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Abstract

The major capsid protein (L1) of human papillomaviruses (HPV) expressed in heterologous
systems assembles into virus-like particles (VLPs). We report cloning and expression of codon
optimized HPV L1 genes of the two high-risk HPV types 16 and 18 in methylotropic yeast, Pichia
pastoris. The VLPs produced in P. pastoris were subjected to three step purification method
involving density gradient centrifugations and size exclusion chromatography. The enriched VLPs
were characterized using conformation-specific monoclonal antibodies in ELISA and by
transmission electron microscopy. Mice immunized with a bivalent HPV16 and HPV18 VLPs
developed high serum antibody titers to both HPV types that persisted for 190 days post
vaccination. Serum of mice immunized with the HPV-VLP preparations could neutralize
homologous pseudoviruses in an in vitro assays. Our results demonstrate that the L1 proteins
expressed in P. pastoris fold properly as evidenced by assembly into VLPs and induction of type-
specific neutralizing antibody response in mice. This work constitutes a step towards developing
an alternate production platform for generating an affordable HPV vaccine to meet the needs of
developing countries.
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1. Introduction

Cancer of uterine cervix is the second most common cancer in women. Approximately
520,000 new cases and 274,000 deaths have been reported each year worldwide [1]. The
incident rate of cervical cancer in India is approximately 132,000 per year; which is nearly
52% of the recorded incidence of the disease in the Asia-Pacific region [2]. Nearly 73,000
women die of cervical cancer each year in India [1]; thereby it holds the dubious distinction
of accounting for nearly a quarter of all cervical cancer deaths recorded globally [2]. It is
estimated that by the year 2025, the incidence rates in the developing world would account
for nearly 80% of the global rates [1].
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Human papillomavirus (HPV) is an epitheliotropic double stranded DNA virus of
approximately 8 kb in size. The HPV genome encodes for non-structural-proteins (E1, E2,
E4, E5, E6 and E7) and structural proteins (L1 and L2). There are over 120 HPV types
reported [3-5]. Persistent infection by high-risk HPV types is the single most important
factor for the induction of the cervical cancer [6]. Amongst high-risk HPV types, HPV16
and 18 are the genotypes most frequently associated with cervical cancer across the world.
Overall HPV type prevalence in cervical cancer in India was found to be in the following
order, HPV16, 18, 31, 33, 35, 39, 45, 52, 56, 58, 59 and HPV68 [7]. Together, HP\/16 and
HPV18 types contribute to nearly 80% of the entire uterine cervical cancer incidence in
India [8].

Cervical cancer takes several years to establish after HPV infection; therefore periodic
screening of uterine cervix and removal of premalignant lesions can result in a substantial
reduction of cervical cancer related mortality. However, frequent monitoring of cervical
exfoliates for an abnormality requires a large number of trained professionals and persistent
public funding to support the requisite infrastructure [9,10]. Consequently, organized
cervical screening programs are either absent or have minimal presence in poor resource
countries [7]. Prophylactic vaccination has the potential to augment cervical screening
programs, promoting the reduction in disease burden by prevention of HPV infection [11].

Recombinant major capsid protein L1 of papillomavirus self-assembles to form virus-like
particles (VLPs) when expressed in heterologous systems. These VLPs have been proven to
be highly immunogenic and are attractive candidates for developing a prophylactic vaccine
[12-14]. The VLP-based bivalent HPV/16/18 or quadrivalent HP\VV6/11/16/18 vaccines have
been successfully introduced into the market. These vaccines offer near 100% protection
against lesions caused by incident infection by the HPV types present in the vaccines [15-
17]. Despite the introduction of these prophylactic vaccines into the market, the prohibitive
cost of the vaccines is likely to affect their availability to women in developing countries
[11,18]. It is likely that regional production of prophylactic HPV vaccine would not only
help in bringing down the cost but also facilitate bridging the demand and supply gap.
Current vaccines available in the market contain VLPs expressed either in insect cells
(recombinant baculovirus infected 7richoplusia ni Hi5 cells) or in Saccharomyces
cerevisiae. Use of various other expression platforms for producing HPV VLPs has been
reported by several investigators [19,20,24]. Expression and purification of HPV16 L1 from
Pichia pastoris was demonstrated by some investigators [21-23]. However to our
knowledge, a detailed characterizations of the P. pastoris expressed VLPs and their ability to
induce neutralizing antibodies have not been reported thus far. Evaluation of neutralizing
activity is critical since the immunodominant epitopes recognized by L1 neutralizing
antibodies are conformation dependent and even assembly into VLPs does not guarantee
induction of neutralizing antibodies by an L1 vaccine [24].

In this manuscript, we describe the cloning of codon optimized genes for stable expression
of the major capsid protein (L1) of HPV16 and HPV18; their expression in P. pastoris strain
GS115, purification and characterization of the VLPs. This study is first to describe cloning
and expression of HPV18 L1 in P. pastoris.

2. Materials and methods

2.1. Cells, expression vector and cell-culture media

Human embryonic Kidney cells (HEK 293 FT; Invitrogen, USA) were used for producing
the HPV pseudoviruses. Methylotropic yeast P. pastoris strain GS115, yeast expression
vector pPICZB and the media for growing human embryonic kidney cells (HEK 293 FT)
were procured from Invitrogen, USA. Expression vectors required for producing HPV16 and
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HPV18 pseudo-viruses were previously published (http://home.ccr.cancer.gov/LCO/
packaging.htm for details).

2.2. Yeast growth and expression media

P. pastoris growth and induction media components were procured from Hi-Media Labs,
India. All other chemical including fine-chemicals were sourced from Sigma Chemical
Company, USA and Merck, India.

2.3. HPV VLP conformation specific monoclonal antibodies

HPV16 and 18 VLP conformation monoclonal antibodies H16.V5 and H18.G10 were kindly
provided by Prof. Neil Christensen, Pennsylvania State University, USA.

2.4. Animals usage

Four to six week old female BALB/c mice were used for the experiments after obtaining the
requisite animal ethics approval. The animals were reared in individually ventilated cages
(Tecniplast, Italy).

2.5. Cloning of the major capsid protein genes of HPV16 and HPV18

DNA sequences coding for the major capsid protein encoding gene (L1) of HPV16 (Gen
Bank accession number ABV21641) and HPV18 (Gen Bank accession number AAQ92369)
were codon optimized for expression in P. pastoris. Synthetic gene constructs for this
purpose were procured from GeneArt (Regensburg, Germany). The codon optimized L1
genes were PCR amplified from the synthetic construct using Pfu DNA polymerase (Qiagen,
Germany). Major capsid protein encoding genes of HPV16 L1 or HPV18 L1, also referred
to as HPV L1 construct in this manuscript, were cloned into P. pastoris expression cassette
pPICZB B using E£coRl and Xhol restriction enzymes (New England Bio-labs, USA). The
HPV L1 genes cloned into pPICZB B were verified further using restriction fragment
analysis and DNA sequencing.

2.6. Integration of the expression cassette into P. pastoris

The plasmid clones containing the HPV L1 genes were used to transform P, pastoris GS115
(Invitrogen, USA) using Pichia EasyComp" Kit (Invitrogen, USA). Transformants
harbouring HPV L1 genes were selected on Yeast-extract Peptone Dextrose (YPD) plates
containing 200 pg/ml Zeocin (Invitrogen, USA). Integration of HPV L1 gene into ~.
pastoris was PCR verified using promoter specific primers (AOX primers) and the L1 gene
specific primers for either HPV16 or HPV18 types. The nucleotide sequences of primers
used in the present study were as following.

AOX For: 5" GACTGGTTCCAATTGACAAGAC 3;

AOX Rev: 5"GCAAATGGCATTCTGACATCC3';

16 L1 For: 5" ACTAGAATTCATGTCTTTGTGGTTGCCATCT3';
16 L1 Rev: 5"ATCACTCGAGTTATTACAATTTTCTCTTCTT3’;
18 L1 For: 5" GAATTCATGGCTTTGTGGAGACCATCT3'; and
18 L1 Rev: 5"CTCGAGTACACTTTCTAGCTCTAAC3’

2.7. Expression and characterization of HPV major capsid protein

P. pastoris transformants containing the HPV L1 genes were grown overnight in a shake-
flask containing YPD medium supplemented with 100 g/ml Zeocin and the cells were
transferred into freshly prepared Buffered Minimal Glycerol (BMGH) medium containing
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100 pg/ml Zeocin and 0.004% (w/v) L-histidine. After an overnight growth recombinant 2.
pastoris cells were induced for expression using Buffered Minimal Methanol (BMMH)
medium supplemented with 0.004% L-histidine. In order to induce expression of the
recombinant protein from P. pastoris, 0.5% (v/v) of methanol was added every 24 h to the
culture until 72 h of growth. The cells were harvested after 96 h of growth and stored at —70
°C until further use.

2.8. SDS-PAGE and Western blotting

Either the recombinant P. pastoris cell lysate or enriched HPV L1 protein fractions were
resolved on 10% SDS PAGE after heating the samples for 10 min at 75 °C in SDS-PAGE
sample loading buffer containing p-Mercaptoethanol [25]. The polyacrylamide gel was
stained using Coomassie Blue for visualizing the protein. HPV L1 proteins resolved on
SDS-PAGE gel were also transferred to PVVDF membrane (GE Healthcare, USA) using
semi-dry protein transfer apparatus (Bio-Rad, USA). The membrane was probed using anti-
HPV L1 specific monoclonal antibody CamVir-1 (1:500; Bio-Trend GmBH, Germany) [26].

2.9. Stability analysis of recombinant P. pastoris HPV16 and 18 clones

Recombinant P. pastoris HPV16 and 18 clones cultured in 10 ml BMMH media (containing
0.5% methanol) for 24 h at 30 °C in a shaking incubator. The ODgponm Of the 24 h culture
reached to 12, cells were diluted to 0.5 ODggonm in fresh 10 ml of BMMH media and grown
at 30 °C in a shaking incubator for 24 h. Four subsequent subcultures were made, designated
as passage number 1 through 4, and the expression of HPVL1 was analyzed on Western
blotting using HPVL1 specific monoclonal antibody.

2.10. Purification of HPV16 and HPV18 VLP

Induced cells of the recombinant £. pastoris expressing HPV L1 proteins were harvested and
resuspended in harvest buffer (0.2 M MOPS containing 2 mM MgCls,; pH 7.0) and
Benzonase Grade-l (Merck, USA) was added to the cell suspension. The cell suspension was
incubated for 3 h (at 4 °C), following which the cells were lysed over three passage through
the cell disrupter (Constant Cell Disruption systems, UK) at 30,000 psi pressure. Cell-lysate
was clarified by centrifuging at 2057 x g for 15 min to remove the cell debris. To the
clarified cell lysates, PMSF and NaCl were added to the final concentration of 1 mM and 0.5
M respectively and dialyzed overnight (4 °C) against 0.2 M MOPS containing 0.5 M NaCl
(pH 7.0). The dialyzed cell lysate was centrifuged at 130, 357 x g (Hitachi CP 70MX,
Japan) for 4 h and the pellet was reconstituted in the harvest buffer. Further, the
reconstituted pellets were fractionated on sucrose gradients (10-40%) by centrifuging at
130, 357 x gfor 4 h at 4 °C (P28S2 Rotor, Hitachi) [27]. The pellet obtained from the
sucrose gradient centrifugation was resuspended in the harvest buffer, which were loaded
onto a 2% cross linked agarose bead column (Agarose Bead Technologies, Portugal) pre-
equilibrated with DPBS containing 0.8 M NaCl. Ten fractions of 1 ml each were collected
separately from the agarose columns loaded with the reconstituted pellet. These fractions
were analyzed on SDS-PAGE and Western blotting using HPV L1 specific mouse
monoclonal antibody (CamVir-1) for the presence of HPV L1 proteins. The fractions
showing high concentration of HPV L1 proteins were further purified using lodixanol
density gradient centrifugation (GE Healthcare, Ireland) as described by Buck et al. [28].

2.11. Pseudovirus preparation

HPV pseudovirus used to evaluate the presence of HPV neutralizing antibody were
produced in HEK 293 FT cells by transient co-transfection of plasmids encoding the
papillomavirus structural genes, L1 and L2 (psheLL plasmids), together with a reporter
plasmid (secretory alkaline phosphatase, a.k.a. SEAP). The size of the reporter gene
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construct was similar to the HPV genome; hence this vector is also referred to as a
pseudogenome. Method for preparing the pseudovirus is described by Buck et al. [28].
Briefly, HEK 293 FT cells were co-transfected with either p16sheL L or p18shel L
constructs (coding for HPV16 or HPV18 capsid proteins L1 and L2 respectively) along with
the reporter gene pYSEAP using lipofectamine 2000 (Invitrogen, USA), as per the
manufacturer’s instructions. Cells were harvested and the pseudoviruses (PsV) were released
from HEK 293 FT cells using detergent Brij-58 (Sigma, USA) and matured by overnight
incubation at 37 °C. The PsV preparations were fractionated on lodixanol density gradient.
For this purpose DPBS containing 0.8 M NaCl were used to dilute 65.2% (w/v) the
lodixanol stock solution to get a final concentration of 27%, 33%, and 39%.

Density gradient was created by overlaying (39%, 33% and 27%) lodixanol step wise in
approximately 1.4 ml aliquots. Clarified cell lysate was overlaid onto the iodixanol gradient
and centrifuged at 242,700 x gfor 4 h at 22 °C (P50S2 Rotor, Hitachi). The samples were
collected in 500 w1 fractions, which were analyzed on SDS-PAGE. Fractions showing high
intensity bands at ~56 kDa were pooled and analyzed for the presence of DNA.
Psuedoviruses were aliquoted and frozen at =80 °C until further use.

2.12. Protein estimation and VLPs quantification

2.13. ELISA

Protein concentration was estimated using Micro-BCA kit (Sigma) as per the manufacturer’s
instruction. Enriched VLPs were quantified by VLP ELISA using a preparation of
‘calibrator VLPs’ having a concentration of 1 mg/ml produced in mammalian HEK 293 FT
cells, as previously described [27]. Concentration of the purified VLPs was determined by
comparing the slope obtained for calibrator VLPs with the slope obtained for the VLPs
purified from P. pastoris.

The HPV16 or 18 VLPs (100 ng/well) were coated separately into Maxisorp™ 96 well
microtiter plates (Nunc, Denmark) in PBS and incubated overnight at 4 °C. The remaining
active surface in the wells were blocked using 2% (w/v) skimmed milk solution in PBS
containing 0.05% (v/v) Tween-20 (PBST), the plates were incubated for 2 h at 37 °C. The
ELISA plates were washed thrice with PBST using automated plate washing machine
(PW40 Bio-Rad, USA). A HPV16 L1 specific monoclonal antibody CamVir-1, which
recognizes a linear epitope common to many HPVs was added (1:500) and the plates were
incubated at 37 °C for 1 h. After washing thrice with PBST, sheep anti-mouse HRPO
conjugate (Sigma, USA) was added at 1:5000 dilutions, following which the plates were
incubated further at 37 °C for 1 h. The ELISA reaction was developed using H»,O, (0.03% v/
v) as substrate and 3-3”-5-5"-Tetramethylbenzidine (TMB, Sigma-Aldrich, USA) as
chromogenic indicator. Similarly, proper folding of HPV16 or 18 VVLPs was verified using
conformation specific monoclonal antibodies H16.V5 and H18.G10 for HPVV16 and HPV18
respectively [29].

2.14. Transmission electron microscopy of HPV16 or 18 VLPs

Purified HPV16 and 18 VLPs were adsorbed on carbon coated copper grids and negatively
stained with 2% uranyl acetate. Grids were air dried prior to examination under transmission
electron microscope (Hitachi, H-7500). Samples were viewed either at 53,000 or 50,000
magnification.

2.15. Immunogenicity studies in mice

Enriched HPV16 VLPs were adsorbed onto aluminium hydroxide gel (pH 7.3) in three
different concentrations viz. 2 g, 10 g and 20 g per dose. Similarly, purified HPV18
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VLPs were adsorbed onto aluminium hydroxide gel (pH 7.3) in three different
concentrations v7z. 1 g, 3 g and 5 pug. The adsorbed VLPs were administered
intramuscularly into 4-6 weeks old female BALB/c mice, seven mice were used in each
group. Two booster doses were administered on 14th and 28th days post primary
immunization (Table 1). Serum samples were collected on the 35th day post primary
immunization and the presence of HPV VLP specific antibodies were analyzed using
enzyme immune assay. Similarly, 2 pg of HPV16 and 1 jug of 18 VLPs were co-adsorbed
onto aluminium hydroxide gel. Aluminium hydroxide gel was used as placebo in this study.
The experimental details are given in Table 2.

The serum antibody titer was determined as the Geometric Mean of the maximum serum
dilution of all immunized animals that gave ODg459nm Value above the cut-off; standard
deviation for the group was enumerated. The cut-off value was determined by adding the
Geometric mean of ODy4s50nm Value of pre-immune mice sera to 3 times the standard
deviation in the OD4ggnm value.

2.16. Pseudovirus neutralization assay

The HPV16 and HPV18 pseudovirus were prepared by transiently expressing HPV16 or
HPV18 L1-L2 constructs in HEK-293FT (as described in Section 2.11). Secretory alkaline
phosphatase activity was detected by Great Escape SEAP Chemiluminescence Kit 2.0™
(Clonetech, USA) [28]. Decrease in secretory alkaline phosphatase activity indicated
inhibition of Pseudovirus infecting 293FT cells.

2.17. Statistical analysis

3. Results

Geometric mean titers were compared to evaluate Immune and neutralizing responses.
Graphs and statistical analysis of data were performed using Origin Pro 7.5 software (Origin
Lab Corporation, USA).

3.1. Construction of recombinant P. pastoris expressing the major capsid protein of HPV16

and HPV18

Human papillomavirus 16 L1 and 18 L1 genes codon optimized for expression in P. pastoris
were cloned separately into P. pastoris expression vector pPICZB. The cloning strategy is
detailed in Fig. 1 Cloning of the HPV L1 genes into pPICZB was verified by restriction
enzyme analysis and sequencing. Presences of HPV16 or HPV18 L1 genes in the
recombinant P. pastoris were confirmed using PCR (data not shown). One P. pastoris clone
each for HPVV16 and HPV18 L1 was selected based on their stable expression for further
studies.

3.2. SDS-PAGE and Western blotting

HPV16 and 18 VLPs were purified as described in Section 2. The purified VLP fractions
were resolved on SDS-PAGE and stained using Coomassie brilliant blue. The gel showed
protein band of approximately 56 kDa in elution fractions. The observed molecular weight
of the enriched HPV18 L1 is higher than that of HPV16 L1. This discrepancy may be due to
the amino acid composition and/or the theoretical mass of HPV18 L1 being higher than that
of HPV16 L1 (Fig. 2A). The purified protein samples were also analyzed using Western
blot, which was probed with HPV L1 specific monoclonal antibody. Protein band of
approximately 56 kDa Molecular weight was observed on the blot, confirming the presence
of HPV major capsid proteins L1 (Fig. 2B).
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3.3. Stability analysis of recombinant P. pastoris HPV16 and 18 clones

Stability of the recombinant P. pastoris HPV16 and 18 clones were assessed based on L1
expression by Western blotting of four consecutive passages of each clone. Further these
blots were subjected to densitometry analysis and the results indicated that these clones were
stable in all four consecutive passages (Fig. 2C and Supplementary Fig. 1).

3.4. Transmission electron microscopy of P. pastoris expressed HPV16 and 18 VLPs

The purified VLPs of HPV16 and HPV18 were examined under transmission electron
microscope at magnification of 53,000 and 50,000x respectively. Particles of diameter of
~53 nm were observed in both HPV16 and HPV18 purified protein samples (Fig. 3A and B).

3.5. Reactivity to conformation specific antibody in ELISA

Purified HPV16 and 18 VLPs were coated separately on 96 well Maxisorp ELISA plates.
The VLPs reacted to conformation specific monoclonal antibodies i.e.; H16.V5 and
H18.G10 specific for HPV16 and 18 respectively (Fig. 4A and B). The purified VLPs
showed high type-specific reactivity but no cross reactivity.

Using this ELISA format and calibrator VVLPs having a concentration of 1 mg/ml, yield of
the purified HPV16 and 18 VVLPs were estimated. The estimated yields of HPVV16 VVLP and
HPV18 VLPs were 9.5 mg/l and 6.4 mg/l respectively.

3.6. Immune response to the HPV16 or HPV18 VLPs

Mice immunized with three doses of VLPs adsorbed onto aluminium hydroxide showed
high serum IgG response against P. pastoris expressed HPV VLPs. The geometric mean
titers (GMT) of serum antibody for HPV16 VLP after 35th day post primary immunization
in mice administered with 2 g, 10 g and 20 g of HPV16 VLP are mentioned in Table 1.
Mice immunized with 2 pg VLPs gave GMT of 64,000 (+48,000; titers range from 16,000
to 128,000), the GMT in mice immunized with 10 g was found to be 47,551 (+55,232;
titers range from 8000 to 256,000) and GMT in mice immunized with 20 g VLPs was
105,002 (+90,509; titers range from 64,000 to 256,000). A group of mice (Group 5; Table 1)
were administered only two dose of HPV18 VLPs to evaluate sero-conversion potential. We
evaluated the immune efficacy between two dose and three dose in mice and further
extensive studies may play the significant role in future commercial vaccine regimen. We
chose to have higher antigenic payload of 3 pg/mice for this group. The GMT serum
antibody titers after 35th day post primary immunization in mice administered with HPV18
VLP having concentration 1 g, 3 g and 5 g and the results were given Table 1. The
serum antibody GMT of mice immunized with 1 g found to be 78,016 (£101,493; titers
range from 16,000 to 256,000), the GMT in mice immunized with 3 g found to be 172,275
(£68,418; titers range from 128,000 to 256,000) and GMT in mice immunized with 5 pg of
HPV18 VLP was 95,103 (£112,163; titers range from 32,000 to 256,000).

3.7. Immune response in mice co-administered with HPV16 and HPV18 VLPs

Purified HPV16 and HPV18 VLPs were co-adsorbed onto aluminium hydroxide gel and
administered to mice as described in Table 2. Geometric mean titer of serum antibody on
35th day post primary immunization in mice against HPV16 VLP was 5796 (+4916), while
the GMT against HPV18 VLP was 2625 (+1752). All animals were maintained for 190 days
to assess the longevity of anti-HPV antibody titers in serum. Serum samples drawn on 190th
day post primary immunization had serum antibody titer of 317 (£314) against HPV16 VLP,
while the antibody titer against HPV18 VLP was 400 (£609) (Fig. 5). These results
indicated that the VLPs expressed in P. pastoris were able to elicit long lasting serum
antibody titers in mice.
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3.8. Pseudovirus neutralization assay

The presence of neutralizing antibodies is crucial in preventing HPV infection by VLP
vaccines. The neutralizing antibody titers were measured in an in vitro pseudovirus
neutralization assays. Geometric mean titers (GMT) of serum neutralizing antibody resulting
in >50% inhibition of secretory alkaline phosphatase activity on 35th day post primary
immunization in mice administered with 2 pg HPV16 VLP was estimated to be 3263
(x40,337; antibody titer range 59.85-63,345). Similarly, neutralizing antibody titer in mice
administered with 10 g of HPV16 VLP was 59,599 (£32,261; antibody titer range 36,603
107,812) while mice administered with 20 ug HPV16 VLP had the neutralizing antibody
titer of 45,556 (+75,834; antibody titer range 3809-211,596) and HPV16 placebo group titer
was 38 (+2.37; antibody titer range 35.7-40.28) (Fig. 6).

The Geometric mean titers (GMT) of serum neutralizing antibody on 35th day post primary
immunization of mice immunized with 1 pg of HPV18 VLP was 58,550.52 (+97,801;
antibody titer range 17,876-263,430). Neutralizing antibody titer of 116,181 (+163,130;
antibody titer range 41,968-475,022) was estimated for mice immunized with 3 g of
HPV18 VLP, while mice administered with 5 pg of HPV18 VLP had the neutralizing
antibody titer of 302,010 (£720,245; antibody titer range 47,088-19,760,000) and HPV18
placebo group titer was 40 (antibody titer range <40) (Fig. 6).

4. Discussion

Prophylactic vaccines hold promise in cervical cancer management, but the costs of the
available vaccines are beyond the reach of most people in the low resource developing
countries, where the disease burden is high [30,31]. Establishment of regional
manufacturing capabilities could improve vaccine availability at an affordable cost [32].

Analysis of patents in prophylactic HPV vaccine developments suggests that intellectual
property rights may not be an impediment in manufacturing of the first generation HPV L1-
VLP based vaccine if manufacturers choose different formulations or strains [33].

Yeasts with the heterologous gene integrated into the chromosome provide a stable
alternative for recombinant gene expression. Integration of genes for expression under the
Alcohol oxidase promoter is known to induce high level of expression in 2. pastoris [34].

In the present study, we assessed the potential of P. pastoris as a platform to express the
recombinant HPV16 and 18 VLPs. We report the purification and characterization of
HPV16 and 18 VLPs, whose genes were cloned and expressed in P. pastoris strain GS115.
The codon optimized expression of HPV16 L1 in P. pastoris have been reported earlier
[22,23]. In this study, a stable clone of P. pastoris that express HPV16 L1 and another
expressing HPV18 L1 major capsid protein were generated. Stability of these clones was
assessed by L1 expression up to four consecutive passages using western blot analysis and
densitometry. All passages showed similar density of L1 protein indicating that clones were
stable. The size of the expressed HPVV16 and 18 L1 proteins on SDS-PAGE and western
blots were of ~56 kDa. We noticed in our studies that conventional method of sample
preparation for electrophoresis where samples are denatured by boiling at 95 °C resulted in
the L1 specific band that subscribed to a much higher size (~90 kDa) than the expected ~56
kDa (Supplementary Fig. 2). The tendency of L1 proteins to multimerize upon boiling has
been suggested in previous reports therefore samples were processed for electrophoresis at
75 °C. The P. pastoris expressed HPV16 and 18 L1 proteins self assembled into VLPs,
which were purified by size exclusion chromatography followed by gradient ultra-
centrifugation. Our purification methods yields were 9.5 mg/l and 6.4 mg/l of HPV16 and
HPV18 VLPs respectively. There is need for improving the VLP yields significantly by
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optimizing the production and purification procedures, which will make the production
platform more viable for commercial exploitation.

P. pastoris expressed VLPs were visualized under TEM to determine correct folding and
conformation specific monoclonal antibodies were analyzed using enzyme immune assay.
Variability in the VLP size was previously reported [35]. The purified VLPs of HPV16 and
18 VLPs showed variable particle size having a mean of approximately ~53 nm. The HPV16
and 18 VLPs were also assessed for their immunological efficacy in eliciting neutralizing
antibody response in mice. These VLPs also showed specific reactivity to the mouse
monoclonal antibodies specific to the conformation of HPV16 and 18 VLPs (Fig. 4A and
B); neither HPV16 nor HPVV18 VVLPs cross reacted with the monoclonal antibodies specific
to the conformation of the other HPV types.

The purified HPV16 and 18 VVLPs were adsorbed onto aluminium hydroxide gel and
administered to mice either singly or in combination. Taking a clue from our observation of
the high immunogenicity with HPV18 VLP in mice, where the VLPs were found more
immunogenic (data not shown), we decided to use lower the dose of HPVV18 VVLP compared
to the dose of HPV16 VLP in bivalent composition. Mice immunized with these
formulations elicited high serum 1gG response against each VLPs. Mice immunized with
HPV16 VLP showed some dose concentration dependent response and the mice immunized
with 20 pg of HPV16 VLP showed greater than a 4 log serum IgG titer. Mice immunized
with HPV18 VLP did not show any dose dependency, and even the mice immunized with 1
g VLPs were able to generate similar serum antibody titers as higher concentration VLP
groups, indicating that the HPV18 VLP preparations were highly immunogenic.

A group of mice received 3 g doses of HPV18 VLP. This group was used to evaluate
whether one booster immunization was sufficient to elicit high titers. The results indicate
that mice receiving just one booster generated equally strong antibody responses.
Administration of bivalent vaccine containing of HPV16 and 18 VLPs in Balb/c mice
elicited high serum IgG titers, which remained high even on 190 days post primary
immunization. This indicates that the P. pastoris expressed VVLPs induce durable antibody
responses. The serum antibody titers in mice obtained for VLPs administered singly were
significantly higher when compared to VLPs administered in combination. A detailed study
is required to determine immunological competition between the antigens in mice.

Expression and purification of HPV16 VLP have been documented earlier [21,22]. Bazan et
al. used heamagglutination inhibition (HAI) assay to demonstrate the presence of
neutralizing antibody in HPVV16 VLP immunized mice. The HAI assay lacks sensitivity and
can measure only a subset of HPV neutralizing antibody. Hence, the use of HAI assay for
quantification of HPV antibodies may not be considered as reliable method. We have
employed an in vitro assay that is designated “Gold Standard” by WHO advisory group [36].
In the work detailed in the present manuscript, we have quantified the neutralizing antibody
response in this well validated and sensitive assay, which is significant step forward in the
validation of the P. pastoris expression platform as a proof-of-concept for producing HPV
VLPs.

In order to efficiently prevent the onset of virus infection from homologous HPV type, it is
desired that the vaccine elicit type specific neutralizing antibody response. These were
analyzed using in vitro HPV pseudovirus neutralization assay. We noted that the
pseudovirus neutralization titers elicited by HPV18 VLPs were higher than those elicited by
HPV16 VLPs. This trend was similar to those obtained for VLP binding antibody titers.
Interestingly, for S. cerevisiae-derived VLPs, VLP binding antibody titers induced HPV18
VLPs appear to be lower than those induced by HPV16 VLPs [37].
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5. Conclusion

The immunogenicity studies in mice described in this manuscript suggest £. pastoris based
HPV16 and 18 VLPs may be effective prophylactic vaccines. In order to address the region
specific distribution of high-risk HPV types in women, vaccine containing additional HPV
types prevalent in specific geographical region is desirable. A similar strategy, as outlined in
this manuscript, for preparing recombinant HPV VLPs may be followed to create an
effective multivalent vaccine to address the cervical cancer burden in specific geographical
regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic diagram of HPV16 and HPV18 constructs. The filled boxes represent HPV16 or
HPV18 L1 genes. Internal restriction enzyme sites are marked with nucleotide position in
parenthesis. Both HPVV16 and HPV18 L1 genes are cloned downstream of AOX promoter

using EcoRI and Xhol enzymes.
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Fig. 2.

SDS-PAGE and Western Blot analysis of Pichia pastoris expressed HPV16 and HPV18
major capsid protein L1. Purified HPV16 and 18 L1 resolved on SDS PAGE (4-20%
Gradient pre-cast gel; Pierce) Stained with Coomassie Brilliant Blue. The HPV16 and 18 L1
protein bands were seen at ~56 kDa. Western analysis demonstrating specific reactivity of
Pichia pastoris expressed HPV16 and 18 L1 with anti-HPV L1 monoclonal antibody
CamVir-1 (1:1000 Dilutions) showing protein band at ~56 kDa. Expression analysis of
Pichia HPV16 and 18 clones by Western blotting. Crude cell lysate was probed using
HPVL1 specific monoclonal antibody (CAMVIR1; 1:1000 dilution), the blot was developed
using 3,3"-Diaminobenzidine. I. PichiaHPV16 L1 clone. Lanes 1-4 contain crude cell

lysate of Pichia pastoris clones at passage I, 11, 111 and IV respectively. L1 protein band in all
passages levels show very similar density. Il. Pichia HPV18 L1 clone. Lanes 1-4 contain
crude cell lysate of Pichia pastoris clones at passage I, I1, 11l and IV respectively. HPV L1

protein band in all passage levels show similar density.
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Fig. 3.
Transmission electron microscopy of purified HPV VLPs. A. Transmission electron

microscopy of purified HPV16 VLPs (magnification 53,000x and bar100 nm). B.
Transmission electron microscopy of purified HPV18 VLPs (magnification 50,000x and
bar100 nm).
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Fig. 4.

EIA activity of purified HPVV16 and 18 VLPs. A. Reactivity of Pichia pastoris expressed
HPV16 VLPs with mouse monoclonal antibody H16.V/5 specific to the HPVV16 VLPs. The
antibody did not cross react with HPV18 VLPs. The lysate of Naive Pichia pastoris was
used as negative control B. Reactivity of Pichia pastoris expressed HPV18 VLPs with
mouse monoclonal antibody H18.G10 specific to the HPV18 VLPs. The antibody did not
cross react with HPV16 VLPs. The lysate of Naive Pichia pastoris was used as negative
control.
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Fig. 5.

Longevity of immune response in mice co-administered with HPV16 and HPV18 VVLPs
formulation made from HPV VLPs expressed in Pichia pastoris. Geometric mean titer
(GMT) of serum antibody (IgG) titers against HP\VV16 and 18 VLPs in BALB/c mice co-
administered with HPV16 and HPV18 VLPs formulation group. Error bar indicates £SD.
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Fig. 6.

Measurement of virus specific neutralizing antibody titer in mice sera immunized with
monovalent vaccine formulated using Pichia pastoris expressed HPV16 VLPs or HPV18
VLPs. Geometric mean titer (GMT) of neutralizing serum antibody of mice immunized with
various antigenic payloads of HPV16 or 18 VVLP produced in Pichia pastoris. Neutralization
titer is reported as maximum sera dilution resulting in >50% inhibition of SEAP activity.
Group | of HPV16 is 2 g and HPV18 is 1 g; Group Il of HPV16 is 10 g and HPV18 is 3
pg; Group 111 of HPV16 indicate 20 g and HPV18 is 5 ug — 16pla: HPV16 Placebo group;
18pla: HPV18 placebo group.
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