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Human papillomavirus (HPV) causes not only most cervical cancers but also cancers of the vagina, vulva, penis,
anus, rectum, and oropharynx. Every year, 200,000 women die of cervical cancer in the world, and China ac-
counts for about 10%. HPV vaccines are effective in preventing HPV infections thus HPV-related cancers
worldwide. Studies on the clinical trials of the 2v Cervarix™ and the 4v Gardasil® have suggested that immu-
nization with either of these vaccines provided some level of protection against other HPV types that are closely
related to the types contained in the vaccines. Here we conducted a preliminary evaluation on the ability to
induce cross-neutralizing antibodies in rhesus monkeys by a 3v HPV vaccine that targets HPV16, 18, and 58 and
it is specifically designed for Chinese women. We found that this vaccine is no less than Gardasil® in terms of the
ability to induce NAbs against non-vaccine types of HPV in rhesus macaques. These results provided evidence
from the immunogenicity point of view that the KLWS 3v HPV vaccine is a strong competitor to the imported 2v
and 4v HPV vaccines currently available on the market.

1. Introduction

Human papillomaviruses (HPVs) consisting of more than 100 geno-
types can infect epithelial cells and cause genital warts or carcinomas in
both males and females. HPV is classified into 5 genera: alpha, beta,
gamma, mu, and nu, which can be further sorted into different species
according to their genetic relatedness based on their L1 sequences [1-5]
(Table 1). Members of the alpha genus are often associated with genital
or mucosal carcinoma and skin warts. HPVs belonging to the a9 and a7
species (namely HPV16, 31, 33, 52, 58, 35, 18, 45, 59, and 39)
contribute to almost 90% of cervical cancer [6]; HPV16 (the prototype
of the a9 species) and HPV18 (the prototype of the a7 species) together
are responsible for 70% of cervical cancer cases [7].

HPVs are non-enveloped double-stranded DNA viruses with a size of
approximately 55 nm in diameter. The HPV genome has a region for the

early genes E1-E7, a region for the late genes L1 and L2, and a non-
coding region. The early genes are responsible for the viral life cycle
and pathogenesis; whereas the late genes encode for the major capsid
protein L1 and the minor capsid protein L2. The two late proteins
together form the viral capsid in such a way that 72 copies of the L1
homo-pentamer form the viral external, and L2 sits in the centre of the
L1-pentamers [4,5,8-12]. In vitro, the L1 protein can self-assemble into
virus-like particles (VLPs) without the presence of the minor L2 protein.
Such L1-VLP shares similar structures with the native virus, and induces
high titres of neutralizing antibodies as it retains most of the neutralizing
epitopes on the native virus [13-16]. These characteristics of the L1-VLP
make it an ideal candidate for HPV vaccines.

There are currently four HPV vaccines available on the market.
Cecolin® is a bivalent (2v) vaccine produced by INNOVAX that targets
HPV16 and HPV18, Cervarix™ is also a 2v vaccine produced by GSK

Abbreviations: 2v, bivalent; 3v, trivalent; 4v, quadrivalent; 9v, nonavalent; CI, confidence interval; GFP, green fluorescent protein; GMT, geometric mean titre;
HPV, human papillomavirus; NAb, neutralizing antibody; PBNA, pseudovirion-based neutralization assay; PsV, pseudovirion; VLP, virus-like particle.
* Corresponding author. Beijing Health Guard Biotechnology Co., Ltd., Unit 201, Block 2, Longsheng Industrial Park, 7 Rongchang East Street, BDA, Daxing

District, Beijing, 100176, PR China.

** Corresponding author. Beijing Health Guard Biotechnology Co., Ltd., Unit 201, Block 2, Longsheng Industrial Park, 7 Rongchang East Street, BDA, Daxing

District, Beijing, 100176, PR China.

E-mail addresses: hj.zhang@bj-klws.com (H. Zhang), yj.liu@bj-klws.com (Y. Liu).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.pvr.2020.100209

Received 21 July 2020; Received in revised form 5 November 2020; Accepted 6 November 2020

Available online 13 November 2020
2405-8521/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license


mailto:hj.zhang@bj-klws.com
mailto:yj.liu@bj-klws.com
www.sciencedirect.com/science/journal/24058521
https://www.elsevier.com/locate/pvr
https://doi.org/10.1016/j.pvr.2020.100209
https://doi.org/10.1016/j.pvr.2020.100209
https://doi.org/10.1016/j.pvr.2020.100209
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pvr.2020.100209&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Wang et al.

Table 1

Classification of HPVs of alpha species.
Genus Species HPV type
Alpha Alphapapillomavirus 1 HPV32, 42

Alphapapillomavirus 2
Alphapapillomavirus 3

HPV3, 10, 28, 29, 77, 78, 94, 117, 125, 160
HPVe61, 62, 72, 81, 83, 84, 86, 87, 89, 102,
114

HPV2, 27, 57

HPV26, 51, 69, 82

HPV30, 53, 56, 66

HPV18, 39, 45, 59, 68, 70, 85, 97

HPV7, 40, 43, 91

HPV16, 31, 33, 35, 52, 58, 67

HPV6, 11, 13, 44, 74

HPV34, 73, 177

HPV54

HPV90, 71, 106

HPVS, 8, 9, 12, 14, 15, 17, 19, 20, 21, 22,
23, 24, 25, 36, 37, 38, 47,49, 75, 76, 80, 92,
93, 96, 98, 99, 100, 104, 105, 107,110, 111,
113,115,118,120, 122,124,143, 145, 150,
151, 152,159,174, 182,185,195, 196, 198,
206, 209, 217, 227

Gammapapillomavirus 1- HPV4, 48, 50, 60, 65, 88, 95,101, 103, 108,
27 109,112,116,119,121,123,126,127,128,
129,130,131,132,133,134, 135,136,137,
138,139,140, 141, 142, 144, 146, 147, 148,
149,153,155, 156,157,158, 161, 162, 163,
164, 165, 166, 167,168, 169,170,171,172,
173,175,176,178,179, 180, 181, 183,184,
186, 187,188,189,190, 191, 192,193, 194,
197,199, 200, 201, 202, 203, 205, 207, 208,
210, 211, 212, 213, 214, 215, 216, 218, 219,
220, 221, 222, 223,224, 225, 226, 228
HPV1, 63, 204

HPV41

Alphapapillomavirus 4
Alphapapillomavirus 5
Alphapapillomavirus 6
Alphapapillomavirus 7
Alphapapillomavirus 8
Alphapapillomavirus 9
Alphapapillomavirus 10
Alphapapillomavirus 11
Alphapapillomavirus 13
Alphapapillomavirus 14
Beta Betapapillomavirus 1-5

Gamma

Mu Mupapillomavirus 1-3
Nu Nupapillomavirus 1

Data were compiled based on “Reference genomes for Human papillomavirus”
by Papillomavirus Episteme (https://pave.niaid.nih.gov/#explore/reference ge
nomes/human_genomes), and “Reference clones” by International Human
Papillomavirus (HPV) Reference Centre (http://www.nordicehealth.se/hpvce
nter/reference_clones/).

Numbers of the vaccine types are colored in bold black: HPV 16, 18, 58 for KLWS
3v vaccine, those of the non-vaccine types are colored in blue.

that targets HPV16 and HPV18, and the other two vaccines are devel-
oped by Merck: the quadrivalent (4v) Gardasil® is designed to prevent
the oncogenic HPV16 and HPV18 as well as HPV6 and 11 that cause
genital warts; whereas the nonavalent (9v) Gardasil® 9 can provide
additional protections against HPV 31/33/45/52/58 compared with
Gardasil®. All these four vaccines have been approved by the National
Medical Products Administration (NMPA) in recent years. We have
developed a recombinant trivalent (3v) HPV vaccine (which will be
referred as KLWS 3v vaccine in this article) containing HPV16, 18, and
58 L1-VLP antigens (expressed in Escherichia coli) for Chinese women, as
analyses on the type distribution of HPV infections in Chinese women
revealed that the infection rate of HPV58 is higher compared to women
in other countries, suggesting HPV58 is one of the common HPV types in
China [17-32], and this vaccine has recently been approved by the
NMPA for clinical trials.

It was hypothesized that due to the polyclonal nature of immune
response, vaccination with HPV16 and 18 would induce neutralizing
antibodies with broad spectra, thus provide at least some level of pro-
tection against other HPV types that are closely related to these two
types [6]. The induction of cross-neutralizing antibodies by HPV16
and/or 18 L1-VLPs has been reported by several groups [33,34], and
such cross-protection effect has been seen in clinical trials of both Cer-
varix™ and Gardasil® [35-42]. We conducted a preliminary evaluation
of the induction of cross-neutralizing antibodies using sera of rhesus
macaques from the Preclinical Safety Evaluation of our 3v HPV vaccine,
aiming to shed some light on the cross-protection ability of this vaccine.

Papillomavirus Research 10 (2020) 100209

2. Materials and methods
2.1. Vaccine formulations

KLWS 3v vaccine contained HPV16,/18/58 L1-VLPs and aluminum
hydroxide in 500 pl acetic acid-sodium acetate buffer. 3 doses of KLWS
3v vaccine containing 60 pg/30 pg/30 pg/, 40 pg/20 ug/20 pg/and 20
ng/10 pg/10 pg/of HPV 16/18/58 L1-VLPs, respectively (termed high
dose, middle dose and low dose of KLWS 3v vaccine). Each dose has 500
pg aluminum hydroxide. Gardasil was chosen as the positive control,
which contained the same amounts of HPV16/18 L1-VLPs as middle
dose KLWS 3v vaccine but less adjuvant (225 pg of aluminum hydrox-
yphosphate sulfate per dose). They were intramuscular injection to
groups of female rhesus macaques (n = 5) aged 3-5in a 0, 4 and 24 week
[43].

2.2. Source of serum

Serum samples of rhesus macaques collected in the Preclinical Safety
Evaluation of KLWS 3v vaccine were used as the experimental material
of this study. All animals were handled by licensed laboratory animal
practitioners during the Preclinical Safety Evaluation, and were injected
with ketamine and nembutal sodium for euthanasia at the end of the
evaluation. Two weeks later after the third intramuscular injection at 24
weeks, serum samples were collected.

2.3. Pseudovirion-based neutralization assay (PBNA)

The pseudovirion-based neutralization assay (PBNA) was conducted
essentially as described previously [44,45] with minor modifications.
HPV type-specific pseudovirions (PsVs) encapsidating a green fluores-
cent protein (GFP) reporter plasmid were used for the PBNA. 293FT cells
(Invitrogen, USA) were seeded in 96-well plates at a concentration of 15,
000 cells/well in complete DMEM medium and incubated at 37 °C for
4-6 h. HPV PsVs were diluted with complete DMEM medium to a con-
centration that the fluorescence expression level of cells in each well
reached 15%. Serum samples were diluted with complete DMEM me-
dium at a 4-fold dilution from 1:20 to 1:327,680. Equal volumes (60 pl)
of HPV PsVs and serum samples were mixed and cooled at 4 °C for an
hour, which were subsequently added to the cells. Following 72-h in-
cubation at 37 °C, the plates were subjected to a SpectraMax MiniMax
300 Imaging Cytometer (molecular Devices, Sunnyvale, California,
USA) to count the number of cells that were fluorescent. All tests were
performed in duplicate.

2.4. Data analysis

The data were exported to Microsoft Excel, and the readings of each
sample (including the PsV control) were averaged. The inhibition rate of
fluorescence expression was calculated using the averaged value of each
serum sample and that of the PsV control. The neutralization titre was
determined by the Reed-Muench method as the final dilution factor that
yielded 50% inhibition of fluorescence expression with PsVs alone, and
reported as ICsg. The limit of quantification of the PBNA was set at 40
ICso. Serum samples with neutralization titres equal or above 40 ICsg
were considered positive; serum samples with neutralization titres
below 40 ICsy were assigned a value of 1 for calculation purposes.
Geometric mean titres (GMTs) and 95% confidence interval (95% CI)
were calculated using GraphPad Prism version 5.01 for Windows,
GraphPad Software, La Jolla California USA, www.graphpad.com.

3. Results
HPV6, 11, 16, 18, 31, 33, 45, 52, and 58 PBNAs were performed on

serum samples of rhesus macaques collected in the Preclinical Safety
Evaluation of KLWS 3v vaccine. These rhesus macaques were negative
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(b) Middle dose of KLWS 3v vaccines (16/18/58)
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Fig. 1. Levels of HPV type specific neutralizing antibodies reported as ICs in sera of rhesus macaques collected two weeks after the third immunization with (a) high
dose, (B) middle dose, (c) low dose of KLWS 3v vaccines and (d) middle dose Gardasil®. GMT and 95% CI are shown as bars; ICso values of each serum sample are
indicated as dots. Bars and dots of the vaccine types are colored in black: HPV 16, 18, 58 for KLWS 3v vaccine and HPV 6, 11, 16, 18 for Gardasil®; those of the non-
vaccine types are colored in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

for nine PBNAs before immunization. The serum samples were catego-
rized into four groups based on the different dosages of either KLWS 3v
or Gardasil® 4v HPV vaccines. Three dose levels of KLWS 3v vaccine
were used, namely, high dose (1.5 vials per injection), middle dose (1
vial per injection), and low dose (0.5 vial per injection); and one dose
level (1 vial per injection) of Gardasil® was used. All serum samples
were collected two weeks after the third immunization with either KLWS
3v or Gardasil® HPV vaccines.

Two weeks after the third immunization, all four groups of rhesus
macaques had neutralizing antibodies (NAbs) against vaccine types of
HPV. The NADb levels in sera of the three groups of KLWS vaccinees were
10°-10°. In details, HPV18 NADbs of the low dose group was at the level of
10%; HPV16, 18, 58 NAbs of the high and middle dose groups as well as
the levels of HPV16 and HPV58 NAbs of the low dose group were all at
the level of 10°. For the serum samples of Gardasil® vaccinees, HPV16
NAbs were at the level of 106, and HPV6, 11, 18 NAD levels were 10°
respectively (Fig. 1).

Serum samples of the three groups of KLWS vaccines showed
different levels of NAbs against non-vaccine types (HPV6, 11, 31, 33, 45,
and 52). NAbs against HPV31 and HPV33 were at the level of 10° and
10* respectively, with all samples being positive. The levels of NAb
against HPV6 were between 102 and 10%.80% (4/5) of the serum sam-
ples in the high dose group were HPV6 NAb positive; whereas 100% (4/
4) of the serum samples in the middle and low dose groups were HPV6
NAD positive. The levels of NAbs against HPV11 and HPV52 were the
lowest (at the level of 101), and only 2 or 3 samples of each group were
HPV11 or HPV52 NAD positive. The levels of NAb against HPV45 in
samples of the high and low dose groups were 10!, with 3 and 2 positive

samples respectively; whereas for the middle dose group, HPV45 NAb
was at the level of 10°, with all 4 samples being positive (Fig. 1).

For Gardasil® vaccines, different levels of NAbs against four (out of
five) non-vaccine types of HPV (HPV31, 33, 45, and 58) were detected.
NAbs against HPV31 and HPV33 were at the level of 10% levels of
HPV33 and HPV58 NAbs were 102. One out of five samples was HPV45
NAb positive, with a titre of 72, and the other four samples were below
the detection limit for HPV45 NADb. All five samples were below the
detection limit for HPV52 NAb (Fig. 1).

4. Discussion

In this study, we evaluated and compared the NAb and cross-
neutralizing antibody (cross-NAb) titres induced by KLWS 3v HPV
vaccine (types 16/18/58) and Gardasil® in rhesus macaques. The results
suggested that high, middle, and low dose of KLWS 3v HPV vaccines
could induce not only high levels of NAbs against vaccine types (HPV16,
18, and 58), but also various levels of NAbs against non-vaccine types
(HPV 6, 11, 31, 33, 45, and 52) in rhesus macaques. The control group,
middle dose Gardasil® vaccine, induced high levels of HPV6, 11, 16, and
18 (the vaccine types) NAbs, and lower levels of HPV31, 33, 45, and 58
(non-vaccine types) NAbs. The levels of HPV16 NAbs induced by both
vaccines were higher than those of HPV18 NAbs, which matches the
findings of studies done on Cervarix™ and Gardasil® [34,46-51]. Un-
like KLWS 3v HPV vaccine, Gardasil® did not induce HPV52 NAbs in
rhesus macaques.

In terms of species, KLWS 3v HPV vaccine induced cross-NAbs
against HPVs of the a9 (HPV31, 33, and 52) and o7 (HPV45) species.
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In the sera of Gardasil® vaccinees, we detected cross-NAbs against
HPV31, 33, and 58, which belong to the a9 species. The results suggest
that different types of HPV of the same species share some epitopes. One
thing worth noticing is that, the KLWS 3v HPV vaccine, which does not
contain HPV antigens belonging to the a10 species, showed some level
of cross-neutralization ability against HPV6 and HPV11 — the a10 spe-
cies HPVs. Similar results were observed during a post hoc analysis on
data of a Cervarix™ phase III PATRICIA (PApilloma TRIal against
Cancer In young Adults) trial [52]. We therefore reached a preliminary
conclusion from these results that the KLWS 3v HPV vaccine is no less
than Gardasil® in terms of the ability to induce NAbs against both
vaccine and non-vaccine types of HPV in rhesus macaques.

This is of great importance for Chinese women: in China, HPV vac-
cines are Class II vaccines that are currently not covered by the Social
Medical Insurance System, and the three imported HPV vaccines
currently available on the Chinese market (namely Cervarix™, Garda-
sil®, and Gardasil® 9) cost 2000-4000 RMB to complete the immuni-
zation procedure, meaning a population of approximately 0.7 billion
belonging to the Low-income Group (defined as have an annual house-
hold income of less than 80,000 RMB (approx. 11,6000 USD)) would not
be able to afford the cost of the vaccination. The utility of Escherichia coli
as the expression host reduces the production cost of KLWS 3v HPV
vaccine, making it a strong competitor to the imported HPV vaccines
economically; and the findings of this study provided evidence from
vaccine immunogenicity point of view for its strong competitiveness to
vaccine of the same kind. Furthermore, KLWS 3v HPV vaccine has
recently been approved by the CFDA for clinical trials, and its immu-
nogenicity, especially the generation of NAbs against non-vaccine HPV
types, and the cross-protection ability of this vaccine in humans will be
analyzed in clinical trials.

Animal and human rights statement

The experimental animals were purchased from and fed in the Lab-
oratory Animal Centre of the Academy of Military Medical Sciences
(Beijing, China). The manipulation and vaccination on the animals were
strictly referred to the guideline and compliant with the regulation,
which was provided by the Laboratory Animal Centre of the Academy of
Military Medical Sciences. Prior to the implementation, the experiment
schemes and protocols were reviewed by Beijing Municipal Science and
Technology Commission Administration Office of Laboratory Animals,
and approved by Beijing Municipal Science and Technology Commission
Laboratory Animal Management Ethics Committee. During the experi-
ments, all animals were well-fed and monitored twice per day. All
institutional and national guidelines for the care and use of laboratory
animals were followed.

Author statement

Yan Wang and Yuying Liu conducted the experiment and analyzed
the data, Yuying Liu also reviewed and edited the manuscript, Shutian
Liang wrote the original draft, Fei Yin provided help during data anal-
ysis, Haijiang Zhang and Yongjiang Liu designed and supervised the
study. All authors reviewed the manuscript.

Declaration of competing interest

All authors were employees of Beijing Health Guard Biotechnology
Co., Ltd. when this study was conducted.

Acknowledgements

This work was supported by Beijing Major Science & Technology
Project under Grant D090507043409008, and Special Technology
Innovation Funding Project from Beijing Economic-Technological
Developmental Area under Grant JSYF2010150. Beijing Health Guard

Papillomavirus Research 10 (2020) 100209
Biotechnology Co., Ltd. was the primary funding source of this study.

References

[1] M. Van Ranst, J.B. Kaplan, R.D. Burk, Phylogenetic classification of human
papillomaviruses: correlation with clinical manifestations, J. Gen. Virol. 73 (Pt 10)
(1992) 2653-2660.

[2] R. Tachezy, et al., Analysis of short novel human papillomavirus sequences,
Biochem. Biophys. Res. Commun. 204 (2) (1994) 820-827.

[3] K.L. Liaw, et al., A prospective study of human papillomavirus (HPV) type 16 DNA
detection by polymerase chain reaction and its association with acquisition and
persistence of other HPV types, J. Infect. Dis. 183 (1) (2001) 8-15.

[4] A. Handisurya, C. Schellenbacher, R. Kirnbauer, Diseases caused by human
papillomaviruses (HPV), J Dtsch Dermatol Ges 7 (5) (2009) 453-466, quiz 466,
467.

[5] M. Tommasino, The human papillomavirus family and its role in carcinogenesis,
Semin. Canc. Biol. 26 (2014) 13-21.

[6] D.R. Brown, 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 generally HPV-naive women aged 16-26 years,
J. Infect. Dis. 199 (7) (2009) 926-935.

[7] N. Munoz, et al., Epidemiologic classification of human papillomavirus types
associated with cervical cancer, N. Engl. J. Med. 348 (6) (2003) 518-527.

[8] B. Bishop, et al., Crystal structures of four types of human papillomavirus L1 capsid
proteins: understanding the specificity of neutralizing monoclonal antibodies,

J. Biol. Chem. 282 (43) (2007) 31803-31811.

[9] G. Cardone, et al., Maturation of the human papillomavirus 16 capsid, mBio 5 (4)
(2014) e01104-e01114.

[10] X.S. Chen, et al., Papillomavirus capsid protein expression in Escherichia coli:
purification and assembly of HPV11 and HPV16 L1, J. Mol. Biol. 307 (1) (2001)
173-182.

[11] G. Gao, D.I. Smith, Human papillomavirus and the development of different
cancers, Cytogenet. Genome Res. 150 (3-4) (2016) 185-193.

[12] J. Guan, et al., Cryoelectron microscopy maps of human papillomavirus 16 reveal
L2 densities and heparin binding site, Structure 25 (2) (2017) 253-263.

[13] N. Yaegashi, et al., Characterization of murine polyclonal antisera and monoclonal
antibodies generated against intact and denatured human papillomavirus type 1
virions, J. Virol. 65 (3) (1991) 1578-1583.

[14] Q. Zhao, et al., Disassembly and reassembly improves morphology and thermal
stability of human papillomavirus type 16 virus-like particles, Nanomedicine 8 (7)
(2012) 1182-1189.

[15] D. Wang, et al., Identification of broad-genotype HPV L2 neutralization site for
pan-HPV vaccine development by a cross-neutralizing antibody, PloS One 10 (4)
(2015), e0123944.

[16] Y. Wang, et al., Characterization of two new monoclonal antibodies against human
papillomavirus type 16 L1 protein, Diagn. Pathol. 9 (2014) 101.

[17] J. Cai, et al., Analysis of cervical HPV infection of 1941 females in Qidong area in
Jiangsu province, China Modern Medicine 22 (25) (2015) 136-138.

[18] F.H. Zhao, et al., Baseline prevalence and type distribution of human
papillomavirus in healthy Chinese women aged 18-25 years enrolled in a clinical
trial, Int. J. Canc. 135 (11) (2014) 2604-2611.

[19] X. Wang, et al., Characteristic analysis of HPV infection in 5152 gynecological
patients in some regions of Guangxi, Internet J. Lab. Med. 37 (2) (2016) 218-220.

[20] S. Miura, et al., Do we need a different strategy for HPV screening and vaccination
in East Asia? Int. J. Canc. 119 (11) (2006) 2713-2715.

[21] D. Yang, et al., Features on genotypes of human papillomavirus infection on
patients with cervical cancer in Guangxi coastal areas, Chin J Clin Obstet Gynecol
12 (1) (2011) 14-16.

[22] R. Konno, et al., Human papillomavirus infection and cervical cancer prevention in
Japan and Korea, Vaccine 26 (Suppl 12) (2008) M30-M42.

[23] R. Zhao, et al., Human papillomavirus infection in Beijing, People’s Republic of
China: a population-based study, Br. J. Canc. 101 (9) (2009) 1635-1640.

[24] M. Daij, et al., Human papillomavirus infection in Shanxi Province, People’s
Republic of China: a population-based study, Br. J. Canc. 95 (1) (2006) 96-101.

[25] L.K. Li, et al., Human papillomavirus infection in Shenyang City, People’s Republic
of China: a population-based study, Br. J. Canc. 95 (11) (2006) 1593-1597.

[26] R.F. Wu, et al., Human papillomavirus infection in women in Shenzhen City,
People’s Republic of China, a population typical of recent Chinese urbanisation,
Int. J. Canc. 121 (6) (2007) 1306-1311.

[27] Y.P. Bao, et al., Human papillomavirus type-distribution in the cervix of Chinese
women: a meta-analysis, Int. J. STD AIDS 19 (2) (2008) 106-111.

[28] B. Liu, et al., Investigation on relationship between the papillomavirus type 58
(HPV58) infection and cervical cancer in China, Chin. J. Exp. Clin. Virol. 10 (2)
(1996) 118-121.

[29] Y.P. Bao, et al., [Study on the distribution of human papillomavirus types in cervix
among Chinese women: a meta-analysis], Zhonghua Liuxingbingxue Zazhi 28 (10)
(2007) 941-946.

[30] S. de Sanjose, et al., Worldwide prevalence and genotype distribution of cervical
human papillomavirus DNA in women with normal cytology: a meta-analysis,
Lancet Infect. Dis. 7 (7) (2007) 453-459.

[31] J. Li, et al., Epidemiological features of Human Papillomavirus (HPV) infection
among women living in Mainland China, Asian Pac. J. Cancer Prev. APJCP 14 (7)
(2013) 4015-4023.

[32] S.M. Wang, J. Li, Y.L. Qiao, HPV prevalence and genotyping in the cervix of
Chinese women, Front. Med. China 4 (3) (2010) 259-263.


http://refhub.elsevier.com/S2405-8521(20)30136-1/sref1
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref1
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref1
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref2
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref2
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref3
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref3
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref3
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref4
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref4
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref4
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref5
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref5
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref6
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref6
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref6
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref6
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref7
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref7
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref8
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref8
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref8
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref9
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref9
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref10
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref10
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref10
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref11
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref11
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref12
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref12
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref13
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref13
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref13
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref14
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref14
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref14
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref15
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref15
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref15
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref16
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref16
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref17
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref17
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref18
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref18
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref18
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref19
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref19
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref20
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref20
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref21
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref21
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref21
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref22
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref22
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref23
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref23
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref24
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref24
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref25
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref25
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref26
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref26
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref26
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref27
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref27
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref28
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref28
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref28
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref29
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref29
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref29
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref30
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref30
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref30
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref31
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref31
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref31
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref32
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref32

Y. Wang et al.

[33]
[34]
[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

P.M. Day, et al., In vivo mechanisms of vaccine-induced protection against HPV
infection, Cell Host Microbe 8 (3) (2010) 260-270.

T.J. Kemp, et al., HPV16/18 L1 VLP vaccine induces cross-neutralizing antibodies
that may mediate cross-protection, Vaccine 29 (11) (2011) 2011-2014.

R. Herrero, Human papillomavirus (HPV) vaccines: limited cross-protection
against additional HPV types, J. Infect. Dis. 199 (7) (2009) 919-922.

B. Lu, et al., Efficacy and safety of prophylactic vaccines against cervical HPV
infection and diseases among women: a systematic review & meta-analysis, BMC
Infect. Dis. 11 (2011) 13.

C.M. Wheeler, et al., Cross-protective efficacy of HPV-16/18 AS04-adjuvanted
vaccine against cervical infection and precancer caused by non-vaccine oncogenic
HPV types: 4-year end-of-study analysis of the randomised, double-blind PATRICIA
trial, Lancet Oncol. 13 (1) (2012) 100-110.

M. Lehtinen, et al., Overall efficacy of HPV-16,/18 AS04-adjuvanted vaccine against
grade 3 or greater cervical intraepithelial neoplasia: 4-year end-of-study analysis of
the randomised, double-blind PATRICIA trial, Lancet Oncol. 13 (1) (2012) 89-99.
S.E. Goldstone, et al., Quadrivalent HPV vaccine efficacy against disease related to
vaccine and non-vaccine HPV types in males, Vaccine 31 (37) (2013) 3849-3855.
R. De Vincenzo, et al., HPV vaccine cross-protection: highlights on additional
clinical benefit, Gynecol. Oncol. 130 (3) (2013) 642-651.

A. Hildesheim, et al., Efficacy of the HPV-16/18 vaccine: final according to
protocol results from the blinded phase of the randomized Costa Rica HPV-16/18
vaccine trial, Vaccine 32 (39) (2014) 5087-5097.

S.N. Tabrizi, et al., Assessment of herd immunity and cross-protection after a
human papillomavirus vaccination programme in Australia: a repeat cross-
sectional study, Lancet Infect. Dis. 14 (10) (2014) 958-966.

F. Yin, et al., A novel trivalent HPV 16/18/58 vaccine with anti-HPV 16 and 18
neutralizing antibody responses comparable to those induced by the Gardasil

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Papillomavirus Research 10 (2020) 100209

quadrivalent vaccine in rhesus macaque model, Papillomavirus Res 3 (2017)
85-90.

C.B. Buck, et al., Generation of HPV pseudovirions using transfection and their use
in neutralization assays, Methods Mol. Med. 119 (2005) 445-462.

X. Wu, [Yi Jia Bing Du Wei Ji Chu De Ren Ru Tou Liu Bing Du (HPV) Zhong He
Kang Ti Jian Ce Fang Fa He Dong Wu Gan Ran Mo Xing De Jian Li Ji Chu Bu Ying
Yong], National Institutes for Food and Drug Control, 2008.

M.H. Einstein, et al., Comparative immunogenicity and safety of human
papillomavirus (HPV)-16/18 vaccine and HPV-6/11/16/18 vaccine: follow-up
from months 12-24 in a Phase III randomized study of healthy women aged 18-45
years, Hum. Vaccine 7 (12) (2011) 1343-1358.

M.H. Einstein, et al., Comparison of the immunogenicity and safety of Cervarix and
Gardasil human papillomavirus (HPV) cervical cancer vaccines in healthy women
aged 18-45 years, Hum. Vaccine 5 (10) (2009) 705-719.

L.L. Villa, et al., Immunologic responses following administration of a vaccine
targeting human papillomavirus Types 6, 11, 16, and 18, Vaccine 24 (27-28)
(2006) 5571-5583.

E. Draper, et al., Neutralization of non-vaccine human papillomavirus
pseudoviruses from the A7 and A9 species groups by bivalent HPV vaccine sera,
Vaccine 29 (47) (2011) 8585-8590.

N. De Carvalho, et al., Sustained efficacy and immunogenicity of the HPV-16/18
AS04-adjuvanted vaccine up to 7.3 years in young adult women, Vaccine 28 (38)
(2010) 6247-6255.

D.M. Harper, et al., Sustained efficacy up to 4.5 years of a bivalent L1 virus-like
particle vaccine against human papillomavirus types 16 and 18: follow-up from a
randomised control trial, Lancet 367 (9518) (2006) 1247-1255.

A. Szarewski, et al., Efficacy of the HPV-16/18 AS04-adjuvanted vaccine against
low-risk HPV types (PATRICIA randomized trial): an unexpected observation,

J. Infect. Dis. 208 (9) (2013) 1391-1396.


http://refhub.elsevier.com/S2405-8521(20)30136-1/sref33
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref33
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref34
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref34
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref35
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref35
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref36
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref36
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref36
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref37
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref37
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref37
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref37
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref38
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref38
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref38
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref39
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref39
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref40
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref40
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref41
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref41
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref41
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref42
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref42
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref42
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref43
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref43
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref43
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref43
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref44
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref44
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref45
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref45
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref45
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref46
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref46
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref46
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref46
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref47
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref47
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref47
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref48
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref48
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref48
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref49
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref49
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref49
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref50
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref50
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref50
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref51
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref51
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref51
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref52
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref52
http://refhub.elsevier.com/S2405-8521(20)30136-1/sref52

	Cross-neutralizing antibody titres against non-vaccine types induced by a recombinant trivalent HPV vaccine (16/18/58) in r ...
	1 Introduction
	2 Materials and methods
	2.1 Vaccine formulations
	2.2 Source of serum
	2.3 Pseudovirion-based neutralization assay (PBNA)
	2.4 Data analysis

	3 Results
	4 Discussion
	Animal and human rights statement
	Author statement
	Declaration of competing interest
	Acknowledgements
	References


