsive
immune cells are described in Table 1. Importantly, discrimina-
tion of the pathogen type by differential PRR activation stimulates
the secretion of different patterns of chemokines (31, 35), which
may recruit distinct populations of immune cells (66). Lebre et al.
(35) examined the secretion of chemokines from primary KC cul-
tures treated with ligands for TLR3 [poly(I-C)], TLR4 (lipopoly-
saccharide), TLRS5 (flagellin), and TLR9 (CpG ODN) and discov-
ered that different TLR ligands induce distinct patterns of
chemokine secretion. While CCL2, CCL20, and CXCL8 were in-
ducible by all four TLR ligands, CXCL10 responded to TLR3 and
TLR9, CXCL9 responded only to TLR3, and CCL27 responded to
TLR3 and TLR5 (35). Another group observed that cervical
epithelial cells secrete CXCL8 in response to stimulation by both
TLR3 and TLR9 but secrete CCL5 in response to TLR3 but not
TLRY (31). CXCL8 stimulates chemotaxis and phagocytic activity
in neutrophils and other phagocytes. CCL5 attracts T cells, mono-
cytes, eosinophils, basophils, NK cells, and DC (67). Langerhans
cell (LC) precursors are recruited to the epidermis by CCL20 con-
stitutively expressed by KC (68). KC respond to activated LC and
T cells by increased secretion of cytokines and chemokines, in-
cluding CCL20, which supports the repopulation of the epidermis
with LC following the emigration of activated LC (reviewed in
reference 66). CCL20 is the most potent inducer of immature LC
migration to the skin but also attracts CCR6-positive memory B
and T lymphocytes. CXCL9 and CXCL10 are CXCR3 ligands that
recruit activated Th1 cells and help establish a local adaptive im-
mune response (69). Several groups have demonstrated that the
HPV16 E6 and E7 oncoproteins reduce both the basal and PRR- or
cytokine-stimulated expression of chemokines in KC (34, 70-73).
Additionally, the reduced ability of conditioned medium from
HPV16 E6/E7-positive KC or SiHa cells to support chemotaxis of
immune cells has been attributed to reduced secretion of chemo-
kines (34, 72, 73).

Retention. In addition to recruitment, KC facilitate immune
cell retention through the expression of surface receptors. Follow-
ing recruitment of LC precursors to the epidermis by CCL20 (66,
68), homotypic binding of E-cadherin between KC and LC is crit-
ical for epithelial retention (74) and subsequent differentiation of
LC (75) and is reduced upon LC activation to permit egress of LC
from the epithelium and migration to lymph nodes (76). Forced
expression of E-cadherin in normally E-cadherin-deficient SiHa
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cells greatly enhances LC infiltration of and adhesion to organo-
typic layers of SiHa cells (77).

Several studies have reported an association between reduced
numbers of LC and loss of E-cadherin expression in HPV-positive
CIN lesions (77, 78) and noninflamed warts (79). In warts, LC
depletion was associated with reduced expression of both CCL20
and E-cadherin in lesional KC. CCL20 was upregulated and LC
numbers were increased in inflamed warts associated with massive
or diffuse dermal infiltrates of DC and cytotoxic CD8" T cells
(79). Hubert et al. (80) showed that both LC numbers and E-
cadherin expression decreased progressively with increasing
grades of CIN. Furthermore, reduced numbers of S100-positive
LC in CIN suggest that HPV interferes with the recruitment of a
functional subset of LC (78, 80). Higher numbers of S100-positive
LC were associated with inflammation in CIN lesions (80).

Costimulation and amplification. In the resting state, KC do
not express major histocompatibility complex class II (MHC-II)
or costimulatory receptors CD80 and CD86, which are necessary
to fully activate T cells, and do not upregulate CD80 or CD86 in
response to cytokines or PRR stimulation. Therefore, KC can en-
gage in “nonprofessional” antigen presentation, which may be
tolerogenic because of the lack of costimulation. However, KC can
express MHC-II in response to IFN-vy, and increased adhesion
mediated by intercellular adhesion molecule 1 (ICAM-1) may
substitute for CD28 costimulatory interactions (81, 82). Using
CD28-deficient mice, it was shown that [ICAM-1 can provide nec-
essary costimulation for anti-CD3 antibody-mediated T cell pro-
liferation and IL-2 secretion (81). Grousson et al. (83) found that
blocking antibodies to ICAM-1 or its coreceptor CD18 (LFA-1
B-chain) inhibited T cell proliferative responses to superantigen
in the presence of IFN-y-treated primary KC (83). IFN-vy treat-
ment of immortalized human KC increases the surface expression
of ICAM-1 and MHC-IL These cells are then able to process pro-
tein antigen and prime antigen-specific memory T cells in an
ICAM-1/lymphocyte function-associated antigen 1 (LFA-1)-de-
pendent manner, suggesting that ICAM-1 on KC is able to co-
stimulate MHC-II responses (82). Salient features of KC activa-
tion responses are summarized in Fig. 1.

In addition to direct effects on memory T cells, KC may indi-
rectly influence the polarization of naive T cells through their
influence on DC. Uncommitted immature DC can acquire a Th1-
or Th2-inducing phenotype in response to locally produced in-
flammatory mediators (84) in a tissue- and pathogen-dependent
manner (85). Supernatants from poly(I-C)-treated KC can skew
the maturation of DC toward a phenotype that biases the devel-
opment of naive T cells into Th1 cells (86). KC-secreted IFN-o/3
and IL-18 were necessary for this DC-polarizing effect, which was
not seen with KC activated by a combination of TNF-« and IL-13
(86). Thus, pathogen-induced KC-derived factors can modulate
the functional activation of DC and their subsequent polarizing
effects on T cells.

CD40 is another important costimulatory molecule expressed
on professional antigen-presenting cells and KC that interacts
with CD154 (CD40 ligand) on activated T cells. CD40 has been
detected on basal cells of cervical epithelium (87-89) and is in-
creased in HPV-related CIN and cervical cancer (87-89). CD40
can also be upregulated by IFN-vy in normal KC (90-92) and
HPV-transformed cell lines (87). CD40 ligation was found to di-
rectly influence the susceptibility of cervical carcinoma cells to
cytotoxic T lymphocyte (CTL)-mediated killing (88, 89). Impor-
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FIG 1 Activated KC amplify cell-mediated immune reactions. Resting KC
express low surface levels of CD40 and ICAM-1, moderate levels of MHC-I,
and high levels of IFN-vy receptor (IFN-yR) (82, 90, 91) (A). Activation of KC
by IFN-vy secreted by NK cells or activated T lymphocytes (B) increases surface
expression of MHC-1, MHC-11I, CD40, and ICAM-1 (82, 83, 90-92) and in-
duces expression of CXCL9, CXCL10, and CXCL11 (94), chemokines that
attract activated Th1 cells (C). KC that present HPV antigens via MHC-II may
interact with Th1 cells (D). Higher surface expression of ICAM-1 and CD40
improves adhesion and costimulation (82, 83, 91). Ligation of CD40 on KC by
CD40 ligand on Th1 cells further increases ICAM-1 (83, 90) and stimulates
further cytokine and chemokine expression (90-94) to activate and recruit
additional immune cells (E).

tantly, the level of ICAM-1 stimulated by CD40 ligation of IFN-
v-stimulated KC is higher than that produced by IFN-+y alone (83,
90). Increased adhesion between cervical carcinoma cells and ac-
tivated T cells may promote antigen-specific lysis. Hill et al. (89)
discovered that CD40 ligation on cervical carcinoma cells in-
creased the production of transporter associated with antigen pro-
cessing 1 and antigen-specific lysis by CTL, which was dependent
on an endogenously processed, transporter associated with anti-
gen processing 1-dependent HPV16 E6 antigen.

CDA40 ligation on both normal KC and cervical carcinoma cells
also amplifies inflammatory reactions by increasing chemokine
secretion to recruit leukocytes (90-94). However, chemokine se-
cretion stimulated by CDA40 ligation is depressed by HPV (87, 94).
Altenburg et al. (87) reported that cervical carcinoma cells secrete
much less CCL2 in response to CD40 ligation than do nontumori-
genic HPV-positive cells. Yet, IFN-y combined with CD40 liga-
tion was able to synergistically increase CCL2 secretion in both cell
types, and the synergistic upregulation was more pronounced for
CXCL10. The authors concluded that the combined signals are
adequate to induce large changes in chemokine secretion, despite
lower levels overall. Tummers et al. (94) made similar observa-
tions by using genome-wide expression analysis of IFN-y-pre-
stimulated, CD40-ligated primary epithelial cells from foreskin,
vagina, and cervix tissues. CD40 ligation produced defined net-
works of gene expression coordinated by early high expression of
IL-8 and TNF. Genes involved in immunity, inflammation, cell
adhesion, and leukocyte migration were upregulated. HPV-posi-
tive epithelial cells produced a similar network of gene expression
following CD40 ligation, but gene expression amplitude was re-
duced. In uninfected epithelial cells, CD40 ligation did not boost
the gains in CXCL9, CXCL10, and CXCLI1 gene expression
achieved with IFN-+y alone. However, CD40 ligation did increase
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their expression further in HPV-positive cells than in uninfected
epithelial cells (94), indicating that CD40 ligation is able to par-
tially reverse gene expression deficits caused by HPV. Similarly,
lower levels of CXCL8, CXCL9, CXCL10, and RANTES (mea-
sured by ELISA) were secreted by HPV-positive rather than unin-
fected epithelial cells in response to IFN-v stimulation and CD40
ligation, and only supernatants of uninfected epithelial cells were
able to increase peripheral blood mononuclear cell migration in
response to IFN-vy stimulation and CD40 ligation (94). The in vivo
balance of these immune response-promoting and evasive mech-
anisms in epithelial cells may significantly impact HPV persis-
tence and disease progression.

CONCLUDING REMARKS

Danger sensing is the first step toward the clearance of natural
HPV infections. While the danger-activated responses of LC and
DC have garnered much attention, the role of KC in HPV clear-
ance is less well explored. Even so, it is becoming increasingly clear
that KC have the capability to be active participants in the immune
response to HPV, and additional strategies to harness the innate
immune mechanisms of KC are needed. The ability of KC-derived
cytokines to affect DC phenotype and T cell polarization is partic-
ularly encouraging and may be exploited to develop new thera-
peutic modalities for treating HPV-associated diseases.
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