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To determine the systemic cytokine pattern induced by vaccination with human papillomavirus (HPV) L1
virus-like particles (VLP), we analyzed 22 different cytokines in culture supernatants of L1 VLP-stimulated
peripheral blood mononuclear cells from vaccine (n = 19) and placebo (rn = 7) recipients at months 0 and 2
after vaccination, using a multiplex cytokine bead array. In vaccine recipients, incubation with L1 VLP in vitro
led to a statistically significant increase in production of Thl (granulocyte-macrophage colony-stimulating
factor, interleukin-2 [IL-2], gamma interferon; P < 0.0007) and Th2 (IL-4, IL-5, IL-10, IL-13; P < 0.0017)
cytokines and the chemokine IP-10 (P = 0.0021) at month 2 after immunization, compared to levels seen prior
to vaccination. These responses were not seen in placebo recipients. Cytokine and neutralizing antibody
responses to vaccination followed the same pattern, with the highest antibody responses seen for subjects with
higher cytokine responses. Cytokine profiling studies using samples from efficacy trials may provide important
information about discriminators of long-term protection against HPV.

Noninfectious L1 human papillomavirus (HPV) virus-like
particles (VLP) are the lead candidate vaccines to prevent
HPV and associated disease (13, 14). A quadrivalent HPV
VLP has recently been licensed. Clinical trials have shown a
strong induction of humoral responses after vaccination (1, 7,
10, 15, 22) and near-complete protection against infection with
homologous HPV types (9, 18, 26). Neutralizing antibodies are
believed to be the main effector of protection.

In previous studies, we and others demonstrated that vacci-
nation with HPV L1 VLP is also associated with an increase in
T-cell proliferation and cytokine production (4, 5, 21). Re-
cently, we used an 11-plex cytokine system that revealed that
HPV type 16 (HPV16) L1 VLP vaccination induced a wide
spectrum of cytokines in whole blood and peripheral blood
mononuclear cells (PBMCs) (20, 21). Cytokine responses are
important for both the induction and maintenance of humoral
responses (28, 29) and might play a role in the efficacy of HPV
VLP vaccines. Therefore, characterization of cytokine/chemo-
kine patterns produced upon vaccination can contribute to the
identification of biomarkers of vaccine response.

Here, we have further characterized the systemic cytokine
and chemokine profiles induced by L1 VLP vaccination using
the multiplex technology (22-plex) and evaluated their corre-
lation with serum HPV16-neutralizing antibody titers. We also
performed a cluster analysis to identify cytokine patterns of
response to the vaccine.
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MATERIALS AND METHODS

Study design. A phase II clinical trial of the HPV16 L1 VLP vaccine without
adjuvant (Novavax, Rockville, MD) was conducted with a total of 220 healthy,
adult, female volunteers 18 to 25 years of age, as previously described (10, 21).
Briefly, subjects were enrolled at The Johns Hopkins University Center for
Immunization Research (Baltimore). Participants received three intramuscular
doses of either 50 pg of HPV16 L1 VLP vaccine or a placebo (0.5 ml of saline).
Blood was collected before the initial vaccination (at 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.

Twenty-six subjects were randomly selected (19 vaccine recipients [mean age *+
standard deviation, 20.4 = 2.1 years; median age, 21.9 years; race, 3 black and
16 white] and 7 placebo recipients [mean age, 21.9 = 1.9; race, 1 black and 6
white]) among those with enough cryopreserved cells available. Month 0 and
month 2 samples were selected for this study. Cytokine responses to L1 VLP
at month 2 (1 month following the second dose of vaccine) are in general
close to peak levels (21).

Cytokine induction assay. Cryopreserved PBMCs were thawed and cultured
(2.0 X 10° cells/ml) for 3 days as previously described (21). The following
conditions were used in vitro: media; HPV16 L1 VLP (2.5 ng/ml); influenza A
virus (Flu, H3N2, 1:100; ATCC); and Sf9/baculovirus insect cell lysate (Bac, 0.1
png/ml; Novavax). Flu was used as a positive control. Media and the baculovirus
cell lysate were used as negative controls. Cell-free supernatants were harvested,
aliquoted, and frozen at —80°C.

Cytokine determinations. Culture supernatants were tested in duplicate for 22
cytokine/chemokines (interleukin-la [IL-1«], IL-1pB, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-10, IL-12, IL-13, IL-15, IL-17, gamma interferon [IFN-y], tumor necro-
sis factor alpha [TNF-a], granulocyte colony-stimulating factor [G-CSF],
granulocyte-macrophage colony-stimulating factor [GM-CSF], monocyte chemo-
attractant protein-1 [MCP-1], Eotaxin, macrophage inflammatory protein-la
[MIP-1«], IFN-y-inducible 10-kDa protein [IP-10], and RANTES [Linco Re-
search, Inc.]). Data acquisition and analysis were performed using Bioplex man-
ager software version 2.0 (Bioplex; Bio-Rad). The lower levels of detection for all
the cytokines were 1.6 pg/ml. Specimens with levels below the detection limit
were assigned a value of one-half of this limit (20). All IL-7 and IL-12 levels were
below detection level and were excluded from analysis. Cytokines were grouped
into Thl type (G-CSF, GM-CSF, IL-2, IL-15, IL-17, IFN-y, TNF-a), Th2 type
(IL-4, IL-5, IL-6, IL-10, IL-13), and inflammatory/chemokine type (IL-1a, IL-1B,
IL-8, MIP-1a, MCP-1, IP-10, Eotaxin, RANTES).
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FIG. 1. Cytokine profiles in supernatants of treated PBMCs collected before and after vaccination among L1 VLP (V; n = 19) and placebo (P;
n = 7) recipients. Supernatants were tested for cytokine content using multiplex cytokine analysis as described in the text. Results are presented
as median cytokine levels in picograms per milliliter. Only cytokines that exhibited a statistically significant increase in response to L1 VLP before
adjusting for multiple comparisons are shown. Only significant P values are indicated. A nonparametric Wilcoxon test was used to determine
statistical significance. (A) Cells from vaccine and placebo recipients were treated with HPV16 L1 VLP (2.5 pg/ml) for 72 h. P values shown were
obtained from the comparisons between responses to L1 VLP from pre- and postvaccination samples and adjusted for multiple comparisons. A
P value of <0.0025 was considered significant for the primary hypothesis. (B) Cells from vaccine and placebo recipients were left untreated (media)
for 72 h. (C) Cells from vaccine and placebo recipients were incubated with baculovirus extract (0.1 pg/ml) for 72 h. (D) Cells from vaccine and

placebo recipients were incubated with flu (1:100) for 72 h.

Neutralization assay. HPV16-neutralizing antibody titers were determined
using a secreted alkaline phosphatase reporter gene pseudovirus-based neutral-
ization assay performed as described previously (19). Neutralizing titers were
defined as the reciprocal of the highest dilution that caused at least 50% reduc-
tion in secreted alkaline phosphatase activity. Undetectable antibody levels were
considered 0.

At month 0, only one participant (a placebo recipient) had detectable neu-
tralizing antibodies, and she maintained detectable levels throughout the study.
All other subjects were negative. At month 2, all vaccine recipients had detect-
able antibody levels (mean, 1,050; median, 664). Two out of the seven placebo
recipients had detectable anti-HPV16 antibody titers at month 2 (month 2 titers,
93 and 209, respectively), presumably due to natural infection.

Statistical analysis. Wilcoxon signed-rank test was used to determine signifi-
cance in changes of cytokine expression after stimulation with L1 VLP before
and after vaccination. In addition, Bonferroni’s correction for multiple compar-
isons was applied in the analysis of vaccine-induced changes in cytokine levels.

Cytokines were clustered (R version 2.2.0) to visualize their expression pat-
terns using Euclidean distance metric and average linkage. Samples were clus-
tered according to the log difference in response pre- and postvaccination. Only

cytokines with an unadjusted P value of <0.05 (comparing pre- and postvacci-
nation specimens among vaccine recipients) were included (GM-CSF, IL-1a,
IL-17, IL-8, TNF-a, IL-6, IL-13, IL-5, IL-4, IFN-y, IL-10, IL-2, IP-10, and
MIP-1a).

RESULTS

Cytokine profile induced by L1 VLP upon vaccination.
Twenty-two different cytokines were evaluated in supernatants
from VLP-treated PBMCs before and after vaccination in vac-
cine and placebo recipients. A total of eight cytokines were
significantly upregulated in L1 VLP cultures following vacci-
nation compared to levels in cultures taken before vaccination
(Fig. 1A). These include Thl-type cytokines (GM-CSF, me-
dian n-fold increase, 1.7-fold, P = 0.0002; 1L-2, 4.2-fold, P =
0.0002; IFN-y, 3.1-fold, P = 0.0007), Th2-type cytokines (IL-4,
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FIG. 2. Two-dimensional cluster analysis of cytokine/chemokine profiles produced in response to incubation with HPV16 L1 VLP. The top
dendrogram represents the similarity between cytokine profiles of different subjects, and the left dendrogram represents the similarity between
measured cytokines/chemokines. Differences in relative levels of gene expression are indicated in color, where red indicates upregulation and green
indicates downregulation relative to the corresponding gene expression in prevaccination samples. Each row represents the values for a cytokine,
and columns correspond to patients (blue label, placebo; pink label, vaccine recipient).

5.2-fold, P = 0.0002; IL-5, 4.95-fold, P = 0.0007; IL-10, 3.8-
fold, P = 0.0017; IL-13, 4.7-fold, P = 0.0001), and the chemo-
kine IP-10 (2.8-fold, P = 0.0021). An increase in IL-la (1.1-
fold), IL-6 (3.0-fold), IL-8 (1.7-fold), IL-17 (1.5-fold), TNF-«
(2.5-fold), and MIP-1a (2.6-fold) was observed but did not
reach statistical significance after adjusting for multiple com-
parisons.

No significant changes in cytokine levels were observed in
untreated (Fig. 1B) or control (Fig. 1C and D) cultures (bac-
ulovirus or flu cultures) when prevaccination (month 0) and
postvaccination (month 2) samples were compared for vaccine
or placebo recipients. In addition, no significant changes in
cytokine levels were observed in L1 VLP-stimulated cultures
from placebo recipients when month 0 and month 2 samples
were compared (Fig. 1A).

Identification of patterns of cytokine response to vaccina-
tion. Cluster analysis was performed to determine the patterns
of response induced by vaccination in vaccine recipients com-
pared to the placebo group (Fig. 2). Subjects clustered into
three groups, when their pre- and postvaccination levels of
response to L1 VLP were compared. Two of these groups
include only vaccine recipients, and one group contains all
placebo recipients plus six vaccine recipients.

The first group includes 11 vaccine recipients and is charac-
terized by a considerable increase for most cytokines. The
n-fold increase for the majority of cytokines in this group (10
out of 14; namely, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, TNF-a,
IFN-y, IP-10, and MIP-1a) was higher than fourfold. The
remaining four cytokines (GM-CSF, IL-1a, IL-17, and IL-8)
showed a weaker increment in response postvaccination, but the

responses observed were higher than those observed for the other
two groups identified.

The second group was composed of six vaccine recipients,
presenting a heterogeneous cytokine expression pattern, with
weaker cytokine responses than the first group. A twofold
increase or higher was observed in at least four out of six
vaccine recipients for IL-4, IL-5, IL-6, IL-8, IFN-y, and IP-10
and in three out of six vaccinees for IL-2, 1L-10, IL-13, and
IL-17. Flu-induced responses for these cytokines were not sig-
nificantly different between the vaccine recipients within these
two clusters (data not shown).

Finally, the third group contains two vaccine recipients for
whom a decrease in cytokine expression was detected for most
of the cytokines following vaccination.

Comparison of neutralizing antibody titers with cytokine
levels. Antibody titers from individuals from each cluster were
also evaluated (Table 1). Neutralizing anti-HPV16 titers were
not detectable at the first visit for vaccine recipients (month 0)
and increased after vaccination, with peak titers at month 7.
Although the number of individuals in each cluster is small and
differences in neutralizing antibody titers did not reach statis-
tical significance, vaccine recipients in cluster 1 had higher
titers than those in cluster 2 (for cluster 1, the month 2 mean
was 1,426 and the median was 928; for cluster 2, the month 2
mean was 595 and the median was 548; P = 0.23). In general,
the level of overall cytokine response to VLP tends to mirror
the neutralizing antibody titer pattern at month 2. However, no
significant correlations between individual cytokine levels and
neutralizing antibody titers were detected.
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TABLE 1. Neutralizing antibody titers in vaccine and placebo
recipients by cluster group

Anti-HPV16 titer

Group Cluster Month N.O : of
Mean SD Median recipients
Vaccine 1 0 0 0 0 11
1 332 499 192 11
2 1,426 1,428 928 11
7 8,891 8,947 5,180 9
12 48064 6,117 1,791 9
2 0 0 0 0 6
1 198 396 49 6
2 595 409 548 6
7 952 1,338 250 3
12 263 157 200 3
3 0 0 0 0 2
1 69 97 69 2
2 346 34 346 2
7 1,889 590 1,889 2
12 694 564 694 2
Placebo 2 0 12 32 0 7
1 19 36 0 7
2 43 81 0 7
7 45 81 0 7
12 51 112 0 7

Cytokine production induced by HPV16 L1 VLP prior to
vaccination. Cytokine levels obtained after in vitro treatment
of PBMCs with L1 VLP were compared to media cultures in all
26 subjects (Fig. 3). L1 VLP induced a statistically significant
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increase in the level of inflammatory cytokines or chemokines
(IL-1a, IP-10) and in Thl-type (IL-2, IFN-y) and Th2-type
(IL-4, IL-10) cytokines. The relative increase in cytokine ex-
pression ranged from 1.1-fold for IL-1a to a 5.4-fold increase
in the expression of IP-10. IFN-y expression increased 4.0-fold,
and the induction observed for IL-2, IL-4, and IL-10 was 2.4-
fold, 1.7-fold, and 2.2-fold, respectively. No significant changes
were observed when baculovirus-treated cultures were com-
pared to unstimulated cells.

A wider spectrum of cytokines was induced by flu with
significantly increased levels of 14 out of the 22 cytokines,
compared to media cultures. The relative increase in cyto-
kine levels following flu stimulation ranged from 1.13-fold
for IL-1a to 294-fold for IFN-v. Significant increases were
detected in inflammatory cytokines/chemokines (IL-la,
median n-fold increase, 1.13-fold; MIP-1«, 241-fold; IP-10,
31-fold; RANTES, 2.3-fold; MCP-1, 6.2-fold), Thl-type cy-
tokines (GM-CSF, 2.4-fold; IL-2, 18.1-fold; IL-15, 1.5-fold;
IFN-v, 294-fold; TNF-«, 7.9-fold), and Th2-type cytokines
(IL-4, 7.4-fold; IL-6, 5.9-fold; IL-10, 15.4-fold; IL-13, 2.5-
fold).

DISCUSSION

To extend our previous studies on cytokine profiles induced
by L1 VLP vaccination, we used a 22-multiplex cytokine bead
assay to better characterize the cytokine pattern elicited in
PBMC:s from vaccine recipients in response to L1 VLP and
compared this profile to that obtained from placebo recipients
or from prevaccination samples. The 22-multiplex system in-
cludes important cytokines and chemokines, which have not
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FIG. 3. Cytokine profiles in supernatants of treated PBMCs collected before vaccination (n = 26). Cells were left untreated (media) or incubated with
HPV16 L1 VLP, baculovirus extract, or flu (1:50) for 72 h. Supernatants were tested for cytokine content using multiplex cytokine analysis as described
in the text. Results are presented as median cytokine levels in picograms per milliliter. P values were obtained from comparisons between media and
stimulated cultures. A nonparametric Wilcoxon test was used to determine statistical significance. A P value of <0.05 was considered significant and is
indicated with an asterisk (*). Only cytokines that exhibited a statistically significant increase in response to any stimulus are shown.
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been previously investigated in the context of vaccination with
L1 VLP. A subset of these cytokines may represent discrimi-
nators of high and low antibody responses to vaccination and
duration of protection.

The results from this study confirm earlier observations of
induction of Thl and Th2 cytokines by vaccination (4, 5, 20,
21). Here, we report for the first time induction of IL-13 and
IP-10 following L1 VLP vaccination.

Prior to vaccination, L1 VLP induced a statistically signifi-
cant increase in the production of Thl-type (IL-2, IFN-y),
Th2-type (IL-4, IL-10), and inflammatory (IL-1c, IP-10) cyto-
kines/chemokines in PBMCs. However, the magnitude of in-
duction for IL-1a, IL-2, IL-4, and IL-10 was lower than 2.4-fold
compared to media cultures.

The pattern of cytokine expression observed in this study is
in agreement with results demonstrating the ability L1 VLP to
induce potent B cell responses and dendritic cell activation (2,
6, 8, 16, 17, 20, 27). Alternatively, cytokine responses to L1
VLP observed prior to vaccination and in some of the placebo
recipients during the study could be due to natural HPV in-
fection that resulted in priming of the PBMCs to the L1 HPV
antigens.

It is well documented that responses to viruses and subunit
vaccines comprise a broad spectrum of soluble immune medi-
ators (3, 11, 12, 23-25). A wider spectrum of cytokines was
induced by influenza virus (flu) than by the L1 VLP. This
marked difference in stimulation potency might reflect the fact
that the VLP is a recombinant purified protein, while flu is a
live virus. In addition, the strong response to flu could be
explained by recent infections and priming/boosting with the
virus or vaccine prior to entry in our study.

The cytokines induced by vaccination did not appear to
cluster based on their functional Th1-Th2 category. However,
cluster analysis of vaccine recipients revealed a heterogeneous
cytokine response to vaccination. Three clusters with different
intensities of expression and spectrums of response were
found, including a very small group with a decrease in cytokine
production. The potential role of these responses in the out-
come of vaccination and the duration of protection against
infection is unknown, but the results raise the possibility that
different response patterns could be associated with distinct
outcomes. Although we cannot interpret the decrease in cyto-
kine production observed in the third cluster, a possible expla-
nation could be the variability and noise in media background
responses combined with a lack of cellular immune response to
vaccination. The observed variability in cytokine production
was not likely due to compromised function of samples, be-
cause samples showed robust responses to our positive control
(flu).

Cytokine responses and neutralizing antibody titers pro-
duced after vaccination at month 2 followed a similar pat-
tern. However, differences in antibody levels between the
clusters were not significant, likely due to the small sample
size and the high variability in the neutralization titers in-
duced by vaccination.

Results obtained in this study may not be directly extra-
polated to the cytokine patterns that will be obtained after
vaccination with the commercially available L1 VLP vac-
cine, because participants in our study were immunized with
VLP without an adjuvant. In addition, the L1 VLP used in

CLIN. VACCINE IMMUNOL.

our study are monovalent and produced in a recombinant
baculovirus system.

In conclusion, we have identified a panel of cytokines and
chemokines significantly and heterogeneously induced by
HPV16 L1 VLP following the vaccination of healthy young
women. Comparison of cytokine profiles elicited in response to
L1 VLP developed after natural infection or after vaccination
will be of interest in future studies. In addition, further anal-
yses of cytokine profiles in samples from individuals from ef-
ficacy studies will be necessary to identify the cytokine profiles
associated with long-term protection against HPV infection.
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