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Papillomaviruses (PVs) are a large group of pathogens that foster the
proliferations of cells into urogenital or skin tumours in a wide spectrum of
vertebrate species. Host-switching and broad host range were becoming more
common in PVs than expected. Information on avian papillomavirus (AvPV)
especially on their molecular and structure are still lacking due to insufficient
study on the papillomavirus viral infection and detection among avian species
compared to human papillomaviruses (HPV). This study focuses on molecular
analysis of the L1 gene which is the most conserved region in the viral genome
of AvPV. Potential discovery of novel papillomavirus in avian species will enable
development of a specific model research that can be referred to as a probe to
screen for papillomavirus infection in avian as well as expanding the current
papillomavirus taxonomy or genome databank. In addition, little is known about
its protein ability in self-assembling into capsid protein as observed in L1 protein
of HPV. The main objective of this study is to assess the self-assembling
properties of recombinant avian papillomavirus L1 capsid protein in the E. coli
expression system. Fresh faecal samples and cloacal swabs from Rockhopper
penguins (Eudyptes chrysocome) that showed papillomatosis symptoms were
sampled. Then, the DNA was isolated and sent for sequencing. The sequencing
result was then analysed by multiple sequence alignment (MSA). The L1
sequence of the Rockhopper penguin Eudyptes chrysocome papillomavirus
(EcPV) was then submitted to GenBank with accession humber MW715602. In
this study, the phylogenetic analysis will provide more understanding of the
evolutionary pattern of the L1 gene from Rockhopper penguin (Eudyptes
chrysocome)’s papillomavirus. The L1 gene was further chemically synthesized
as the template of interest. The synthesized gene then was amplified by
polymerase chain reaction (PCR) before being cloned into pTrcHis2-TOPO
expression vector. The recombinant plasmid was then transformed into E. coli
TOP10 competent cells. Positive transformants were verified by colony PCR,
restriction endonuclease digestion using Ncol enzyme and sequencing.
Expression of the L1 capsid proteins was induced by isopropyl B-d-



1thiogalactopyranoside (IPTG) and analysed by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using
mouse monoclonal antibodies targeting the His-tag. The proteins have been
purified using sucrose density ultracentrifugation, immobilized metal affinity
chromatography (IMAC) and size-exclusion chromatography by fast protein
liquid chromatography (SEC-FPLC) before evaluating the assembling ability of
the recombinant capsid proteins into virus-like particles (VLPs) by transmission
electron microscopy (TEM). The L1 conserved region within another AvPV
sequence has been validated by multiple sequence alignment (MSA). Results
also showed that the amplified L1 EcPV capsid gene with the size of 1578 bp
was successfully cloned and transformed. The L1 protein was expressed in the
E. coli expression system producing approximately 37 kDa products. The
purified recombinant L1 EcPV proteins were able to self-assemble into VLPs with
size ranging from 30 — 50 nm. Different purification techniques gave different
yields, whereby IMAC purification showed the most distinct self-assembled
particles under TEM. Analysis and characterization of this L1 capsid protein is
crucial for possible development of virus-like particle-based vaccines and
immunological studies for AvPV.
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Papillomavirus (PV) terdiri daripada sekumpulan besar patogen yang
menyebabkan pertumbuhan abnormal sel urogenital dan sel kulit menjadi tumor
pada kumpulan besar spesis vertebrata. Penukaran hos dan rangkaian hos yang
luas oleh PV adalah lebih kerap daripada yang disangkakan. Maklumat
mengenai virus papilloma unggas (AvPV) terutamanya berkaitan molekul dan
strukturnya masih tidak banyak kerana kurangnya kajian mengenai jangkitan
dan pengesanan virus papilloma ini pada spesies unggas berbanding manusia
(HPV). Kajian ini memfokuskan pada analisis molekul gen L1 AvPV di mana
ianya merupakan bahagian paling terpelihara dalam genom virus ini. Potensi
penemuan virus papilloma baru dalam spesies unggas akan memungkinkan
pengembangan model penelitian khusus yang dapat digunakan dalam kajian
penyelidikan untuk menyaring jangkitan virus papilloma pada unggas di samping
pengembangan taksonomi atau bank data genom virus papilloma itu sendiri.
Selain itu, tidak banyak yang diketahui mengenai kemampuan protein L1
daripada AvPV dalam pembentukan sendiri menjadi protein kapsid seperti yang
diperhatikan dalam protein L1 HPV. Objektif utama kajian ini adalah untuk
menjana pembentukan sendiri partikel seperti virus (VLPs) daripada protein
kapsid L1 virus papilloma unggas rekombinan dalam sistem ekspresi E. coli.
Sampel segar najis dan calitan kloaka daripada penguin Rockhopper (Eudyptes
chrysocome) yang menunjukkan simptom papillomatasis telah diambil. DNA
yang didapati daripada sampel tersebut dihantar untuk mendapatkan jujukan.
Hasil jujukan yang berkemungkinan menemukan kawasan konservasi gen L1
baru itu kemudiannya dianalisa dengan penjajaran sekuen berganda (MSA).
Jujukan gen L1 virus papilloma penguin Rockhopper Eudyptes chrysocome
(EcPV) yang telah dikenal pasti kemudiannya dimasukkan ke dalam data
GenBank dengan nombor aksesi MW715602. Dalam kajian ini, analisis pokok
filogenetik akan memberikan lebih banyak pemahaman tentang corak evolusi
gen L1 daripada virus papilloma penguin Rockhopper (Eudyptes chrysocome.

Gen L1 itu kemudiannya disintesis secara kimia untuk digunakan sebagai
templat gen pilihan. Gen yang telah disintesis itu diperbanyakkan melalui tindak



balas rantai polimerase (PCR) dan diklon ke dalam vektor ekspresi
pTrcHis2TOPO. Plasmid rekombinan itu kemudiannya ditransformasikan ke
dalam sel kompeten E. coli TOP10. Transformasi yang berjaya telah disahkan
dengan PCR koloni, pencernaan enzim sekatan menggunakan enzim Ncol dan
penjujukan. Pengekspresan protein kapsid L1 diinduksi dengan IPTG dan
dianalisis dengan SDS-PAGE dan Western blotting menggunakan antibodi
monoklonal tikus yang mensasarkan His-tag. Protein telah ditulenkan dengan
menggunakan pengultraemparan ketumpatan kecerunan sukrosa, afiniti logam
tidak bergerak (IMAC) dan kromatografi pengecualian saiz oleh kromatografi
cecair protein cepat (SEC-FPLC) sebelum menilai keupayaan pembentukan
kapsid oleh virus rekombinan itu kepada VLP melalui mikroskop elektron
penghantaran (TEM). MSA telah mengesahkan kawasan konservasi gen L1
bersama AvPV yang lain. Hasil mendapati gen kapsid L1 EcPV yang bersaiz
1578 bp telah berjaya diklon dan ditransformasikan. Protein L1 yang terekspesi
dalam sistem ekspresi E. coli menghasilkan kira-kira 37 kDa produk. Protein L1
EcPV rekombinan yang telah ditulenkankan berjaya membentuk sendiri menjadi
VLPs yang mempunyai saiz di antara 30 — 50 nm. Teknik ketulenan yang
berbeza memberikan hasil yang berbeza di mana purifikasi oleh IMAC
menunjukkan partikel yang paling jelas di bawah TEM. Analisis dan pencirian
protein kapsid L1 ini adalah penting untuk perkembangan penghasilan vaksin
berasaskan partikel seperti-virus dan kajian imunologi untuk AvPV.
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CHAPTER 1

INTRODUCTION

There may be a preamble at the beginning of a chapter. The purpose may be to
introduce the themes of the main headings. Papillomavirus (PV) comes from the
papillomaviridae family and have been infecting mammalian hosts’ skin and
mucosal epithelium since the 1930s. Up until now, more than 320 PV types have
been discovered and there are not more than twenty non-mammalians PVs
reported coming from birds, turtles, snakes, and fish. Avian papillomavirus
(AVPV) has been associated with proliferation growths on the unfeather skin of
some birds at various locations (Rector et al, 2013). This means that papilloma
in birds can be external as well as internal. The majority of PV infections are
asymptomatic. However, due to the ability of PVs to influence cell growth, some
PV types can cause self-resolving hyperplastic lesions (warts) while others have
been associated with the development of cancer (Munday et al., 2021). The
genomic structure of PV is having a resemblance across different species.
However, only the four core open reading frames (ORFs) consisting of early and
late genes E1, E2, L1 and L2 are present in all PV genomes with variation of
other early genes. The late genes, L1 and L2, expressed proteins that are
responsible for the formation of PV capsid. L1 proteins have the ability to self-
assemble into virus-like particles (VLPs) that are morphologically identical with
the native virion as L1 protein contains all the crucial information to form the
icosahedral capsid proteins with 72 capsomeres. This discovery leads to the
development of VLP-based vaccines that offer protection against infection of the
PV (Buck et al, 2013). In addition, L1 ORF has been used for the identification
of new PV types over the past 15 years as it is the most conserved region within
the genome (IARC, 2007).

With only rare cases of cross-species transmission that indicates a long virus-
host association and subsequent tendency of viruses to co-diverge with their
host, PV were originally thought to be species-specific (Shah et al, 2010).
However, new PVs findings from host-switching and broad host range were more
common than expected (Bravo and Felez-Sanchez, 2015). Although birds are
the most diverse existing lineage of tetrapod vertebrates with more than 10,000
living species (Prum et al, 2015) with a global distribution known to harbour
microbes and act as reservoir hosts for many pathogenic bacteria and viruses
(Canuti el at, 2019), knowledge on AvPV is still very limited considering the vast
viral diversity known for other vertebrates. To date, only eight different viral types
of PV have been described in seven hird species with many more to be
discovered.

Isolation of PVs in avian species will lead to the discovery of more novel PV as
well as the expansion of PVs taxonomy as there is still limited data recorded for
non-mammalian PV especially avian PV compared to human papillomavirus
(HPV). The taxonomy classification is based on the identity of pairwise
nucleotide sequences across the L1 ORF (Van Doorslaer et al., 2018).



Phylogenetic analysis will provide more information about the evolutionary
relationship of avian papillomavirus. Furthermore, potential discovery of novel
PV in avian species will enable development of a specific model research that
can be referred to as a probe to screen for PV infection in avian. Animal models
have contributed significantly to the understanding of papillomavirus
pathogenesis, tissue tropism, and disease (Spurgeon and Lambert, 2020).

Furthermore, the AvPV L1 capsid protein self-assembling properties into VLPs
can lead to the identification of protein components required for VLPs viral
assembly in virus research. VLPs are made of viral structural proteins that
assemble spontaneously when expressed in recombinant systems that form
multimeric protein complexes which resemble the organisation and conformation
of the native viruses without the viral genome (Roldao et al, 2017). These VLPs
are not only safe, easy to produce, can be loaded with a wide range of different
cargoes, but can also be modified for presentation of epitope or specific delivery.
In addition to studying the intrinsic properties of viruses such as their structure
and assembly, VLPs can be used to evaluate the interaction between viruses
and their environment (i.e their intracellular trafficking, binding to cells and uptake
by cells). These are useful for wild-type viruses that are not easy to be cultured
in cells (Teunissen et al, 2013). With the recent development in molecular biology
and virology, VLPs can also be used for biomedical applications such as
vaccination, gene delivery and diagnostics.

In this study, a putative L1 sequence of rockhopper penguin, Eudyptes
chrysocome avian papillomavirus (EcPV) was determined by bioinformatics
analysis and the sequence was synthesized as the template of interest. The L1
gene was amplified and cloned into pTrcHis2-TOPO expression vector before
being transformed into E. coli TOP10 competent cells. The expression of the
proteins was induced by IPTG and further purified with different purification
techniques such as sucrose gradient ultracentrifugation, immobilized metal
affinity chromatography (IMAC) and size exclusion chromatography by fast
protein liquid chromatography (SEC-FPLC). The self-assembling ability of the
recombinant L1 capsid proteins into VLPs was then analyzed using transmission
electron microscopy (TEM).

The general objective of this project is to evaluate the self-assembling ability of
AVPV L1 capsid protein as a potential VLP.
Specific objectives:

1. To analyse a potential novel avian papillomavirus L1 gene.

2. To produce reconstruct of avian papillomavirus L1 capsid proteins from
the E. coli expression system.

3. To determine the size and morphology of the assembled L1 virus-like
particles.



The hypotheses of this study were: 1) the potential novel avian papillomavirus
L1 gene of about 1.5 kbp was able to be identified and cloned into TOPO vector;
2) the L1 capsid protein could be expressed and purified from the E. coli
expression system, with expected size of around 55 kDa; and 3) the recombinant
L1 capsid proteins would be able to self-assemble into icosahedral virus-like
particles with a known size, ranging from 20 nm to 60 nm.



REFERENCES

Abidin, N. N. Z. (2019). Optimization of Parameters for Production of Self-
Assembling Ability of Recombinant Avian Papillomavirus L1 Capsid
Protein as a Potential Virus-Like Particle (Master’'s Thesis, Universiti
Putra Malaysia, Selangor, Malaysia).

Archana, A., Mahajan, L., Rahman, S., & Minakshi, R. (2019). Posttranslational
Modification of Heterologous Human Therapeutics in Plant Host
Expression Systems. Protein Modificomics, 145-169. Academic
Press.

Baghban, R., Farajnia, S., Rajabibazl, M., Ghasemi, Y., Mafi, A., Hoseinpoor, R.,
Rahbarnia, L., & Aria, M. (2019). Yeast expression systems: overview
and recent advances. Molecular biotechnology, 61(5), 365-384.

Barbosa, A. S., Costa, E. E. T., Dewar, M., Gonzéalez-Acufia, D., Gray, R.,
Power, M., & Vanstreels, R. (2015). Antartic Wildlife Diseases.
Antarctic Environments Portal.

Berardi, A., Lomonossoff, G.P., Evans, D.J., & Barker, S.A. (2017). Plant-
expressed Hepatitis B core antigen virus-like particles:
Characterization and investigation of their stability in simulated and pig
gastro-intestinal fluids. International journal of pharmaceutics, 522(1-
2), 147-156.

Bernard, H. (2008). Genome Diversity and Evolution of Papillomaviruses. In E.
Domingo, C. R. Parrish, & J. J. Holland (Eds.), Origin and Evolution of
Viruses, 417-429. Elsevier Academic Press.

Bernard, H. U. (2007). Phylogeny and typing of papillomaviruses. The
Papillomaviruses, 29-44. Springer US.

Bernard, H. U. (2013). Taxonomy and phylogeny of papillomaviruses: an
overview and recent developments. Infection, Genetics and
Evolution, 18, 357-361.

Bolhassani, A., Shirbaghaee, Z., Agi, E., & Davoudi, N. (2015). VLP production
in Leishmania tarentolae: a novel expression system for purification
and assembly of HPV16 L1. Protein expression and purification, 116,
7-11.

53



Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Analytical biochemistry, 72(1-2), 248-254.

Bravo, I. G., & Félez-Sanchez, M. (2015). Papillomaviruses viral evolution,
cancer and evolutionary medicine. Evolution, medicine, and public
health, 2015(1), 32-51.

Buck, C. B., & Trus, B. L. (2012). The papillomavirus virion: a machine built to
hide molecular Achilles’ heels. Viral molecular machines, 403-422.

Buck, C. B., Day, P. M., & Trus, B. L. (2013). The papillomavirus major capsid
protein L1. Virology, 445(1-2), 169-174.

Burrell, C. J., Howard, C. R., & Murphy, F. A. (2017). Papillomaviruses. Fenner
and White's Medical Virology, 5. Academic Press.

Cai, Q., Hanson, J. A,, Steiner, A. R., Tran, C., Masikat, M. R., Chen, R, ... &
Yin, G. (2015). A simplified and robust protocol for immunoglobulin
expression in Escherichia coli cell-free protein synthesis
systems. Biotechnology progress, 31(3), 823-831.

Campo, M. S., & Roden, R. B. (2010). Papillomavirus prophylactic vaccines:
established successes, new approaches. Journal of virology, 84(3),
1214-1220.

Canuti, M., Munro, H. J., Robertson, G. J., Kroyer, A. N., Roul, S., Ojkic, D., ... &
Lang, A. S. (2019). New insight into avian papillomavirus ecology and
evolution from characterization of novel wild bird
papillomaviruses. Frontiers in microbiology, 10, 701.

Celik, E., & Calik, P. (2012). Production of recombinant proteins by yeast
cells. Biotechnology advances, 30(5), 1108-1118.

Cerqueira, C., & Schiller, J. T. (2017). Papillomavirus assembly: An overview
and perspectives. Virus research, 231, 103-107.

Chen, Z., van Doorslaer, K., DeSalle, R., Wood, C. E., Kaplan, J. R., Wagner, J.
D., & Burk, R. D. (2009). Genomic diversity and interspecies host
infection of a12 Macaca fascicularis papillomaviruses (MfPVs).
Virology, 393(2), 304-310.

Christensen, N. D., C. A. Reed, N. M. Cladel, R. Han., & J. W. Kreider. (1996).
Immunization with virus like particles induces long-term protection of

54



rabbits against challenge with cottontail rabbit papillomavirus. J. Virol,
70, 960-965.

Coligan, J., Kruibeek, A., Margulies, D., & Shevach, E. (1997). Isolation and
Analysis of Protein in Current Protocols in Immunology (W. Strober,
ed). John Wiley & Sons, New York.

Cox, M. M. (2012). Recombinant protein vaccines produced in insect
cells. Vaccine, 30(10), 1759-1766.

Dagar, V. K., & Khasa, Y. P. (2017). Yeast Expression Systems: Current Status
and Future Prospects. In Yeast Diversity in Human Welfare, 215-250.
Springer.

Daling, J. R. (1996). Human Papillomaviruses: IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans. Volume 64.

Day, P. M., Thompson, C. D., Schowalter, R. M., Lowy, D. R., & Schiller, J. T.
(2013). Identification of a role for the trans-Golgi network in human
papillomavirus 16 pseudovirus infection. Journal of virology, 87(7),
3862-3870.

de Villiers, E. M., Fauquet, C., Broker, T. R., Bernard, H. U., & zur Hausen, H.
(2004). Classification of papillomaviruses. Virology, 324(1), 17-27.

Desai, P. N., Shrivastava, N., & Padh, H. (2010). Production of heterologous
proteins in plants: strategies for optimal expression. Biotechnology
advances, 28(4), 427-435.

Di Francesco, C. E., Profeta, F., Romanucci, M., Zuccarini, R., Altea, T.,
Malatesta, D., ... & Marsilio, F. (2019). Evidence of avian poxvirus and
papillomavirus infection in Gyps fulvus in Italy. Archives of
virology, 164(1), 291-295.

Ding, X., Liu, D., Booth, G., Gao, W., & Lu, Y. (2018). Virus-Like Particle
Engineering: From Rational Design to Versatile
Applications. Biotechnology journal, 13(5), 1700324.

Doll, T. A, Raman, S., Dey, R., & Burkhard, P. (2013). Nanoscale assemblies

and their biomedical applications. Journal of The Royal Society
Interface, 10(80), 20120740.

55



Effio, C. L., & Hubbuch, J. (2015). Next generation vaccines and vectors:
Designing downstream processes for recombinant protein-based
virus-like particles. Biotechnology journal, 10(5), 715-727.

Egawa, N., Egawa, K., Griffin, H., & Doorbar, J. (2015). Human papillomaviruses;
epithelial tropisms, and the development of neoplasia. Viruses, 7(7),
3863-3890.

Fawaz, M., Vijayakumar, P., Mishra, A., Gandhale, P. N., Dutta, R., Kamble, N.
M., ... & Raut, A. A. (2016). Duck gut viral metagenome analysis
captures snapshot of viral diversity. Gut pathogens, 8(1), 1-8.

Fernandes, F., Teixeira, A. P., Carinhas, N., Carrondo, M. J., & Alves, P. M.
(2013). Insect cells as a production platform of complex virus-like
particles. Expert review of vaccines, 12(2), 225-236.

Frias-De-Diego, A., Jara, M., & Escobar, L. E. (2019). Papillomavirus in
wildlife. Frontiers in Ecology and Evolution, 7, 406.

Fuenmayor, J., Godia, F., & Cervera, L. (2017). Production of virus-like particles
for vaccines. New biotechnology, 39, 174-180.

Galula, J. U., Chang, G. J. J., & Chao, D. Y. (2019). Production and Purification
of Dengue Virus-like Particles from COS-1 Cells. Bio-protocol, 9(12).

Garcea, R. L., & Chen, X. (2007). Papillomavirus structure and assembly. In The
Papillomaviruses, 69-88. Springer US.

Garcia-Vallvé, S., Alonso, A., & Bravo, I. G. (2005). Papillomaviruses: different
genes have different histories. Trends in microbiology, 13(11), 514-
521.

Gaynor, A. M., Fish, S., Duerr, R. S., Cruz Jr, F. D., & Pesavento, P. A. (2015).
Identification of a novel papillomavirus in a Northern Fulmar (Fulmarus
glacialis) with viral production in cartilage. Veterinary pathology, 52(3),
553-561.

Goh, Z. H., Tan, S. G., Bhassu, S., & Tan, W. S. (2011). Virus-like particles of
Macrobrachium rosenbergii nodavirus produced in bacteria. Journal of
virological methods, 175(1), 74-79.

Gottschling, M., Stamatakis, A., Nindl, I., Stockfleth, E., Alonso, A., & Bravo, .
G. (2007). Multiple Evolutionary Mechanisms Drive Papillomavirus

Diversification. Molecular Biology and Evolution, 24(5), 1242-1258.

56



Grimaldi, W. W., Seddon, P. J., Lyver, P. O. B., Nakagawa, S., & Tompkins, D.
M. (2015). Infectious diseases of Antarctic penguins: current status
and future threats. Polar Biology, 38(5), 591-606.

Gu, Y., Wei, M., Wang, D., Li, Z., Xie, M., Pan, H., ... & Xia, N. (2017).
Characterization of an Escherichia coli-derived human papillomavirus
type 16 and 18 bivalent vaccine. Vaccine, 35(35), 4637-4645.

Hainisch, E. K., Brandt, S., Shafti-Keramat, S., Van den Hoven, R., & Kirnbauer,
R. (2012). Safety and immunogenicity of BPV-1 L1 virus-like particles
in a dose-escalation vaccination trial in horses. Equine veterinary
journal, 44(1), 107-111.

Hall, B. G. (2018). Phylogenetic Trees Made Easy: A How-To Manual (5th ed.).
Oxford University Press.

Hassanien, R. T., Hamdy, M. E., EInomrosy, S. M., Hussein, H. A., Afify, A. F.,
Darwish, F. M., ... & Hagag, N. M. (2021). Molecular characterization
and pathological identification of a novel strain of delta papillomavirus-
4 (bovine papillomavirus-2) in Egypt. Veterinary World, 14(9), 2296.

He, Y., & Yeung, E. S. (2002). Rapid determination of protein molecular weight
by the Ferguson method and multiplexed capillary
electrophoresis. Journal of proteome research, 1(3), 273-277.

Hoffmann, D. B., Boker, K. O., Schneider, S., Eckermann-Felkl, E., Schuder, A.,
Komrakova, M., ... & Gruber, J. (2016). In vivo siRNA delivery using
JC virus-like particles decreases the expression of RANKL in
rats. Molecular Therapy-Nucleic Acids, 5, 298.

Hogan, C.M., Draggan, S. (2010). Virus. Encyclopedia of Earth. Washington,
D.C.

Huber, B., Schellenbacher, C., Shafti-Keramat, S., Jindra, C., Christensen, N., &
Kirnbauer, R. (2017). Chimeric L2-based virus-like particle (VLP)
vaccines targeting cutaneous human papillomaviruses (HPV). PloS
One, 12(1), 0169533.

Huhti, L., Blazevic, V., Nurminen, K., Koho, T., Hyténen, V. P., & Vesikari, T.
(2010). A comparison of methods for purification and concentration of
norovirus  Gll-4  capsid  virus-like  particles. Archives  of
virology, 155(11), 1855-1858.

57



Hume, H. K. C., & Lua, L. H. (2017). Platform technologies for modern vaccine
manufacturing. Vaccine, 35(35), 4480-4485.

International Committee on Taxonomy of Viruses (ICTV). (2020). International
Committee on Taxonomy of Viruses (ICTV). [online] Available at:
https://talk.ictvonline.org/taxonomy/ [Accessed 21 April 2020].

Jagu, S., Malandro, N., Kwak, K., Yuan, H., Schlegel, R., Palmer, K. E,, ... &
Roden, R. B. (2011). A multimeric L2 vaccine for prevention of animal
papillomavirus infections. Virology, 420(1), 43-50.

Kajan, G. L., Doszpoly, A., Tarjan, Z. L., Vidovszky, M. Z., & Papp, T. (2019).
Virus— Host Coevolution with a Focus on Animal and Human DNA
Viruses. Journal of Molecular Evolution 2019 88:1, 88(1), 41-56.

Kalkhoran, B. F. (2017). A Short Review on Virus-Like Particles as Vaccine and
Delivery Systems.

Kim, H. J., & Kim, H. J. (2017). Yeast as an expression system for producing
virus-like particles: what factors do we need to consider?. Letters in
applied microbiology, 64(2), 111-123.

Kim, H. J., Cho, S. Y., Park, M. H., & Kim, H. J. (2018). Comparison of the size
distributions and immunogenicity of human papillomavirus type 16 L1
virus-like particles produced in insect and yeast cells. Archives of
pharmacal research, 41(5), 544-553.

Kirnbauer, R., L. M. Chandrachud, B. W. O'Neil, E. R. Wagner, G. J. Grindlay,
A. Armstrong, G. M. McGarvie, J. T. Schiller, D. R. Lowy, and M. S.
Campo. (1996). Virus-like particles of bovine papillomavirus type 4 in
prophylactic and therapeutic immunization. Virology, 219, 37-44.

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X:
Molecular Evolutionary Genetics Analysis across Computing
Platforms. Molecular Biology and Evolution, 35(6), 1547.

Kushnir, N., Streatfield, S. J., & Yusibov, V. (2012). Virus-like particles as a highly
efficient vaccine platform: diversity of targets and production systems

and advances in clinical development. Vaccine, 31(1), 58-83.

Lalonde, M. E., & Durocher, Y. (2017). Therapeutic glycoprotein production in
mammalian cells. Journal of biotechnology, 251, 128-140.

58


https://talk.ictvonline.org/taxonomy/

Lina, P. H. C., Van Noord, M. J., & De Groot, F. G. (1973). Detection of virus in
squamous papillomas of the wild bird species Fringilla
coelebs. Journal of the National Cancer Institute, 50(2), 567-571.

Literak, 1., Smid, B., and Valigek, L. (2012). Papillomatosis in chaffinches
(Fringilla coelebs) in the Czech Republic and Germany. Veterinarni
Medicina, 48, 169-174.

Liu, W. J., Liu, X. S., Zhao, K. N., Leggatt, G. R., & Frazer, |. H. (2000).
Papillomavirus virus-like particles for the delivery of multiple cytotoxic
T cell epitopes. Virology, 273(2), 374-382.

Lu, Y., Dong, H., Li, L., Guo, H., Gu, Y., Sun, S., & Yang, Y. (2019). Isolation and
purification of FMDV and FMDV-VLPs by size exclusion
chromatography. Chinese Veterinary Science/Zhongguo Shouyi
Kexue, 49(6), 694-699.

Ludwig, C., & Wagner, R. (2007). Virus-like particles—universal molecular
toolboxes. Current opinion in biotechnology, 18(6), 537-545.

Ma, R., Yang, Z., Huang, L., Zhu, X., Kai, L., Cai, J., ... & Xu, Z. (2010).
Construction of an efficient Escherichia coli cell-free system for in vitro
expression of several kinds of proteins. Engineering in Life
Sciences, 10(4), 333-338.

Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, N.,
Basutkar, P., Tivey, A. R. N., Potter, S. C., Finn, R. D., & Lopez, R.
(2019). The EMBL-EBI search and sequence analysis tools APIs in
2019. Nucleic Acids Research, 47(W1), W636-W641.

Malboeuf, C. M., Simon, D. A., Lee, Y. E. E., Lankes, H. A., Dewhurst, S.,
Frelinger, J. G., & Rose, R. C. (2007). Human papillomavirus-like
particles mediate functional delivery of plasmid DNA to antigen
presenting cells in vivo. Vaccine, 25(17), 3270-3276.

Marusi¢, M. B., Mencin, N., Liéen, M., Banks, L., & Grm, H. S. (2010).
Moadification of human papillomavirus minor capsid protein L2 by
sumoylation. Journal of virology, 84(21), 11585-11589.

Masuda, A., Lee, J. M., Miyata, T., Sato, T., Hayashi, S., Hino, M., ... &
Kusakabe, T. (2018). Purification and characterization of
immunogenic recombinant virus-like particles of porcine circovirus
type 2 expressed in silkworm pupae. Journal of General Virology,
99(7), 917-926.

59



Mati¢, S., Rinaldi, R., Masenga, V., & Noris, E. (2011). Efficient production of
chimeric human papillomavirus 16 L1 protein bearing the M2e
influenza epitope in Nicotiana benthamiana plants. BMC
biotechnology, 11(1), 1-12.

McBride, A. A. (2017). Mechanisms and strategies of papillomavirus
replication. Biological chemistry, 398(8), 919-927.

McKenzie, E. A., & Abbott, W. M. (2018). Expression of recombinant proteins in
insect and mammalian cells. Methods, 147, 40-49.

Mobasheri, A., & Richardson, S. M. (2020). Cell and Gene Therapy for Spine
Regeneration: Mammalian Protein Production Platforms for
Overproduction of  Therapeutic Proteins and Growth
Factors. Neurosurgery Clinics, 31(1), 131-139.

Mohsen, M. O., Zha, L., Cabral-Miranda, G., & Bachmann, M. F. (2017). Major
findings and recent advances in virus-like particle (VLP)-based
vaccines. Seminars in immunology, 34, 123-132. Academic Press.

Molina, S. B., Rivero, Y. S., Morejon, A. F., Rodriguez, E. P., Salgueiro, S. R.,
Niebla, O. A., & Dominguez, K. M. (2020). Purification of the human
papillomavirus 16 L1 protein from E. coli SHuffle® T7. Vacunas
(English Edition), 21(2), 82-89.

Munday, J. (2021). Animal Papillomaviruses (Papillomaviridae). In D. H.
Bamford & M. Zuckerman (Ed.), Encyclopedia of Virology (Fourth
Edition), 79-91. Academic Press.

Munday, J. S., & Pasavento, P. (2017). Papillomaviridae and
polyomaviridae. Fenner’s Veterinary Virology, 5th ed.(Munday, JS,
Pasavento, P., MacLachlan, NJ, eds.), 229-243. Academic Press,
London.

Munday, J. S., Hardcastle, M. R., Hunter, S., & Harvey, C. J. (2021). Papillomas
and probable in situ carcinoma in association with a novel
papillomavirus in a red-billed gull (Chroicocephalus novaehollandiae
scopulinus). Archives of Virology, 166(4), 1157-1161.

Nooraei, S., Bahrulolum, H., Hoseini, Z. S., Katalani, C., Hajizade, A., Easton, A.
J., & Ahmadian, G. (2021). Virus-like particles: preparation,
immunogenicity and their roles as nanovaccines and drug
nanocarriers. Journal of nanobiotechnology, 19(1), 1-27.

60



O’Flaherty, R., Bergin, A., Flampouri, E., Mota, L. M., Obaidi, I., Quigley, A., ...
& Butler, M. (2020). Mammalian cell culture for production of
recombinant proteins: A review of the critical steps in their
biomanufacturing. Biotechnology Advances, 107552.

Park, M. A., Kim, H. J., & Kim, H. J. (2008). Optimum conditions for production
and purification of human papillomavirus type 16 L1 protein from
Saccharomyces cerevisiae. Protein expression and
purification, 59(1), 175-181.

Pejawar-Gaddy, S., Rajawat, Y., Hilioti, Z., Xue, J., Gaddy, D. F., Finn, O. J., ...
& Bossis, 1. (2010). Generation of a tumor vaccine candidate based on
conjugation of a MUCL1 peptide to polyionic papillomavirus virus-like
particles. Cancer Immunology, Immunotherapy, 59(11), 1685-1696.

Prum, R. O., Berv, J. S., Dornburg, A., Field, D. J., Townsend, J. P., Lemmon,
E. M., & Lemmon, A. R. (2015). A comprehensive phylogeny of birds
(Aves) using targeted next-generation DNA
sequencing. Nature, 526(7574), 569-573.

pTrcHis and pTrcHis2 TOPO TA Expression Kits User Manual. (2006).
Invitrogen.

Qian, C., Liu, X., Xu, Q., Wang, Z., Chen, J., Li, T., ... & Xia, N. (2020). Recent
progress on the versatility of virus-like particles. Vaccines, 8(1), 139.

Qiao, Y. L., Wu, T,, Li, R. C., Hu, Y. M., Wej, L. H., Li, C. G, ... & Pan, Q. J.
(2020). Efficacy, safety, and immunogenicity of an Escherichia coli-
produced bivalent human papillomavirus vaccine: An interim analysis
of a randomized clinical trial. JINCI: Journal of the National Cancer
Institute, 112(2), 145-153.

Rector, A., & Van Ranst, M. (2013). Animal papillomaviruses. Virology, 445(1-
2), 213-223.

Roldao, A., Silva, A. C., Mellado, M. C. M., Alves, P. M., & Carrondo, M. J. T.
(2011). Viruses and virus-like particles in biotechnology: fundamentals
and applications. Comprehensive biotechnology, 625.

Rozov, S. M., Permyakova, N. V., & Deineko, E. V. (2018). Main strategies of
plant expression system glycoengineering for producing humanized
recombinant pharmaceutical proteins. Biochemistry (Moscow), 83(3),
215-232.

61



Sainsbury, F. (2020). Innovation in plant-based transient protein expression for
infectious disease prevention and preparedness. Current Opinion in
Biotechnology, 61, 110-115.

Salehi, A. S., Smith, M. T., Bennett, A. M., Williams, J. B., Pitt, W. G., & Bundy,
B. C. (2016). Cell-free protein synthesis of a cytotoxic cancer
therapeutic: Onconase production and a just-add-water cell-free
system. Biotechnology journal, 11(2), 274-281.

Sambrook, J., & Russell, D. W. (2006). SDS-polyacrylamide gel electrophoresis
of proteins. CSH Protocols, 2006(4).

Sanchooli, A., Aghayipour, K., Naghlani, S. K., Samiee, Z., Kiasari, B. A., &
Makvandi, M. (2020). Production of Human Papillomavirus Type-16
L1 VLP in Pichia pastoris. Applied Biochemistry and Microbiology,
56(1), 51-57.

Sarkar, B., Islam, S. S., Zohora, U. S., & Ullah, M. A. (2019). Virus like particles-
A recent advancement in vaccine development. Korean Journal of
Microbiology, 55(4), 327-343.

Schneemann, A., Speir, J. A., Tan, G. S., Khayat, R., Ekiert, D. C., Matsuoka,
Y., & Wilson, I. A. (2012). A virus-like particle that elicits cross-reactive
antibodies to the conserved stem of influenza virus
hemagglutinin. Journal of virology, 86(21), 11686-11697.

Shah, S. D., Doorbar, J., & Goldstein, R. A. (2010). Analysis of host—parasite
incongruence in papillomavirus evolution using importance
sampling. Molecular Biology and Evolution, 27(6), 1301-1314.

Shao, W., Paul, A., Abbasi, S., Chahal, P. S., Mena, J. A., Montes, J., ... &
Prakash, S. (2012). A novel polyethyleneimine-coated adeno-
associated virus-like particle formulation for efficient sSiRNA delivery in
breast cancer therapy: preparation and in vitro analysis. International
journal of nanomedicine, 7, 1575.

Shirbaghaee, Z., & Bolhassani, A. (2016). Different applications of virus-like
particles in biology and medicine: vaccination and delivery
systems. Biopolymers, 105(3), 113-132.

Slupetzky, K., Shafti-Keramat, S., Lenz, P., Brandt, S., Grassauer, A., Sara, M.,
& Kirnbauer, R. (2001). Chimeric papillomavirus-like particles
expressing a foreign epitope on capsid surface loops. Journal of
General Virology, 82(11), 2799-2804.

62



Smeele, Z. E., Ainley, D. G., & Varsani, A. (2018). Viruses associated with

Smith, M.

Steppert,

Suzich, J.

Tachezy,

Antarctic wildlife: From serology based detection to identification of
genomes using high throughput sequencing. Virus research, 243, 91-
105.

T., Bennett, A. M., Hunt, J. M., & Bundy, B. C. (2015). Creating a
completely “cell-free” system for protein synthesis. Biotechnology
progress, 31(6), 1716-1719.

P., Burgstaller, D., Klausberger, M., Tover, A., Berger, E., &
Jungbauer, A. (2017). Quantification and characterization of virus-like
particles by size-exclusion chromatography and nanoparticle tracking
analysis. Journal of Chromatography A, 1487, 89-99.

A., Ghim, S. J., Palmer-Hill, F. J., White, W. I., Tamura, J. K., Bell, J.
A., .. & Schlegel, R. (1995). Systemic immunization with
papillomavirus L1 protein completely prevents the development of viral
mucosal papillomas. Proceedings of the National Academy of
Sciences, 92(25), 11553-11557.

R., Rector, A., Havelkova, M., Wollants, E., Fiten, P., Opdenakker,
G., ... & Van Ranst, M. (2002). Avian papillomaviruses: the parrot
Psittacus erithacus papillomavirus (PePV) genome has a unique
organization of the early protein region and is phylogenetically related
to the chaffinch papillomavirus. BMC microbiology, 2(1), 1-9.

Tagliamonte, M., Tornesello, M., Buonaguro, F. M., & Buonaguro, L. (2017).

Tan, F. H

Terai, M.,

Virus-Like Particles. Micro and Nanotechnology in Vaccine
Development, 205-219. Willian Andrew Publishing.

., Kong, J. C., Ng, J. F., Alitheen, N. B., Wong, C. L., Yong, C. Y., &

Lee, K. W. (2021). Recombinant turnip yellow mosaic virus coat
protein as a potential nanocarrier. Journal of Applied Microbiology.

DeSalle, R., & Burk, R. D. (2002). Lack of canonical E6 and E7 open
reading frames in bird papillomaviruses: Fringilla coelebs
papillomavirus and Psittacus erithacus timneh papillomavirus. Journal
of virology, 76(19), 10020-10023.

Teunissen, E. A., de Raad, M., & Mastrobattista, E. (2013). Production and

biomedical applications of virus-like particles derived from
polyomaviruses. Journal of Controlled Release, 172(1), 305-321.

63



Touze, A., & Coursaget, P. (1998). In vitro gene transfer using human
papillomavirus-like particles. Nucleic acids research, 26(5), 1317-
1323.

Truchado, D. A., Moens, M. A,, Callejas, S., Pérez-Tris, J., & Benitez, L. (2018b).
Genomic characterization of the first oral avian papillomavirus in a
colony of breeding canaries (Serinus canaria). Veterinary research
communications, 42(2), 111-120.

Truchado, D. A., Williams, R. A., & Benitez, L. (2018a). Natural history of avian
papillomaviruses. Virus research, 252, 58-67.

Van Doorslaer, K. (2013). Evolution of the Papillomaviridae. Virology, 445(1-2),
11— 20.

Van Doorslaer, K., Chen, Z., Bernard, H. U., Chan, P. K., DeSalle, R., Dillner,
J., .. & Burk, R. D. (2018). ICTV virus taxonomy profile:
Papillomaviridae. Journal of General Virology, 99(8), 989-990.

Van Doorslaer, K., Li, Z., Xirasagar, S., Maes, P., Kaminsky, D., Liou, D., ... &
McBride, A. A. (2017b). The Papillomavirus Episteme: a major update
to the papillomavirus sequence database. Nucleic acids
research, 45(D1), 499-506.

Van Doorslaer, K., Ruoppolo, V., Schmidt, A., Lescroél, A., Jongsomijit, D., Elrod,
M., ... & Varsani, A. (2017a). Unigue genome organization of non-
mammalian papillomaviruses provides insights into the evolution of
viral early proteins. Virus evolution, 3(2).

Van Doorslaer, K., Sidi, A. O. M. H. O., Zanier, K., Rybin, V., Deryckére, F.,
Rector, A, ... & Travé, G. (2009). Identification of unusual E6 and E7
proteins within avian papillomaviruses: cellular localization,
biophysical characterization, and phylogenetic analysis. Journal of
virology, 83(17), 8759-8770.

van Oers, M. M. (2011). Opportunities and challenges for the baculovirus
expression system. Journal of invertebrate pathology, 107, 3-15.

Varsani, A., Kraberger, S., Jennings, S., Porzig, E. L., Julian, L., Massaro, M., ...
& Ainley, D. G. (2014). A novel papillomavirus in Adelie penguin
(Pygoscelis adeliae) faeces sampled at the Cape Crozier colony,
Antarctica. Journal of General Virology, 95(6), 1352-1365.

64



Vicente, T., Roldao, A., Peixoto, C., Carrondo, M. J., & Alves, P. M. (2011).
Large-scale  production and  purification of VLP-based
vaccines. Journal of invertebrate pathology, 107, 42-48.

Wang, J. W., & Roden, R. B. (2013). L2, the minor capsid protein of
papillomavirus. Virology, 445(1-2), 175-186.

Wei, M., Wang, D., Li, Z., Song, S., Kong, X., Mo, X., ... & Lin, Z. (2018). N-
terminal truncations on L1 proteins of human papillomaviruses
promote their soluble expression in Escherichia coli and self-assembly
in vitro. Emerging microbes & infections, 7(1), 1-12.

Williams, R. A., Tolf, C., & Waldenstrom, J. (2018). Molecular identification of
papillomavirus in ducks. Scientific reports, 8(1), 1-7.

Xie, J., Zhang, P., Crite, M., & DiMaio, D. (2020). Papillomaviruses Go
Retro. Pathogens, 9(4), 267.

Yuan, H., Estes, P. A, Chen, Y., Newsome, J., Olcese, V. A., Garcea, R. L., &
Schlegel, R. (2001). Immunization with a pentameric L1 fusion protein
protects against papillomavirus infection. Journal of virology, 75(17),
7848-7853.

Zahin, M., Joh, J., Khanal, S., Husk, A., Mason, H., Warzecha, H., ... & Jenson,
A. B. (2016). Scalable production of HPV16 L1 protein and VLPs from
tobacco leaves. PloS one, 11(8), e0160995.

Zeltins, A. (2013). Construction and characterization of virus-like particles: a
review. Molecular biotechnology, 53(1), 92-107.

Zhang, H., Sun, X,, Li, W., Li, T., Li, S., & Kitaoka, M. (2018). Expression and

characterization of recombinant sucrose phosphorylase. The Protein
Journal, 37(1), 93-100.

65





