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Licensed L1-VLP-based immunizations against high-risk mucosal human papillomavirus (HPV) types have been a great success in reducing anogenital cancers, although they are limited in their cross-protection against HPV types not covered by the vaccine. Further, their utility in protection against cutaneous HPV types, of which some contribute to non-melanoma skin cancer (NMSC) development, is rather low. Next generation vaccines achieve broadly cross-protective immunity against highly conserved sequences of L2. In this exploratory study, we tested two novel HPV vaccine candidates, HPV16 RG1-VLP and CUT-PANHPVAX, in the preclinical natural infection model Mastomys coucha. After immunization with either vaccines, a mock control or MnPV L1-VLPs, the animals were experimentally infected and monitored. Besides vaccine-specific seroconversion against HPV L2 peptides, the animals also developed cross-reactive antibodies against the cutaneous Mastomys natalensis papillomavirus (MnPV) L2, which were cross-neutralizing MnPV pseudovirions in vitro. Further, both L2-based vaccines also conferred in vivo protection as the viral loads in plucked hair after experimental infection were lower compared to mock-vaccinated control animals. Importantly, the formation of neutralizing antibodies, whether directed against L1-VLPs or L2, was able to prevent skin tumor formation and even microscopical signs of MnPV infection in the skin. For the first time, our study shows the proof-of-principle of next generation L2-based vaccines even across different PV genera in an infection animal model with its genuine PV. It provides fundamental insights into the humoral immunity elicited by L2-based vaccines against PV-induced skin tumors, with important implications to the design of next generation HPV vaccines.
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Introduction

Certain mucosal human papillomaviruses (HPV) are the etiological agents for several malignancies, including anogenital and head and neck cancer (1). Since HPV 16 and 18 are the most prevalent types, the first vaccines Cervarix® and Gardasil® were directed against these high-risk cancer-causing types. The latter additionally protects against HPV6 and 11, since these types, although considered as low-risk, can induce benign anogenital papillomas with high proliferation rates. Nowadays, a nonavalent vaccine is on the market (Gardasil®9), targeting the HPV types 6, 11, 16, 18, 31, 33, 45, 52 and 58, respectively (2, 3). All these vaccines are based on virus-like particles (VLPs), self-assembled from the major capsid protein L1, which are highly immunogenic and induce mostly type-restricted and high-titer neutralizing antibodies, but their potential for cross-protection is limited (2).

While mucosal HPVs are sexually transmitted and infection is age-dependent, cutaneous HPVs are part of the commensal skin microbiome that is passively acquired early after birth (4–6). While skin type HPV infection usually remains asymptomatic in healthy adults, numerous seroepidemiological and molecular studies showed that certain cutaneous HPV types are important co-factors in the development of non-melanoma skin cancer (NMSC) (7), the most frequent malignancy in the fair-skinned population (8). Elevated antibody titers against cutaneous HPVs as well as high viral loads in the skin correlate with an increased risk of developing squamous cell carcinomas (SCCs) (9–11).

Organ transplant recipients have an increased risk of developing NMSC (12, 13) and thus could especially benefit from a HPV vaccine targeting the plethora of betapapillomaviruses. Since no particular cutaneous HPV type predominates in NMSC (14, 15) there is a strong demand for broad-spectrum cutaneous HPV vaccines. In contrast to multivalent VLP vaccines licensed against anogenital disease, L2-based vaccines represent an alternative strategy. Here, the immune response is elicited by a stretch of amino acid residues (aa17-36 or aa20-38, respectively) at the N-terminus of the minor capsid protein L2, which is highly conserved among many HPV types (16, 17). In contrast to the type-restricted and high-titer neutralizing immune response induced by L1-VLP vaccination, immunization with the N-terminus of L2 (18, 19) can induce broadly cross-neutralizing yet low-titer antibodies against many mucosal and cutaneous HPVs. This led to the development of two L2-based vaccine candidates PANHPVAX (20) and HPV16 RG1-VLP (21), which are currently prepared for first-in-human clinical testing (clinical trial identifier: PANHPVAX: NCT05208710).

In the HPV16 RG1-VLP vaccine, the HPV16 RG1 epitope is genetically inserted into the immunogenic DE-surface loop of HPV16 L1 and displayed on the surface of assembled VLPs in a repetitive, closely spaced and highly immunogenic fashion (16, 21, 22), thus increasing the induction of long-lived antibody responses (23). As shown in heterologous preclinical models, vaccination induced broadly cross-neutralizing antibodies against high- and low-risk mucosal HPVs, some cutaneous HPVs and conferred in vivo cross-protection against all clinically relevant high-risk mucosal HPV types responsible for up to ~96% of all cervical cancers and several low-risk types. In addition, HPV16 RG1-VLP vaccinations induced a B cell memory and a vigorous cytotoxic T lymphocyte response (21).

The PANHPVAX consists of the L2 aa20-38 epitopes of eight mucosal HPV types that were grouped into multimeric polytopes (8mer) and inserted into the N-terminus of the thermo-resistant thioredoxin (Trx) scaffold protein of the archaea Pyrococcus furiosus (Pf) (20). This PfTrx-L2.8mer sequence was C-terminally fused to a hybrid derivative of the complement inhibitor C4-binding protein, referred to as OVX313 oligomerization domain (24). Recently, an updated version of this vaccine was designed by swapping the 8mer L2 polytope to aa20-38 epitopes of twelve cutaneous HPV types (c12mer). After expression of the PfTrx-L2.c12merOVX313 antigen in E. coli and thermal purification, immunization of mice and guinea pigs induces a broad immune response to various cutaneous HPV types which outperforms responses induced by the PANHPVAX (Mariz et al., 2022, in press). We refer to it as CUT-PANHPVAX.

However, protective capacity and efficacy of these vaccines to prevent viral infection in vivo can only be convincingly shown in a natural virus-host system and a final read-out in terms of tumor prevention. The African multimammate rodent Mastomys coucha is a unique model system to study natural infection with the cutaneous Mastomys natalensis papillomavirus (MnPV) in the context of skin carcinogenesis in an immunocompetent host (25). The animals almost entirely mimic the situation in humans in terms of onset of natural infection, viral persistence (26, 27) and cooperation with UV exposure during SCC development via a hit-and-run mechanism (28). Moreover, the availability of virus-free Mastomys coucha allows testing of different vaccination strategies prior to viral challenge at a defined time point under standardized conditions (29).

Here, we assessed the immunogenicity of two L2-based prophylactic HPV vaccines in Mastomys coucha. We demonstrate that the two vaccines elicit robust cross-reactive but distinct cross-neutralizing antibody responses against MnPV L2. Moreover, we observed that, when measurable, the cross-neutralizing antibody responses to the L2 protein induced upon vaccination are protective and prevent the development of MnPV-induced skin tumors. Interestingly, the immunity induced by the L2-based vaccines does not seem to be sterilizing, but strong enough to control virus load and prevent tumor development following infection.



Results


L2 vaccination - rationale and strategy

To examine the cross-protective capacity of two HPV L2-based vaccines in Mastomys coucha, virus-free animals were first immunized and subsequently experimentally infected with MnPV virions. Figure 1A shows the homology within the conserved L2 peptides that were used as antigens relative to MnPV L2. In the case of the HPV16 RG1-VLP vaccine (Figure 1A, marked in blue), where the L2 peptide is displayed 360x on the surface of completely assembled VLPs via the DE loop of L1 (Figure 1B), the sequence identity to MnPV L2 is 70% (18, 19). Alternatively, in the case of CUT-PANHPVAX (Figure 1A, orange), the sequence identity between MnPV L2 and the corresponding oligomerized L2 epitopes of different HPV types (Figure 1C) ranges between 47.4% and 94.7%. In both cases, the animal model Mastomys coucha will not only allow the examination of the B cell response, i.e. induction of neutralizing antibodies of the two vaccines, but will also provide evidence of whether MnPV-induced skin tumor formation can be prevented.




Figure 1 | L2-based vaccines used in the study. (A) Alignment of L2 amino acid (aa) sequences of MnPV and HPV types either used in RG1-VLPs (HPV16 L2 aa17-36, referred to as ‘RG1’ epitope, blue) or CUT-PANHPVAX (L2 aa20-38, orange of indicated HPV types) vaccine. Sequence identities in comparison to MnPV L2 are expressed as percentage. The logos graphically depict the consensus sequence. (B) The RG1 epitope of HPV16 L2 is inserted into the DE surface loop of the HPV16 L1 monomer, creating a chimeric fusion protein. After self-assembly into complete VLPs, the RG1 epitope is exposed 360 times [modified from (30)]. (C) The CUT-PANHPVAX is a fusion protein consisting of L2 peptides aa20-38 derived from the cutaneous HPV types 1a, 2a, 3, 4, 14, 15, 22, 36, 41, 76, 88 and 95, respectively, inserted into the thioredoxin scaffold (PfTrx, shown in green) derived from the thermophile archaea Pyrococcus furiosus. The OVX313 domains (shown in blue) assemble to heat-stable heptamers, leading to a seven-fold presentation of the respective PfTrx-L2 in the PfTrx-L2-c12merOVX313 fusion protein (modified from Mariz et al., 2022, in press).





Immunizations with HPV L2 vaccines induce cross-reactivity against MnPV L2

To test the induction of (cross-)reactive antibodies against MnPV in an exploratory study, 8-week-old virus-free Mastomys coucha were vaccinated either with HPV16 RG1-VLPs, CUT-PANHPVAX, MnPV L1-VLPs (positive control) or PBS (negative control) using 6 animals per group (3 males, 3 females, respectively). Vaccinations were performed subcutaneously four times in bi-weekly intervals until week six with antigen/adjuvant combinations previously shown to have the best efficacy (31, 32), followed by an experimental infection with MnPV virions at week ten (outlined in Figure 2). During an observation period until week 62 (graphs continued in Figure 4), seroconversion against MnPV L2 and MnPV L1-VLPs was monitored by ELISA and pseudovirion-based neutralization assay (PBNA).




Figure 2 | Monitoring seroconversion during vaccination. (A) GST-MnPV L2-ELISA. (B) MnPV VLP-ELISA and (C) MnPV PBNA and (D) MnPV FC-PBNA. The animals were vaccinated four times with MnPV VLPs (green), HPV16-RG1-VLPs (blue), CUT-PANHPVAX (orange) or injected with PBS (grey) in a bi-weekly interval from weeks 0 to 6 prior to an experimental MnPV infection at week 10. All groups consist of n=6 animals. Dashed lines represent the methods’ cut-off (OD450 = 0.2 for GST-ELISA; titer of 300 for VLP-ELISA and MnPV PBNA or titer of 100 for MnPV FC-PBNA) (Note that VLP sera were not measured in GST-MnPV L2-ELISA and the MnPV FC-PBNA due to limited amount of sera). (E) Sera from the HPV16 RG1-VLP group taken at week 10 were measured as triplicates in serial four-fold dilutions (starting at 1:100) in HPV16 RG1 peptide-ELISA. A HPV16 RG1-VLP raised rabbit serum was used as positive control. Error bars show the standard deviation. The dashed line represents the methods’ cut-off based on reactivity of PBS animals. (F) Sera from the CUT-PANHPVAX group taken at week 10 were measured as duplicates in serial three-fold dilutions (starting at 1:120) in HPV36 L2 peptide-ELISA. A previously characterized mouse serum raised against HPV38 L2 was used as positive control. Error bars show the standard deviation. The dashed line represents the methods’ cut-off based on reactivity of PBS animals.



As demonstrated in Figure 2A, both mock- and VLP-vaccinated animals did not develop antibodies against MnPV L2 as tested in GST-ELISA (week 0 vs. week 10, nsp>0.9999, Two-Way-ANOVA). Conversely, both HPV16 RG1-VLP- and CUT-PANHPVAX-vaccination increasingly cross-reacted against MnPV L2 which seems to be slightly stronger in some animals for the latter vaccine candidate (week 0 vs. week 10, ***p<0.0001, Two-Way-ANOVA) in comparison to HPV16 RG1-VLP (week 0 vs. week 10, **p=0.0065, Two-Way-ANOVA). This could be explained by an overall higher sequence identity of MnPV L2 with the respective c12mer epitopes when compared with the single RG1 epitope (see Figure 1). The presence of twelve distinct epitopes in the CUT-PANHPVAX vaccine might further increase the chance to induce cross-reactive antibodies rather than only one HPV16 RG1 epitope although repetitively displayed on HPV16 RG1-VLPs.

Consistent with previous results (29), sera from MnPV VLP-vaccinated animals showed strong reactivity in the MnPV VLP-ELISA (week 0 vs. week 10, ***p<0.0001, Two-Way-ANOVA) (Figure 2B). Moreover, sera obtained after HPV16 RG1-VLP-vaccination were also cross-reacting with MnPV VLPs, presumably indicating the presence of antibodies largely directed against L1-internal epitopes shared between HPV16 and MnPV. Although reactivity of all HPV16 RG1-VLP-vaccinated animals raised above the cut-off in the VLP-ELISA, this increase was statistically not significant (week 0 vs. week 10, nsp=0.6930, Two-Way-ANOVA). Here, the small group size in this exploratory study has to be considered carefully and limits the power of all statistical analyses. All sera derived from CUT-PANHPVAX-vaccinated animals behaved similar to those of PBS controls and did not react in MnPV VLP-ELISA (week 0 vs. week 10, nsp>0.9999, Two-Way-ANOVA).

In addition, sera were tested for (cross-)neutralization by PBNA using MnPV pseudovirions as previously shown (29) (Figure 2C). Again, MnPV VLP-vaccinated animals developed high titers of L1-mediated neutralization already after four weeks, that further increased by week ten (week 0 vs. week 10, ***p<0.0001, Two-Way-ANOVA). Conversely, vaccination either with HPV16 RG1-VLPs or CUT-PANHPVAX only showed weak cross-neutralization (both groups, week 0 vs. week 10, nsp>0.9999, Two-Way-ANOVA) (Figure 2C), despite high anti-L2 antibody titers determined by GST-MnPV L2-ELISA (Figure 2A). This discrepancy might be due the low intrinsic sensitivity of the L1-based PBNA to detect L2-mediated neutralization (33).

To circumvent this experimental bias, we next tested the sera in a L2-specific furin-cleaved (FC-) PBNA by pretreating PsVs with furin to expose L2 and to render infectivity independent from initial L1-binding to heparan sulfate proteoglycans (HPSG) (34). This assay has a higher sensitivity for anti-L2-based neutralization and shows that 3 out of 6 HPV16 RG1-vaccinated animals and 4 out of 6 CUT-PANHPVAX-vaccinated animals developed MnPV L2 cross-neutralizing antibodies (Figure 2D).

In addition to the above mentioned results of MnPV-specific cross-reactivities induced by L2-based vaccinations, we next measured the specificity of HPV L2-raised seroreactivities in ELISAs using peptides corresponding to the respective vaccine. Using this approach, we confirmed that all animals specifically seroconverted against the HPV16 RG1 epitope of the RG1-VLP (Figure 2E) or against the HPV36 L2 peptide, which is part of the CUT-PANHPVAX vaccine (Figure 2F).

Notably, despite the fact that females and males used here were siblings of the same age, the males seemed to respond to a lesser degree when compared with the females. Here, due to the small group size (3 males and 3 females per group) of this pilot study, no conclusion can be drawn, but this observation should be considered in a larger study to avoid a sex-related bias (Figure S1).



Correlations of ELISA reactivity with neutralizing activity in PBNA

Next, seroreactivities were correlated with PBNA titers prior to viral infection (Figure 3). As shown in Figure 3A, after vaccination with CUT-PANHPVAX, the GST-MnPV L2-ELISA quite obviously did not correlate with the VLP-ELISA, exclusively measuring MnPV L1 antibodies. In contrast, elevated MnPV L2 cross-reactivity and VLP titers matched better for animals of the HPV16 RG1-VLP group. Nontheless, only strongly elevated MnPV L2 cross-reactivity correlated with cross-neutralization above the cut-off in the L1-PBNA (Figure 3B). Consequently, while titers in VLP-ELISA and L1-PBNA correlate well for VLP-vaccinated animals, this is not the case for the HPV16 RG1-VLP and CUT-PANHPVAX groups (Figure 3C). Both L2 vaccine groups have a much better correlation when L2-ELISA and FC-PBNA are compared (Figure 3D). Similar to the missing correlation with VLP-ELISAs (Figure 3B), GST-L2-seroreactivities of CUT-PANHPVAX-vaccinated animals did not correlate with L2-specific FC-PBNA and VLP-ELISA (Figure 3E) despite a related neutralizing efficacy in PBNA and FC-PBNA (Figure 3F). Sera of the HPV16 RG1-VLP group correlated better in all comparisons, but as mentioned above, additional antibodies were raised against non-neutralizing MnPV L1 epitopes, which may have affected the results of VLP-ELISAs and PBNAs. Independently of the L2-based vaccination, neutralization titers were relatively low (<104, see Figure 3D), when compared to L1-based neutralization titers (105-106, see Figure 3C). This stresses the necessity of experimental systems that allow monitoring tumor incidences as a final read-out.




Figure 3 | Correlation between GST-MnPV L2-ELISA, VLP-ELISA and PBNA data. Data at week 10 obtained from (A) GST-MnPV L2-ELISA and MnPV VLP-ELISA; (B) GST-MnPV L2-ELISA and MnPV PBNA; (C) MnPV VLP-ELISA and MnPV PBNA; (D) GST-MnPV L2-ELISA and FC-PBNA; (E) MnPV VLP-ELISA and FC-PBNA; (F) MnPV PBNA and FC-PBNA. Animals were vaccinated with MnPV VLPs (green squares), HPV16 RG1-VLPs (blue triangles), CUT-PANHPVAX (orange rhombi) or PBS (grey dots). All groups consist of n=6 animals. Dashed lines represent the methods’ cut-off (OD450 = 0.2 for GST-ELISA or titer of 300 for MnPV VLP-ELISA and MnPV PBNA or titer of 100 for MnPV FC-PBNA) (Note that sera of the MnPV VLP group were not measured in MnPV FC-PBNA due to limited amount of sera).





Cross-reactive L2 antibodies are relatively stable over time

Next, we monitored the course of the immune response of the different vaccines after viral challenge. For this purpose, four weeks after the last immunization, the animals were infected at their shaved backs with infectious MnPV virions obtained from a papilloma extract. At this time point, antibody titers had reached a stable plateau (Figures 2A, B). Reactivity against L2 was not dramatically increased in most animals in response to infection or even declined in some animals (Figure 4A), since L2 is hidden in the capsids of infectious virions and consequently does not represent an immunogenic structure prior to cleavage by furin. Conversely, as a result of infection, all animals except those of the MnPV VLP group strongly reacted against MnPV VLPs (Figure 4B) until week 14 and titers of neutralizing antibodies against MnPV raised clearly above the methods’ cut-off (Figure 4C). Since MnPV VLP-vaccinated animals had already developed high titers, experimental infection did not further boost their seroreactivity in VLP-ELISA and PBNA (Figures 4B, C).




Figure 4 | Monitoring of seroresponses of vaccinated animals after MnPV infection. At indicated time points, sera were measured by (A) GST-MnPV L2-ELISA, (B) MnPV VLP-ELISA and (C) MnPV PBNA. Prior to experimental infection at week 10, animals were vaccinated four times in bi-weekly intervals (see Figure. 2) with MnPV VLP (green), HPV16 RG1-VLP (blue), CUT-PANHPVAX (orange) or PBS (grey). All groups consist of n=6 animals. Dashed lines represent the methods’ cut-off (OD450 = 0.2 for GST-ELISA; titer of 300 for MnPV VLP-ELISA and MnPV PBNA).



Interestingly, in the two animals of the HPV16 RG1-VLP group that did not develop any cross-neutralizing antibodies measurable in MnPV L1-PBNA in response to vaccination, reactivity against MnPV L2 increased strongly after week 18 (Figure 4A). Therefore, despite the presence of cross-reactive antibodies against MnPV L2 in one of those two animals prior to infection and since both of them finally developed skin tumors, we considered them as non-responders. The same could be observed with two PBS controls after weeks 34 and 46, respectively, which developed tumors in the further course of the experiment. Notably, regardless of these four mentioned animals that strongly reacted in the MnPV L2-ELISA, seroreactivities of CUT-PANHPVAX- and HPV16 RG1-VLP-vaccinated animals declined until week 22 before reaching a plateau that remained relatively stable until week 46 before further declining (Figure 4A).



Vaccination with HPV L2 vaccines cross-protects against MnPV infection and skin tumor formation in vivo

To monitor whether the two HPV L2-based vaccines can cross-protect the animals against MnPV infection, the viral load in plucked hair bulbs was measured. As shown in Figure 5A, at week 14, the viral loads of all animals were above the methods’ cut-off, indicating that experimental infection was successful. Indeed, the median viral load of the PBS control group increased several log-folds (to 100-10,000 copies/cell) in comparison with the VLP group (1-10 copies/cell) (Figure 5B), clearly showing the protective effect of the vaccine. A median viral load comparable to the MnPV VLP group could be noted in both the CUT-PANHPVAX and HPV16 RG1-VLP group (fluctuating between 1-100 copies/cell). Here, the distribution in the HPV16 RG1-VLP group is broader than for the CUT-PANHPVAX, attributable to the statistical inclusion of the two vaccine non-responders that reached viral loads comparable to the PBS animals.




Figure 5 | Monitoring viral load and tumor development after MnPV infection. (A) Viral load from plucked hair was followed over time via qPCR and is depicted (A) for individual animals or (B) for the vaccination groups (median ± range). Dashed lines represent the methods’ cut-off based on hair extracted prior to experimental infection (0.346 copies/cell). (C) Appearance of tumor-bearing animals in the different vaccination groups. Small vertical bars indicate censored animals which died for unknown reasons before tumor development. Differences between groups were calculated via log-Rank test.



Consistent with their high viral load within the observation period of 75 weeks, five out of six (=83%) mock-vaccinated animals started developing visible skin tumors 12 weeks after experimental infection (Figure 5C). Conversely, all MnPV VLP-vaccinated animals remained tumor-free (p=0.0043; log-Rank test). In the CUT-PANHPVAX group, only one out of six (=17%) vaccinated animals developed a skin tumor at week 48 (PBS vs. CUT-PANHPVAX: p=0.0169; log-Rank test), which was accompanied by a high viral load. Considering HPV16 RG1-VLP-vaccinated animals, two out of six (=33%) also developed skin tumors, both at week 30 (PBS vs. HPV16 RG1-VLP: p=0.1337 log-Rank test). However, those two animals were the vaccine non-responders without cross-neutralizing seroreactivity in the MnPV L1-PBNA (both animals) and the MnPV L2-ELISA (one animal). Compared to the fully protective MnPV VLP-vaccination, both the HPV16 RG1-VLP and the CUT-PANHPVAX did not show significant differences in the protection efficacy (MnPV VLP vs. HPV16 RG1-VLP: p=0.1380, MnPV VLP vs. CUT-PANHPVAX: p=0.3173; log-Rank test).

Skin lesions are initially macroscopically invisible and progress focally to larger palpable plaques that finally result in benign epithelial tumors (Figures 6A, B). Here, MnPV persists in high copy numbers and expresses both early (i.e. E4, protein, Figure 6C, red) and late (L1, Figure 6D, green; L2, Figure 6E, red), gene products, indicating that the viral permissive cycle is completed. Strong Ki67 staining (Figure 6D, red) and E-cadherin positivity (Figure 6E, green) reveals hyperproliferative MnPV-infected epidermal cells. Accordingly, such tumors represent a rich source of viral progeny (Figure 6B, inset) that is released by partially massive shedding. Abovementioned signs of infection can already be histologically observed in macroscopically inconspicuous skin (Figure 6F), but notably not in animals that had developed neutralizing antibodies upon vaccination.




Figure 6 | Histological characterization of MnPV-induced skin changes and tumor development. (A) Representative benign MnPV-induced skin tumors after experimental infection of unprotected animals. (B) HE staining of a benign MnPV-induced papilloma from the PBS control group. Virus progeny can be found in the keratinized outermost layer by transmission electron microscopy (TEM; inset). (C) Visualization of MnPV early gene expression by staining of MnPV E4 (red). (D) Proliferation rates are elevated in corresponding areas as indicated by Ki67 positive cells (red). Viral capsid components can be detected by staining of MnPV L1 (green) or (E) MnPV L2 (red). E-cadherin (green) staining was used to reveal the epidermal origin of infected cells. (F) Representative tissue stainings of unprotected and protected vaccinated animals. Experimentally infected (‘inf’) and uninfected control (‘ctrl’) skin of the same animals was Hematoxylin-Eosin (HE) stained or subjected to immunofluorescence (IF) for staining of MnPV E4 or Ki67 (both red), L1 or E-cadherin (both green). Nuclei were stained with DAPI (blue).



Taken together, this pilot study shows that currently developed 2nd generation HPV vaccines have indeed the potential to cross-protect against PV-induced epithelial hyperproliferation and skin tumor development even across different PV genera.




Discussion

The aim of all vaccination strategies is to eradicate an infectious agent and associated diseases. Licensed multivalent L1-VLP-based vaccines against mucosal HPVs (35) are limited in their cross-protection against other high-risk HPV types (2). However, further increasing the number of VLP types has technical and economical limitations. Hence, alternative vaccine approaches currently utilize a highly conserved stretch of amino acids within the L2 protein as immunogen with the capacity to induce a broad-spectrum of cross-neutralization and cross-protection (36). The present study was designed to test two types of L2-based next generation vaccine candidates in a natural animal model (Figure 1): RG1-VLPs expose the HPV16 RG1 epitope on the surface of assembled VLPs (21, 22); CUT-PANHPVAX represents a vaccine that oligomerizes conserved L2 sequences of twelve different cutaneous HPV as a pan-specific antigen on a thioredoxin platform (24).

Their cross-protective efficacies were examined by vaccinating virus-free animals prior to experimental infection with MnPV virions and follow-up of seroconversion, viral load and tumor development over time. Designed as an exploratory study, MnPV VLPs were used as positive control since their protective effect could be previously shown even under immunosuppressive conditions (29). Besides inducing specific seroconversions against the peptides HPV16 RG1 (Figure 2E) or HPV36 L2 (Figure 2F) as a part of the CUT-PANHPVAX vaccine, both L2-based vaccines led to strong cross-reactivity against MnPV L2 (Figure 2A). This was mediated by aa17-38 within L2, a sequence that is well-conserved even amongst different genera of PVs (16). These antibodies also have cross-neutralizing potential as confirmed by FC-PBNA (Figure 2D), which is more sensitive to detect L2-based neutralization (Figure 2C) than the conventional PBNA (37, 38).

CUT-PANHPVAX vaccination seemed to exert a slightly better cross-reactive potential when compared with the HPV16 RG1-VLP, likely due to the presence of twelve distinct epitopes with partially high sequence identity to MnPV L2 (reaching 94.7%) (Figure 1). Conversely, the sequence identity between the RG1 peptides of the cutaneous MnPV and the mucosal HPV16 is only 70%. However, despite its 360-fold closely spaced reiteration on VLPs to increase immunogenicity (23, 39), this is still not high enough to induce robust cross-neutralization against MnPV. A potential advantageous side effect of the HPV16 RG1-VLP vaccination could theoretically be the additional induction of antibodies against L1 with a certain cross-neutralizing potential as described for conventional PBNAs (32, 40). Although sera of the HPV16 RG1-VLP-vaccinated group also reacted against MnPV VLPs (Figure 2B), cross-neutralization could only be observed for one animal when assessed by PBNA (Figure 2C). This indicates that cross-reactive anti-VLP antibodies are mainly induced by internal HPV16 VLP epitopes only accessible after accidental disruption of a minor fraction of the RG1-VLPs during antigen preparation and injection. Indeed, it was previously reported that cross-reactive antibodies are often directed against such linear epitopes, while (cross-)neutralizing antibodies are usually directed against conformation-dependent surface epitopes, comprised by different loops exposed on the capsids (41–43).

Regarding reactivity against L2, the differences of the vaccines have influenced their protection efficacy, since all six CUT-PANHPVAX-vaccinated animals developed antibodies cross-reactive against MnPV L2 and five of those also cross-neutralized furin-cleaved MnPV PsVs. However, after HPV16 RG1 vaccination, five out of six animals cross-reacted against MnPV L2 and only three were cross-neutralizing in FC-PBNAs (Figure 2).

Such an observation was recently reported for the nonavalent Gardasil®9 vaccine which could also not confer complete protection against some targeted HPV types - amongst them HPV16 - in a heterologous cutaneous rabbit challenge model (44). Therefore, it is not only necessary to find robust in vitro criteria but also adequate natural PV-infection models that allow a conclusive and reliable prediction of the in vivo protection efficacy of different HPV vaccines (45–47).

To assess the immediate effect of vaccination on the viral load after experimental infection, we quantified MnPV hair bulbs plucked from the back of the animals. For this purpose, we used a recently established chelex resin-based DNA extraction method followed by qPCR (48). As summarized in Figures 5A, B, vaccination with MnPV L1-VLPs efficiently kept the median viral load in a range of 1-10 copies/cell, which was up to ten times higher in the groups vaccinated with HPV16 RG1-VLPs or CUT-PANHPVAX. However, in mock vaccinated controls, a 100 to 1,000-fold higher viral load compared to L2-vaccinated mice was determined. This is consistent with the induction of high neutralizing antibody titers by vaccination with VLPs that interfere with cutaneous reinfection and viral spread. Mechanisms of neutralization include exudation or transudation of antibodies to the skin surface at sites of minor trauma or abrasion exposing the basement membrane, a requirement for preventing PV infection (2). The differences in median viral loads (Figure 5B) may result from different modes of action of L1- and L2-antibodies, since neutralization by L1-mediated opsonization happens as early as the virus reaches the epithelium. Conversely, anti-L2 antibodies only neutralize virions after they accessed the basement membrane and when further processed by furin convertase, which may allow a more narrowed time window for antibody binding. Therefore, L2-based immunization could induce a non-sterilizing humoral response different from that of VLP-based vaccines. Beyond blocking of infection, antibodies can also promote antiviral activity via recruitment and activation of innate immune cells and consequent induction of opsonophagocytosis (49). Importantly, these additional antibody-dependent responses are not measurable by the in vitro assays employed in this study, but may have contributed to the overall anti-viral effect induced by the L2-based vaccines in Mastomys.

Notably, several studies could correlate the amount of HPV DNA in skin to the risk of skin tumor development, for both healthy and immunocompromised individuals (50, 51). Of note, our animal model exactly mimics this scenario: unprotected mock-vaccinated animals accumulated high viral loads and developed skin tumors, while MnPV VLP-vaccinated animals completely remained tumor-free. Intriguingly, both outcomes could also be observed in the animals vaccinated with L2-based immunogens, correlating with the success of the vaccination (Figure 5). The results of this pilot study can be considered a proof-of-principle of a L2 vaccination-mediated in vivo protection.

Histological analyses revealed that in contrast to mock-vaccination and non-responders, skin of protected animals, irrespective of the induction mode of neutralizing antibodies (i.e. against L1-VLPs or L2-based antigens) did not develop thickened, hyperproliferative epidermis as premalignant signs of MnPV infection and eventually benign tumors (Figure 6). This is important, since in humans actinic keratoses (AK), considered as precursors of SCCs and associated with cutaneous HPV types (52), are already dermatologically treated to avoid malignant progression (53, 54). Considering a measurable viral load in hair bulbs despite induction of immunity by L2- or L1-based vaccines, this response does not appear to be completely sterilizing but strong enough to control viral load and prevent precursor lesions and tumor development after infection. In our model, strong keratinocyte proliferation in benign skin tumors is induced by MnPV to favor its own replication in parallel to host cell division. Substantial parakeratosis, accompanied by massive shedding represents a source of virion progeny. Their visualization by L1 and L2 stainings (Figures 6E, F) and in EM (Figure 6C) indicates that MnPV can complete its whole permissive cycle, which is absent in vaccinated animals.

In summary, this exploratory proof-of-concept study showed the protective efficacy of L2-based vaccines against MnPV challenge. It became obvious that animals with cross-neutralizing antibodies were protected against MnPV-induced skin tumors. However, statistical analyses should be considered with caution, as the statistical power was limited (6 animals per group). We clearly realized a statistically significant protective effect for the CUT-PANHPVAX vaccine when compared to the mock-vaccinated group (PBS, 5 of 6 animals vs. CUT-PANHPVAX, 1 of 6 animals: p=0.0169). In the case of the HPV16 RG1-VLP group that contained two non-responders that lacked neutralization in the MnPV L1-PBNA (both animals) and reactivity in the MnPV L2-ELISA (one animal) statistically one cannot conclude either an efficient or inefficient protection when compared to the PBS control (PBS, 5 of 6 animals vs. HPV16 RG1, 2 of 6 animals: p=0.1337) or the VLP-control (MnPV VLP, 0 of 6 animals vs. HPV16 RG1: p=0.1380). For the latter vaccine candidate a larger study would be needed to achieve more statistical power.

However, it is reasonable to assume that the HPV16 RG1-VLP vaccine in the form used here is limited in its efficacy to induce a broad cross-protection against cutaneous HPVs. The problem of low RG1 epitope sequence identity between mucosal and cutaneous HPV was already recognized and recently experimentally addressed by Olczak et al. (44), who combined the consensus RG1 epitope of betapapillomaviruses and the mucosal HPV16 RG1 in DE loops of VLPs, which revealed a higher potential to broadly cross-neutralize skin-specific PV types. Although optimizations are still needed, L2-based vaccination strategies have great, though not unlimited, potential to induce broad-based cross-protective immunity against cutaneous HPVs and related diseases. Their success in patients needs to be shown by clinical trials, some of which will start soon.



Materials and methods


Ethics statement

The animals are housed and handled in accordance with local (DKFZ), German and European statutes. All animal experiments were approved by responsible Animal Ethics Committee for the use and care of live animals (Regional Council of Karlsruhe, Germany, File No 35-9185.81/G289/15 and 35-9185.81/G65/21).



Animals

Virus-free Mastomys coucha were obtained from Janvier Labs (Le Genest-Saint-Isle, France). At the DKFZ Mastomys coucha were housed under specified pathogen-free (SPF) conditions in individually ventilated cages (Tecniplast GR900) at 22+/-2˚C and 55+/-10% relative humidity in a light/dark cycle of 14/10 h. Mastomys were fed with mouse breeding diet and allowed access to water ad libitum. According to the three R rules of animal experimentation, the animals used in this exploratory study were subgroups (n=6 animals per group; groups: PBS, MnPV L1-VLPs, HPV16 RG1-VLPs, CUT-PANHPVAX) of a larger exploratory study also including testing the protective efficacy of an alternative L1 isoform which is published elsewhere (48).



Antigen preparation

MnPV L1-VLPs were produced in and purified from Sf9 insect cells as recently described (26).

HPV16 RG1-VLPs were produced in Spodoptera frugiperda (Sf9) cells as described before (32, 55). RG1-VLPs were purified by ultracentrifugation on 35% (wt/vol) sucrose-PBS cushions and 29% (wt/wt) cesium chloride-PBS density gradients for 24 h prior followed by dialysis into 0.5M NaCl + 1mM CaCl2 + 0.01% Tween-80-PBS. Chimeric VLP purity and concentration was assessed by SDS-PAGE and Coomassie blue staining in reference to a Bovine Serum Albumin (Pierce) standard.

The PfTrx-L2c12mer antigen (referred to as CUT-PANHPVAX) was produced as described recently (Mariz et al., 2022, in press). Briefly, synthetic DNA encoding the antigen was cloned and expressed in Escherichia coli BL21 cells. The recombinant protein was purified by a heat-thermal purification step followed by ion-exchange chromatography. Prior to immunization, the protein sample was subjected to a detoxifying procedure with Triton X-114 to reduce levels of bacterial endotoxin below 8 IU/ml. Protein concentration and purity was monitored by SDS-PAGE-Coomassie blue staining and Bradford assay.



Vaccination and experimental infection

Animals were immunized at an age of eight weeks and each group consisted of half males and females. MnPV L1-VLPs were dialyzed against 50 mM Hepes, 0.3 M NaCl, pH7.4 and 10 µg VLPs were prepared with PBS and 50% Sigma Adjuvant System (SAS) (Sigma-Aldrich, St. Louis, MO, USA), containing monophosphoryl lipid A (MPLA) and synthetic trehalose dicorynomycolate in squalene and Tween80 (29) as suggested by the manufacturer.

For immunization with HPV16 RG1-VLPs, 10 µg antigen were mixed with 500 µg Alhydrogel adjuvant 2% (InvivoGen, San Diego, CA, USA) and 50 µg MPLA (similar to the Cervarix adjuvant ASO4) and adjusted with PBS to 150 µl prior to incubation for 1 h at RT with a rotator (56).

For immunization with CUT-PANHPVAX, 20 µg antigen were prepared with PBS and 50% AddaVax (InvivoGen), a MF59-like squalene-based oil-in-water nano-emulsion, as suggested by the manufacturer (20) (Mariz et al., 2022, in press).

The PBS control group was injected with PBS and 50% AddaVax only.

For all antigens, a volume of 150 µl was injected subcutaneously in a skin fold of the neck.

Animals were vaccinated four times in a bi-weekly schedule and challenged two weeks later with MnPV. Experimental infection was performed at the shaved back of anaesthetized animals (3% isoflurane) that was superficially scratched six times longitudinally and six times transversally with tattoo needles prior to application of 30 µl extract of a MnPV-induced papilloma (containing infectious MnPV virions) that was obtained from a previous study (29).

Blood was taken in intervals from two to eight weeks by puncturing the submandibular vein of anaesthetized animals, starting at the age of eight weeks. For the follow-up experiment, animals were monitored for the duration of their lifetime until they had to be sacrificed due to tumor development or decrepitude.



GST-capture ELISA

The ELISA was performed as recently described (26). Briefly, 96well PolySorb ELISA plates (Thermo Fisher Scientific, Rockford, IL, USA) were coated overnight at 4°C with glutathione-casein diluted in carbonate buffer (pH9.6). The next day, the plate was blocked for 1 h at 37°C with casein blocking buffer (CBB, 0.2% casein in PBST: 0.05% Tween-20 in PBS) and then incubated with a bacterial lysate containing the GST-MnPV-L2-SV40-tag fusion protein for 1 h. To remove unspecific reaction against bacterial proteins or the GST-SV40-tag fusion protein, Mastomys sera were diluted 1:50 in CBB containing GST-SV40-tag and pre-incubated for 1 h. ELISA plates were washed four times with PBST and pre-incubated sera was added. After 1 h, plates were washed four times and HRP-conjugated goat anti-mouse IgG (H+L) antibody (1:10,000 in CBB, 1:10,000 in CBB, Promega GmbH, Walldorf, Germany) was applied for 1 h. Antibodies were quantified colorimetrically by incubating with 100 μl/well substrate buffer for 8 min (0.1 mg/ml tetramethylbenzidine and 0.006% H2O2 in 100 mM sodium acetate, pH6.0). The enzymatic reaction was stopped with 50 μl/well 1 M sulfuric acid. The absorption was measured at 450 nm in a microplate reader (Labsystems Multiskan, Thermo Fisher Scientific, Rockford, IL, USA). To calculate the serum reactivity against the respective antigen, sera were tested in parallel against the GST-SV40-tag fusion protein and the reactivity was subtracted from the reactivity against the GST-MnPV-L2-SV40-tag. Each ELISA was performed in duplicates at least. The cut-offs were previously calculated individually for each antigen by measuring sera of virus-free animals and adding three standard deviations to the mean.



VLP-ELISA

VLP-ELISAs were performed as previously described (29). Briefly, 96well PolySorb ELISA plates (Thermo Fisher Scientific, Rockford, IL, USA) were coated with 100 ng/well purified high quality MnPV L1-VLPs in 50 mM carbonate buffer pH9.6. The next day, plates were blocked with CBB and incubated for 1 h with three-fold serial dilutions (ranging from 1:100 to 1:656,100) of Mastomys sera in CBB. Then, plates were washed four times with PBST and incubated with goat anti-mouse IgG-HRP (1:10,000 in CBB, Promega GmbH, Walldorf, Germany). After four washes, color development and measurement was performed as described for the GST-ELISA. Antibody titer represents the last reciprocal serum dilution above the blank. The cut-off was set to a titer of 300 based on previous experiences with measuring sera of animals from virus-free and naturally MnPV-infected colonies (28).



HPV36 L2 peptide-ELISA

Serocluster 96well “U” bottom plates (Costar, USA) were coated with 0.2 µg/well streptavidin (Sigma-Aldrich, Germany) overnight at 37°C. On the next day, plates were blocked with PBS (1.5% milk, 0.3% Tween) for 1 h at room temperature, and 0.03 µg of N-terminally biotinylated-HPV36 L2 peptide (GGSGQTCKQAGTCPPDVVNKVEQT) (GenScript Biotech, Netherlands) was added to the plates, which were incubated for another 1 h. Following a washing step with PBS (0.3% Tween), sera of animals immunized with the PfTrx-L2c12merOVX313 antigen (referred to as CUT-PANHPVAX) were serially diluted in PBS (1.5% milk, 0.3% Tween), according to a three-fold fashion (ranging from 1:120 to 1:29,160), and added in duplicate to the L2 peptide-containing plates, which were then incubated for 1 h at 37°C. Plates were then washed again, and anti-L2 antibody reactivity was revealed with HRP-conjugated goat-anti-mouse IgG (Southern Biotech, USA) diluted at 1:3,000 in blocking solution, following incubation for another 1 h at 37°C. After a further washing step, 100 μl of 2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS; 1 mg/ml in 100 mM sodium acetate-phosphate buffer, pH4.2, containing 0.015% H2O2) were added to each well and the colorimetric reaction was quantified at 405 nm with Multiskan Go (Thermo Fisher Scientific, USA) after 8 and 16 min. L2 antibody titers were determined by calculating the mean values of the duplicate, with the standard deviation shown as vertical bars. Assay cut-off was defined as the average absorbance observed across the unvaccinated animals. The positive control serum was obtained from a Balb/c mouse previously immunized with the PfTrx-L2c12merOVX313 (animal permit G248/16 (Regierungspräsidium Karlsruhe, according to the same vaccination schedule employed here for M. coucha in terms of age, dose and adjuvantation). The cut-off of 0.142 was calculated by measuring sera of virus-free animals and adding three standard deviations to the mean (0.117 + 0.025).



HPV16 RG1 peptide-ELISA

Streptavidin plates (Thermo Fisher Scientific) were coated overnight at 4°C with 1 µg/well biotinylated RG1-peptide (JPT Peptide Technologies, Berlin, Germany) in coating buffer (0.1 M Tris/HCl pH7.4 + 0.15 M NaCl + 0.1% Tween-20). On the next day, plates were excessively washed with coating buffer and blocked with 1% milk/PBS for one hour. After washing, plates were incubated with four-fold serial serum dilutions (ranging from 1:100 to 1:102,400) for 1 h, washed again and incubated with an HRP-conjugated goat-anti mouse or anti-rabbit antibody (Bio-Rad) for 1 h. Plates were developed using ABTS (Roche) substrate and OD405 was determined (Opsys MR, Dynex Technologies). The cut-off of 0.177 was calculated by measuring sera of virus-free animals and adding three standard deviations to the mean (0.131 + 0.046).



MnPV pseudovirion-based neutralization assay

As previously described (40), animal sera (tested in duplicates) were diluted in DMEM (Sigma-Aldrich, St. Louis, USA) with 10% FCS (Invitrogen, Carlsbad, CA, USA) and subjected to three-fold serial dilutions in 96well cell culture plates (Greiner Bio-One GmbH, Frickenhausen, Germany). Afterwards, 60 µl of diluted sera were mixed with 40 µl of pseudovirions (harboring a reporter plasmid encoding Gaussia luciferase) to final serum dilutions ranging from 1:100 to 1:1,968,300 and incubated for 15 min at RT. Then, 50 µl of 2.5×105 HeLaT cells/ml in DMEM with 10% FCS were seeded onto the pseudovirion-serum mixture and cultured for 48 h at 37°C. The activity of secreted Gaussia luciferase was measured 15 min after adding coelenterazine substrate and Gaussia glow juice (PJK Biotech, Kleinblittersdorf, Germany) according to the manufacturer’s instructions in a microplate luminescence reader (Synergy 2, BioTek Instruments, Inc, Winooski, VT, USA). The neutralization titer represents the reciprocal of the highest dilution that reduces the signal by at least 50%. The cut-off was set to a titer of 300 based on previous experiences with measuring sera of animals from virus-free and naturally MnPV-infected colonies (28).

An alternative FC-PBNA that is better suited for the detection of L2 neutralizing antibodies and employed furin-cleaved (FC-)pseudovirions was performed as originally described (57). Differently from the standard PBNA, the neutralization of FC pseudovirions in the FC-PBNA is assessed in the furin-deficient LoVoT reporter cell line. Determination of neutralization titer followed the same principle described above.



Determination of viral load

Hairs re-grew four weeks after experimental infection and were plucked bi-weekly with clean forceps, which yielded in approximately 100 hair roots from three random positions within the infected area for each time point. DNA was extracted via Chelex resin-based method where the hair was digested overnight in 150 µl Chelex resin (5% w/v in water; 100 - 200 mesh; Bio- Rad, Hercules, CA, USA) with 2 µg proteinase K in a ThermoMixer (Eppendorf, Hamburg, Germany) at 56°C and 300 rpm. The suspension was subsequently vortexed for 10 sec, heated at 99°C for exactly 8 min in a ThermoMixer (Eppendorf, Hamburg, Germany), vortexed again for 10 sec and centrifuged at room temperature for 3 min at 12,000×g to pellet the Chelex resin. The supernatant was transferred into a new tube and stored at 4°C (short-term) or -20°C (long-term).

The qPCR was performed with 1 µl DNA-containing supernatant from above per reaction using the iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), including 2.5 µg BSA (New England BioLabs, Frankfurt am Main, Germany) and forward/reverse primers for the MnPV L1 gene and the single-copy-number gene β-Globin to determine the number of input cell equivalents (29). Per reaction, MnPV DNA copy numbers were determined in duplicate by using standard curves generated in the same PCR run with a standard containing MnPV and β-globin plasmids. MnPV DNA load was defined as the number of MnPV genomes per two β-globin copies. The cut-off of 0.346 copies/cell was calculated by measuring hair samples from 50 animals of the virus-free colony and adding three standard deviations to the median (0.003 + 0.343).



Tissue stainings

Staining of formalin-fixed, paraffin-embedded tumors was performed as previously described (28). Briefly, deparaffinized sections were subjected to heat-induced epitope retrieval (citrate buffer pH6.0), blocked with 5% goat serum and incubated with primary antibodies [a self-made mouse monoclonal anti-MnPV E4 antibody, a self-made Mastomys monoclonal anti-MnPV L1 antibody or a cross-reactive mouse monoclonal K18L2 antibody (18)] overnight at 4°C. After washing, slides were incubated with Alexa488- or Alexa594-conjugated anti-mouse antibodies (Invitrogen, Carlsbad, CA, USA) and nuclei were stained with DAPI. Sections were mounted with Dako Faramount Aqueous Mounting Medium (Dako North America, Inc, CA, USA) and imaged with a Keyence BZ-9000 Microscope (Keyence Deutschland GmbH, Neu-Isenburg, Germany) or a Hamamatsu NanoZoomer S60 (Hamamatsu, Hamamatsu City, Japan).



Electron microscopy

L1 isoform preparations were fixed with buffered aldehyde solution (2% formaldehyde, 2% glutaraldehyde, 1 mM MgCl2, 2% sucrose in 100 mM calcium cacodylate, pH7.2), followed by post-fixation in buffered 1% OsO4, graded dehydration with ethanol and resin-embedding in epoxide (12 g glycid ether, 6.5 g NMA, 6.5 g DDSA, 400 μl DMP30; all from Serva, Heidelberg, Germany). Ultrathin sections at nominal thickness 60 nm and contrast-stained with lead-citrate and Uranylacetate were observed in a Zeiss EM 910 at 100 kV (Carl Zeiss, Oberkochen, Germany) and micrographs were taken with image-plates, scanned at 30 µm resolution (Ditabis micron, Pforzheim, Germany).



Alignments

Papillomavirus L2 sequences were taken from PaVE (Papillomavirus Episteme; pave.niaid.nih.gov) (58) and aligned using Clustal 2.0.12. The consensus sequence was determined using EMBOSS Cons (https://www.ebi.ac.uk/Tools/msa/emboss_cons/) (59) and visualized with WebLogo (http://weblogo.berkeley.edu/) (60).



Statistical analysis

Data analysis and graphical representation were done with GraphPad Prism 6.0 Software. Tumor development was calculated with the log-Rank test at 95% confidence interval and a p-value of 0.05 to assess significance.
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