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ABSTRACT The amino terminus of the human papillomavirus (HPV) minor capsid
protein L2 contains a major cross-neutralization epitope which provides the basis for
the development of a broadly protecting HPV vaccine. A wide range of protec-
tion against different HPV types would eliminate one of the major drawbacks of
the commercial, L1-based prophylactic vaccines. Previously, we have reported that
insertion of the L2 epitope into a scaffold composed of bacterial thioredoxin protein
generates a potent antigen inducing comprehensive protection against different ani-
mal and human papillomaviruses. We also reported, however, that although protec-
tion is broad, some oncogenic HPV types escape the neutralizing antibody response,
if L2 epitopes from single HPV types are used as immunogen. We were able to com-
pensate for this by applying a mix of thioredoxin proteins carrying L2 epitopes from
HPV16, -31, and -51. As the development of a cost-efficient HPV prophylactic vac-
cines is one of our objectives, this approach is not feasible as it requires the devel-
opment of multiple good manufacturing production processes in combination with
a complex vaccine formulation. Here, we report the development of a thermostable
thioredoxin-based single-peptide vaccine carrying an L2 polytope of up to 11 differ-
ent HPV types. The L2 polytope antigens have excellent abilities in respect to broad-
ness of protection and robustness of induced immune responses. To further increase
immunogenicity, we fused the thioredoxin L2 polytope antigen with a heptameriza-
tion domain. In the final vaccine design, we achieve protective responses against all
14 oncogenic HPV types that we have analyzed plus the low-risk HPVs 6 and 11 and
a number of cutaneous HPVs.

IMPORTANCE Infections by a large number of human papillomaviruses lead to ma-
lignant and nonmalignant disease. Current commercial vaccines based on virus-like
particles (VLPs) effectively protect against some HPV types but fail to do so for most
others. Further, only about a third of all countries have access to the VLP vac-
cines. The minor capsid protein L2 has been shown to contain so-called neutral-
ization epitopes within its N terminus. We designed polytopes comprising the L2
epitope amino acids 20 to 38 of up to 11 different mucosal HPV types and in-
serted them into the scaffold of thioredoxin derived from a thermophile archae-
bacterium. The antigen induced neutralizing antibody responses in mice and
guinea pigs against 26 mucosal and cutaneous HPV types. Further, addition of a
heptamerization domain significantly increased the immunogenicity. The final
vaccine design comprising a heptamerized L2 8-mer thioredoxin single-peptide
antigen with excellent thermal stability might overcome some of the limitations
of the current VLP vaccines.
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tleast 15 human papillomavirus (HPV) types are associated with cancer of not only

the anogenital but also the oral epithelium (1-3). Clearly, infection with these types
is common, and the malignant process requires additional contributing factors (4-6).
Infection with oncogenic HPV occurs with the onset of sexual activity, and the majority
(i.e., >60 to 80%) of sexually active women become exposed during their lifetime,
primarily in their 20s and 30s (7, 8). While most of the women are able to eliminate the
infection, about 10% develop a persistent infection accompanied by low- and high-
grade intraepithelial lesions (9, 10). This type of infection and the lesions are considered
the main risk factor for development of cervical cancer, and detection and treatment of
lesions have been the main factor in reducing the incidence of cancer (2). The process
of cancer development usually takes 10 to 30 years from initial infection, but lesions
occur much earlier. It is widely accepted that for some of the cancers, in particular
cervical carcinomas, infection with one of the so-called high-risk HPV types is an almost
absolute requirement for the malignant transformation process. During the last 3
decades, a vast amount of epidemiological and molecular evidence has accumulated to
support a causal role of HPV in the development of cervical cancer (11). This research
drove the development of initially two prophylactic vaccines in the early 1990s. The
vaccines have been licensed and introduced to the market in 2006 and 2007, respec-
tively, and ever since, millions of doses have been administered to young female
adolescents or adults. Countries with vaccination programs against HPV such as
Australia and the United Kingdom achieved high vaccine coverage and meanwhile
reported reduction in low-grade lesions and genital warts (12). Recently, an expanded-
spectrum vaccine, comprised of a mixture of virus-like particles (VLPs) from 7 oncogenic
HPVs plus VLPs from HPV6 and -11 has been licensed to a number of countries (13). All
three commercial VLP vaccines are considered a great success for the prevention of
HPV-associated malignancies, as they are safe and efficacious. However, despite these
facts, the VLP-based vaccines come with a number of limitations. First, the neutraliza-
tion epitopes are composed of L1 loops on the surface of VLPs that are poorly
conserved among different HPV types, and consequently, the protection is highly HPV
type restricted with very limited cross-protection. Therefore, the vaccine provides
protection against only some of the oncogenic HPV types. Second, VLP vaccines require
uninterrupted cooling chains for their distribution because they lack stability at ele-
vated temperatures. Third, all three VLP vaccines comprise a rather sophisticated
formulation, and production is complex. Both manufacturers established production
and purification protocols, but the complexity of VLP vaccines might prevent the rise
of cost-effective biosimilars.

Today, there are >200 different PVs known to infect human mucosa and skin (14).
Most of the infections occur unnoticed; however, in immunocompromised individuals
HPV-induced skin lesions are very frequent, and they pose a significant burden in, e.g.,
organ transplant patients. Some of the cutaneous HPV types have been associated with
nonmelanoma skin cancer, but despite molecular evidence, a causal role in the trans-
formation process has not been established yet (15-17). This is also because, unlike
genital cancer, the HPV-positive tumors show a very low viral load with less than one
viral genome copy per cell.

The minor capsid protein L2 was shown to harbor a number of neutralization
epitopes, which are, in contrast to the known L1 epitope, of linear nature, meaning that
they can be presented outside the VLP context on various heterologous scaffolds
(18-20). In particular, the outermost N-terminal region comprising L2 amino acids (aa)
17 to 38 harbors the major cross-neutralization epitope. Antibodies against this epitope
of HPV16 have been shown to neutralize a number of different human and bovine PVs.
Interestingly, the neutralization epitopes of L2 are buried in mature virions but become
exposed and thereby accessible to antibodies during the process of virus entry (21).
This is a comparatively slow process in vitro and in vivo in which the virions become
susceptible to L2-directed immunity. Still, no natural neutralizing anti-L2 humoral
responses have been demonstrated, and immunization with L1 plus L2 VLPs does not
induce such responses either. To induce L2-specific neutralizing antibodies, the
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epitopes have, therefore, been inserted into various scaffolds for presentation. In the
past several years, we have developed bacterial thioredoxin (Trx) protein as a carrier
for HPV L2 neutralization epitopes (19, 22-26). Initially, our antigens were based on
Escherichia coli Trx, but we recently reported that Trx derived from the thermophile
archaebacterium Pyrococcus furiosus (PfTrx) is superior in many respects (26). PfTrx is
extremely heat stable, which is a major advantage not only during the purification
process but also for vaccine distribution strategies. In our studies, however, we also
observed that protection against different HPV types when using L2 epitopes from a
single HPV, e.g., HPV16, is incomplete. By using mixtures of Trx antigens each carrying
an L2 epitope from a different type, we could largely bridge the gaps in protection, but
we realized that only a single-peptide vaccine would be a competitive vaccine candi-
date in aiming to generate cost-effective production and distribution (24). The com-
mercial HPV vaccines are still a product for medium- or high-income societies and are
not introduced in the majority of countries (27). Here, we show development of a
thermostable single-antigen HPV L2-based vaccine which offers simple means of
production and high stability. More importantly, the vaccine induces neutralizing
responses against all 14 oncogenic HPV types tested. Note that currently we are not
able to test against HPV82 for technical reasons. Protection is also achieved against
low-risk mucosal and some cutaneous HPV types. We also demonstrate that the use of
the OVX313 heptamerization domain (positively charged version of IMX313, developed
by Osivax [28]) derived from a complement binding factor boosts both antibody and
T-helper responses.

RESULTS

Different HPV L2 epitopes can be presented as a polytope inserted into PfTrx.
Previously, we have shown that the L2 neutralization epitope comprising aa 20 to 38
derived from a single HPV, such as HPV16, -31, or -51, induces neutralizing antibody
responses against a variety of different HPVs or even bovine papillomavirus 1 (BPV1).
However, immunization with epitopes of single HPVs leaves gaps in the protection
breadth which can be overcome by using mixtures of different antigens. This approach,
however, somewhat contradicts the attempt to develop a broadly protective HPV
vaccine using a simple vaccine design and thereby creates additional hurdles for clinical
development. To reduce the complexity of thioredoxin-L2 vaccine formulation, we
aimed to combine L2 epitopes from different HPV types on two or fewer antigens. In
earlier studies, we have shown that thioredoxin accepts a large insert and still folds into
a soluble active antigen, although this very much depends on the composition of the
insert. In a first approach, we designed three Trx-L2 antigens: two 5-mers and one
11-mer, comprising 10 and 11 different L2 epitopes, respectively. We immunized 10
mice with a mixture of the two 5-mers and the 11-mer formulated in Montanide
adjuvants, respectively, and determined the neutralizing responses against 13 different
oncogenic HPV types. Note that the same total dose of antigen was used for the two
experimental groups, leading to a higher L2 epitope dose for the 11-mer. Results show
that all 13 HPV types tested can be neutralized, albeit with different efficiencies (Fig. 1).
In particular, not all mice developed neutralizing antibodies against HPV51 (7 of 10
negative in the 5-mer mix group and 4 of 10 negative in the 11-mer group) or HPV56
(9 of 10 mice negative for both antigens). Overall, there were no large differences
between the responses against the two 5-mer epitopes or the 11-mer epitope (HPV16
and HPV33, P = 0.3; HPV45 and HPV73, P = 0.1), but the 11-mer induced about
10-fold-higher titers against HPV18 (P < 0.0001). Notably, both polytope formulations
outperformed the previously reported trimeric mix of Trx-16L2 plus Trx31L2 plus
Trx51L2 (data not shown).

OVX313 heptamerization domain increases Trx-L2 immunogenicity. The excep-
tionally high immunogenicity of virus-like particle vaccines has been attributed to the
repetitive epitope display, which presumably favors a hyperactivation of the B-cell
receptors. We asked whether structured multimerization of the Trx-L2 antigen would
lead to an increase in humoral immunogenicity. To answer this, we started with a
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FIG 1 A mix of two 5-mers or a single 11-mer Trx-L2 polytope antigen induces antibodies against a wide range of oncogenic HPV
types.

simple Trx-L2 antigen and then fused the PfTrx HPV16 L2(20-38); antigen with the
heptamerization domain OVX313. This domain is a derivative of the C4 complement
binding protein (C4bp) but has been sequence modified to eliminate similarity to
human C4bp (28). OVX313 has been used previously to boost the immunogenicity of
therapeutic and prophylactic vaccine antigens (29, 30). Functional multimerization
provided by the OVX313 domain was confirmed by analyzing the proteins by SDS-PAGE
using reducing and nonreducing conditions (example shown in Fig. 4B). Only the
OVX313-containing antigens were able to form high-molecular-weight assemblies.

To measure the neutralizing antibody responses induced by PfTrx HPV16 L2(20-
38)5-OVX313, the protein was formulated with alum-monophosphoryl lipid A (MPLA)
and injected intramuscularly. To determine the role of the thioredoxin scaffold, we also
tested HPV16 L2(20-38);-OVX313, in which the HPV16 epitope trimer was directly
fused to the heptamerization domain. Both antigens assemble into higher-molecular-
weight forms which are stabilized by intramolecular disulfide bonds bridging cysteines
within the OVX313 domain (data not shown). The cross-neutralizing antibody
responses against HPV18 and -45 were measured in the standard L1 pseudovirion
(PsV)-based neutralization assay (PBNA) (Fig. 2). The data demonstrate that the pres-
ence of OVX313 in the vaccine construct confers significantly stronger immunogenicity
on the Trx-L2 peptide compared to the corresponding controls. Moreover, the PfTrx
scaffold is essential in obtaining the higher immunogenicity (Fig. 2).

Combination of the OVX313 heptamerization domain with L2 polytopes gen-
erates a potent and broadly protective vaccine antigen. The next step was the
combination of the polytope design and the heptamerization domain. The Trx-L2
11-mer induces a broad response against an array of different oncogenic HPV types
(Fig. 1) but is not designed to target the two low-risk types HPV6 and -11. Based on
sequence analysis and the performance of the two 5-mer antigens when used sepa-
rately, we designed an additional vaccine antigen comprising 7 epitopes of oncogenic
HPV plus the L2 epitope of HPV6 (PfTrx-L2 8-mer).

Consequently, the PfTrx-11-mer-OVX313 and PfTrx-8-mer-OVX313 antigens were
compared in mouse immunization experiments. Groups of 10 mice were immunized
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FIG 2 Inclusion of the OVX313 heptamerization domain in the vaccine formulation increases immuno-
genicity of Trx-L2 antigens. HPV18 and HPV45 L1-PBNA with sera collected 1 month after the last
immunization of mice with PfTrx HPV16 L2(20-38), (-OVX313) and HPV16 L2(20-38), (-OVX313) antigens
formulated with alum-MPLA. PfTrx HPV16 L2(20-38), was used as a control. Symbols represent individual
neutralization titers of immune sera; geometric means of the titers for each group are indicated by
horizontal lines. A P value of =0.05 was considered significant. *, P value < 0.05; **, P value < 0.01; ***,
P value < 0.001.

intramuscularly with PfTrx-11-mer-OVX313 and PfTrx—8-mer-OVX313 adjuvanted with
AddaVax. PfTrx HPV16 L2(20-38),-OVX313 antigen was included as a control. Sera
collected 1T month after the last immunization were analyzed in L1-PBNA and L2-PBNA
(HPV6 only) to evaluate neutralizing antibody titers against six HPV types (Fig. 3). The
results show that PfTrx—8-mer-OVX313 outperforms PfTrx-11-mer-OVX313 in terms of
resulting in significantly higher antibody responses against all HPV types tested in
L1-PBNA. Specifically, the 11-mer antigen failed to induce HPV51 neutralizing antibod-
ies whereas all mice immunized with the 8-mer were positive in the L1-PBNA. Inter-
estingly, both antigens contain the HPV51 L2 epitope. The PfTrx—8-mer-OVX313 anti-
gen also conferred a consistent antibody response against HPV6 evaluated by L2-PBNA
(Fig. 3), while only partial protection was seen for the PfTrx-11-mer-OVX313 antigen.

The PfTrx-8-mer-0OVX313 antigen induces broadly neutralizing antibody re-
sponses against a large panel of high- and low-risk HPV types in mice and guinea
pigs. After identifying the 8-mer polytope as a suitable target structure and an
easy-to-produce vaccine antigen, we wanted to determine in more detail (i) the
broadness of protection and (ii) the influence of the OVX313 heptamerization domain
on the immunogenicity. To allow a side-by-side comparison, groups of mice and guinea
pigs were immunized as before, using the PfTrx-8-mer polytope antigen with and
without the OVX313 domain. For 15 out of the 16 pseudovirions tested (14 human
recombinant HPVs [hrHPVs] plus HPV6 and -11), the OVX313-containing 8-mer polytope
antigen outperformed the monomeric antigen (Fig. 4A). In most cases, a robust
neutralizing response was observed using the low-sensitivity L1-PBNA. In our hands,
achieving neutralization of some HPV types such as HPV31 and -51 cannot be reached
by using L2 epitopes from single, heterologous HPV types (24). The data indicate that
these types can be effectively neutralized by the heptameric 8-mer polytope antigen,
which contains the epitopes of both types. Using the low-sensitivity L1-PBNA, in the
case of HPV56, however, neither of the two antigens induced measurable responses,
and a weak response was observed for HPV39. For guinea pigs, which generally showed
stronger responses against Trx-L2 than did BALB/c mice, neutralization was observed
for all 16 HPV types tested, although two of the four animals did not respond to HPV68
(Fig. 4B). Particularly high titers (2 X 10% to 1 X 10°) were obtained against HPV16 and
-73 in the guinea pigs even when using the low-sensitivity L1-PBNA. Furthermore, the
8-mer polytope, although designed against mucosal HPV, induces neutralizing anti-
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FIG 3 PfTrx-8-mer-OVX313 vaccine induces higher neutralizing antibody responses against 5 different high-risk and one low-risk HPV
type (HPV6) than the 11-mer antigen. Sera were collected from mice (10 per group) 1 month after the last immunization with different
antigens (PfTrx—8-mer-OVX313 and PfTrx-11-mer-OVX313) and analyzed for their ability to neutralize HPV16, -18, -33, -51, and -58
pseudovirions using L1-PBNA (in the case of HPV6, the L2-PBNA was performed). Each symbol represents a single mouse, and geometric
means of the titers for each group are indicated by horizontal lines. A P value of =0.05 was considered significant. The y axis displays ECs,
titers. *, P value < 0.05; **, P value < 0.01; ***, P value < 0.001; ****, P value < 0.0001.

bodies against all 10 cutaneous HPVs tested. In particular, HPV92 and -96 were
neutralized very efficiently. The 8-mer, however, induces only an incomplete response
for HPV5.

We then tested selected pseudovirion types in the sensitive L2-PBNA (Fig. 5A
[mouse sera] and B [guinea pigs]). As expected, significantly higher titers were deter-
mined by this assay. Here, nine out of the 10 mice immunized with the PfTrx-8-mer-
OVX313 antigen showed robust neutralizing titers against HPV56, while all mice
immunized with the monomeric PfTrx-8-mer antigen were still negative. Also, a clear
neutralizing response was observed in mice for HPV39 and -68. The boosting effect of
the OVX313 domain was also visible for the other three HPV types tested. Analyzing the
guinea pig sera by the L2-PBNA revealed very high 50% effective concentration (ECs,)
titers for most of the HPV types of up to 10°.

PfTrx-8-mer-0VX313 immunogenicity is adjuvant dependent. To test different
human-compatible adjuvants in combination with the candidate vaccine, the PfTrx-8-
mer-OVX313 antigen was adjuvanted with alum-monophosphoryl lipid A (MPLA),
glycopyranosyl lipid A (GLA-SE and GLA-AF), and Army liposome formulation-alum
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FIG 4 L1-PBNA of mouse and guinea pig sera immunized with PfTrx-8-mer-OVX313 and PfTrx—8-mer antigens. (A) Sera collected from
mice (10 per group) 1 month after the last immunization with different antigens (PfTrx-8-mer-OVX313 and PfTrx-8-mer) and analyzed
against 16 mucosal and 2 cutaneous HPV type pseudovirions using the L1-PBNA Each symbol represents a single mouse, and geometric
means of the titers for each group are indicated by horizontal lines. The y axis displays EC,, titers. A P value of =0.05 was considered
significant. *, P value < 0.05; **, P value < 0.01; ***, P value < 0.001; ****, P value < 0.0001. (B) The OVX heptamerization domain leads
to stable multimerization of the PfTrx-8-mer antigen. Proteins were analyzed by SDS-PAGE under reducing and nonreducing conditions.
(C) Neutralization titer of sera collected from guinea pigs immunized with either the PfTrx—8-mer-OVX313 or the PfTrx—8-mer antigen.
Note that for HPV92 and -96 titers of >100,000 were observed.

(ALFA) (31-33) and administered to BALB/c mice. Sera were analyzed by the L1-PBNA
to evaluate neutralizing antibody titers against HPV16 PsV. As shown in Fig. 6, the
neutralizing antibody responses elicited by the OVX313 antigen are adjuvant depen-
dent; using the antigen alone results in significantly compromised immune responses
induced by PfTrx-8-mer-0VX313.

Passive transfer of anti-PfTrx-8-mer-OVX313 immune sera provides robust in
vivo protection. In order to evaluate the in vivo efficacy of the candidate vaccine
PfTrx-8-mer—0VX313, passive transfer of immune sera was performed. After final
immunization with the PfTrx—8-mer-OVX313 antigen, sera from 10 vaccinated mice
were pooled and then passively transferred intraperitoneally (i.p.) into groups of
animals, which were subsequently challenged with HPV6, -11, -16, -18, -31, -33, -35, -39,
-45, -56, or -58 pseudovirions, respectively. Preimmune sera were used as control.
Luciferase activity as indicator for the degree of infection was determined 2 days after
pseudovirion instillation. In vivo measured luminescence signals are reported in Fig. 7A
to L; a representative image of the vaginal in vivo challenge with HPV6, -11, and -31 is
shown in Fig. 7M. Passively transferred sera (corresponding to an approximately 1:40
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FIG 4 (Continued)

dilution, serum volume ratio) from PfTrx—8-mer-OVX313-immunized mice provided
clear protection against all HPV infections.

The OVX313 heptamerization domain results in enhanced T-helper responses.
With the exception of some complex antigens showing highly repetitive arrays of
epitopes, the induction of humoral immune responses requires T-helper cell activation.
To evaluate the effect of OVX313 on T-cell responses, two groups of mice were
immunized with the PfTrx—8-mer and PfTrx-8-mer-OVX313 antigens, respectively. The
splenocytes were isolated and stimulated in vitro with recently identified H29 restricted
T-helper peptides (PfTrx-C3, OVX313-I5, OVX313-18, and OVX313-I9 [data not shown])
derived from PfTrx and OVX313 proteins. Consistent with the neutralizing antibody
responses, the presence of OVX313 in the vaccine formulation could significantly
increase the helper response directed against the Trx-specific epitopes in the group of
mice immunized with PfTrx-8-mer-OVX313 compared to the group of mice immunized
with the PfTrx-8-mer vaccine (Fig. 8). A T-helper response was also observed for the
OVX313-I5 epitope; although this epitope was not showing a dominant response in the
enzyme-linked immunosorbent spot (ELISpot) assay, it might additionally contribute to
the L2-directed immune response.

DISCUSSION

In the present study, we exploited a novel strategy to improve the antigenic
properties of the L2-based HPV vaccine and generated notable neutralization antibody
titers against a comprehensive range of high- and low-risk HPV types by fusing the L2
polytope to an OVX313 multimerization platform (PfTrx-8-mer-OVX313). Also, the
vaccine-elicited antibodies protected mice against cervicovaginal HPV pseudovirion
challenge in passive transfer experiments. Results are summarized in Table 1.
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FIG 4 (Continued)

Two commercial HPV vaccines were licensed in 2006 and 2007, respectively, and
hundreds of millions doses have been distributed worldwide ever since. In countries
with high vaccine coverage, the reduction in clinical HPV-associated lesions is visible
and effects on reduction of invasive tumors are expected to be observed in the coming
years. With Gardasil 9, an expanded-spectrum HPV vaccine has been introduced,
targeting two low-risk and seven high-risk HPV types (34). Despite the success of the
commercial HPV vaccines, the incomplete protection against different HPV types and
the requirement for intact cooling chains comprise significant limitations. The latter is,
next to vaccine costs per se, one major factor for the rather poor global use of HPV
prophylactic vaccination. Consequently, about two-thirds of countries worldwide have
not introduced vaccination against HPV into their health care systems (27).

To breach some of the limitations of VLP vaccines, we and others have developed
HPV L2-based strategies to induce broadly protective antibody responses. Moving
toward clinical development in an academically funded setting, we faced the require-
ment of simplifying the antigen composition by developing a single-peptide vaccine.
As we have shown previously, the major cross-neutralization epitope of HPV16 fails to
induce robust responses against certain HPV types, in particular HPV31 and -51. Instead
of bridging this gap by the use of antigen cocktails, we developed single-antigen L2
polytopes inserted into the scaffold of bacterial thioredoxin.

Earlier, we presented data that Trx can, depending on the sequence, accept inser-
tions of up to 360 amino acids. In the present study, we inserted L2 epitopes of up to
11 different high-risk HPV types which, including linker sequences, add up to about
240 amino acids, compared to 100 amino acids of PfTrx. By reevaluating the 11-mer
sequences based on results of vaccination and homology among different HPV types,
we were able to reduce the epitopes to eight, including the epitope of low-risk HPV6
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FIG 5 L2-PBNA of mouse and guinea pig sera immunized with PfTrx-8-mer and PfTrx—8-mer-OVX313
antigens. (A) Sera collected from mice (10 per group) 1 month after the last immunization with different
antigens (PfTrx-8-mer and PfTrx—8-mer-OVX313) and analyzed against 4 HPV pseudovirions using L2-
PBNA. Each symbol represents a single mouse, and geometric means of the titers for each group are
indicated by horizontal lines. A P value of =0.05 was considered significant. The y axis displays EC, titers.
*, Pvalue < 0.05; **, P value < 0.01; ***, P value < 0.001. (B) Neutralization titer of sera collected from guinea
pigs immunized with either the PfTrx-8-mer-OVX313 or the PfTrx-8-mer antigen.

to provide protection against genital warts. Interestingly, we observed different
strengths of neutralization against the HPV types tested, and this was not necessarily
correlated with the presence or absence of the corresponding L2 epitope in the antigen
formulation. For example, the mouse sera failed to neutralize HPV56 PsV in the
low-sensitivity L1-PBNA, although neutralization was observed in the L2-PBNA, for
guinea pig sera in the L1-PBNA, and also in the in vivo challenge model. This could
demonstrate a limitation of the standard neutralization assay for particular HPV pseu-
dovirions. Along this line, we have observed previously that HPV51 L2 antigens induce
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FIG 6 Robust immune responses induced by the PfTrx-8-mer-OVX313 require use of adjuvants. Mice
were immunized with PfTrx-8-mer-OVX313 adjuvanted with alum-MPLA, GLA-SE, GLA-AF, and ALFA,
and sera were analyzed by L1-PBNA 4 weeks after the final immunization. Symbols represent individual
neutralization titers for HPV16; geometric means of the titers for each group are indicated by horizontal
lines. A P value of =0.05 was considered significant. *, P value < 0.05; **, P value < 0.01; ***, P value <
0.001; **** P value < 0.0001.

higher neutralization against HPV16 than do HPV51 pseudovirions (24). The final
improvement in our preclinical antigen development was the fusion with the 55-
amino-acid-long OVX313 heptamerization domain.

OVX313 is a synthetic hybrid domain derived from complement inhibitor C4 binding
protein (C4bp), which acts as a natural inhibitor of classical and lectin pathways of the
complement system (35). The hybrid isoform of C4bp consists of a homoheptamer of
alpha chains in which the last 54 amino acids do not belong to the complement
regulatory proteins. This domain is necessary and sufficient for oligomerization of C4bp
or any other fused proteins (36). The hybrid C4bp domain shows only 20% sequence
similarity to either the murine or the human domain (28), and it does not induce
antibodies against murine and human C4bp. We could demonstrate that Trx-L2-OVX
antigens form multimers which are stabilized by covalent disulfide bonds.

OVX313 has been used previously in clinical trials to boost cellular and humoral
immunogenicity of tuberculosis antigens, although the mode of action of the heptam-
erization domain in this context has not been fully revealed (29). Highly oligomeric
epitope display has been proposed to be the essence of the immunogenicity observed
for VLP-based vaccines, by their intrinsic ability to hyperstimulate B cells (37), although
the simplified model of B-cell receptor cross-linking by antigens has been challenged
recently (38). The higher humoral immunogenicity observed for the OVX antigens was
accompanied with stronger T-helper responses as well. In addition, the mice recognized
an additional helper epitope located within the OVX sequences which, however, was
not immunodominant. Taken together, the data presented in this study do not allow
drawing conclusions whether the OVX effect is directly acting on B cells or whether it
is mediated through the T-helper response. Further, the data also do not allow us to
conclude that heptamerization of the antigen per se is responsible for the effect. To
demonstrate this, mutant OVX peptides would need to be generated, with the caveat
that this also requires modification of the primary OVX sequence.

We observed that the presence of T-helper epitopes can be a limiting factor in
induction of anti-L2 responses using the Trx antigens, for example, in C57/BL6 mice
(data not shown). While we did not observe this for BALB/c mice used in the present
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FIG 7 In vivo protection afforded by anti-PfTrx-8-mer-OVX313 sera compared with sera from nonimmunized animals. Sera from either 10 mice (A to I) or 2
guinea pigs (GP) (J) immunized with the PfTrx-8-mer-OVX313 antigen were pooled and passively transferred into naive mice. Recipient animals were then
transduced with HPV16 (A), HPV18 (B), HPV31 (C), HPV33 (D), HPV35 (E), HPV45 (F), HPV58 (G), HPV39 (H), HPV56 (I and J), HPV6 (K), and HPV11 (L) pseudovirions.
The y axis displays the average radiance measured as photons per second per square centimeter per steradian. The broad protection afforded by
PfTrx-8-mer-OVX313-elicited antibodies compared with preimmune sera is apparent in panels A to |; representative images showing the magnitude of vaginal
infection by HPV6, -11, and -31 PsVs are shown in panel M. The colors (scale shown on the right) indicate the intensity of luciferase expression; an ROI analysis
for average radiance (photons per second per square centimeter per steradian) was performed with Living Image 2.50.1 software. Note that due to the different
in vivo transduction activities of the various HPV pseudovirion types, different scales were used. A P value of =0.05 was considered significant. *, P value < 0.05;
**, P value < 0.01; ***, P value < 0.001.

study, the observation that guinea pigs are responding much more strongly against the
Trx-L2 antigens could also point to the importance of T-helper responses. The immu-
noglobulin gene reservoir in the inbred BALB/c mice is unlikely to account for this, as
we previously isolated high-affinity and broadly neutralizing monoclonal antibodies
from this strain.

Further, our data indicate that OVX cannot fully substitute for Trx, as fusion of L2
epitopes in the context of the Trx scaffold yields significantly higher immunogenicity
than a direct fusion of L2 to OVX, which is consistent with our previous findings that Trx
is well suited for the presentation of L2 neutralization epitopes.

Due to the lower immunogenicity of L2-based vaccines than of VLP vaccines, it is
likely that they will require the use of an adjuvant system. There are only a very limited
number of adjuvants available for use in humans, and the number shrinks further if
limited to those adjuvants for which a license can be obtained, as most commonly used
adjuvant systems are proprietary. In our mouse model, we observed the strongest
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FIG 7 (Continued)

responses using the squalene-based adjuvant AddaVax, a homolog to clinically used
MF59, which is proprietary to Novartis. Besides AddaVax, the Trx-L2-OVX antigens can
be combined well with alum-MPLA or the synthetic Toll-like receptor 4 (TLR4) agonist
GLA formulated in stable oil-in-water emulsion or as an aqueous formulation, at least
for the animal species tested so far. GLA is available for licensing as a clinical-grade
adjuvant.

Testing immune sera raised against the 8-mer polytope, comprising epitopes of
high-risk PV, against a limited number of cutaneous HPV pseudovirions revealed that
the cross-protection exceeds the Alphapapillomavirus genus. Despite all the in vitro and
in vivo models to assess neutralizing antibody responses, there is yet no formal proof
that anti-L2 antibodies will protect against natural HPV infections. Further, our knowl-
edge about protection against natural skin infections by anti-L1 antibodies is limited to
a few animal models such as Mastomys coucha, in which transmission of skin PV
between animals can be prevented by vaccination (39).

Previously, we have shown that the ability to neutralize a particular pseudovirion via
anti-L2 antibodies can be dependent on the primary sequence but also on other
factors, possibly exposure and availability of the epitope (24). We know little about the
number of L2 molecules that need to be targeted in order to prevent infection, and this
might vary for diverse HPV types. For example, the 8-mer polytope described in this
study induces titers in the range of 10 in the case of HPV92 even when determined by
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the low-sensitivity standard PBNA. Interestingly, the L2 epitopes of both HPV92 and
HPV96 are very similar to the epitope of HPV35, which is contained within the 8-mer
polytope. The neutralization assay adapted for detection of anti-L2 antibodies enforces
the exposure of the L2 N terminus and thereby leads to a 10- to 200-fold increase in
neutralization titers, simulating the in vivo entry process in which the virus presumably
first binds to the extracellular matrix (ECM) of the basement membrane before moving
to the target cells (40). It is possible that different titers observed for various HPV types
reflect in part differences in L2 exposure in the cell culture-based assay.

The three commercial VLP-based vaccines have demonstrated great success. A
number of strategies have been reported in recent years to overcome one important
limitation of the L1 antigen, i.e., the highly type-specific humoral antibody response (for
a review, see references 41 to 44). All these approaches have in common that they
present one or more L2 neutralization epitopes in a scaffold. For the latter, virus-like
particles (45-48) or larger portions of the L2 protein itself (49) have been shown to be
essential to increase the low intrinsic immunogenicity of the L2 epitopes. Likewise, we
have reported that bacterial thioredoxin protein can serve as a robust presentation
platform (25). At the same time, we and others observed that a neutralization epitope
from a single L2 protein provides protection against some, but not all, relevant HPV
types, which can be compensated for by simultaneous insertion of epitopes from
different HPV types (24, 48, 49).

In summary, we believe that with the single-peptide vaccine antigen based on a
heptamerized thioredoxin scaffold, we have developed a candidate antigen for clinical
evaluation with the potential of providing broad protection against oncogenic and
nononcogenic HPV types.
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FIG 8 OVX313 augments IFN-y production by T cells. Numbers of IFN-y spots per 10 splenocytes are
compared in two groups of mice immunized with PfTrx—8-mer and PfTrx-8-mer-OVX313. The spleno-
cytes were stimulated in vitro with T-helper peptides (PfTrx-C3, OVX313-15, OVX313-18, and OVX313-19).
Data are shown as the mean = standard error of the mean for 5 mice per group.

MATERIALS AND METHODS

Protein expression and purification. Synthetic DNA encoding the PfTrx HPV16 L2(20-38),-OVX313
and HPV16 L2(20-38),-OVX313 proteins was cloned into the pET26 plasmid in order to express the
recombinant protein in E. coli BL21 cells. The recombinant proteins were purified by ion-exchange
chromatography aided by an arginine-rich motif at the C terminus of OVX313. The OVX313 heptamer-
ization domain represents a positively charged variant of IMX313, developed by Osivax, and is part of the
OligoDOM technology. IMX313 is a derivative of the C4 binding protein (C4bp), which was shown to lack
homology to human C4bp. Next, the purified protein was subjected to gel filtration chromatography on
a Superdex 200 column to separate the heptameric conformation from the monomeric form and from
higher-molecular-weight aggregates. Likewise, two other polypeptides, PfTrx—-8-mer-OVX313 (HPV16,
-18, -31, -33, -35, -6, -51, and -59) and PfTrx-11-mer-OVX313 (HPV16, -18, -31, -33, -35, -39, -45, -51, -56,
-59, and -82), were produced.

For this, synthetic DNAs encoding the 8-mer and 11-mer proteins were cloned into pET26 PfTrx-
0OVX313 plasmid. The PfTrx—8-mer-OVX313 and PfTrx-11-mer-OVX313 proteins were purified by heparin
chromatography. The concentration and quality of the proteins were analyzed by SDS-PAGE-Coomassie
blue staining. Prior to immunization, all proteins were detoxified twice by use of Triton X-114 to reduce

TABLE 1 Summary of neutralization observed for the PfTrx-8-mer-OVX313 antigen in mice and/or guinea pigs

Journal of Virology

Assay or model with animal<:

In vitro PBNA

In vivo passive

Mouse Guinea pig Contribution (%) to:
transfer
HPV type(s) L1 L2 L1 L2 mouse model Cervical carcinoma? Genital warts?
16 +++ +++ +++ +++ +++ 535 0
18 +++ NT +++ +++ +++ 17.2 0
45 +++ NT +++ +++ +++ 6.7 0
31 +++ NT +++ +++ +++ 2.9 0
33 +++ NT +++ +++ +++ 26 0
52 ++ NT ++ +++ NT 23 0
58 +++ NT +++ +++ +++ 2.2 0
35 +++ NT +++ +++ +++ 14 0
59 +++ NT +++ +++ NT 13 0
56 - +++ +++ +++ ++ 1.2 0
51 +++ NT +++ +++ NT 1.0 0
39 + +++ +++ +++ +++ 0.7 0
68 ++ +++ ++ +++ NT 0.6 0
73 +++ NT +++ +++ NT 0.5 0
82 NT NT NT NT NT 0.3 0
40, 42, 53, 54, 55, 83, 84 NT NT NT NT NT 1.2 0
Untyped HPV NT NT NT NT NT 4.4 0
6 +++ NT +++ +++ ++ 0 74
11 +++ NT +++ +++ ++ 0 14

aData from reference 1.
bData from reference 52.

<Symbols and abbreviations: NT, not tested; —, not reactive; +, 1 to 3 mice out of 10 showed a response; ++, 4 to 7 mice out of 10 showed a response; +++, 8 to

10 mice out of 10 showed a response.
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endotoxin levels below 8 IU per ml. Details of the OVX313 protein purification and characterization will
be published elsewhere (53).

Mouse and guinea pig immunization. Six- to 8-week-old female BALB/c mice were purchased from
Charles River Laboratories (Sulzfeld, Germany) and kept at the German Cancer Research Center under
specific-pathogen-free conditions (animal permit G19/13, Regierungsprasidium Karlsruhe, Germany).
Mice, except for those in the clinical-grade adjuvant experiment, were immunized four times at biweekly
intervals with 20 ug of the different detoxified and filter-sterilized antigens adjuvanted with 50% (vol/vol)
AddaVax (InvivoGen) (25 ul, intramuscular injection) or 50 wg aluminum hydroxide (Brenntag) and 10 ug
synthetic monophosphoryl lipid A (Avanti Lipids) (5 ul aluminum hydroxide, 10 ul monophosphoryl lipid
A, intramuscular injection). For the experiment involving a clinical-grade adjuvant, glycopyranosyl lipid
A (GLA-SE) composed of 5 ug GLA (5 ul) and 2% oil (SE; 5 ul) was mixed by brief vortexing, and then
5 pg antigen was added, GLA-AF (5 ug AF [5 ull) and 5 ug antigen were mixed, and for ALFA,
aluminum-adsorbed antigen (50 ug alum and 5 ng antigen) was directly added to lyophilized ALF. GLA
was sourced from Immune Design, Seattle, WA, USA, and ALFA was kindly provided by the Walter Reed
Army Institute of Research. After brief mixing for a minute, the tube was rolled for 1 h at room
temperature until a homogenous solution formed. All the injections were performed intramuscularly in
a 50-ul volume.

Outbred Hartley (Crl:HA) guinea pigs (350- to 400-g female animals) were obtained from Charles River
Laboratories and immunized four times at triweekly intervals with 30 ug of different antigens formulated
with 50% (vol/vol) AddaVax (100 wl, subcutaneous [s.c.] injection). Four weeks after the last immuniza-
tion, blood samples were collected by cardiac puncture.

Pseudovirion preparation. Different types of pseudovirions (PsVs) were prepared by cotransfection
of the human fibroblast cell line 293TT with plasmids carrying humanized HPV L1 and L2 coding
sequences plus a reporter plasmid, and purification was performed by iodixanol gradient ultracentrifu-
gation according to a previously described protocol (18, 23).

In vitro standard L1-PBNA. Unless otherwise stated, the L1 pseudovirion-based neutralization assay
(L1-PBNA) was used to detect neutralizing antibodies in sera against human papillomaviruses. L1-PBNAs
were performed as described previously (23). Briefly, 50 ul of diluted serum (in Dulbecco modified Eagle
medium [DMEM]) was combined with 50 ul of diluted pseudovirion (in DMEM) and incubated at room
temperature for 20 min. Next, 50 ul of HeLa T cells (2.5 X 10° cells/ml) was added to the pseudovirion-
antibody mixture and incubated for 48 h at 37°C in a humidified incubator. The amount of secreted
Gaussia luciferase was determined in 10 ul of cell culture medium using the Gaussia Glow Juice kit
according to the manufacturer’s instructions (PJK GmbH, Germany). The light emissions of samples were
measured 15 min after substrate addition.

In vitro L2-PBNA. The L2 pseudovirion-based neutralization assay (L2-PBNA) was performed as
previously described (40). Briefly, extracellular matrix (ECM) was prepared from overnight culture of
MCF10A cells (2 X 10° cells/ml; culture medium composed of DMEM-F-12, 5% horse serum, 2 mM
L-glutamine, 100 U/ml streptomycin, 100 ug/ml penicillin, 500 ng/ml hydrocortisone, 10 ng/ml insulin,
20 ng/ml epidermal growth factor [EGF]). After one round of washing and cell lysis (phosphate-buffered
saline [PBS] containing 0.5% [vol/vol] Triton X-100-20 mM NH,OH) for 5 min at 37°C, pseudovirion
solution prepared in conditioned medium (collected from CHO furin-secreting cells in the presence of 5
ng/ml of heparin; culture medium composed of DMEM, 10% fetal calf serum [FCS], 200 uM proline, 100
U/ml streptomycin, 100 ug/ml penicillin) was added to the ECM-containing wells. The pseudovirion-
furin-heparin mixture was incubated overnight at 37°C. The next day, the medium was removed and
replaced with an antibody dilution series made in pgsa-745 growth medium (DMEM, 10% FCS, 200 uM
proline, 100 U/ml streptomycin, 100 wg/ml penicillin). The plate was then incubated at 37°C for 2 h to
allow efficient antibody binding to target epitopes. Following this incubation, pgsa-745 cells were added
directly to the antibody-containing wells to a final concentration of 1.6 X 105 cells/ml. For all experi-
ments, 3-fold dilution series of antisera were made starting with an initial dilution of 1:50. The activity of
secreted Gaussia luciferase was measured as described above.

Data were analyzed, and 50% inhibitory concentrations (IC,) were determined using the GraphPad
Prism software program. All L2-PBNA cell lines, including pgsa-745, CHO furin, and MCF10A, were kindly
provided by John Schiller’s laboratory (NIH, Bethesda, MD), and authenticity was confirmed periodically
by multiplex cell authentication (MCA) assay (50).

ELISpot assay. Splenocytes (1 X 10) from vaccinated mice were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 10 mM HEPES buffer, 100 U/ml
streptomycin, and 100 wg/ml penicillin and stimulated with a panel of 20-mer peptides derived from
PfTrx and OVX313 protein sequences (PfTrx-C3, DIQIVHINAGKWKNIVDKFN; OVX313-15, VCGEVAYIQSVVS
DCHVPTA; OVX313-I8, LLEIRKLFLEIQKLKVEGRR; OVX313-19, RKLFLEIQKLKVEGRRRRRS) at a concentration
of 10 ng peptide/ml (Mimotopes, Australia). Briefly, Multiscreen IP plates (Merck Millipore, Germany)
were coated with anti-mouse gamma interferon (IFN-y; BD Pharmingen, USA). After 40 h of incubation
of peptide-stimulated splenocytes at 37°C, cells were washed and cytokine spots were developed using
biotinylated anti-mouse IFN-y antibody (BD Pharmingen, USA), alkaline phosphatase (AKP) streptavidin
(BD Pharmingen, USA), and 1-Step nitroblue tetrazolium (NBT)-5-bromo-4-chloro-3-indolylphosphate
(BCIP) substrate (Sigma, USA). Concanavalin A and unstimulated splenocytes were used as positive and
negative controls, respectively. Spots were counted using an ELISpot reader (AID, Strassberg, Germany).
The number of spots in medium-stimulated splenocytes was subtracted from the number in peptide-
stimulated cells to generate the net number of peptide-specific spot-forming units (SFUs).

In vivo neutralization in the cervicovaginal mouse model. The mouse cervicovaginal model
experiment was performed as described previously (51) with minor modifications (animal permit number
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G246/11). The passive transfer assay was performed over the course of 8 days. On day 1, BALB/c male
mouse cage bedding was transferred to the cages of female mice to induce hormonal synchronization
(Whitten effect). On day 3, 100 ul of 30-ug/ml medroxyprogesterone acetate (Depo-Provera; Pharmacia)
was injected subcutaneously (s.c.). One hundred microliters of serum from immunized mice (diluted 1:2
with PBS) was delivered i.p. to each mouse on day 5. On day 6, mice were treated intravaginally with 50
ul of 4% Nonoxynol-9 (N9; Spectrum) in 4% carboxymethyl cellulose (Sigma). Four hours after N9
treatment, HPV pseudovirions encapsidating a firefly luciferase plasmid in 4% carboxymethyl cellulose
(Sigma) were instilled intravaginally. Luminescence-based imaging using a Xenogen in vivo imaging
system (IVIS) imager (Xenogen Corporation; PerkinElmer) was performed on day 8, and the efficiency of
L2-directed immune responses was assessed after intravaginal instillation of 20 ul luciferin substrate (15
mg/ml; Promega). A region-of-interest (ROI) analysis was performed using Living Image 2.50.1 software
(Xenogen; PerkinElmer). Background signal was obtained and subtracted by imaging each group of mice
prior to installition of luciferin.

Statistical analysis. Statistical significance was determined with the nonparametric Mann-Whitney

test performed with GraphPad Prism 6.00 (GraphPad Software, USA); differences between groups were
considered significant at a P value of <0.05.
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