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Abstract

Human papilloma (HPV) virus-like particle (VLP) vaccines were recently licensed. Though
neutralizing antibody titers are thought to be the main effectors of protection against infection, early
predictors of long-term efficacy are not yet defined and a comprehensive understanding of innate
and adaptive immune responses to vaccination is still lacking. Here, microarrays were used to
compare the gene expression signature in HPV-16 L1 VLP-stimulated PBMC from 17 vaccine and
4 placebo recipients before vaccination, and 1 month after receiving the second immunization.
Vaccination with a monovalent HPV-16 L1 VLP vaccine was associated with modulation of genes
involved in the inflammatory/defense response, cytokine, interferon and cell cycle pathways in VLP-
stimulated PBMC. Additionally, there was up-regulation of probesets associated with cytotoxic
(GZMB, TNFSF10) and regulatory (INDO, CTLAA4) activities. The strongest correlations with
neutralizing antibody titers were found for cyclin d2 (CCND2) and galectin (LGALS2). Twenty-two
differentially expressed probesets were selected for confirmation by RT-PCR in an independent
sample set. Agreement with microarray data was seen for over two-thirds of these probesets. Up-
regulation of immune/defense response genes by HPV-16 L1 VLP, in particular interferon-induced
genes was observed in PBMC collected prior to vaccination, with many of these genes being further
induced following vaccination. In conclusion, we identified important innate and adaptive response
related- genes induced by vaccination with HPV-16 L1 VVLP. Further studies are needed to identify
gene expression signatures of immunogenicity and long-term protection with potential utility in
prediction of long-term HPV vaccination outcomes in clinical trials.
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Introduction

Cervical cancer is the second most common cancer among women worldwide (1,2). The recent
development of prophylactic HPV vaccines provides an important new avenue for the
prevention of this cancer and others linked to HPV infection.

The current HPV prophylactic vaccines consist of non-infectious, L1 recombinant HPV-like
particles (VLP) (3,4). Vaccine clinical trials have shown near complete protection against
cervical intraepithelial neoplasia (CIN) 2 or greater lesions (5-7). Neutralizing antibodies are
believed to be the main effectors of protection. A robust humoral response has been observed
after vaccination (8-10), and antibody levels against HPV-16 remain relatively high in the first
few years after vaccination (11-13). However, length of protection afforded by vaccination is
not currently known.

Studies by our group and others have shown that in addition to antibody responses, strong cell-
mediated immune responses are observed after vaccination (14-17). It is known that cell-
mediated immune responses are required for antibody production and for maintenance of
antibody levels over time. Thus, it could be postulated that the patterns of innate and acquired
cellular immune responses following initial vaccination might influence antibody responses
and duration of protection afforded by vaccination (18,19). A better understanding of these
early responses to vaccination might help elucidate mechanisms of vaccine protection via
neutralizing antibodies, and assist in the identification of early markers of long-lasting vaccine
responses.

Microarray analysis has been applied to determine gene expression patterns in studies of
disease pathogenesis (20-23), immune response to infection (24-30), and immune response
after immunization (31,32). However, few studies have looked at vaccine-induced responses
in humans (33-35).

To characterize the immune response to HPV-16 L1VLP vaccination, we used microarray
chips that cover 8638 verified sequences to investigate the gene profile associated with a recall
response to the vaccine in leukocytes from vaccine recipients. We identified probesets that
were differentially expressed in PBMC from vaccine recipients after in vitro stimulation with
HPV-16 L1 VLP compared to pre-vaccination samples. We also analyzed the “primary”
response to HPV-16 L1 VLP, independent of vaccination, by comparing the gene expression
pattern of cells incubated with HPV-16 L1 VLP and unstimulated cells, using pre-vaccination
samples.

In addition, the correlation of gene expression to neutralizing antibody titers developed after
vaccination was examined to evaluate potential determinants of strong antibody responses.
Key results were confirmed by RT-PCR in an independent set of vaccinated individuals.

This is the first study that evaluates the immune response to an HPV VLP vaccine using
microarray technology. Our results contribute to a broader understanding of the effects of
vaccination with a monovalent HPV-16 L1 VLP vaccine. The approach used here and the gene
expression profile defined in this study may prove to be useful for future prediction of long-
term HPV vaccination outcomes in ongoing clinical trials.

Materials and Methods

Study Design

Participants were selected from a double-blind, randomized, placebo-controlled phase Il trial
of a monovalent HPV-16 L1 VVLP vaccine without adjuvant, which was conducted in a sample
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of 220 healthy, HIV seronegative adult female volunteers 18-25 years of age, as described
previously (17). Briefly, subjects were enrolled at The Johns Hopkins University Center for
Immunization Research (Baltimore). Pre-vaccination HPV-16 antibody or DNA status was not
a criterion for eligibility into the trial. Subjects were determined by history to be at low risk
for HPV16 exposure. Individuals were not eligible to participate if they had a history of more
than four lifetime sexual partners or more than two sexual partners within the preceding 6
months. Additional exclusion criteria included history of abnormal cervical cytology,
immunodeficiency, anaphylaxis to medicines or vaccines, receipt of blood products within 3
months of enrollment, current pregnancy or lactation, and any other condition that might
interfere with the study objectives. Women were randomly assigned to receive three
intramuscular doses of either 50 pg of HPV-16 L1 VLP vaccine without adjuvant, or placebo
(0.5 mL saline). Blood specimens were collected before the initial dose (month 0), and 1 month
after each of the subsequent vaccinations (months 2 and 7). The Johns Hopkins University
Institutional Review Board approved the protocol for this study. Blood specimens were shipped
to the HPV Immunology Laboratory (Frederick, MD), where PBMCs were cryopreserved.

Twenty-seven subjects (20 vaccine and 7 placebo recipients) were randomly selected for
microarray measurements. Only month 0 and month 2 samples were selected for this study
because earlier findings indicated that the largest increases in cytokine responses were typically
observed at month 2 (17). Month 0 and 2 samples from 10 additional vaccine recipients were
selected for a second, confirmatory phase of our study by RT-PCR.

HPV-16 L1 VLP vaccine

HPV-16 L1 VLPs were expressed in baculovirus-infected Sf9 insect cells (Novavax, Rockville,
MD). Production of clinical lots of recombinant HPV-16 L1 VLP vaccines was performed in
accordance with GMP guidelines as previously reported (36). The VLPs used to in vitro to
stimulate PBMCs were similar to the ones used to vaccinate the subjects included in this study.
VLPs were provided at 1 mg/mL, stored at —80°C and thawed immediately preceding in
vitro stimulation, as previously described (16).

PBMC incubation and Microarray Analysis

Cryopreserved PBMCs were thawed and cultured (2.0x108 cells/mL) as previously described
(17). 10x10% PBMCs were plated in each well of a 6-well plate (Costar) in RPMI-1640
supplemented with penicillin-streptomycin (100 pg/mL-100 U/mL; Gibco), L-glutamine
(2mM), HEPES buffer (10 mM) and 10% heat-inactivated fetal calf serum (HyClone). Cells
were cultured for 72 hours at 37°C with: media; HPV-16 L1 VLP (2.5 pg/mL); or Sf9/
baculovirus insect cell lysate (0.1 pg/mL, Novavax) all diluted in cell culture media. Media
was used as a background measurement for untreated cells. The Sf9/baculovirus insect cell
lysate was used as a control antigen for the L1 VLP production system.

A total of eight incubations were setup on the same day for each subject. Incubations for two
subjects were setup on the same day. The order of sample preparation was randomly defined
from the list of selected subjects.

When harvesting, cultures were centrifuged and cell-free supernatants were aliquoted and
frozen at —80°C. Total RNA extracts were performed using an RNeasy Total RNA isolation
Kit (Qiagen). RLT lysis buffer was quickly added to the culture well and then to the cell pellet,
in order to include both adherent and suspension cells. RNA purity and integrity were tested
by microcapillary electrophoresis using the Agilent 2100 bioanalyzer (Agilent Technologies).

Microarray gene expression analysis was performed using the using the Human Genome Focus
Array from the Affymetrix GeneChip system (Affymetrix, Inc.) that contains about 8700

J Immunol. Author manuscript; available in PMC 2009 June 24.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Garcia-Pifieres et al.

Page 4

probesets to 8638 characterized human genes. Total RNA preparation and labeled cRNA
synthesis and hybridization were performed according to the manufacturer's recommended
protocol (Affymetrix, Inc.). In short, 10 pg of total RNA were used for double-stranded cDNA
(ds-cDNA) synthesis with the SuperScript™ Il Reverse Transcriptase Kit (Invitrogen) and an
oligo (dT) primer containing a T7 RNA polymerase promoter to prime the first-strand
synthesis. Biotin-labeled cRNA was obtained by in vitro transcription after addition of T7 RNA
polymerase and biotinylated nucleotides (Enzo Biochem) to the ds-cDNA. Labeled cRNA was
fragmented and hybridized to the GeneChips, which were then washed and stained with
streptavidin-conjugated PE by using the Affymetrix GeneChip Fluid Station 400 (Affymetrix,
Inc.). To assess the quality of hybridization, the following quality control filters were used:
scaling factor, background, percentage of present calls, noise, housekeeping genes (3'/5' ratios
and intensity for GAPDH and Actin), RNA degradation slope and presence or absence of
internal spike controls.

Gene expression levels were determined by laser scanning of the GeneChip at 570 nm and
were log2 transformed following MASS5 probeset summarization. All results from a donor were
excluded if one of the conditions (media and VLP cultures for the pre- and post-vaccination
specimens) did not fulfill one of the previously mentioned quality control filters used to ensure
that all chips were of comparable quality. These quality control procedures resulted in exclusion
of two of the vaccine recipients and one placebo. One additional vaccine recipient was excluded
due to a high degree of granulocyte contamination (61% versus 0.2-13.6% granulocytes for
remaining samples), possibly due to poor PBMC Ficoll isolation, and because neutralizing
antibodies against HPV-16 were detectable before vaccination. Two additional placebos were
excluded because they had detectable antibodies in the course of our study. After all exclusions,
17 vaccine and 4 placebo recipients were used in subsequent analysis.

Data from probesets that were not reliably detected with a mean intensity> log, = 5 in at least
one experimental condition (media and VLP cultures for the pre- and post-vaccination
specimens) were excluded before further analysis. A total of 7145 probesets remained after
applying this criterion.

The data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus (37), and are accessible through GEO Series accession number GSE13587
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13587).

Flow Cytometry

Neutralizing

Major lymphocyte subsets for all samples were determined by flow cytometry (FC-500,
Beckman-Coulter), as previously described (38). Flow cytometric analysis of main lymphocyte
subsets indicated that overall levels of major lymphocyte subsets did not change considerably
after vaccination (mean + SD pre versus post vaccination, were CD3+ cells: 78+7 versus 77
+9, CD19+ cells: 1046 versus 1045, CD16+/56+ cells: 11+6 versus 11+6). In addition, placebo
recipients had also similar overall levels of leukocyte subsets (mean + SD month 0 versus
month 2, were CD3: 7744 versus 7945, CD19: 11+3 versus 11+6, CD16+/CD56+ cells 9+1
versus 8+3).

antibodies

HPV-16 neutralizing antibody titers were determined using a pseudovirus-based neutralization
assay performed as previously described (39). Serum neutralization titers were defined as the
reciprocal of the highest dilution that caused at least 50% reduction in SEAP activity. A
negative control using the Bovine Papillomavirus (BPV) pseudovirus was performed for all
samples. Undetectable antibody levels were considered as 0. All individuals selected for the
microarray analysis had no detectable antibodies prior to vaccination. After vaccination, all
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individuals developed antibody titers against HPV-16 (month 2 mean titer of 843+748, range
of 78 to 2602; month 7 mean titer of 5209+7383, range of 111 to 25571; month 12 mean titer
of 2366+4184, range of 148 to 15317).

Quantitative real-time PCR and confirmation of microarray results

Real-time PCR measurements were performed with samples from 10 independent vaccine
recipients collected at month 0 and 2 post-vaccination within this same clinical trial. These
individuals were selected randomly based on availability of cryopreserved PBMC at both time
points and were not tested by microarray. One subject was excluded from analysis because
anti-HPV-16 neutralizing antibodies were detectable before vaccination. All remaining nine
donors, had no detectable neutralizing antibody titers before vaccination, and thus, a similar
prevaccination antibody status as the individuals used for the microarray experiments. In
addition, an induction in anti-HPV-16 titers was observed at month two after the first dose
(mean titer at month 2 of 2675+£2644, neutralizing titer range: 333-8508).

A total of 22 probesets (Table 1V) were selected for confirmation. All selected probesets had
an average fold induction of 2.0 or higher by microarray (range: 2.0-5.01), which was observed
in at least 50% of subjects (range: 50-83%). Ten selected probesets had statistically significant
differences before and after vaccination with significance levels of p<0.001. These included
GZMB, IFNG, HSD11B1, INDO, GGTLAL, KIF20A, GOLPH2, IL6, IL3 and AICDA. The
remaining 12 probesets were selected either because their expression levels correlated with
antibody titers at month 7 or 12 (r>0.52; 5 probesets: CYP27B1, INHBA, MMP12, CD1B and
CCLY7) or they were cytokines/chemokines of potential interest (7 probesets: CSF2, IL2, IL5,
CXCL13, LTA, LIF, CCL13).

PBMC incubation and total RNA extraction were performed as described above. One g of
total RNA extract was reverse-transcribed with random hexamer primers, using Super Script™
Reverse Transcriptase (Invitrogen). 1/20 of the first-strand cDNA synthesis reaction was used
as template. Pre-designed primer and probe kits (TagMan® Gene Expression Assays, Applied
Biosystems) and the TagMan® Universal PCR Master Mix (Applied Biosystems) were used
according to manufacturer’s recommendations. Briefly, stock reaction solutions were prepared
by mixing 10 puL of PCR Master Mix (2X), 1 pL of Primer kit (20X) and 7.1 uL of DEPC-
treated water per reaction. 18.1 uL of stock solution were dispensed to each well, and 1.9 pL
of cDNA was then added (total volume per reaction: 20 uL). The following temperature
program was used for all genes: 2 minutes at 52°C, 10 minutes at 95 °C and 50 cycles of 15
seconds at 95°C and 1 minute at 60°C. Fluorescence intensity was measured in real time during
the extension step, using the iCycler 1Q multicolor real time PCR detection system (Bio-Rad).
The following formula was used to determine fold induction for each gene:

FoldChange:Z_{ [(CtXV post—CtRV post)—(CtXM post—CtRM post)|—[ (CtXV pre—CtRV pre)—(CtXMpre—CtRMpre)]}

Where CtXVpost = threshold cycle of the analyzed gene in month 2 cells treated with VLP;
CtRVpost = threshold cycle of RPLPO (acidic ribosomal phosphoprotein PO subunit) in month
2 cells treated with VLP; CtXMpost = threshold cycle of the analyzed gene in month 2 cells
treated with media; CtRMpost = threshold cycle of RPLPO in month 2 cells treated with media;
CtXVpre = threshold cycle of the analyzed gene in month 0 cells treated with VLP; CtRVpre
= threshold cycle of RPLPO in month O cells treated with VLP; CtXMpre = threshold cycle of
the analyzed gene in month O cells treated with media; CtRMpre = threshold cycle of RPLPO
in month O cells treated with media.
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To determine the cutoff value for PCR results, the fold change for RPLPO was calculated as
follows:

FoldChange:Z‘[ (CtRV post—CtRMpost)—(CtRV pre—CtRM pre)]

This was used to determine variability of RPLPO for all subjects, and define the lowest fold
change to consider a gene as up-regulated. Based on this, only genes with a fold change higher
than the average plus two standard deviations of the value obtained for RPLPO were considered
positive (i.e. 2.14-fold change).

Data analysis

To determine vaccination-induced changes, gene expression levels (presented as log, of
intensity) for each probeset were compared before and after vaccination. Media-incubated
expression levels were subtracted from VVLP-incubated samples to adjust for background noise.
Paired t-tests comparing the mean before and after vaccination were used to determine
statistical significance. To account for the evaluation of the large number of genes, p-values <
0.001 were considered significant. Further, only probesets with log2 expression change (n-
fold) <-1.3 (downregulated) or >1.3 (upregulated) were considered. For the a priori analysis,
changes in gene expression for a predefined set of probesets within pre-selected pathways
(Defense, Inflammation, Cytokine, Interferon, Cell cycle, Signal transduction) were evaluated.
The selection of probesets was based on the list of Gene Ontology pathways obtained for the
probesets present in the Human Genome Focus Array. A p-value of less than 0.001 (and fold
change>1.3) was used to define a significantly differentially expressed probeset. The probesets
were then mapped to our a priori list of probesets in pathways of interest. The rates of
differential expression (DE) in these pathways were compared to the rates of DE amongst non-
pathway probesets. Gene-set analysis, a permutation-based approach was used to compute p-
values for the pre-defined gene sets (25).

We compared the direction and magnitude of expression values from the vaccine recipients to
that from four placebos to ensure that effects seen in vaccinated women were specific and not
observed among placebo controls. Since the number of placebo recipients was small, we relied
on the magnitude of effect rather than statistical significance to determine the specificity of
findings among vaccinated women.

For the exploratory analyses, functional annotation and biological term enrichment analysis of
regulated probesets were performed by using the DAVID knowledge base (40). This approach
assumes independence under the null hypothesis.

Expression values for PBMCs incubated in culture media were evaluated before and after
vaccination for background measurements. Gene expression values of VVLP-treated cells were
corrected for background by subtracting results from unstimulated cells. Paired t-tests were
conducted to compare expression levels for each probeset before and after vaccination. All
probesets that were differentially expressed at a significance level of p<0.05 (and fold change
>1.3) were considered, including the 113 probesets that were significant at p<0.001 (and fold
change >1.3). Since the purpose of this post-hoc evaluation was of exploratory nature, we used
a high p-value threshold to define probesets of interest and did not adjust for multiple
comparisons. Functional annotation of the differentially expressed probesets was performed
using DAVID version 2.0 (41).

In order to determine if there is an association between gene expression and antibody levels
for differentially expressed probesets, we calculated the Spearman correlation of the difference
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in expression levels post-pre vaccination (corrected for background, as summarized above)
with neutralizing antibody titers at months 2, 7, and 12.

Evaluation of Differential Response to HPV-16 L1 VLP Stimulation Induced by Vaccination

The main aim of our study was to determine changes in gene expression that are associated
with HPV vaccination. To thisend, we compared gene expression levels in PBMC from vaccine
recipients obtained before vaccination and one month after the second vaccine dose (month
2). After filtering, we observed that overall 128 of 7145 probesets (1.8%) were found to be
significantly differentially expressed after vaccination (p<0.001). Among these, 113 probesets
met the fold-change criteria (fold-change >1.3). Of these, 63 (56%) were up-regulated and 50
(44%) were down-regulated. None of these probesets were significantly differentially
expressed in baculovirus-treated cultures following vaccination, when compared with levels
in baculovirus-treated pre-vaccination samples (all p-values were > 0.001, data not shown).
Also, with the exception of probeset PLA2G4B, none of these probesets demonstrated evidence
of differential expression of comparable magnitude among the placebo subjects evaluated (data
not shown).

Forty-eight of the 113 significantly differentiated probesets mapped within the 2345 probesets
identified within the six pathways targeted for our a priori analysis (cell cycle, cytokines,
defense, inflammation, interferon response and cell signaling). As shown in Table I, the
percentage of differentially expressed probesets was significantly increased in the cell cycle
(1.7 fold, p<0.001), cytokine (2.3-fold, p=0.002), defense (2.7-fold, p=0.002), inflammation
(3.0-fold, p=0.004) and interferon (4.6-fold, p=0.037) pathways, when compared to rates of
differential expression among the 4800 probesets that did not map to probesets within a
priori pathways (1.4%). The lists of significantly differentially expressed probesets (p < 0.001)
within these a priori pathways are presented in Table 1l A-E. The most significant upregulated
probesets were RRM2 (cell cycle pathway), CTSC (defense pathway), IFNG (cytokine and
defense pathways), RFC3 (cell cycle pathway) and INDO (defense and interferon pathways),
and the most significant downregulated probesets were TSC1 (cell cycle pathway), CD14
(defense and inflammation pathways), ADORA2B and DPP4 (defense pathway), as well as
GRN (cytokine pathway) and DPP4 (defense pathway).

A similar list for the pathway that did not have significant evidence for enrichment in our a
priori evaluation (cell signaling) is presented in Supplementary Table I. The list of significantly
differentially expressed probesets not within one of our a priori pathways is shown in
Supplementary Table 11 A-B. A summary of overall gene expression profiles induced by
vaccination (p<0.001) is summarized in Figure 1. Biological term enrichment analysis was
performed using DAVID. In addition to the above a priori pathways, the following were found
to have evidence for enrichment. Upregulated pathways: Receptor binding (9 probesets),
catabolism (9 probesets), hemopoietic or lymphoid cell development (4 probesets), cell death
(8 probesets) and peptidase activity (8 probesets). Downregulated pathways: programmed cell
death (7 probesets), phosphoric ester hydrolase (4 probesets) and alcohol metabolism (4
probesets).

For our exploratory analysis, we expanded the evaluation to probesets differentially expressed
ata p<0.05 cutoff level, 624 of 7145 probesets (8.7%) were found to be differentially expressed
(330 up-regulated, and 294 down-regulated; Table II).
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Correlation of gene expression with neutralizing antibody titers after vaccination

Durability of protection after vaccination has not been established, but it is possible that
individuals developing higher neutralizing titers upon immunization will have longer lasting
protection against HPV infection. If so, understanding the immunological profile of individuals
who develop higher neutralizing titers upon immunization might help elucidate the molecular
mechanisms of long-term protection. With this in mind, we compared probeset expression
levels induced by vaccination against neutralizing titers at one month after second vaccination
(Month 2) and one or six months after the third vaccination (Month 7 or 12, respectively). Only
individuals negative for neutralizing antibodies before vaccination were included. For this
analysis, we considered the subset of 624 probesets that were differentially expressed at a p
<0.05.

Correlations were typically lower when vaccination-induced changes in probeset expression
levels (measured at Month 2) were compared against neutralizing antibody levels at Month 2
(98% of correlations were between —0.50 and +0.50 at Month 2, compared to 87% when Month
7 and 84% when Month 12 neutralizing antibody levels were used). Table IV summarizes
results for the subset of 22 probesets observed to have a correlation with neutralizing antibodies
of >0.60 or <—0.60 at both Month 7 and Month 12 after vaccination. A complete list of results
is provided in Supplementary Table Il1. The highest positive correlations at both month 7 and
12 after vaccination correlation (>0.70 at both time points) was observed for the following
probesets: CCND2 (month 7 r=0.88; month 12 r=0.82), LGALS2 (month 7 r=0.86; month 12
r=0.74), and IL1IRN (month 7=0.75; month 12=0.73).

Confirmation of a subset of differentially expressed genes by quantitative RT-PCR

To confirm the microarray results, a subset of 22 differentially expressed genes (defined in
Methods) was selected for confirmation by PCR, using samples from an independent group of
vaccine recipients (n=9). As shown in Table V, the expression pattern of the selected genes
concurred with the microarray data for 15 out of 22 of the analyzed probesets (GZMB, IFNG,
HSD11B1, INDO, IL6, IL3, CSF2, CYP27B1, IL2, IL5, INHBA, MMP12, CD1B, CCL7 and
LIF). For a smaller group of 6 probesets, the frequency of up-regulated probesets was lower
using PCR than observed with microarray (GGTLAL, KIF20A, AICDA, CXCL13, LTA and
CCL13). Finally, no up-regulation (mean fold change = 1.4) was detected by PCR for one of
the selected probesets (GOLPH2), while 61% of samples showed an up-regulation by
microarray analysis.

Analysis of pre-vaccination response to HPV-16 L1 VLP

Finally, we evaluated the direct effect of HPVV-16 L1VLP on gene expression of PBMC
obtained prior to vaccination by comparing levels of gene expression in PBMC incubated with
HPV-16 L1 VLP against media-treated cells. This comparison allowed us to analyze the
primary, vaccine-independent response to HPV-16 L1 VLP.

One-hundred thirty nine probesets were differentially expressed at a significance level of
p<0.001 (106 up-regulated, 33 down-regulated) in pre-vaccination PBMC incubated with
HPV-16 L1 VLP (Supplementary Table 1V). An additional 258 probesets were differentially
expressed at the 0.001<p<0.05 level (154 up-regulated, 104 down-regulated). Pathway
enrichment evaluation was suggestive of enrichment for probesets mapping to genes from
inflammatory, immune response, chemotaxis, signal transduction and cell proliferation
pathways, as summarized in Figure 2. Interestingly, at least 26 out of the 260 up-regulated
probesets are interferon-induced genes, or play a role in interferon signaling. There was an
overlap between the probesets directly induced by HPV-16 L1 VLP prior to vaccination and
those differentially expressed in post-vaccination samples (n =91 or 9 up-regulated probesets,
and 45 or 7 down-regulated probesets when using p<0.05 or p<0.001, respectively; Figure 3).
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The overlapped probesets belong to the most enriched pathways observed in HPV-16 L1 VLP-
treated PBMC (for example, IFN-y, IL-6, Granzyme B, INDO and several chemokines). The
up-regulated, overlapping probesets significant at p<0.001 were INDO, LAMP3, TYMS,
ALAS1, RRM2, CD38, IL6, IFNG and AKAP2. Down-regulated overlapping probesets
significant at p<0.001 included CD9, HS3ST2, SORL1, ADFP, DFNAS5, EPASL1 and
ALDH3AZ2. A complete list of overlapping differentially expressed probesets is shown in
supplementary Table IV.

Discussion

In this study, we characterized the gene expression pattern of recall immune responses to the
HPV-16 L1 VLP by comparing pre- and post-vaccination gene expression patterns of PBMCs
incubated with HPV-16 L1 VLP antigen to better characterize the cellular and innate immune
responses in vaccination against HPV. Although the effector mechanism of protection for this
vaccine is believed to be neutralizing antibodies, our results show that multiple pathways within
the cellular and innate arms of the immune system are targeted upon vaccination. The exact
role of these pathways in protection or duration of protection is still unknown but based on the
results presented here deserves further investigation. The analysis of correlation between
differentially expressed genes and neutralizing antibody levels allowed us to identify genes (in
particular CCND2, LGALS2 and IL-1RN) that may be predictors of prolonged antibody
responses. New studies are necessary to better determine which pre- and post-vaccination
clinical, immunological and expression profiles are most associated with long-term protection
against HPV.

We took two different approaches to data analysis: a conservative approach that takes into
account the potential high false discovery rate that may accompany the high number of
statistical comparisons performed, and an exploratory approach to define additional biological
pathways and probesets altered in a recall immune response to the vaccine. Using the
conservative approach, we pre-selected pathways based on overall knowledge of microbial
immune responses. This reduced the number of comparisons made and focused our analysis
on the strongest a priori pathways expected to be involved in immune responses to vaccination.
Our results suggest that the response to HPV-16 L1 VLP in vaccine recipients involves
modulation of genes within the cell cycle, cytokine, defense, inflammation and interferon
pathways. This finding is consistent with the induction of various arms of the immune response
(42,43) and with our previous data that a recall response to HPV-16 L1 VLP involves a broad
and complex pattern of cytokines and chemokines (16,17).

No significant enrichment was observed for the signal transduction pathway in our conservative
analysis despite differential expression in genes that belonged to this pathway. A possible
explanation for this observation might be that the definition of this pathway is broad (1577
probesets), and that the differentially expressed probesets within the pathway represent a small
subset of the total number. In our exploratory analysis, the signal transduction pathway was
found to be over-represented. This information may be used for hypothesis generation in future
studies.

Within the pathways evaluated, we identified up-regulation of genes involved in cytotoxic
(CTSC, GZMA, GZMB, TNFSF10, FASLG) and important immuno-regulatory functions
(INDO, HSD11B1, CTLA4, SOCSL1). These results suggest that the immune response to
HPV-16 L1 VLP induces a complex modulation of various components of the cell-mediated
immune response, including cytokine secretion (T-helper cells), cytotoxic response, and
activation of feedback mechanisms involving immunoregulatory genes. These results raise the
need for future studies determining the contributing roles of these pathways in immunogenicity
induced by VLPs. A better understanding of these pathways may be also useful in the design
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of improved vaccine strategies. In addition, a substantial fraction of the differentially expressed
probesets was down-regulated after vaccination including genes that fell into cell death,
immune response, signalling and metabolism pathways. Because we used PBMCs, the
transcriptional change is representative of the changes from various cell types comprising the
PBMC population and the cross-talk of extracellular signals, such as cytokines induced directly
or indirectly by the VLPs. Interestingly, expression of a number of these down-regulated genes
and corresponding proteins, such as CD9, CD14, ly86, LEF-1, CD26 have been shown to be
down-modulated in the context of cell activation and/or inflammatory signals (44,45,46,47).
Such changes may relate to the shutting down specific elements in order to better mount a
protective immune response to HPV vaccine and avoid excessive inflammatory signals or limit
feedback signaling. However, the underlying mechanisms and impact of these transcriptional
changes in the development of an immune response to vaccination are not known.

When we examined the correlation of probeset expression levels with neutralizing antibody
titers, more probesets correlated to antibody levels at months 7 and 12 post vaccination than
at month 2. The highest correlations at month 7 and 12 were obtained for cyclin d2 (CCND?2),
which plays an essential role controlling the cell cycle at the G1/S transition (48); galectin 2
(LGALS?), a galactoside-binding lectin that has been shown to promote apoptosis in activated
T-cells and to shift immune responses to a Th2 profile (49); and IL-1 receptor antagonist
(IL_1RN) a regulator of IL-1 induced inflammatory response. In fact, cyclin D2 and AICDA
are components of signaling cascades needed for B cell proliferation and antibody production
(50,51). However, the potential role of galectin-2 and IL-1 receptor antagonist in B cell
responses is unclear and could be of indirect nature since these are immune regulatory
molecules. Confirmation of the role of the products of these genes in B cell memory responses
to the vaccine would be informative in the future.

To confirm the microarray results, we selected PBMCs from an independent group of vaccine
recipients and measured RNA expression for a subset of 22 probesets representing various
biological pathways targeted by vaccination. We observed a comparable frequency of
responders for 68% of analyzed genes (15 of 22). For an additional 27% (6 of 22) of analyzed
genes, differential expression was similar to those observed by microarray testing, but at a
lower frequency. We were unable to observe evidence of differential expression as noted by
microarray for 1 of the 22 selected genes. These results validate our microarray findings, and
suggest that the HPV-16 L1 VLP-specific response after vaccination involves activation of a
complex cell-mediated immune response.

Our results demonstrate that the immune response to vaccination is heterogeneous among
vaccine recipients at the gene expression level. For all the probesets analyzed, only a fraction
of the participants were considered responders when looking at one gene at a time. The highest
frequency was observed for HSD11B1 (15 of 18 donors in microarray, and 7 of 8 with RT-
PCR). However when “responders” are defined by the global expression profile of multiple
genes at one time the response rate is high (data not shown). Whether this heterogeneity of
response will have an impact on long-term memory and quality of the immune responses over
time needs to be addressed in further studies. It is possible that heterogeneity of response may
be associated with previous exposures to HPV. Studies of comparison of expression profiles
induced by vaccination in naturally infected versus naive individuals are warranted. In addition,
identification of gene signatures associated with infection or vaccination will also be important.

In addition to the evaluation of vaccine-specific immune responses, we characterized the
vaccination-independent responses to VLP by comparing HPV-16 L1 VLP-incubated cells
with media controls in pre-vaccination samples. Our analysis revealed that incubation with
HPV-16 L1 VLP prior to vaccination induces up-regulation of the defense response, cytokine/
inflammation, signal transduction, and cell proliferation pathways. If the responses elicited by
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HPV-16 L1 VLP in the post and pre-vaccination responses are compared, about 30% of the
probesets modulated by VLP (136 out of 397; p<0.05) prior to vaccination overlap with the
HPV-16 L1 VLP specific responses induced by vaccination. It is interesting to note that for
most of the overlapping probesets, responses observed after incubation with HPV-16 L1 VLP
are stronger than before vaccination. This probably reflects an increase in the number of
responding cells after vaccination. In contrast to the vaccination-specific responses, a strong
induction of an interferon response was observed in the vaccination-independent responses.
These findings are important considering the current potential applications of VVLP as vectors
for antigen delivery and as vaccines for various pathogens and tumors (52).

Peripheral blood leukocytes (PBMCs) are a valuable tool to study immune responses to various
diseases (29,30,53). Use of PBMCs, however, has some limitations that need to be taken into
account. PBMC:s are heterogeneous in their cell composition. For this reason, an enhanced or
reduced gene expression might be restricted to particular cell populations. In addition, the
response to stimulation with HPV-16 L1 VLP in an ex vivo system might differ from responses
that occur in disease-relevant tissues. Also, since the number of memory cells in PBMCs is
low, a recall response could be diluted by the response from other cell populations. Thus, it is
conceivable that large alterations in the expression of a unique gene from an underrepresented
cell type may be overlooked upon examination of the PBMC population. Despite these
considerations, we confirmed a group of genes using RT-PCR analysis, and a good correlation
for a number of genes with neutralizing antibody levels was observed. Moreover, we found no
correlation between levels of gene expression and the percentage of leukocyte subpopulations,
suggesting that differences seen were not likely to be due to changes in cell populations. In
fact, flow cytometric analysis of main lymphocyte subsets revealed no major cell subset
differences between baseline (month 0) and month 2 samples.

An additional potential limitation of our study is the fact that results observed may not be
directly extrapolated to patterns that will be obtained after vaccination with the commercially
available HPV L1 VLP vaccines, because participants in our study were immunized with
HPV-16 L1VLP without an adjuvant. In addition, the HPV-16 L1 VVLP vaccine used in our
study is monovalent and produced in a recombinant baculovirus system. However, our results
provide interesting and unique information on HPV-16 L1 VVLP-specific changes, independent
of adjuvant effects.

In conclusion, we used gene expression profiling to identify important adaptive and innate
immune responses induced by vaccination with HPV-16 L1 VLP vaccine. We also identified
differentially expressed genes predictive of neutralizing antibody titers. Interestingly, the host
transcriptional response to HPV-16 L1 VLPs following vaccination varies considerably among
donors, raising the need for further studies to better understand the potential impact of those
differences in APC function, T cell and B cell responses and how these gene signatures predict
immunogenicity and long term outcome.
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Figure 1. Expression of profiles of probesets significantly modulated by VLP in PBMC from vaccine
recipients before and after vaccination with HPV-16 L1 VLP

PBMC from vaccine recipients were incubated with HPV-16 L1 VVLP as indicated in Materials
and Methods. Functional annotation of probesets differentially expressed (p<0.001) was done
using DAVID. Upregulated genes are shown in red and downregulated genes in green. Each
row represents a probset and each column represents an individual.
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Media VLP

Pre-Vace. Post-Vace. Pre-Vacc. Post-Vace.

Cluster )
u1
n2
"3
mg Annotation # of Genes | Enrichment P-value
ns interferon induction 21 1.2E-36
defense response 46 9.9E-20
immune response 44 1.3E-19
response to pest, pathogenor
parasite 30 1.7E-16
response to wounding 17 6.6E-08
antiviral defense 6 1.4E-06
- cytokine 8 7.3E-05
cell-cell signaling 14 2.7E-04
inflammatory response 5 3.2E-04
chemotaxis S 4.8E-04
[G-protein-coupled receptor
binding 5 8.1E-04
cytokine activity 8 2.1E-03
cell proliferation 11 9.1E-03
cell cycle 13 9.5E-03
M Annotation # of Genes | Enrichment P-value
lysosome 4 1.3E-03
protease 7 1.6E-03
endoplasmic reticulum 6 7.1E-03
= |peptidase activity 8 7.2E-03
lipid transport 3 8.3E-03
vidl 2 1.9E-02
membrane 18 2.5E-02
) lipid metabolism 3 3.0E-02

o 1)

Log2 Fold Change

Figure 2. Expression profiles of probesets significantly modulated following incubation of pre-
vaccination PBMCs with HPV-16 L1 VLP

PBMC from pre-vaccination samples were incubated with HPV-16 L1 VLP as indicated in
Materials and Methods. Functional annotation of probesets differentially expressed was done
using DAVID. Upregulated genes are shown in red and downregulated genes in green.
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Total Number of Probesets Analyzed = 7,145
Up-regulated Genes

Direct VLP effect,
independent of vaccination
N=260, p<0.05
N=106, p<0.001

VLP-specific,
vaccination-induced
N=330, p<0.05

N=63, p<0.001

Down-regulated Genes

VLP-specific,
vaccination-induced
N=294, p<0.05

N=50, p<0.001

Direct VLP effect,
independent of vaccination
N=137, p<0.05
N=33, p<0.001

Figure 3. Number of probesets with increased or decreased expression in HPV-16 L1 VLP-treated
PBMC from vaccine recipients induced by vaccination (vaccination-specific effect) or independent
of vaccination (direct effect)

Number of probesets overlapping the lists of vaccination-specific probesets and the ones

modulated by a direct HPV-16 L1VLP effect are also shown.
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Table |
Frequency of Differentially Expressed (DE) Probe-Sets within A-Priori Defined Biological Pathways and Enrichment
Ratio Compared to Probe-Sets not within A-Priori Defined Pathways

A-Priori Pathway % DE probe-sets in pathway (# DE enrichment ratio (a- p-value* # Up-/down-
DE probe-sets/# total probe- priori pathway/not in a regulated probe
sets in pathway) priori pathways ) sets
Complete Array** 1.35 (65/4800) 34/30
Cell Cycle 2.29 (12/525) 1.69 <0.001 8/4
Cytokine 3.11 (9/289) 2.30 0.002 712
Defense 3.63 (22/606) 2.68 0.002 15/7
Inflammation 4.00 (6/150) 2.95 0.004 3/3
Interferon 6.25 (2/32) 4.62 0.037 2/0
Signal transduction 1.78 (28/1577) 131 0.920 11/17

*
multiple comparison p-value computed using a bootstrap method as described in the Materials and Methods Section. p<0.05 is considered significant

*%
Excluding probe-sets mapping to a-priori pathways listed in the table. Note there is overlap of probe-sets across pathways.
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Table Il

Page 20

Table Il A. List of Genes Demonstrating Significant DE within the Cell Cycle Pathway

Gene Symbol Gene Name AffylD Fold-Change p-value
Up-regulated genes (expression higher post-vaccination than pre-vaccination)
RRM2 ribonucleotide reductase M2 polypeptide 209773_s_at 2.06 0.000002
RFC3 replication factor C (activator 1) 3, 38kDa 204127_at 1.78 0.000022
PMS2 /Il PMS2CL PMS2 postmeiotic segregation increased 2 (S. 209805_at 1.93 0.000257
cerevisiae)
PRC1 protein regulator of cytokinesis 1 218009 _s_at 1.92 0.000321
CCNB2 cyclin B2 202705_at 1.66 0.000377
CCND2 cyclin D2 200953_s_at 1.42 0.000378
GINS2 DNA replication complex GINS protein PSF2 221521 s_at 3.50 0.000599
BUB1 BUBL1 budding uninhibited by benzimidazoles 1 209642_at 2.16 0.000754
homolog (yeast)
Down-regulated genes (expression lower post-vaccination than pre-vaccination)
TSC1 tuberous sclerosis 1 209390_at -1.36 0.000023
LCK lymphocyte-specific protein tyrosine kinase 204891_s_at -1.31 0.000244
CDC25B cell division cycle 25B 201853 _s_at -1.36 0.000428
ARHGEF1 Rho guanine nucleotide exchange factor (GEF) 1 203055_s_at -1.36 0.000724
Table Il B. List of Genes Demonstrating Significant DE within the Cytokine Pathway
Gene Symbol Gene Name AffylD Fold-Change p-value
Up-regulated genes (expression higher post-vaccination than pre-vaccination)
IFNG interferon, gamma 210354 _at 2.57 0.000022
CXCL11 chemokine (C-X-C motif) ligand 11 210163_at 2.39 0.000086
IL6 interleukin 6 (interferon, beta 2) 205207_at 2.18 0.000295
L3 interleukin 3 (colony-stimulating factor, multiple) 207906_at 4.03 0.000303
CXCL9 chemokine (C-X-C motif) ligand 9 203915_at 1.91 0.000507
TNF tumor necrosis factor (TNF superfamily, member 2) 207113_s_at 1.81 0.000638
IL15 interleukin 15 205992_s_at 1.32 0.000979
Down-regulated genes (expression lower post-vaccination than pre-vaccination)
GRN granulin 211284 s_at -1.52 0.000082
CSF3R colony stimulating factor 3 receptor (granulocyte) 203591 _s_at -1.44 0.000355
Table 11 C. List of Genes Demonstrating Significant DE within the Defense Pathway
Gene Symbol Gene Name AffylD Fold-Change p-value
Up-regulated genes (expression higher post-vaccination than pre-vaccination)
CTSC cathepsin C 201487 _at 1.52 0.000006
IFNG interferon, gamma 210354 _at 2.57 0.000022
INDO indoleamine-pyrrole 2,3 dioxygenase 210029_at 2.47 0.000058
CXCL11 chemokine (C-X-C motif) ligand 11 210163_at 2.39 0.000086
KIR2DS5 killer cell immunoglobulin-like receptor, two domains, short 208203_x_at 211 0.000110
cytoplasmic tail, 5
ADAR adenosine deaminase, RNA-specific 201786_s_at 1.37 0.000249
IL6 interleukin 6 (interferon, beta 2) 205207_at 2.18 0.000295
IL3 interleukin 3 (colony-stimulating factor, multiple) 207906_at 4.03 0.000303
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Table Il C. List of Genes Demonstrating Significant DE within the Defense Pathway
Gene Symbol Gene Name AffylD Fold-Change p-value
AICDA activation-induced cytidine deaminase 219841 at 291 0.000333
SLAMF1 iignaling lymphocytic activation molecule family member 206181 _at 1.42 0.000468
CXCL9 chemokine (C-X-C motif) ligand 9 203915_at 1.91 0.000507
TNF tumor necrosis factor (TNF superfamily, member 2) 207113_s_at 1.81 0.000638
GZMA granzyme A (granzyme 1, CTL-associated serine esterase 3) 205488_at 1.59 0.000755
C1QB complement component 1, g subcomponent, beta 202953 _at 1.59 0.000775
polypeptide
1L15 interleukin 15 205992_s_at 1.32 0.000979
Down-regulated genes (expression lower post-vaccination than pre-vaccination)
CD14 CD14 antigen 201743 _at —2.46 0.000031
ADORA2B adenosine A2b receptor 205891 _at -1.69 0.000077
DPP4 dipeptidylpeptidase 4 (CD26, adenosine deaminase 203717_at -1.35 0.000241
complexing protein 2)
LY86 lymphocyte antigen 86 205859_at -1.45 0.000340
CSF3R colony stimulating factor 3 receptor (granulocyte) 203591 _s_at -1.44 0.000355
PLA2G4B phospholipase A2, group 1VB (cytosolic) 60528_at -1.34 0.000546
FCGRT Fc fragment of 1gG, receptor, transporter, alpha 218831_s_at -1.68 0.000678
Table 11 D. List of Genes Demonstrating Significant DE within the Inflammation Pathway
Gene Symbol Gene Name AffylD Fold-Change p-value
Up-regulated genes (expression higher post-vaccination than pre-vaccination)
CXCL11 chemokine (C-X-C motif) ligand 11 210163_at 2.39 0.000086
CXCL9 chemokine (C-X-C motif) ligand 9 203915_at 1.91 0.000507
TNF tumor necrosis factor (TNF superfamily, member 2) 207113_s_at 1.81 0.000638
Down-regulated genes (expression lower post-vaccination than pre-vaccination)
CD14 CD14 antigen 201743_at —2.46 0.000031
LY86 lymphocyte antigen 86 205859_at -1.45 0.000340
PLA2G4B phospholipase A2, group IVB (cytosolic) 60528_at -1.34 0.000546
Table 2E. List of Genes Demonstrating Significant DE within the Interferon Pathway
Gene Symbol Gene Name AffylD Fold-Change p-value
Up-regulated genes (expression higher post-vaccination than pre-vaccination)
INDO indoleamine-pyrrole 2,3 dioxygenase 210029 _at 2.47 0.0000584
CXCL9 chemokine (C-X-C motif) ligand 9 203915_at 191 0.0005074

*
(VLP-Media) expression levels as defined in the Materials and Methods Section
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