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Abstract

Genetically modified bacterial flagellin (Fla), a Toll-like receptor-5 (TLR5) ligand, was evaluated 

as a fusion partner for human papillomavirus (HPV) L2-based immunogens in two animal 

challenge models; either cutaneous inoculation of rabbits with HPV ‘quasivirions’ containing 

cottontail rabbit papillomavirus (CRPV) genomes that induce warts, or intra-vaginal inoculation of 

mice with HPV ‘pseudovirions’ encapsidating a luciferase reporter plasmid and measurement of 

bioluminescence to determine infectivity. An Escherichia coli production system was developed 

for flagellin-L2 (Fla-L2) fusions containing either monomeric HPV-16 L2 a.a. 11(× 11–200) or 

oligomeric L2 comprising a fusion of the a.a. 11–88 peptides of five (Fla~5 × 11–88) or eight 

(Fla~8 × 11–88) genital HPV types. Immunogenicity and bioactivity of Fla-L2 constructs were 

assessed using an in vitro neutralization and cell-based TLR-5 binding assay, respectively. 

Efficacy was evaluated following active immunization of rabbits or mice administered 3 

intramuscular doses of Fla-L2 recombinants without exogenous adjuvant, followed by challenge. 

In addition, passive immunization studies of naïve rabbits with serial dilutions of pooled immune 

sera were used to determine End-Point Protection Titers (EPPT) for each formulation against a 

broader spectrum of HPV quasivirions. Efficacy was assessed for up to 10 weeks on the basis of 
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wart volume induced following challenge and results compared to licensed L1-VLP vaccines 

(Gardasil and Cervarix). Following active immunization at doses as low as 1 μg, Fla-L2 fusions 

afforded complete protection against infection (mice) and disease (rabbits) following either 

homologous or heterologous HPV challenge. Passive immunization with anti-L2 immune sera 

discriminated between the different vaccine candidates under evaluation, demonstrated the 

protective role of antibody and suggested the superiority of this oligomeric L2-TLR5 agonist 

fusion approach compared to L1-based vaccines in its ability to cross-protect against non-vaccine 

HPV types.
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1. Introduction

Over 120 identified HPV types have been classified into five genera: Alpha-, Beta-, 

Gamma-, Mu- and Nu-papillomaviruses [1]. Most alpha HPV types infect the genital tract 

and are sexually transmitted. Within the alpha papillomaviruses, fifteen genotypes [2–8] are 

classified as “high-risk” (HR-HPV) and are considered the causal agents of cervical cancer 

[9] (Fig. 1A). Cervical cancer represents 9% of cases of female cancer and is the third 

leading cause of cancer in women worldwide, with more than 529,000 new cases and 

275,000 deaths per year [10], and 99% of cases contain HPV DNA [11,12].

Both HPV vaccines, Gardasil (Merck & Co. Inc.) and Cervarix (GlaxoSmithKline), are 

based upon virus-like particles (VLPs) derived from major capsid protein L1 and are 

licensed for protection against the two HPV types (HPV-16 and HPV-18) that cause 70% of 

cervical cancers, 80% of anal cancers, 60% of vaginal cancers, and 40% of vulvar cancers. 

Gardasil also targets the two HPV types that cause 90% of benign genital warts, HPV-6 and 

HPV-11. Although there is accumulating evidence suggesting that HPV vaccination also 

confers some cross-protection against types most closely related to those used to produce the 

VLPs, efficacy against non-vaccine non-alpha-7/9 HPV types is significantly lower [13,14], 

and this cross-protection may potentially wane faster than immunity to the vaccinal types 

HPV16 and HPV18 [15]. In addition, the non-vaccine HR-HPV types tend to induce 

cervical intraepithelial neoplasia grade 3+ (CIN3+) more slowly than the vaccine-targeted 

types(9), which implies that CIN3+ caused by slow progressor HPV types may account for a 

higher percentage of CIN3+ over time [16]. Therefore a new generation of broader spectrum 

HPV vaccines is being developed, including a 9-valent L1-VLP vaccine including 7 HR-

HPV types 16, 18, 31, 33, 45, 52 and 58, and the low risk types HPV6 and 11 (Merck & Co. 

Inc., NCT00543543). A potential benefit to the development of the 9-valent vaccine is to 

lower the continuing need to screen after vaccination.

The potential impact of widespread HPV vaccination in developing countries, wherein 80% 

of cervical cancer cases occur, is enormous, but the current cost of HPV vaccination remains 

a barrier to their introduction [17]. Reduced dosing schedules for the L1-based vaccines may 

be sufficient and reduce cost [18]. HPV vaccines are licensed in many low- and middle-
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income countries, although few have established national immunization programs. Although 

tiered pricing and 2-dose regimens have potential to greatly expand access, an affordable 

HPV vaccine covering the majority of HR-HPV incident infections is still urgently needed 

[19].

A cost-effective HPV vaccine based on a single antigen Escherichia coli- produced minor 

capsid protein L2 might address this problem. Vaccination with the N-terminus of the L2 

protein protects animals from experimental challenge with either animal papillomaviruses 

[19–21] or HPV pseudovirions that carry a reporter plasmid [2,20]. The N-terminus of L2 

does not assemble into a VLP but does effectively present its linear protective epitopes when 

fused in tandem with the same region of several HPV types [22]. Indeed immunization with 

such concatemers/multimers of L2 derived from several high risk HPV types, induces 

neutralizing antibodies that protect mice from vaginal HPV challenge by diverse genotypes 

[22] despite eliciting neutralization titers significantly lower than L1 VLP vaccines [23].

Engagement of TLRs by their cognate agonists and the subsequent signaling within antigen 

presenting cells (APC) leads to enhanced processing and presentation of antigens that are 

co-delivered to those APC [24,25,26]. A TLR-2 agonist was required to adjuvant a short L2 

epitope (HPV16; AA 17–36) linked to a universal T-helper epitope and provided mice 

protection against heterologous HPV challenge [2]. Further, use of an adjuvant with L2 

multimer vaccination is an important factor in obtaining effective protection [22], and 

inclusion of a TLR agonist, such as monophosphoryl lipid A (MPL) or CpG, with 1 μg L2 

multimer formulated in alum can provide dose sparing [27].

The principle of utilizing flagellin as a carrier/adjuvant is well described [28–31]. The 

adjuvant property of flagellin is mediated by TLR5, linking innate and adaptive immunity 

via MYD88 and TRAF6, leading to NF-κB activation, cytokine secretion and an 

inflammatory response [28,29,32,33]. Epitope based vaccines delivered via fusion with 

flagellin are efficacious against a number of viral [34–36] and bacterial [37,38] targets. The 

safety and ability to induce protective levels of serum antibody have been demonstrated in 

preclinical [4,5,34–36,39–41] as well as in recent clinical studies [42,43] of flagellin-based 

candidate influenza vaccines. Therefore fusion with flagellin, which offers a combination of 

TLR activity and T-helper epitopes, was examined as a self-adjuvanting carrier for L2.

2. Materials and methods

Detailed descriptions of all methods are shown in Supplemental materials.

2.1. “L2-based” in vitro neutralization method

Flat bottom 96-well cell culture plates were coated with Extra Cellular Matrix prepared from 

MCF10 cells [23], covered with neutralization medium (DMEM without phenol red, 10% 

FBS, 1% non-essential amino acids, 1% GlutaMax) and incubated the plate at 37 °C, 5% 

CO2 culture incubator for 4 h. Plates were washed three times with PBS and 80 μL of the 

diluted PsV prepared in Delta Furin CHO conditional Medium were added to each well. 

Plates were incubated in a 37 °C culture incubator overnight, carefully washed three times 

with PBS and 80 μL of the neutralization medium was added to each well. 20 μL of serially 
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diluted antiserum (in neutralization medium) was added to each well and the plate was 

incubated at 37 °C culture incubator overnight. Upon completion of incubation, 100 μL of 

medium containing 104 pgsA-745 cells (ATCC, VA) were added to each well. Cells were 

incubated at 37 °C for 72 h, and cell supernatants were analyzed for luminescence using 

New England BioLab’s BioLux Gaussia Luciferase Assay Kit (NEB#E3300L, NewEngland 

Biolabs, MA), using 15 μL supernatant and 50 μL of GLuc assay solution provided in the 

kit.

2.2. Vaginal HPV challenge (mice)

Mice received 3 mg of medroxyprogesterone (Depoprovera; Pfizer) diluted in 100 μL of 

sterile PBS in a subcutaneous injection 4 days prior to HPV pseudovirus challenge. The 

pseudovirus inoculum was a 20 μL dose composed of purified HPV pseudovirus carrying 

the luciferase reporter gene mixed in 2% carboxymethyl cellulose (CMC) (Sigma C5013). 

The virus was delivered in two doses. Half was deposited into mouse vagina by using an 

M50 positive-displacement pipette (Gilson). A cytobrush cell collector was inserted in the 

vagina and twirled clockwise and counterclockwise 10 times, and the remaining 10 μL was 

introduced. Three days later, the mice were anesthetized to effect with isoflurane (Baxter), 

luciferin (20 μL at concentration of 7.8 mg/ml) was deposited intravaginally, and their 

images were acquired for 10 min using Xenogen IVIS 200, as previously described [45]. 

The average radiance within the region of interest was determined.

Statistical analysis

One-way ANOVA and Bonferroni’s multiple comparison tests were performed with 

GraphPad 4.0 (GraphPad Software, San Diego, CA).

3. Results

In our initial immunization studies in rabbits using HPV16 L2 (a.a. 11–200) fused to full 

length flagellin, the antibody response predominantly targeted the immunodominant domain 

D-3 of Flagellin (Fig. 1B), whereas minimal L2-specific antibody was detected by ELISA, 

albeit still sufficient for complete protection against challenge with HPV16 and HPV18 

(data not shown). Since the D3 domain is not required for TLR5 activation, a flagellin D3 

domain deletion (Fla~; Fig. 1B) was instead fused to HPV16 L2 a.a. 11–200 (Fig. 1C). This 

construct (Fla~ 1 × 11–200) retained its ability to activate TLR5 signaling (Supplementary 

Fig. 1D) and afforded a significant shift of immune response toward L2 (data not shown), 

and therefore this Fla~ backbone was selected for further studies.

Two versions of concatenated L2 representing either alpha-9 and -7 species (Fla~5 × 11–88) 

or all five oncogenic alpha species (Fla~8 × 11–88) were selected (Fig. 1A and C). Both of 

these oligomeric fusions also contain an HPV6 L2 sequence from the alpha-10 species, and 

the most common type found in genital warts (Fig. 1). Both multimeric recombinants were 

fused to the C terminus of FlaΔD3. A FlaΔD3 alone construct (Fla~) was used as a control.

Each Fla~L2 fusion and Fla~ was purified to homogeneity (Supplementary Fig. 1A–C), and 

tested for TLR5-dependent signaling in a cell-based assay (Supplementary Fig. 1D). As it is 

evident from Supplementary Fig. 1D, all Fla-L2 fusions activated TLR5 signaling. However 
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recombinants with longer L2-fusions triggered TLR5 activation at slightly higher doses than 

Fla~, suggesting some steric hindrance in ligand binding by L2 concatamers.

For in vivo efficacy assessments, the schedule of immunization is shown in Supplementary 

Fig. 2. Groups of ten mice were immunized on days 0, 14 and 28 with 25 μg of Fla~L2 

immunogen alone, or one-tenth the human dose per animal of each commercial L1-based 

vaccine. Groups of five rabbits were immunized on days 0, 21 and 42 with 125 μg of Fla~L2 

protein alone, or a full human dose per animal of Gardasil or Cervarix. Both species were 

bled before challenges (mice at day 42, and rabbits at day 77), and the sera were utilized to 

measure humoral immune responses.

Serum antibody responses were first assayed for in vitro neutralization (IVN) titer using 

pseudovirions (PsV) of HPV16 and HPV18 (Fig. 2). In both rabbits and mice, Gardasil and 

Cervarix demonstrated similarly robust PsV16 and PsV18 neutralization titers, two orders of 

magnitude higher than those elicited by L2-based constructs. In mice Fla~1 × 11–200 

elicited higher PsV16 neutralizing titers than Fla~5 × 11–88 (P = 0.0023), but in rabbits 

there was no difference (P = 0.6857). A significant difference between mono-and 

oligomeric-L2-vaccines was observed in rabbits for PsV18 neutralization titer (P = 0.0286). 

While PsV18 neutralization titers induced by Fla~5 × 11–88 were higher than for Fla~1 × 

11–200, the results in mice were lower and variable. Immunization with Fla~1 × 11–200 did 

not result in a detectable PsV18 neutralizing response in either species. However, recent 

studies have suggested that the conventional neutralization assay is insensitive for L2-

specific neutralizing antibodies, and a modified “L2-based” assay has been developed to 

improve sensitivity [23] by utilizing spatiotemporal separation of HPV binding phases to 

primary (HSPG) and secondary (unknown) receptors, which is thought to better reflect the 

infectious process in vivo [23]. This approach allowed detection of neutralizing titers for 

anti-Fla~1 × 11–200 sera across all HPV types tested, albeit at lower levels than for Fla~5 × 

11–88 antisera (Table 1).

While greater neutralization afforded by Fla~5 × 11–88 against HPV18 challenge compared 

with Fla~1 × 11–200 is likely associated with incorporation of homologous L2 sequence, the 

fact that HPV45 PsV was neutralized to a similar extent yet HPV45 L2 was not incorporated 

into Fla~5 × 11–88 might be attributed to expansion of B-cell clones recognizing the most 

conserved features of the five L2 types, which are also represented in L2 HPV45. To 

examine the breadth of cross-protection afforded by mono- and oligomeric-Fla-L2 fusions, 

mice were challenged intra-vaginally at 4 months post vaccination with luciferase-

expressing PsV56, derived from an alpha-6 papillomavirus type that is not directly targeted 

by either vaccine (Fig. 3A). Monomeric Fla~1 × 11–200 as well as L1-VLP vaccines 

showed only partial efficacy (41 and 76% reduction of bioluminescence (RoB), 

respectively), while the oligomeric L2 fusion (Fla~5 × 11–88) produced more dramatic 

reduction in bioluminescence (98% RoB), the quantitative marker of infection (Fig. 3A).

After confirming the limits of protection of the monovalent Fla~1 × 11–200 immunogen, the 

remaining murine studies were focused on assessing breadth of protection using multimeric 

Fla-L2 constructs. The Fla~5 × 11–88 and Fla~8 × 11–88 immunogens (Fig. 3B) were tested 

for protective efficacy against vaginal challenge with a homologous (HPV16) or 
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heterologous (HPV33 and HPV35) PsVs (Fig. 3C and D). These immunogens provided 

similarly robust protection against challenges with HPV16 (~98% RoB), HPV33 (~87% 

RoB) and HPV35 (~99% RoB). Conversely, L1-vaccine protection was robust for the 

homologous type HPV16 (99% RoB), and differentiated against the heterologous type 

HPV33 (87% and 77% RoB for Cervarix and Gardasil, respectively), HPV35 (~62% RoB 

for both vaccines). In contrast to HPV16 and 56, both HPV 33 and 56 efficacy windows 

were small reducing the precision of estimates, reflecting intrinsically different infectivity of 

PsV types rather than the use of less challenge virus as determined by L1. Although the lack 

of Fla~ only controls in the initial mouse studies is to be noted, it is unlikely that generalized 

immune activation via TLR5 played a role in protection since immunization of rabbits with 

this antigen did not elicit protection.

Surprisingly, when rabbits were immunized, the commercial and Fla-L2 vaccines were 

similarly protective against experimental cutaneous challenge with all six quasivirus (QV) 

types tested (HPV types 6, 16, 18, 31, 45, 58) at 1 month (Supplementary Fig. 3A–D), 6 

months (Supplementary Fig. 4A–D) and 12 months (Supplementary Fig. 5A–D) post 

immunization. This cross-protection may reflect the use of a high dose (the same as that for 

humans) of the licensed vaccines and challenge at peak immunity. Notably, the Fla-L2 

vaccines provided significant protection against CRPV challenge, but the L1 vaccines did 

not.

To investigate further the role of antibodies in protection, a passive transfer of serially 

diluted pooled serum samples was administered via the intravenous route into naive rabbits 

followed by a challenge with the same set of HPV types as in the active immunization 

phase. Efficacy was quantified as EPPT determined as the highest serum dilution sufficient 

for complete protection, e.g. the EPPT for Fla~5 × 11–88 antiserum against HPV45 QV 

challenge is determined as 100 because the first warts appeared on animals immunized with 

serum dilution of 1/500, and therefore the EPPT is considered as the prior dilution 

(Supplementary Fig. 6A and B).

Passive transfer of immune sera into naïve animals better allowed discrimination between 

HPV vaccines. The EPPT of L2-based immunogens (Fla~1 × 11–200 and Fla~5 × 11–88) 

showed broader protection compared to both licensed L1-based vaccines (Table 2). Indeed, 

immunization with Fla~1 × 11–200 resulted in EPPTs higher than 20 against all types 

except for HPV45 and CRPV, while L1 vaccines provided strong (EPPT = 2500), but 

mostly type-specific protection. Anti-Fla~5 × 11–88 sera exhibited robust EPPTs ranging 

from 100 to 2500 across all challenge types tested.

A study designed to determine the minimum protective dose for a flagellin fusion was then 

conducted. A dose escalation study in rabbits with Fla~5 × 11–88 was evaluated; strong 

protection against all HPV types tested, as well as partial protection against CRPV, was 

demonstrated at doses of this Fla-fusion as low as 1 μg (Fig. 4). This is consistent with the 

recent human data for flagellin fusions displaying the influenza protective determinants 

(M2e and HA), which were shown to be efficacious at doses of 1–8 μg [42,43]. Importantly, 

vaccination at the highest dose (125 μg) with the Fla~ alone immunogen alone did not 
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confer protection from challenge by any type, demonstrating that immunity is L2-dependent 

rather than a consequence of a broad innate activation via TLR5 signaling.

4. Discussion

The commercial L1-VLPs vaccines are known to provide robust protection against HPV16 

and HPV18, and this was borne out in our rabbit model. In addition, clinical data supports 

significant activity against HPV types most highly related to HPV16 and HPV18; for 

HPV31 77.1% (95% CI 67.2–84.4) for Cervarix vs. 46.2% (15.3–66.4) for Gardasil vaccine; 

P = 0.003), for HPV 45 (79.0% (61.3–89.4) vs. 7.8% (−67.0 to 49.3); P = 0.0003), but there 

is little evidence for activity against HPV58 with either vaccine [46]. Vaccination of rabbits 

with either vaccine was protective against HPV31 and Cervarix was protective against 

HPV45, as might be expected from the clinical data. However, both vaccines were 

protective against HPV58 in the rabbit model, and Gardasil was also protective against 

HPV45. Gardasil is also highly protective against HPV6 in both humans and the rabbit 

model because it contains HPV6 L1 VLPs, whereas Cervarix does not. Unexpectedly, 

vaccination of rabbits with Cervarix elicited cross-neutralization and protection against 

HPV6 challenge. However, although the early trials of Cervarix did not test for efficacy 

against HPV6, a population in the United Kingdom vaccinated with Cervarix showed 

significant reductions in genital warts [47] that are predominantly associated with HPV6 

infections, and a 35% (95% CI 9–54%) protection against HPV6 was detected in a post hoc 

analysis of a Cervarix trial [48]. Although a higher efficacy was observed in the rabbit study, 

this may reflect the use of a full human dose of Cervarix in the rabbits and that the animals 

were challenged at 1 month after the third dose. One-month post third vaccination likely 

reflects the peak immune response, whereas the clinical data reflects challenges that 

occurred over an extended period after vaccination where we speculate that weak cross-

protective immunity might wane. Indeed, this level cross-protection by vaccination with the 

licensed HPV vaccines was not seen in the mouse model (herein and [49], probably because 

the vaccination dose was lower (1/10th of human dose) and the neutralization response was 

weaker in mice, but it may also reflect the delivery of a luciferase-expressing vector rather 

than the CRPV genome by PsV used in the rabbit model.

Passive immunization of naïve rabbits with Gardasil antiserum provided robust protection 

against HPV6, 16 and 18 challenge with EPPT of 2500, further supporting a central role for 

type-specific neutralizing antibodies in mediating protection. However, passive 

immunization with Gardasil antiserum provided no cross-protection, and analogous results 

were obtained with Cervarix antiserum except for weak cross-protection against HPV31 

(EPPT of 100), and these findings are more in line with clinical observations of their 

efficacy.

The differences observed in cross-protective efficacy between the active and passive 

immunization models, suggests either a possible role of L1-specific cell-mediated immunity 

in protection elicited in rabbits by active vaccination with the commercial vaccines or that 

insufficient sera (maximally a 1:20 final dilution in the host) was transferred. Since neither 

of the L1 VLP-based vaccines protected against CRPV virion challenge (which deliver the 

same CRPV genome as is packaged by the HPV PsV), T cell-mediated protection would 
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require recognition and killing of the keratinocytes as the HPV PsV enter the cells rather 

than as a consequence of CRPV L1 expression, an unlikely scenario.

The more likely explanation for the unexpectedly broad cross-protection by the commercial 

vaccines in the active immunization rabbit model is that protection is mediated by low levels 

of cross-neutralizing antibodies. There is good evidence for the induction of low level cross-

neutralizing antibodies against HPV31 and HPV45 by the commercial vaccines, although 

not for HPV58. Furthermore, in vivo protection in the mouse cervicovaginal challenge assay 

has been shown to be a more sensitive measure of protective VLP antibodies than in vitro 

neutralization assays [17] and the rabbit challenge model may be similarly sensitive.

The passive immunization method reported here provides a powerful tool for assessing 

protective thresholds for different vaccine formulations. It is noteworthy that both EPPT 

profiles of the antisera to the commercial vaccines in the rabbit challenge model (Table 2) 

and the data from active vaccination studies in the mouse model are generally consistent 

with clinical trial results [8,14], in that neither offer complete protection for most non-

vaccinal types.

In contrast to the L1 vaccines, Fla-L2 demonstrated significant protection not only against 

all HPV PsV challenges but also against CRPV virion challenge, which can be attributed to 

cross-neutralizing antibodies rather than a cell-mediated response since the cross-protection 

was passively transferred in serum. Indeed HPV16 L2 11–200 vaccination of rabbits has 

been reported previously to be efficacious against CRPV virion, but not CRPV naked DNA 

challenges, and to afford no therapeutic benefit [21].

Although vaccination with HPV16 L2 11–200 fused to Fla~ elicited significant cross-

protection against CRPV virion and HPV PsV challenges in rabbits, it is clear that the 

multimeric construct provided significantly broader immunity upon both active and passive 

immunization. Further, in the mouse vaginal challenge model, the multimer constructs were 

more broadly protective against diverse types of HPV PsV than Fla~1 × 11–200, similar to 

data obtained without the Fla~ fusion [27]. In contrast there was no significant difference in 

the cross-protection elicited by Fla~5 × 11–88 and Fla~8 × 11–88, as recently described for 

similar constructs without the Fla~ fusion [27]. Since neither immunogen contained an 

HPV56 L2 sequence (Fig. 1A), the superior efficacy against PsV56 of Fla~5 × 11–88 over 

Fla~1 × 11–200 further supports the concept that multitype L2 immunization may 

preferentially expand cross-reactive B cells [22].

In summary, we show that vaccination with oligomeric Fla~L2 induces cross-protection 

against divergent HPV types from different oncogenic clades after challenge at both 

cutaneous and mucosal sites in relevant animal models. Following active immunization, 

oligomeric Fla-L2 fusions provided complete protection against infection and disease 

induced by both homologous and heterologous HPV challenge. The longevity of the cross-

protective immune response was demonstrated for Fla~L2 vaccines for up to 1 year. 

Through the determination of the EPPT, passive transfer studies showed broader cross-

protection afforded by L2 delivered as a flagellin fusion than by L1 VLPs. These findings 

suggest the merit of an oliogomeric L2-TLR5 agonist fusion approach and its potential 
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superiority to L1-based vaccines for cross-protection against non-vaccinal HPV types. Dose 

ranging studies indicate the dose-sparing potential of the flagellin approach with significant 

cross-protection observed at doses as low as 1 μg.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Supplementary data associated with this article can be found, in the online version, at http://
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Fig. 1. 
Phylogenetic tree of alphapapillomavirus and design of Fla-L2 vaccines. (A) Phylogenetic 

tree of alpha papillomavirus based on L2 amino acid sequences was built using the 

neighbor-joining Jukes-Cantor method [1]. The final tree is a consensus made from 

bootstrap resampling of 100 replicates. The circular representation was generated using 

Dendroscope [2]. Bold red font indicates HPV types represented in nona (9)-valent Merck 

vaccine (NCT00543543); blue lines indicate HPV types associated with cancers; pink 

background indicate HPV types against which licensed vaccines are ~100% protective; 

yellow background indicates HPV types reported to be weakly cross-protected by licensed 

vaccines. Alpha clade numbering is designated over the brackets. (A) (inset) – General 

characteristics of alpha clades (cited from Schiffman et al. [3]). (B) 3D models of Flagellin 

modified from [4]. Domain D1, D2, D3 domains are depicted by color. (C) A diagram 

showing the composition of L2 inserts for individual Fla-L2 vaccine candidates. Individual 

subunits were derived from different HPV species. Specific α-clades for each type 

represented in vaccine is depicted below Fla~8 × 11–88 L2 diagram. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of the 

article.)
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Fig. 2. 
HPV16 and HPV18 neutralizing serum antibody response elicited by Fla~1 × 11–200 and 

Fla~5 × 11–88 in mice and rabbits (conventional in vitro neutralization (IVN) method [44]). 

Neutralizing potency of individual pre-challenge anti-Fla~1 × 11–200, Fla~5 × 11–88, 

Gardasil™ and Cervarix® serum samples from mice (left panels) and rabbits (right panels) 

were compared via conventional IVN method [44] against pseudovirions (PsV) of HPV16 

and 18 (see Section 2). Neutralization titers for both L2 vaccines against HPV16 (upper 

panels) were similar, while against PsV18 were dramatically different: Fla~5 × 11–88 

induced significant anti-PsV18 response, while Fla~1 × 11–200 immunization did not result 

in detectable PsV18 neutralization titers (lower panels). L1-VLP vaccines elicited circa two 

order of magnitude higher neutralizing responses to both pseudiovirions than Fla-L2 fusions.
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Fig. 3. 
Protective efficacies of Fla~1 × 11–200, Fla~5 × 11–88, Fla~8 × 11–88 against various HPV 

type vaginal challenges in mice. (A) Vaginal challenge with pseudovirion of HPV56. Mice 

(10 per group) were immunized biweekly with 3 doses of either of Fla~1 × 11–200, Fla~5 × 

11–88, Gardasil™ or Cervarix® and challenged with heterologous pseudovirion HPV56 at 

164 days post immunization (see Section 2 and Supplementary Fig. 1). (B–D) Vaginal 

challenge with pseudovirion of HPV16, 35, 33. Mice (10 per group) were immunized 

biweekly with 3 doses of either of Fla~5 × 11–88, Fla~8 × 11–88, Gardasil™ or Cervarix® 

and challenged with heterologous pseudovirion of either HPV16, 36 or 33 at 45 days post 

immunization (see Section 2 and Supplementary Fig. 1). Individual animal bioluminescence 

in the genital area was detected by Xenogen IVIS 200 3 days after PsV challenge (see 

Section 2). The background luminescence signal is ~104 RLU.
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Fig. 4. 
Dose-sparing potential of Fla~5 × 11–88. Groups of four female rabbits were immunized 3 

times i.m. with Fla~5 × 11–88 (1, 5, 35 and 125 μg) or a 125 μg dose of Fla~ (flagellin 

backbone) which was used as a control. Immunized animals were challenged with QV6, 16, 

45, 18, 31, 58 and CRPV.
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Table 1

Neutralization titers determined using the “L2-based” in vitro neutralization assay. Representative in vitro 

neutralization titers of rabbit antisera to Fla~1 × 11–200 and Fla~5 × 11–88 vaccine candidates measured 

using the “L2-based assay” performed according to Day et al. [20] with spatiotemporal separation of L2 

epitope exposure on the basement membrane (HSPG) and binding to the secondary receptor (unknown) on the 

HSPG-free epithelial cell surface.

Fla~1 × 11–200 Fla~5 × 11–88

HPV6 563 64,708

HPV16 37,275 231,538

HPV18 544 29,831

HPV31 1253 27,923

HPV45 467 40,439
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Table 2

End-point protection titers of L1 and L2 vaccines in rabbits.

Fla~1 × 11–200 Fla~5 × 11–88 Cervarix Gardasil

HPV6 20 500 <20 2500

HPV16 2500 500 2500 2500

HPV18 100 500 2500 2500

HPV31 20 500 100 <20

HPV45 <20 100 <20 <20

HPV58 100 2500 <20 <20

CRPV <20 100 <20 <20
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