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CD1d, a Sentinel Molecule Bridging Innate and Adaptive Immunity, Is
Downregulated by the Human Papillomavirus (HPV) ES Protein: a
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CDI1d and CDld-restricted natural killer T (NKT) cells serve as a natural bridge between innate and
adaptive immune responses to microbes. CD1d downregulation is utilized by a variety of microbes to evade
immune detection. We demonstrate here that CD1d is downregulated in human papillomavirus (HPV)-positive
cells in vivo and in vitro. CD1d immunoreactivity was strong in HPV-negative normal cervical epithelium but
absent in HPV16-positive CIN1 and HPV6-positive condyloma lesions. We used two cell lines for in vitro assay;
one was stably CDl1d-transfected cells established from an HPV-negative cervical cancer cell line, C33A
(C33A/CD1d), and the other was normal human vaginal keratinocyte bearing endogenous CD1d (Vag). Flow
cytometry revealed that cell surface CD1d was downregulated in both C33A/CDI1d and Vag cells stably
transfected with HPV6 E5 and HPV16 E5. Although the steady-state levels of CD1d protein decreased in both
E5-expressing cell lines compared to empty retrovirus-infected cells, CD1d mRNA levels were not affected.
Confocal microscopy demonstrated that residual CD1d was not trafficked to the E5-expressing cell surface but
colocalized with ES near the endoplasmic reticulum (ER). In the ER, ES interacted with calnexin, an ER
chaperone known to mediate folding of CD1d. CD1d protein levels were rescued by the proteasome inhibitor,
MG132, indicating a role for proteasome-mediated degradation in HPV-associated CD1d downregulation.
Taken together, our data suggest that E5 targets CDId to the cytosolic proteolytic pathway by inhibiting
calnexin-related CD1d trafficking. Finally, CD1d-mediated production of interleukin-12 from the C33A/CD1d
cells was abrogated in both E5-expressing cell lines. Decreased CD1d expression in the presence of HPV ES

may help HPV-infected cells evade protective immunological surveillance.

There are approximately 100 identified genotypes (types) of
human papillomavirus (HPV). Over 40 of these are classified
as genital HPV subtypes that invade the reproductive organs,
including the uterine cervix, vaginal wall, vulva, and penis.
Genital HPV types are further subclassified into high-risk
types that are commonly associated with cervical cancer and
low-risk types that cause noninvasive condyloma acuminata.
Although exact classification varies among researchers, sub-
types 16, 18, 31, 33, 35. 39, 45, 51, 52, 56, 58, 66, and 68 are
typically classified as high risk and subtypes 6, 11, 40, 42, 43, 44,
54, 61, and 72 as low risk (44). Genital HPV infection involves
short-term virus proliferation, followed by the long-term latent
presence of a small number of copies of the viral genome
within the basal cells of the genital epithelium (44). Infections
with high-risk HPV subtypes result in progression to genital
tract cancers (most commonly cervical) in only a small per-
centage of infected women and typically after a long latency
period. A high percentage of high-risk HPV DNA-positive
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infected women resolve their infections during the prolifera-
tive phase and thereby clear the virus or progress to latency
with undetectable HPV DNA levels. The clearance of viral
DNA is often accomplished through activation of the host
immune system against viral antigen (19), and chronic immune
suppression represents a risk factor for viral DNA persistence
and benign and/or neoplastic lesion progression (23).

Completion of the HPV life cycle requires infection of epi-
dermal or mucosal basal cells that have the potential to pro-
liferate and differentiate. Within these cells, overall viral gene
expression is suppressed, although limited expression of spe-
cific carly viral genes, including ES5, E6, and E7, causcs lateral
expansion of infected cells within the basal layer of the epithe-
lium (44). HPV ES5 seems to be particularly important carly in
the course of infection. Large amounts of E5 mRNA have been
found in cervical intraepithelial neoplasia (CIN) lesions (37).
However, as HPV-infected lesions progress to cervical cancer,
episomal viral DNA becomes integrated into host cell DNA,
and a substantial part of the HPV genome, commonly includ-
ing the E5 coding sequence, is deleted (16). Therefore, ES is
not obligatory in the late events of HPV-mediated carcinogen-
esis.

ES5 is a small hydrophobic protein that can be localized
within the Golgi apparatus (GA), endoplasmic reticulum
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(ER), and occasionally at the plasma membrane of the host
cell. It has been proposed that binding of HPVI6 E5 to a
subunit of the cellular proton ATPase (15) is responsible for
the lack of acidification of the GA and endolysosomes and the
consequent impaired function of these organelles that is seen
with HPV16 infection (32, 38). The presence of HPV 16 E5 has
also been linked to downregulation of antigen presentation by
HLA class I molecules, a process that may aid in HPVs ability
to evade immune clearance through cytotoxic-T-lymphocyte
(CTL)-mediated adaptive immunity (1, 2, 3, 21, 30). Ashrafi
and coworkers have demonstrated that HPV16 ES5 retains
HLA-A and -B molecules in the GA and interferes with their
trafficking to the cell surface but does not alter the transcrip-
tion of HLA class I heavy chains or the transporter associated
with antigen processing (TAP) (2, 3, 4, 28). Others have shown
that HPV16 ES interacts with calnexin in the ER and thereby
interferes with the modification of HLA class T heavy chains
(21).

CD1Id is an major histocompatibility complex (MHC) class
I-like glycoprotein that presents self or microbial lipid antigen
to natural killer T (NKT) cells (39). In humans, a specific
subset of NKT cells expresses an invariant Va24-JaQ/VR11
TCR (iTCR) and can recognize CD1d on the surface of anti-
gen-presenting cells (APCs) through this receptor. CDId is
expressed not only in typical APCs (macrophages, dendritic
cells, and B cells) but also in intestinal epithelial cells (8, 12),
foreskin keratinocytes (9), and reproductive tract epithelial
cells (25, 26). Like MHC class I, CD1d is synthesized, glyco-
sylated by N-glycosyltransferase, modified, and assembled with
{32m within the ER and then transferred to the GA (5, 24, 27).
CDId plays a role in both innate and adaptive immunity to
various bacteria, viruses, fungi, and parasites (reviewed in ref-
erence 10). Activation of CDld-restricted invariant NKT
(iNKT) cells enhances host resistance to some microbes in a
manner that depends on the level of CD1d expression on APCs
(34, 35). In contrast, the activation of iNKT cells promotes
susceptibility to some microbes (7, 33). The activation of
CD1d-restricted iNKT cells in response to microbial invasion is
antigen dependent, but these antigens can be derived from the
invading microbe or possibly from host lipids (11, 22, 29).
Intracellular signaling mediated by surface CD1d utilizes NF-
xB. a well-known immune-related transcription factor (36, 43).
CD1d-restricted NKT cells can modulate adaptive immune
cells by altering Th1/Th2 polarization. Recognition of CD1d by
iNKT cells can also result in rapid release of both interleukin-4
(IL-4) and gamma interferon (IFN-vy) from the NKT cell (6).
Therefore, CD1d and CD1d-restricted NKT cells serve as a
natural bridge between innate and adaptive immune responses
to microbes. Not surprisingly, several microbes, including her-
pes simplex virus type 1, human immunodeficiency virus,
Kaposi’s sarcoma herpesvirus, and Chlamydia trachomatis, are
known to downregulate cell surface expression of CD1d as an
immune evasion strategy (13, 26, 31, 42). Our own lab previ-
ously demonstrated that C. trachomatis retains CD1d in the
ER and targets CD1d to both chlamydial and cellular degra-
dation pathways (26).

Viewing the importance of CDI1d in innate immune re-
sponses to microbes, we hypothesized that HPV may alter
CDId-mediated immune pathways and thereby avoid innate
immune destruction of the infected cell by the host. We dem-

POSSIBLE MECHANISM FOR IMMUNE EVASION BY HPV
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onstrate here that the presence of the ES protein of HPV6 and
HPV16 is associated with reduced CD1d cell surface expres-
sion. We describe a mechanism for this downregulation and
hypothesize that decreased surface CD1d expression may help
HPV-infected cells evade immune surveillance during the early
stages of infection.

MATERIALS AND METHODS

HPV6 and HPV16 E5 expression constructs. HPV6 and HPV16 ES open
reading frames were amplified from the HPPV6 and HPV16 complete genomes
(kindly provided by Tadahito Kanda, National Institute of Infectious Diseases,
Japan) by PCR using primers designed to introduce BamHI (forward) and
EcoRI (reverse) restriction sites. The PCR products were digested with BamHI
and EcoRI and subcloned into a retroviral expression plasmid pLPCX (Clon-
tech, Mountain View, CA).

Cell lines and establishment of a cell line stably expressing CD1d. An HPV-
negative human cervical carcinoma cell line, C33A, and a vaginal epithelial cell
that was originally established from normal human primary epithelial cells that
were immortalized by transduction with HPV16 E6/E7 genes (VK2/EGE7) (a
generous gift from D. J. Anderson, Boston University, Boston, MA) (18) were
grown in Dulbecco modified eagle medium (Invitrogen, Carlsbad, CA) without
CaCl, (Invitrogen), supplemented with 10% fetal bovine serum (Invitrogen) at
37°C in 5% CO,. The vaginal epithelial (VK2/EGE7) cells used here are known
to express endogenous CD1d at the cell surface (25).

A CD1d-expressing retroviral plasmid pSRa-neo (kindly provided by R. Blum-
berg, Harvard Medical School, Boston, MA) was transfected into Phoenix cells,
a packaging cell line for recombinant retroviruses (kindly provided by K. Oda.
University of Tokyo), using Lipofectamine 2000 (Invitrogen). After 72 h of
incubation in DMEM, the culture medium containing released CD1d-expressing
retroviruses was collected and used to infect C33A cells and transfer the CD1d
gene. CD1d-expressing C33A cells were selected in medium containing 1.0 mg of
neomycin/ml to establish a stably transfected cell line (C33A/CD1d).

Establishment of HPV E5-expressing cell lines. HPV6 or HPV16 E5-express-
ing retroviral plasmids or their empty counterparts (pLPCX-16ES, pLPCX-GES,
or pLPCX; respectively) were transfected into Phoenix cells using Lipofectamine
2000 (Invitrogen). After 72 h of incubation, culture medium with released viruses
were collected and used to infect C33A/CD1d or vaginal epithelial cells. Stable
cell lines were selected in media containing 1.5 pg of piromycin/ml.

Immunohistochemistry. Immunostaining for CD1d was performed on forma-
lin-fixed, paraffin-embedded tissue sections of normal or inflamed cervix, CIN1
to CIN3, cervical cancer, and condyloma acuminata (obtained under IRB ap-
proval through the University of Tokyo). A total of 45 tissues were examined.
Optimal immunostaining required antigen retrieval via microwave exposure in
0.01 M citrate buffer. A mouse anti-CDId MAb (NOR3.2. 1:100; Abcam, Inc.,
Cambridge, MA) or an irrelevant, isotype-matched mouse monoclonal antibody
(DakoCytomation, Glostrup. Denmark) were used as primary reagents. Immu-
nostaining was amplified and detected by using the EnVision+System-HRP
(DakoCytomation). Nuclei were counterstained by using standard hematoxylin
protocols (Sigma-Aldrich, Inc., St. Louis, MO). Analyses were performed at a
magnification of x200.

Flow cytometry. C33A/CD1d cells were grown in 175-cm? flasks until conflu-
ent, harvested using trypsin-EDTA., and pelleted at 500 X g for 5 min at room
temperature. The cells were then washed and resuspended in PBS-B (phosphate-
buffered saline [PBS] with 1% bovine serum albumin; Invitrogen) at a concen-
tration of 10° cells/ml. For detection of cell surface CD1d, 100 pl of cell sus-
pension was incubated with an anti-CD1d NOR3.2 monoclonal antibody (MAb;
Abcam) at 1:100 for 30 min at 4°C. Cells were then washed three times in PBS-B,
incubated with a goat anti-mouse immunoglobulin secondary antibody conju-
gated to phycoerythrin (PE; BD Bioscience, San Jose, CA) for 30 min at 4°C,
suspended in 19 paraformaldehyde, and analyzed by using a FACSCalibur flow
cytometry system (BD Bioscience).

Proteasome inhibitor treatment. C33A/CD1d cells harboring an empty vector
(C33A/CDId-empty) or expressing HPV6 E5 (C33A/CD1d-6ES) or HPV16 E5
(C33A/CD1d-16ES) were cultured for up to 24 h in the presence or absence of
the cytosolic proteasome inhibitor MG132 (10 uM in dimethyl sulfoxide
[DMSO]: Sigma-Aldrich, Inc.). Control wells included vehicle alone.

HPV genotyping. DNA was extracted from cervical smear samples by using the
DNeasy blood minikit (Qiagen, United Kingdom). HPV genotyping was per-
formed by using the PGMY-CITUV assay method (20). Briefly, standard PCR
was conducted using the PGMY09/11 L1 consensus primer set and HLA-dQ
primer sets (20). Reverse blotting hybridization was performed as described
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FIG. 1. Immunostaining of HPV-associated lesions for CD1d. Immunostaining for CD1d was performed after antigen retrieval on formalin-
fixed, paraffin-cmbedded tissuc sections of HPV-negative normal and inflamed cctocervical epithelium, HPV16-positive CIN1, HPV16-positive
cervical cancer, and HPV6-positive condyloma acuminata. CD1d was detected with NOR3.2, a CD1d-specific MAD (1:100).

previously (20). Heat-denatured PCR amplicons were hybridized to a negatively
charged nylon membrane containing specific probes for 32 HPV genotypes and
HLA-dQ reference samples. Chemiluminescence detection used enhanced
chemiluminescence (ECL) detection reagents for nucleic acids (GE Healthcare).
Films were interpreted using the HPV reference guide provided.

RT-PCR and quantitative PCR. Portions (1 pg) of total RNA and oligo(dT)s
were used for reverse transcriptase (RT) reactions (RNA PCR kit; Applied
Biosystems, Foster City, CA). Total cDNA reaction samples were used as tem-
plates for amplification of each gene fragment using a PCR Core kit (Applied
Biosystems). Primer pair sets for CD1d were synthesized by Invitrogen (CD1d,
453 bp: 5'-GCTGCAACCAGGACAAGTGGACGAG-3' [forward| and 5'-AG
GAACAGCAAGCACGCCAGGACT-3 [reverse]). Those for 11.-12 p40 were
commercially available (Sigma-Aldrich, Inc.). For quantitative PCR, cDNA were
produced via RT of 1 pg of total RNA extracted from the cells as described
above by using an OmniScript RT kit (Qiagen, Inc., Valencia, CA). Portions (2
wl) of 5-fold-diluted cDNA aliquots were amplified in a thermal cycler (7300
Real-Time PCR System; Applied Biosystems) by using a QuantiTect SYBR
green PCR kit (Qiagen. Inc.) and a primer pair set for B-actin (5'-GAAATCG
TGCGTGACATTAAGG-3'[forward] and 5'-TCAGGCAGCTCGTAGCTTC
T-3' [reverse]). The mRNA levels for 11.-12 were normalized to those of -actin,
the internal control.

Fluorescent deconvolution microscopy and confocal microscopy. C33A/CD1d
cells were seeded onto coverslips. The ER was visualized using the ER tracker
Blue-White DPX (Invitrogen) for 30 min at 37°C. All coverslips were fixed in 4%
paraformaldehyde, permeabilized with 0.1% Tween 20. They were then incu-
bated for 1 h at 37°C with either an anti-CD1d NOR3.2 MAD labeled with Zenon
Alexa Fluor 555 using a mouse IgG labeling kit (Invitrogen) or an anti-FLAG
MAD labeled with Zenon Alexa Fluor 488 using a mouse IgG labeling kit
(Invitrogen) singly or in combination. With the exception of ER tracker-treated
coverslips, the cells were then counterstained with a DAPI (4',6'-diamidino-2-
phenylindole) nucleic acid stain (Invitrogen). Images were obtained with a LSM
700, flexible confocal microscope (Carl Zeiss, Oberkochen, Germany). Filter sets
were optimized for Alexa 488, Alexa 555, and DAPIL Z-axis plane capture,
deconvolution, and analyses were performed with ZEN 2009 Software (Carl
Zeiss).

Western blotting. Portions (50 wg) of total cell lysates from C33A/CDI1d-
empty, C33A/CD1d-6LS, or C33A/CD1d-16E5 cells in a modified TNF buffer (1
M Tris-HCl [pH 7.8], 105 NP-40, 5 M NaCl, 0.5 M EDTA [pH 8.0], aprotinin,
0.1 M phenylmethylsulfonyl fluoride) were electrophoresed and transferred to
nitrocellulose membranes. Membranes were blocked with 10% milk and incu-
bated with a peroxidase-labeled anti-CD1d NOR3.2 MAD (1:200; Abcam) or an
anti-FLAG MAD (1:500; Sigma-Aldrich, Inc.) using a peroxidase labeling kit
(Roche, Basel, Switzerland) for 1 h. Membranes were washed and bound anti-
body was detected using an ECL. Western blotting analysis system (GE Health-
care Buckinghamshire, United Kingdom).

Immunoprecipitation and Western immunoblotting. Harvested C33A/CD1d-
empty, C33A/CD1d-6E3, or C33A/CD1d-16E5 cells were lysed in modified ra-
dioimmunoprecipitation assay buffer (1% NP-40, 1% deoxycholate, 0.1% sodium
dodecyl sulfate [SDS], 10 mM Tris, 150 mM NaCl, 2 mM EDTA) with protease
inhibitors (Amersham Biosciences, Piscataway, NJ). Equivalent aliquots of total
cell lysates were incubated overnight at 4C with § g of mouse anti-FLAG MAbs
(Sigma-Aldrich, Inc.)/ml and 5 pl of protein A-Sepharose (GE Healthcare).

Precipitated proteins were separated by SDS-PAGE using 7.5% acrylamide gels
and transferred to polyvinylidene difluoride membranes. Mouse anti-calnexin or
rabbit anti-B-actin polyclonal antibodies (Abcam) were used as primary reagents
for immunoblotting, and anti-mouse 1gG-HRP (1:100,000; GE Healthcare) was
used as a secondary reagent. Products in Western immunoblotting experiments
were visualized by using an ECL Western blotting analysis system (GE Health-
care). Molecular masses were confirmed by comparison to standard size markers
(GE Healthcare).

Statistical analysis. Quantitative PCR data were presented as means * the
standard deviations. Experiments were performed independently at least three
times. The Cochran-Armitage Trend test was computed to show trends in im-
mune reactivity with NOR3.2 MAD in clinical samples. 11.-12 mRNA levels were
compared to those before or after cross-linking by using paired. two-tailed
Student ¢ tests. A P value of <0.05 was considered significant.

RESULTS

CD1d downregulation in HPV-related lesions and cancer
cell lines. Since CD1d expression in human mucosa and skin
has been demonstrated by immunohistochemistry using the
anti-CD1d NOR3.2 MAD (2, 9, 12, 26), we examined immu-
nostaining of human normal ectocervix or HPV-related lesions
with NOR3.2 (Fig. 1). Immunostaining for CD1d was per-
formed on formalin-fixed, paraffin-embedded tissue sections of
normal or inflamed ectocervical epithelium, cervical intraepi-
thelial neoplasia 1 (CIN1), cervical cancer, and cervical con-
dyloma (obtained under IRB approval through the University
of Tokyo, Faculty of Medicine). To examine alterations in
CD1d expression in the presence of high-risk HPV and low-
risk HPV subtypes, HPV16-positive CIN1 or cancer lesions
and HPV6-positive condyloma acuminata specimens were
compared to each other and to HPV-negative normal and
inflamed ectocervical epithelial controls. Immunoreactivity
with the NOR3.2 MADb was noted in the basal and parabasal
epithelial cells of normal and inflamed ectocervical epithelia
that are known to express early HPV genes (ES, E6, and E7;
Fig. 1) (44). In inflamed epithelium, the immunoreactivity ap-
peared to be intensified compared to normal epithelium. CD1d
expression is known to be enhanced by inflammatory cytokines
(10). NOR3.2 immunoreactivity is essentially absent in
HPV16-positive CIN1, HPV16-positive cancer, and HPV6-
positive condyloma lesions (Fig. 1). To statistically analyze
alterations in CD1d expression, a total of 45 clinical specimens
from normal controls and HPV-related lesions were immuno-
stained with NOR3.2 (Table 1). NOR3.2 immunoreactivity was
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TABLE 1. Immunoreactivity with NOR3.2 anti-CD1d MAD in
cervical epithelium of various lesions

CD1d (no. of cases)

Histological status HPV status” % Positive®

Positive  Negative
Normal/inflamed 9 1 90.0
CINI and CIN2 HR-HPV(+) 0 7 0
CIN3 HR-HPV(+) 2 16 11.1
Cancer HR-HPV(+) 0 7 0
Condyloma HPV6(+) 0 3 0

¢ HR-HPV(+), any high-risk HPV positive.
» P = 0.0001 (exact Cochran-Armitage Trend test).

mostly limited to the HPV-negative normal or inflamed ecto-
cervical epithelial samples similar to those represented in the
first two panels of Fig. 1. NOR3.2 immunoreactivity was absent
in all CINI and CIN2, cervical cancer, and condyloma lesions.
Among CIN3 samples, two lesions showed NOR3.2 immuno-
reactivity, whereas 16 lesions did not. Using trend analysis, we
were able to demonstrate an association between decreased
CD1d immunoreactivity and progression of cervical neoplastic
lesions with statistical significance (P = 0.0001).

Although HPV ES5 is not expressed in cervical cancer cells
(16), immunohistochemical data demonstrated that CD1d ex-
pression was also abrogated in cervical cancer lesions. To ad-
dress the mechanisms underlying CD1d downregulation in cer-
vical cancers, we examined the level of CD1d transcription and
CDId expression at the cell surface in several cervical cancer
cell lines (Fig. 2). As a positive control, we created cell trans-
fectants that stably expressed CD1d. To avoid the potential
influence of endogenous HPV protein expression, an HPV-
negative cervical cancer cell line, C33A, was used for our CD1d
transfectants. We used a retrovirus vector to transduce the
CD1d gene into these cells and established the stable cell line,
C33A/CD1d via neomycin selection. Flow cytometry revealed
strong expression of CD1d on the cell surface of C33A/CD1d
cells. Cdld was not expressed on the cell surface of C33A
control cells or in other cancer cell lines (Fig. 2A). To examine
the level of CD1d transcription in these same cells, cDNA was
produced via RT of total RNA from each cell line and sub-
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jected to PCR using primer pairs specific for CD1d. The ex-
pected single band representing CD1d was observed on aga-
rose gels only in C33A/CD1d cells (Fig. 2B). These data
indicated that CD1d expression was abrogated prior to or
during transcription the tested cervical cancer cell lines.

Cell surface expression of CD1d decreases in HPV ES-ex-
pressing epithelial cells. HPV ES has been reported to inhibit
cell surface expression of HLA class I molecules by interfering
with their trafficking to the cell surface (1, 2, 3, 21, 30). Since
CD1d and HLA class I heavy chains utilize an identical intra-
cellular pathway to traffic from the ER to the cell surface, we
hypothesized that HPV ES may also interfere with surface
CD1d expression at a posttranscriptional level. To verify our
immunohistochemical data and study CD1d trafficking in the
presence of E5 in vitro, we created HPV6 and HPV16 ES5 stably
transfected cell lines using C33A/CD1d cells. Since the ES
protein is less than 10 kDa in size, the production of an anti-ES
antibody would be difficult. Instead, ES proteins were tagged
with FLAG and detected by Western blotting or immunostain-
ing with an anti-FLAG antibody. FLAG-tagged HPV6 or
HPV16 ES5 genes were transduced into the C33A/CD1d cells
by using retrovirus vectors. To control for the influence of
retrovirus infection and the presence of the expression vector,
C33A/CD1d cells were infected with empty retrovirus vectors.
Retrovirus-infected cells were exposed to puromycin, and E5-
expressing C33A/CD1d cells were established (C33A/CD1d-
6ES, -16ES5, and -empty). In Fig. 3A, lanes 5 and 6, show PCR
products derived from cDNA generated by RT of total RNA
from C33A/CD1d-6ES and -16ES cells. Lanes 2 and 3 in the
same figure show PCR products derived from corresponding
expression plasmid DNA. FLAG-6ES and -16E5 were tran-
scribed in C33A/CD1d-6ES5 and -16E5 cells, respectively. Us-
ing Western immunoblotting and an anti-FLAG MAD, FLAG-
6ES and -16ES proteins were detected as immunoreactive
bands at an approximate size of 10 kDa in lanes 1 and 2,
respectively (Fig. 3B).

We next examined the expression of CD1d at both mRNA
and protein levels in the presence or absence of HPV ES5.
CD1d transcription levels in C33A/CD1d cells were unaffected
by the presence of ES or of empty vector compared to naive
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FIG. 2. CDId alterations in cancer cell lines. (A) Cell surface expression of CD1d in C33A (pink line), HeLa (blue line), CaSki (orange line),
and C33A/CD1d (green line) cells. All cells were stained with an anti-CD1d primary MAb (NOR3.2; 1:100 dilution) and a PE-conjugated goat
anti-mouse immunoglobulin secondary antibody (1:20 dilution). Background staining of the cells using an isotype-matched control antibody is also
shown (filled region). Cells were suspended in 1% paraformaldchyde and analyzed by using a FACSCalibur flow cytometry system. (B) Tran-
scription of CD1d. cDNA was produced via RT of 1 pg of total RNA from each cell line and amplified by PCR with primer pairs specific for CD1d.
PCR products were separated over an agarose gel containing ethidium bromide.
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FIG. 3. HPV ES5 detection in HPV E5-transformed C33A/CD1d
cells. (A) Transcription of HPV ES. cDNA was produced via RT of 1
g of total RNA from each cell line and amplified by PCR with primer
pairs specific for HPV16 ES and HPV6 ES. PCR products were sep-
arated over an agarose gel containing ethidium bromide. Lanes 5 and
6 display PCR products derived from C33A/CD1d-6ES and -16ES
cDNA, respectively, while lanes 2 and 3 show PCR products derived
from corresponding expression plasmid DNA. Lanes 4 and 7 represent
negative control plasmid and cell lines lacking ES, respectively.
(B) Translation of HPV ES. Fifty-microgram aliquots of protein lysates
from each cell line were analyzed by Western immunoblotting with
antibodies against the FLAG tag (1:500 dilution) and B-actin (loading
control).

C33A/CDI1d cells (Fig. 4A). In contrast, the 48-kDa, mature
glycosylated form of the CDId heavy chain (HC) that was
detected in naive C33A/CD1d and C33A/CD1d-empty cells
was completely abrogated in C33A/CD1d-6ES and barely de-
tectable in the C33A/CD1d-16ES cells (Fig. 4B, lanes 1, 4, 2,
and 3, respectively). The presence of HPV6 and HPV16 ES
drastically inhibited the maturation of CD1d HCs. Flow cy-
tometry was used to analyze the effect of HPV ES on cell
surface expression of CD1d in the C33A/CD1d cells harboring
ES-expressing or empty vector (Fig. 5). CD1d was expressed by
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FIG. 4. CDI1d heavy-chain transcription and translation in C33A/
CD1d, C33A/CD1d-empty, C33A/CD1d-6ES, and C33A/CD1d-16ES
cells. (A) Transcription of CD1d HC. The mRNA levels of CD1d were
analyzed by quantitative RT-PCR using SYBR green methodology.
CDI1d mRNA levels were normalized to 3-actin. (B) Fifty-microgram
aliquots of protein lysates from each cell line were analyzed by West-
ern immunoblotting with a peroxidase-labeled anti-CD1d NOR3.2
MAD (1:200 dilution) and a B-actin loading control.
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FIG. 5. Cell surface expression of CDId in C33A/CD1d-empty
(green line), C33A/CD1d-6ES (pink line), and -16ES (blue line)
cells. All cells were stained with an anti-CD1d primary MAb
(NOR3.2; 1:100 dilution) and a PE-conjugated goat anti-mouse
immunoglobulin secondary antibody (1:20 dilution). Background
staining of the cells with an isotype-matched control antibody is also
shown (filled region). Cells were suspended in 1% paraformalde-
hyde and analyzed using a FACSCalibur flow cytomeltry system.

the majority of C33A/CD1d-empty cells but absent in >70% of
C33A/CD1d-6ES or -16E5 cells (Fig. 5).

To confirm the effect of ES on endogenous CD1d, we used
a vaginal epithelial cell line immortalized via HPV16 E6/E7
transduction of primary cells collected from normal human
vaginal epithelium and subsequently well characterized as pos-
sessing histological and immunological characteristics identical
to those of primary epithelial cells (18). We have previously
reported the endogenous expression of functional CD1d
molecules on the surface of these cells (25). Since vaginal
epithelial cells are well-known targets of genital HPV, these
cells were considered to be useful as an in vitro model for in
vivo HPV infections. FLAG-tagged HPV6 or HPV16 ES
genes were transduced into these vaginal cells by using ret-
rovirus vectors (Vag-6E5 and -16E5). We then examined the
expression of CDI1d at various levels in the presence or
absence of HPV ES5 (Fig. 6). RT-PCR and Western blotting
revealed that CDId transcription was unaffected by the
presence of ES, but the 48-kDa CD1d HC product clearly
decreased in Vag-6ES5 and -16E5 cells compared to naive
and Vag-empty cells (Fig. 6A). Flow cytometry confirmed
the decreased cell surface expression of CDI1d in 6E5-ex-
pressing vaginal epithelial cells (Fig. 6B).

E5-expressing epithelial cells retain CD1d in the ER. To
demonstrate the intracellular localization of CDId heavy
chains in C33A/CDId cells harboring HPV-6E5 and -16ES,
immunofluorescence confocal microscopy was performed with
an anti-CD1d MAb (NOR3.2) combined with either an anti-
FLAG MAD that detects FLAG-ES proteins, an ER-specific
marker (ER tracker) or DAPI (Fig. 7). In C33A/CD1d-empty
control cells, dual labeling for CD1d and the nucleus (DAPI)
verified that CD1d could be detected in a diffuse pattern
throughout the intracellular space, with increased accumula-
tion near the cell surface but not in the perinuclear area (Fig.
7, upper image). In contrast, decreased amounts of CDI1d
could be detected in C33A/CDI1d-6E5 and -16E5 cells and
CD1d proteins were localized to perinuclear areas near the
ER. CDI1d and ER signals merged in perinuclear areas (pink



Vour. 84, 2010

A

Vag-16E5
Vag-empty

Vag-6E5

Vag

(bp) M

(KDa)

CD1d protein

= | B-actin

Vag-empty (G) 49%
Vag-6E5 (P) 19%
Vag-16E5 (B) 23%
Isotype control (V)

100 101 102 103 104
el CD1d

FIG. 6. CD1d downregulation in alternate genital keratinocytes in
the presence of 6ES5 and 16ES. (A) HPV6 and HPV16 E5 genes were
transduced into vaginal epithelial cells established from normal human
vaginal epithelium (17) and named Vag-6ES and Vag-16ES, respec-
tively. PCR products derived from cDNA generated by reverse tran-
scription using 1 pg of total RNA from each of the vaginal cell lines
were separated over an cthidium bromide-containing agarose gel.
Fifty-microgram aliquots of protein lysates from each vaginal cell line
were analyzed by Western immunoblotting with a peroxidase labeled
anti-CD1d NOR3.2 MAb (1:200 dilution) and a B-actin loading con-
trol. (B) Vag-empty (green line), Vag-6E5 (pink line), and Vag-16E5
(blue line) were stained with an anti-CD1d primary MAb (NOR3.2;
1:100 dilution) and a PE-conjugated goat anti-mouse immunoglobulin
secondary antibody (1:20 dilution). Background staining of the cells
using an isotype-matched control antibody is also shown (filled region).
Cells were suspended in 1% paraformaldehyde and analyzed by using
a FACSCalibur flow cytometry system.

signals), suggesting that the majority of CD1d is within the ER
(Fig. 7, images on the left). Dual labeling for CD1d and
FLAG-ES verified the colocalization of CD1d and E5 within
the ER (orange to yellow signals), while nonmerged FLAG-ES5
signals were present in the perinuclear area (pure green), sug-
gesting the presence of E5 in the GA in the absence of CD1d
(Fig. 7, images on the right). The results of immunofluores-
cence microscopy support our biochemical and flow cytometry
data showing that mature CD1d protein levels decrease and
CD1d fails to traffic to the cell surface in HPV ES-expressing
cells.

HPV ES5 interacts with calnexin in the ER. Previous bio-
chemical studies have reported that HPV16 ES5 interacts with
calnexin and that these interactions interfere with the modifi-
cation of HLA class I heavy chains that typically occurs in the
ER (21). The role of calnexin and/or calreticulin in the forma-
tion of the second disulfide bond of CD1d HCs in the ER is
well described (24). We therefore hypothesized that E5 inter-
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FIG. 7. CD1d trafficking in the presence or absence of ES. C33A/
CDl1d-empty, C33A/CD1d-6ES, or C33A/CDI1d-16E5 cells were
seeded onto coverslips. All of the cells were immunostained with an
anti-CD1d MAb (NOR3.2, red). C33A/CD1d-empty were also ex-
posed to DAPI (blue), and C33A/CD1d-6ES5 or -16ES5 cells were ex-
posed to ER tracker (blue) and an anti-FLAG MADb (green). Cells
were then visualized by using fluorescence confocal microscopy. Or-
ange to yellow signals represent colocalization of CD1d and ES within
the ER.

acts with calnexin in the ER and may impair calnexin-mediated
CD1d folding. This, in turn, could interrupt appropriate traf-
ficking of CD1d to the surface of HPV-infected cells. To ad-
dress the hypothesis, we examined the interaction of ES with
calnexin using immunoprecipitation. Total cell lysates obtained
from C33A/CD1d-empty, -6E5, and -16 E5 cells were incu-
bated with anti-FLAG MADb conjugated beads. FLAG-ES5-
bound proteins were immunoprecipitated and analyzed by im-
munoblotting with an anti-calnexin MAb. A band with an
apparent molecular mass of 90 kDa and corresponding to
calnexin was detected in C33A/CD1d-6ES5 and -16 E5 cells, but
not C33A/CD1d-empty cells, biochemically demonstrating in-
teraction between ES with calnexin (Fig. 8A).

To visually demonstrate the colocalization of CD1d and
calnexin, C33A/CD1d-empty, -6E5, and -16ES5 cells were du-
ally stained with anti-CD1d NOR3.2 and anti-calnexin MAbs
and examined by using confocal microscopy. Again, NOR3.2-
reactive CD1d was detected throughout the intracellular space
in C33A/CD1d-empty cells. In contrast, the majority of CD1d
molecules in C33A/CD1d-6ES5 or -16ES cells localized to the
perinuclear area (Fig. 8B, images on left). Calnexin detection
was rendered as green signals. These mostly localized to pe-
rinuclear areas in ES5-expressing cells and correspond to the
location of ER (Fig. 8B, center images). Although some merge
images (yellow signals) could be detected in each cell line, the
merge patterns differed between C33A/CD1d-empty and ES5-
expressing cells (Fig. 8B, images on the right). In C33A/CD1d-
empty cells, the calnexin and CD1d signals were mostly distinct
and but those that did colocalize appeared to follow the syn-
thetic pathway for type I proteins. In contrast, CD1d in the
ES5-expressing cells completely colocalized with calnexin, con-
firming our biochemical data demonstrating physiologic inter-
action between calnexin and CD1d in the C33A/CD1d-6ES
and -16ES cells.
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FIG. 8. CDI1d and calnexin have direct interactions and colocalize in the perinuclear area in the presence of HPV ES. (A) Protein lysates from
C33A/CD1d-empty, C33A/CD1d-6ES, and C33A/CD1d-16ES5 cells were immunoprecipitated with an anti-FLAG MAb. Immunoprecipitants were
then separated by SDS-PAGE and immunoblotted with an anti-calnexin antibody. (B) C33A/CD1d-empty, C33A/CD1d-6ES, or C33A/CD1d-16ES
cells were seeded onto coverslips. All cells were exposed to an anti-CD1d MAb (NOR3.2, red) and to an anti-calnexin MAb (green) labeled with
Zenon Alexa Fluor 488 using a mouse TgG labeling kit. Cells were then visualized by using fluorescence confocal microscopy. Yellow images

represent colocalization of CD1d and calnexin.

CD1d was rescued by treatment of proteasome inhibitor.
We have previously demonstrated that surface expression of
CD1d in human genital epithelial cells is downregulated by C.
trachomatis infection and that downregulation involves chla-
mydial protein-mediated proteasomal pathways (26). We hy-
pothesized that HPV infection could utilize posttranslational
cellular proteasomal degradation to inhibit cell surface expres-
sion of CD1d HC. To address the role of the cellular protea-
some in E5-associated CD1d degradation, C33A/CD1d-empty,
-6ES5, or -16ES cells were exposed to the proteasome inhibitor,
MG132, and CD1d HC levels in cell lysates compared to those
in unexposed cells (Fig. 9). Using the NOR3.2 MADb for im-
munoblotting, the reduced or abrogated expression of the 48-
kDa mature CD1d HC in E5-expressing cells could be rescued
by the presence of MG132 (Fig. 9A). To visually replicate this
effect, immunofluorescence microscopy was performed with
the NOR3.2 MAb and DAPI in MG132 exposed and unex-
posed ES-expressing and control cells (Fig. 9B). In C33A/

Dld-empty cells, NOR3.2-reactive CDI1d was detected
throughout the intracellular space (Fig. 9B, upper left image).
In contrast, NOR3.2-reactive CD1d was barely detected or
undetectable in the majority of unexposed C33A/CD1d-6ES or
-16ES cells (Fig. 9B, upper, right two images). In the presence
of proteasomal inhibition with MG132, ES-expressing cells
again show CD1d signals throughout the intracellular space
(Fig. 9B, lower panels). HPV E5-expressing cells completely
recover their expression mature CD1d molecules upon inhibi-
tion of cellular proteasomal degradation.

HPV ES5 abrogates CD1d-mediated cytokine production in
the epithelial cells. Surface CD1d interacts specifically with
iNKT cells bearing an iTCR. The interaction not only activates
NKT cells but also induces phosphorylation of CD1d, intracel-
lular signaling, and the release of cytokines from the CD1d-
bearing cell. We have previously demonstrated that human
reproductive tract epithelial cells expressing CD1d on their cell
surfaces have the capacity to produce cytokines, especially
IL-12, after CD1d ligation (25). IL-12 is a central mediator in
both innate and adaptive immunity and is crucial in the pre-
vention of many infectious diseases and tumors (40). IL-12
induces IFN-y-producing NK, NKT, T helper, and cytotoxic T

cells. Since our investigations had demonstrated a decrease in
cell surface expression of CD1d in the presence of HPV and
specifically of HPV E5, we next examined whether CDI1d-
mediated 1L-12 production was abrogated in E5-expressing
epithelial cells (Fig. 10). An anti-CD1d 51.1 MADb can be used
for CD1d cross-linking and represents an in vitro model for
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FIG. 9. Proteasome inhibition rescues CD1d from ES-mediated
degradation. (A) C33A/CDl1d-empty, C33A/CD1d-6ES5, or C33A/
CD1d-16ES cells were cultured for up to 24 h in the presence or
absence of the cytosolic proteasome inhibitors MG132 (10 uM) in
DMSO. Fifty micrograms of protein lysates from each cell line were
analyzed by Western immunoblotting with a peroxidase-labeled anti-
CD1d MAb (NOR3.2; 1:200 dilution) and a B-actin loading control.
(B) C33A/CD1d-empty, C33A/CD1d-6ES, or C33A/CD1d-16ES cells
were seeded onto coverslips and cultured for up to 24 h in the presence
(lower) or absence (upper) of MG132 (10 puM) in DMSO. All cover-
slips were fixed in 4% paraformaldehyde. permeabilized with 0.2%
Triton-X, blocked with 6% BSA, and incubated for 1 h at room tem-
perature with an anti-CD1d NOR3.2 MADb (red) directly conjugated
with Zenon Alexa Fluor 555 using a mouse IgG1 labeling kit. Cells
were then counterstained with a DAPI (blue) nucleic acid stain.
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FIG. 10. Autocrine cytokine production upon CD1d cross-linking
in C33A/CD1d-empty, C33A/CD1d-6ES5, and C33A/CD1d-16ES5 cells.
An anti-CD1d 51.1 MAb was added at a dosage of 10 pg/ml to cultured
epithelial cell monolayers, followed by incubation for 1 h. After being
washed with PBS, 10 pg of a goat anti-mouse immunoglobulin anti-
body/ml was added as a cross-linker for 30 min. The cells were incu-
bated in serum-free growth medium without any antibiotics for 0 to
24 h. ¢DNA was produced via reverse transcription of 1 pg of total
RNA extracted and amplified by PCR with primer pairs for IL-12 p40
and B-actin. IL-12 p40 mRNA levels were normalized to -actin. Mean
values with standard deviations are presented. Asterisks indicate the
comparisons (before versus after cross-linking) with statistical signifi-
cance (P < 0.05:n = 4).

CD1d ligation (14, 43). C33A/CD1d-empty, -6E5, or -16E5
cells were first exposed Lo an anti-CD1d 51.1 MAb and then Lo
a secondary anti-mouse IgG cross-linker and then examined
for IL-12 production (Fig. 10). IL-12 p40 transcription in-
creased 24 h after cross-linking in the C33A/CD1d-empty cells.
This effect was abrogated completely in ES-expressing cells.
Decreased cell surface expression of CD1d in ES-expressing
cells inhibits the ability of antibodies to cross-link CD1d and
thereby halts the downstream signaling that drives IL-12 pro-
duction.

DISCUSSION

In this study, we attempted to elucidate a mechanism to
explain our finding that CD1d was expressed at lower levels in
tissues infected with high-risk and low-risk HPV subtypes (16
and 6, respectively). The CD1d protein levels were lower, but
the mRNA levels were unaffected in HPV ES5-expressing cells,
indicating that CD1d is downregulated at a posttranscriptional
level in the presence of HPV ES5. Modification of CD1d was
interrupted at the level of the ER by interactions between
HPV ES and calnexin. Improper folding and/or ubiquitination
of CD1d HC in the presence of HPV then targets CD1d to
cellular proteasomal degradation. Others (21) have previously
demonstrated that interaction of ES with calnexin appears to
interfere with calnexin-assisted folding of HLA class I mole-
cules. Like the well-described quality control system assuring
proper HLA class I HC production and maturation, delayed
exit of improperly folded CD1d HC from the ER in the pres-
ence of HPV ES5 appears to result in movement of CD1d HC
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to the cytosol and cellular proteasomal degradation of CD1d
HC via the unfolded protein response. Finally, we addressed
the possible functional significance of CDId degradation in
HPV-infected cells. Decreased cell surface expression of CD1d
in the presence of HPV 6ES and 16ES completely blocked the
secretion of IL-12 in response to CD1d cross-linking. Although
several of the assays were not quantitative, the effects of HPV6
and HPV16-derived ES were similar in all assays and were not
statistically different in those that were quantitative. This sug-
gests that a mechanism for immune evasion used in the early
phase of HPV infection may be conserved between low-risk
and high-risk HPV subtypes.

In planning for these investigations, we chose to use two cell
lines. One was a cervical cancer cell line that is unique in being
HPV-negative C33A. The other was an endogenous CD1d-
bearing keratinocyte cell line established from normal human
vaginal epithelial cells. The HPV-negative C33A cell was par-
ticularly useful for this study because it allowed us to control
for the influence on CD1d of proteins other than ES that could
have been potentially present in an HPV-positive cervical cell
line. Via transfection, CD1d could be stably expressed in a
cervical cell, and specific HPV proteins could added in isola-
tion to assess their effect on CDI1d. Our previous and current
immunohistochemical data demonstrated that cells in the basal
and parabasal cell layers of a variety of squamous genital
epithelia react strongly with anti-CD1d MAbs, in patterns that
replicate those seen in normal human skin (9, 25). The distri-
bution of CD1d-bearing epithelial cells within the basal and
parabasal cell layers may be required for effective interactions
between CD1d and the iNKT cells that reside within submu-
cosal tissues. These interactions may occur primarily through
CD1d expressed on the basilar membrane. The immortalized
vaginal epithelial cell lines used in the present study have been
characterized by Fichorova et al. as being similar to epithelial
cells present in basal or parabasal cell layers in vivo (17, 18).
We have also seen similar patterns of CD1d expression in
nondiseased genital tract tissues (25). The data derived from
vaginal epithelial cells in the present study allowed us to mimic
in vivo infection of normal human keratinocytes by HPV and to
confirm that the retrovirus vectors used to transduce ES gencs
into our cell models did not affect the endogenous CD1d pro-
moter.

CD1d transcription was barely detectable in both C33A cells
and HPV-positive cervical cancer cells (HeLa, Caski, and clin-
ical samples). Immunohistochemical data verified that immune
reactivity for CD1d was completely abrogated in all cervical
cancer lesions. Lack of CDId expression in cancer-derived
cells is unlikely to be associated with HPV ES5 protein expres-
sion since the E5 gene is deleted when the HPV genome
integrates into the host genome. Rather, CD1d may be
genomically inactivated during carcinogenesis. Two of eigh-
teen cases with CIN2 and CIN3 showed immune reactivity with
the anti-CD1d MADb, although all lesions were positive for
high-risk HPV. CD1d expression is known to be induced by
inflammatory cytokines such as IFN-y (9, 25). In some cases,
an enhancement in CD1d expression secondary to the immu-
nological microenvironment in the cervix in vivo may super-
cede ES-mediated downregulation. Alternatively, ES-mediated
CDI1d downregulation in CIN3 lesions may be lessened be-
cause most cells may have already integrated the HPV genome
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and little E5 remains within the lesion. Statistical analysis,
however, reveals a trend toward decreased CD1d expression
with progressing CIN.

Previous investigations on HPV-associated immune evasion
strategies have highlighted interference with adaptive immune
responses against HPV through disruption of HLA molecules
(19, 30). Here we focused on CD1d, which serves not only as a
sentinel molecule in innate immune response but as a bridge
between innate and adaptive immunity. Reports of CD1d ex-
pression in epithelial cells lagged behind its detection and
functional studies in classic immune cells such as dendritic
cells, macrophages, and B cells. In epithelial cells, CD1d en-
counters a wide array of pathogens and helps to orchestrate
innate and adaptive immune responses to these immunologic
challenges via interactions with CD1d-restricted iNKT. The
interaction of CD1d with CD1d-restricted iNKT cell is lipid
antigen dependent; however, this lipid antigen can be derived
from invading microbes or from host cellular lipids. In re-
sponse to some microbes, the rapid effects of CD1d-restricted
NKT cells do not require recognition of microbial specific
antigens (6, 34, 35). Since HPV has no envelope and therefore
no HPV-specific lipid antigens, CD1d may present sell lipid
antigen for activation of iNKT cells in response to HPV-in-
fected epithelial cells. Recognition of CD1d by iNKT cells can
cause rapid release of both IL-4 and IFN-y from the NKT cell
(6). This would be predicted to activate CD1d-restricted iNKT
cells and rapidly induce an adaptive immune response to in-
vading microbes. Our previous investigations have also dem-
onstrated that human reproductive tract epithelial cells that
express CD1d on their cell surfaces are able to produce cyto-
kines, including 1L-12, in response to CD1d ligation (25). IL-12
is a central mediator in both innate and adaptive immunity and
is crucial in the prevention of infectious diseases and tumors
(40). 1L-12 induces IFN-y-producing NK, NKT, T helper, and
cytotoxic T cells and thereby bridges innate and adaptive im-
mune responses. Yue et al. have demonstrated that cross-
linking of CD1d rapidly induces phosphorylation of IkB. This,
in turn, promotes NF-«kB activation and IL-12 production in
monocytes and immature dendritic cells (43). As shown here,
the induction of 1L-12 production in response to CD1d cross-
linking is completely abrogated in HPV E5-expressing epithe-
lial cells but never to levels below those produced at baseline.
The inhibition of CD1d-mediated cytokine production may be
a mechanism by which HPV-infected cells evade (at least tem-
porarily) the bridging of innate and adaptive immune re-
sponses that would otherwise occur upon interaction between
cell surface CD1d and iNKT cells.

HPYV ES5 has been reported to play a role in HPV immuno-
evasion through the downregulation of cell surface HLA class
I molecules. Several investigators have demonstrated that the
papillomavirus ES product inhibits the acidification of or-
ganelles, including the GA and endosomes (28, 32, 38). Ashrafi
et al. have reported that the inhibition of GA acidification
mediated by bovine papillomavirus E5 is associated with re-
tention of MHC class I molecules in the GA (4, 41) and that
HPV16 ES5 retains HLA-A and -B, but not HLA-C and -E,
within the GA. These authors hypothesize that the selectivity
of HLA class I subtype downregulation may suggest that mech-
anisms other than GA acidification may be involved (2, 3).
Gruener et al. demonstrated that interactions between HPV16
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ES5 and calnexin interfere with modification of HLA class I
HCs and results in heavy-chain retention in the ER (21). Since
the synthetic pathways for CD1d and HLA class I HCs arc
identical, we hypothesized that inhibition of calnexin folding
capabilities by HPV ES was a likely mechanism for decreased
cell surface expression of CD1d in HPV-infected cells. Using
confocal microscopy, we supported this hypothesis over the
acidification mechanism by demonstrating that CD1d HC and
calnexin colocalize in the ER rather than the GA. Interest-
ingly, the CD1d HC that was rescued by MG132 treatment in
ES5-expressing cells was a 48-kDa mature form that was present
in a diffuse pattern throughout the intracellular space (Fig. 8
and 9). Tt appears that CD1d synthesis and trafficking may be
fairly robust in the presence of HPV ES5 if proteasomal deg-
radation is inhibited. This suggests that HPV ES5 does not
interfere with the synthesis of CD1d HC but rather delays its
exit from the ER and alters its maturation so that CD1d HCs
are targeted to proteasomal degradation. Interactions between
HPV ES5 and calnexin do not appear to interrupt all of the
functions of calnexin, but just enough to co-opt the cellular
cytosolic proteolytic pathway and effectively degrade CDI1d
and temporarily inhibits CD1d-mediated innate and adaptive
immune pathways early in HPV infection.

CD1d expression and CD1d activation of neighboring iNKT
cells may play an important role in the generation of innate
and adaptive immune responses to microbial infection of the
ectocervix. Our previous and current immunohistochemical
data have shown that CD1d immunoreactivity and distribution
patterns in ectocervix are similar to those in the penile urethra
and vagina, where epithelial cells exhibit CD1d-mediated Thi-
type cytokine production (25). It was likely that CD1d-bearing
ectocervical epithelial cells were also capable of CD1d-medi-
ated Thl-type cytokine production, and we have here shown
that CD1d cross-linking on C33A/CD1d cells promotes the
synthesis of IL-12. We therefore suggest a mechanism whereby
CDI1d downregulation in the presence of low- and high-risk
HPV subtypes allows the infecting virus to evade host immune
surveillance and establish persistent infection at the primary
transmission site. The magnitude of HPV E5 expression and
resultant CD1d downregulation may vary among CIN lesions,
as shown in our clinical data. If so, variations in CD1d immu-
noreactivity in biopsy specimens of CIN lesions may be a pre-
dictive marker for the fate of early CIN. This topic is currently
under investigation.
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ARTICLE INFO ABSTRACT

Although many clinical trials on human papillomavirus (HPV) therapeutic vaccines have been performed,
clinical responses have not been consistent. We have addressed mucosal cytotoxic cellular immune
responses to HPV16 E7 after oral immunization of mice with recombinant Lactobacillus casei express-
ing HPV16 E7 (LacE7). C57BL/6 mice were orally exposed to 0.1-100 mg/head of attenuated LacE7 or
vehicle (Lac) vaccines at weeks 1, 2, 4, and 8. Responses to subcutaneous or intramuscular injection
of an HPV16 E7 fusion protein using the same timing protocol were used for comparison. Oral immu-
nization with LacE7 elicited E7-specific IFNy-producing cells (T cells with E7-type1 immune responses)
among integrin a47* mucosal lymphocytes collected from gut mucosa. An induction of E7-specific
granzyme B-producing cells (E7-CTL) exhibiting killer responses toward HPV16 E7-positive cells was
also observed. The induction of T cells with specific mucosal E7-type1 immune responses was greater
after oral immunization with LacE7 when compared to subcutaneous or intramuscular antigen delivery.
Oral immunization with Lactobacillus-based vaccines was also able to induce mucosal cytotoxic cellular
immune responses. This novel approach at a therapeutic HPV vaccine may achieve more effective clinical
responses through its induction of mucosal E7-specific CTL.
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1. Introduction

Human papillomavirus (HPV) is a major risk factor for the devel-
opment of cervical cancer which is the second most common cancer
among women. An estimation of the worldwide cancer incidence
and mortality for 2002 showed that persistent HPV infection had
caused about 500,000 cases of cervical cancer [1]. Some 99% of
cervical cancer cases are associated with genital infection with
HPVs. At present, there are about 100 identified genotypes of HPVs
and more than 40 subtypes are known to infect human genitalia.
HPV type 16 (HPV16) infection is most commonly associated with
cervical cancer. It is found in 50% of cervical cancers and cases
of high-grade cervical intraepithelial neoplasia (CIN) [2-4] and in
25% of low grade CIN lesions. Since at least 50-80% of women are
thought to be exposed to genital HPV in their lifetime and per-
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sistent HPV infection is associated with progression to high-grade
CIN or cervical cancer [2,5] a vaccine that prevents genital infection
with HPV16 should substantially reduce the incidence of cervical
cancer. Still, while prophylactic vaccines composed of L1 virus-like
particle are available and have been shown to prevent HPV infec-
tion with the virus types contained in the vaccine [6], they cannot
help the millions of patients who have already been infected [7].
Therapeutic vaccines are also needed.

While some HPV infections may persist and progress to cer-
vical cancer, most infections resolve spontaneously, probably as
the result of host cellular immune responses to HPV viral pro-
teins. The HPV E6 and E7 oncogenic proteins are essential to the
process of carcinogenesis, and their immunogenicity has given
HPV an attractive target for use in immunization strategies to
treat CIN or cervical cancer. In fact, several therapeutic vaccines
against HPV E6 and/or E7 oncogenic proteins have been devel-
oped and clinical vaccination trials using these reagents against CIN
and cervical cancer have been completed [8-16]. Using immuno-
histochemistry, Ressler et al. have demonstrated that high-grade
CIN lesions strongly express E7 proteins, suggesting E7 as a tar-
get molecule for immunotherapy against high-grade CIN [17].
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However, no studies to date have demonstrated clinical efficacy of
E7-based vaccines. E7-based vaccines have been shown to elicit E7-
specific systemic cellular immune responses after subcutaneous or
intramuscular delivery, but few have addressed E7-specific cellu-
lar mucosal immune responses. Because CIN lesions develop in the
cervical mucosa, we believe that cervical mucosal cytotoxic cellular
immune responses to E7 are essential for clearance of CIN. Subcuta-
neous or intramuscular antigen administration may be significantly
less effective delivery routes for therapeutic vaccines against HPV-
associated CIN.

Poo et al. have shown that oral immunization of C57BL/6
mice with Lactobacillus casei (Lb. casei) expressing HPV16 E7
reduces tumor formation induced by TC-1 cell administration. TC-
1 cells have been immortalized by HPV16 E6/E7 and c-Ha-ras.
Immunization in these experiments elicited typel T cell immune
responses to E7 inlymphocyte from the spleen and from anogenital
regional lymph nodes [9]. Using intranasal mucosal immuniza-
tion, Bermddez-Humaran et al. also demonstrated that TC-1 tumors
regressed in mice exposed to a Lactobacillus-based E7 vaccine and
that antigen-specific CTL responses in splenocytes were robust
[18]. Although both studies used transmucosal immunization with
Lactobacillus-based vaccines, they examined E7-specific systemic
cellular immune response and regression of subcutaneous TC-
1-induced tumors. These investigations provide no insight into
mucosal cellular immune responses after immunization and the
antigen specificity of mucosal lymphocytes.

Mucosal immunity serves as the first line of defense against
microbial infections. These activities include the clearance of
microbes from infected lesions and the production of anti-
microbial neutralizing antibodies and involve a dynamic immune
network that combines innate and acquired mucosal responses.
All mucosal sites (lachrymal, nasal, bronchial, gastrointestinal, and
genital) share a common immune network that includes induction
in mucosa-associated lymphoid tissues (MALT), distinctive effec-
tor sites, and specific mucosal lymphocytes (intraepithelial and
lamina propria-associated). MALT and mucosal lymphocytes are
functionally and anatomically distinct from the systemic lymphoid
tissues (e.g. spleen) and lymphocytes (e.g. splenocyte and periph-
eral white blood cells) of the peripheral immune system. Integrin
«4B7 is a mucosa-associated homing receptor, the expression of
which is induced on mucosal lymphocytes only upon interaction
with dendritic cells residing in the gut-associated lymphoid tissues
GALT) [19]. Although integrin a4f37* lymphocytes are commonly
considered to be gut-derived mucosal lymphocytes, they may be
derived in and home to several other distinct mucosal sites. For
instance, after binding to natural ligands, such as mucosal addressin
cell adhesion molecule (MAdCAM) that is expressed in venular
endothelial cells at mucosal sites, integrin a47* lymphocytes can
also home to nasal, urogenital and other mucosal sites [20-23].
Hawkins et al., have shown that integrin «4f37* lymphocytes home
to the chlamydia-infected murine genital tract [24]. In response
to these and other findings, oral immunization has become an
attractive antigen delivery system that can effectively carry anti-
gen to inductive sites (e.g. GALT such as Peyer’s patches) that
elicit antigen-specific mucosal immune responses [25]. Further,
oral immunization of Lb. casei is reported to have an adjuvant effect
on typel T cell immune responses at gut mucosa [26].

Mucosal memory and effector T cells against E7 are essential to
the clearance of CIN. Investigations on mucosal immune response
to mucosally administered HPV therapeutic vaccines are scarce
and no groups have specifically addressed the induction of inte-
grin 47" antigen-specific mucosal T cells. In this study, we orally
administered Lb. casei expressing HPV16 E7 to C57BL/6 mice and
assessed mucosal cellular immune responses to HPV16 E7, includ-
ing the induction of IFNvy-producing typel T cells and granzyme
B-producing CD8* T cells, and cytotoxic activity against TC-1 cells.
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Since it was difficult to isolate strictly mucosal T cells from the
murine cervix, we used mucosal T cells isolated from gut mucosa
as a surrogate for those isolated from the cervix. We demonstrated
that oral immunization with Lb. casei expressing HPV16 E7 elicited
E7-specific mucosal cellularimmune responses in gut-derived inte-
grin a437* lymphocyte. This may accompany similar homing of
primed memory/effector cells from the gut inductive site to effector
sites in the cervical mucosa for clearance of high-grade CIN.

2. Materials and methods

2.1. Preparation of attenuated Lb. casei-based vaccines

Lb. casei strain 525 was isolated from sugar apple. Lb. casei 525
was cultured in MRS medium at 30°C. The pKV-based expression
plasmid was a kind gift from Dr. Sung (Bioleaders Corporation,
Korea). The plasmid has a Lactobacillus-derived promoter upstream
of the integration site for the gene of interest. This plasmid also
fuses the gene of interest to pgsA, a peptideglican that traffics
the protein of interest to the cytoplasmic membrane as shown
previously [9]. In this study, we modified the HPV16 E7 gene by
inserting a point mutation into the Rb-binding site (the D, C, and
E in the E7 aa21, aa24 and aa26, respectively, were all replaced
by a G). Through this mutation, the carcinogenicity of E7 was
lost its immunogenicity remained intact [10]. Two plasmid sub-
types (pKV/mutated E7 and pKV alone) were created, purified
and transformed into Lb. casei by electroporation. The recombi-
nant Lb. casei expressing HPV16 mutated E7 and the vehicle, Lb.
casei alone, were named LacE7 and Lac, respectively. LacE7 and
Lac were expanded using large scale culture in MRS medium with
erythromycin (16 wg/mL) at 30°C and attenuated using heat. The
attenuated Lb. casei were purified by washing several times with
distilled water, dried to powder and stored at 4 C until use. The
powder weight of the attenuated Lb. casei was used to define
vaccine inoculum dosage. Semi-quantitative SDS-PAGE and ELISA
analyses revealed that 1 g of attenuated LacE7 contained about 7 mg
of HPV16 E7 protein (data not shown).

2.2. Immunization of mice with Lactobacillus-based vaccines

Eight-week-old, female SPF C57BL/6 (H-2P) mice were used for
immunization experiments (CLEA Japan. Inc., Japan). Various vac-
cine doses(0.1,0.3, 1.0, 3.0, 10, and 100 mg/head) of the attenuated
LacE7 or Lac were administered to five mice per dose at weeks 1,
2 and 4 (priming) and at week 8 (booster). LacE7 and Lac powders
were insoluble in water-based solvents. All inoculums were sus-
pended in PBS (200 pL/head) and administered via an intra-gastric
tube after 3 h of fasting, once per day for 5 days each week. For
comparison, 50 pg of purified HPV16 E7-tag fusion protein (kind
gift from Dr. Sung, Bioleaders Corporation, Korea) was suspended
in complete Freund’s adjuvant and administered to mice by intra-
muscular (i.m.) or subcutaneous (s.c.) injection once per week at
weeks 1, 2,4 and 8.

2.3. Isolation of murine splenocytes and intestinal mucosal
lymphocytes

Intestinal mucosal lymphocytes and splenocytes were isolated
from immunized mice 1 week after priming or booster inoculations
(at week 5 or 9, respectively). After sacrifice, intestines or spleen
were obtained from five distinct mice and washed three times in
HBSS containing protease inhibitors. The intestines were opened
longitudinally and shaken vigorously in RPMI1640 containing 10%
FCS, 100 units/mL of penicillin and 100 p.g/mL of streptomycin for
30min at 37 °C. The resulting cell suspensions were passed through
a BD Falcon Cell-strainer (BD Bioscience, USA) to remove tissue
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debris and were subjected to discontinuous density gradient cen-
trifugation in a 15 mL tube layered from the bottom with 70% and
40% Percoll (Sigma, USA). Approximately 1078 cells were layered
onto the gradients and centrifuged at 600 x g for 20 min at room
temperature (LX-130 TOMY SEIKO Co., Ltd., Japan) The interface
between the 70% and 40% layers contained lymphocytes with a cell
viability of more than 95%. Splenocytes were prepared by gently
teasing the spleen in the HBSS. Clumped debris was removed by
centrifugation. Approximately 5-10 x 106 intestinal mucosal lym-
phocytes and 107 splenocytes were obtained from individual mice.

2.4. Flow cytometry

Murine intestinal mucosal lymphocytes were incubated with
an anti-CD4 or anti-CD8 mAb conjugated to PE-Cy5 (1 pg/mL,
eBioscience, USA or Beckman Coulter, USA), or with an anti-
integrin a437 (LPAM-1) mAb conjugated to PE(1 pg/mL, Santa Cruz
Biotechnology, USA) for 30 min at 4 °C. Controls were exposed to
an isotype-matched irrelevant mAb (1 ug/mL, Beckman Coulter).
Cells were suspended in 1% paraformaldehyde, and analyzed using
a FACSCalibur flow cytometry system (BD Bioscience, USA).

2.5. ELISPOT assay

50pL of intestinal mucosal lymphocytes or splenocytes
(2 x 105 cells/mL) were incubated for 24 h at 37:C with antigen
presenting cells, 50 uL of splenocyte (1 x 10° cells/mL) treated
with mitomycin C (75pug/mL, Nakarai, Japan), and washed
four times with PBS. 10 uL of a synthesized peptide (working
conc.=1 pg/mL) corresponding to amino acid 49-57 of HPV16 E7
(a reported CTL epitope for C57BL/6 (H-2P) mice), mitogen (PMA
40 ng/mL+ionomycine 4 wg/mL), or medium alone (negative con-
trol) were added to a 96-well ELIIP plate (Millipore USA) coated to
anti-mouse IFNvy or granzyme B monoclonal antibodies (15 pg/mL)
according to the manufacturer's protocols for ELISPOT for Mouse
Interferon-y (MABTECH AB, Sweden) and Granzyme B Develop-
ment Module (R&D systems, USA). Spot numbers of IFNy and
granzyme B-producing lymphocytes were analyzed with a fully
automated computer assisted video imaging analysis system, KS
ELISPOT (Carl Zeiss Vision, Germany) [10].

2.6. Cytotoxic T lymphocyte (CTL) assays

E7-specific cytotoxicity was measured using a CTL assay sys-
tem and the Cellular DNA Fragmentation ELISA (Roche, USA). TC-1
cells are derived from a primary lung cell from C57BL/6 mice (allo-
geneic to the immunized mice) and immortalized by HPV16 E6/E7
plus c-Ha-ras and were used in these experiments as target cells
(kind gift from Dr. T.C. Wu, Johns Hopkins University, Baltimore,

(A) ®)

Date.004

MD USA) [27]. Briefly, target cells were cultured in medium con-
taining BrdU for 12 hat 37 °C. The cells were harvested the following
day, washed and plated at a concentration of 2 x 10# cells/well in
a 96-well plate. Plates were incubated for 6 h at 37 °C with effecter
cells at an effecter cell/target cell (E:T) ratio of 1-20. The release of
BrdU from killed cells was measured at OD 450 nm according to the
manufacturer’s protocol.

2.7. Statistical analysis

ELISPOT data are presented as means =+ standard deviations.
Experiments were performed independently at least three times.
ELISPOT numbers were compared between the immunization
groups (5-6 mice/each group) using paired, two-tailed Student’s
t-tests. A p-value of <0.05 was considered significant.

3. Results

3.1. Integrin a4f7* mucosal T cells

Assessment for mucosal cellular immune response requires iso- .

lation of mucosal T cells that express homing receptors, including
integrins (integrin 437 and a4f31). A study in a chlamydia-
infected murine model demonstrated that intestinal mucosal lym-
phocyte also home to the genital tract mucosa. Integrin a437 rather
than a4f31 is reported to be a central homing receptor directing
transit of mucosal lymphocytes to genital tract mucosae [28]. This
gut/genital tract similarity allowed us to study mucosal lympho-
cytes isolated from murine intestinal mucosa in our investigation.
These lymphocytes were isolated as described previously [29] and
their phenotype was examined using flow cytometry (Fig. 1). About
90% of the lymphocyte were positive for integrin a4f37. The propor-
tions of CD4* and CD8"* integrin a4B7* cells were 45% and 56% of
the lymphocytes, respectively. A portion of CD4* or CD8"* integrin
a4B7* cells may be CD4* and CD8* (double positive) T cells since
the total percentages exceed 100%. The CD4* and/or CD8* T cells
expressed intermediate levels of integrin a437 (bold lines in Fig. 1).
A CD4- and CD8- subset of integrin a437* cells was presumed to
include integrin @437 B, NK, or double negative (CD4~ and CD8")
T cells. The phenotypes of these intestinal mucosal lymphocytes
were markedly different from those isolated from peripheral blood
and confirmed our isolation of mucosal T cells. 0.3-2% of isolated
mucosal lymphocytes were B cells (data not shown).

3.2. Increase in IFNy-producing typel T cell after oral
immunization with Lb. casei

Clearance of cells infected with HPV or immortalized by HPV
requires cellular cytotoxic immune responses that are provided

107 104

ol

lgG3 a

Fig. 1. Flow cytometry analysis of isolated mucosal lymphocytes. Instrument settings for separate samples were identical. The appropriate isotype profile is shown in (A).
These profiles depict PE-Cy5 CD4*(B) or CD8*(C) cells on the x-axis and PE integrin a4[37* cells on the y-axis. The dual-labeled CD4* or CD8"/integrin adB7* cells cluster in

the upper right quadrant (bold line).
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Fig. 2. To examine effect of oral immunization with a recombinant Lactobacil-
lus casei-based vaccine on mucosal typel cell immune responses, the number of
non-specific IFN+y-producing cells among the mucosal lymphocytes was assessed
using an ELISPOT assay after mitogen stimulation (40 ng/mL of PMA and 4 p.g/mL
of ionomycin). Groups of five mice received LacE7 (1, 10, and 100 mg/head) or Lac
(10mg/head) orally. Integrin «437* intestinal mucosal lymphocytes were collected
from each mouse 1 week after final immunization. Asterisks indicate those compar-
isons (PBS vs. Lac/LacE7) with statistical significance (p <0.05) (n=5).

by IFNy-producing CD4* helper T cells (typel immune response-
related T cells) and cytotoxic CD8* T (Tc) cells. To examine the
effect of oral immunization with a Lb. casei-based vaccine on
mucosal typel immune response-related cells, the number of IFNvy-
producing cells among all mucosal lymphocytes was assessed by
ELISPOT assay (Fig. 2). Each group of five mice was orally exposed
to Lb. casei bearing HPV16 E7 (LacE7) at 1 mg/head, 10 mg/head, or
100 mg/head or to vehicle (Lac) vaccines at 10 mg/head at weeks 1,
2,and 4. Oral administration occurred once per day for 5 days each
week. Intestinal mucosal lymphocytes were collected from each
mouse 1 week after the last immunization. For ELISPOT assays,
the lymphocytes were stimulated with the mitogens, PMA and
‘onomycin. and the typel immune response-related cells were

detected as IFN<y positive spots. The number of IFN<y-producing
typel immune response-related cell increased by a similar amount
after immunization with equal amounts of Lac and LacE7. Typel
cell increases were also dependent on the dosage of LacE7. This
suggested that Lb. casei provides a non-specific adjuvant effect on
the induction of typel immune responses at mucosal sites.

3.3. The dose-dependent induction of E7-specific cellular immune
response by oral immunization with LacE7

HPV16 E7 amino acids 49-57 are known to represent an E7-CTL
epitope that is recognized by the CTL and type1 T cells of C57BL/6
mice [11]. A synthetic peptide with an amino acid sequence corre-
sponding to this CTL epitope was used as a stimulant in E7-specific
ELISPOT assays to assess type1l T cell immune responses to HPV16
E7.Various doses of LacE7 (0.3, 1.0, 3.0, 10, and 100 mg/head) or Lac
were administered orally to five mice at weeks 1,2,and 4 as in Fig. 3.
Integrin a4f37* intestinal mucosal lymphocytes were collected
from the immunized mice at week 5 and examined in an E7-specific
ELISPOT assay. The number of typel immune response-related T
cell producing IFNy after stimulation by the E7 peptide increased
significantly in LacE7-immunized mice but not in Lac-immunized
mice. This demonstrates that oral immunization of mice with LacE7
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Fig. 3. Various doses of LacE7 (0.3, 1.0, 3.0, 10, and 100 mg/head) or Lac were orally
administered to a group of five mice at weeks 1, 2, and 4. The same dose was used
for all oral administrations to a given mouse. Integrin a4337* intestinal mucosal
lymphocytes were collected from the immunized mice at week 5. The number of E7-
specific IFN-y-producing cells among the mucosal lymphocytes was assessed using
an ELISPOT assay after stimulation with 1 ug/mL of a synthetic peptide correspond-
ing to amino HPV16 E7 acids 49-57. Asterisk indicates those comparisons (Lac vs.
LacE7) with statistical significance (p<0.05) (n=5).

elicits type1 mucosal immune response-related T cells that direct
E7-specific CTL in the intestinal mucosa. Interestingly, the number
of the E7-specific typel immune response-related T cells peaked
at exposure levels of 1.0-3.0mg/head and decreased with dose
escalation over 3.0 mg/head (Fig. 3).

To increase typel immune response-related T cell cellular
immune responses, mice immunized orally with LacE7 or Lac at
weeks 1, 2, and 4 received booster oral immunization at week 8.
Intestinal mucosal lymphocytes were then isolated and analyzed at
week 9. In these experiments, a variety of exposures to 1.0 mg/head
or less of LacE7 were used for prime and boost administrations to
find the minimum dose that would elicit an optimal type1 immune
response-related T cells (Fig. 4). E7-specific, IFNy-producing type1l
cells increased in number with LacE7 dose escalation. 1.0 mg/head
of LacE7 oral immunization induced E7-specific typel cellular
immune responses significantly and appeared to be the optimal
induction dose while the same dose of Lac alone had no effect on
these responses. The booster immunization at week 8 raised E7-
specific type1 immune cell numbers 4-fold when compared to the
induction at week 5.

3.4. Comparison of mucosal cellular immune responses after oral,
intramuscular, and subcutaneous immunizations

Previous studies on HPV therapeutic vaccines have demon-
strated E6/E7-specific cellular immune responses in splenocyte
or PBMCs in mice [8]. All previous clinical trials in humans have
also used peripheral or systemic response read-outs (PBMCs). Prior
studies on HPV therapeutic vaccines have also been limited to
intramuscular or subcutaneous exposure to E6/E7-fused proteins
or plasmid DNA expressing E6/E7 genes [12,13]. Few investigators
have addressed specific mucosal cellular immune and few have
used mucosal exposure as the route of immunization. Although
some studies have analyzed post-exposure lymphocytes collected
from minced genital tract tissue or its draining lymph nodes [30,31],
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Fig. 4. Various doses of LacE7 (0.03, 0.1, 0.3, and 1.0 mg/head) or Lac were orally
administered to a group of five mice at weeks 1, 2, and 4 (priming) and week 8
(boost). The same dose was used for priming and boost exposures in a given mouse.
Integrin «4f37* intestinal mucosal lymphocytes were collected from the immunized
mice at week 9 and examined using an E7-specific ELISPOT assay as shown in Fig. 3.
The boost immunization at week 8 raised E7-specific typel immune cell numbers
4-fold more than those at week 5. Asterisks indicate those comparisons (PBS/Lac vs.
LacE7) with statistical significance (p<0.05) (n=5).

these cells are grossly contaminated by peripheral cells in the ves-
sels supplying these tissues and represent local, but not specifically
mucosal immune responses.

In this study, intestinal mucosal lymphocytes and splenocytes
were collected from immunized mice to represent mucosal and sys-
temic cellular immune responses, respectively. To address the role
of route of vaccination on mucosal immunity, mucosal and periph-
eral responses to oral immunization with LacE7 was compared to
intramuscular and subcutaneous immunizations with E7. For intra-
muscular and subcutaneous injections, a purified E7-fused protein
with adjuvant was used since LacE7 was not water soluble and was
difficult to use in injections. Each immunization was performed in
five mice at weeks 1, 2, 4 and 8 (Fig. 5).

Oral, subcutaneous and intramuscular exposures elicited fairly
consistent levels of induction of E7-specific IFNy-producing type1l
immune cells among splenocytes (about hundreds cells/106
splenocytes). For comparison, the number of E7-specific typel
immune cells among mucosal lymphocytes was normalized to that
among isolated splenocytes for each immunization. Intramuscular
immunization induced barely detectable levels of E7-specific type1
mucosal immune cells, significantly less than that found among
splenocytes (about one-tenth of that in splenocytes). Subcutaneous
immunization induced E7-specific typel mucosal and peripheral
immune responses equally. Oral immunization of LacE7 elicited
a predominant mucosal E7-specific typel immune response, with
typel immune response-related cell levels approximately 1.5-2.0-
fold higher than those among splenocytes. The most effective
immunization route for the induction of HPV-specific mucosal
cellularimmune response was oral immunization, followed by sub-
cutaneous immunization. Intramuscular immunization had little
effect on mucosal responses.
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Fig.5. Oral, intramuscular, or subcutaneous immunizations were compared for the
induction of mucosal E7-specific type1 immune responses. Mice were immunized
by each route at weeks 1, 2, 4 and 8. Both intestinal mucosal lymphocytes (black)
and splenocytes (stripe) were collected from mice immunized by each method and
assessed using an E7-specific ELISPOT assay. Each route of immunization elicited
similar E7-specific IFN-y-producing typel immune responses in splenocytes. The
number of E7-specific typel cells among mucosal lymphocytes was normalized
to that among splenocytes for each immunization route. This ratio is depicted on
the y-axis. Asterisks indicate those comparisons (oral vs. other immunization) with
statistical significance (p<0.05) (n=5).

3.5. E7-specific cytotoxic activity of induced mucosal lymphocytes

E7-specific CD4* type1 immune response-related cells were
detected among the mucosal lymphocytes collected from mice
immunized orally with LacE7. To confirm the activity of E7-
specific CD8* CTLs among mucosal lymphocytes, T cells producing
granzyme B in response to the E7-CTL epitope (HPV16 E7 amino
acids 49-57) were measured using ELISPOT assays and killer activ-
ity to HPV16 E7-expressing (TC-1) cells examined. The murine
H-2° tumor cell line, TC-1, is derived from an allogeneic mouse
strain (C57BL/6) and immortalized by HPV16 E6/E7 plus c-Ha-ras.
TC-1 cells were used as a target cells in killing assays. Mucosal
lymphocyte and splenocyte were collected from mice receiving
oral immunization of LacE7 at weeks 1, 2, 4, and 8 and used
for CTL assays (Fig. 6). ELISPOT assays revealed an induction of
E7-specific granzyme B-producing cells in isolated mucosal lym-
phocyte and splenocyte populations. As shown in Fig. 5, there
was a trend toward higher numbers of E7-specific, granzyme B-
producing cells among mucosal lymphocytes when compared to
splenocytes although this difference was not significant (Fig. 6A).
When mucosal lymphocyte were used as effector cells in killer
assays with E7-expressing epithelial cell targets derived from
C57BL/6 mice (TC-1 cells), the effector cell will recognize target
cell MHC class 1 molecules since both cells are derived from same
mouse strain. Mucosal lymphocytes isolated from mice immunized
with LacE7 had increased lytic effects against TC-1 cells that were
appropriately dependent on the E:T ratio; those isolated from con-
trol mice did not. This demonstrates that mucosal lymphocyte killer
activity was specifically induced through recognition of the E7-CTL
epitope by the mucosal CD8* T cell.
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Fig. 6. T cells producing granzyme B in response to E7-CTL epitope exposure were
measured using an ELISPOT assay and their killer activity toward TC-1 cells was
examined. Mucosal lymphocytes and splenocytes collected from mice receiving
oral immunization of LacE7 at weeks 1, 2, 4, and 8 were used for CTL assays. (A)
ELISPOT assay revealed an induction of E7-specific granzyme B-producing cells in
both mucosal lymphocytes (black) and splenocytes (stripe). The ELISPOT assay was
examined as shown in Fig. 3 using an anti-granzyme B antibody. Asterisks indicate
those comparisons (PBS vs. LacE7) with statistical significance (p <0.05) (n=5). (B)
Mucosal lymphocytes effector cells were mixed with TC-1 target cells at various E:T
ratios indicated on the x-axis. The cell lytic effect (%) against TC-1 cells is depicted
on the y-axis.

4. Discussion

HPV E7 expression in cervical neoplasia has been previously ver-
ified at transcriptional and translational levels [17,38]. RT-PCR and
immunohistochemical assessments have shown that high-grade
CIN lesions (CIN 2-3) strongly express the E7 gene and protein
but CIN1 lesion exhibit very low expression levels, suggesting
that the E7 protein represents an important target molecule for
immunotherapy against high-grade CIN (CIN 2-3).

In this study, we demonstrated that mucosal typel immune
response-related T cell activity against HPV16 E7 can be induced by
oral immunization with a recombinant Lactobacillus-based vaccine
‘LacE7). Mucosal lymphocytes obtained from the intestinal mucosa

were used for assays of cellular immune response. About 90% of the
lymphocyte possessed integrin a437, a mucosa-associated homing
receptor whose expression is induced by dendritic cells (DCs) resid-
ing in the GALT via retinoic acid. The proportions of CD4* and CD8"*
cells in the isolated lymphocytes were quite distinct from those
in the mucosal lamina propria or among intraepithelial lympho-
cytes [32]. The mucosal lymphocytes appeared to be a mixture of T
cells derived from GALT, mucosal lamina propria and intraepithelial
compartments. The number of B cells among isolated mucosal lym-
phocytes was much less than that in peripheral blood. These flow
cytometry data demonstrate that peripheral blood contamination
was negligible using the mucosal lymphocyte isolation protocols
employed in this study. It is impossible to collect pure mucosal lym-
phocyte from the murine genital tract mucosa because of its small
size. Therefore, previous studies have substituted lymphocytes col-
lected from the lymph nodes draining genital tract (e.g. inguinal and
iliac) for the detection of local immune responses [30,31]. Rank et
al. have directly demonstrated immune responses in genital tract
mucosal cells isolated from guinea pigs [33], but HPV infected target
cell lines, like TC-1, are not available in guinea pig models. Although
we attempted to use similar methods to isolated genital tract lym-
phocytes from mice, these cells were massively contaminated by
peripheral blood (data not shown) and we could not assure the

cells were purely mucosal. In this study, intestinal mucosal lym-
phocytes were used to address mucosal cellular immune responses
to an HPV E7 vaccine in mice. Our data make this manuscript a
proof-of-concept paper until the cervix can be assessed directly in
humans.

In the mucosal immune system, MALT is the crucial inductive
site for adaptive immunity. The cervical mucosa, however, does
not possess MALT [34], a characteristic that may help to prevent
specific immune attack against sperm deposited repeatedly in the
female reproductive tract. Iwasaki's group has demonstrated that
DCs in the vaginal mucosa migrate to draining lymph nodes, includ-
ing inguinal, iliac and sacral lymph nodes, where they present
antigen to CD4"* T cells [35-37]. These draining lymph nodes are
critical as inductive sites for antigen-presentation after pathogen
invasion. Interestingly, these lymph nodes possess endothelial
cells that express MAACAM, a natural ligand for integrin w437
[38]. We have shown that integrin a437* lymphocytes comprise
50-70% of the cervical lymphocytes isolated from patients with
HPV-associated lesions, indicating that GALT-derived cells home
to the cervical mucosa in human (Yokoyama et al., unpublished
data). Cervical mucosae appear to utilize GALT as alternative induc-
tive sites for antigen-presentation of pathogens that have invaded
the genital mucosa. The induced integrin a4f37* memory/effector
cells can then traffic to the cervical mucosa and provide cellu-
lar immune responses in the cervical mucosa similar to those
in the intestinal mucosa. We therefore presumed that mucosal
lymphocyte isolated from intestinal mucosa can be used as sur-
rogates for those populating the cervical mucosa and we chose
to study oral rather than intranasal immunization. Bermiidez-
Humarén et al. demonstrated that intranasal immunization with
lactic acid bacteria expressing HPV E7 and IL12 elicits antitumor
effects on E7-related murine tumors and assessed CTL responses
in splenocytes [18]. The antitumor effects on mucosal neoplas-
tic lesions by mucosal lymphocytes have never been specifically
addressed. Oral immunization with lactic acid bacteria should
directly stimulate GALT and integrin a437* memory/effector cells
and this should result in strong mucosal immune responses in
the gastrointestinal tract and the cervix. In our investigation,
the mucosal typel immune responses to E7 were quite differ-
ent depending on the route of immunization. Oral immunization
had the predicted advantage of preferential induction of mucosal
rather than systemic immunity. Intramuscular immunization, in
contrast, was quite suitable for the induction of systemic but not
mucosal immunity. This work is the first to compare mucosal cel-
lular immune response to HPV E7 among several routes of vaccine
administration.

To induce mucosal immunity to a vaccine antigen, the antigen
must be delivered to inductive sites and presented by APC to acti-
vated memory cells [39]. The intestinal mucosa possesses many
inductive sites, including Peyer's patches, making it an attractive
site for the stimulation of protective mucosal immunity. Lb. casei
has been shown to act as an efficient vaccine carrier that delivers
antigen across the gut to GALT as well as a vaccine adjuvant that
promotes type1 T cellimmune responses [9,26]. Mohamadzadeh et
al. demonstrated that Lactobacillus species promote type1 immune
response polarization through interactions with myeloid dendritic
cells (MDC) [40]. Lactobacillus activate MDC through TLR-2 and the
activated MDC stimulate the proliferation of autologous CD4* and
CD8* T cells and their secretion of IFN+y [41]. Kajikawa et al. further
confirmed that recombinant Lb. casei can induce IFNvy production at
mucosal sites [26]. Our data demonstrate that oral immunization
using Lb. casei that lack or express E7 equally elicit non-specific
IFNy-producing type1 immune cells in the intestinal mucosa, indi-
cating that the stimulation of mucosal type1 immune responses is
Lb. casei- but not E7-specific. The adjuvant effect of Lb. casei on type1
immune responses did not change over a range of 1-100 mg/head
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exposures, suggesting that Lb. casei represents an excellent anti-
gen delivery vehicle when cytotoxic mucosal immune responses to
vaccine antigen are desired.

The E7-specific type1 immune response induced by LacE7 was
directly dose-dependent over a range of 0.03-1.0mg/head, but
decreased when exposure exceeded a LacE7 level of 1.0 mg/head.
These findings could be caused by an aggregation of the attenuated
bacteria when levels approach 10 mg/head, resulting in interfer-
ence with antigen translocation to GALT through M cells. In these
investigations we chose LacE7 doses of 1.0 mg/head as optimal for
oral immunization to induce E7-specific type1 immune response-
related T cell activities and used this level of exposure for CTL
detection and killer activity assays. E7-specific typel immune
cell numbers increased after boosting when compared to non-
boost protocols, suggesting that mucosal lymphocyte populations
include memory T cells that recognize E7.

The lack of an animal model with HPV E7-related mucosal neo-
plastic lesions hampers assessment of our therapeutic vaccination
strategy for preclinical efficacy against CIN. Most previous stud-
ies on HPV therapeutic vaccines utilized murine models in which
HPV16 E7-transformed TC-1 cells were injected subcutaneously
to induce tumor formation [42,43]. This model can assess sys-
temic, but not mucosal, immune responses to HPV-related tumors.
In our study, TC-1 cell was used as target cells for mucosal E7-
specific CTL in in vitro killer activity assays. The HPV-specific killer
activity of mucosal lymphocytes was clearly demonstrated by the
induction of granzyme B-producing CD8* T cells. Poo et al. have
revealed that oral immunization of mice with Lb. casei express-
ing HPV16 E7 reduces the growth of subcutaneous TC-1 cell tumor
and induces E7-specific type1 immune response-related splenic
T cells [9]. We have shown that oral immunization with LacE7
preferentially elicits E7-specific type1 T cell responses in mucosal
lymphocytes (2-fold higher) when compared to splenocytes. These
data strongly suggest that the induced mucosal CD4* and CD8* T
cells will have antitumor effects on mucosal HPV E7-related neo-
plastic lesions.

Oral routes of immunization offer many advantages: easy self-
administration at home, reduction in hypersensitivity reactions,
and decreased costs (no needles, syringes or trained personnel).
Further, the production of lactic acid bacteria is also inexpensive.
In this study the recombinant Lb. casei, LacE7, was heat-attenuated.
Attenuation results in the destruction of the expression plasmid
and prevention of self-replication. This negates the possibility for
transfer of foreign genes to normal bacterial in the gut. The Rb-
binding site of HPV16 E7 was mutated in the antigen-producing
plasmid, thereby eliminating its oncogenicity but not its immuno-
genicity [44]. These modifications make the recombinant Lb. casei
vaccine ensure drug safety. Unfortunately, we must await clinical
trials on this promising therapeutic HPV vaccine to assess its actual
antitumor effect on mucosal neoplastic lesions. Our data support
the development of an initial clinical study on therapeutic vaccina-
tion of patients with CIN 2-3 patients using LacE7.
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