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ABSTRACT Human papillomavirus (HPV) is the causative agent of cervical and
other cancers and represents a significant global health burden. HPV vaccines dem-
onstrate excellent efficacy in clinical trials and effectiveness in national immuniza-
tion programmes against the most prevalent genotype, HPV16. It is unclear
whether the greater protection conferred by vaccine-induced antibodies, compared
to natural infection antibodies, is due to differences in antibody magnitude and/or
specificity. We explore the contribution of the surface-exposed loops of the major
capsid protein to antigenic domains recognized by vaccine and natural infection
neutralizing antibodies. Chimeric pseudoviruses incorporating individual (BC, DE,
EF, FG, HI) or combined (All: BC/DE/EF/FG/HI) loop swaps between the target
(HPV16) and control (HPV35) genotypes were generated, purified by ultracentrifu-
gation and characterized by SDS-PAGE and electron microscopy. Neutralizing anti-
body data were subjected to hierarchical clustering and outcomes modeled on the
HPV16 capsomer crystal model. Vaccine antibodies exhibited an FG loop preference
followed by the EF and HI loops while natural infection antibodies displayed a
more diverse pattern, most frequently against the EF loop followed by BC and FG.
Both vaccine and natural infection antibodies demonstrated a clear requirement
for multiple loops. Crystal modeling of these neutralizing antibody patterns sug-
gested natural infection antibodies typically target the outer rim of the capsomer
while vaccine antibodies target the central ring around the capsomer lumen.
Chimeric pseudoviruses are useful tools for probing vaccine and natural infection
antibody specificity. These data add to the evidence base for the effectiveness of
an important public health intervention.

IMPORTANCE The human papillomavirus type 16 (HPV16) major virus coat (capsid)
protein is a target for antibodies induced by both natural infection and vaccination.
Vaccine-induced immunity is highly protective against HPV16-related infection and
disease while natural infection associated immunity significantly less so. For this
study, we created chimeric functional pseudoviruses based upon an antigenically dis-
tant HPV genotype (HPV35) resistant to HPV16-specific antibodies with inserted cap-
sid surface fragments (external loops) from HPV16. By using these chimeric pseudovi-
ruses in functional neutralization assays we were able to highlight specific and
distinct areas on the capsid surface recognized by both natural infection and vaccine
induced antibodies. These data improve our understanding of the difference
between natural infection and vaccine induced HPV16-specific immunity.
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Human papillomavirus (HPV) is the causative agent of cervical and other anogenital
and head and neck cancers and accounts for .600,000 cancer cases globally per

annum (1–3). The bivalent (Cervarix) and quadrivalent (Gardasil) HPV vaccines target
the most common oncogenic genotypes HPV16 and HPV18, while the nonavalent HPV
vaccine (Gardasil9) also targets an additional 5 oncogenic genotypes (HPV31, HPV33,
HPV45, HPV52, and HPV58) (4). Quadrivalent and nonavalent vaccines target HPV6 and
HPV11 which can cause genital warts. Clinical trial data demonstrate that these vac-
cines are highly efficacious against vaccine targeted types and vaccine effectiveness
studies are beginning to confirm these experimental observations in target popula-
tions following introduction of national immunization programmes (5). There are no
defined correlates of protection for HPV vaccination. The immune response induced
following HPV vaccination is typically monitored by quantitation of the antibody
response against each vaccine-incorporated type (6), supported by exploratory data on
B and T cell function and in vivo protection in an animal model (7). Empirical data on
the breadth, magnitude, specificity, and durability of the immune response elicited by
the HPV vaccines continue to contribute to improving the evidence base that supports
this important public health intervention.

HPV vaccination induces antibody levels orders of magnitude greater than the typi-
cal levels of antibodies found in natural infection (8). Little is known about the anti-
body specificities elicited by natural infection compared to those generated following
vaccination although emerging evidence suggests that natural immunity can protect
against subsequent reinfection by the same type but much less efficiently than by vac-
cination (9).

Several studies have attempted to delineate the regions of the L1 capsid that con-
stitute neutralizing antibody domains. Early work using chimeric virus-like particle
(VLP) competition demonstrated that some HPV16 natural infection sera could be dif-
ferentially blocked by DE, FG and/or HI loop mutant VLP (10). Chimeric L1 antigens
have been used to map conformational murine monoclonal antibody (MAb) binding
sites and loop preferences, including that of the potent neutralizing MAb H16.V5 (11–
13). Furthermore, this MAb competes with the binding antibody specificities found in
both natural infection and vaccine sera (14, 15) suggesting that the repertoires overlap
at least to some extent. H16.V5 has been mapped by cryo-electron microscopy to a do-
main that includes residues located in multiple surface-exposed loops (BC, DE, FG and
HI) (16, 17) and a human MAb, 26D1, whose footprint includes residues also present in
the H16.V5 epitope, similarly competes with binding antibodies derived from natural
infection and vaccination (18). These data suggest that binding and neutralizing anti-
bodies generated following natural infection and vaccination share at least some speci-
ficity and that at least some of this specificity involves the surface-exposed loops.
Whether the surface-exposed loops account for the entirety of the neutralizing anti-
body specificity generated by natural infection or vaccination or whether it is the ma-
jority response exemplified by a limited number of neutralizing MAbs is unclear.

Licensed vaccines induce a robust immune memory, even after a single dose, that
can be boosted at least 6 years later by a heterologous vaccine dose (19). Evaluation of
the antibody responses of individuals seropositive and DNA negative at entry into vac-
cine trials shows a similar anamnestic response following vaccination suggesting that
naturally induced recall memory is also quite robust (20–22). In a seminal study of B
cell clones derived following natural infection and after receiving a single vaccine
dose, demonstrate differences in both magnitude but also key qualitative differences
in the resulting neutralizing antibody capacity (23). Taken together, these data suggest
some degree of commonality between specificities of antibodies elicited by natural
infection and vaccination but in the latter case are induced to much higher levels.

In this exploratory study, we created chimeric pseudoviruses (PsVs) containing tar-
get (HPV16) L1 loops in a background control (HPV35) genotype in an attempt to map
and contrast the functional neutralizing antibody specificities present in natural infec-
tion sera and vaccine sera to address whether the difference in neutralizing antibody
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potency between vaccine and natural infection sera was simply due to differences in
magnitude or whether vaccination and natural infection also elicited different antibody
specificities.

RESULTS
Amino acid sequence and biophysical properties of chimeric pseudoviruses.

The HPV16 (NC_001526) and HPV35 (24) L1 amino acid sequences that formed the ba-
sis of the chimeric clones used in this study were aligned and loop positions high-
lighted (Fig. 1A). Six chimeric PsVs were constructed with each containing HPV35 L1
and L2 genes with a single L1 loop substituted from HPV16 (HPV35BC, HPV35DE,
HPV35EF, HPV35FG, and HPV35HI) or a construct containing all HPV16 loops (HPV35ALL)
(Fig. 1B). These chimeric PsVs exhibited similar biophysical properties (Fig. 1C).

Superimposition of the HPV16 and HPV35 capsomer crystals highlighted significant
structural differences between the capsomers (RMS 0.85 Å), particularly in the external
surface exposed loops (Fig. 2). Residues were selected to represent the maximum dis-
tance between the two capsomer crystals for each external loop as follows: BC (residue
56, 2.46 Å), DE (residue 137, 3.27 Å), EF (residue 181, 2.27 Å), FG (residue 281, 2.49 Å)
and HI (residue 352, 0.79 Å).

Neutralization of chimeric pseudoviruses by natural infection and vaccine sera.
Serum samples (n = 215) obtained from women following a cytological diagnosis of
ASCUS or LSIL were tested against both HPV16 and HPV35 PsVs. Samples (n = 32) that
were positive for HPV16 neutralizing antibodies and negative for HPV35 neutralizing anti-
bodies were further tested against HPV16, HPV35, HPV35ALL, HPV35BC, HPV35DE, HPV35EF,
HPV35FG, and HPV35HI PsVs in parallel. A similarly sized panel of bivalent (n = 16) and
quadrivalent (n = 14) vaccinee sera were tested against these same PsVs in parallel.

Sera tested against the HPV16 PsV and the chimeric HPV35 PsV containing all of the
HPV16 external loops (HPV35ALL) resulted in a median (IQR) ratio of the paired natural
log titers of 0.99 (0.95 – 1.03; Pearson’s r = 0.942) and 1.02 (1.01 – 1.03; r = 0.957) for
the natural infection (n = 32) and vaccinee (n = 30) sera, respectively (Fig. 3A). Overall,
the neutralizing antibody activity recovered using the chimeric HPV35ALL PsV (median
1.01 [0.99 – 1.03]; r = 0.992; n = 62) suggested that almost the entirety of the neutraliz-
ing antibody specificity is targeted at the external surface exposed loops.

A substantial minority (6/32; 19%) of natural infection serum samples did not recog-
nize any of the HPV35 single loop chimeric PsVs, despite exhibiting similar titers to the
HPV35ALL and HPV16 PsVs, suggesting that the antibody specificities involved required
.1 loop to reconstitute relevant neutralizing antibody epitopes. Only 1/32 (3%) of the
natural infection serum responses included all loops in the response compared with 24/
30 (80%) of vaccinees. The GMT (95%CI) for natural infection serum responses indicate
that the majority response was against the EF loop (HPV35EF) (Fig. 3B), while for vaccine
sera the majority response was against the FG loop (HPV35FG) (Fig. 3C). Bivalent vaccine
sera exhibited a higher GMT against wild-type HPV16 and the chimeric HPV35ALL PsVs as
well as the individual loop-specific PsVs, HPV35EF and HPV35FG. Neutralizing antibody
titers against individual loops represented a higher proportion of the total HPV16
response for natural infection sera than they did for vaccine sera (Fig. 3D).

To explore these specificities further, natural infection (Fig. 4A) and vaccine (Fig. 4B)
neutralization data were subjected to hierarchical clustering (http://www.hiv.lanl.gov/
content/sequence/HEATMAP/heatmap.html). The HPV35ALL chimeric PsV clustered to-
gether with the HPV16 reference PsV in pseudoviral dendrograms representing both
the natural infection and vaccine sera responses. Loop-specific chimeric PsVs were
clustered differently, however, due to their reactivity with either natural infection or
vaccine sera. For the natural infection sera, the HPV35EF PsV clustered separately from
chimeric HPV35 PsVs containing the BC, FG or HI loops and the DE loop. For the vac-
cine sera, HPV35FG PsV clustered apart from the chimeric HPV35 PsVs containing the EF
or HI loops which clustered apart from those chimeric PsVs containing the BC or DE
loops. For the vaccine sera dendrogram there was a higher proportion of bivalent vac-
cine sera associated with Cluster I compared to Cluster II (Chi2, P = 0.003), but overall
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both vaccines showed similar antibody specificities that were different from those spe-
cificities elicited by natural infection.

The neutralizing antibody titers for each serum against each single loop chimeric PsV
were ranked according to their magnitude and the distribution of these rankings was
evaluated (Fig. 4C). For example, 16/32 (50%) of natural infection sera responded against
the BC loop and these responses tended to be the highest titers against any of the

FIG 1 Construction and characterization of HPV35/HPV16 chimeric pseudoviruses. (A) Amino acid alignment of HPV16 (NC_001526) and HPV35 (26) with
external surface-exposed loops (BC, DE, EF, FG, and HI) and other features (a-helices and b-sheets) highlighted. Dots depict identity and indels are
highlighted as dashes. Numbering is genotype-specific according to the indicated reference for each genotype starting with the second methionine
according to convention (https://pave.niaid.nih.gov/). (B) Graphical representation of wild-type (HPV16 and HPV35) and chimeric (HPV35 PsVs containing
the indicated HPV16 loop) sequence(s). (C) Pseudovirus preparations characterized for particle dimension (nm median [interquartile range]), infectivity, L1
concentration, and resulting particle-to-infectivity ratio. TCID50, 50% tissue culture infectious dose.
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chimeric PsVs for each serum placing this loop toward the highest rankings for natural
infection sera while being of a lower relative priority in vaccine sera (P = 0.001). Similarly,
the EF loop exhibited the highest ranking for natural infection sera while for vaccinee sera
its importance tended toward the middle ranks (P = 0.001). Naturally infected individuals
rarely (2/26; 8%) neutralized the HPV35DE PsV in contract to the majority of vaccinees (26/
30; 87%; P = 0.003) suggesting that the DE loop plays a minor role in natural infection anti-
body specificity compared to that of vaccinees. Overall, these data support a differential
distribution of the importance of each loop between natural infection and vaccine sera.

One potential confounding factor is the higher magnitude of the vaccinee neutraliz-
ing antibody response compared to the relatively low natural infection antibody
response. To address this, lower titer vaccine sera were simulated by admixing individ-
ual vaccine sera (n = 10) into HPV negative plasma (25) prior to titration against HPV16,
HPV35 and each chimeric PsV and tested alongside the untreated sera in parallel. The
admixed sera generated a median neutralizing antibody titer 15 (IQR 13 – 16) fold
lower than the original untreated sample against the HPV16 PsV but displayed a similar
specificity profile against the chimeric PsVs. Thus, hierarchical clustering generated the
following PsV antigen clusters: HPV35/HPV35DE/HPV35BC, HPV35EF/HPV35HI/HPV35FG
and HPV35ALL/HPV16 which was identical to the profile displayed by the undiluted sera
in this subset (Fig. 5) and the full panel of vaccine sera (Fig. 4B).

The relative importance of the loops in the natural infection and vaccine neutraliz-
ing antibody responses based upon the ranking of these responses (Fig. 4C) were

FIG 2 Superimposition model of HPV16 and HPV35 L1 capsomer. (A) Superimposition model of HPV35 (blue; PDB
2R5J) and HPV16 (gold; PDB 2R5H) capsomer crystals to indicate potential structural differences between these
genotypes, with individual panels highlighting the (B) FG, HI (C) BC, DE and (D) EF loops. http://doi.org/10.2210/
pdb2R5J/pdb; http://doi.org/10.2210/pdb2R5H/pdb.
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transposed onto the HPV16 capsomer crystal map (Fig. 6) in order to contrast both the
spatial importance of individual loops in the antibody responses but also to highlight
and therefore implicate the specific amino acid residues that differ between the HPV16
and HPV35 sequences in these loops (Fig. 1A). These neutralizing antibody patterns
suggested natural infection antibodies typically target the outer rim of the capsomer
(exemplified by the BC, EF and FG loops) while vaccine antibodies primarily target the
central ring around the capsomer lumen (exemplified by the DE, FG, HI loops).

FIG 3 Neutralization of wild-type and chimeric PsVs. Paired natural log titers of natural infection (blue circles with associated Pearson’s r) and vaccine
(orange circles with associated Pearson’s r) sera between the wild-type HPV16 PsV and the chimeric HPV35ALL PsV, with overall Pearson’s r depicted in black
(A). Geometric mean titers (GMT; 95%CI) are shown for (B) natural infection (n = 32) and (C) vaccine (n = 30) sera responses against wild-type and
individual chimeric PsVs. *, P , 0.05; **, P , 0.01; ***, P , 0.001 were derived using the Kruskal Wallis test for differences between bivalent and
quadrivalent vaccine responses. (D) Median (inter-quartile range, IQR; Quartile 1 – Quartile 3) ratio of neutralizing antibody titers against indicated chimeric
PsV and HPV16 wild-type PsV for natural infection and vaccine-derived serum.
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DISCUSSION

In this study, we explored the HPV16-specific neutralizing antibody specificities
of vaccine and natural infection sera using chimeric HPV35 PsVs expressing surface-
exposed loops derived from the HPV16 L1 major capsid protein. The HPV35 geno-
type is genetically close to HPV16 but antigenically distant as it is largely insensitive

FIG 4 Hierarchical clustering of PsV neutralization data. Hierarchical clustering of the natural log of (A) natural infection and (B) vaccine serum neutralization
titers (center, heat map) reordered according to serological (left) and antigen (PsV) (top) dendrograms constructed from the resulting Euclidean distance
matrices, with clusters supported by bootstrap values as indicated. (C) distribution of responses for both natural infection and vaccine sera ranked by the
magnitude of these responses against individual chimeric HPV35 PsV. Chi2 was used to test for differences in sample distribution for each loop between the
natural infection and vaccine sources.
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to vaccine antibodies (24, 26, 27). Chimeric PsVs (28) or VLPs (10, 13, 29) containing
individual loops from another genotype are useful tools that have been used by our-
selves and others to explore the antibody specificity of MAbs, natural infection and
vaccine sera.

The chimeric HPV35 PsV expressing all the external surface-exposed loops of HPV16
(HPV35ALL) yielded a similar neutralizing antibody response to that of the wild-type HPV16
PsV, suggesting that the majority of vaccine and natural infection antibodies target the
external loops. These data are consistent with and extend observations that the external
surface-exposed loops are the most variable portions of the L1 capsid (30, 31) and are the
target for most HPV16 type-specific neutralizing antibodies mapped thus far (17).

We next explored the role of individual loops in the neutralizing antibody response
for each serum by using chimeric HPV35 PsVs expressing each individual external HPV16

FIG 5 Contribution of the magnitude of antibody response to hierarchical clustering pattern. Hierarchical clustering of (A) vaccine sera and (B) admixed
diluted vaccine sera natural log PsV neutralization titers (center, heat map) reordered according to serological (left) and antigen (PsV) (top) dendrograms
constructed from the resulting Euclidean distance matrices, with clusters supported by bootstrap values as indicated.
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loop (BC, DE, EF, FG and HI). This approach suggested that the reconstitution of the total
antibody response required the appropriate presentation of antigenic domains compris-
ing residues from multiple external loops. This was clearly the case for all vaccine sera
and most, but not all, natural infection sera. This is in keeping with published data on the
mapping of some neutralizing HPV16 L1 MAbs, which highlight the importance of indi-
vidual residues located in multiple external loops (13, 16, 17). The murine (H16.V5) (14,
15) and human (26D1) (18) neutralizing MAbs recognize overlapping epitopes that
include residues located in multiple loops (DE, FG and HI) and can compete with both
vaccine or natural infection antibodies for their binding sites (16, 17).

In this study, there were notable differences in the magnitude, ranking and distribu-
tion of vaccine and natural infection antibody responses against these HPV35 chimeric
PsVs. Hierarchical clustering of these data suggested that the neutralizing antibody
profiles of vaccine and natural infection sera were qualitatively different as these differ-
ences were not simply dependent on the magnitude of the response. Overall, these
data suggest that natural infection antibodies preferentially recognized domains that
include residues located toward the edge of the capsomer, including residues in the
BC, EF and FG loops, while vaccine antibodies displayed a preference toward residues
within the more centrally located FG and HI loops.

As expected (26), bivalent vaccine sera tended to have higher magnitude antibody
titers against wild-type HPV16 PsV compared to quadrivalent vaccine titers. Antibody
responses against the chimeric PsVs, however, suggested that bivalent and quadriva-
lent vaccines elicit similar but nevertheless distinct antibody specificities.

There are several shortcomings intrinsic to the approach taken in this study that
should be balanced with the interpretation of these findings. Chimeric PsVs are artefac-
tual constructs created to represent specific empirical manipulations. How appropri-
ately these manipulations are represented is unclear although efforts were made to
assess PsV integrity, such as particle formation and the normalization of infectivity, and
use genetically similar templates, other more subtle aberrant changes may have been
introduced that may have affected the antigenic properties of individual chimeric PsVs.
That said, the primary outcome from this study was a comparison of the neutralizing
antibody specificity patterns derived using natural infection and vaccine serum across
the range of chimeric PsVs used rather than a direct comparison of individual chimeric
PsVs, which should mitigate much of this concern. In addition, although the introduc-
tion of a single foreign loop confers specific amino acid sequence changes related only

FIG 6 Proposed neutralizing antibody domains on HPV16 L1. Surface-filled HPV16 capsomer model
(PDB 2R5H) highlighting residues within external loops that differ between HPV16 and HPV35 (PDB
2R5J). Shading represents the rank order of serum responses against individual chimeric PsV for (A)
natural infection and (B) vaccine sera.
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to that introduction, the structural impact of these substituted residues on other extra-
loop regions cannot be ruled out. Chimeric antigens are useful to highlight the impact
of specific substituted residues on a function or property of an antigen but cannot
address the contribution of residues that are the same in both parental sequences. We
have previously shown that chimeric PsVs incorporating homologous or heterologous
lineage specific L2 proteins were neutralized similarly by vaccine sera, natural infection
sera, MAbs and animal antisera (32–34). We have also tested vaccine and natural infec-
tion sera in binding assays against L1 and L1L2 antigens and found no significant dif-
ferences (unpublished data). However, it is conceivable that there could be, perhaps
subtle, differences in the antigenicity of the L1 major capsid protein arising from the
incorporation of L2 and that this leads to a differential immunogenicity between L1-
based licensed vaccines and native virions.

Nevertheless, the use of chimeric antigens, particularly those based upon functional
antigens (such as PsVs), have proved to be useful tools to delineate antibody specificity
in a range of settings (10, 13, 28, 29). The observations described here suggest that nat-
ural infection and vaccination derived antibody specificities are qualitatively different,
based upon apparent loop preference of the antibody responses. However, this distinc-
tion is based upon a single target antigen, HPV16 in this case, and may not be wholly
applicable to antigens of other genotypes which may display different antigenic pro-
files (35). Finally, the natural infection sera were derived from a single cohort and may
not be representative of all HPV16 natural infection immune responses.

In summary, chimeric PsVs were used as antigenic tools in an exploratory study to
differentiate the functional antibody specificities elicited by natural infection compared
to bivalent or quadrivalent vaccination. These data support a difference in both the
magnitude and specificity of natural infection antibodies compared to vaccine induced
antibodies and add to the evidence base for the effectiveness of an important public
health intervention.

MATERIALS ANDMETHODS
Study samples. Serum samples from 12 to 15-year-old girls randomized to receive three doses of

Cervarix or Gardasil as part of a phase IV clinical trial comparing HPV vaccine immunogenicity (www
.clinicaltrials.gov: NCT00956553; REC number 09/H0720/25) (26) were used for this study. Serum samples
were obtained from women (Gynaecology Outpatients Clinic, San Gerardo Hospital, Monza, Italy; ethics
committee reference 08/UNIMIB-HPA/HPV1; No. 1191) following a cytological diagnosis of atypical squa-
mous cells of undetermined significance (ASCUS) or low-grade squamous intraepithelial lesion (LSIL).
Samples from this cohort of women were used to provide an estimate of the typical type-specific anti-
body specificities generated during natural infection.

L1L2 pseudovirus construction. Bicistronic psheLL vectors containing codon-optimized L1 and L2
genes for the expression of wild-type HPV16 and HPV35 PsVs have been described previously (24).
Chimeric HPV35 L1 genes containing the individual BC (HPV35BC), DE (HPV35DE), EF (HPV35EF), FG
(HPV35FG) or HI (HPV35HI) loop sequences of HPV16 and a construct comprising all of these loop sequen-
ces (HPV35ALL) were synthesized (GeneArt; Thermo Fisher Scientific) with additional site-directed muta-
genesis (QuikChange site-directed mutagenesis kit, Agilent Technologies) as required and cloned into
the psheLL HPV35 L2-containing vector. All constructs were confirmed by Sanger sequencing. PsVs were
generated by transfection of 293TT cells and purified by ultracentrifugation on an iodixanol (Sigma-
Aldrich) gradient following the alternative protocol as previously described (24). Particle formation and
size were determined by electron microscopic analysis of negatively stained particles. 10 PsV particles
from each preparation were measured (nm) and the median diameter and interquartile range (IQR) cal-
culated. The equivalent of a 50% tissue culture infectious dose (TCID50) was estimated for each PsV prep-
aration using the Spearman-Karber method. The L1 concentrations of PsV stocks were determined by
semiquantitative Western blot using the CamVir-1 antibody (Abcam) and particle-to-infectivity ratios
were determined as previously described (32).

Neutralization assay. The PsV neutralization assay was performed as previously described (24). A
standardized input of 300 TCID50 was used for all PsVs. The neutralizing antibody titer was assigned as
the reciprocal of the serum dilution that resulted in an 80% reduction in the luciferase signal compared
to control wells (PsV and cells only), estimated by interpolation. For analysis purposes, serum titers less
than the limit of detection (LOD, 50) were assigned a censored value of 25. For each serum, a single se-
rial dilution series was tested against all relevant wild-type and chimeric PsVs in parallel.

For quality assurance purposes, a subset of natural infection (n = 18) and vaccine (n = 10) sera were
retested against the HPV16, HPV35, HPV35BC, HPV35DE, HPV35EF, HPV35FG, and HPV35HI PsVs resulting in
a median ratio for the initial and repeated natural log titers of 1.00 (IQR 1.00 – 1.06; r2 = 0.908; n = 196
data pairs).

HPV Antibody Specificity Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00779-22 10

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00779-22


Capsomer crystal modeling. DeepView Swiss-Pdb viewer v4.0 (http://swissmodel.expasy.org/) was
used to perform pairwise L1 pentameric crystal comparisons between HPV16 (Protein Data Bank [PDB]
code: 2R5H) and HPV35 (PDB code: 2R5J) by superimposition. The superimposition of L1 pentameric
structures was supported by a root mean square deviation (RMS) value, which represents the average Å
distance between corresponding atoms in the two models.

Statistical analysis. Pearson’s r was used to compare the responses against wild-type HPV16 and
the chimeric HPV35ALL PsV. Kruskal Wallis test was used to compare the bivalent and quadrivalent vac-
cine responses against wild-type and chimeric PsVs. Chi2 test was used to compare the ranked order of
the antibody responses of individual sera against the individual chimeric PsVs. All statistical tests were
performed using the statistical package Stata 15 (StataCorp, College Station, TX).

ACKNOWLEDGMENTS
We are indebted to John T. Schiller and Christopher Buck (National Cancer Institute,

Bethesda, MD, USA) for access to the psheLL backbone used for the pseudovirus clones.
We thank Sara L. Bissett previously from UK Health Security Agency (UKHSA) (formerly
Public Health England) for creation of some of the clones used in this study.

This work was supported by UK Health Security Agency (UKHSA). This publication is
independent research part funded by the National Institute for Health Research Policy
Research Program (“Vaccine Evaluation Consortium Phase II,” 039/0031). The views
expressed in this publication are those of the author(s) and not necessarily those of the
NHS, the National Institute for Health Research or the Department of Health and Social Care.

We have no conflicts of interest to declare.

REFERENCES
1. Schiffman M, Doorbar J, Wentzensen N, de Sanjose S, Fakhry C, Monk BJ,

Stanley MA, Franceschi S. 2016. Carcinogenic human papillomavirus infec-
tion. Nat Rev Dis Primers 2:16086. https://doi.org/10.1038/nrdp.2016.86.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray
F. 2021. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J
Clin 71:209–249. https://doi.org/10.3322/caac.21660.

3. de Martel C, Georges D, Bray F, Ferlay J, Clifford GM. 2020. Global bur-
den of cancer attributable to infections in 2018: a worldwide incidence
analysis. Lancet Glob Health 8:e180–e190. https://doi.org/10.1016/
S2214-109X(19)30488-7.

4. Herrero R, Gonzalez P, Markowitz LE. 2015. Present status of human papil-
lomavirus vaccine development and implementation. Lancet Oncol 16:
e206–e216. https://doi.org/10.1016/S1470-2045(14)70481-4.

5. Drolet M, Benard E, Perez N, Brisson M, HPV Vaccination Impact Study
Group. 2019. Population-level impact and herd effects following the
introduction of human papillomavirus vaccination programmes: updated
systematic review and meta-analysis. Lancet 394:497–509. https://doi
.org/10.1016/S0140-6736(19)30298-3.

6. Schiller JT, Lowy DR. 2009. Immunogenicity testing in human papilloma-
virus virus-like-particle vaccine trials. J Infect Dis 200:166–171. https://doi
.org/10.1086/599988.

7. Schiller J, Lowy D. 2018. Explanations for the high potency of HPV pro-
phylactic vaccines. Vaccine 36:4768–4773. https://doi.org/10.1016/j
.vaccine.2017.12.079.

8. Schiller JT, Castellsague X, Garland SM. 2012. A review of clinical trials of
human papillomavirus prophylactic vaccines. Vaccine 30 Suppl 5:
F123–138. https://doi.org/10.1016/j.vaccine.2012.04.108.

9. Beachler DC, Jenkins G, Safaeian M, Kreimer AR, Wentzensen N. 2016. Nat-
ural acquired immunity against subsequent genital human papillomavi-
rus infection: a systematic review and meta-analysis. J Infect Dis 213:
1444–1454. https://doi.org/10.1093/infdis/jiv753.

10. Carter JJ, Wipf GC, Madeleine MM, Schwartz SM, Koutsky LA, Galloway
DA. 2006. Identification of human papillomavirus type 16 L1 surface loops
required for neutralization by human sera. J Virol 80:4664–4672. https://
doi.org/10.1128/JVI.80.10.4664-4672.2006.

11. Carter JJ, Wipf GC, Benki SF, Christensen ND, Galloway DA. 2003. Identifi-
cation of a human papillomavirus type 16-specific epitope on the C-ter-
minal arm of the major capsid protein L1. J Virol 77:11625–11632. https://
doi.org/10.1128/jvi.77.21.11625-11632.2003.

12. Christensen ND, Dillner J, Eklund C, Carter JJ, Wipf GC, Reed CA, Cladel
NM, Galloway DA. 1996. Surface conformational and linear epitopes on
HPV-16 and HPV-18 L1 virus-like particles as defined by monoclonal anti-
bodies. Virology 223:174–184. https://doi.org/10.1006/viro.1996.0466.

13. Christensen ND, Cladel NM, Reed CA, Budgeon LR, Embers ME, Skulsky
DM, McClements WL, Ludmerer SW, Jansen KU. 2001. Hybrid papillomavi-
rus L1 molecules assemble into virus-like particles that reconstitute con-
formational epitopes and induce neutralizing antibodies to distinct HPV
types. Virology 291:324–334. https://doi.org/10.1006/viro.2001.1220.

14. Wang Z, Christensen N, Schiller JT, Dillner J. 1997. A monoclonal antibody
against intact human papillomavirus type 16 capsids blocks the serologi-
cal reactivity of most human sera. J Gen Virol 78:2209–2215. https://doi
.org/10.1099/0022-1317-78-9-2209.

15. Dias D, Van Doren J, Schlottmann S, Kelly S, Puchalski D, Ruiz W, Boerckel
P, Kessler J, Antonello JM, Green T, Brown M, Smith J, Chirmule N, Barr E,
Jansen KU, Esser MT. 2005. Optimization and validation of a multiplexed
luminex assay to quantify antibodies to neutralizing epitopes on human
papillomaviruses 6, 11, 16, and 18. Clin Diagn Lab Immunol 12:959–969.
https://doi.org/10.1128/CDLI.12.8.959-969.2005.

16. Lee H, Brendle SA, Bywaters SM, Guan J, Ashley RE, Yoder JD, Makhov AM,
Conway JF, Christensen ND, Hafenstein S. 2015. A cryo-electron micros-
copy study identifies the complete H16.V5 epitope and reveals global
conformational changes initiated by binding of the neutralizing antibody
fragment. J Virol 89:1428–1438. https://doi.org/10.1128/JVI.02898-14.

17. Guan J, Bywaters SM, Brendle SA, Lee H, Ashley RE, Makhov AM, Conway
JF, Christensen ND, Hafenstein S. 2015. Structural comparison of four dif-
ferent antibodies interacting with human papillomavirus 16 and mecha-
nisms of neutralization. Virology 483:253–263. https://doi.org/10.1016/j
.virol.2015.04.016.

18. Xia L, Xian Y, Wang D, Chen Y, Huang X, Bi X, Yu H, Fu Z, Liu X, Li S, An Z,
Luo W, Zhao Q, Xia N. 2016. A human monoclonal antibody against
HPV16 recognizes an immunodominant and neutralizing epitope par-
tially overlapping with that of H16.V5. Sci Rep 6:19042. https://doi.org/10
.1038/srep19042.

19. Toh ZQ, Russell FM, Reyburn R, Fong J, Tuivaga E, Ratu T, Nguyen CD,
Devi R, Kama M, Matanitobua S, Tabrizi SN, Garland SM, Sinha R, Frazer I,
Tikoduadua L, Kado J, Rafai E, Mulholland EK, Licciardi PV. 2017. Sustained
antibody responses 6 years following 1, 2, or 3 doses of quadrivalent human
papillomavirus (HPV) vaccine in adolescent fijian girls, and subsequent
responses to a single dose of bivalent hpv vaccine: a prospective cohort
study. Clin Infect Dis 64:852–859. https://doi.org/10.1093/cid/ciw865.

20. Olsson SE, Villa LL, Costa RL, Petta CA, Andrade RP, Malm C, Iversen OE,
Hoye J, Steinwall M, Riis-Johannessen G, Andersson-Ellstrom A, Elfgren K,
von Krogh G, Lehtinen M, Paavonen J, Tamms GM, Giacoletti K, Lupinacci
L, Esser MT, Vuocolo SC, Saah AJ, Barr E. 2007. Induction of immune mem-
ory following administration of a prophylactic quadrivalent human papil-
lomavirus (HPV) types 6/11/16/18 L1 virus-like particle (VLP) vaccine. Vac-
cine 25:4931–4939. https://doi.org/10.1016/j.vaccine.2007.03.049.

HPV Antibody Specificity Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00779-22 11

http://swissmodel.expasy.org/
http://doi.org/10.2210/pdb2R5H/pdb
https://www.wwpdb.org/pdb?id=pdb_00002r5j
https://doi.org/10.1038/nrdp.2016.86
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/S2214-109X(19)30488-7
https://doi.org/10.1016/S2214-109X(19)30488-7
https://doi.org/10.1016/S1470-2045(14)70481-4
https://doi.org/10.1016/S0140-6736(19)30298-3
https://doi.org/10.1016/S0140-6736(19)30298-3
https://doi.org/10.1086/599988
https://doi.org/10.1086/599988
https://doi.org/10.1016/j.vaccine.2017.12.079
https://doi.org/10.1016/j.vaccine.2017.12.079
https://doi.org/10.1016/j.vaccine.2012.04.108
https://doi.org/10.1093/infdis/jiv753
https://doi.org/10.1128/JVI.80.10.4664-4672.2006
https://doi.org/10.1128/JVI.80.10.4664-4672.2006
https://doi.org/10.1128/jvi.77.21.11625-11632.2003
https://doi.org/10.1128/jvi.77.21.11625-11632.2003
https://doi.org/10.1006/viro.1996.0466
https://doi.org/10.1006/viro.2001.1220
https://doi.org/10.1099/0022-1317-78-9-2209
https://doi.org/10.1099/0022-1317-78-9-2209
https://doi.org/10.1128/CDLI.12.8.959-969.2005
https://doi.org/10.1128/JVI.02898-14
https://doi.org/10.1016/j.virol.2015.04.016
https://doi.org/10.1016/j.virol.2015.04.016
https://doi.org/10.1038/srep19042
https://doi.org/10.1038/srep19042
https://doi.org/10.1093/cid/ciw865
https://doi.org/10.1016/j.vaccine.2007.03.049
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00779-22


21. Petersen LK, Restrepo J, Moreira ED, Jr, Iversen OE, Pitisuttithum P, Van
Damme P, Joura EA, Olsson SE, Ferris D, Block S, Giuliano AR, Bosch X, Pils
S, Cuzick J, Garland SM, Huh W, Kjaer SK, Bautista OM, Hyatt D, Maansson
R, Moeller E, Qi H, Roberts C, Luxembourg A. 2017. Impact of baseline
covariates on the immunogenicity of the 9-valent HPV vaccine - A com-
bined analysis of five phase III clinical trials. Papillomavirus Res 3:105–115.
https://doi.org/10.1016/j.pvr.2017.03.002.

22. Sudenga SL, Torres BN, Botha MH, Zeier M, Abrahamsen ME, Glashoff RH,
Engelbrecht S, Schim Van der Loeff MF, Van der Laan LE, Kipping S, Taylor
D, Giuliano AR. 2017. Hpv serostatus pre- and post-vaccination in a
randomized phase ii preparedness trial among young Western Cape,
South African women: the Evri trial. Papillomavirus Res 3:50–56. https://
doi.org/10.1016/j.pvr.2017.02.001.

23. Scherer EM, Smith RA, Gallego DF, Carter JJ, Wipf GC, Hoyos M, Stern M,
Thurston T, Trinklein ND, Wald A, Galloway DA. 2016. A single human papil-
lomavirus vaccine dose improves B cell memory in previously infected sub-
jects. EBioMedicine 10:55–64. https://doi.org/10.1016/j.ebiom.2016.06.042.

24. Draper E, Bissett SL, Howell-Jones R, Edwards D, Munslow G, Soldan K,
Beddows S. 2011. Neutralization of non-vaccine human papillomavirus
pseudoviruses from the A7 and A9 species groups by bivalent HPV vaccine
sera. Vaccine 29:8585–8590. https://doi.org/10.1016/j.vaccine.2011.09.021.

25. Bissett SL, Wilkinson D, Tettmar KI, Jones N, Stanford E, Panicker G, Faust
H, Borrow R, Soldan K, Unger ER, Dillner J, Minor P, Beddows S. 2012.
Human papillomavirus antibody reference reagents for use in postvacci-
nation surveillance serology. Clin Vaccine Immunol 19:449–451. https://
doi.org/10.1128/CVI.05641-11.

26. Draper E, Bissett SL, Howell-Jones R, Waight P, Soldan K, Jit M, Andrews N,
Miller E, Beddows S. 2013. A randomized, observer-blinded immunogenicity
trial of Cervarix and Gardasil Human Papillomavirus vaccines in 12–15 year
old girls. PLoS One 8:e61825. https://doi.org/10.1371/journal.pone.0061825.

27. Bissett SL, Draper E, Myers RE, Godi A, Beddows S. 2014. Cross-neutraliz-
ing antibodies elicited by the Cervarix human papillomavirus vaccine dis-
play a range of Alpha-9 inter-type specificities. Vaccine 32:1139–1146.
https://doi.org/10.1016/j.vaccine.2014.01.008.

28. Bissett SL, Godi A, Beddows S. 2016. The DE and FG loops of the HPV major
capsid protein contribute to the epitopes of vaccine-induced cross-neutral-
ising antibodies. Sci Rep 6:39730. https://doi.org/10.1038/srep39730.

29. Li Z, Song S, He M, Wang D, Shi J, Liu X, Li Y, Chi X, Wei S, Yang Y, Wang Z,
Li J, Qian H, Yu H, Zheng Q, Yan X, Zhao Q, Zhang J, Gu Y, Li S, Xia N. 2018.
Rational design of a triple-type human papillomavirus vaccine by com-
promising viral-type specificity. Nat Commun 9:5360. https://doi.org/10
.1038/s41467-018-07199-6.

30. Chen XS, Garcea RL, Goldberg I, Casini G, Harrison SC. 2000. Structure
of small virus-like particles assembled from the L1 protein of human
papillomavirus 16. Mol Cell 5:557–567. https://doi.org/10.1016/s1097
-2765(00)80449-9.

31. Bishop B, Dasgupta J, Klein M, Garcea RL, Christensen ND, Zhao R, Chen
XS. 2007. Crystal structures of four types of human papillomavirus L1 cap-
sid proteins: understanding the specificity of neutralizing monoclonal
antibodies. J Biol Chem 282:31803–31811. https://doi.org/10.1074/jbc
.M706380200.

32. Godi A, Martinelli M, Haque M, Li S, Zhao Q, Xia N, Cocuzza CE, Beddows S.
2018. Impact of naturally occurring variation in the human papillomavirus
(HPV) 58 capsid proteins on recognition by type-specific neutralizing anti-
bodies. J Infect Dis 218:1611–1621. https://doi.org/10.1093/infdis/jiy354.

33. Godi A, Bissett SL, Masloh S, Fleury M, Li S, Zhao Q, Xia N, Cocuzza CE,
Beddows S. 2019. Impact of naturally occurring variation in the human
papillomavirus 52 capsid proteins on recognition by type-specific neu-
tralising antibodies. J Gen Virol 100:237–245. https://doi.org/10.1099/jgv
.0.001213.

34. Godi A, Bissett SL, Miller E, Beddows S. 2017. Impact of naturally occurring
variation in the human papillomavirus (HPV) 33 capsid proteins on recog-
nition by vaccine-induced cross-neutralizing antibodies. J Gen Virol 98:
1755–1761. https://doi.org/10.1099/jgv.0.000829.

35. Ludmerer SW, Benincasa D, Mark GE, 3rd, Christensen ND. 1997. A neu-
tralizing epitope of human papillomavirus type 11 is principally described
by a continuous set of residues which overlap a distinct linear, surface
-exposed epitope. J Virol 71:3834–3839. https://doi.org/10.1128/JVI.71.5
.3834-3839.1997.

HPV Antibody Specificity Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00779-22 12

https://doi.org/10.1016/j.pvr.2017.03.002
https://doi.org/10.1016/j.pvr.2017.02.001
https://doi.org/10.1016/j.pvr.2017.02.001
https://doi.org/10.1016/j.ebiom.2016.06.042
https://doi.org/10.1016/j.vaccine.2011.09.021
https://doi.org/10.1128/CVI.05641-11
https://doi.org/10.1128/CVI.05641-11
https://doi.org/10.1371/journal.pone.0061825
https://doi.org/10.1016/j.vaccine.2014.01.008
https://doi.org/10.1038/srep39730
https://doi.org/10.1038/s41467-018-07199-6
https://doi.org/10.1038/s41467-018-07199-6
https://doi.org/10.1016/s1097-2765(00)80449-9
https://doi.org/10.1016/s1097-2765(00)80449-9
https://doi.org/10.1074/jbc.M706380200
https://doi.org/10.1074/jbc.M706380200
https://doi.org/10.1093/infdis/jiy354
https://doi.org/10.1099/jgv.0.001213
https://doi.org/10.1099/jgv.0.001213
https://doi.org/10.1099/jgv.0.000829
https://doi.org/10.1128/JVI.71.5.3834-3839.1997
https://doi.org/10.1128/JVI.71.5.3834-3839.1997
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00779-22

	RESULTS
	Amino acid sequence and biophysical properties of chimeric pseudoviruses.
	Neutralization of chimeric pseudoviruses by natural infection and vaccine sera.

	DISCUSSION
	MATERIALS AND METHODS
	Study samples.
	L1L2 pseudovirus construction.
	Neutralization assay.
	Capsomer crystal modeling.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

