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Capsomeres are considered to be an alternative to viruslike particle (VLP)-based vaccines as they can be
produced in prokaryotic expression systems. So far, no detailed side-by-side comparison of VLPs and cap-
someres has been performed. In the present study, we immunized mice with insect cell-derived human
papillomavirus type 16 VLPs and capsomeres. VLPs induced consistently higher antibody titers than capso-
meres but the two forms induced similar CD8 T-cell responses after subcutaneous, intranasal, and oral
immunization, and at least 20 to 40 times more L1 in the form of capsomeres than in the form of VLPs was
needed to achieve comparable antibody responses. These results were confirmed by DNA immunization. The
lower immunogenicity of capsomeres was independent of the isotype switch, as it was also observed for the early
immunoglobulin M responses. Although there were differences in the display of surface epitopes between the
L1 particles, these did not contribute significantly to the differences in the immune responses. capsomeres were
less immunogenic than VLPs in Toll-like receptor 4 (TLR4)-deficient mice, suggesting that the lower immu-
nogenicity is not due to a failure of capsomeres to trigger TLR4. We observed better correlation between
antibody results from enzyme-linked immunosorbent assays and neutralization assays for sera from VLP-
immunized mice than for sera from capsomere-immunized mice, suggesting qualitative differences between
VLPs and capsomeres. We also showed that the lower immunogenicity of capsomeres could be compensated by
the use of an adjuvant system containing MPL. Taken together, these results suggest that, presumably because
of the lower degree of complexity of the antigen organization, capsomeres are significantly less immunogenic
than VLPs with respect to the humoral immune response and that this characteristic should be considered in
the design of putative capsomere-based prophylactic vaccines.

The development of the prophylactic papillomavirus vac-
cines for the prevention of invasive cervical cancer started in
the early 1990s with the discovery that L1, the major capsid
protein of papillomaviruses, can self-assemble into viruslike
particles (VLPs) following expression in different systems, in-
cluding a vaccinia virus expression system, baculovirus-infected
insect cells, and Schizosaccharomyces pombe (20, 25, 27, 40,
48). Immunization with VLPs, which are morphologically sim-
ilar to native virions, leads to the induction of high titers of
neutralizing antibodies and L1-specific cytotoxic T lympho-
cytes (12, 16, 42, 45). Furthermore, in the cottontail rabbit
papillomavirus and the canine oral papillomavirus models, it
was shown previously that immunized animals are protected
against challenge with infectious virions (8, 26, 51). As an
achievement based on these initial studies and many clinical
trials in the following years, two VLP-based vaccines were
recently introduced to the market (21, 31, 54). Gardasil, pro-
duced by Merck & Co, contains in addition to the VLPs of the
two oncogenic human papillomavirus types 16 and 18 (HPV16
and HPV18) particles of the low-risk types 6 and 11 and was
approved in the United States and in Europe in 2006. In 2007,
the second vaccine, Cervarix (GlaxoSmithKline), which in-
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cludes VLPs of the two high-risk types HPV16 and HPV1S,
became commercially available in Australia and Europe. Nev-
ertheless, the production, storage, and intramuscular adminis-
tration of VLP-based vaccines is cost-intensive, and therefore,
the development of an economically advantageous vaccine is
warranted for the introduction of HPV vaccines into develop-
ing countries, the areas where about 83% of cervical cancer
cases occur (34). L1 capsomeres, the pentameric subcapsid
particles, are considered to be a possible cost-effective alter-
native to VLP-based vaccines because they can be produced in
Escherichia coli. Several studies have shown that immunization
with capsomeres by different administration routes induces
neutralizing antibodies and cytotoxic T lymphocytes (15, 33,
42, 60). However, so far only few data from comparisons of the
immunogenicities of different L1 particles are available, and
most of the studies have involved capsomeres derived from E.
coli. As protein preparations from bacteria bear the risk of
contamination with endotoxins, which have a strong enhancing
effect on the immune response, they cannot be directly com-
pared with VLP preparations from insect cells. Alternatively,
capsomeres can be produced in insect cells if two conserved
cysteine residues, which are essential for the capsid assembly
because they form intercapsomeric disulfide bonds, are elimi-
nated (23, 29, 47). By using both insect cell-derived VLPs and
capsomeres, the immunogenicities of the two L1 particle forms
can be directly compared. Data obtained previously by Fligge
et al. using intraperitoneal immunization and by our group
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using oral immunization already suggested differences in im-
munogenicity between capsomeres and VLPs (17, 53).

Analyzing the immunogenicities of different L1 particles in
close detail, we showed in this study that VLPs induced con-
siderably higher antibody titers than capsomeres but that the
two particle forms induced similar CD8 T-cell responses, not
only after subcutaneous (s.c.), intranasal, or oral immunization
with low doses of insect cell-derived L1 protein but also in a
DNA immunization experiment using two constructs leading
to the expression of either VLPs or capsomeres. Capsomeres
induced not only lower immunoglobulin G (IgG) responses but
also lower IgM responses than VLPs, indicating that the dif-
ferences are not based on differences in the efficiency of iso-
type switching. Furthermore, the lower immunogenicity of cap-
someres did not seem to be due to a lack of epitopes or a
failure to trigger Toll-like receptor 4 (TLR4).

MATERIALS AND METHODS

Mice. Six- to 8-week-old C57BL/6 (Charles River Wiga Breeding Laboratories,
Sulzfeld, Germany) and C3H/HeJ and C3H/HeOulJ (The Jackson Laboratory,
Bar Harbor, ME) mice were maintained under specific-pathogen-free condi-
tions.

Purification of HPV16 L1 particles. HPV16 L1 VLPs and capsomeres were
produced using recombinant baculoviruses containing the wild-type HPV16 L1
gene or a mutated L1 gene (carrying the mutations C175A and C428A) as
described previously, with minor modifications (53). In short, High Five insect
cells (Invitrogen, Germany) were infected for 3 days with recombinant baculo-
viruses and harvested by centrifugation. Cell pellets were resuspended in 20 ml
of extraction buffer (5 mM MgCl,, 5 mM CaCl,, 1 M NaCl, 0.01% Triton X-100,
20 mM HEPES [pH 7.4], and 1 mM phenylmethylsulfonyl fluoride), and proteins
were extracted by sonication. The lysate was cleared, loaded onto a two-step
gradient consisting of 7 ml of sucrose (30%, wt/vol) on top of 7 ml of CsCl (58%,
wt/vol), and then centrifuged at 96,500 X g at 10°C for 3 h in an SW32 rotor
(Beckman ultracentrifuge). The interphase between the sucrose and the CsCl
and the complete CsCl layer were mixed and transferred into Quick-Seal tubes
(Beckman). After another centrifugation step for 16 to 18 h at 20°C and 184,000 X
g in a Sorval TFT 65.13 rotor, the tubes were punctured at the bottom with
20-gauge needles and 1-ml fractions were collected. The L1-containing fractions
were evaluated by an antigen capture enzyme-linked immunosorbent assay
(ELISA) and Western blot analysis, and the structures of the particles were
characterized by electron microscopy (32).

Immunization of and sample collection from mice. (i) Protein immunization.
HPV16 VLPs or capsomeres were dialyzed against 20 mM HEPES (pH 7.4)-0.5
M NaCl. The L1 concentration was determined by comparing different dilutions
of the L1 stock solutions with bovine serum albumin standards (2, 1, 0.5, 0.25,
and 0.125 pg/pl) in the Bradford assay and Coomassie gel analyses. Final con-
centrations for immunization experiments were adjusted by diluting the L1
particles in 1X phosphate-buffered saline (PBS). For s.c. immunization, C57BL/6
mice were immunized either three times biweekly with 3 to 48 ng of L1 protein
or once with 4, 20, or 100 ug of particles. C3H/HeJ and C3H/HeOuJ mice were
immunized twice over a 2-week interval by s.c. injection with 2.5 or 15 pg of L1
particles. Intranasally immunized mice were anesthetized by intraperitoneal in-
jection with a solution containing 100 pg of ketamine (Ketavet; Pharmacia,
Germany)/g and 8 pg of xylazine (Rompun; Bayer, Germany)/g. One to 27 pg of
L1 was applied dropwise in a total volume of 10 pl. For oral immunization, 50 g
of VLPs or capsomeres mixed with 10 ug of CpG DNA (CpG ODN 1826;
5'-TCCATGACGTTCCTGACGTT-3") (25), which was synthesized with a nu-
clease-resistant phosphorothioate backbone, in 200 ul of PBS was applied by
gavage. To analyze the influences of different adjuvants on the immunogenicities
of L1 particles, 10-ug doses of VLPs or capsomeres were either administered
without adjuvant or adsorbed to 500 pg of aluminum hydroxide (A8222; Sigma,
Germany). Additionally, mice were immunized with 10 ug of VLPs or capso-
meres in combination with a mixture of 500 pg of aluminum hydroxide and an
adjuvant system containing 50 wg of monophosphoryl lipid A derived from
Salmonella enterica serovar Minnesota R595 and 50 pg of synthetic trehalose
dicorynomycolate in squalene and Tween 80 (catalog no. S6322; Sigma, Ger-
many).
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(ii)) DNA immunization. For DNA immunization, either the humanized
HPV16 L1 (L1h) gene (28), a variant humanized L1 (L1h2xCysM) gene con-
taining two mutations (C175A and C428A), or a humanized HPV16 L2 (L2h)
gene were subcloned in the pUF3 vector under the control of the cytomegalo-
virus immediate-early promoter (62). The plasmids were purified using the Endo-
Free plasmid mega kit (Qiagen, Germany), and endotoxin levels were below the
detection limit of the QCL-1000 Limulus amebocyte lysate assay (Lonza, Ger-
many). Fifty-microgram aliquots of the different constructs were applied intra-
dermally using a tattoo device (7).

(iii) Sample collection. Sera were collected from anesthetized animals via
retro-orbital sinus puncture at the time points indicated in the figure legends, and
8 to 14 days after the last immunization, final blood samples were collected by
cardiac puncture.

ELISAs. (i) Detection of IgG or IgM in sera by VLP capture ELISAs. Assay
plates (96 well; Becton Dickinson) were coated overnight at 4°C with protein
G-purified polyclonal rabbit IgG (blocked against insect cell and baculovirus
proteins) specific for HPV16 VLPs (85 ng/well). All following incubation steps
were carried out for 1 h each at 37°C, antigens and antibodies were diluted in
blocking solution (3% skim milk in PBS-0.3% Tween 20 [PBS/T]), and each step
was followed by washing three times with PBS/T. After the incubation of the
plates with blocking solution, 350 ng of VLPs per well was added. The mouse
sera were diluted 1:50 or titrated up to a dilution of 1:1,409,600. As a secondary
antibody, either IgG-specific antibody (goat anti-mouse IgG conjugated with
horseradish peroxidase; Dianova, Germany) or IgM-specific antibody (goat
anti-mouse IgM conjugated with horseradish peroxidase; Southern Biotech-
nology) in a 1:3,000 dilution was added. The plates were then washed six
times with PBS/T, and freshly prepared staining solution {100 mM sodium
acetate, 50 mM NaH,PO,, pH 4.2, 1 mg of ABTS [2,2'-azino-bis(3-ethylbenz-
thiazoline-6-sulfonic acid)]/ml, 0.012% H,O,} was added. Ten to 20 min
later, absorbance at 405 nm was measured using a Titertek plate reader. IgG
titers were expressed as the reciprocal of the highest dilution giving an
absorbance above the cutoff value (the average for the negative control mice
plus three times the standard deviation).

(i) Direct ELISAs using different monoclonal antibodies. Plates (96 well;
Becton Dickinson) were coated overnight at 4°C with 1 pg of VLPs or capso-
meres per well. The plates were washed three times with PBS/T and incubated
for 1 h at 37°C with blocking solution. Hybridoma supernatants containing a
panel of monoclonal antibodies which were described before (10, 11, 30, 39) were
kindly provided by N. D. Christensen (College of Medicine, Pennsylvania State
University) Supernatants were diluted in blocking solution by using the dilution
factors determined by Rizk et al. (38) and added to the plates. After being
incubated for 1 h at 37°C, the plates were washed and stained as described above.

Preparation of pseudovirions and neutralization assay. The production of
pseudovirions was performed by the cotransfection of 293TT cells with a plasmid
containing the HPV16 Llh and L2h genes and a simian virus 40 origin of
replication (pPCDNA4-HPV16L1h-IRES-L2h/SV40ori) and a second plasmid en-
coding the reporter protein secreted alkaline phosphatase (SEAP) under the
control of the cytomegalovirus promoter (p)CMVSEAP) by a procedure de-
scribed earlier (36) with minor modifications (18).

As target cells for the neutralization assay, 293TT cells were seeded at a
concentration of 22,500 cells per well onto 96-well plates in Dulbecco’s modified
Eagle’s medium (Sigma, Germany) supplemented with 10% fetal calf serum
(FCS; GIBCO BRL, Germany) and 1% penicillin-streptomycin (Life Technol-
ogies, Germany). The following day, the pseudovirions were diluted in Dulbec-
co’s modified Eagle’s medium (1:5,000) and mixed with the sera at different
dilutions (PSVgeym)- After 15 min of incubation at room temperature, the me-
dium of the 293TT cells was replaced by 200 pl of the pseudovirion solution. As
a control, cells were incubated with pseudovirions alone (Psv,,,.) or with
pseudovirions in the presence of a known neutralizing polyclonal antiserum
specific for HPV16 (Psv,y,). SEAP in cell culture supernatants was detected 5
days later with the chemiluminescence SEAP reporter gene assay by following
the instructions of the manufacturer (Roche, Germany). The neutralization
activity was calculated using the following formula: percent neutralization =
(value for Psv,,,. — value for Psvy,,)/(value for Psv, . — value for Psv,;) X
100. Sera with at least 70% neutralizing activity were regarded as neutralization
positive.

ELISPOT assays and restimulation of L1-specific cytotoxic T lymphocytes.
Enzyme-linked immunospot (ELISPOT) assays were performed as described
previously (53). In short, 96-well MultiScreen IP sterile plates (MAIPS; Milli-
pore, Germany) were moistened with 70% ethanol, washed, and coated over-
night at 4°C with 600 ng of anti-mouse gamma interferon (IFN-y) capture
antibody (clone R4-6A2; BD Pharmingen, Germany) per well. After four washes
of the plates with PBS and a 2-h blocking step with RPMI 1640 medium (Sigma,
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Germany) supplemented with 10% FCS (GIBCO BRL, Germany) and 1%
penicillin-streptomycin (Life Technologies, Germany), the splenocytes were
seeded in triplicate in a twofold dilution series from 2 X 10° to 2.5 X 10° cells per
well. As controls, cells were incubated with 200 ng of pokeweed mitogen (Sigma,
Germany; positive control) or medium only (background). To detect L1-specific
CD8 T-cell responses, an HPV16 L1 peptide comprising amino acids 165 to 173
[L1¢165-173) peptide] was added to a final concentration of 0.2 uM. Subsequently,
the plates were incubated at 37°C for 16 to 18 h and secreted IFN-y was detected
using a biotinylated anti-mouse IFN-y antibody (clone XMG1.2; BD Pharmin-
gen, Germany), streptavidin-alkaline phosphatase (BD Pharmingen, Germany),
and a 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium liquid
substrate system (Sigma, Germany) as described before (53). The quantification
of the spots was performed using an ELISPOT reader (ELISPOT reader system
ELRO02; AID GmbH, Germany). The number of spots in the background control
wells was subtracted from the values for wells incubated with peptide. Mice were
defined to be positive by the ELISPOT assay if the number of IFN-y-positive
spots per 10° cells was higher than the average number of IFN-y-positive spots
per 10° cells from negative control mice plus three times the standard deviation.

To restimulate L1-specific T lymphocytes, RMA-S cells were loaded with 0.2
puM HPV16 L1 65173, peptide for 1.5 h at 37°C and irradiated with 100 Gy.
Loaded RMA-S cells (2 X 10°) were cocultured with 1.5 x 107 to 3 X 107
splenocytes at 37°C and 5% CO,. After 5 days, 250,000 to 31,250 restimulated T
lymphocytes were analyzed in an ELISPOT assay as described above.

TLR activation assay. THP1-Blue CD14 cells (InvivoGen, France) overex-
press the CD14 molecule and are stably transfected with an NF-«kB-inducible
reporter gene encoding SEAP. Samples (100 i) of a cell suspension containing
1.6 X 10° cells/ml were seeded onto 96-well plates in modified RPMI 1640
medium (RPMI 1640 medium [Sigma, Germany] supplemented with 10% FCS,
1% penicillin-streptomycin, 4.5 g of glucose/ml, 10 mM HEPES, 1 mM sodium
pyruvate, 10 pg of blasticidin [Calbiochem, Germany]/ml, and 200 pg of zeocin
[InvivoGen]/ml). As positive controls, the cells were stimulated with different
TLR ligands (InvivoGen): Pam3CSK4 (TLR1/2; 200 ng/ml), a heat-killed prep-
aration of Listeria monocytogenes (TLR2; 10° cells/ml), poly(I:C) (TLR3; 25
pg/ml), S. enterica serovar Typhimurium flagellin (TLRS; 100 ng/ml), FSL-1
(TLR6/2; 10 ng/ml), and CpG ODN 1826 (TLRY; 5 uM). Lipopolysaccharide
(LPS), a potent activator of TLR4, was titrated in a 10-fold dilution series and
added to the cells at final concentrations ranging from 0.0015 to 1,500 endotoxin
units/ml. PBS and a VLP preparation purified from HS5 insect cells infected with
wild-type baculovirus served as negative controls. The ability of different L1
particles to activate TLRs was analyzed by incubating the cells with different
amounts (400, 100, and 25 pg per ml) of HPV16 L1 VLPs or capsomeres in three
independent preparations. All controls and L1 samples were added in a volume
of 10 to 100 pl of the cell suspension and tested in duplicate. After 18 to 24 h of
incubation of the cells at 37°C and 5% CO,, the activities of SEAP in the cell
culture supernatants were determined using the chemiluminescence SEAP re-
porter gene assay according to the instructions of the manufacturer (Roche,
Germany).

Statistical analyses. For the comparison of the correlations between neutral-
ization activities and IgG titers, Fisher’s exact test was used. All other data sets
were compared using the Wilcoxon rank sum test. A P value below 0.05 was
considered to be statistically significant.

RESULTS

Papillomavirus VLPs and capsomeres are highly immuno-
genic antigens if applied s.c., intramuscularly, intranasally,
or orally, and they induce high titers of neutralizing anti-
bodies and L1-specific cytotoxic T lymphocytes (5, 15-17,
19, 25, 33, 41-43, 53, 60). Nevertheless, so far there are only
limited data available concerning a direct comparison of
different L1 particles with respect to their immunogenicities.
Most immunization studies have been performed using E.
coli-derived L1 pentamers; however, bacterially expressed
L1 preparations are frequently contaminated by endotoxins,
which make a direct comparison with insect cell-derived
VLPs difficult due to unspecific immunostimulatory effects.
We compared the induced humoral and cellular immunoge-
nicities of VLPs and capsomeres after s.c., oral, intranasal,
or DNA immunization.

J. VIROL.

s.c. immunization. To produce HPV16 VLPs and capso-
meres, the wild-type HPV16 L1 gene and the L12xCysM
gene (carrying the mutations C175A and C428A) (47) were
expressed in insect cells by using recombinant baculoviruses.
As immunization with large amounts of L1 may mask dif-
ferences in the immunogenicities of VLPs and capsomeres,
limiting doses of L1 were used for the immunization exper-
iments.

Female C57BL/6 mice (four mice per group) were immu-
nized three times s.c. at 2-week intervals with 3 to 48 ng of L1
VLPs or capsomeres. Ten days after the last immunization,
blood samples were taken and the reciprocal titers of L1-
specific IgG antibodies were determined using a VLP capture
ELISA (Fig. 1A; Table 1). Eighty percent of VLP-immunized
mice (16 of 20) produced specific antibodies, and the applica-
tion of as little as 3 ng of VLPs induced specific IgG antibodies
in two of four mice; no reactivity in the sera of the control mice
was found. Throughout the different groups of VLP-immu-
nized mice, a dose dependency was observed (Table 1). In
contrast, only 40% of the capsomere-immunized mice (8 of 20)
developed Ll-specific antibodies, and these mice clearly
showed lower titers than VLP-immunized animals. Summariz-
ing the results for the 20 VLP-immunized and the 20 capso-
mere-immunized mice and comparing the outcomes for these
groups confirmed a statistically significant difference between
the immunogenicities of VLPs and capsomeres with respect to
the IgG antibody response (Wilcoxon rank sum test: P =
0.0009). Likewise, 16 of 20 mice immunized with VLPs, but
only 1 of 20 mice immunized with capsomeres, were positive in
the neutralization assay if the sera were diluted 1:100 (P =
0.000001) (Fig. 1B; Table 1).

Ten days after the third immunization, splenocytes were
collected and analyzed in an IFN-y ELISPOT assay after stim-
ulation with the HPV16 L1;45_173) peptide, which is a major
histocompatibility complex class I T-cell epitope in C57BL/6
mice of the H-2" haplotype (33). As the number of L1-specific
CDS8 T cells after immunization with as little as 3 to 48 ng of L1
protein was below the detection limit (data not shown), the
cells were restimulated using RMA-S cells loaded with the
HPV16 L1145_173) peptide. After restimulation, 16 of 20 VLP-
immunized mice and 14 of 20 capsomere-immunized mice
were positive in the ELISPOT assay (Fig. 1C; Table 1). There
was no clear correlation between antibody and CDS8 T-cell
responses, as 5 mice (3 VLP-immunized mice and 2 capso-
mere-immunized mice) were IgG positive but were negative by
the ELISPOT assay and 11 mice (3 VLP-immunized mice and
8 capsomere-immunized mice) showed no detectable antibody
responses but had CD8 T-cell responses above the cutoff level.
A comparison of all mice immunized with VLPs versus all mice
immunized with capsomeres resulted in a P value of 0.0284.
Nevertheless, the observed difference between VLPs and cap-
someres with respect to the T-cell response was less pro-
nounced than the difference with respect to the antibody
response.

Mucosal immunization. Because VLPs were more immuno-
genic than capsomeres after systemic application, the effect of
the immunization route on the immunogenicities of VLPs and
capsomeres was investigated by evaluating the immune re-
sponses induced by the mucosal (intranasal and oral) admin-
istration of HPV16 L1 particles.
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FIG. 1. s.c.immunization. C57BL/6 mice were immunized three times s.c. with 3, 6, 12, 24, or 48 ng of HPV16 L1 VLPs or capsomeres at 2-week
intervals. Control mice received PBS alone. (A) The reciprocal titers of Ll-specific IgG antibodies in sera collected 10 days after the third
immunization were determined using a VLP capture ELISA. (B) Additionally, the sera were tested in a 1:100 dilution in a neutralization assay
with HPV16 pseudovirions, and the percent neutralization is shown. (C) Splenocytes were collected 10 days after the third immunization,
restimulated for 5 days with L1 peptide-loaded RMA-S cells, and analyzed in an IFN-y ELISPOT assay. The graph shows the number of IFN-y

spots per 10° cells; the horizontal bars indicate the median values.

Mice were immunized intranasally with either 1 or 3 pg of
VLPs (four mice per group) or with 1, 3, 9, or 27 pg of
capsomeres (1 g, three mice per group; 3, 9, and 27 pg, four
mice per group). The mice were immunized three times at
2-week intervals, and 8 days after the last immunization, blood
samples were taken and an ex vivo ELISPOT assay was per-
formed. All eight mice immunized with VLPs developed L1-
specific antibodies, with median titers of 6,400 (for mice im-
munized with 1 pg) and 8,800 (for mice immunized with 3 pg)
(Fig. 2A; Table 1). In contrast, only one of seven mice re-
ceiving 1 or 3 pg of capsomeres produced Ll1-specific IgG
antibodies (for the comparison of responses to VLPs and

capsomeres in cumulated 1- and 3-ng-dose groups, P =
0.0012). Increasing the amount of L1 capsomeres used for
the immunization to 9 or 27 pg of capsomeres induced
humoral immune responses with higher efficiency, resulting
in the development of L1 antibodies in seven of eight mice,
with a median titer of 51 (9 pg) or 3,250 (27 pg), although
even the 27-fold-larger amount of capsomeres still resulted
in lower IgG titers than 1 pg of VLPs. In a neutralization
assay with HPV16 pseudovirions, seven of eight mice immu-
nized with 1 or 3 pg of VLPs, but none of the seven mice
immunized with 1 or 3 pg of capsomeres, showed neutral-
ization above the cutoff level (Fig. 2B). However, four of
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TABLE 1. Immune responses after the administration of HPV16 VLPs or capsomeres using different routes of immunization®

ELISPOT assay

Immrli)rlllitz:tion Inoculum Amt of L1 IgG titer % Neutralization reactivity
Median IOR Median IOR Median IOQR
s.C. VLPs 3 ng 25 0-69 69 36-100 68 24-140
VLPs 6 ng 150 113-263 95 77-97 211 151-240
VLPs 12 ng 400 275-975 89 82-94 362 196-514
VLPs 24 ng 900 600-1,550 98 96-99 589 367-791
VLPs 48 ng 3,600 606-11,200 96 92-100 376 193-572
Capsomeres 3ng 0 0-0 0 0-0 44 15-94
Capsomeres 6 ng 13 0-69 7 0-14 236 150-308
Capsomeres 12 ng 19 0-38 8 3-21 179 98-275
Capsomeres 24 ng 19 0-128 9 6-12 51 9-161
Capsomeres 48 ng 19 0-128 34 5-72 134 68-204
PBS 0 0-0 0 0-0 24 16-28
Intranasal VLPs 1 pg 6,400 2,438-9,600 100 80-100 4 2-5
VLPs 3pg 8,800 7,600-12,000 100 100-100 16 13-20
Capsomeres 1pg 0 0-0 0 0-0 0 0-13
Capsomeres 3pg 0 0-300 31 19-45 9 1-19
Capsomeres 9 ng 51 38-638 54 35-79 17 13-28
Capsomeres 27 pg 3,250 2,438-4,275 74 61-84 49 40-52
PBS 0 0-0 13 6-19 1 1-2
Oral VLPs 50 pg (plus CpG) 3,200 25-9,600 54 13-97 NT NT
Capsomeres 50 pg (plus CpG) 50 0-400 0 0-22 NT NT
CpG only 0 0-0 0 0-0 NT NT

¢ The table summarizes the humoral and cellular immune responses after s.c., intranasal, or oral administration of HPV16 VLPs or capsomeres. The reciprocal titers
of L1-specific antibodies in the sera after the last immunization are given. Neutralizing activities of the sera in 1:100 dilutions are shown as the percent neutralization
relative to that by a positive control. Reactivity in an ELISPOT assay (for s.c. immunization, an ELISPOT assay performed after restimulation, and for intranasal
immunization, an ex vivo ELISPOT assay) is shown as the number of IFN-y-positive spots per 10° cells after stimulation with an L1 H-2°-restricted peptide. IQR,

interquartile range; NT, not tested.

eight mice immunized with 9 or 27 pg of capsomeres were
positive by the neutralization assay.

VLPs and capsomeres induced the development of L1-spe-
cific CD8 T-cell responses (here defined by IFN-y release upon
restimulation with a major histocompatibility complex class
I-restricted L1 peptide) after intranasal application, as de-
tected by an ex vivo ELISPOT assay, with a clear dose depen-
dency observable for both particle forms (Fig. 2C; Table 1). A
comparison of mice immunized with 1 to 3 pg of VLPs or
capsomeres showed no statistically significant difference
among the groups (P = 0.6126).

In a subsequent experiment, mice were immunized orally
with VLPs and capsomeres. As oral immunization is less
efficient than s.c. or intranasal immunization, 50 pg of L1
particles in combination with 10 ng of CpG DNA was ad-
ministered four times at 2-week intervals via gavage (five
mice per group). Fourteen days after the last immunization,
blood samples were taken and analyzed by a VLP capture
ELISA and a neutralization assay. Consistent with the ob-
servations after s.c. and intranasal immunization and with
the data concerning the oral immunogenicities of L1 parti-
cles that we published recently (53), VLPs were significantly
more efficient at inducing humoral immune responses after
oral application than capsomeres (Fig. 3A; Table 1) (for
comparison of IgG titers, P = 0.0295; for comparison of
neutralization activities, P = 0.0145).

DNA immunization. The capsomeres and VLPs used for the
immunizations described above were both purified from insect
cells to exclude the adjuvant effects of possible endotoxin con-
tamination in E. coli-derived capsomere purifications. It has

been reported previously that hypomethylated CpG sequences
of insect cell DNA can enhance immune responses (49, 50),
and it is possible that additional factors are present in insect
cell lysates and preferentially copurify with VLPs. To address
this issue, we immunized mice with endotoxin-free DNA prep-
arations of expression vectors containing either an HPV16 L1h
gene, an L1h2xCysM gene (carrying the mutations C175A and
C428A), or an L2h gene as a negative control. We confirmed
that L1h and L1h2xCysM genes were expressed at the same
levels after the transient transfection of 293TT cells in vitro
(data not shown). Mice (L1h and L1h2xCysM, eight mice per
group; L2h, four mice per group) were immunized three times
at 2-week intervals with 50 pg of DNA by using a tattoo device
(7), and blood samples were taken 14 days after the second and
8 days after the third immunization. All mice immunized with
L1h or L1h2xCysM developed L1-specific antibodies, although
the antibody titers in mice immunized with the L1h2xCysM
construct were significantly lower than those in mice immu-
nized with L1h (Fig. 4A; Table 2), and the difference decreased
with increasing numbers of immunizations (for results after the
second immunization, P = 0.0007; for results after the third
immunization, P = 0.007). In the neutralization assay, all sera
of mice immunized three times with L1h or L1h2xCysM were
positive in a 1:100 dilution (Fig. 4C). All mice immunized with
L1h, but only four of eight mice immunized with L1h2xCysM,
developed neutralizing-antibody titers of at least 10.000. Only
one of the mice immunized with L2h developed neutralizing
antibodies, presumably against L2, which confirms earlier ob-
servations that L2 is a rather poor immunogen. In an ex vivo
IFN-y ELISPOT assay, which was performed 8 days after the
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FIG. 2. Intranasal immunization. C57BL/6 mice were immunized three times intranasally with different amounts of VLPs (1 or 3 ng) or
capsomeres (1, 3, 9, or 27 ug) or with PBS alone as a negative control. Eight days after the third immunization, blood samples were taken and an
ex vivo IFN-y ELISPOT assay was performed. (A) The reciprocal titers of L1-specific IgG antibodies were determined using a VLP capture
ELISA. (B) The sera were tested in a 1:100 dilution in a neutralization assay with HPV16 pseudovirions, and the graph shows the percent
neutralization. (C) Numbers of IFN-y-positive spots per 10° cells in an ex vivo ELISPOT assay are shown. The horizontal bars indicate the median

values.

third immunization, all mice immunized with L1h and seven of
eight mice immunized with L1h2xCysM were positive (P =
0.1949) (Fig. 4B; Table 2).

Balanced CD8 T-cell responses after immunization with
VLPs and capsomeres are not due to anti-L1 antibodies lim-
iting T-cell boosting. Interestingly, though VLPs induced sig-
nificantly higher humoral immune responses than capsomeres,
the CD8 T-cell responses after three immunizations were
much more balanced. It has been reported previously that
preexisting neutralizing antibodies can prevent an effective
boosting of the cellular immune response (13, 14). High titers
of neutralizing antibodies produced rapidly after immunization

with VLPs might therefore prevent an effective boosting of the
CDS8 T-cell response. In mice immunized with capsomeres, this
effect might not be as strong.

To address this question, mice (five per group) were immu-
nized once with 4, 20, or 100 g of VLPs or capsomeres and,
10 days later, blood samples were collected. Sera from 5 of 15
mice immunized with VLPs (2 of 5 immunized with 20 wg and
3 of 5 immunized with 100 wg) were IgG positive if tested in a
1:50 dilution by a VLP capture ELISA (Fig. 5A). In contrast,
none of the mice immunized with capsomeres developed de-
tectable levels of L1-specific IgG antibodies. As in the ex vivo
ELISPOT assay only three mice showed signals above the
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FIG. 3. Oral immunization. C57BL/6 mice were immunized four times orally with 50 pg of VLPs or capsomeres in combination with 10 g of
CpG ODN 1826 at 2-week intervals. (A) Reciprocal titers of L1-specific antibodies in sera collected 14 days after the fourth immunization were
determined using a VLP capture ELISA. (B) The ability to inhibit HPV16 pseudovirions in a neutralization assay is shown as the percent

neutralization. The horizontal bars indicate the median values.

cutoff level, another ELISPOT assay after one round of re-
stimulation was performed. After the restimulation, 11 of 15
mice immunized with VLPs and 8 of 15 mice immunized with
capsomeres (Fig. 5C) scored positive for Ll-specific CD8 T
cells. Although the signals in sera from VLP-immunized mice
were in general higher than those in sera from capsomere-
immunized mice, the difference was not statistically significant
(P = 0.0814).

Observed lower humoral immune responses induced by cap-
someres are not due to deficiencies in isotype switching. It has
been reported previously for the hepatitis B virus core antigen
that the epitope density has an influence on the Ig isotype
switching (24). We therefore wanted to analyze the IgM re-
sponses of mice immunized with VLPs or capsomeres. After
one immunization with 4, 20, or 100 pg of L1 protein, 10 of 15
mice immunized with VLPs but only 2 of 15 mice immunized
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FIG. 4. DNA immunization. C57BL/6 mice were immunized three times with pUF3 vectors containing either an L1h gene, an L1h2xCysM gene
(carrying C175A and C428A mutations), or an L2h gene as a negative control. (A) The reciprocal titers of L1-specific IgG antibodies in sera
collected 14 days after the second or 8 days after the third immunization were determined using a VLP capture ELISA. (B) Eight days after the
third immunization, splenocytes were taken and analyzed in an ex vivo IFN-y ELISPOT assay. Shown are the numbers of IFN-y spots per 10° cells.
(C) Sera collected after the third immunization were tested in different dilutions (1:100, 1:1,000, 1:10,000, and 1:100,000) in a neutralization assay
using HPV16 pseudovirions, and the percent neutralization is shown. The horizontal bars indicate the median values.
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TABLE 2. Immune responses after DNA immunization®

. o - Reactivity in
Immunization ' N o. of' Serum dilution IgG titer % Neutralization ELISPOT assay
construct 1Immunizations
Median IOR Median IOR Median IOR

L2h 2 0 0-0

3 0 0-0

3 1:100 58 44-70

3 1:1,000 17 7-26

3 1:10,000 0 0-0

3 1:100,000 0 0-0

3 1 0-15
L1ih 2 25,600 12,800-51,200

3 41,600 32,000-51,200

3 1:100 90 81-94

3 1:1,000 87 86-90

3 1:10,000 100 91-100

3 1:100,000 5 0-16

3 1,261 1,036-1,319
L1h2xCysM 2 550 394-875

3 11,200 4,200-17,600

3 1:100 74 74-75

3 1:1,000 80 23-87

3 1:10,000 56 23-86

3 1:100,000 2 0-14

3 1,046 775-1,246

“The table summarizes the humoral and cellular immune responses after DNA immunization using different L1 constructs. The reciprocal titers of L1-specific
antibodies after the second and third immunizations are shown. Sera collected after the third immunization were tested at different dilutions (1:100, 1:1,000, 1:10,000,
and 1:100,000) in a neutralization assay with HPV16 pseudovirions, and neutralizing activities of the sera are shown as the percent neutralization relative to that by
the positive control. Reactivity in an ex vivo ELISPOT assay is shown as the number of IFN-y-positive spots per 10° cells after stimulation with an L1 H-2°-restricted

peptide. IQR, interquartile range.

with capsomeres developed Ll-specific IgM antibodies (Fig.
5B). Analyses of the IgM responses of the mice immunized
several times s.c., intranasally, or orally or immunized with L1
DNA at different time points confirmed that capsomeres also
triggered the IgM responses less efficiently than VLPs (data
not shown).

Lack of epitopes is not the explanation for the lower immu-
nogenicity of capsomeres. A comparison of a total of 200 mice
immunized with L1 particles, including animals not described
in this study, demonstrated that there was better correlation
between VLP-specific IgG antibodies and neutralization activ-
ities for VLP-immunized mice than for capsomere-immunized
mice among animals with low IgG titers (P < 0.0001 for all
mice with a titer below 4,000) (Table 3). This finding implies
that the humoral immune responses induced by VLPs or cap-
someres differ not only quantitatively, but also qualitatively. To
evaluate the epitope distribution of capsomeres in comparison
to that of VLPs, the different L1 particles were analyzed in an
ELISA using a panel of different HPV16 L1-specific monoclo-
nal antibodies recognizing conformational or linear epitopes
which have been characterized before (details are in reference
38 and references therein). The monoclonal antibodies
H16.B20, H16.D9, and H16.S1 reacted neither with VLPs nor
with capsomeres in the ELISA (Table 4), as they bind prefer-
entially denatured particles (11). The nonneutralizing confor-
mation-specific antibodies H16.11B, H16.8B, and H16.13D
reacted more strongly with capsomeres than with VLPs, indi-
cating that they may bind to epitopes present on the insides of
the particles. The two antibodies recognizing the linear epitope
comprising amino acids 174 to 185 (H16.C2 and H16.H5) re-

acted with VLPs but not with capsomeres, presumably because
of the change of amino acid 175 from cysteine to alanine in the
capsomeres. Two additional antibodies recognizing linear
epitopes (H16.15G and H16.J4) reacted only with VLPs. Sev-
eral neutralizing conformation-specific antibodies (H16.7E,
H16.2F, H16.3A, and H16.4A) reacted more strongly with
VLPs than with capsomeres. The most prominent difference
was noticeable for H16.E70, a neutralizing antibody binding an
epitope on the apexes of capsomeres (9, 57), which reacted
strongly with VLPs but did not bind capsomeres. However, this
epitope has been shown previously to be nonessential for the
induction of high titers of neutralizing antibodies (57). The
remaining monoclonal antibodies, one antibody recognizing a
linear epitope (CamVirl) and eight conformation-specific neu-
tralizing antibodies, showed no clear difference in binding
VLPs or capsomeres. The strong reaction of capsomeres with
H16.V5 is of particular interest, as the H16.V5 epitope has
been described previously as an immunodominant epitope im-
portant for the induction of high titers of neutralizing antibod-
ies and efficient CD8 T-cell responses (46, 57).

As there were differences in the epitope patterns of the
different L1 particles, we wanted to determine whether the
high antibody responses of VLP-immunized mice were di-
rected against epitopes present on VLPs but absent on cap-
someres. It would also be conceivable that capsomere-immu-
nized mice developed mainly capsomere-specific antibodies,
which may not be detected in a VLP capture ELISA. Sera of
mice immunized with VLPs or capsomeres were analyzed us-
ing ELISA plates directly coated with VLPs or capsomeres.
Mice immunized with capsomeres showed slightly higher IgG



5480 THONES ET AL.

J. VIROL.
(A) IgG in serum (1:50 dilution)
1.0+
= 0.8
£ .
[
8 0.6+ °
bl
c 0.4+
2 °
g 0.2 —
§ 0.0 ° hd ': °® °
T T T T T T T
PBS 4 ug 20 pg 100 pg 4 ug 20 pg 100 pg
VLPs capsomeres
(B) ‘o IgM in serum (1:50 dilution)
T 0.8
[
3 0.6+
b
§ "
- [ ]
S 0.2 . .
(7
o [ —ogo— L4
® 0.0 o —eoes _37’_ se ee Seger —eees
T T T T T T T
PBS 4 ug 20 ug 100 pg 4 ug 20 ug 100 pg
VLPs capsomeres
(C) IFN-y ELISPOT after first restimulation
2500
2 2000 ¢
8
© °
2 1500 —— .
-~ [ ]
(2]
© 1000 oo .
by L °
2 5004 . - *
'8
- ° °® ——o—
0{ Zeeee e o —eooe® °®
T T T T T T T
PBS 4 ug 20 ug 100 pg 4 ug 20 ug 100 pg
VLPs capsomeres

FIG. 5. Similar CD8 T-cell responses are induced by single immunizations with HPV16 VLPs or capsomeres. C57BL/6 mice were immunized
once with 4, 20, or 100 wg of VLPs or capsomeres or with PBS alone as a negative control. Ten days after the immunization, blood samples and
splenocytes were collected. (A and B) The sera were analyzed in a VLP capture ELISA to detect IgG (A) and IgM (B). ELISA signals of sera
diluted 1:50 are shown. (C) The splenocytes were restimulated with L1 peptide-loaded RMA-S cells and analyzed in an IFN-y ELISPOT assay.
Shown are the numbers of IFN-y spots per 10° cells. The horizontal bars indicate the median values.

titers when capsomeres rather than VLPs were used for detec-
tion, indicating the presence of antibodies directed against the
insides of the capsomeres. However, with no exception, the
IgG titers of mice immunized with VLPs were significantly
higher than the IgG titers of capsomere-immunized mice, ir-
respective of the antigen used for ELISA coating (data not
shown), indicating that the humoral immune responses in
these animals were not biased toward VLP-specific epitopes.

The higher humoral immunogenicity of VLPs than capso-
meres is not due to differences in TLR activation. Papilloma-

virus VLPs can directly activate murine B lymphocytes and
induce Ig class switch recombination via a TLR4- and MyD88-
dependent pathway (59). To investigate if the higher humoral
immunity of VLPs is based on differences between VLPs and
capsomeres with respect to the activation of TLR4-MyD88
pathways, we evaluated TLR4 activation by different L1 parti-
cles in vitro in THP1-Blue CD14 cells and in vivo in a TLR4
mouse model. THP1-Blue CD14 cells are human peripheral
blood monocytic cells which express TLR1 to TLR10. The
activation of one of the expressed TLR types induces signaling
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TABLE 3. Correlation of neutralization activities and IgG titers in sera from VLP- versus capsomere-immunized mice”

No. of neutralizing sera in four IgG titer groups (%)

Immunogen NO.' of
mice Titer of <25 Titer of 25-200 Titer of 201-4,000 Titer of >4,000
VLPs 102 5/15 (33.3) 6/12 (50.0) 26/32 (81.3) 42/45 (93.3)
Capsomeres 98 0/40 (0.0) 5/22 (22.7) 19/31 (61.3) 6/6 (100.0)
Total 200 5/55(9.1) 11/34 (32.4) 45/63 (71.4) 48/51 (94.1)

“ The IgG titers and neutralization activities in sera of a total of 200 mice (BALB/c and C57BL/6) after s.c., intranasal, oral, or DNA immunization with HPV16 L1
VLPs or capsomeres are summarized. In addition to the results from the immunization experiments described in this study, previously published (53) and unpublished
data were included. The sera were classified depending on the IgG titers (<25, 25 to 200, 201 to 4,000, or >4,000). Shown is the number of neutralization
activity-positive sera in relation to the total number of sera in the respective group. For mice with low IgG titers, we observed better correlation between VLP-specific
IgG antibodies and neutralization activities in sera from VLP-immunized mice than in sera from capsomere-immunized mice (P < 0.0001 for all mice with a titer below

4,000).

cascades which lead to the expression of the NF-kB-dependent
reporter gene (1). THP1-Blue CD14 cells were stimulated with
known TLR agonists as positive controls, including different
concentrations of the TLR4-activating LPS, or with different
preparations of HPV16 L1 particles. Both VLPs and capso-
meres induced the expression of the reporter gene, which in-
dicates the activation of at least one TLR type, but rather large
amounts of L1 were required (Fig. 6). Comparing VLPs and
capsomeres with respect to the induced reporter gene expres-
sion revealed no differences between the two L1 particle forms.

TABLE 4. Reactivities of HPV16 L1 VLPs and capsomeres with
different L1-specific monoclonal antibodies”

Reactivity of:

Antibod: Type Essential
Y P amino acids VLPs Capsomeres

H16.7E C+ 38-65 2.193 0.821
H16.3A C+ 172-505 1.437 0.605
H16.4A C+ 172-505 2.386 1.090
H16.U4 C+ 172-505 1.184 0.736
H16.14) C+ 172-505 1.343 0.961
H16.9A C+? 1-173 0.332 0.605
H16.2F C+ 266-297, 339-365 2.640 0.786
H16.5A C+ 266-297, 339-365 2.241 2.233
H16.V5 C+ 266-297, 339-365 2.871 2.682
H263.A2 C+ 266-297, 339-365 0.850 0.587
H16.E70 C+ 282 1.825 0.065
Ritti01 C+ ? 0.837 0.579
H16.1A Cc*b 266-297, 339-365 1.641 1.254
H16.11B C— ? 0.331 0.957
H16.13D C— ? 0.112 0.519
H16.8B C— ? 0.152 0.664
H16.H5 L— 174-185 1.368 0.000
H16.B20 L— 396415 0.078 0.185
H16.D9 L— ? 0.000 0.000
H16.S1 - 111-130 0.056 0.000
H16.15G L— 172-505 0.454 0.000
H16.C2 L— 174-185 0.878 0.000
H16.J4 L—° 261-280 0.840 0.000
CamVirl - 204-210 0.520 0.781

“ ELISA reactivities, expressed in absorption units, of different monoclonal
antibodies to directly coated VLPs or capsomeres are shown. Values in bold
indicate that the difference between the results for VLPs and capsomeres was
above 0.5 absorption units, and the higher of the two values is underlined. The
antibodies were classified with respect to the recognized epitope (C, conforma-
tional; L, linear) and the neutralization activity (+, neutralizing; —, nonneutral-
izing; *, reported in the literature to be neutralizing [38] or nonneutralizing [10]).
Data about the epitopes and neutralization activities of the antibodies are sum-
marized by Rizk et al. (38). ?, unknown.

b Additional data are in reference 10.

¢ Additional data are in reference 39.

The results were confirmed using murine RAW 264.7 macro-
phages transfected with an NF-«kB-inducible luciferase re-
porter gene (data not shown) (58).

To analyze the influence of TLR4 on the humoral immuno-
genicities of VLPs and capsomeres, C3H/HeJ and C3H/HeOulJ
mice were used as an in vivo model. C3H/HeJ mice are TLR4
deficient due to a dominant-negative point mutation within the
cytoplasmatic region of the receptor (37). C3H/HeOuJ mice,
which have the same genetic background as C3H/HeJ mice but
express functional TLR4, were used as the control. The phe-
notypes of the two mouse strains were confirmed by an in vitro
proliferation assay using LPS as the stimulant (data not
shown). C3H/HeJ and C3H/HeOulJ mice (five mice per group)
were immunized s.c. with 2.5 or 15 pg of VLPs or capsomeres
over a 2-week interval, and 10 days after the second immuni-
zation, blood samples were collected. Again, VLPs induced
significantly higher IgG titers in the control mice than capso-
meres (for mice immunized with 2.5 pg of protein, P = 0.0079;
for the 15-pg-dose group, P = 0.0084) (Fig. 7). Furthermore,
similar differences between the humoral immunogenicities of
VLPs and capsomeres in the TLR4-deficient C3H/HeJ mice
were observed (for mice immunized with 2.5 pg of protein, P =
0.0079; for the 15-pg-dose group, P = 0.0080). Overall, the
presence of functional TLR4 does not seem to have an influ-
ence on the immunogenicity of L1 particles, as no significant
differences between the humoral immune responses in C3H/
Hel and C3H/HeOuJ mice were observed.

The humoral immunogenicity of L1 capsomeres can be
strongly improved by using a suitable adjuvant system. Next,
we wanted to determine whether the low immunogenicity of
capsomeres can be enhanced by the use of adjuvants. For this
investigation, we selected aluminum hydroxide and a combi-
nation of aluminum hydroxide and the Sigma adjuvant system,
as these are components of the two commercial HPV vaccines.
It has to be noted, however, that the monophosphoryl lipid
A adjuvant (the Sigma adjuvant system) we used is similar
but not identical to the ASO4 adjuvants used in the Cervarix
vaccine, which was not available for our study. In addition to
monophosphoryl lipid A, the Sigma adjuvant system con-
tains synthetic trehalose dicorynomycolate, squalene oil,
and Tween 80.

Mice were immunized s.c. with 10 pg of VLPs or capso-
meres. The protein was administered without adjuvant, ad-
sorbed to 500 g of aluminum hydroxide, or adsorbed to 500
pg of aluminum hydroxide combined with the Sigma adjuvant
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FIG. 6. Invitro TLR activation assay. THP1-Blue CD14 cells were incubated with known TLR ligands [Pam3CSK4 (TLR1/2), 200 ng/ml; a heat-killed
preparation of L. monocytogenes (HKLM; TLR2), 10° cells/ml; poly(I:C) (TLR3), 25 wg/ml; S. enterica serovar Typhimurium flagellin (S. typh. flagellin;
TLRS), 100 ng/ml; FSL-1 (TLR6/2), 10 ng/ml; CpG ODN 1826 (TLRY), 5 uM; or LPS (TLR4), 0.0015 to 1,500 endotoxin units (EU)/ml] as positive
controls, PBS, or a preparation of mock-infected H5 cells as a negative control or with different amounts (25, 100, and 400 pg/ml) of three independent
preparations (A, B, and C) each of VLPs and capsomeres. In this system, the binding of TLR agonists activates signaling pathways and results in the
expression of the NF-kB-inducible SEAP reporter gene. After 24 h, the SEAP content of the cell culture supernatant was determined. Numbers above
columns reflect the LPS contents of the corresponding samples. Signals are shown as relative luminescence units (RLU).

system, containing 50 pg of monophosphoryl lipid A and 50 pg hydroxide combined with the Sigma adjuvant system (VLPs,
of synthetic trehalose dicorynomycolate. The immunogenici- P = 0.0079; capsomeres, P = 0.0079) (Fig. 8). In a direct
ties of both VLPs and capsomeres were increased only slightly comparison, capsomeres adsorbed to aluminum hydroxide still
by aluminum hydroxide alone but significantly by aluminum induced weaker antibody responses than VLPs without adju-
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FIG. 7. Influence of TLR4 on antibody responses after s.c. application of L1 particles. C3H/HeJ or C3H/HeOuJ mice (five per group) were
immunized s.c. twice over a 2-week interval with 2.5 or 15 pg of HPV16 L1 VLPs or capsomeres. Mice immunized with PBS alone served as a
negative control. Ten days after the second immunization, blood samples were collected and the titers of Ll-specific IgG antibodies were
determined using a VLP capture ELISA. The horizontal bars indicate the median values.
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FIG. 8. Adjuvants can in part compensate for the low immunogenicity of L1 capsomeres. C57BL/6 mice (five per group) were immunized s.c.
twice over a 2-week interval with 10 ug of HPV16 L1 VLPs or capsomeres. The protein was administered without adjuvant (w/o adj.), adsorbed
to 500 pg of aluminum hydroxide (alum), or adsorbed to 500 g of aluminum hydroxide in combination with the Sigma adjuvant system containing
50 pg of monophosphoryl lipid A and 50 pg of synthetic trehalose dicorynomycolate in squalene and Tween 80 (alum/MPL). Eight days after the
second immunization, blood samples were collected and the titers of L1-specific IgG antibodies were determined using a VLP capture ELISA. The

horizontal bars indicate the median values.

vant. Together with aluminum hydroxide combined with the
Sigma adjuvant system, capsomeres were about as immuno-
genic as VLPs adsorbed to aluminum hydroxide only but were
less effective than VLPs adsorbed to a combination of alumi-
num hydroxide and the Sigma adjuvant system (P = 0.0079).

These results lead to the conclusion that the humoral im-
munogenicity of capsomeres can be strongly enhanced by using
a suitable adjuvant system.

DISCUSSION

The high production costs of VLP-based prophylactic HPV
vaccines derived from eukaryotic cells will likely prevent rapid
distribution in developing countries, the area where over 80%
of the cervical cancer cases occur (35). Capsomeres are con-
sidered to be a cost-effective alternative to VLP-based vaccines
because they can be produced in bacterial expression systems
and because of their high degree of stability. However, despite
promising results of immunization studies using E. coli-derived
capsomeres (33, 43, 60), no detailed side-by-side comparison of
the immunogenicities of the different L1 particles has yet been
performed. The possible contamination of bacterially ex-
pressed proteins with immunostimulatory endotoxins compli-
cates the direct comparison of capsomeres and insect cell-
derived VLPs. We therefore produced both particle forms in
insect cells and evaluated the immune responses induced after
s.c., intranasal, or oral immunization. Consistent with the ob-
servations of Fligge et al. after the intraperitoneal application
of insect cell-derived HPV33 particles (17), HPV16 VLPs in-
duced, independent of the route of immunization, significantly
higher titers of neutralizing antibodies than capsomeres. To
exclude an influence of contaminating immunostimulatory
molecules, which may very well differ between the particle
preparations, the higher humoral immunogenicity of VLPs was
confirmed using DNA immunization. Moreover, the differ-
ences between mice immunized with VLPs and those immu-
nized with capsomeres were not a consequence of the detec-
tion system, as they were observed both in a VLP capture
ELISA and in an ELISA using capsomeres as the antigen.
Besides the differences with respect to the quantities of the

induced humoral immune responses, the qualities of the anti-
bodies induced by VLPs and capsomeres also seemed to differ,
as there was better correlation between L1-specific IgG anti-
bodies and neutralization activities in VLP-immunized mice
than in capsomere-immunized mice among animals with low
IgG titers. Using a panel of well-characterized HPV16 L1
antibodies revealed differences in the epitope distributions of
VLPs and capsomeres, indicating that some neutralizing
epitopes are missing on capsomeres. However, several anti-
bodies binding important neutralizing epitopes, including
HPV16.V5, which recognizes a major immunodominant
epitope of HPV16 L1 (46, 57), reacted with both particle
forms, which implies that the differences with respect to the
epitope distribution account to only a minor degree for the
lower humoral immunogenicity of capsomeres. Nevertheless,
the capsomeres used in this study deviated by two point mu-
tations (C175A and C428A) from VLPs and are different from
the E. coli-derived capsomeres used in other studies, which
were based on L1 constructs without mutations of cysteine
residues. Therefore, future comparisons using E. coli-derived
capsomeres which are free of endotoxins and other immuno-
modulatory contaminations should be pursued to further con-
firm the differences in humoral immunogenicity.

The differences with respect to the CD8 T-cell responses
were less evident than those with respect to the antibody re-
sponses. In most immunization experiments, no significant dif-
ferences between mice immunized with the different particle
forms were observed, even in the absence of preexisting neu-
tralizing antibodies which might diminish efficient boosting of
CD8 T-cell responses (13, 14). Dendritic cells play a crucial
role in the activation of antigen-specific T lymphocytes (44). As
the CD8 T-cell responses induced by VLPs and capsomeres
were relatively similar, we think it is unlikely that the higher
humoral immunogenicity of VLPs is based on differences in
the interactions of VLPs and capsomeres with dendritic cells or
other antigen-presenting cells. In fact, if splenocytes of L1-
immunized mice were stimulated with VLPs or capsomeres in
an ex vivo ELISPOT assay, the two particle forms activated T
lymphocytes equally well (unpublished data). However, it re-
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mains to be determined whether the two forms, VLPs and
capsomeres, enter and activate dendritic cells equally well.

It has been reported earlier that the activation of B cells by
HPV16 VLPs is dependent on MyD88 and TLR4 (59). We
evaluated the activation of TLRs by different L1 particles in
vitro and the dependence of the induced immune responses on
functional TLR4 in a mouse model. The data provided no
evidence that VLPs and capsomeres trigger TLRs differently.
In fact, our in vitro and in vivo data suggest that TLR4, as well
as the other TLR molecules analyzed, was rather inefficiently
triggered by either VLPs or capsomeres. In C3H/HeJ mice,
which express a TLR4 gene with a dominant-negative muta-
tion, the difference between VLPs and capsomeres with re-
spect to the induced L1-specific IgG titers was very similar to
the difference observed in the C3H/HeOulJ wild-type mice.
Thus, the higher humoral immunogenicity of VLPs is not due
to a higher efficiency of TLR4 activation.

IgM antibodies represent the early humoral immune re-
sponse, as high titers of protective IgM antibodies can, without
the need for isotype switching and largely without CD4 T-cell
help, be induced days before IgG responses develop (3, 6). It
has been reported previously that IgG, but not IgM, responses
are regulated by epitope density and B-cell costimulatory
thresholds (24). However, we observed that capsomeres in-
duced not only lower IgG but also lower IgM responses than
VLPs. Thus, it is unlikely that the difference in the IgG re-
sponses can be explained by different efficiencies of isotype
switching. The degree of antigen organization correlates with
the efficiency of specific B-cell responses and their dependence
on CD4 T-cell help. Viruses or VLPs, which contain epitopes
in an organized, highly repetitive form, can induce IgM and in
some cases also IgG responses in T-cell-deficient mice (2, 52).
The induction of high antibody titers in T-cell-deficient mice by
polyomavirus (PyV)-like particles and HPV16 VLPs has also
been reported previously (22, 52, 59). However, pentamers of
the PyV capsid protein VP1 induce lower humoral immune
responses than VLPs and do not protect T-cell-deficient mice
against challenge with PyV (55). These observations are con-
sistent with our data and results from studies performed pre-
viously demonstrating that HPV capsomeres induce lower hu-
moral immune responses than VLPs (17, 53). It has been
postulated previously that the extensive cross-linking of B-cell
receptors is responsible for the activation of B cells in the
absence of additional T-cell signals (3, 56). In contrast, the
pattern recognition by T cells occurs via antigen-presenting
cells, and T cells do not react directly to highly organized
antigen patterns (4). Thus, our data indicate that the higher
humoral immunogenicity of VLPs than capsomeres is based on
higher levels of cross-linking of B-cell receptors due to higher-
level antigen organization. The similar CDS8 T-cell responses
induced by different L1 assembly forms can presumably be
explained by the fact that T cells are not directly dependent on
repetitive antigen patterns.

Humoral immune responses are dependent on antigen or-
ganization but also on absolute and local antigen doses (61).
Indeed, using larger protein amounts partly compensated for
the lower humoral immunogenicity of capsomeres in our study.
We estimate that at least 20 to 40 times more capsomeres than
VLPs are needed to achieve comparable antibody responses.
Furthermore, we have shown that immunization with capso-
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meres requires the use of a potent adjuvant. In conclusion, in
designing a putative capsomere-based prophylactic vaccine,
the lower humoral immunogenicity should be considered and
overcome by increasing the antigen dose and the number of
booster immunizations and using an appropriate adjuvant.
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