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A Phagocytotic Inducer from Herbal Constituent, Pentagalloylglucose
Enhances Lipoplex-Mediated Gene Transfection in Dendritic Cells

Shinichiro Kato,” Keiichi Koizum,*# Miyuki Yamapa,® Akiko Inunma,? Nobuhiro Takeno,”
Tsuyoshi Nakanistr,” Hiroaki Sakural,” Shinsaku Nakacawa,” and Tkuo Saiki®

a Division of Pathogenic Biochemistry, Institute of Natural Medicine, University of Toyama; 2630 Sugitani, Toyama
930-0194, Japan: * Laboratory of Hygienics, Gifu Pharmaceutical University; 5-6-1 Mitahora-higashi, Gifu 502-8585,
Japan: and °Department of Biatechnology and Therapeutics, Graduate School of Pharmaceutical Sciences, Osaka
University; Suita, Osaka 565-0871, Japan. Received May 6, 2010; accepted August 19, 2010

Antigen-presenting cells are key vehicles for delivering antigens in tumor immunotherapy, and the most po-
tent of them are dendritic cells (DCs). Recent studies have demonstrated the usefulness of DCs genetically modi-
fied by lipofection in tumor immune therapy, although safficient genc transduction into DCs is quite difficult.
Here, we show that Paeonie radix, herbal medicine, and the constituent, 1,2,3,4,6-penta-O-galloyl-§-p-glacose
(PGG), have an attractive function to enhance phagocytosis in murine dendritic cell lines, DC2.4 cells. In partic-
ular, PGG in combination with lipofectin (LPF) enhanced phagocytic activity. Furthermore, PGG enhanced lipo-
fection efficacy in DC2.4 cells, but not in colorectal carcinoma cell lines, Colon26. In other words, PGG synergis-
tically enhanced the effect of lipofectin-dependent phagocytosis on phagocytic cells. Hence, according to our
data, PGG could be an effective aid in Tipofection using dendritic cells. Furthermore, these findings provide an
expectation that constituents from herbal plant enhance lipofection efficacy.

Key words  dendritic cell; lipofection; 1,2.3.4,6-penta-O-galloyl-B-o-glucose: phagocytosis
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Dendritic cells (DCs) play a pivotal role in initiating and
controlling the T cell-dependent immune response." Imma-
ture DCs, localized in non-lymphoid tissues, have optimal
capabilities for antigen uptake, processing and the formation
of peptide-major histocompatibility (MHC) complexes. Anti-
gen uptake and some cytokines, for example, in the inflam-~
matory environment, promote their maturation and migration
to T cell areas of regional lymphoid tissues, where matured
DCs strongly present MHC class [ and 1 restricted peptides
10 naive T cells, inducing an immune response and differenti-
ation.> Because of these propesties, DCs have been consid-
ered quite attractive immune cells to achieve gene transduc-
tion for DNA-based immunization in tumor immunother-
apy* 7 and many gene delivery methods have attempted to
optimize transduction and transfection to human and murine
dendritic cells.® '

However, despite advances in the understanding of DC bi-
ology, the development of genetic immunization strategies
using DC-transfected plasmid DNA has been limited by their
low transfection efficiencies.'” Currently, the most efficient
method for DC transduction is infection using a viral vector
based on poxvirus, lentivirus, and adenovirus,>'*" but viral
vectors may be associated with safety concerns and generally
require DNA codon optimization to OVEIrcome poor gene ex-
pression.'*'® An attractive alternative to vector-mediated de-
livery into DCs is lipofection, non-viral gene transduction.
The main advantages of lipofection are its ability to transfect
all types of nucleic acids in a wide range of cell types, its
ease of use, reproducibility and low toxicity.'® Furthermore,
recent studies have demonstrated the usefulness of DCs ge-
netically modified by lipofection in tumor jmmunotherapy,'
while sufficient gene transduction to DCs is quite difficult.'®
Therefore, it is easily thought that more efficient (DNA-
based) DC vaccine therapy could be developed by not only
understanding DC immune biology but also finding methods
or substances which enhance lipofection efficiency in DCs.

We have sought out immunomodulating compounds de-
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rived from herbal medicine or Kampo preparations (formula-
tion) for cancer therapy, especially metastasis.'*?® In this
study, we found that 1,2,3,4,6-penta-O-galloyl-B-p-glucose
(PGG), which is contained in Paeoniae radix (roots of
Paconie lactifiora),2") enhanced phagocytosis in murine a
denndritic cell line, DC2.4, especially in combination with
lipofectin (LPF). Lipofectin reagent (LPF; Invitrogen, CA,
US.A.) is a cationic liposome, mixture of N-[142,3-dioleyl-
oxy)propyl]—n,n,n-trimethylammonium chloride (DOTMA)
and dioleoyl phosphotidylethanol amine (DOPE) at 1:1
(w/w), and is widely used as a device for transfection of
RNA, DNA, oligonucleotide and protein.

These results motivated us to explore the effect of PGG on
DC2.4 cells. PGG is a naturally occurring polyphenolic com-
pound contained in many medical plants®*#® and a number
of studies have reported that PGG exhibits diverse bioactiv-
ity, for exangle, anti-tumor, anti-oxidant, and anti-inflamma-
tory effects.”? However, the effect of PGG on the phagocyto-
sis of dendritic cells (DCs) has not been investigated, while
th effect of polyphenol and tannins (a polyphenol) on phago-
cytosis and dendritic cells have been investigated well 30—
Phagocytosed exogenous antigens complexed with LPF in-
duce high-antigen presentation via MHC class I and II and
cytotoxic T lymphocytes (CTLs). 3% Hence, PGG may be a
powerful candidate for tumor immunetherapy because it en-
hances the phagocytic effect of DC2.4 cells.

On the other hand, we hypothesized that PGG could en-
hance lipofection efficacy and have a new application for
lipofection on DCs because lipofection largely depends on
the phagocytic effect,’ therefore, the present study investi-
gated the effect of PGG on lipofection efficacy in DC2.4 and
bone marrow-derived dendritic cells (BMDCs). Moreover, to
demonstrate whether the effect of PGG depends on phagocy-
tosis, we also tested the effect on Colon 26, murine colorectal
carcinoma cell line. According to our data, the enhancement
of lipofection efficacy by PGG was specific for dendritic
cells and PGG could be a seed compound of an effective aid
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for lipofection.
MATERIALS AND METHODS

nice radix was performed, as previously mentioned.3
Briefly, about 45g dried and cut roots were brewed with
900 ml water. Then the filtrate was collected afier filtration.
The residue was boiled with 800 ml water again and added in
the filtrate after filtration. The filtrate was lysophilized. The
powder was stored at 4 °C. The concentration used in the ex-
periment was based on the dry weight of the extract (mg/mi).
1,2,3,4,6-penta-0-galloyl-B-o-glucose (PGG) was purchased
from Toronto Research Chemicals Inc. PGG stock solution,
originally dissolved to a concentration of S5mm in 100% di-
methyl sulfoxide (DMSO). Paeonifiorin was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) Paconi-
florin and Gallic acid (GA) stock solution originally dis-
solved to a concentration of 10 mM in distillated water, 1,3,6-
tri-O-galloyl-BS-p-glucose (TGG) stock solution originally
dissolved to a concentration of 10mm in 100% DMSO.
These all chemical compounds were diluted to the desired
concentration in AIM-V or Opti-MEM just before using.

Cell Culture DC24 cell, derived from a ¢37BL/6 imma-
ture dendritic cell line, was maintained in RPMI 1640 supple-
mented with 50um S-melcaptoethanol. Colon26, derived
from BALB/c colorectal cancer, was maintained with
RPMI11640 supplemented with 2 mm L-glutamine. All media
contained 10% fetal calf serum (FCS), 100 U/ml penicillin
and 100 mg/ml streptomycin, and cultures were kept at 37 °C
in a humidified atmosphere of 5% C0,/95% air.

Phagocysosis in DC2.4 Fluorescence isothiocianate
(FITC) conjugated-dextran (average molecular weight
40kDa) was purchased from SIGMA-ALDRICH (St. Louis,
MO, US.A.) and originally dissolved to a concentration of
10mg/ml in balanced salt solution (BSS). Phagocytosis in
DC2.4 was performed by modification of a previously re-
ported method.’” In this assay, AIM-V media was used in.
stead of growth media. Briefly, 1X10° cells/well were seeded
in a 24-well plate (Corning corter) and pre-incubated with
PGG for 1.5h at 37°C. Pre-treated DC2.4 was pl
in the presence of 10—500 #g/ml FITC-dextran or lipoplex
for 1h at 37°C, which was made of FITC-dextran and 20 ut
Lipofectin (Invitrogen) by co-incubation for 35min. To in-
hibit phagocytosis of DC2.4 cells, DC2.4 cells were pre-
incubated with wortmannin (final concentration; 5 um) for
20min before addition of FITC . FITC-positive cells
were detected by fluorescence microscopy using a Keyence
fluorescence microscope. For quantitative determinations of
transfection efficiency, fluorescent cells were assessed by flu-
orescence-activated cell sorting (FACS) using a FACSCalibur
flow cytometer (Becton-Dickinson, Mountain View, CA,
US.A.) and CellQuest software.

Differentiation of Bone Marrow-Derived Dendritic
Cells Bone marrow-derived dendritic cells (BMDCs) were
differentiated from ¢S7BL/SNCiSic (9—10-weeks-old spe-
cific pathogen free female, Japan SLC (Hamamnatsu, Japan))
as reported previously.’® Differentiated BMDCs were quali-
fied by immunophenotypes and Phagocytic activity using
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FITC-dextran and we used defined BMDCs which express
both CD1 Ic and MHC class 1l more than 70% of total popu-
lation.

Plasmids The vectors encoding green fluorescent pro-
tein (GFP) mutant, pEGFP-N1 and PEGFP-Cl, were pur-
chased from Clontech (Palo Alw, CA, U.S.A.). These vectors
encode a mutant GFP that contains more than 190 silent nu-
cleotide changes to optimize the coding sequence based on
human coden 3% and mutations at residue
64 (Phe—Leu) and 65 (Ser—Thr), which results in enhanced
fluorescence and a single excitation peak at 488 nm.

Lipofection and Transgenes Expression Lipofection
using a lipofectin reagent was performed by following the
modified instructions of the manufacture, One day before
transfection, 2 10° cells were seeded in growth media, and
nearly 60% confiuent cells were used for lipofection. Four
microliters of lipofectin reagent was diluted in 100 uI Opti-
MEM in one tube and incubated for 30 min at room tempera-
ture. Meanwhile, 2—4 ul pEGFP-N| (1 ug/uly end pEGFP-
CL (1 pg/ul) (Clontech) were diluted in 100 H] Opti-MEM in
another tube separately for 15 min at room temperature. The
transfection reagents and plasmid solution were then mixed
and incubated at room based on the manufac-
turer’s instructions. Cells were familiarized with Opti-MEM
for 30 min before lipofection. Eight-hundred microliters of
Opti-MEM were added to the mixed solution (finally
200 214800 ul), then after removal of the conditioned Opti-
MEM, cells were added to transfection solutions (1 ml) and
incubated for Sh. After lipofection for 5 h, transfection solu-
tion was replaced with growth media. In PGG-assisted lipo-
fection, PGG was used for incubation of lipoplex throughout
lipofection. Twenty-four hours following lipofection, en-
hanced green fluorescent protein (EGFP)-positive cells were
detected and quantified by the same methods as for the
phagocytosis of DC2.4.

Flow Cytometric Amalysis and Immunophenotypic
Analysis  After removal of the supernatant, cells were split
off using 0.13% trypsin and ethylenediaminetetraacetic acid
(EDTA), pelleted by centrifugation, resuspended in phos-
phate buffered saline (PBS) containing 2% FCS to a final
density of —~5X10°cells/ml, and filtered throngh a nylon
membrane to remove cell aggregates. Flow cytometry for
EGFP and propidium iodide (PY) fluorescence were per-
formed using a FACSCalibur (BD Bioscience). For im-
munophenotypic analysis of DC2.4 cells, split cells were sus-
pended in FACS buffer (0.5—1X 10% cells/50 HD), containing
PBS in 0.02% NaN, (w/v) and 2% FCS (v/v). Cells were first
incubated with an antibody against FcRg (clone 2.4G2) for
5 min and then labeled with antibodies against CD80 (clone
16-10A1), CD86 (clone GL1), MHC class I (clone 28-14-8)
and MHC class II (cione M5/ 114.15.2) for 30 min. All poly-
ethylene (PE)-conjugated mAb were acquired from BD Bio-
sciences.

Statistical Analysis Three means (=1 8.D.) were com-
posed using analysis of variance (ANOVA) (Figs. 1, 3). Two
means (*1 S.D.) were composed using the unpaired Stu-
dent’s £-test (two tailed) (Figs. 2, 4). A p value of less than
0.05 was considered significant.
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ment was enhanced with the FITC-dextran/lipo-
fectin (LPF) complex (Fig lC) The effcct was cancelled by

Pha in DC24 Cells Was Enh
1,2,3,4,6-Penta-O-galloyl-B-o-glucose  (PGG) Recentl

a ph: 49 suggesting that the
of i FlTC-dexmdependedonthem—
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we found that the ability of Paeonie radix (aq extrac-

tions) to engulf FITC-dextran into DC2.4 cells occurred in
an FlTC—chxtrln and Pheome radlx (PR) (Fly 1A,C). To
identify which chemi d engulfment in
DC2.4 cells from Paeonie mdzz, we tested the effect of
paeoniflorin (PF) and PGG, contained in PR,”” on incorpora-
tion of FITC-dextran in DC2.4 cells. Of these compounds,
PGG enhanced engulfment in DC2.4 cells at the same level
as PR, while PF, which is the major compound contained in
PR, hardly enhanced engulfment (Fig. 1A). PGG had little
effect on engulfment with FITC-dextran alone but engulf-
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of i lchvxty (Flgs 1A, C) Thls muns
that PGG isticall

tion with LPF in DC2.4 cells. Inthlspmpeny PGGu\m-
lized for lipofection using LPF. Furthermore, we also found
the importance of the chemical structure of PGG in the en-
hancement of phagocytosis in DC2.4 cells (Figs. 1B,C).
PGG has five ester bonds formed between the hydroxyl
group of the glucose backbone and the carboxyl group of
gallic acid (GA).® 1,3,6-Tri-O-galloyl-B-p-glucose (TGG),
which has three ester bonds, enhanced the phagocytosis of
DC2.4 in the absence of LPF and had a tendency to enhance
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phagocytosis in the presence of LPF but the enhancement
was lower than that of PGG. Additionally, GA also had a ten-
dency to enh hag is, and the enh: of GA
was lower than that of TGG, suggesting that the ester binding
mode between the glucose core and gallic acid rather than
gallic acid itself is strongly involved in the enh of
phagocytosis in DC2.4 cells (Fig. 1B).

Enhanced the Efficacy of Lipofection Using PGG in
Mouse Dendritic Cells Gene transfer into DCs is critical
for p ial therapeuti lications as well as for study of
the genetic basis of DC. i logical devel
ment and i lati 3
is difficult.'” In particular, it is difficult to transduce

g P
h fi into DCs
naked or
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EGFP-positive cell propoction vs. convenrional lipofection (fold)).
pendent experiments. + p<0.05, ++ p<0.01 , +44p<0.005, vs. respective LPF-untreated group. +p<0.01, vs

Data are presented as the means =S D of (B) five or (C) three inde-
PGG-untreated group by two-tail unpaired Student’s r-test.

plasmid DNA on DCs.” The main advantages of lipofection
are its ability to transfect all types of nucleic acids in a wide
range of cell types, its ease of use, reproducibility and low
toxicity,'®" therefore, development of more efficient lipofec-
tion must enable DC vaccine therapy, and knowledge of DCs
biology should be disseminated.

Thus, we tested the effect of PGG on lipofection in DC2.4
cells b PGG enhanced ph ic activity. In pilot
studies of our lipofection, we determined the optimal con-

of the fe reagent, plasmid vector and
the length of incub quired for the best of
EGFP in DC2.4 cells. We b lly performed li ac-
cording to the i ions of the fe using a GFP
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bility In addition to measuring EGFP expression at 24h
posttransfection, we assessed the effect of lipofection com-
bined with PGG on cell viability by staining with propium
iodide (PI) and usmg a ﬂuw cymmeter ln Flg 3 DC2.4 and
BMDCs were not ion with
PGG, and 200nm PGG by itself also did not cexhibit cytotoxi-
city on these cells (determined using WST-1: cell prolifera-
tion assay; data not shown). PGG might not exhibit remark-
able cytotoxicity because of the low concentration. Usually,
non-viral transfections are harmful to DCs™'” and lipoplex

T B e e iy g i pteion S
oc2.4 aMDCs based DC vaccine therapies must be safe, therefore, PGG

Fig. 3. Effect for Combination of Lipofectin (LPF) and 1,2.3,4,6-Penta-O-
galloyl-B-o-glucose (PGG) in DC2.4 and BMDCs for Cell Viability

After 24 b of transfection, hﬁpmlndi“(?‘)ﬁhu;uW‘uﬂHvaiﬂ-
ity was determined by flow as the means:S.D\ of three
independent experiments. Nou;mﬁulﬂmbymmh

reporter construct, pPEGFP-N1 and pEGFP-C1 vector to de-
termine lipofection efficacy at 24 h posttransfection. For lipo-
fection, we used 2 g pEGFP-N1 or pEGFP-C1 vector as cy-

icity (i.e., cell detach ) was noted at higher amounts
(data not shown) and 4 ul LPFE. Lipofectin required an incu-
bation period of >1 h with DC2.4 cells, whereas optimal re-
sults were obtained with about 5-h incubation in serum-free
medium (EGFP—pouuve (EGFP*) cells; 2.7+0.9%, n=S5).

would be a useful aid for lipofection.

Does Lipofection in Combination with PGG Depend on
Phagocytosis? We have suggested that PGG enhanced the
effect of lipofection on DC2.4 cells and BMDCs, however,
the action mechanism of PGG is still unclear. Although one
possibility was shown that PGG enhanced phagocytic activ-
ity in DC2.4 cells (Fig. 1), it remained to be confirmed. PGG
may also enhance lipofection efficacy by increasing phago-
cytic activity. In the next aludy to deumnme whether the ef-
fect of PGG on lipofe is, we
tested its effect using colon 26 cells n murme colon carci-
noma cell line. The endocytocytic lipoplex uptake pathway is
further into is (phagocytic cells) and
pmocymus (all cells). ? As shown in Fig. 4, PGG slightly

Our | p e cor ds to p studies p efficacy on colon 26 but not signifi-
using ion in dendriti oells (lipofe efficacy is cantly, therefore, the enh of 1 ion efficacy on
less than 2% or not detectable.).%*) D024 and BMDCs by PGG gneany depend on intensified
To evalutate the effect of PGG on we used and is not impli in the fusog effect.
PGG in the preceding li bation to pre- Nameky,ﬂleeﬂ'ect of PGG would be restricted to phagocytic
pare the pEGFP voctnrlLPl-‘ complex (lipoplex) for lipofec- cells, like DC&
tion, and determined the eﬁcacy of EGFP for lipofection ef- The i h lipoplex is not well un-
ﬁcacybyﬂow y y and fi py. PGG d ‘Aneurlyrepmmggmedthntheﬁmgmlceﬁcct
P d Xp ofEGFP (Flg 2) anden- t p ipoplex and the plasma
b was achived in a p man- b is resp ible for tranduci DNAmtncymsolm
ner, but more than 2 um PGG did not enh the i k , subsequent studies ly have shown the involve-
of EGFP (Fig. 2A). Furthermore, DC2.4 cells fected ment of phag is in delivering DNA.“* Hence, it is

with pEGFP-N1 veemr in combination with 200 nm PGG
(without LPF) produ d ble EGFP fl

cumsnﬂybellwedllongwuhthmhuwnca]bmkmmﬂthll
fecti bmupukt of

d no
similar ph wasu]so"‘fm'l 'uaiv-

P

" . +

ity in DC2.4 (Fig. 1). Hence, PGG

large P on p and
__‘,toomdln.PGGq:eciﬁcaﬂyenhnncedhpofec-

phagocytosxs and lipofection using LI PF A similar result was
obtained using another vector, pEGFP-C1 (Fig. 2B). Thus,
transfection activity in an immature dendritic cell line DC2.4
cells was highly enhanced by PGG.

To sophisticate and assess the function of PGG as an in-
ducer of lipofection, we used bone marrow derived dendritic
cells (BMDCs) instead of DC2 4 cells. BMDCs were evalu-
ated by Y and p ic activity using FITC-
dextran. BMDCs express both CDllc and MHC class IT
more than 70% of total population were used in our experi-
ments and lipofection procedure on DC2.4 was also applied
to BMDCs except for amount of plasmid vector, 2 ug plas-
mid vector changed to 4 ug. As a result, although the effect
of PGG on lipofection efficacy in BMDCs did not seem to be
strong, it was significantly enhanced (Fig. 2C). Therefore,
PGG could enhance the lipofection efficacy in dendritic cell-
or phagocytic cell-specific manner.

Effect of Lipofection with PGG on Dendritic Cells Via-
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tion efficacy in DC2.4 cells and BMDCs. In other words,
PGG enhanced some functions specifically found in DCs.
Additionally, it was thought that phagocytosis facilitated by
PGG enhanced lipofection efficacy.

A remaining question for our further study is which site of
action of PGQ is responsible for phagocytosis. In our lipo-
fection protocol, PGG was added during the generation of
lipoplex and transfection; namely, PGG affects lipoplex,

DC2.4 or both to enhance lipofection efficacy.
IfPGGmodlﬁedhpoplexmmaﬂ‘echvelybymhngl
lipoplex/PGG lex, PGG must enh fection effi-

cacyoncolomZGcells ltlsul\mawnwhymeymaknaeom
plex with each other, but the lipoplex/PGG complex must be
phagocyto‘ed through a DC-specific receptor. The recent
identification of surface receptors expressed on DCs allow
for a specific target for effective tnnsﬁctlcn.“’ Receptors
such as FcyRI“® and 49.50)
for target cell surface molecules. lfPGGlmmafﬂmxywnh
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PEGFP-N1
- PEGFP-N1 + PGG

— PEGFRN1 + LPF

= PEGFP-N1 + LPF + PGG

2

w w w
Fluorescence intensity
Fig. 4 Lipofection with Lipdfncﬁn (LPF) Combined with PGG in Colon 26
Colon 26 cells were transfected with LPF and PGG together Lipofection and
with 2 ug pEGFP-NI vector only (without Lipofection) (upper left), vector+200 nu
squares show images under phase-contact microscopy. Scale bar= 100 sim. (B) EGFP
EGFP expression (EGFP-positive cell proportion (%)). Data are
8roup by two-tail unpuired Student’s ¢-test. n 5. «no significant difference.

[

these cell surface p the lipoplex/PGG plex may
be easily phagocytosed. In previous studies, Li et al. reported
that PGG binds to cell surface insulin receptor®” and a num-
ber of researchers have studied the binding activity to bio-
molecules of PGG™); h it ins to be d ined
whether PGG binds to a DC-specific cell surface receptor.

Furthermore, we have already suggested the importance of

ns.
g 1_5‘ Lt
£3 .
i
&'g os
1
-§_
& [
vector | &+ | + | + [ +
wr| - + | - +
PGG | - ~ + +

dmcliwofEGFF\ﬂadhmnanfnrDCz4c=llll¢Fil 2). (A) Transfected colon 26
PGG (upper right), vector+LPF (lower IeR), vector+LPF+200 (lower o

8ene transduction of colon i
presenied as the means*+S.D. of two o¢ three

26 lipofected with the indicated combination was expressed as
independent experiments. »#+ p<0.00S, vs respective LPF-untreated

formed by lipofection only with very low efficacy, perhaps
due to their high nuclease content or easy of maturity by
transfection. In this study, we used an immortalized murine
immature DC line, DC2.4 cells™ and primary immature
BMDCs. These cells may be maturated by lipofection and
lose phagocytic activity. As one possibility, PGG could main-
tain the phagocytic activity by inhibiting their maturation.

lipoplex incubation in combination with PGG for eff
lipofection (data not shown). Consequently, we need to inves-
tigate the binding activity to cell surface receptor on DC2.4
cells and BMDCs in our further studies.

Secondly, we should focus on the DC maturation state if
the action hanism depends on the enh of
phagocytosis. DCs have high phagocytic properties in the
imnwxmemue,umilefewphgocydcpmpuﬁasinmema-
ture state. Although DCs can phagocytose, they can be trans-
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and diffe are by nuclear
factor kB 2 (NF-xB2) and RelB, and these proteins are in-
volved in vesicul: port. 259 B p reports
have shown the inhibitory effect of PGG on NF-xB activ-

ity 9 PGG p y an state by in-
hibiting a transcriptional factor, such as NF-xB. However, it
has been that lipofectin alone or lipoplex could not

induce maturation on DCs related to the cell surface expres-
sion of major histocompatibility (MHC) class I or 11, CD40,
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CD80, CD86, ICAM-I and IL-12 p40 expression,>***53 and
an inflammatory signal, LPS, was needed to change imma-
ture DCs into mature DCs.%® Our phenotypical analysis of
DC2.4 cells correspondingly demonstrated that cell surface
expressions of MHC class [I and CD80 were hardly in-
creased by lipofection but were not inhibited by PGG (data
pot shown). Thus, we considered that PGG did not suppress
DC maturation to maintain phagocytic activity.

Our data showed that PGG affected phagocytosis and lipo-
fection efficacy in DC2.4 cells but the action mechanism has
not been clarified. Hereafter, we must elucidate the mecha-
nism in detail to understand DC biclogy and structure for a
more highly effective lipofection method. If these challenges
are achieved, DC vaccine therapy will develop markedly.
Coaventional DC vaccine therapies have already succeeded
to some extent. In addition to these conventional therapies,
DC vaccine therapy is expected to be highly effective and to
be refined by more cfficient lipofection of cytokines,”™
chemokines™® and tumor-associated antigens (TAAs) using
PGG.

Herbal medicine and medicinal plants have been used
against a lot of diseases all over the world and considered
enormous chemical library. Actually, various compounds
have been found in medicinal plants, for example; resveratrol
in grapes and the red wine prepared from them.”® But, these
reports showed only biological activities of medicinal plant-
derived compounds. Our studies exhibit not only biological
activities but also the pharmaceutical technological effective-
ness as an application. Finally, our present findings provide
an expectation that constituents from herbal plant enhance
lipofection efficacy.
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CD1d 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 vive and in vitro. CD1d immunorea

ivity 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 vifro assay;

one was stably CD1d-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/CD1d and Vag cells stably
transfected with HPV6 ES and HPV16 ES. 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 ES-expressing cell surface but
colocalized with ES near the endoplasmic reticalum (ER). In the ER, E5 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 CD1d 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

* Corresponding author. Mailing address: Department of Obstetrics
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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 HPYV 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 early viral genes, including ES, E6, and E7, causes lateral
expansion of infected cells within the basal layer of the epithe-
lium (44). HPV E5 seems to be particularly important early in
the course of infection. Large amounts of ES 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 ES coding sequence, is deleted (16). Therefore, ESis
not obligatory in the late events of HPV-mediated carcinogen-
esis.

E5 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 HPV16 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 HPV16 ES 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 ES 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 E5 interacts with calnexin in the ER and thereby
interferes with the modification of HLA class I heavy chains
(21).

C)Dld is an major histocompatibility complex (MHC) class
L-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/VB11
TCR (iTCR) and can recognize CD1d on the surface of anti-
gen-presenting cells (APCs) through this receptor. CD1d 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
B2m within the ER and then transferred to the GA (5, 24, 27).
CD1d plays a role in both innate and adaptive immunity to
various bacteria, viruses, fungi, and parasites (reviewed in ref-
erence 10). Activation of CD1d-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-
«B, 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-y) 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 CD1d in innate immune re-
sponses to microbes, we hypothesized that HPV may alter
CD1d-mediated immune pathways and thereby avoid innate
immune destruction of the infected cell by the host. We dem-
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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 E5 open
reading frames were amplified from the HPV6 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 BamHT
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/E6E7) (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°Cin 5% CO,. The vaginal epithelial (VK2/E6E?7) 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-6ES,
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 contai ing 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-CD1d 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
ent, harvested using trypsin-EDTA, and
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 4C,
suspended in 1% paraformaldehyde, and analyzed by using a FACSCalibur flow
cytometry system (BD Bioscience).

Proteasome inhibitor treatment. C33A/CD1d cells harboring an empty vector
(C33A/CD1d-empty) or expressing HPV6 E5 (C33A/CD1d-6E5) or HPV16 E5
(C33A/CD1d-16ES5) were cultured for up to 24 h in the presence or absence of
the cytosolic proteasome inhibitor MG132 (10 uM in dimethyl sulfoxide
[DMSO]J; 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-CHUYV 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

grown in 175-cm? flasks until conflu-
pelleted at 500 X g for 5 min at room
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(20). Heat- PCR e to a negat were d by SDS-PAGE using 7.5% acrylamide gels
dmpdnylonmunbnnewnhlnlngq)edﬂcpmbuﬁnrtﬂl{?v and and d to poly de Mouse anti-calnexin or
HLA-dQ samples. Ch used enhanced rabbit anti--actin polyclonal antibodies (Abcam) were used as primary reagents
chemiluminescence (ECL) detection reagents for ds (GE b for i and anti IgG-HRP (1:100,000; GE Healthcare) was

P N

RT-PCR and quantitative PCR. Portions (1 pg) of total RNA and oligo(dT)s
wmu:edﬁormmmuiphn(k’l‘)mﬁhm(ﬂNAPCRﬁ(;Appﬁed
Biosystems, Foster City, CA). Total cDNA reaction samples were used as tem-
phmﬁzxumpﬂﬂaﬁondmhmhgmmtm-mmﬁt(mﬂod
Biosystems). Primer pair sets for CD1d were synthesized by Invitrogen (CD1d,
453 bp; 5'-GCTGCAACCAGGACAAGTGGACGAG-3' [forward] and 5"-AG
GAACAGCAAGCACGOCAGGACT-3' [reverse]). Those for IL-12 p40 were
commercially available (Sigma-Aldrich, Inc.). For quantitative PCR, cDNA were
produced via RT of 1 p;ofwmlRNAmactedmthnmﬂsudmﬂwd
MWMmMWRTH((MMVMCA).POM(Z
pl)ofS-andﬂutechNAdiquoﬂweﬁmpliﬂodhlthamﬂqdar(m
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
TGOGTGACATTAAGG-3'[forward] and 5'-TCAGGCAGCTCGTAGCTTC
T-S’[mm]).mmRNAlwehbrnfuwmmmﬁudtothmeol&mﬁn,
the internal control.

uti and confocal C33A/CD1d
wﬂxw«eseededomowvmﬁpsﬁeﬁkwuvhuﬂmduﬂng&elﬂlwwhr
Bluo-WhileDPX(lnviuvsm)ﬁmSOminatSTC.Aﬂwvmﬁpiwenﬂxedin4%
pulﬁmnlld:hydﬁpermabﬂindwhho.l%ww.ﬁeywammenm-
bated for 1 h at 37°C with either an anti-CD1d NOR3.2 MADb labeled with Zenon
Alexa Fluor 555 using a mouse IgG labeling kit (Invitrogen) or an anti-FLAG
mmwmmmm:a&sm-mmmhwmm
(Tnvit singly or in With the jon of ER tracker-treated
coverslips, the cells were then counterstained with a DAPI (4',6'-diamidino-2-
)nudeicaddnxin(lnviuogen).lmgﬂwexeobuinedwﬁhlmM
mﬂgﬂbhmnfoalmhmpe((hﬂmowmmﬂamw).mtﬂm
mwﬂmﬂdhxﬂmd&,ﬂmﬂ,mﬂDﬂMphﬂeam
dwumludmmd:nllymmperhmodwhhmm&m(&ﬂ
Zeiss).

Western blotting. Portions (50 pg) of total cell lysates from C33A/CD1d-
empty, C33A/CD1d-6ES, or C33A/CD1d-16ES cells in a modified TNF buffer (1
M Tris-HCI [pH 7.8], 10% NP-40, 5 M NaCl, 0.5 M EDTA [pH 8.0}, aprotinin,
0.1 M phenylmethylsulfonyl fluoride) were electrophoresed and transferred to

i ib were blocked with 10% milk and incu-
bated with a peroxidase-labeled anti-CD1d NOR3.2 MADb (1:200; Abcam) or an
anti-FLAG MAbD (1:500; Sigma-Aldrich, Inc.) using a peroxidase labeling kit

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).

and Western d C33A/CD1d-

empty, C33A/CD1d-6ES, 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
i (: i P NI). aliquots of total
cell lysates were incubated overnight at 4C with 5 ug of mouse anti-FLAG MAbs
(Sigma-Aldrich, Inc.)/ml and 5 l of protein A-Sepharose (GE Healthcare).
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MuanLthmhmmbMﬁumM
wmviwaﬂmdbyudn]memmbbtﬂn;udydllym(GBﬂulm-
m).mxuhrmlumewnﬂrmodbymmplrbmwmndnddmmrbﬂ
(GE Healthare).

snwmmmrc&a-umpmmdum:m
standard were d i dently at least three
dmmmmmmumwuwmmmm-
‘mune reactivity with NOR3.2 MADb in clinical samples. IL-12 mRNA levels were
eompnndlothmebdnnornﬂarcmn-ﬂnﬂn;byuﬂnspdnd,two—uﬂed
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 lin-fixed, paraffin-embedded tissue ions 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 condyl i peci were
compared to each other and to HPV-negative normal and
inflamed ectocervical epithelial controls. Immunoreactivity
with the NOR3.2 MAD 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
I ions in CD1d ion, 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)
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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

Histological status ~ HPV status” Posiive Moo % Positive®  indicated that CD1d ion was abrogated prior to or
during transcription the tested cervical cancer cell lines.

Normal/inflamed 9 1 900 Cell surface expression of CD1d d in HPV ES-ex-

g O gg"vg; 2 B o pressing epithelial cells. HPV ES has been reported to inhibit

Cancer HR-HPV(+) 0 7 0 cell surf:_:ce expression of HLA class I molecules by mterfe.nng

Condyloma HPV6(+) 0 3 0 with their trafficking to the cell surface (1, 2, 3, 21, 30). Since

P P — CD1d and HLA class I heavy chains utilize an identical intra-

‘l};n:-m; ()é:ty mm&’: wn:'na test). 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

mostly limited to the HPV-negative normal or inflamed ecto- i histochemical data and study CD1d trafficking in the

cervical epithelial samples similar to those d in the T of ES in vitro, we created HPV6 and HPV16 ES stably

first two panels of Fig. 1. NOR3.2 immunoreactivity was absent
in all CIN1 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 d an iation b d d
CD1d i ivity and progression of cervical plastic
lesions with statistical significance (P = 0.0001).

Although HPV ES is not expressed in cervical cancer cells
(16), i histochemical data d rated 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
CD1d expression at the cell surface in several cervical cancer
cell lines (Fig. 2). As a positive control, we created cell trans-

that stably d 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 yein selection. Flow cytometry led
strong expression of CD1d on the cell surface of C33A/CD1d
cells. Cd1d 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-

transfected cell lines using C33A/CD1d cells. Since the ES
protein is less than 10 kDa in size, the production of an anti-E5
antibody would be difficult. Instead, E5 proteins were tagged
with FLAG and detected by Western blotting or immunostain-
ing with an anti-FLAG antibody. FLAG-tagged HPV6 or
HPV16 ES genes were transduced into the C33A/CD1d cells
by using retrovirus vectors. To control for the influence of
retrovirus infection and the p of the ion 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, -16ES, 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 -16E5 cells. Lanes 2 and 3 in the
same figure show PCR products derived from corresponding
expression plasmid DNA. FLAG-6E5 and -16E5 were tran.
scribed in C33A/CD1d-6E5 and -16E5 cells, respectively. Us-
ing Western immunoblotting and an anti-FLAG MADb, 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 ES.
CD1d transcription levels in C33A/CD1d cells were unaffected
by the presence of E5 or of empty vector compared to naive

A B =
C33A/CD1d (G) 62% a

100 C33A (P) 7% g 5 3
Hela (B %
c-sw«%) 4% S 8 2 §

10!
e GO

102

FIG. 2. CD1d alterations in cancer cell lines. (A) Cell surface expressic

and C33A/CD1d (green line) cells. All cells were stained with an anti-
shown (filled region). Cells were

isotype control (V) 3%

10%

on of CD1d in C33A (pink line), HeLa (blue line), CaSki (orange line),

CD1d primary MAb (NOR3.2; 1:100 dilution) and a PE-conjugated goat
y antibody (1:20 dilution). Backgmundslainhgof!beceﬂsusing 1
ded in 1% and analy i

an isoty

yp control antibody is
a FACSCalibur flow cytometry system. (B) Tran-

P using
saiptionofCDld.cDNAwaspmd\lwdviaRTofl pg of total RNA from each cell line andampl.iﬁedbyPCRwithpﬁmerpairsspedﬁcfmCDld.
PCR products were separated over an agarose gel containing ethidium bromide.
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FIG. 3. HPV E5 d in HPV ES f d C33A/CD1d
cells. (A) of HPV ES. cDNA was produced via RT of 1
ug of total RNA from each cell line and lified by PCR with primer

pairs specific for HPV16 ES and HPV6 . PCR products were sep-
arated over an agardse 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

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 ‘estern ing with
antibodies against the FLAG tag (1:500 dilution) and B-actin (loading
control).

C33A/CD1d cells (Fig. 4A). In contrast, the 48-kDa, mature
glycosylated form of the CD1d heavy chain (HC) that was
detected in naive C33A/CD1d and C33A/CD1d-empty cells
was completely abrogated in C33A/CD1d-6E5 and barely de-
tectable in the C33A/CD1d-16E5 cells (Fig. 4B, lanes 1, 4, 2,
and 3, respectively). The presence of HPV6 and HPV16 E5
jrastically inhibited the jon of CD1d HCs. Flow cy-
tome,trywasusedtoanalyzetheeﬂectofﬂ!’VEﬁoncell
surface expression of CD1d in the C33A/CD1d cells harboring
ES5-expressing or empty vector (Fig. 5). CD1d was expressed by

A B
815
i
205 (KDa)
8

0

C33A/CD1d-16ES
C33A/CD1d-empty

C33A/CD1d- BES

C33A/CD1d

FIG. 4. CD1d heavy-chain transcription and translation in C33A/
CD1d, C33A/CD1d-empty, C33A/CD1d-6ES, and C33A/CD1d-16E5
cells. (A) Transcription of CD1d HC. The mRNA levels of CD1d were

by quantitative RT-PCR using SYBR green methodology.
CD1d mRNA levels were normalized to B-actin. (B) Fifty-microgram
aliquots of protein lysates from each cell line were analyzed by West-
i i i labeled anti-CD1d NOR3.2

loading control.

ern with a p
MADb (1:200 dilution) and a B-actin
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C33A/CD1d-empty (G) 62%

100. C33A/CD1d-6ES (P)  10%
C33A/CD1d-16E5 (B) 7%
0] isotype control (V)

10°

FIG. 5. Cell surface expression of CD1d 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
i lobuli dary antibody (1:20 dilution). Background,
staining of the cells with an isotyp hed control antibody is also
shown (filled region). Cells were suspend d in 1% p 1de-
hyde and analyzed using a FACSCalibur flow cytometry system.

the majority of C33A/CD1d-empty cells but absent in >70% of
C33A/CD1d-6ES or -16ES5 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 sub ly well ct ized as pos-
sessing histological and i gical ch istics 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 E5
genes were transduced into these vaginal cells by using ret-
rovirus vectors (Vag-6E5 and -16E5). We then examined the
expression of CD1d at various levels in the presence or
absence of HPV E5 (Fig. 6). RT-PCR and Western blotting
revealed that CD1d transcription was unaffected by the
presence of ES, but the 48-kDa CD1d HC product clearly
decreased in Vag-6ES and -16E5 cells compared to naive
and Vag-empty cells (Fig. 6A). Flow cytometry confirmed
the decreased cell surface expression of CD1d in 6E5-ex-
pressing vaginal epithelial cells (Fig. 6B).

ES-expressing epithelial cells retain CD1d in the ER. To
d the i Ilular localization of CD1d heavy
chains in C33A/CDI1d cells harboring HPV-6ES and -16ES5,
immunofluorescence confocal microscopy was performed with
an anti-CD1d MAb (NOR3.2) combined with either an anti-
FLAG MADb 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 (DAPT)
verified that CD1d could be detected in a diffuse pattern
throughout the i space, with i d I
tion near the cell surface but not in the perinuclear area (Fig.
7, upper image). In d d of CD1d
could be detected in C33A/CD1d-6ES and -16ES cells and
CD1d proteins were localized to perinucl areas near the
ER. CD1d and ER signals merged in perinuclear areas (pink
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Vag-empty (G) 49%

Vag-6E5 (P)  19%
Vag-16E5 (B) 23%
Isotype control (V)
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—p CD1d
FIG. 6. CD1d d ion in al genital kerati in
the presence of 6E5 and 16ES. (A) HPV6 and HPV16 ES genes were
d into vaginal epithelial cells estab from normal human

vaginal epithelium (17) and named Vag-6ES and Vag-16ES, respec-
tively. PCR products derived from cDNA generated by reverse tran-
suipﬁonusinglugofmmlRNAﬁ‘ameacbofthcvagimlceulinu
were d over an ethidium bromids ining agarose gel.
Fifty-microgram aliquots of protein lysates from each vaginal cell line
were analy Western i with a d labeled
anti-CD1d NOR3.2 MAb (1:200 dilution) and a B-actin loading con-
trol. (B) Vag-cmply (green line), Vag-6E5 (pink linc), and Vag-16E5
(blue line) were stained with an anti-CD1d primary MAb (NOR3.2;
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R: CD1d
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C33A/CD1d
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C33A/CD1d
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-16ES

FIG. 7. CD1d
CD1d-empty,
seeded

in the presence

C33A/CD1d-6E5, or C33A/CD1d-16E5 cells were
onto coverslips. All of the cells were immunostained with an

anti-CD1d MAb (NOR3.2, red). C33A/CD1d-empty were also ex-

or absence of ES. C33A/

posed to DAPI (blue),
posed to ER tracker
were then visualized by using py. Or-
ange to yellow signals represent colocalization of CD1d and ES within
the ER.

and C33A/CD1d-6ES or -16ES5 cells were ex-
(blue) and an anti-FLAG MAb (green). Cells

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 E5 with
Inexin using i precipitation. Total cell lysates obtained
from C33A/CD1d-empty, -6ES, and -16 E5 cells were incu-
bated with anti-FLAG MAb conjugated beads. FLAG-ES-
bound p ins were i precipitated and analyzed by im-
blotting with an anti-cal MAD. A band with an

1:100 dilution) and a PE-conjugated goat anti-mouse i
secondary antibody (1:20 dilution). Background staining of the cells
using an isotype-matched control antibody is also shown (filled region).
Cells and

Were susp din 1% fi lyzed 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 ES within
the ER (orange to yellow signals), while nonmerged FLAG-ES
signals were present in the perinuclear area (pure green), sug-
gesting the presence of E5 in the GA in the absence of CD1d

pp lar mass of 90 kDa and corresponding to
calnexin was detected in C33A/CD1d-6ES and -16 E5 cells, but
not C33A/CD1d-empty cells, biochemically demonstrating in-
teraction between E5 with calnexin (Fig. 8A).

To visually d the colocali; of CD1d and
calnexin, C33A/CD1d-empty, -6ES, and -16E5 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 d. d throughout the intracellular space
in C33A/CD1d-empty cells. In contrast, the majority of CD1d
molecules in C33A/CD1d-6E5 or -16E5 cells localized to the
perinuclear area (Fig. 8B, images on left). Calnexin detection
was rendered as green signals. These mostly localized to pe-

(Fig. 7, images on the right). The results of i -
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 E5-expressing
cells.

HPV ES interacts with calnexin in the ER. Previous bio-
chemical studies have reported that HPV16 ES 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 HGC:s in the ER is
well described (24). We therefore hypothesized that ES inter-
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I areas in ES-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 E5-
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
ES-expressing cells completely colocalized with cal in, con-
firming our bioch data demc ing physiologic inter-
action between calnexin and CD1d in the C33A/CD1d-6E5
and -16ES cells.
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R: CD1d

FIG. 8. CDI1d and calnexin have direct i tions and colocalize in the perinuclear area in the p of HPV ES. (A) Protein lysates from
(C33A/CD1d-empty, C33A/CD1d-6ES, and C33A/CD1d-16ES cells were immunoprecipitated with an anti-FLAG MADb. Immunoprecipitants were
then separated by SDS-PAGE and i blotted with an anti-calnexi dy 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 IgG labeling kit. Cells were then visuali d by using fh focal mi py. Yellow images
represent colocalization of CD1d and calnexin.

CD1d was d by of p i cells. Since our i igations had d dad in
We have previously demonstrated that surface expression of cell surface expression of CD1d in the presence of HPV and
CD1d in human genital epithelial cells is downregulated by C. specifically of HPV ES5, we next examined whether CD1d-
H is infection and that dc lation involves chla- diated IL-12 production was abrogated in ES-expressing
mydial protei diated p | pathways (26). We hy-  epithelial cells (Fig. 10). An anti-CD1d 51.1 MADb can be used
pothesized that HPV infection could utilize posttranslational ~ for CD1d cross-linking and represents an in vitro model for
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, A 6E5 _16E5 _empl

-6ES, or -16ES cells were exposed to the proteasome inhibitor, MEIR2 O ™M O® O

MG132, and CD1d HC levels in cell lysates compared to those (KDa) —

in unexposed cells (Fig. 9). Using the NOR3.2 MAD for im- - o g *® |4 cD14

blotting, the reduced or abrogated expression of the 48-
kDa mature CD1d HC in ES-expressing cells could be rescued

by the presence of MG132 (Fig. 9A). To visually replicate this 371

effect, immunofluorescence microscopy was performed with

the NOR3.2 MAb and DAPI in MG132 exposed and unex- OS] T———

posed ES-expressing and control cells (Fig. 9B). In C33A/

CDld-empty cells, NOR3.2-reactive CD1d was detected B CGSNCDM-CSSQIECDM-CSSA;ESDM-
om| 5 1

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 -MG132
-16ES5 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 +MG1
recover their expression mature CD1d molecules upon inhibi-
tion of cellular proteasomal degradation. .
TPV 5 abrogais CDldmedinted crokine producton fn 4 K1, % Pecieme bl v, U4 o, 1S e
the epithelial cells. Surface CD1d interacts specifically with  CD1d-16ES cells were cultured for up to 24 b In the presence or
iNKT cells bearing an iTCR. The interaction not only activates absence of the cytosolic proteasome inhibitors MG132 (10 uM) in
NKT cells but also induces phosphorylation of CD1d, intracel- ~ DMSO. | F;:}Ywmm of protein l?;r from each cell line We:'ie
lular signaling, and the release of cytokines from the CD1d-  ~r 7\ % “Ommn - 1200 difution) and :r otin load t‘oi
bearing cell. We have previously demonstrated that human () Ay, AT, o CISAICDAA TSRS cels
reproductive tract epithelial cells expressing CD1d on their cell  were sceded onto coverslips and cultured for up to 24 h in the presence
surfaces have the capacity to produce cytoki especially  (lower) or absence (upper) of MG132 (10 pM) in DMSO. All cover-
IL-12, after CD1d ligation (25). IL-12 is a central mediator in  Stips were fixed in 4% ilized with 0.2%
both innate and adaptive immunity and is crucial in the pre- Triton-X, blocked with 6% BSA, and incubated for 1 h at room tem
. ) 3 " perature with an anti-CD1d NOR3.2 MAD (red) directly conjugated
vention of many infectious diseases and tumors (40). IL-12  yith Zenon Alexa Fluor 555 using a mouse IgG1 labeling kit. Cells
induces IFN-y-producing NK, NKT, T helper, and cytotoxic T 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-6ES, and C33A/CD1d-16E5 cells.
An anti-CD1d 51.1 MAb was added at a dosage of 10 pg/ml to cultured

ithelial cell y i ion 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
ZAh.cDNAwuspmduoed\dxrevemeu'anMpﬁmoflugoftotal
RNA extracted and amplified by PCR with primer pairs for IL-12 p40
and B-actin. IL-12 p40 mRNA levels were normalized to B-actin. Mean
values with deviations are 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, -6ES, or -16ES
cells were first exposed to an anti-CD1d 51.1 MAD and then to
a dary anti IgG 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.
D d 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

h

In this study, we ipted to elucidate a ism 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 E5-expressing cells,
indicating that CD1d is d lated at a p
level in the presence of HPV E5. Modification
interrupted at the level of the ER by i

of CD1d was

POSSIBLE MECHANISM FOR IMMUNE EVASION BY HPV
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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 CD1d degradation in
HPV-infected cells. Ds d cell surface exy ion of CD1d
in the presence of HPV 6ES and 16E5 completely blocked the
secretion of IL-12 in to CD1d 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 i ions, 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 L te 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 E5 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 CD1d. 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 i
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 genes
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). I histochemical data verified that immune
reactivity for CD1d was completely abrogated in all cervical
cancer lesions. Lack of CD1d expression in cancer-derived
cells is unlikely to be associated with HPV ES protein expres-
sion since the ES gene is deleted when the HPV genome
integrates into the host genome. Rather, CD1d may be

HPV ES5 and calnexin. Improper folding and/or ubiquitination
of CD1d HC in the presence of HPV then targets CD1d to

ly d during Two of eigh-
teen cases with CIN2 and CIN3 showed immune reactivity with
the anti-CD1d MAD, although all lesions were positive for
high-risk HPV. CD1d expression is known to be induced by

cellular proteasomal degradation. Others (21) have previously
d d that i of ES5 with calnexii 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 ion, delayed
exit of improperly folded CD1d HC from the ER in the pres-
ence of HPV E5 appears to result in movement of CD1d HC
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o1y 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
CD1d downregulation in CIN3 lesions may be lessened be-
cause most cells may have already integrated the HPV genome
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and little BS 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 self 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 I1.-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). IL-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 IxB. This,
in turn, promotes NF-«B activation and IL-12 production in
monocytes and immature dendritic cells (43). As shown here,
the induction of IL-12 production in response to CD1d cross-
linking is completely abrogated in HPV ES-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.

HPV 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 E5 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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E5 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 are
identical, we hypothesized that inhibition of calnexin folding
capabilities by HPV ES5 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
E5-expressing cells was a 48-kDa mature form that was present
in a diffuse pattern throughout the intracellular space (Fig. 8
and 9). It 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 E5 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 E5 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 CD1d
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 Th1-
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
CD1d downregulation in the presence of low- and high-risk
HPYV subtypes allows the infecting virus to evade host immune
surveillance and establish persistent infection at the primary
transmission site. The magnitude of HPV ES 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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