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Dendritic cells (DCs) link innate and adaptive immunity by sensing pathogens or vaccinogens and signaling
a variety of defense responses. Since human papillomavirus type 16 L1 virus-like particles (HPV16 VLPs)
induce a potent, protective immune response after vaccination, we examined their recognition by DCs. HPV16
VLPs cause phenotypic maturation of murine bone marrow-derived DCs (BMDCs), and immunization of mice
with HPV16 VLP-loaded BMDCs or HPV16 VLPs alone induced T helper 1 (Thl)-biased immune responses.
Analysis of transcriptional responses of murine BMDCs by microarray suggested that alpha/beta interferon
(IFN-o/B) transcripts and numerous proinflammatory cytokines and chemokines are up regulated in response
to HPV16 VLPs. Indeed, the induction of IFN-a, IFN-y, and interleukin-12 (IL-12) production by BMDCs after
stimulation with HPV16 VLPs was demonstrated by quantitative enzyme-linked immunosorbent assay. Many
microbial products that induce proinflammatory responses are recognized via Toll-like receptor (TLR) sig-
naling through the key adaptor protein MyD88 and activation of NF-kB, nuclear factor of activated T cells
(NF-AT), and activating protein 1 (AP-1). Reporter assays indicated that HPV16 VLPs activated NF-kB-,
NF-AT-, and AP-1-dependent transcription in the RAW264.7 macrophage cell line. Knockdown of MyD88
transcripts by small interfering RNA in the RAW264.7 macrophage cell line inhibited the activation of NF-kB-,
NF-AT- and AP-1-dependent transcription by HPV16 VLP. Furthermore, MyD88~'~ BMDCs failed to up
regulate IL-12 and IFN-« and -y in response to HPV16 VLPs. Finally, Th1-biased immune responses to HPV16
VLPs are dramatically impaired in MyD88 and IFN-«/f3 receptor-deficient mice. This implicates TLR recog-
nition as central to immune recognition of HPV16 L1 VLPs.

Antigen-presenting cells, and especially dendritic cells (DCs),
employ pattern recognition receptors including the Toll family
to sense infections (41). In response to a pathogen-associated
molecular pattern, Toll family members signal via an adaptor
molecule, MyDS88, activating NF-kB and activating protein 1
(AP-1) transcription factors and innate, proinflammatory re-
sponses (3). Importantly, these innate responses are largely
responsible for shaping adaptive immune responses to a patho-
gen or vaccine antigen. The adaptive immune system contains
a balanced repertoire of T helper 1 (Th1) and Th2 CD4 ™" cells.
Th1 cells promote inflammatory responses through the secre-
tion of cytokines such as gamma interferon (IFN-v) that acti-
vate macrophages and provide help to CD8™ cytotoxic T cells.
In contrast, Th2 cells provide help to antibody-producing B
cells and secrete certain cytokines, such as interleukin 10 (IL-
10), that antagonize the Th1 response.

Oncogenic human papillomavirus (HPV), notably the pro-
totypic genotype 16 (HPV16), represents the primary causative
agent of cervical cancer (44). The major papillomavirus capsid
protein, L1, self assembles to form empty capsids termed virus-
like particles (VLPs) that are morphologically and immuno-
logically very similar to native virions but lack the oncogenic
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viral genome (26). Vaccination with L1 VLPs protects against
papillomavirus infection (6, 28, 39).

HPV16 VLPs exhibit a highly ordered, closely packed for-
eign structure (4) and engender a potent Thl immune re-
sponse in humans, inducing both high-titer neutralizing anti-
body and cell-mediated immune responses (16, 21). A single
L1 VLP vaccination without adjuvant affords mice CD8* T-
cell-dependent protection against tumor formation by the
HPV16 genome-transformed cell line C3 (15). The immuno-
genicity of other peptide or whole-protein antigens is dramat-
ically enhanced upon fusion with VLPs (19, 24). Indeed, vac-
cination with chimeric VLPs elicits a potent cytotoxic T
lymphocyte response against a self antigen (33) or an otherwise
weak antigen (37) and protects against tumor challenge in
preclinical models (19). Notably, presentation of self antigens
at high density on the surfaces of VLPs is sufficient to over-
come B-cell tolerance (10-12).

Recent studies demonstrate that VLPs bind to DCs and
stimulate their maturation, including the up regulation of ma-
jor histocompatibility complex class I and II, CD80, CD86, and
CD40 costimulatory molecules and cytokine production (30,
31). Here, we demonstrate that VLPs effectively activate bone
marrow-derived DCs (BMDCs) to produce a range of re-
sponses, notably expression of IFN-a and -y and IL-12. These
immune mediators favor the differentiation of Th1 cells, con-
sistent with the responses of mice immunized with VLP-loaded
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DCs. We show that production of IFN-«, IFN-vy, and IL-12 and
Th1-biased immune responses to HPV16 VLPs are dependent
upon MyD88 (3), consistent with a role for the Toll/IL-1 re-
ceptor family in immune recognition of HPV16 VLPs.

MATERIALS AND METHODS

Mice. Six- to 8-week-old male 129/C57BL/6 Myd88*'*, 129/C57BL/6
Myd88~'~, 129-IFN«/BR ™/, 129-IFNe/BR*/*, and C57BL/6 mice (B&K Uni-
versal) were maintained in a pathogen-free animal facility at least 1 week before
use. C57BL/6 mice were immunized intravenously with 5 X 10° murine DCs
preloaded with HPV16 VLPs (10 pg/ml) or with HPV16 VLPs alone (10 pg/ml)
at 0, 7, and 14 days. Ten days after the final inoculation, spleen cells and sera
were harvested and stored at —80°C. Experiments were done in accordance with
institutional guidelines.

Cytokines, antibodies, and reagents. Murine recombinant granulocyte-mac-
rophage colony-stimulating factor (mrGM-CSF) and lipopolysaccharide (LPS)
(Escherichia coli serotype 026:B6) were purchased from R&D Systems (Minne-
apolis, Minn.) and Sigma-Aldrich, respectively. Poly(I:C) and mouse CpG
(ODN1826) oligonucleotides were purchased from InvivoGen. Fluorescein iso-
thiocyanate (FITC)- and phycoerythrin (PE)-labeled goat anti-mouse immuno-
globulin G (IgG) were purchased from Jackson ImmunoResearch, and anti-
IFN-y antibody (clone XMG1.2) was purchased from PharMingen. CD4"
splenic T cells were purified with magnetic cell sorting (MACS) CD4 (L3T4)
microbeads. A total of 10° CD4™ T cells per well of a six-well plate were
stimulated with 10° phosphate-buffered saline (PBS)-treated or VLP-loaded
BMDC:s. The supernatants were harvested after 24 h and analyzed with the
mouse Th1/Th2 cytokine cytometric bead array kit (Becton Dickinson).

Preparation of papillomavirus VLPs. HPV16 L1 VLPs were generated by
infection of Sf9 cells with recombinant baculoviruses and purified as previously
reported (46). Briefly, recombinant virus was propagated in Sf9 insect cells
(ATCC CRL 1711; American Type Culture Collection, Manassas, Va.). Sf9 cells
were cultured in SF-900 II serum-free medium supplemented with 10% inacti-
vated fetal bovine serum, 10 U of penicillin G/ml, and 10 pg of streptomycin/ml.
For VLP preparation, Hi 5 cells were adjusted to 3 X 10° cells/ml and infected
with recombinant baculovirus. After 72 h at 26.6°C, cells were harvested and
washed once in ice-cold PBS. The pelleted cells were lysed by short-pulsed
sonification on ice (Fisher Sonic Dismembrator). The lysates were loaded on top
of 40% (wt/vol) sucrose (ICN Biomedicals, Aurora, Ohio)-PBS cushions and
centrifuged at 25,000 rpm for 2.5 h (SW28 centrifuge; Beckman, Fullerton,
Calif.). The resulting pellet was suspended in 2 ml of 27% (wt/wt) cesium
chloride (CsCl; Life Technologies)-PBS and sonicated a second time. Cell ly-
sates were subjected to two subsequent centrifugations to equilibrium in 27%
(wt/wt) CsCI (20 h at 28,000 rpm and 15°C). After centrifugation, VLPs were
purified again with an A-15 mGel (Bio-Rad, Richmond, Calif.) and a strong
cation-exchange packing column (PerSeptive Biosystems, Framingham, Mass.).
Fractions were harvested and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Coomassie blue and silver staining. VLPs
were suspended in PBS, and the protein content was evaluated with a microBCA
kit (Pierce). To investigate the possible effects of contaminating Hi 5 cell proteins
in VLP preparations, a negative control was prepared by processing uninfected
Hi 5 cells as for VLP purification. To determine the efficiency of VLP assembly,
transmission electron microscopy was performed by absorbing particles onto
carbon-coated grids and negative staining with 1% uranyl acetate. The grids were
examined with a Philips CM120 transmission electron microscope operating at
80 kV.

Preparation of HPV16 L1 in E. coli. Mutant L1 genes were inserted into
pGEX-6P-2 E. coli strain BL21 cells transformed with a pGEX plasmid
(pGEX16L1) were grown at room temperature in Luria-Bertani medium con-
taining 100 pg of ampicillin/ml. At an optical density at 600 nm of 0.3, recom-
binant protein expression was induced by adding 0.25 mM isopropyl-B-p-thio-
galactoside (IPTG) to the 0.5-liter 2YT culture at 30°C (13). Soluble glutathione
S-transferase-L1 fusion proteins were purified on a 1-ml glutathione-Sepharose
Fast Flow column according to the manufacturer’s instructions. The column was
incubated overnight at 4°C with PreScission protease to release L1 from the
column. The protein content was evaluated using a microBCA kit (Pierce) and
SDS-PAGE. Samples were absorbed onto carbon-coated grids and stained with
1% uranyl acetate. The grids were examined with a Philips CM120 transmission
electron microscope operating at 80 kV.

Preparation and flow cytometric analysis of BMDCs. BMDCs were prepared
from bone marrow cells that were collected by removing the femur bones of
mice, cutting off the ends of the bones, and flushing out the bone marrow with
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RPMI 1640 medium injected with a syringe. The pooled cells were harvested by
centrifugation at 1,600 rpm for 10 min and resuspended in 2 ml of ammonium
chloride lysing buffer (Biofluids, Biosource International) for 5 min at room
temperature to lyse the red blood cells. These cells were washed in RPMI 1640
medium and cultured in RPMI 1640 medium containing 500 U of mrGM-
CSF/ml for 6 days prior to analysis. BMDCs were collected in ice-cold PBS, and
surface markers were immunolabeled with the following antibodies: FITC-con-
jugated anti-CD11C (N418), anti-mouse CD86 (GL1), anti-mouse CD80 (16-
10A1), anti-mouse CD40 (3/23), PE-labeled anti-CD4 (L3T4), anti-mouse CD8«
(53-6.6), anti-mouse CD45 R/B220 (RA36B2), anti-mouse CD11b (M1/70), pu-
rified anti-mouse I-A® (25-9-17), and purified anti-mouse CD3 molecular com-
plex (17A2). All of these antibodies were purchased from PharMingen. Single or
double staining was performed with different monoclonal antibodies (MAbs).
Cells were then washed twice before being resuspended in PBS containing 1%
paraformadehyde and 1% fetal calf serum and kept at 4°C prior to flow cyto-
metric analysis (FAScan; Becton Dickinson). For each analysis, isotype-matched
control MAb was used a negative control.

Expression profiling with DNA microarrays. Total RNA was isolated from
DCs with TRIzol reagent (Invitrogen), followed by RNA cleanup with the
RNeasy minikit (QIAGEN). The processing of the sample was done according to
Affymetrix specifications. Briefly, 5 wg of total RNA was used to synthesize
first-strand ¢cDNA with oligonucleotide probes with 24 oligo(dT) plus T7 pro-
moter as a primer (Proligo LLC) and the SuperScript Choice system (Invitro-
gen). Following the double-stranded cDNA synthesis, the product was purified
by phenol-chloroform extraction, and biotinylated anti-sense cRNA was gener-
ated through in vitro transcription with the BioArray RNA High Yield transcript
labeling kit (ENZO Life Sciences, Inc.). Fifteen micrograms of the biotinylated
cRNA was fragmented at 94°C for 35 min (100 mM Tris-acetate [pH 8.2], 500
mM potassium acetate, 150 mM magnesium acetate), and 10 pg of total frag-
mented cRNA was hybridized to the Affymetrix murine genome U74Av2 Gene-
Chip array, on different days, for 16 h at 45°C with constant rotation (60 rpm).
The Affymetrix Fluidics Station 400 was then used to wash and stain the chips,
removing the nonhybridized target and incubating with a streptavidin-PE con-
jugate to stain the biotinylated cRNA. The staining was then amplified with goat
IgG as a blocking reagent and biotinylated goat anti-streptavidin antibody, fol-
lowed by a second staining step with a streptavidin-PE conjugate. Fluorescence
was detected with the Hewlett-Packard G2500 GeneArray scanner, and image
analysis of each GeneChip sample was done with the Micro Array Suite 5.0
software from Affymetrix, using standard default settings. For comparison be-
tween different chips, global scaling was used, scaling all probe sets to a user-
defined target intensity of 150. To ascertain the quality control of the total RNA
from the samples, we used the Agilent Bioanalyzer Lab with GeneChip technol-
ogy and confirmed that all the samples had optimal rRNA ratios (1:2 ratio of 18S
to 28S) and clean run patterns. Likewise, this technology was used to confirm the
quality of the RNA in the form of cRNA and fragmented cRNA. To assess the
quality control of the hybridization, GeneChip image, and comparison between
chips, we studied the following parameters: scaling factor, background, percent-
age of present calls, housekeeping genes (3'/5" ratios of GAPDH), and presence
or absence of internal spike controls. To assess quality control interreplicates, we
observed the percentages of differential calls (up or down regulated) between
pairwise comparisons. The initial expression results were based on pairwise
comparisons between the different experimental conditions represented by the
samples. Any transcript that showed at least a twofold change in expression level
between experimental sample and control sample was considered significant. For
duplicated samples, the results were filtered independently for significance on
each of the four pairwise comparisons. Transcripts that were consistently signif-
icant in at least two of four iterative comparisons were selected for the final
candidate list.

Transfection and reporter assays. Mouse NF-«kB, nuclear factor of activated T
cells (NF-AT), and activating protein 1 (AP-1) promoter reporter plasmids were
purchased from Clontech. RAW264.7 cells were transfected with 4 pg of plas-
mids pNF-kB SEAP, pNF-AT SEAP, pAP-1 SEAP, positive-control pSEAP2,
and negative-control pTAL-SEAP with Lipofectamine 2000 (Invitrogen) in 24-
well plates. The cells were stimulated 24 h later by adding 25 pg of VLPs/ml or
buffer alone. The supernatants were collected at 12 h. Alkaline phosphatase
assays were performed according to the manufacturer’s instructions (Clontech).
To generate the MyD88 knockdown in RAW264.7cells, small interfering RNA
(siRNA) target sequences in MyD88 were designed according to a siRNA target
finder and design tool program (Ambion) and previously reported methods (7).
The MyD8S8 target sequences used were as follows: KD1, 5" GATCCCCGTGG
GAGTGAGGCGCCGCTTCAAGAGAGCGGCGCCTCACTCCCACGTTTT
TGGAAA and 5’AGCTTTTCCAAAAACGTGGGAGTGAGGCGCCGCTCT
CTTGAAGCGGCGCCTCACTCCCACGGGG; KD2, 5'GATCCCCGGAGCT
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GAAGTCGCGCATCTTCAAGAGAGATGCGCGACTTCAGCTCCTTTTT
GGAAA and 5’"AGCTTTTCCAAAAAGGAGCTGAAGTCGCGCATCTCTC
TTGAAGATGCGCGACTTCAGCTCCGGG. The TLRO target sequence was
generated with the sequences 5'GATCCCCGGACTCTGCACCCCTTGTCTT
CAAGAGAGACAAGGGGTGCAGAGTCCTTTTTGGAAA and 5’AGCTTT
TCCAAAAAGGACTCTGCACCCCTTGTCTCTCTTGAAGACAAGGGGT
GCAGAGTCCGGG. After hybridization, the oligonucleotides were inserted
into the pSUPER vector (kindly provided by R. Agami, NKI, Amsterdam, The
Netherlands, and modified to carry hygromycin B resistance) at the BglII and
HindIII sites and then transfected into macrophage cell line RAW264. 7. After
selection in hygromycin B, MyD88 mRNA expression in cell lines was tested by
reverse transcription-PCR (RT-PCR). Total cellular RNA was prepared with
TRIzol (GIBCO BRL) according to the manufacturer’s instructions. To elimi-
nate possible DNA contamination, total RNA preparations were incubated for
15 min at 37°C with 10 U of RNase-free DNase (Boehringer Mannheim). RT-
PCR was performed by SuperScript one-step RT-PCR with Platinum Taq ac-
cording to the protocol provided (Invitrogen). Amplification conditions were as
follows: for cDNA synthesis and predenaturation, 1 cycle at 50°C for 15 min and
94°C for 2 min; for PCR amplification, 40 cycles (each cycle included a dena-
turing step at 94°C for 15 s, an annealing step at 55°C for 30 s, and an extension
step at 72°C for 1 min/kb). A final extension consisted of 1 cycle at 72°C for 10
min. The primers used were as follows: for GAPDH, 5’ATGGTGAAGGTCG
GTGTGAACGGATTTGGC and 5'CATCGAAGGTGGAAGAGTGGGAGT
TGCTGT; for MyD88, 5’ ATGTCTGCGGGAGACCCCCGCGTG and 5" TCA
GGGCAGGGACAAAGCCTTGG; for TLRY, S’ ATGGTTCTCCGTCGAAG
GACTCTGCAC and 5'CTATTCTGCTGTAGGTCCCCGGCAG.

Analysis of IFN-a, IFN-y, and IL-12 by ELISA. The culture supernatants of
different subsets of DCs were harvested at various times after stimulation by
VLPs (25 pg/ml), buffer alone, LPS (0.1 pg/ml), CpG (5 pM), or Poly(I:C) (25
pg/ml). Commercial sandwich enzyme-linked immunosorbent assay (ELISA)
kits were used for quantitation of IFN-y (Pierce Endogen), IL-12p70 (R&D
Systems), and IFN-a (PBL Biomedical Laboratories). The optical density at 450
nm of each sample was measured with a SpectraMax 190 ELISA plate reader.
Cytokine levels were quantified from two to three titrations with standard curves
and expressed as the number of picograms per milliliter.

Indirect immunofluorescence and confocal microscopy. DCs were incubated
with VLPs for 1 h at 4°C in Dulbecco’s PBS and then washed with medium at
37°C. At the time points indicated, the cells were washed with PBS, fixed with
3.7% formaldehyde solution for 10 min, permeabilized with 0.1% (vol/vol) Triton
X-100 in PBS for 5 min, and blocked with PBS containing 1% bovine serum
albumin for 30 min. MAb H16.V5 was used at a 1:100 dilution for detection of
HPV16 L1, and FITC-conjugated goat anti-mouse IgG (Sigma) was added se-
quentially at a concentration of 5 pg/ml for 20 min at 4°C. Actin was stained with
rhodamine-phalloidin (Molecular Probes). Samples were examined by confocal
fluorescence microscopy (UltraView confocal imaging system; Perkin-Elmer)
(46). The cells were viewed on a Nikon Eclipse TE200 inverted microscope
equipped with a X40 plan fluor or X60 or X100 plan apochromatic objective lens
with corresponding 1-, 0.8-, or 0.45-pum optical z-slices. Twelve-bit images were
merged and analyzed with Ultraview acquisition software in RGB mode.

RESULTS

HPV16 VLPs activate NF-AT-, NF-kB-, and AP-1-dependent
transcription. The mouse macrophage cell line RAW264.7
represents a useful model to study innate responses such as
transcription factor activation and, unlike DCs, may be readily
transduced with reporter plasmids (47). The NF-kB, NF-AT,
and AP-1 transcription factors are involved in the transcrip-
tional activation of many innate response genes by microbial
products (41). Therefore, we employed the reporter constructs
pNF-kBSEAP, pAT-1SEAP, and pNF-AT SEAP that express
secreted alkaline phosphatase (SEAP) to determine whether
the HPV16 VLPs activate NF-kB-, AP-1-, or NF-AT-depen-
dent transcription, respectively (Fig. 1). The pSEAP2 and
pTAL-SEAP plasmids were used as positive and negative con-
trols, respectively. HPV16 VLPs were generated by infection
of Hi 5 cells with recombinant baculovirus. The purity of
HPV16 VLP preparations was assessed by SDS-PAGE, and
the gels were developed with silver staining (Fig. 1A). The
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predominant band corresponds to HPV16 L1, which has a
molecular weight of ~50 kDa (27). Western blot analysis sug-
gests that the minor bands represent glycosylated forms and
degradation products of L1 (32, 49). To ensure that the HPV16
L1 had assembled into VLPs, the preparations were examined
by transmission electron microscopy (Fig. 1B). As expected,
the preparation contained empty particles ~55 nm in diameter
(27). RAW264.7 cells were transfected with each plasmid; after
18 h, the cells were stimulated by VLPs. The level of SEAP in
the supernatant was assayed as a surrogate measure of pro-
moter activity. The reporter constructs indicated that HPV16
VLP up regulated NF-kB, NF-AT, and AP-1 transcription
factor-mediated activity (Fig. 1C). Additional steps were in-
cluded in the purification scheme to ensure homogeneity of the
HPV16 VLPs (Fig. 1A) and to ensure that the responses to the
VLP preparations were not due to impurities, notably endo-
toxin. The endotoxin level in the VLP preparations was <0.058
endotoxin units/ml in our 1.05-mg/ml stock of HPV16 L1
VLPs, as determined by a Limulus assay (E-Toxate; Sigma).
Thus, the data suggest that VLPs activate multiple key tran-
scription factor pathways, although less efficiently than does
LPS.

MyD88 knockdown in RAW264.7 cells reduces transcription
factor activation by HPV16 VLPs. Upon recognition of the
characteristic components of pathogens, the Toll family of re-
ceptors employs the adaptor protein MyDSS to initiate innate
responses via activation of NF-kB, AP-1, and other transcrip-
tion factors (3). Therefore, we examined whether MyD88 me-
diates HPV16 VLP activation of NF-kB, NF-AT, and AP-1
in RAW264.7 cells. MyD88 transcripts in stably transfected
RAW264.7 cell lines were targeted with two different siRNA
constructs expressed from a polymerase III HI-RNA gene pro-
moter in the pSUPER vector (7). The efficacy of MyDS88 tran-
script knockdown by the stably transfected siRNA constructs
was assessed by RT-PCR. While no change in MyD88 tran-
script levels in RAW264.7 cells transfected with the pSUPER
vector alone or the KD1 construct was noted, the KD2 con-
struct drastically reduced levels of MyD88, but not GAPDH,
mRNA (Fig. 1D). To validate the KD2 knockdown, the cell
line was stimulated with LPS (serotype 026:B6), peptidoglycan
from Staphylococcus aureus, poly(I:C), CpG oligonucleotide,
or zymosan A, all of which are dependent upon MyDS§8 to
activate the NF-«B transcription factor (41). Activation of the
NF-«kB transcription factor pathway by each agent was signif-
icantly impaired in the MyD88 knockdown cell line KD2, pro-
viding functional evidence of a reduction in MyD88 expression
(Fig. 1E). The ability of HPV16 VLP to activate NF-AT-, NF-
kB-, and AP-1-dependent transcription was then tested with
RAW264.7 cells transfected with vector alone or KD2. In the
KD2 MyDS88 knockdown line, NF-kB- and AP-1-dependent
transcription was significantly impaired compared with that of
the vector control, while the effect upon the NF-AT pathway
was more modest (Fig. 1F).

It was possible that contaminating unmethylated insect cell
DNA was responsible for the MyD88-dependent activation of
NF-«kB-dependent transcription by the HPV16 VLP prepara-
tion. To address this possibility, we knocked down transcripts
of the Toll-like receptor (TLR) that recognizes unmethylated
DNA, TLR9Y (Fig. 1D). To further rule out activation mediated
by contaminating baculovirus or endotoxin, we affinity purified
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FIG. 1. Activation of transcription factors in the RAW264.7 macrophage cell line by HPV16 VLPs. (A) SDS-PAGE analysis of HPV16 L1 VLP
preparation from baculovirus-infected Sf9 cells visualized with silver stain. (B) A transmission electron micrograph of an HPV16 L1 VLP
preparation. (C) pNF-kB-SEAP, pNF-AT SEAP, pAP-1 SEAP, negative-control pTAL-SEAP, and positive-control pPSEAP2 DNAs were each
transfected into macrophage cell line RAW264.7. After 24 h, the cells were stimulated with 25 pg of VLPs/ml. The supernatants were collected
12 h later and analyzed with a chemiluminescence-based SEAP assay. Fold change in chemiluminescent intensity compared to unstimulated cells
is plotted. (D) RAW264.7 cells were stably transfected with pPSUPER alone (V) or expressing siRNAs KD1 and KD2 that target MyD88 transcripts
(top panels) or KD that targets TLR9 (bottom panels). Expression of MyD88, TLR9, and GAPDH mRNA was analyzed in these cell lines by RT-
PCR. (E) Validation of the MyD88 knockdown phenotype. The pSUPER- and pSUPER-KD2-transfected RAW264.7 cell lines were transfected
with pNF-kB-SEAP; after 24 h, the cells were stimulated with 0.1 pg of LPS (026:B6)/ml, 10 wg of PGN (peptidoglycan from S. aureus)/ml, 25 pg
of poly(I:C)/ml, 5 uM CpG (ODN 1826), or 25 ng of zymosan A/ml. The supernatants were collected 12 h later and analyzed by a chemilumi-
nescence-based SEAP assay. Fold change in chemiluminescent intensity compared to unstimulated cells is plotted. (F) VLP-induced activation of
NF-«kB-, NF-AT-, and AP-1-regulated transcription is reduced in the MyD88 knockdown macrophage cell line. The vector and MyD88 knockdown
KD2-transfected RAW264.7 cells were transfected by pNF-kB-SEAP, pNF-AT SEAP, or pAP-1 SEAP. After 24 h, the cells were stimulated with
25 wg of VLPs/ml. The supernatants were collected 12 h later and analyzed as described above. (G) RAW264.7 cells were stably transfected with
pSUPER alone or with expressing siRNA that targets TLRO transcripts. The pPSUPER- and pSUPER-TLRY KD-transfected RAW264.7 cell lines
were transfected with pTAL-SEAP (negative control) or pPSEAP2 (positive control). The remaining samples were transfected with pNF-kB-SEAP
and were then stimulated with 5 uM CpG (ODN 1826), 0.1 pg of LPS (026:B6)/ml, 25 wg of in vitro-assembled and polymyxin B-treated HPV16
VLPs/ml, or 25 pg of assembly-deficient HPV16 L1 D223G/ml (after polymyxin B treatment). The supernatants were collected 12 h later and
analyzed by a chemiluminescence-based SEAP assay. Fold change in chemiluminescent intensity compared to unstimulated cells is plotted.

HPV16 L1 from E. coli (13, 14). After in vitro assembly of the
HPV16 L1 and verification by transmission electron micros-
copy, the preparations were depleted of endotoxin contamina-
tion with polymyxin B (34). When compared to vector-trans-
fected RAW264.7 cells, RAW264.7 cells stably transfected
with the TLR9 knockdown construct showed reduced NF-«xB
activation by CpG, but by in vitro-assembled and polymyxin
B-treated HPV16 L1 VLPs or LPS that is recognized via TLR4
(Fig. 1G). This indicates that HPV16 VLPs are responsible for
the MyD88-dependent activation of NF-«B, rather than un-
methylated insect cell or baculoviral DNA. Furthermore, an
assembly-deficient mutant of HPV16 L1, D223G, failed to
activate NF-«kB in control RAW264.7 cells, indicating that the
correct capsid structure is required. Similar results with a dif-

ferent assembly-deficient HPV16 L1 mutant have been report-
ed (30).

VLP-loaded BMDCs induce Thl-biased responses in naive
C57BL/6 mice. To further investigate the role of DCs in the
adaptive immune response to HPV16 VLPs, mice were immu-
nized with VLP-loaded BMDCs, and the nature of the immune
response was determined. BMDCs were prepared by culture of
bone marrow cells in RPMI 1640 medium containing 500 U of
mrGM-CSF/ml for 6 days. Expression of surface markers char-
acteristic of BMDCs was confirmed by flow cytometry (Fig.
2A), and the BMDCs exhibited typical morphology (Fig. 2B).
BMDC:s were loaded with HPV VLPs for 1 hour in PBS at 4°C.
Binding of the HPV VLPs to BMDCs was visualized by im-
munofluorescent staining (Fig. 2C) (46). Mice were immunized
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FIG. 2. Vaccination with VLP-loaded BMDCs induces Thl responses. Surface marker (red line) and isotype (black line) control staining
(A) and morphology (B) of murine BMDCs cultured in RPMI 1640 medium with 500 U of mrGM-CSF/ml for 6 days. (C) HPV16 VLPs bound
to BMDC:s viewed by confocal fluorescence microscopy. Green coloring represents H16.V5-stained VLPs; red coloring indicates tetramethyl
rhodamine isocyanate-phalloidin-stained actin. (D and E) CD4™ T cells were isolated by positive selection with CD4" microbeads (MACS; Mitenyi
Biotec GmbH) from splenocytes of mice immunized three times with HPV16 VLP-loaded BMDCs. Levels of Th1 and Th2 cytokines, IL-2, I1L-4,
IL-5, IFN-y, and TNF-« in supernatants of mouse splenic CD4™ T cells were assessed 24 h after stimulation with VLP-loaded BMDC (10:1 ratio)
was detected with a cytokine bead array. Positive (+ve) and negative (—ve) controls for a cytokine bead array incubated with 5,000 pg/ml each of

IL-2, IL-4, IL-5, IFN-y, TNF-a, or buffer alone are shown in panel D.

intravenously with 5 X 10° murine DCs preloaded with HPV16
VLPs (10 pg/ml) at 0, 7, and 14 days. Ten days after the final
inoculation, the splenic CD4* T cells derived from these im-
munized mice were stimulated in vitro, and cytokines that were
released into the supernatant were assayed. As shown in Fig.
2D and E, HPV16 VLPs clearly induced the generation of
IFN-y and tumor necrosis factor alpha (TNF-a) in spleen
CD4" T cells of mice immunized with HPV16 VLP-loaded
BMDCs. While the Th2 cytokine IL-5 was also induced, the
high level of IFN-y and TNF-a responses, as well as an absence
of IL-4 production (Fig. 2E), are consistent with Th1 bias and
responses observed with VLP-vaccinated patients (14). The
spleen cells from mice vaccinated with PBS-treated DCs did
not induce similar Th1 responses.

Time course of VLP-induced transcriptional changes in
mouse BMDCs. To address the mechanism driving Th1-biased
immune responses, we analyzed the transcriptional response of

BMDCs to HPV16 VLPs in vitro. Lenz et al. described the
delay in HPV16 VLP-mediated maturation of BMDCs com-
pared to LPS-induced responses (30). Therefore, we initially
performed a time course study to examine transcriptional
changes in BMDC:s at 6, 24, and 48 h after exposure to HPV16
VLPs or PBS (Fig. 3). RNA was prepared from cells at each
time point for transcriptional profiling with Affymetrix U74A
oligonucleotide microarrays. Six hours after exposure to
HPV16 VLPs, transient up regulation of IFNa/B transcripts,
notably those of IFN-a4, -a1-9, and -B, and delayed, persistent
up regulation of the several IFN-induced transcripts were ob-
served (e.g., IFN-induced protein 10 [IP-10/CXCL10], IP with
tetratricopeptide repeats 1 and 2, and IFN-activated genes 203
and 204). A number of other cytokine and/or chemokine tran-
scripts were also up regulated in BMDCs by HPV16 VLPs,
including IL-1B, IL-6, IL-10, IL-18, IP-10, RANTES, macro-
phage inflammatory protein 18 (MIP-1B), monocyte chemo-
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FIG. 3. Time course of transcriptional changes in BMDCs upon stimulation with HPV16 VLPs. RNA was prepared from BMDCs 6, 24, and
48 h after exposure to HPV16 VLPs or PBS. RNA was analyzed by Affymetric microarray with the U74A chip. Data were curated to show genes
exhibiting a greater-than-twofold transcriptional changes and sorted by ontogeny related to immune responses. Transcriptional changes of two- to
fivefold or greater-than-fivefold up regulation are coded orange and red, respectively, and down regulations of two- to fivefold and greater-than-

fivefold are shaded light green and dark green, respectively. NS, no significant change, i.e., less-than-twofold transcriptional change.
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FIG. 4. MyD88-dependent up regulation of IFN-«, IFN-y, and
IL-12 by HPV16 VLPs. BMDCs generated from wild-type or MyD88
knockout mice were stimulated by VLPs (25 pg/ml), LPS (0.1 pg/ml),
CpG (5 pM), poly(I:C) (25 wg/ml), or anti-CD40 or its isotype control
(10 pg/ml). Supernatants were harvested at 12 h (A, C, D, F, G, and I)
or at the times indicated (B, E, and H) after stimulation with HPV16
L1 VLPs. Levels of IFN-a (A to C), IFN-y (D to F), and IL-12p70 (G
to I) were quantified by ELISA.

tactic protein 3 (MCP-3), MCP-5, and granulocyte colony-
stimulating factor (G-CSF). Using the Bio-Plex 18 cytokine
assay (Bio-Rad), we demonstrated the production of IL-1,
IL-6, IL-10, IL-12, IFN-y, RANTES, MIP-1B, and G-CSF in
the supernatant of BMDC 14 h after stimulation with HPV16
VLP (data not shown), thus validating the microarray analysis.
Furthermore, a cell lysate of insect cells processed by the
methods applied during the purification of VLPs failed to up
regulate CD40, CD80, and CD86 on BMDCs, as assessed by
flow cytometric staining (data not shown), suggesting that an
insect cell contaminant in the VLP preparations is unlikely to
be the cause of DC activation (data not shown). By 6 h after
exposure to HPV16 VLPs, therefore, BMDCs have up regu-
lated the transcription of numerous defense response genes.
Induction of IFN-«, IFN-v, and IL-12 by VLPs is dependent
upon MyD88. Knockdown studies implicated MyD88 in signal-
ing innate responses to HPV16 VLPs (Fig. 1F). To further
address the role of MyD88 in the development of an immune
response to HPV16 VLPs in DCs, BMDCs from MyD88
knockout or wild-type control mice were exposed to HPV16
VLPs or (as positive controls) to LPS or CpG (1). Exposure to
HPV16 VLPs, LPS, and CpG induced the production of IL-12,
IFN-«, and IFN-y by BMDCs generated from wild-type mice
(Fig. 4). Levels of IL-12 and IFN-vy released by DCs peaked by
about 12 h after stimulation with HPV16 VLPs, whereas IFN-a
peaked earlier at 6 h. Interestingly, production of IL-12,
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IFN-a, and IFN-y in response to HPV16 VLPs was dramati-
cally lower in the absence of MyDS8S, consistent with the innate
recognition of HPV16 VLPs via the TLR family.

Impaired Thl-biased responses to HPV16 L1 VLPs in IFN-
/B receptor- and MyD88-deficient mice. To investigate the
contribution of IFN-a/B and MyDS8S signaling to the adaptive
immune response to VLPs, IFN-a/B receptor-deficient mice or
MyD88-deficient mice were immunized with HPV16 VLPs.
Splenic CD4 ™ T cells derived from these immunized mice were
stimulated in vitro, and their supernatants were analyzed by
Th1 and Th2 cytokine detection kits. HPV16 VLP restimula-
tion clearly induced the generation of IFN-y (and the gener-
ation of TNF-a and IL-5) by spleen CD4" T cells of mice
immunized with VLP-loaded DCs, consistent with a Thl re-
sponse. However, restimulation of CD4™ T cells of IFN-o/f
receptor knockout mice severely impaired Thl cytokine pro-
duction (Fig. SA). This effect was even more pronounced for
restimulation of MyD88 ™/~ CD4* T cells (Fig. 5B).

DISCUSSION

Rational vaccine development requires knowledge of the
pathways that regulate innate and adaptive immune responses
to clinically effective vaccine antigens such as HPV16 L1 VLPs.
The murine model is useful for studies of the immune response
to HPV16 L1 VLPs because of the availability of MyD8§8-
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FIG. 5. IFN-o/B and MyD88 signaling play critical roles in the
Th1-biased response to HPV16 VLPs. CD4™ T cells were isolated by
positive selection with CD4" microbeads (MACS; Mitenyi Biotec
GmbH) from splenocytes of IFN-a/f receptor- or MyD88-deficient
mice immunized three times with HPV16 VLPs. Levels of Thl and
Th2 cytokines, IL-2, IL-4, IL-5, IFN-y, and TNF-« in supernatants of
CD4™" T cells were assessed 24 h after stimulation with VLP-loaded
BMDOC:s (10:1 ratio). Absolute values were calculated from a standard
curve, and controls were as shown in Fig. 2D.
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deficient mice, but observations should be validated with hu-
mans. Both vaccination of patients with HPV16 VLPs (21) and
treatment of naive C57BL/6 mice with HPV16 VLP-loaded
BMDCs induce Thl-biased responses (Fig. 2D), suggesting
that the mouse is an appropriate model. Mice represent a
heterologous host for HPV16, whereas humans are homolo-
gous. Yet human DCs and Langerhans cells respond to HPV16
VLPs in a manner similar to that of their murine counterparts.
Notably, both murine BMDCs and human myeloid DCs pro-
duce IL-12 in response to VLP, and neither human nor murine
Langerhans cells respond to HPV16 VLPs (17, 31). Like IFN-y
and IL-12, IFN-o/B plays a central role in the innate response
against viral infections and is also involved in the regulation of
adaptive immune responses (5). IFN-a/B can influence adap-
tive immune responses by modifying the maturation of DCs,
e.g., by driving DC subpopulations to promote Thl cells. Mu-
rine BMDCs also produce IFN-o/B in response to HPV16
VLPs. Herpes simplex virus and influenza virus infections,
CpG, and poly(I:C) can activate DCs to produce high levels of
IFN-a/B (8, 9, 38). Poly(I:C) induces ~10-fold-higher levels of
IFN-a by BMDCs (Fig. 3 and 4) than by HPV16 VLPs, al-
though the latter are clearly sufficient to support a robust Thl
response.

The regulation of IL-12 production is complex (for a review,
see reference 43). IFN-y can enhance production of IL-12
(22), thereby forming a positive-feedback mechanism during
inflammatory and Th1 responses. IFN-y also plays a role by
enhancing mRNA expression of the IL-12 receptor $1 and B2
chains (20, 40). Indeed, autocrine-paracrine stimulation of
IL-12 production by IFN-y and up regulation of both IL-12
receptor B chains was observed in BMDCs after VLP stimu-
lation (Fig. 3 and data not shown). IFN production is also
associated with expression of the IFN-regulated transcripts.
For example, BMDC:s strongly up regulate IP-10, IFN-induced
15-kDa protein, Mx1, glucocorticoid attenuated response gene
(GARG)-16, GARG-39, GARG-49, and IFN-activated genes
203 and 204.

Chemokines cause recruitment and polarization of T cells
(45). To respond to a chemotactic gradient of chemokines, T
cells spatially reorganize components to form a leading edge
(termed polarization) containing CCR2 and CCRS. This po-
larization facilitates the formation of the immunological syn-
apse. Furthermore, certain chemokines such as RANTES are
able to costimulate T cell proliferation. For example, RANTES-
deficient mice exhibit impaired T-cell proliferation and IFN-y
and IL-2 production upon antigen stimulation. Chemokines
can also influence T-cell fate (45). Receptors CCRS and
CXCR3 are markers for Thl cells. RANTES, MIP-1«a, and
MIP-1B are produced by BMDCs upon HPV16 VLP stimula-
tion and are ligands for CCRS. Similarly, IP-10 mRNA is up
regulated by BMDC:s in response to HPV16 VLP, and IP-10 is
a ligand for CXCR3 (45). Thus, BMDCs up regulate numerous
chemokines that ligand the Thl markers CCR5 and CXCR3
and Thl-associated cytokines such as IL-12 and IFN, which
likely drive the potent Th1-biased response of VLP-immunized
mice. However, CCR2 is a marker for Th2 cells (45); its ligands
MCP-1, MCP-3, and MCP-5 are up regulated in HPV16 VLP-
stimulated BMDCs. The induction of these CCR2 ligands and
the other Th2-associated cytokines IL-6, IL-10, and G-CSF
may contribute to the weak Th2-type IL-5 production by stim-
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ulation of T helper cells derived from mice vaccinated with
VLP-loaded BMDC:s and by patients vaccinated with HPV16
VLPs (21). Further experimentation is necessary to clarify the
contribution of these chemokines to VLP-induced immunity.

DCs promote innate and adaptive immunity by sensing
pathogens. Recognition of HPV16 VLPs initiates signaling
through the MyD88 adaptor protein and innate responses,
including the activation of NF-kB, NF-AT, and AP-1 in
RAW264.7 cells and production of IFN-a, IFN-y, and IL-12 by
BMDC:s. This dependence on MyD88 signaling is suggestive of
recognition of HPV16 VLPs by the Toll family of pattern
recognition receptors (3). HPV L1 binds to heparan sulfate
GAGs on the cell surface during infection (25). These inter-
actions may be related to HPV16 L1-induced signaling via Toll
receptors, as the oligosaccharides of hyaluronan can activate
DCs via TLR4 (42). It is also notable that respiratory syncytial
virus and mouse mammary tumor virus have been shown to
bind heparan sulfate on the cell surface (18, 48) and are also
recognized by TLR4-dependent pathways (29, 36). We are
studying the TLRs that mediate HPV16 VLP recognition in
TLR-deficient mice with reconstruction assays with human
TLRs.

Several studies indicate that MyD88 signaling is involved in
the initial commitment of naive CD4" T cells to differentiate
into Thl and Th2 lineage cells (2, 23). MyD88-deficient mice
showed an inability to generate Th1l-type immune responses to
antigen in the presence of complete Freund’s adjuvant con-
taining heat-killed mycobacterium tuberculosis, components of
which can activate TLRs such as TLR2 and TLR4 (23). In-
deed, MyDS8S is also critical to the induction of Thl-biased
immune responses to HPV16 L1 VLPs.

Many attenuated recombinant microorganisms have been
used as vaccine vectors (35). The immunogenicity of these
vectors likely reflects recognition by TLRs expressed on anti-
gen-presenting cells and consequent stimulation of DC func-
tion and immunity. The ability of HPV16 VLPs to induce such
potent immune responses suggests that the highly ordered,
closely packed structure (4) of HPV16 VLPs represents a
pathogen-associated molecular pattern recognized by the
TLR/MyD88 pathway (41).
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