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The h4 coil surface region of human papillomavirus type 58 L1 virus-like particle 
serves as a potential location for presenting the RG1 epitope peptide
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ABSTRACT
The licensed prophylactic human papillomavirus (HPV) vaccines, based on L1 virus-like particles (VLPs), 
effectively prevent infection and HPV-associated cancers caused by the vaccine types but offer limited 
protection against non-vaccine types. L2 N-terminal peptides, such as the RG1 epitope peptide, contain 
conserved cross-neutralizing epitopes, and their immunogenicity could be enhanced via display on the surface 
of L1VLPs. To our knowledge, there have been no reports on the construction and immunogenicity research of 
chimeric L1-L2 proteins based on HPV58 L1VLP, the third most prevalent high-risk type in Asia. Here, we 
inserted the RG1 epitope peptides at two sites of the highly expressed HPV58 L1 – the h4 coil region or the DE 
loop (with linkers) – to construct seven chimeras. These chimeras were expressed in insect cells, self-assembled 
into chimeric VLPs (cVLPs), and their immunogenicity was assessed in a mouse model. Notably, three cVLPs 
with h4 coil insertions elicited comparable levels of L1-specific antibody response in mice to the L1VLP control 
and induced cross-neutralizing antibody responses against fourteen pseudoviruses. Conversely, four cVLPs 
with DE loop insertions induced significantly lower L1-specific antibody titers compared with the L1VLP control 
(p < .001). This might be attributed to the disruption or obstruction of neutralizing epitope(s) targeted by 
HPV58-specific conformation-dependent monoclonal antibodies, caused by the sequence insertions. Our 
findings suggest that the h4 coil region of HPV58 L1VLP might be a potential location for RG1 epitope display, 
guiding the presentation of heterologous epitopes to develop chimeric HPV58 L1VLP-based vaccines.
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Introduction

Human papillomaviruses (HPVs), comprising almost 450 dis
tinct types (genera α, β, γ, μ, v), are responsible for 5% of all 
human cancers, as well as substantial precancerous and benign 
lesions.1,2 Among these, cervical cancer is the fourth most 
common cancer among women worldwide, with an estimated 
602,147 new cases and 341,831 deaths per year.3 Infection with 
high-risk HPVs (hrHPVs), including over 20 identified types 
such as HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 68, is 
the primary cause of nearly all cervical cancers and 
a proportion of other anogenital and oropharyngeal cancers.3 

Low-risk HPV types such as HPV6, 11 (genus α10) are the 
main causative agents for condyloma acuminatum and recur
rent respiratory papillomatosis.4 Cutaneous HPVs like HPV27, 
57 (genus α4) are common in cutaneous warts, and HPV5 
(genus β1) is associated with epidermodysplasia verruciformis- 
related squamous cancers.3,5 Hence, the burden of diseases 
linked to HPV infection is substantial, particularly in under
developed regions where over 85% of these diseases occur.3

The capsid of HPV is comprised of major capsid protein L1 
and minor capsid protein L2, arranged in a T = 7 icosahedral 
formation.6 The surfaces of HPV capsids are composed of 
relatively hypervariable loop structures, which serve as the 
primary target for type-specific neutralizing antibodies.7,8 L1 
can self-assemble into virus-like particles (VLPs), which retain 

the structural characteristics of the native virions, exhibiting an 
orderly, repetitive, and densely arrayed surface epitopes 
arrangement, and are capable of eliciting potent and type- 
specific neutralizing antibody (nAb) responses in vivo,9 effec
tively preventing virion attachment to either the basement 
membrane or cervical epithelial cell surface.10,11 Thus, 
L1VLPs are the primary component of licensed HPV vaccines, 
including Cervarix (HPV16, 18), Walrinvax (HPV16, 18), 
Gardasil (HPV16, 18, 6, 11), Gardasil-9 (HPV16, 18, 6, 11, 
31, 33, 45, 52, 58), and Cecolin (HPV16, 18). Although these 
vaccines were proven to effectively prevent almost 100% of 
infections caused by vaccine types,12–15 they provide limited 
protection against non-vaccine types. The current strategy for 
broadening vaccine coverage primarily emphasizes multiva
lent L1VLP combined immunization, as exemplified by 
Gardasil-9, which includes L1VLPs from seven high-risk and 
two low-risk types.12 Similarly, a 14-valent vaccine developed 
by Sinocelltech incorporating an additional five high-risk types 
has successfully completed its Phase III clinical research. 
Nevertheless, the ongoing increase in the types of L1VLPs 
within a vaccine inevitably escalates both the complexity and 
cost of manufacturing, thereby posing significant challenges to 
the development and realization of polyvalent L1VLP vaccines 
aimed at providing comprehensive protection against all high- 
risk HPV types and other medically significant types.
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The N-terminus of L2 has been reported to contain con
servative type-common epitopes capable of inducing a low 
level of cross-neutralizing antibodies in animals,16–20 making 
it the focus of investigation for second-generation broad- 
spectrum vaccines. However, the immunogenicity of L2 linear- 
epitope peptides is relatively weak with respect to L1. To 
enhance the immunogenicity of L2 peptides, different strate
gies have been performed,21–32 and a promising method is the 
multimeric display of L2 epitopes on surface regions of 
L1VLPs.21–29 HPV16 and HPV18 are the most prevalent 
types globally, and the epitope regions of the corresponding 
L1VLPs have been effectively characterized through the recog
nition of monoclonal antibodies.7,33 Subsequently, several chi
meric HPV L1-L2 VLPs (cVLPs) based on either HPV16 or 
HPV18 L1VLPs have been documented in scientific 
literature.21–29 Consistently, published findings have demon
strated the dual capability of L1-L2 cVLPs, effectively main
taining the significant advantage of inducing long-lasting L1- 
specific protection while also possessing the capacity to gen
erate L2-specific cross-protection.23,34,35 For instance, the pro
tective capacity of the HPV18 L1-L2 cVLPs remained 
consistent when combined with HPV16 and HPV18 L1VLPs 
in a vaccine formulation, and meanwhile the efficacy of 
HPV16 and HPV18 L1VLPs against PsV16 appeared poten
tially enhanced by the addition of the HPV18 L1-L2 cVLPs in 
the vaccine.23

For HPV16 and HPV18 L1VLPs, the DE loop and the h4 
coil region frequently served as the sites for inserting L2 
epitopes, such as incorporating L2 peptides of HPV16, 31, 
58 into HPV16 L1 DE loop or h4 coil, or L2 peptides of 
HPV33, 58 into HPV18 L1 DE loop or h4 coil, to create 
chimeric L1-L2 VLPs.21–24 These cVLPs successfully induced 
non-inferior L1-specific neutralization antibody responses 
compared to those of L1VLPs in animals and also induced 
enhanced L2-specific cross-protection responses. However, 
the insertion of epitope peptides into these regions can also 
disrupt epitopes important for HPV16 and 18. For instance, 
insertion of HPV45 L2 epitope into the DE loop of HPV18 
L1 led to a loss of binding capability with H18.J4 neutraliz
ing monoclonal antibodies (mAbs),25 and the incorporation 
of HPV16 L2aa.108–120 into the DE loop of HPV16 L1 
resulted in the loss of the epitopes recognized by the V5 
and E70 neutralizing mAbs.26 Furthermore, the inserted 
regions as well as the inserted amino acid sequences appear 
to be a limitation for VLP assembly, which is critical for its 
immunogenicity.26,35,36 For instance, the insertion in 
h4 helix either with 16L2aa.17–36 or 16L2aa.108–120 could 
both disrupt the assembly of HPV16 L1.26,36 Thus, the 
approaches of incorporating L2 epitope peptides into 
another type of HPV L1 to construct new chimeric L1-L2 
proteins may encounter some challenges, such as inefficient 
antigen display and the limited structural capacity of L1 
surface loops to accommodate foreign epitopes, and poten
tially significant disruption of L1 oligomeric structures. To 
our knowledge, there have been no reports to date on the 
construction and immunogenicity research of L1VLP-based 
chimeric proteins of HPV58, which is one of the most 
prevalent high-risk types in cervical cancer in southern 
China, ranking second only to HPV16 and/or HPV18.37

The region spanning amino acids 17 to 36 of HPV16 L2 is 
conserved among many HPV types and stands out as the 
dominant neutralizing epitope region among the identified 
L2 neutralizing epitopes.19 This specific segment is recognized 
by the mAb RG1, which exhibits excellent cross-neutralization 
against various HPV types, and thus is called RG1 epitope 
peptide whose core sequence is aa.21–30.38 Here, we con
structed 58L1-16L2 chimeras to explore potential position of 
HPV58 L1VLP for RG1 epitope display. Among the seven 
constructs, three with h4 coil insertions, H4/L2-A, H4/L2-B, 
and H4/L2-C, were demonstrated to have an excellent ability 
in inducing comparable levels of L1-specific IgG and neutra
lizing antibody in mice to those of L1VLP control, as well as 
a broad-spectrum of L2-specific neutralizing antibody capable 
of cross-neutralizing 14 types of tested HPV PsVs in vitro. The 
other four constructs with DE loop insertions induced signifi
cantly reduced levels of L1-specific IgG and neutralizing anti
bodies (nAbs) compared with the L1VLP control group. This 
observed reduction is likely attributed to the disruption or 
alteration of epitope(s) due to the sequence insertion. 
Therefore, our findings suggest that the h4 coil region of 
HPV58 L1 could potentially serve as a favorable option for 
inserting the RG1 epitope, providing guidance for the presen
tation of other L2 epitopes or heterologous epitopes across 
other pathogenic microorganisms to develop chimeric vac
cines based on HPV58 L1VLP.

Materials and methods

Construction of recombinant baculovirus

The HPV58 L1 gene previously reported by our laboratory was 
utilized as the backbone.39 The gene was Sf9 codon optimized, 
with truncation of N-terminal 4 residues and C-terminal 25 
residues, and demonstrated high expression levels in the bacu
lovirus system. The HPV16 L2 RG1 epitope peptide, in the 
form of either long or short peptides, was genetically engi
neered into the h4 coil region or the DE surface loop (with 
peripheral amino acid modifications) of HPV58 L1 using an 
overlapping polymerase chain reaction (PCR) strategy 
(Table 1). The resulting amplified PCR products were then 
inserted into pFastBac1 vector (BamH I/EcoR I restriction 
sites) to construct recombinant plasmids, which were subse
quently used to transform DH10Bac E. coli cells (Invitrogen, 
Cat.: 10361–012) for preparation of recombinant bacmids. 
These recombinant bacmids were then transfected into Sf9 
cells (Gibco™, Cat.: 11496015) following the Bac-to-Bac proto
col (Invitrogen) for amplification of the recombinant 
baculovirus.

Expression and purification of chimeric 58L1-16L2 
proteins

Sf9 cells were infected with recombinant baculovirus carrying 
chimeric 58L1-16L2 genes for a duration of 3 days, after which 
the cell lysates were extracted and purified by cesium chloride 
(CsCl) ultracentrifugation.21,22,39 Briefly, lysates were sub
jected to ultracentrifugation on CsCl density gradients 
(1.23 g/mL) for 20 h, and the turbid band in the middle of 
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the tube was collected and dialyzed against 0.5 M NaCl-PBS at 
4°C for 3 h, followed by a 5% sucrose (w/w)/60% CsCl (w/w) 
gradient ultracentrifuged. Subsequently, the CsCl fraction was 
collected for an additional 20 hours of CsCl density gradient 
ultracentrifugation. The turbid band was then collected and 
dialyzed against PBS at 4°C for 3 days. Following quantifica
tion using the Bradford assay, each protein sample (5 μg) was 
loaded onto a 10% SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and stained with Coomassie blue.

Western blotting

The lysates or purified proteins were calculated by Bradford 
assay and then analyzed by SDS-PAGE with Coomassie blue 
staining or Western blot. Expression of chimeric L1-L2 pro
teins was verified by mAb Camvir-1 raised against HPV16 L1 
(1:8000, Millipore, Cat.:CBL402-K). To verify the antigenicity 
of L2 epitopes, samples were probed with polyclonal rabbit 
sera raised against HPV16 L2 aa.17–40-KLH peptides. HPV16 
L2aa.11–200 coupled with the FliC protein of E. coli was used 
as a control. HRP-labeled goat anti-mouse (1:3000, CWBIO, 
Cat.: CW0102S) or goat anti-rabbit IgG (1:3000, CWBIO, Cat.: 
CW0103S) was used as the secondary antibody.

Dynamic light scattering (DLS) and transmission electron 
microscope (TEM)

The purified proteins (100 μg/ml in PBS) were subjected to 
DLS and TEM analysis.21,22,40 DLS measurements were per
formed on a Malvern Zetasizer Nano ZS (Malvern). Samples 
were equilibrated to 25°C prior DLS analyzed and the 
Z-average hydrodynamic diameter and polymer dispersity 
index (PDI) were determined from three independent mea
surements. For TEM analysis, purified proteins were adsorbed 
on a carbon-coated grid for 1 min, rinsed with distilled water, 
negatively stained with 1% uranyl acetate for 3 min and then 
examined with a TEM-1400 electron microscope (JEOL) oper
ating at 80 kV with a magnification of 80,000 ×.

Enzyme linked immunosorbent assay (ELISA)

Cross-neutralizing L2 epitopes displayed on cVLPs were detected 
using ELISA, following the previously described protocol with 
minor modifications.21,22,24 Briefly, 58L1-16L2 cVLPs (100 ng/ 
well) were added to a 96-well plate (Costar, Cat.:RF1173) and 
adsorbed at 4°C overnight. Controls included HPV58 L1VLP, 
HPV16 L2 aa.17–40-KLH, and PBS. After blocking unbound sites 
with 5% (w/v) bovine serum albumin (BSA) in PBST (PBS 
+0.05% Tween20), anti-16L2 aa.17–40-KLH rabbit serum 

(100 μl/well, diluted at 1:3000) was added and incubated at 
room temperature for 2 h, followed by incubation with HRP- 
conjugated goat anti-rabbit IgG (diluted at 1:3000, CWBIO, Cat.: 
CW0103S) at 37℃for an hour. Enzyme activity was revealed with 
substrate O-phenylenediamine (Sigma-Aldrich, Cat.: P9029), and 
the reaction was stopped by adding 50 μl of 2 M H2SO4. The 
absorbance was measured at a wavelength of 490 nm.

To determine the specific antibody titer in antisera, another 
ELISA was conducted following the aforementioned protocol. 
In this assay, HPV58 L1VLP or prokaryotic expressed HPV16 
L2 aa.11–200 were used as the coating antigens. Following 
blocking, serially diluted antisera (100 μl/well) were added as 
the primary antibody. HRP-conjugated goat anti-mouse IgG 
(1:3000, CWBIO, Cat.: CW0102S) served as the secondary 
antibody. The antibody titer of a serum is defined as the 
reciprocal of the highest dilution at which the optical density 
(OD) value is twice that of the control and exceeds 0.2.

Immunization

BALB/c mice were purchased from the Institute of Laboratory 
Animal Science (ILAS), Chinese Academy of Medical Sciences 
(CAMS), and kept in the animal facility under pathogen-free 
conditions. All animal studies were performed in accordance 
with the guidelines of the Institutional Animal Care and Use 
Committee of the ILAS, CAMS with the approval number of 
ACUC-A02- 2016-001.

Six-week-old female BALB/c mice were randomly distributed 
into seven groups (five mice per group) and received subcuta
neous vaccination at weeks 0, 4, 7, 10 with a dose of 10 μg of 
58L1-16L2 cVLPs formulated with Alum-MPL, respectively. The 
control group was vaccinated with HPV58 L1VLP adjuvanted 
with Alum-MPL. Serum samples were collected at week 12 for 
ELISA and pseudovirus-based neutralization assay (PBNA).

HPV pseudovirus preparation

Pseudovirus (PsV) stocks of HPV5, 6, 11, 16, 18, 27, 31, 33, 35, 
39, 45, 52, 57, 58, 59, 68 with reporter plasmid pfwB, which 
encoding green fluorescence protein (GFP) were produced in 
HEK293 TT cells as described before.41,42 PsV infectivity 
(infectious units per ml, IU/mL) was titrated by GFP expres
sion in HEK293 TT cells as described in online technical files 
(http://home.ccr.cancer.gov/lco/pseudovirusproduction.htm).

Standard PsV-based neutralization assay (PBNA)

Standard PBNA was conducted following established 
protocols.41,42 Briefly, HEK293 TT cells were seeded in a 96- 

Table 1. Summary of the construction of chimeric HPV58 L1-16L2 genes and regions where L2 epitopes were displayed.

Chimeric gene Backbone* Region Amino acid position of L2 Inserted L2 epitopes and amino acid linker

DE/L2-A HPV58 L1 loop D-E aa.133–137 AGP- HPV 16L2aa.17–38
DE/L2-B HPV58 L1 loop D-E aa.133–137 AGP- HPV 16 L2aa.18–32
DE/L2-C HPV58 L1 loop D-E aa.135–140 GPA- HPV 16 L2aa.17–38
DE/L2-D HPV58 L1 loop D-E aa.135–139 GPA- HPV 16 L2aa.18–32
H4/L2-A HPV58 L1 h4 coil aa.429–432 HPV16 L2aa.18–38
H4/L2-B HPV58 L1 h4 coil aa.429–432 HPV 16 L2aa.18–32
H4/L2-C HPV58 L1 h4 coil aa.429–432 HPV 16 L2aa.19–31

*The HPV58 L1 backbone was N- and C-terminal truncated L1 generated by our lab (35).
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well plate at a density of 3 × 104 cells/well and incubated at 
37°C for 6 h. Serially diluted antisera were combined with PsVs 
and incubated for 1 h at 4°C. The mixtures were then trans
ferred to pre-plated HEK293 TT cells. After 72 h, the cells were 
harvested by trypsin digestion and analyzed using fluores
cence-activated cell sorting. The endpoint titer was determined 
as the reciprocal of the highest serum dilution resulting in 
more than 50% inhibition of infection, and this determination 
was confirmed by two independent replicates.

Data analysis

Statistical analyses were conducted with GraphPad cameyo 
software with two-tailed, unpaired t-test analysis. p values <  
0.05 was considered significant.

Results

Design and expression of chimeric 58L1-16L2 constructs

An optimized N- and C-terminal truncated HPV58 L1 gene, 
previously reported by our lab,39 was used as the backbone for 
inserting HPV16 L2 RG1 peptide genes into either the h4 coil 
region or the DE loop (Table 1). Seven chimeric 58L1-16L2 
genes were generated, including four chimeras with DE loop 
insertion and three with h4 coil insertion. Their expression in 
the baculovirus expression system was confirmed through 
SDS-PAGE (Figure 1(a)) and Western blot analysis with 
mAb Camvir-1 (Figure 1(b)). As expected, the 58L1-16L2 
chimeric proteins showed a single band at approximately 55 
kDa (Figure 1(a,b)), consistent with their theoretical molecular 
weights, and exhibited a slightly slower migration compared to 
the HPV58 L1 control.

Purification of chimeric 58L1-16L2 proteins

Chimeric 58L1-16L2 proteins were purified by ultracentrifuga
tion and further analyzed by SDS-PAGE (Figure 2(a)) and 
quantified with Bradford assay (Figure 2(b)). Bands running 
at approximately 55 kDa on SDS-PAGE were observed when 
5 μg of chimeric proteins were loaded (Figure 2(a)). Their 
yields varied among 28.9 mg/L–54.4 mg/L, which was about 
48%–90.5% of that of HPV58 L1 (Figure 2(b)). Western blot 
analysis showed that these proteins had a very similar reactiv
ity profile with Camvir-1 and HPV16 L2 antisera (Figure 2(c, 
d)). It is notable that the four chimeric proteins with DE loop 
insertions also showed smaller bands representing proteolytic 
degradation products, indicating that these insertions of L2 
peptides might partially interfere with protein stability, but the 
degraded proteins still retained HPV16 L2 peptides. The 
remaining three proteins with h4 coil insertions showed non- 
inferior stability compared to the HPV58 L1 control.

Characterization of chimeric 58L1-16L2 proteins

DLS analysis of seven purified 58L1-16L2 proteins revealed 
a uniform hydrodynamic diameter distribution, with the mean 
polydispersity indexes (PDI) of less than 0.2. However, we 
found that the average hydrodynamic diameters of the four 

DE loop-chimeric proteins (that is 92.4 nm, 90.6 nm, 155.6  
nm, 73.9 nm) were somewhat larger than those of three h4 
coil-chimeric proteins (that is 35.8 nm, 45.2 nm, and 65.02  
nm) (Figure 3(a)). Transmission electron microscopy (TEM) 
analysis showed that the chimeric proteins were all successfully 
assembled into VLPs, with the average diameters of 60 nm, 50  
nm, 45 nm, 50 nm, 30 nm, 35 nm, and 48 nm, respectively 
(Figure 3(b)), consistent with the results of DLS. These find
ings suggested that the insertions of L2 peptides had some 
impact on VLP assembly. It was reported that the insertion 
of HPV33 or HPV58 L2 peptide into the h4 coil region of 
HPV18 L1VLP or insertion of HPV31 RG1 peptide into the h4 
coil region of HPV16 L1VLP, all resulted in smaller sized VLPs 
(diameter, 20–40 nm) while had no impact on L1-specific 
immunogenicity.21,23 Thus, we speculate that the H4/L2-A, 
H4/L2-B, and H4/L2-C cVLPs may also provide similar immu
nogenicity as regular sized VLPs.

Detection of L1 and L2 epitopes displayed on the 
58L1-16L2 cVLPs

The presentation of L1 and L2 epitopes on the cVLPs was 
evaluated via ELISA. As shown in Figure 4(a), the seven 
cVLPs reacted with HPV16 L2 antisera with varying degrees 
while HPV58 L1VLP and PBS control did not, indicating the 
successfully display of L2 epitope peptides on the surface of 
these cVLPs. The strongest binding was observed for H4/L2-A 

Figure 1. SDS-PAGE with Coomassie blue staining and Western blot analysis of 
the expression of chimeric 58L1-16L2 genes in sf9 cells. Lysates of sf9 cells 
expressing seven chimeric 58L1-16L2 proteins or HPV58 L1 control were analyzed 
by SDS-PAGE with Coomassie blue staining (a), and Western blot with mAb 
Camvir-1 reacting HPV58 L1 (b).
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and H4/L2-B cVLPs. Besides, one of the conformation- 
dependent neutralizing mAbs, XM58–6, bound to all the 
cVLPs, while the remaining five mAbs showed a vary pattern 
of interaction: no binding to DE/L2-B, DE/L2-C, and DE/L2-D 
cVLPs; diminished affinity for DE/L2-A cVLP; and the stron
gest binding affinities with H4/L2-A, H4/L2-B, and H4/L2-C 
cVLPs (Figure 4(b)). This observation indicated that the inser
tions of the L2 peptides in the DE loop may result the disrup
tion or steric hindrance of the epitope(s) targeted by these 
mAbs. Also, the possibility of protein degradation cannot be 
excluded.

The immunogenicity of 58L1-16L2 cVLPs

Immunogenicity of 58L1-16L2 cVLPs and humoral immune 
responses to displayed L2 peptides were determined by immu
nization of BALB/c mice. Concretely, mice were injected with 
10 μg per dose of each antigen plus human-applicable Alum- 
MPL adjuvant at weeks 0, 4, 7, 10. And at week 12, sera were 
pooled and analyzed by VLP or L2 peptide-based ELISA and 
standard PBNA. As shown in Figure 5(a,b) three cVLPs, H4/ 
L2-A, H4/L2-B, and H4/L2-C, induced robust HPV58-specific 
IgG and neutralizing antibody (nAb) titers (106), which were 
comparable to those induced by HPV58 L1VLP, indicating 
that the major HPV58-specific binding and neutralization 

epitopes were retained on these cVLPs. However, the antibody 
titers elicited by the four cVLPs with DE loop insertions (DE/ 
L2-A, DE/L2-B, DE/L2-C, and DE/L2-D) were two orders of 
magnitude lower (p < .001), indicating the destruction of spe
cific neutralization epitope (s) on these cVLPs, which is con
sistent with the results of Figure 4(b). In addition, the specific 
IgG and nAbs targeting inserted HPV16 L2 epitopes were also 
detected. As shown in Figure 5(c,d) the seven cVLPs induced 
diverse levels of HPV16-specific IgG and nAbs, while none 
were detected in the HPV58 L1VLP control group, suggesting 
that HPV16-specific antibody response were raised by the 
displayed HPV16 L2 epitopes on these cVLPs. It is noteworthy 
that the antibody titers specific to HPV16 elicited by cVLPs 
with h4 coil insertions were marginally higher, albeit not sig
nificantly, compared to those induced by cVLPs with DE loop 
insertions.

Therefore, we further detected the cross-neutralizing activity 
of antisera elicited by H4/L2-A, H4/L2-B, and H4/L2-C cVLPs. 
Altogether, another 14 HPV PsVs accessible to us were 
employed in PBNA for determining the cross-neutralizing anti
bodies in the cVLP antisera. Antibody titers below detection 
limit (25) were defined as ns. As shown in Figure 6, the antisera 
of H4/L2-A, H4/L2-B, and H4/L2-C cross-neutralized all 
detected PsV types with varying efficacy, including high-risk 
type HPV18, 31, 33, 35, 39, 45, 52, 59, 68 (titer, 25–800), low- 

Figure 2. Purity, yield and antigenicity analysis of the chimeric 58L1-16L2 proteins after purification. Chimeric proteins were purified by ultracentrifugation, and the 
purity was analyzed by SDS-PAGE with Coomassie blue staining (a). The resulting yields were qualified by Bradford assay and recorded as milligrams per liter of medium 
(b). The antigenicity of these proteins were analyzed by Western blot with Camvir-1 (c) or polyclonal antiserum of KLH-HPV16 L2aa.17–40 (d). 16L2N: HPV16 
L2aa.11–200 coupled with the FliC protein of E. coli.
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risk type 6,11 (titer, 25–200), and cutaneous type HPV5, 27, 57 
(titer 25–800). The antibody level in antisera raised against H4/ 
L2-A cVLP that displayed the long HPV16 L2 epitope peptide 
was marginally higher than that of the other two cVLPs with 
the relatively short L2 epitope peptides, suggesting that the h4 
coil region of HPV58 L1 may serve as a potential location for 
RG1 epitope presentation and can accommodate peptide inser
tions of at least 21 amino acids in length.

Discussion

In addition to HPV16 and 18, HPV58 is the third most 
common oncogenic type in Asia, with high detection rate 

of 7.4% in cervical cancer and 7.7% in high-grade cervical 
lesions.37 At present, only one licensed vaccine Gardasil-9 
provides protection specifically against HPV58. It has been 
proven that a broad-spectrum L1-L2 cVLP vaccine could 
effectively induce long-lasting L1-specific protection as well 
as L2-specific cross-protection,21,22,24 thus would be 
a promising candidate of cost-effective broad-spectrum vac
cine. For instance, cVLP vaccines derived from HPV16 and 
18 L1VLP have been documented, incorporating either the 
DE loop or h4 coil chimeric L2 epitopes.21,22,24 Specific 
location for the chimeric insertion in HPV58 remains 
unknown. To our knowledge, we believe this is the first 
report of HPV58 L1VLP-based L1-L2 chimeric vaccine. 

Figure 3. DLS and TEM analysis of the chimeric 58L1-16L2 proteins. Chimeric proteins purified by ultracentrifugation were analyzed by DLS (a) and TEM (80,000× 
magnification) (b). The Z-average diameter and particle dispersion index (PDI) are also shown. Scale bar = 100 nm.
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Here, we used a HPV58 L1 mutant which showed enhanced 
VLP yield in the insect baculovirus expression system as the 
backbone for L2 epitope insertion,39 to ensure the yields of 
the resulting cVLP vaccines and thus their cost-effectiveness. 
Fortunately, the selected cVLP, H4/L2-A, exhibited 
a remarkable yield of up to 54 mg/L comparable to that of 
HPV58 L1, thereby holds significant research value for 
a promising candidate of a cost-effective broad-spectrum 
vaccine. Since the position of the L2 epitope display is 
critical for maintaining L1-specific neutralizing epitopes, 
both DE loop and h4 coil region of this HPV58 L1 backbone 
were tried for insertion with type-common RG1 epitope- 
derived peptides (either long peptides or short peptides) to 
explore proper positions for display of the epitopes. We 
found that the chimeras with h4 coil insertions not only 
retained the L1-specific epitopes but also effectively dis
played L2 epitopes on the surface, inducing cross- 
neutralization of fourteen tested HPV PsVs in vitro, includ
ing nine high-risk types, two low-risk types, and three cuta
neous types. These results suggest that the h4 coil region of 
HPV58 L1 might potentially be a good choice for 

incorporating RG1 epitope peptides to construct chimeric 
proteins, facilitating the development of broad-spectrum 
multivalent vaccines based on HPV58.

Although the studies by Huber et al. and Carter et al. 
suggested that the DE loops of HPV16 and 18 may encom
pass crucial sequences associated with dominant neutralizing 
epitopes,25,43 successful cases have been reported for the 
construction of cVLPs using HPV16 and 18 L1 as back
bones, with epitopes embedded in the DE loop.22–24 

However, in this study, all the four constructs with DE 
loop insertions have partially lost the ability to induce 
HPV58-specific immune responses in mice. This reduction 
in immunogenicity is likely attributed to the disruption or 
alteration of epitope(s) targeted by HPV58-specific neutra
lizing mAbs due to the insertion of L2 peptide sequences or 
some flanking amino acid modifications. Our speculation is 
further supported by the findings of He et al. that some 
residues on DE loop of HPV58 L1 interacted with neutraliz
ing monoclonal antibody 5G9 and maybe the key residues 
involved in the formation of neutralizing epitopes.44,45 Thus, 
when inserting epitopes into DE loop of HPV58 L1 to 

Figure 4. Characterization of L1 and L2 specific epitopes displayed on the cVLPs by ELISA. Binding activities of polyclonal and monoclonal antibodies to 58L1-16L2 
cVLPs and HPV58 L1 VLPs were analyzed using polyclonal anti-L2 serum (a) and conformational neutralizing mAbs XM58–6, XM58–8, XM58–24, XM58–26, XM58–29, 
Xm58–30 produced by our lab (b).
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construct cVLPs, it is essential to choose the insertion site 
and epitope sequence carefully without destroying the L1- 
specific epitope(s). This might be the reason why we failed 
to obtain a good immunogenic cVLP with the DE loop 
insertions in our limited attempts.

As is known to all, the HPV16 L2 cross-neutralization B cell 
epitope RG1 is highly conserved among many PV types and 
had been used for broad-spectrum vaccines by multimeric 
presentation with different scaffolds.46 – 47 While it seems 
that the cross-neutralizing antibody responses (mode or 

Figure 5. HPV58 and HPV16 specific IgG and neutralizing antibody titers in mice sera raised against 58L1-16L2 cVLPs. Mice (n = 5) were vaccinated subcutaneously at 
weeks 0, 4, 7, 10 with HPV58 L1VLP or 58L1-16L2 cVLPs adjuvanted with Alum-MPL. Sera were collected at week 12 and analyzed for specific IgG titers and neutralizing 
antibody titers against HPV58 (a, b) or HPV16 (c, d). Data are presented as geometric mean titers (GMTs) with 95% CI. The statistically significant differences were 
indicated by: *p < .05; **p < .001; ***p < .0001.

Figure 6. Cross-neutralizing antibody titers in the sera of mice vaccinated with H4/L2-A, H4/L2-B and H4/L2-C cVLPs. Mice (n = 5) were vaccinated subcutaneously at 
weeks 0, 4, 7, 10 with H4/L2-A, H4/L2-B and H4/L2-C cVLPs adjuvanted with Alum-MPL. Sera were collected at week 12 and analyzed for cross-neutralization against 
other fourteen HPV PsV types. Data are presented as geometric mean titers (GMTs) with 95% CI.
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intensity) induced by RG1 peptide varied when delivered with 
different carrier proteins or immunized with different kind of 
animals.24,46,47 For example, 16RG1 peptide displayed on DE 
loop of BPV1 L1 and HPV16 L1 (16L1-RG1 and BPV-RG1) 
could induce L2-specific cross-neutralization antibody 
responses in rabbits, but the titers induced by 16L1-RG1 
were 10- to 100-fold higher than those of sera raised against 
the comparable BPV-RG1 under identical vaccination condi
tions. Besides, BPV-RG1 could induce cross-neutralizing anti
body against low-risk types HPV6, 11 and β genus HPV5 in 
rabbits, but not in mice.24,47 In this study, the chimeric 58L1- 
16L2 cVLPs adjuvanted with Alum-MPL induced cross- 
neutralization of high-risk HPV types 16, 18, 31, 33, 35, 39, 
45, 52, 59, and 68, as well as low-risk types 6 and 11, and beta 
HPV type 5 in mice. We believed that the RG1 epitope was 
displayed within the h4 coil of HPV58 L1VLP. It is worth 
noting, however, that the RG1 epitope-specific antibody titers 
observed in our study were slightly lower than those reported 
for successful L1-L2 cVLPs in the literature, which utilized 
a comparable vaccination strategy, animal model, and detec
tion method.21,22,48 A potential reason for this difference, as we 
speculate, could be the significant variation in the presentation 
mode of the RG1 epitope, which depends on the underlying L1 
scaffold sequence. To enhance the vaccine efficacy, further 
optimization might be necessary, such as optimizing the struc
ture of the chimeric protein by carefully adjusting the linker 
amino acids around the insertion site50 to ensure better expo
sure of the L2 epitopes. Additionally, exploring alternative 
novel adjuvants or modifying the existing Alum-MPL adjuvant 
formulation could help boost the antigen-specific immune 
response.51,52 Furthermore, we postulated that a more potent 
and broader immune response might be elicited in rabbit 
models by our 58L1-16L2 cVLPs, as compared to the response 
observed in mice.22,24

Regarding the weak immunogenicity of the linear L2 epitope, 
L2-targeted vaccine formulations usually require potent immune 
adjuvants and multiple booster immunizations to enhance the 
levels of specific neutralizing antibodies in vivo.22–25–52 In this 
study, a four-dose immunization regimen was adopted, which 
aligns with established cVLP vaccine protocols.21–24 Given that 
the antibody levels below the detection threshold of in vitro L1- 
based PBNA can still protect animals from the in vivo PsV 
challenge,53 it is imperative in future studies to conduct an 
extended longitudinal monitoring of antibody levels throughout 
the immunization schedule for comprehensive evaluation of the 
vaccine’s efficacy.

The L1 protein can self-assemble into 50 to 60 nm VLPs 
with a T = 7 icosahedral symmetry, which is crucial for its 
potent immune activity. While other higher-order structures 
also exhibit immunogenicity, such as smaller T = 1 VLPs (30
–40 nm in diameter), which also induced comparable antibody 
titers to those elicited by full-sized T = 7 VLPs.54 Similarly, the 
H4/L2-A cVLP generated in this study also possessed a particle 
diameter of around 30 nm, suggesting it might be a T = 1 
icosahedral symmetry, and as expected, induced a non- 
inferior specific humoral immune response to that induced 
by the HPV58 L1VLP (T = 7, 55 nm). It is consistent with the 
previous findings on the chimeric constructs with h4 coil 

insertions of HPV16 and 18 that formed small VLPs of 
approximately 30 nm in size and elicited significant immune 
response.21,23

In summary, our results suggested the h4 coil region of 
HPV58 L1VLP might be a potential location for RG1 epitope 
display, providing valuable guidance for future research aimed 
at developing broad-spectrum chimeric vaccines based on 
HPV58 L1VLP.

Acknowledgments

We would like to thank Prof. John T. Schiller, Dr. Susana Pang, 
Dr. Christopher B. Buck (National Cancer Institute, Maryland) and 
Prof. Martin Müller (German Cancer Research Center) for their 
generously offering 293TT cells, pfwB plasmid, p5SHELL plasmid, 
p6SHELL plasmid, p11L1w plasmid, p11L2w plasmid, p16SHELL 
plasmid, p18SHELL plasmid, p31SHELL plasmid, p45SHELL plasmid, 
p68SHELL plasmid; Prof. Tadahito Kanda (National Institute of 
Infectious Diseases, Tokyo) for his kindly providing p58SHELL plas
mid and p52SHELL plasmid; Prof. Lutz Gissmann (German Cancer 
Research Center) for his kindly providing HPV27L1 plasmid, 
HPV27L2 plasmid, HPV57L1 plasmid, HPV57L2 plasmid; and 
Dr. Simon Beddows and Dr. Phil Luton (Health Protection Agency, 
UK) for their offering p35SHELL plasmid, p39SHELL plasmid, and 
p59SHELL plasmid.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by [Chinese Academy of Medical Sciences 
(CAMS) Innovation Fund for Medical Sciences] under Grant [2021- 
I2M-1-043]; [National Natural Science Foundation of China] under 
Grant [31970867].

Notes on contributor

Xuemei Xu is a doctoral supervisor at the Institute of Basic Medical 
Sciences, Chinese Academy of Medical Sciences. She serves as the 
team leader of the tumor virus vaccine research group and has been 
mainly engaged in the research of preventive and therapeutic vaccines 
of HPV, HIV-1, Sars-CoV-2 and other viruses for over three decades. 
Her research was funded by the National Natural Science Foundation 
of China, Beijing Natural Science Foundation, international science 
and technology cooperation projects (USA), and so on. She has 
published more than 30 papers and 17 patents, out of which eight 
have been granted authorization. Besides, some of her achievements 
have been transformed into preclinical research. Dr. Zhirong Wang 
and Ting Zhang have been mainly engaged in the research of HPV 
preventive and therapeutic vaccines for over 10 years and have pub
lished more than 10 papers and several patents.

Author contributions statement

Zhirong Wang performed experiment, acquired data, and drafted the 
manuscript. Ting Zhang was involved in analysis and interpretation of 
data. Xuemei Xu made contributions to conception and design, and 
revised it critically for important intellectual content. All authors read 
and approved the final manuscript.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 9



Data availability statement

The original contributions presented in the study are included in the 
article; further inquiries can be directed to the corresponding author.

Ethical statement

No ethical approval was required as the study did not involve human 
participants or identifiable personal data.

References

1. Forman D, De Martel C, Lacey CJ, Soerjomataram I, Lortet- 
Tieulent J, Bruni L, Vignat J, Ferlay J, Bray F, Plummer M, et al. 
Global burden of human papillomavirus and related diseases. 
Vaccine 30S. 2012;30:F12–F23. doi: 10.1016/j.vaccine.2012.07.055  .

2. McBride AA. Human papillomaviruses: diversity, infection and 
host interactions. Nat Rev Microbiol. 2022;20(2):95–108. https:// 
www.nature.com/articles/s41579-021-00617-5 .

3. Bruni L, Albero G, Serrano B, Mena M, Collado JJ, Gómez D, 
Muñoz J, de Bosch SSI. Human papillomavirus and related dis
eases report. 2023. www.hpvcentre.com/0 .

4. Lacey CJN, Lowndes CM, Shah KV. Chapter 4: burden and man
agement of non-cancerous hpv-related conditions: HPV-6/11 
disease. Vaccine. 2006;24:S35–41. https://linkinghub.elsevier. 
com/retrieve/pii/S0264410X06007274 .

5. Feltkamp MCW, Broer R, di Summa FM, Struijk L, van der 
Meijden E, Verlaan BPJ, Westendorp RGJ, Ter Schegget J, 
Spaan WJM, Bouwes Bavinck JN. Seroreactivity to epidermodys
plasia verruciformis-related human papillomavirus types is asso
ciated with nonmelanoma skin cancer. Cancer Res. 
2003;63:2695–2700. http://cancerres.aacrjournals.org/cgi/content/ 
full/63/10/2695 .

6. Belnap DM, Olson NH, Cladel NM, Newcomb WW, Brown JC, 
Kreider JW, Christensen ND, Baker TS. Conserved features in 
papillomavirus and polyomavirus capsids. J Mol Biol. 1996;259 
(2):249–263. doi: 10.1006/jmbi.1996.0317  .

7. Christensen ND, Dillner J, Eklund C, Carter JJ, Wipf GC, 
Reed CA, Cladel NM, Galloway DA. Surface conformational and 
linear epitopes on HPV-16 and HPV-18 L1 virus-like particles as 
defined by monoclonal antibodies. Virol. 1996;223(1):174–184. 
https://linkinghub.elsevier.com/retrieve/pii/S0042682296904663 .

8. Godi A, Vaghadia S, Cocuzza C, Miller E, Beddows S, Campos SK. 
Contribution of surface-exposed loops on the HPV16 capsid to 
antigenic domains recognized by vaccine or natural infection 
induced neutralizing antibodies. Microbiol Spectr. 2022;10 
(3):1–12. doi: 10.1128/spectrum.00779-22  .

9. Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller JT. 
Papillomavirus L1 major capsid protein self-assembles into 
virus-like particles that are highly immunogenic. Proc Natl Acad 
Sci USA. 1992;89(24):12180–12184. doi: 10.1073/pnas.89.24.12180  .

10. Schiller JT, Lowy DR. Understanding and learning from the suc
cess of prophylactic human papillomavirus vaccines. Nat Rev 
Microbiol. 2012;10(10):681–692. doi: 10.1038/nrmicro2872  .

11. Day PM, Kines RC, Thompson CD, Jagu S, Roden RB, Lowy DR, 
Schiller JT. In vivo mechanisms of vaccine-induced protection 
against HPV infection. Cell Host Microbe. 2010;8(3):260–270. 
doi: 10.1016/j.chom.2010.08.003  .

12. Serrano B, Alemany L, Tous S, Bruni L, Clifford GM, Weiss T, 
Bosch FX, De Sanjosé S. Potential impact of a nine-valent vaccine 
in human papillomavirus related cervical disease. Infect Agents 
Cancer. 2012;7(1):1–13. doi: 10.1186/1750-9378-7-38  .

13. Wheeler CM, Kjaer SK, Sigurdsson K, Iversen O-E, Hernandez- 
Avila M, Perez G, Brown DR, Koutsky LA, Tay EH, García P, et al. 
The impact of quadrivalent human papillomavirus (HPV; types 6, 
11, 16, and 18) L1 virus-like particle vaccine on infection and 
disease due to oncogenic nonvaccine HPV types in sexually active 
women aged 16–26 years. J Infect Dis. 2009;199(7):936–944. http:// 
www.ncbi.nlm.nih.gov/pubmed/19236277 .

14. Paavonen J, Jenkins D, Bosch FX, Naud P, Salmerón J, 
Wheeler CM, Chow S-N, Apter DL, Kitchener HC, 
Castellsague X, et al. Efficacy of a prophylactic adjuvanted bivalent 
L1 virus-like-particle vaccine against infection with human papil
lomavirus types 16 and 18 in young women: an interim analysis of 
a phase III double-blind, randomised controlled trial. Lancet. 
2007;369(9580):2161–2170. https://linkinghub.elsevier.com/ 
retrieve/pii/S0140673607609465 .

15. Qiao Y-L, Wu T, Li R-C, Hu Y-M, Wei L-H, Li C-G, Chen W, 
Huang S-J, Zhao F-H, Li M-Q, et al. Efficacy, safety, and immu
nogenicity of an Escherichia coli-produced bivalent human papil
lomavirus vaccine: an interim analysis of a randomized clinical 
trial. JNCI J Natl Cancer Inst. 2020;112(2):145–153. https://aca 
demic.oup.com/jnci/article/112/2/145/5488952 .

16. Roden RB, Yutzy WH, Fallon R, Inglis S, Lowy DR, Schiller JT. 
Minor capsid protein of human genital papillomaviruses contains 
subdominant, cross-neutralizing epitopes. Virol. 2000;270 
(2):254–257. http://www.ncbi.nlm.nih.gov/entrez/query.fcgi? 
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=10792983 .

17. Pastrana DV, Gambhira R, Buck CB, Pang Y-Y, Thompson CD, 
Culp TD, Christensen ND, Lowy DR, Schiller JT, Roden RBS. 
Cross-neutralization of cutaneous and mucosal papillomavirus 
types with anti-sera to the amino terminus of L2. Virol. 2005;337 
(2):365–372. https://linkinghub.elsevier.com/retrieve/pii/ 
S0042682205002175 .

18. Kondo K, Ishii Y, Ochi H, Matsumoto T, Yoshikawa H, Kanda T. 
Neutralization of HPV16, 18, 31, and 58 pseudovirions with anti
sera induced by immunizing rabbits with synthetic peptides repre
senting segments of the HPV16 minor capsid protein L2 surface 
region. Virol. 2007;358(2):266–272. https://linkinghub.elsevier. 
com/retrieve/pii/S004268220600609X .

19. Gambhira R, Karanam B, Jagu S, Roberts JN, Buck CB, Bossis I, 
Alphs H, Culp T, Christensen ND, Roden RBS. A protective and 
broadly cross-neutralizing epitope of human papillomavirus L2. 
J Virol. 2007;81(24):13927–13931. http://www.ncbi.nlm.nih.gov/ 
pubmed/17928339%5Cnhttp://www.pubmedcentral.nih.gov/arti 
clerender.fcgi?artid=PMC2168823 .

20. Gambhira R, Jagu S, Karanam B, Gravitt PE, Culp TD, 
Christensen ND, Roden RBS. Protection of rabbits against chal
lenge with rabbit papillomaviruses by immunization with the 
N terminus of human papillomavirus type 16 minor capsid antigen 
L2. J Virol. 2007;81(21):11585–11592. http://www.pubmedcentral. 
nih.gov/articlerender.fcgi?artid=2168774&tool=pmcentrez&ren 
dertype=abstract .

21. Chen X, Zhang T, Liu H, Hao Y, Liao G, Xu X. Displaying 31RG-1 
peptide on the surface of HPV16 L1 by use of a human papillo
mavirus chimeric virus-like particle induces cross-neutralizing 
antibody responses in mice. Hum Vaccin Immunother. 2018;14 
(8):2025–2033. 10.1080/21645515.2018.1464355  .

22. Chen X, Liu H, Wang Z, Wang S, Zhang T, Hu M, Qiao L, Xu X. 
Human papillomavirus 16L1-58L2 chimeric virus-like particles 
elicit durable neutralizing antibody responses against a 
broad-spectrum of human papillomavirus types. Oncotarget. 
2017;8(38):63333–63344. https://www.oncotarget.com/lookup/ 
doi/10.18632/oncotarget.19327 .

23. Boxus M, Fochesato M, Miseur A, Mertens E, Dendouga N, 
Brendle S, Balogh KK, Christensen ND, Giannini SL, Banks L. 
Broad cross-protection is induced in preclinical models by 
a human papillomavirus vaccine composed of L1/L2 chimeric 
virus-like particles. J Virol. 2016;90(14):6314–6325. 10.1128/JVI. 
00449-16  .

24. Schellenbacher C, Roden R, Kirnbauer R. Chimeric L1-L2 
virus-like particles as potential broad-spectrum human papilloma
virus vaccines. J Virol. 2009;83(19):10085–10095. 10.1128/JVI. 
01088-09  .

25. Huber B, Schellenbacher C, Jindra C, Fink D, Shafti-Keramat S, 
Kirnbauer R, Angeletti PC. A chimeric 18L1-45RG1 virus-like 
particle vaccine cross-protects against oncogenic alpha-7 human 
papillomavirus types. PLOS ONE. 2015;10(3):e0120152. 10.1371/ 
journal.pone.0120152  .

10 Z. WANG ET AL.

https://doi.org/10.1016/j.vaccine.2012.07.055
https://www.nature.com/articles/s41579-021-00617-5
https://www.nature.com/articles/s41579-021-00617-5
http://www.hpvcentre.com/0
https://linkinghub.elsevier.com/retrieve/pii/S0264410X06007274
https://linkinghub.elsevier.com/retrieve/pii/S0264410X06007274
http://cancerres.aacrjournals.org/cgi/content/full/63/10/2695
http://cancerres.aacrjournals.org/cgi/content/full/63/10/2695
https://doi.org/10.1006/jmbi.1996.0317
https://linkinghub.elsevier.com/retrieve/pii/S0042682296904663
https://doi.org/10.1128/spectrum.00779-22
https://doi.org/10.1073/pnas.89.24.12180
https://doi.org/10.1038/nrmicro2872
https://doi.org/10.1016/j.chom.2010.08.003
https://doi.org/10.1186/1750-9378-7-38
http://www.ncbi.nlm.nih.gov/pubmed/19236277
http://www.ncbi.nlm.nih.gov/pubmed/19236277
https://linkinghub.elsevier.com/retrieve/pii/S0140673607609465
https://linkinghub.elsevier.com/retrieve/pii/S0140673607609465
https://academic.oup.com/jnci/article/112/2/145/5488952
https://academic.oup.com/jnci/article/112/2/145/5488952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=10792983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=10792983
https://linkinghub.elsevier.com/retrieve/pii/S0042682205002175
https://linkinghub.elsevier.com/retrieve/pii/S0042682205002175
https://linkinghub.elsevier.com/retrieve/pii/S004268220600609X
https://linkinghub.elsevier.com/retrieve/pii/S004268220600609X
http://www.ncbi.nlm.nih.gov/pubmed/17928339%255Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2168823
http://www.ncbi.nlm.nih.gov/pubmed/17928339%255Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2168823
http://www.ncbi.nlm.nih.gov/pubmed/17928339%255Cnhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2168823
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2168774%26tool=pmcentrez%26rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2168774%26tool=pmcentrez%26rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2168774%26tool=pmcentrez%26rendertype=abstract
https://doi.org/10.1080/21645515.2018.1464355
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.19327
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.19327
https://doi.org/10.1128/JVI.00449-16
https://doi.org/10.1128/JVI.00449-16
https://doi.org/10.1128/JVI.01088-09
https://doi.org/10.1128/JVI.01088-09
https://doi.org/10.1371/journal.pone.0120152
https://doi.org/10.1371/journal.pone.0120152


26. Varsani A, Williamson A, Villiers D, DeBecker I, Christensen ND, 
Rybicki EP. Chimeric human papillomavirus type 16 (HPV-16) L1 
particles presenting the common neutralizing epitope for the 
L2 minor capsid protein of HPV-6 and HPV-16. J Virol. 2003;77 
(15):8386–8393. 10.1128/jvi.77.15.8386-8393.2003  .

27. Sadeyen J-RÉ, Tourne S, Shkreli M, Sizaret P, Coursaget P. 
Insertion of a foreign sequence on capsid surface loops of human 
papillomavirus type 16 virus-like particles reduces their capacity to 
induce neutralizing antibodies and delineates a conformational 
neutralizing epitope. Virol. 2003;309(1):32–40. https://linkin 
ghub.elsevier.com/retrieve/pii/S0042682202001344 .

28. Slupetzky K, Gambhira R, Culp TD, Shafti-Keramat S, 
Schellenbacher C, Christensen ND, Roden RBS, Kirnbauer R. A 
papillomavirus-like particle (VLP) vaccine displaying HPV16 L2 
epitopes induces cross-neutralizing antibodies to HPV11. Vaccine. 
2007;25(11):2001–2010. https://linkinghub.elsevier.com/retrieve/ 
pii/S0264410X06012552 .

29. Kondo K, Ochi H, Matsumoto T, Yoshikawa H, Kanda T. 
Modification of human papillomavirus-like particle vaccine by 
insertion of the cross-reactive L2-epitopes. J Med Virol. 2008;846 
(5):841–846. 10.1002/jmv.21124  .

30. Nieto K, Weghofer M, Sehr P, Ritter M, Sedlmeier S, Karanam B, 
Seitz H, Müller M, Kellner M, Hörer M, et al. Development of 
AAVLP(HPV16/31L2) particles as broadly protective HPV vac
cine Candidate. PLOS ONE. 2012;7(6):e39741. 10.1371/journal. 
pone.0039741  .

31. Seitz H, Ribeiro-Müller L, Canali E, Bolchi A, Tommasino M, 
Ottonello S, Müller M. Robust in vitro and in vivo neutralization 
against multiple high-risk HPV types induced by a thermostable 
thioredoxin-L2 vaccine. Cancer Prev Res. 2015;8(10):932–941. 
https://aacrjournals.org/cancerpreventionresearch/article/8/10/ 
932/113355/Robust-In-Vitro-and-In-Vivo-Neutralization-against .

32. Chen X, Liu H, Zhang T, Liu Y, Xie X, Wang Z, Xu X, Banks L. 
A vaccine of L2 epitope repeats fused with a modified IgG1 Fc 
induced cross-neutralizing antibodies and protective immunity 
against divergent human papillomavirus types. PLOS ONE. 
2014;9(5):e95448. 10.1371/journal.pone.0095448  .

33. Carter JJ, Wipf GC, Benki SF, Christensen ND, Galloway DA. 
Identification of a human papillomavirus type 16-specific epitope 
on the C-terminal arm of the major capsid protein L1. J Virol. 
2003;77(21):11625–11632. 10.1128/JVI.77.21.11625-11632.2003  .

34. Schellenbacher C, Huber B, Skoll M, Shafti-Keramat S, 
Roden RBS, Kirnbauer R. Incorporation of RG1 epitope into 
HPV16L1-VLP does not compromise L1-specific immunity. 
Vaccine. 2019;37(27):3529–3534. 10.1016/j.vaccine.2019.05.011  .

35. Olczak P, Matsui K, Wong M, Alvarez J, Lambert P, 
Christensen ND, Hu J, Huber B, Kirnbauer R, Wang JW, et al. 
RG2-VLP: a vaccine designed to broadly protect against 
Anogenital and skin human papillomaviruses causing human 
cancer. J Virol. 2022;96(13):1–20. 10.1128/jvi.00566-22  .

36. Pineo CB, Hitzeroth II, Rybicki EP. Immunogenic assessment of 
plant-produced human papillomavirus type 16 L1/L2 chimaeras. 
Plant Biotechnol J. 2013;11(8):964–975. 10.1111/pbi.12089  .

37. Bruni L, Albero G, Serrano B, Mena M, Collado JJ, Gómez D, 
Muñoz J, de Bosch FX. Human papillomavirus and related diseases 
report. 2023; www.hpvcentre.com/1 .

38. Rubio I, Seitz H, Canali E, Sehr P, Bolchi A, Tommasino M, 
Ottonello S, Müller M. The N-terminal region of the human 
papillomavirus L2 protein contains overlapping binding sites for 
neutralizing, cross-neutralizing and non-neutralizing antibodies. 
Virol. 2011;409(2):348–359. 10.1016/j.virol.2010.10.017  .

39. Wang Z, Zhang T, Xu X. Combined truncations at both N- and 
C-terminus of human papillomavirus type 58 L1 enhanced the 
yield of virus-like particles produced in a baculovirus system. 
J Virol Methods. 2021;301:114403. 10.1016/j.jviromet.2021. 
114403  .

40. Ma M, Xia B, Wang Z, Hao Y, Zhang T, Xu X. A novel C-terminal 
modification method enhanced the yield of human papillomavirus 
L1 or chimeric L1-L2 virus-like particles in the baculovirus system. 
Front Bioeng Biotechnol. 2023;10:1–13. https://www.frontiersin. 
org/articles/10.3389/fbioe.2022.1073892/full .

41. Buck CB, Pastrana DV, Lowy DR, Schiller JT. Generation of HPV 
pseudovirions using transfection and their use in neutralization 
assays. Methods Mol Med. 2005;119:445–462. http://www.ncbi. 
nlm.nih.gov/pubmed/16350417 .

42. Pastrana DV, Buck CB, Pang Y-Y, Thompson CD, Castle PE, 
FitzGerald PC, Krüger Kjaer S, Lowy DR, Schiller JT. Reactivity 
of human sera in a sensitive, high-throughput pseudovirus-based 
papillomavirus neutralization assay for HPV16 and HPV18. Virol. 
2004;321(2):205–216. https://linkinghub.elsevier.com/retrieve/pii/ 
S0042682204000182 .

43. Carter JJ, Wipf GC, Madeleine MM, Schwartz SM, Koutsky LA, 
Galloway DA. Identification of human papillomavirus type 16 
L1 surface loops required for neutralization by human sera †. 
J Virol. 2006;80(10):4664–4672. https://doi.org/10.1007/s00705- 
006-0734-y  .

44. He M, Chi X, Zha Z, Li Y, Chen J, Huang Y, Huang S, Yu M, 
Wang Z, Song S, et al. Structural basis for the shared neutralization 
mechanism of three classes of human papillomavirus type 58 
antibodies with disparate modes of binding. J Virol. 2021;95 
(7):1–22. 10.1128/JVI.01587-20  .

45. Li Z, Wang D, Gu Y, Song S, He M, Shi J, Liu X, Wei S, Yu H, 
Zheng Q, et al. Crystal structures of two immune complexes 
identify determinants for viral infectivity and type-specific neutra
lization of human papillomavirus. mBio. 2017;8(5):1–19. doi: 10. 
1128/mBio.00787-17  .

46. Caldeira C, Medford A, Kines RC, Lino CA, Schiller JT, 
Chackerian B, Peabody DS. Immunogenic display of diverse pep
tides, including a broadly cross-type neutralizing human papillo
mavirus L2 epitope, on virus-like particles of the RNA 
bacteriophage PP7. Vaccine. 2010;28(27):4384–4393. 10.1016/j.vac 
cine.2010.04.049  .

47. Schellenbacher C, Kwak K, Fink D, Shafti-Keramat S, Huber B, 
Jindra C, Faust H, Dillner J, Roden RBS, Kirnbauer R. Efficacy of 
RG1-VLP vaccination against infections with genital and cuta
neous human papillomaviruses. J Invest Dermatol. 2013;133 
(12):2706–2713. 10.1038/jid.2013.253  .

48. Tumban E, Peabody J, Tyler M, Peabody DS, Chackerian B, 
Chen Z. VLPs displaying a single L2 epitope induce 
broadly cross-neutralizing antibodies against human 
papillomavirus. PLOS ONE. 2012;7(11):e49751. 10.1371/jour 
nal.pone.0049751  .

49. Chen X, Wang Z, Liu H, Zhang T. A human papillomavirus type 
16 chimeric virus-like particle which displaying HPV58 L2 
aa.16~37 on the surface of L1 h4-βJ coil induces robust cross
neutralizing antibody responses against HPV16,HPV52 and 
HPV58 in mice. BingDuxuebao. 2018;34:505–514. doi: 10.1080/ 
21645515.2018.1464355  .

50. Zhang Y, Mariz FC, Sehr P, Spagnoli G, Koenig KM, 
Çelikyürekli S, Kreuziger T, Zhao X, Bolchi A, Ottonello S, 
et al. Inter-epitope spacer variation within polytopic L2-based 
human papillomavirus antigens affects immunogenicity. npj 
Vaccines. 2024;9(1):44. https://www.nature.com/articles/s41541- 
024-00832-0 .

51. Zacharia A, Harberts E, Valencia SM, Myers B, Sanders C, Jain A, 
Larson NR, Middaugh CR, Picking WD, Difilippantonio S, et al. 
Optimization of RG1-VLP vaccine performance in mice with 
novel TLR4 agonists. Vaccine. 2021;39(2):292–302. 10.1016/j.vac 
cine.2020.11.066  .

52. Valencia SM, Zacharia A, Marin A, Matthews RL, Wu CK, 
Myers B, Sanders C, Difilippantonio S, Kirnbauer R, 
Roden RB, et al. Improvement of RG1-VLP vaccine perfor
mance in BALB/c mice by substitution of alhydrogel with the 

HUMAN VACCINES & IMMUNOTHERAPEUTICS 11

https://doi.org/10.1128/jvi.77.15.8386-8393.2003
https://linkinghub.elsevier.com/retrieve/pii/S0042682202001344
https://linkinghub.elsevier.com/retrieve/pii/S0042682202001344
https://linkinghub.elsevier.com/retrieve/pii/S0264410X06012552
https://linkinghub.elsevier.com/retrieve/pii/S0264410X06012552
https://doi.org/10.1002/jmv.21124
https://doi.org/10.1371/journal.pone.0039741
https://doi.org/10.1371/journal.pone.0039741
https://aacrjournals.org/cancerpreventionresearch/article/8/10/932/113355/Robust-In-Vitro-and-In-Vivo-Neutralization-against
https://aacrjournals.org/cancerpreventionresearch/article/8/10/932/113355/Robust-In-Vitro-and-In-Vivo-Neutralization-against
https://doi.org/10.1371/journal.pone.0095448
https://doi.org/10.1128/JVI.77.21.11625-11632.2003
https://doi.org/10.1016/j.vaccine.2019.05.011
https://doi.org/10.1128/jvi.00566-22
https://doi.org/10.1111/pbi.12089
http://www.hpvcentre.com/1
https://doi.org/10.1016/j.virol.2010.10.017
https://doi.org/10.1016/j.jviromet.2021.114403
https://doi.org/10.1016/j.jviromet.2021.114403
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1073892/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1073892/full
http://www.ncbi.nlm.nih.gov/pubmed/16350417
http://www.ncbi.nlm.nih.gov/pubmed/16350417
https://linkinghub.elsevier.com/retrieve/pii/S0042682204000182
https://linkinghub.elsevier.com/retrieve/pii/S0042682204000182
https://doi.org/10.1007/s00705-006-0734-y
https://doi.org/10.1007/s00705-006-0734-y
https://doi.org/10.1128/JVI.01587-20
https://doi.org/10.1128/mBio.00787-17
https://doi.org/10.1128/mBio.00787-17
https://doi.org/10.1016/j.vaccine.2010.04.049
https://doi.org/10.1016/j.vaccine.2010.04.049
https://doi.org/10.1038/jid.2013.253
https://doi.org/10.1371/journal.pone.0049751
https://doi.org/10.1371/journal.pone.0049751
https://doi.org/10.1080/21645515.2018.1464355
https://doi.org/10.1080/21645515.2018.1464355
https://www.nature.com/articles/s41541-024-00832-0
https://www.nature.com/articles/s41541-024-00832-0
https://doi.org/10.1016/j.vaccine.2020.11.066
https://doi.org/10.1016/j.vaccine.2020.11.066


next generation polyphosphazene adjuvant PCEP. Hum 
Vaccines Immunother. 2021;17(8):2748–2761. 10.1080/ 
21645515.2021.1875763  .

53. Longet S, Schiller JT, Bobst M, Jichlinski P, Nardelli-Haefliger D. 
A murine genital-challenge model is a sensitive measure of pro
tective antibodies against human papillomavirus infection. J Virol. 
2011;85(24):13253–13259. http://www.ncbi.nlm.nih.gov/entrez/ 

query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_ 
uids=21976653 .

54. Schädlich L, Senger T, Gerlach B, Mücke N, Klein C, Bravo IG, 
Müller M, Gissmann L. Analysis of modified human papilloma
virus type 16 L1 capsomeres: the ability to assemble into larger 
particles correlates with higher immunogenicity. J Virol. 2009;83 
(15):7690–7705. 10.1128/JVI.02588-08.

12 Z. WANG ET AL.

https://doi.org/10.1080/21645515.2021.1875763
https://doi.org/10.1080/21645515.2021.1875763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=21976653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=21976653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=21976653
https://doi.org/10.1128/JVI.02588-08

	Abstract
	Introduction
	Materials and methods
	Construction of recombinant baculovirus
	Expression and purification of chimeric 58L1-16L2 proteins
	Western blotting
	Dynamic light scattering (DLS) and transmission electron microscope (TEM)
	Enzyme linked immunosorbent assay (ELISA)
	Immunization
	HPV pseudovirus preparation
	Standard PsV-based neutralization assay (PBNA)
	Data analysis

	Results
	Design and expression of chimeric 58L1-16L2 constructs
	Purification of chimeric 58L1-16L2 proteins
	Characterization of chimeric 58L1-16L2 proteins
	Detection of L1 and L2 epitopes displayed on the 58L1-16L2 cVLPs
	The immunogenicity of 58L1-16L2 cVLPs

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributor
	Author contributions statement
	Data availability statement
	Ethical statement
	References

