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Glossary
Downstream process Technical steps, including all purification steps, of a bioprocess from the product harvest to the purified
product.
Metabolic engineering The practice of optimizing genetic and regulatory processes within cells to increase the cells’ production
of a certain substance.
Prophylactic A medication or a treatment designed and used to prevent a disease from occurring.
Transduction The process of introducing foreign DNA deliberately into cells using viral vectors.
Transfection The process of introducing foreign DNA deliberately into cells using nonviral methods.
Upstream process Technical steps of a bioprocess from the cell development to product harvest including all cell culture steps.

1.47.1 Introduction

Viruses are microscopic infectious agents and exclusively intracellular organisms that depend on animal, plant, or bacterial cells to
multiply. All viruses have one nucleic acid, RNA or DNA, enclosed within a protein coat that protects the viral genes. Many viruses
also have a viral envelope covering the nucleocapsids, consisting of host cell membrane lipids and proteins, and viral glycoproteins
that protect viruses from degradation outside the cell and help their attachment to host cell membranes.

Since the initial discovery of tobacco mosaic virus by Martinus Beijerinck in 1898 [1], more than 5000 viruses have been
described in detail. Nonetheless, significant progress in virus identification and propagation was possible only in the 1950s
upon the establishment of cell culture technology [2,3]. With this development, animal cell cultures gradually replaced live animals
in the preparation of viral antigens for vaccines. More recently, advances in virology and molecular biology allowed the develop-
ment of platforms for the production of virus-like particles (VLPs) as vaccines against emergent diseases and viral vectors for gene
therapy.

VLPs are composed of viral structural proteins that, when expressed in recombinant systems, form multiprotein structures
mimicking the organization and conformation of authentic native viruses but lacking the viral genome. Several applications
have been proposed for viruses and VLPs: vaccination, gene therapy, drug delivery, nanotechnology, and bioweapons, among
others.

This chapter aims at reviewing the fundamentals, applications, and production strategies of viruses and VLPs, as well as the chal-
lenges and perspectives for the future.

1.47.2 Types of Viruses

Viruses are among the simplest biological systems. They behave as intracellular parasites and contain a limited set of genes that
encode information for their replication, encapsidation, and cell-to-cell propagation. Two groups of viruses have been under
considerable investigation: animal viruses, due to their impact on animal and human health, and bacterial viruses, normally
used as a model to study the basic concepts of biology and virology. Plant viruses, despite their agricultural importance, and algal
viruses constitute a less-studied class of viruses.

The nature of the viral genome has many implications on the life cycle of the virus. Viral genome consists of one or more frag-
ments of single-stranded (ss) or double-stranded (ds) RNA or DNA. Most DNA and positive (þ) ssRNA viruses rely on host cell
machinery for initiating the replication and transcription of viral genome, not requiring de novo synthesis of other viral gene prod-
ucts. Others such as dsRNA or negative (�) ssRNA viruses have to deliver their own polymerase into the host cell for the synthesis of
viral proteins essential for initiating viral replication, as host cells do not possess the machinery to cope with dsRNA or negative (�)
ssRNA. In addition, many dsRNA viruses deliver their genome within a protein capsid to avoid contact between the dsRNA and the
cell cytosol.

1.47.2.1 Virus With DNA

A DNA virus has DNA as its genetic material and replicates using a DNA-dependent DNA polymerase. The nucleic acid is usually
dsDNA; ssDNA is less common, as during replication, ssDNA typically expands to dsDNA. This class of viruses belongs to group I or
group II of the Baltimore classification system for viruses. Group I virus includes the Adenoviridae,Herpesviridae (herpes simplex virus
– HSV), and Baculoviridae (Autographa californica multicapsid nucleopolyhedrovirus – see Fig. 1(A)) families, while group II virus
includes the Parvoviridae and Circoviridae families (Table 1). Although group VII viruses such as hepatitis B (hepatitis B virus –

HBV) contain a DNA genome, they are not considered DNA viruses according to the Baltimore classification, but rather reverse tran-
scribing viruses because they replicate through an RNA intermediate.

1.47.2.2 Virus With RNA

Conversely, an RNA virus has RNA as its genetic material. This nucleic acid is usually ssRNA but may be dsRNA. The International
Committee on Taxonomy of Viruses classifies RNA viruses as those that belong to group III, group IV, or group V of the Baltimore
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classification system for viruses and does not consider viruses with DNA intermediates as RNA viruses. These viruses are included in
group VI and possess ssRNA genomes that replicate using reverse transcriptase. Viruses such as the human immunodeficiency virus
(HIV), simian immunodeficiency virus (SIV), and Rous sarcoma virus (RSV) (members of the Retroviridae family – see Fig. 1(B)) are
included in this group.

1.47.2.2.1 Group III: dsRNA viruses
dsRNA viruses represent a large group of pathogens whose genome can be monopartite or segmented up to 12 fragments. These
viruses do not release the free dsRNA genome into infected cells and require that transcription and synthesis of new dsRNA genomes
take place in confined environments. Reovirus and rotavirus, members of the Reoviridae family, are included in this group (Table 2).

1.47.2.2.2 Group IV: (þ) ssRNA viruses
In contrast with the dsRNA or the (�) ssRNA viruses, the genomes of (þ) ssRNA viruses are infectious. Icosahedral (þ) ssRNA
viruses represent a large fraction of all viruses known and include important human pathogens: poliovirus, human rhinovirus,
hepatitis A virus, Norwalk virus, astrovirus, alphavirus, and members of the Flaviviridae family that carry an RNA-containing nucle-
ocapsid are some examples. Unlike (�) ssRNA viruses, the nucleoproteins responsible for protecting the genome from non-specific
cellular RNA binding are not expressed in (þ) ssRNA viruses. Thus, the synthesis of progeny viruses requires that the capsid proteins
of these viruses specifically package the viral RNA genome while excluding the ubiquitous cellular RNA. Group IV includes the Fla-
viviridae (hepatitis C virus – HCV), Coronaviridae (severe acute respiratory syndrome virus – SARS virus), Picornaviridae, Astroviridae,
Togaviridae, and Caliciviridae families (Table 2).

1.47.2.2.3 Group V: (�) ssRNA viruses
Negative ssRNA viruses are classified into seven families: Rhabdoviridae, Paramyxoviridae, Filoviridae, Bornaviridae, Arenaviridae, Bunya-
viridae (Hantaan virus and rift valley fever virus – RVFV), and Orthomyxoviridae (influenza viruses). The first four families are

Fig. 1 Electron micrographs of negatively stained (A) Autographa californica multicapsid nucleopolyhedrovirus and (B) retrovirus. Scale¼100 nm.

Table 1 List of viruses with DNA genomes

Virus family Examples (common names)

Virion

(naked/enveloped) Capsid symmetry Nucleic acid type Group

Adenoviridae Adenovirus, canine adenovírus type 2, human adenovirus
type 2 and 5

Naked Icosahedral ds I

Baculoviridae Autographa californica multicapsid nucleopolyhedrovirus Enveloped Helical ds I
Circoviridae Transfusion-transmitted virus Naked Icosahedral ss Circular II
Hepadnaviridae Hepatitis B virus Enveloped Icosahedral ds-RT VII
Herpesviridae Herpes simplex virus, varicella-zoster virus,

cytomegalovirus, Epstein–Barr virus, varicella virus
Enveloped Icosahedral ds I

Papillomaviridae Human papillomavirus, bovine papillomavirus Naked Icosahedral ds circular I
Parvoviridae Parvovirus B19, porcine parvovirus, adeno-associated

virus
Naked Icosahedral ss II

Polyomaviridae Polyomavirus, JC polyomavirus, simian virus 40, goose
hemorrhagic polyomavirus, murine polyomavirus

Naked Icosahedral ds circular I

Poxviridae Smallpox virus, vaccinia virus Complex coats Complex ds I

Abbreviations: ds, double stranded; ss, single stranded; RT, reverse transcriptase.
Source: Available at: http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/index.htm
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characterized by nonsegmented genomes. The remaining three have genomes comprising 2, 3, and 6–8 (�) sense RNA segments,
respectively. The large group of (�) sense RNA viruses includes (1) highly prevalent human pathogens such as respiratory syncytial
virus, influenza, and human parainfluenza viruses; (2) two of the most deadly human pathogens, namely Ebola and Marburg
viruses; and (3) viruses with a major economic impact on the poultry and cattle industries, namely the Newcastle disease virus
(NDV) and rinderpest virus (Table 2).

1.47.3 Types of VLPs

VLPs are multimeric protein complexes composed of viral structural proteins that assemble spontaneously when expressed in
recombinant systems. These structures mimic the organization and conformation of authentic native viruses but lack the viral
genome. To date, different types of viruses have been mimicked by VLPs: viruses with single or multiple capsid proteins and
with or without lipid envelopes (Table 3).

1.47.3.1 VLPs of Structurally Simple Viruses

In most nonenveloped viruses, the nucleocapsids are formed by a single, virally encoded protein. Thus, VLPs of these viruses are
relatively easy to generate as the assembly process relies solely on the expression levels of a single protein. Some examples are pre-
sented in Table 3. One of the most studied VLPs of structurally simple viruses is the human papillomavirus (HPV)-VLP. Although
the native virus contains the major and minor capsid proteins of HPV, L1 and L2, respectively [27,60], the HPV-VLP is formed just
by L1 protein organized in 72 pentameric capsomers. Canine parvovirus and porcine parvovirus (PPV)-VLPs are also formed by
a single protein, VP2, the major structural protein in both viruses. These VLPs are normally expressed in insect cells and induce
high immunogenic responses [49]. In the case of PPV-VLPs, large-scale production is doable [61]. Norwalk virus (NV)-VLPs,
VLPs of hepatitis E virus (HEV), and chimeric VLPs from simian virus 40 (SV40) constitute other examples of expression in insect
cells. NV-VLPs have been extremely useful as a source of diagnostic antigen to monitor disease outbreaks since the native virus has
limited growth in cell culture [60]. These particles have also been shown to be effective at stimulating IgG, IgA, and humoral
responses in mice [62]. Preliminary phase I trials in humans have confirmed that they are safe and effectively stimulate IgG and
IgA responses [43]. A truncated form of HEV capsid readily assembles into a VLP in insect cells, but this has not yet been tested

Table 2 List of viruses with RNA genomes

Virus family Examples (common names)

Virion

(naked/enveloped) Capsid symmetry Nucleic acid type Group

Arenaviridae Lymphocytic choriomeningitis virus Enveloped Complex (�) ss V
Astroviridae Astrovirus Naked Icosahedral (þ) ss IV
Birnaviridae Infectious bursal disease virus Naked Icosahedral ds III
Bornaviridae Borna disease virus Enveloped Helical (�) ss V
Bunyaviridae California encephalitis virus, Hantaan virus, rift valley

fever virus
Enveloped Helical (�) ss V

Caliciviridae Norwalk virus, hepatitis E virus, rabbit hemorrhagic
disease virus, norovirus

Naked Icosahedral (þ) ss IV

Coronaviridae Corona virus, severe acute respiratory syndrome virus Enveloped Helical (þ) ss IV
Filoviridae Ebola virus, Marburg virus Enveloped Helical (�) ss V
Flaviviridae Dengue virus, hepatitis C virus, yellow fever virus,

Japanese encephalitis virus
Enveloped Icosahedral (þ) ss IV

Orthomyxoviridae Influenza A virus, influenza B virus, influenza C virus,
Isavirus, Thogotovirus

Enveloped Helical (�) ss V

Paramyxoviridae Measles virus, mumps virus, respiratory syncytial virus,
human parainfluenza viruses, Newcastle disease virus,
rinderpest virus

Enveloped Helical (�) ss V

Picornaviridae Enterovirus 71, Rhinovirus, Hepatovirus, Cardiovirus,
Aphthovirus, Poliovirus, Parechovirus, Erbovirus,
Kobuvirus, Teschovirus, Coxsackie, hepatitis A virus

Naked Icosahedral (þ) ss IV

Reoviridae Reovirus, rotavirus, bluetongue virus Naked Icosahedral ds III
Retroviridae Human immunodeficiency virus, simian

immunodeficiency virus, Rous sarcoma virus,
simian–human immunodeficiency virus, lentivirus,
Moloney murine leukemia virus

Enveloped – ss-RT VI

Rhabdoviridae Rabies virus Enveloped Helical (�) ss V
Tetraviridae Nudaurelia capensis u virus Naked Icosahedral (þ) ss IV
Togaviridae Rubella virus, alphavirus Enveloped Icosahedral (þ) ss IV

Abbreviations: ds, double stranded; (�) ss, negative single stranded; (þ) ss, positive single stranded; RT, reverse transcriptase.
Source: Available at: http://www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/index.htm
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Table 3 VLPs developed for prophylactic vaccines

Virus Family Expression system Recombinant proteins Envelope Structure Product status References

AAV Parvoviridae B/IC VP1, VP2, VP3 No 20–25 nm (sl) None [4]
BTV Reoviridae B/IC VP2, VP3, VP5, VP7 No 69 nm (sl or dl) Preclinical [5]
Ebola virus Filoviridae Mammalian cellsa,b Glycoprotein and VP40 Yes, two

proteins
65 nm Preclinical [6–8]

Ebola virus Filoviridae B/IC Glycoprotein and VP40 Yes, two
proteins

70 nm diameter, 800–1500 nm
length

Preclinical [9]

Enterovirus 71 Picornaviridae B/IC VP0, VP1, VP2 No 25–27 nm Preclinical [10,11]
GPHV Polyomaviridae B/IC VP1 No 45 nm None [12]
GPHV Polyomaviridae Saccharomyces

cerevisiae

VP1, VP2 No 20–45 nm None [12]

Hantaan virus Bunyaviridae B/IC M and S segments Yes, two
proteins

100–300 nm None [13]

Hantaan virus Bunyaviridae Mammalian cells N proteinþGn and Gc
glycoproteins

Yes 100–300 nm Preclinical [14]

HBV Hepadnaviridae S. cerevisiae Surface antigen No, three
proteins

22 nm (sl) Licensed (GlaxoSmithKline
and Merck & Co)

www.gsk.com; http://www.
merck.com/

HBV Hepadnaviridae Hansenula

polymorpha

Surface antigen No, three
proteins

18.1 nm Licensed (Janssen) http://www.janssen.com/

HBV Hepadnaviridae Transgenic plants Surface antigen No, three
proteins

17 nm (sl) Phase I [15]

HBV Hepadnaviridae B/IC Surface and core antigens No, three
proteins

27 nm (sl) Preclinical [16]

HBV Hepadnaviridae CHO cells PreS1, preS2, and
surface antigens

No, three
proteins

22 nm (sl) Licensed (BioTechnology
General)

[17]

HBV Hepadnaviridae Escherichia coli Core antigen No, three
proteins

35 nm (sl) None [18]

HCV Flaviviridae E. coli Truncated core protein Yes, two
proteins

18–32 nm None [19]

HCV Flaviviridae B/IC Core, E1, E2 Yes, two
proteins

40–60 nm (sl) Preclinical [20]

HDV n.a. Mammalian cellsc Surface antigen Yes, three
proteins

22–50 nm None [21]

HEV Caliciviridae B/IC Truncated major
capsid protein ORF2

No 23.7 nm Preclinical [22]

HIV Retroviridae B/IC Pr55gag, envelope Yes, two
proteins

100–120 nm (sl) Preclinical [23–26]

HIV Retroviridae Mammalian cellsa,b Pr55gag, envelope Yes, two
proteins

100–120 nm Preclinical [26,27]

HIV Retroviridae Mammalian cells-
VVES

Gag, pol Yes, two
proteins

100–150 nm (sl) None [28]

HIV Retroviridae S. cerevisiae Gag protein Yes, two
proteins

108–138 nm (sl) None [29]

HPV Papillomaviridae S. cerevisiae L1 major capsid protein No 30–50 nm Licensed (Merck & Co) http://www.merck.com/
HPV Papillomaviridae E. coli L1 major capsid protein No 50–60 nm (sl) Preclinical [30–32]
HPV Papillomaviridae B/IC L1 major capsid protein No 50 nm Licensed (GlaxoSmithKline) www.gsk.com
HPV Papillomaviridae Mammalian cells-

VVES
L1 major capsid protein No 40–50 nm None [33]
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V
iruses

and
V
irus-Like

P
articles

in
B
iotechnology:

Fundam
entals

and
A
pplications

637

http://www.gsk.com
http://www.merck.com/
http://www.merck.com/
http://www.janssen.com/
http://www.merck.com/
http://www.gsk.com


Table 3 VLPs developed for prophylactic vaccinesdcont'd

Virus Family Expression system Recombinant proteins Envelope Structure Product status References

HSV Herpesviridae B/IC VP23, VP5, VP26, VP19c,
VP21, VP24, VP22a

Yes 90 nm None [34]

IBDV Birnaviridae Mammalian cells-
VVES

VP2, VP3, VP4 No 60–65 nm None [35]

IBDV Birnaviridae B/IC VP2, VP3, VP4 No 60 nm (sl) None [36]
Influenza A virus
(H3N2)

Orthomyxoviridae B/IC HA, NA, M1, M2 Yes, three
proteins

80–120 nm (sl) Phase II (Novavax) http://novavax.com/

Influenza A virus
(H5N1
and H7N9)

Orthomyxoviridae B/IC HA, NA, M1 Yes, three
proteins

80–120 nm (sl) Phase II (Novavax) http://novavax.com/

Influenza A virus
(H5N1)

Orthomyxoviridae Transgenic plants HA Yes 80–120 nm (sl) Phase II (Medicago) http://www.medicago.com/

Influenza A virus
(H1N1)

Orthomyxoviridae Transgenic plants HA Yes 80–120 nm (sl) Phase I (Medicago) http://www.medicago.com/

IPCV n.a. Transgenic plants Coat protein No 85–120 nm None [37]
IPCV n.a. E. coli Coat protein No 30 nm None [37]
JC polyomavirus Polyomaviridae B/IC VP1 No 20 nm Preclinical [38]
Marburg virus Filoviridae B/IC Glycoprotein and VP40,

nucleoprotein
Yes, two
proteins

90–100 nm Preclinical [39]

Marburg virus Filoviridae Mammalian cellsa Glycoprotein and VP40 Yes, two
proteins

50–70 nm Preclinical [7,8]

NDV Paramyxoviridae B/IC HN Yes, two
proteins

154–408 nm None [40]

No Caliciviridae Pichia pastoris Capsid protein No 35 nm Preclinical [41]
No Caliciviridae B/IC Capsid protein No 40 nm Preclinical [42]
NV Caliciviridae B/IC Capsid protein No 38 nm Phase I [43]
Nv Caliciviridae Transgenic plants Capsid protein No 23 and 38 nm Phase I [44,45]
NuV Tetraviridae B/IC Coat protein No 40 nm None [46]
Poliovirus Picornaviridae B/IC VP0, VP1, VP3 No 27 nm None [47]
PPV Parvoviridae B/IC VP2 No 22 nm (sl) Preclinical [48,49]
RHDV Caliciviridae B/IC VP60 No 40 nm Preclinical [50]
Rotavirus Reoviridae B/IC VP2, VP6, VP7, and/or VP4 No 70–80 nm Preclinical [51–53]
RSV Retroviridae B/IC RSV F protein No 70 nm Phase I http://novavax.com/
RVFV Bunyaviridae B/IC N, Gn, Gc Yes, two

proteins
56–78 nm None [54]

SARS virus Coronaviridae B/IC S, E, M Yes, one
protein

100 nm Preclinical [55]

SIV Retroviridae B/IC Pr56gag, envelope Yes, two
proteins

130 nm Preclinical [56]

SV40 Polyomaviridae B/IC VP1, VP2, VP3 No 45–50 nm None [57,58]
SV40 Polyomaviridae E. coli VP1, VP3 No 50 nm None [59]

aTransient transfection.
bStable cell line.
cBaculovirus transduction.
Abbreviations: AAV, adeno-associated virus; B/IC, baculovirus/insect cells; BTV, bluetongue virus; Dl, double layer; GPHV, goose hemorrhagic polyomavirus; HA, hemagglutin; HBV, hepatitis B virus; HCV, hepatitis C virus; HDV, hepatitis delta virus; HEV,
hepatitis E virus; HIV, human immunodeficiency virus; HN, hemagglutin-neuraminidase; HPV, human papillomavirus; HSV, herpes simplex virus; IBDV, infectious bursal disease virus; IPCV, Indian peanut clump virus; M1, matrix 1; M2, matrix 2; n.a., not
assigned; NA, neuraminidase; NDV, Newcastle disease virus; No, norovirus; NV, Norwalk virus; NuV, Nudaurelia capensis udaurelia capensised virus; B/IC, baculovirus/insect cells; BTV, bluetongue virRous sarcoma virus; RVFV, rift valley fever virus;
SARS, severe acute respiratory syndrome; SIV, simian immunodeficiency virus; Sl, single layer; SV40, simian virus 40; VP, viral protein; VVES, vaccinia vector expression system.
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as a vaccine. In mice immunization studies, these VLPs were able to induce systemic and mucosal immune responses following oral
administration [22]. Finally, by genetically manipulating the major capsid protein of SV40 (VP1), it is possible to accommodate
foreign peptides on the surface of this protein in such a way that assembled chimeric SV40-VLPs display these peptides on their
surface. This confers to chimeric SV40-VLPs the essential features to be used as a controlled, cell type-specific gene delivery system
[58].

1.47.3.2 VLPs With Lipid Envelope

Many pathogenic viruses are surrounded by an envelope consisting of host cell membrane lipids and proteins, and viral glycopro-
teins. These proteins are the targets of neutralizing antibodies and essential components of a vaccine. Due to the inherent properties
of the lipid envelope, assembly of enveloped VLPs is technically complex. Some examples are presented in Table 3. The first VLP
vaccine to be produced and characterized consisted of spherical particles with diameter between 17 and 25 nm formed by the
surface antigen of the hepatitis B virus (HBsAg) co-assembled with host cellular membranes [63]. Meanwhile, several other envel-
oped VLPs have been successfully developed. The HCV-VLP, produced in the baculovirus/insect cell system by co-expression of core
E1 and E2 proteins, and VLPs of Ebola and Marburg virus, vaccine candidates against these emergent diseases, are two examples.
HCV-VLPs have been tested in mice and baboons and shown to be effective at stimulating both cellular and humoral immune
responses [20,64]. VLPs of Ebola and Marburg virus have been shown to protect small laboratory animals as well as nonhuman
primates against lethal challenge by Ebola and/or Marburg viruses [8]. HSV-VLP [34], NDV-VLP [40], Hantaan-VLP [13], and
RVFV-VLP [54] exemplify other enveloped VLPs successfully expressed and assembled in the baculovirus/insect cell system. Substan-
tial efforts were put forward to recreate the envelope of SARS coronavirus [55] and the envelope of viruses from Retroviridae family in
a form that permits the efficient induction of broadly neutralizing antibodies. Although none of the retrovirus-derived VLPs have
gone into clinical trials yet, initial experiments with HIV-VLP [65] and SIV-VLP [56] in animal models look promising. Chimeric
VLPs containing the gag capsid protein from SIV and the envelope protein from HIV [66], RSV-VLPs formed by in vitro assembly
of gag proteins [67], and VLPs for influenza A virus subtypes H3N2 [68] and H5N1 [69] are also part of the group of successfully
produced VLPs with lipid envelope.

1.47.3.3 VLPs With Multiple-Protein Layers

VLPs composed of multiple interacting capsid proteins are more challenging to produce than those formed by one or two major
capsid proteins, due to the site of protein expression: proteins encoded by multiple discrete mRNAs and not processed from a single
polyprotein tend to be differentially localized in the cell, significantly affecting the efficiency of the assembly process. Thus, it is
essential to guarantee that all interacting capsid proteins are expressed in the vicinity of each other and within the same cell
[60]. Assembly of VLPs by expressing more than one structural viral protein has been achieved for various members of Picornaviridae
(poliovirus [47] and enterovirus 71 [11]) and Birnaviridae (infectious bursal disease virus [35,36]) families. The adeno-associated
virus type 2 VLPs are also included in the category of VLPs with multiple-protein layers. These particles are produced by co-infecting
insect cells with recombinant baculovirus coding for adenovirus capsid proteins VP1, VP2, and VP3 [4]. VLPs have been efficiently
produced for the members of the Reoviridae family. These viruses are considerably complex to mimic as they are characterized by
multiple concentric layers and different capsid proteins. The bluetongue virus (BTV)-VLP and rotavirus-like particles (RLPs) are two
such cases. Intact and biologically active BTV-VLPs are produced in insect cells by simultaneously expressing all four structural
proteins of the BTV (VP2, VP3, VP5, and VP7) using amulticistronic recombinant baculovirus [70]; RLPs are also formed in a similar
way. The rotavirus itself consists of three concentric protein layers: an inner core of VP2, a middle layer of the polymorphic protein
VP6, and an external layer formed by the glycoprotein VP7, with 60 spikes of VP4. When treated with trypsin, VP4 is cleaved into
VP5 and VP8, which allows virus binding and entry to cells [71]. Inside the core, small amounts of VP1 and VP3 exist, constituting
less than 3% of the total viral protein [72]. Although VP4 is considered to play a key role in RLP stabilization upon assembly, it is
consensual that VP2, VP6, and VP7 are sufficient to form a triple-layered particle structurally similar to the native virus and which is
biologically functional [52,53,73,74]. RLPs are normally expressed in the baculovirus/insect cell system by co-expression of the
three rotavirus structural proteins mentioned above. The diversity of structures normally observed at the end of the culture indicates
that the assembly process is highly inefficient (Fig. 2). These particles are extensively used to study virus structure, role of protein in
viral morphogenesis, protein function and biochemical properties, virus interaction with the mammalian host cell, and protein–
protein interactions, as reviewed by Palomares and Ramirez [75]. RLPs are also vaccine candidates against rotavirus disease.
They are considered safe and induce a robust antibody response and protection in animals if they are engineered to include one
or both of the outer capsid proteins VP4 and VP7, properly formulated with a potent adjuvant, and administered intramuscularly
[51,74,76]. Even intrarectal immunization, inducing a local mucosal response, has been reported as sufficient for protection from
rotavirus infection [77]. It is possible that RLPs may provide a viable alternative to the existing live virus vaccines, which have
recently raised efficacy concerns in developing countries such as Bangladesh and South Africa [78].

1.47.4 Production Platforms: A Focus on Animal Cell Technology

1.47.4.1 Cell Lines for Virus Production

Production of viruses was initially performed using the natural hosts of the viruses. Upon the establishment of cell culture tech-
nology in the 1950s, animal cell cultures gradually replaced live animals in the preparation of viral antigens for vaccines. The
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observation by Enders and co-workers [2] that non-nervous tissue culture could be used to replicate and produce poliovirus paved
the way to large-scale production of vaccines. This discovery led to the development of the first commercial product generated using
mammalian cell cultures (primary monkey kidney cells), the poliovirus vaccine. Regrettably, primary monkey kidney cells presented
many drawbacks such as the relatively high risk of contamination with adventitious agents (contamination by various monkey
viruses), shortage of donor animals, use of endangered animals as cell source, use of uncharacterized or insufficiently characterized
cell substrates for virus production, limited expansion, and obligatorily adherent cell growth [80–83]. In the 1960s, human diploid
fibroblast cells, WI-38 [84] and MRC-5 [85], and baby hamster kidney cells (BHK-21 (C13)) were established and used for the
production of a vaccine against rabies virus [86] and foot-and-mouth disease [87], respectively. Nowadays, there are several licensed
human viral vaccines produced using cell substrates (see Table 4) or under clinical trials such as the influenza vaccine produced
using Vero [88–90], Madin–Darby canine kidney (MDCK) [91,92], or PER.C6 [93,94] cells among others [95]. Despite these signif-
icant advances in vaccine manufacturing, there are vaccines that are still produced in eggs such as the recently approved influenza A
(H1N1) 2009 monovalent vaccines from CSL, MedImmune LLC, or Novartis Vaccines and Diagnostics. Viruses may also serve
purposes other than being vaccine production platforms. In fact, viruses such as adenovirus, retrovirus, lentivirus, and adeno-
associated virus are commonly used as gene delivery vectors for gene therapy among other applications (see Section 1.47.5).

1.47.4.1.1 Cell lines used to produce adenovirus
The most common and well-documented packaging cell line for adenovirus production is the human embryonic kidney 293 (HEK
293) cell line, which contains the E1 region of the adenovirus [96]. Homologous recombination between the left terminus of first-
generation adenovirus vector or helper virus DNA and partially overlapping E1 sequences in the genome of HEK 293 cells normally
leads to the generation of replicative-competent adenoviruses (RCAs) [97]. The presence of RCAs is clearly undesirable as they may
replicate in an uncontrolled manner. In recombinant adenovirus batches to be used in human patients, RCA is potentially
hazardous, especially in immunocompromised patients, being associated with inflammatory responses [98]. Alternative host cell
lines have been developed to overcome this problem either by reducing the overlapping sequences or by eliminating any overlap,
as is the case of N52.E6 [99] and PER.C6 [100] cells. The PER.C6 cell line, derived from human embryonic retinal cells, has been
established for industrial applications (eg, full traceability available) due to its reduced propensity to generate RCAs and its capacity
to achieve high yields of adenovirus vectors. Another disadvantage of human adenovirus vectors is their limited clinical use; 90% of
the population has developed preexisting humoral and cellular immunity to those vectors [101]. Sustainable platforms for the
generation of vectors from different human serotypes or of those derived from nonhuman adenovirus at titers similar or greater
than those obtained with human adenovirus vectors and free of detectable levels of RCAs are required [102,103]. One example
is the production of canine adenovirus type 2 (CAV-2) vectors in dog kidney cells [101,104–106]. With these vectors, the risks asso-
ciated with RCAs are diminished, if not completely eliminated, because CAV-2 vectors do not propagate in human cells; also, CAV-2
vectors transduce human-derived cells at an efficiency similar to that of human adenovirus type 5 and are amenable to in vivo use
[101]. Novel cell lines, with emphasis on MDCK cells, for the production of CAV-2 vectors are under evaluation 107,108].

Fig. 2 Electron micrographs of negatively stained rotavirus-like particles: (A) triple-layered 2/6/7 particles; (B) double-layered 2/6 particles; (C)
single-layered VP2 particles; and (D) VP6 tubes [79]. Scale¼100 nm.
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1.47.4.1.2 Cell lines for retrovirus and lentivirus production
The NIH 3T3 mouse embryonic fibroblast cell line, a ferret brain cell line, the human cell lines HT1080, TE671, HEK293 (which can
grow in suspension), and CEM (which is an obligatory suspension cell line) all have been used for the establishment of retrovirus
vector producer cell lines; other detailed examples can be found elsewhere [109]. Recently, highly versatile producer cell lines such
as Flp293A and 293 have been developed. Based on HEK 293 cells and equipped with flippase recognition target sites containing
a murine leukemia virus (MLV)-green fluorescent protein (GFP) vector, these cells allow the efficient Flp recombinase-mediated
cassette exchange of MLV vectors; thus, after cassette exchange, the tagged retrovirus producer cell clone is capable of producing
vectors containing the transgene of choice at levels similar to those observed for the mother producer cell line [110,111].

The major problem in the production of lentiviruses has been the development of a packaging cell line. Stable expression of
lentivirus particles has proven to be more difficult than that of oncoviruses [112,113], partly due to the expression of proteins
such as rev and viral proteases which appear to be toxic to cells [114]. Consequently, lentiviral vectors have been produced by tran-
sient transfection of high-expressing cell lines such as COS [115] and 293T [116,117], generally using four different plasmids (gag-
pol, env, rev, and lv-vector). Lentiviral vectors can also be produced by transduction of 293T cells with baculoviruses; sustained
transgene expression was observed after lentivirus transduction of HeLa cells [118].

1.47.4.1.3 Cell lines for adeno-associated virus production
Recombinant adeno-associated viral (rAAV) vectors can be produced using stable cell lines containing the required genes or by tran-
sient transfection. Transient transfection employs the use of 293 or A549 cells co-transfected with two plasmids containing the rAAV
vector and the rep and cap genes, followed by an infection with helper virus to induce the replication of rAAV. Another possibility is
to co-transfect cells with three plasmids containing the rAAV vector, the rep and cap genes, and the adenovirus helper genes
[119,120]. Stable cell lines, on the other hand, require only the presence of a helper virus to initiate rAAV production since they
already contain the rAAV vector and the rep and cap genes of adeno-associated virus. It is possible to use HeLa (the most common),
293, and A549 cells as stable cell lines. This system is better suited for large-scale production of rAAV than transient transfection;
nevertheless, generation of such stable cell lines can be tedious and time consuming.

It has been estimated that 1012–1014 rAAV particles are required for clinical human use [121]. Independent of the production
strategy, maximum rAAV titers are typically around 107 infectious particles (IP) per mL, clearly insufficient to fulfill the needs. In
order to overcome this limitation, recent studies have focused on producing rAAV vectors in insect cell cultures, using the recombi-
nant baculovirus system [122]. Production of rAAV particles is achieved by coinfecting Spodoptera frugiperda (Sf)-9 cells with three

Table 4 Licensed viral vaccines using cell substrates

Vaccine name Manufacturer Trade name

Cell line for

production Virus Virus type Virus family

Hepatitis A virus vaccine, inactivated GlaxoSmithKline
Biologicals

Havrix MRC-5 Hepatitis A virus (þ) ssRNA Picornaviridae

Hepatitis A virus vaccine, inactivated Merck & Co., Inc. VAQTA MRC-5 Hepatitis A virus (þ) ssRNA Picornaviridae

Japanese encephalitis virus vaccine,
inactivated

Intercell Biomedical IXIARO Vero Japanese
encephalitis
virus

(þ) ssRNA Flaviviridae

Measles virus vaccine, live, attenuated Merck & Co., Inc. ATTENUVAX Chick embryo
cell

Measles virus (�) ssRNA Paramyxoviridae

Measles, mumps, and rubella
virus vaccine, live, attenuated

Merck & Co., Inc. M-M-R II Chick embryo
cell

Measles virus (�) ssRNA Paramyxoviridae

Chick embryo
cell

Mumps virus (�) ssRNA Paramyxoviridae

WI-38 Rubella virus (þ) ssRNA Togaviridae

Measles, mumps, rubella, and
varicella virus vaccine, live,
attenuated

Merck & Co., Inc. ProQuad Chick embryo
cell

Measles virus (�) ssRNA Paramyxoviridae

Chick embryo
cell

Mumps virus (�) ssRNA Paramyxoviridae

WI-38 Rubella virus (þ) ssRNA Togaviridae

MRC-5 Varicella virus dsDNA Herpesviridae

Poliovirus vaccine, inactivated Sanofi Pasteur SA IPOL Vero Poliovirus (þ) ssRNA Picornaviridae

Rabies virus vaccine, inactivated Sanofi Pasteur SA Imovax MRC-5 Rabies virus (�) ssRNA Rhabdoviridae

Smallpox (vaccinia) vaccine, live Acambis Inc. ACAM2000 Vero Vaccinia virus dsDNA Poxviridae

Varicella virus vaccine, live, attenuated Merck & Co., Inc. Varivax MRC-5 Varicella virus dsDNA Herpesviridae

Varicella-zoster virus vaccine, live,
attenuated

Merck & Co., Inc. Zostavax MRC-5 Varicella-zoster
virus

dsDNA Herpesviridae

Abbreviations: ds, double stranded; (�) ss, negative single stranded; (þ) ss, positive single stranded.
Source: Available at: http://www.fda.gov
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baculovirus vectors, BacRep, BacCap, and Bac-rAAV; these encode the respective components of the rAAV production machinery.
This system lends itself to large-scale production under serum-free conditions, as Sf-9 cells are grown in suspension.

1.47.4.2 Expression Systems for VLP Production

The most popular expression system for the production of VLPs is the yeast system due to its easy protein expression, ability to scale
up, and cost of production. However, appropriate posttranslational modifications (PTMs) such as protein glycosylation and correct
protein folding, protein assembly, and codon optimization may dictate alternative production systems. Within those, mammalian
cell lines (either transiently or stably transfected or transduced with viral expression vectors), the baculovirus/insect cell system, and
various species of bacteria and plant cells have been receiving special attention (Table 5).

1.47.4.2.1 Bacteria and yeast cells
VLPs of structurally simple viruses are usually produced in bacteria or yeast. Three licensed VLPs are currently produced in Saccha-
romyces cerevisiae: two HBV-VLPs (Recombivax HB, Merck & Co. and Engerix-B, GlaxoSmithKline) and one HPV-VLP (Gardasil,
Merck & Co.). A different species of yeast, Hansenula polymorpha, has been used for the production of a licensed HBV-VLP
(Hepavax-Gene, Berna Biotech Korea Corp). Other VLPs produced in yeast, either in S. cerevisiae or in Pichia pastoris, namely the
HIV-VLP [29], polyomavirus-VLP [12,123], norovirus (No)-VLP [41], and HCV-VLP [124], are under investigation. VLPs produced
in bacteria (ie, Escherichia coli) have not yet reached the market. In fact, little or no immunogenic information is available for HBV-
VLP [18], HPV-VLP [30,32], HCV-VLP [19], Ebola-VLP [125], SV40-VLP [59], RSV-VLP [67], infectious hypodermal and hematopoi-
etic necrosis virus-VLP [126], No-VLP [127], and Indian peanut clump virus-VLP [37]. This is due to the inability of the proteins
expressed in prokaryotic cells to undergo PTM such as protein glycosylation, a key feature in most VLP-derived vaccines. Another
common difficulty of these cells is the expression of a soluble and full-length product free of toxins, heat shock proteins (HSPs), and
chaperone proteins. Since limited solubility of recombinant viral proteins promotes the formation of inclusion bodies [30,32], the
downstream processing is significantly compromised. Consequently, the process route becomes potentially more expensive than
the eukaryotic route. Even in downstream processing of soluble fractions, the VLP precursors often require separation of HSPs
and molecular chaperone proteins (eg, GroEL) that can remain attached to the capsomeres, creating a significant bioseparation
problem [59]. Protease degradation and codon bias can also be a source of reduced manufacturing precision, contributing to lower
yields and possibly to nonhomogeneity of the final VLP architecture [128].

To overcome these limitations, expression systems such as the baculovirus/insect cell system should be used instead of bacteria
or yeast. Another alternative is the disassembly and reassembly of VLPs in vitro [129], a method described in detail in the following
sections.

1.47.4.2.2 Baculovirus/insect cell system
VLPs formed by several proteins require simultaneous expression of multiple proteins. A versatile and efficient system for the
production of these recombinant proteins is the baculovirus/insect cell system. Insect cells are initially grown to a desired cell
concentration after which they are infected with one or several recombinant baculoviruses containing the gene or genes coding
for the proteins of interest. The construction of recombinant baculovirus is simple and fast, providing a high versatility to the expres-
sion system. This rapid construction is very important when producing vaccines for rapidly changing viruses, a fundamental require-
ment in an efficient approach to contend with potential pandemics in a timely manner. For instance, an influenza vaccine
production campaign based on the baculovirus/insect cell system can be completed within 1.5 months after having identified
the particular circulating viral strain, whereas an egg-based or other cell culture-based platform would require 7–9 months
[130]. A list of VLPs produced using this system is shown in Tables 3 and 6.

Table 5 Hosts used to generate VLPs

Hosts Examples of VLPs Comments

B/IC Most of the VLPs shown in Table 3 A versatile and efficient system, relatively high expression levels with simple post-
translational modifications and production of complex VLPs

Bacteria HBV, HPV, HCV, Ebola, SV40, RSV High expression levels, with limited protein solubility, unable to undergo post-translational
modifications and production limited to structurally simple VLPs

Mammalian cells IBDV, HBV, HDV, HPV, HIV,
Marburg, Ebola, Hantaan

Able to undergo complex post-translational modifications with higher production costs

Transgenic plants HBV, Norwalk virus Low expression levels, VLPs degradation in edible vaccines but their production can be easily
scaled up

Yeast HBV, HPV, HIV Low-cost VLP producers, able to undergo simple post-translational modifications, and
production limited to structurally simple VLPs

Several references presented in table 3.
Abbreviations: B/ICs, baculovirus/insect cells; IBDV, infectious bursal disease virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HDV, hepatitis delta virus; HIV, human
immunodeficiency virus; HPV, human papillomavirus; SV40, simian virus 40; RSV, Rous sarcoma virus.
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1.47.4.2.3 Mammalian cells
Proteins expressed in mammalian cell culture systems can undergo complex PTMs by copying nature, a significant advantage over
other systems that are limited to high-mannose glycoprotein modifications (baculovirus/insect cell system and yeast) or incapable
of any type of PTM (bacteria). Thus, the assembly of these proteins into VLPs closely resembles the formation of native virus parti-
cles. The main disadvantages of this system are its low controllability and high production costs. Different mammalian cells can be
used for VLP production; for example, BSC-1 [35], SW480 [28], BHK-21, and Vero E6 cells [13] are able to produce VLPs when
infected with recombinant vaccinia vectors carrying the genes coding for viral proteins of different viruses. VLPs have also been
produced by stably or transiently transfecting CHO [17] and 293T cells [7,26]. Wang et al. [21] have used recombinant baculovirus
to transduce HuH-7, HepG2, HeLa, BHK, and primary rat articular chondrocyte cells.

1.47.4.2.4 Transgenic plants
Recent advances in plant biotechnology have made possible the use of transgenic plants as potentially viable alternatives to cell
culture systems for the production of recombinant edible subunit vaccines [162]. HBV-VLP and NV-VLP are the most studied
VLPs produced by three different species of transgenic plants: Solanum tuberosum (potato) [163,164], Lycopersicon esculentum
(tomato) [165], and Nicotiana benthamiana (tobacco) [37,165,166]. Edible plants offer a palatable oral delivery system that would
preclude the costly purification process of injectable vaccines. In theory, the scale-up of production would not require large invest-
ments in hardware and culture media. Few resources would be needed such as agricultural practice, a stable transgenic line, and
acreage for cultivation. The main disadvantages of using transgenic plants are the low expression levels obtained and antigen degra-
dation taking place during in vivo delivery.

1.47.5 Applications: Prevention and Treatment

1.47.5.1 Virus Applications

The main areas of application of animal, bacterial, plant, and algal viruses include vaccine development and gene therapy.

1.47.5.1.1 Vaccine development
Vaccines based on live viruses have been traditionally effective and relatively easy to produce. The elimination of smallpox was
accomplished through mass vaccination with the live vaccinia virus, a mildly pathogenic animal virus related to smallpox. Likewise,
live attenuated vaccines are well tolerated and highly immunogenic. The live attenuated poliovirus vaccine developed by Dr. Albert
Sabin in 1961 eradicated poliomyelitis disease in the Western hemisphere and drastically reduced its incidence rate worldwide.
Vaccines against infectious diseases such as yellow fever, typhoid fever, mumps, and shigella are also based on live attenuated
viruses. The attenuation of viruses is accomplished through one of the following methods: (1) attenuation of the pathogen by phys-
ical means and (2) selection of naturally occurring mutants that lead to infection with abortive replication of the pathogen while
retaining its immunogenicity. Inactivated (killed) vaccines can also stimulate a protective immune response. The inactivated

Table 6 Examples of chimeric VLPs developed for prophylactic and therapeutic vaccines, and drug and gene delivery

VLP platform Chimeric antigen and plasmids Expression system Status References

BPV CTL epitopes of HPV and HIV, L2 HPV epitopes B/IC Preclinical [131,132]
HBV (core) GFP, Plasmodium falciparum circumsporozoite protein

epitopes (malaria vaccine candidate)a, bacterial and
protozoan epitopes, HPV 16 E7 oncoprotein epitopes,
B- and T-cell epitopes of HCV

Escherichia coli Preclinical [18,133–137]

HBV (surface) Plant signal peptides, dengue virus envelope, HIV gp41
2F5 epitope, HCV HVR1, HPV 16 E7 oncoprotein
epitopes

Mammalian cells, tobacco
plants, yeast

Preclinical [137–142]

HEV HEV B-cell epitope B/IC Preclinical [143]
HIV, SHIV gag Various HIV env epitopes B/IC, mammalian cells Preclinical [144,145]
HPV SHIV (HIV tat, rev; SIV gag), HPV E6/E7, HBV core protein

epitopes
B/IC Preclinical [146–149]

JC polyomavirus DNA fragment coding for EGFP B/IC None [150]
Murine polyomavirus-VLP Immunodominant H-2 Kb-restricted ovalbumin 257-264

epitope
E. coli Preclinical [151]

Parvovirus B19 Dengue-2 glycoprotein epitopes B/IC Preclinical [152]
Phage Qb Nicotine, angiotensin II, IL-1b, A b 1-6 peptide E. coli Phase II [153–159]
RHDV Short peptides B/IC Preclinical [160]
SV40 Plasmid DNA up to 17.7 kb, foreign peptides B/IC Preclinical [58,161]

ain phase I clinical trials.
Abbreviations: B/ICs, baculovirus/insect cells; BPV, bovine papillomavirus; CTL, cytotoxic T lymphocyte; HCV, hepatitis C virus; EGFP, enhanced green fluorescent protein; GFP, green
fluorescent protein; HBV, hepatitis B virus; HEV, hepatitis E virus; HIV, human immunodeficiency virus; HPV, human papillomavirus; IL, interleukin; RHDV, rabbit hemorrhagic disease
virus; SHIV, simian–human immunodeficiency virus; SV40, simian virus 40.

Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications 643



poliovirus vaccines (IPOL, Sanofi Pasteur SA), influenza vaccines (Fluarix, GlaxoSmithKline), and typhoid fever vaccines (Typhim
Vi, Sanofi Pasteur MSD) constitute some examples. The disease-causing organism is inactivated with chemicals such as formalde-
hyde; the main drawback of these vaccines is that they require boosting for continuous, efficient immune response. Nowadays,
using molecular biology and DNA manipulation methods, it is possible to express protective proteins in adequate live vectors
with the purpose of designing live vaccines against various types of pathogens. In addition, the development of reverse genetics
systems for the recovery of viruses from cDNA has made it possible to rapidly generate recombinant attenuated derivatives. Table 4
lists some examples of current licensed viral vaccines.

1.47.5.1.2 Gene therapy
In the late 1970s and the early 1980s, the emergence of techniques for subcloning mammalian genes into prokaryotic plasmids and
bacteriophage was correctly foreseen as the stepping-stone to precursors of techniques for human gene therapy. Parallel investiga-
tions on the biology of avian and murine onco-retroviruses led to the development of retroviral vectors, which began to be used in
the mid-1980s as a tool for gene transfer into mammalian cells. The first human trial of gene transfer was carried out in the late
1980s for the treatment of patients with advanced metastatic cancer. The process consisted in introducing the gene coding for
neomycin resistance into human tumor-infiltrating lymphocytes by retroviral-mediated gene transduction, before their infusion
into patients, thus, using the new gene as a marker for the infused cells [167]. Since then, there has been a remarkable expansion
in the number of vector systems available to express human genes directly associated with disease states for therapeutic purposes.

Gene therapy trials using retroviral vectors to treat X-linked severe combined immunodeficiency (X-SCID) constitute the most
successful application of gene therapy to date. SCID is a disease in which the patient has neither cell-mediated immune responses
nor the ability to generate antibodies. A high rate of immune system reconstitution was observed in patients treated in the X-SCID
gene therapy trials [168], but 5 out of more than 20 patients developed a leukemia-like illness, of which 4 fully recovered after
conventional anti-leukemia treatment [169,170]. Despite these results, gene therapy trials to treat SCID due to deficiency of the
adenosine deaminase enzyme continue with relative success in the United States, France, the United Kingdom, Italy, and Japan.
In the last decade, the process of retroviral vector production has been under considerable investigation as it presents many diffi-
culties, mainly due to vector instability and low cell productivities hampering the attainment of high viral titers. Strategies based on
the manipulation of sugar carbon sources [171,172], lipids [173], temperature [174], or osmotic pressure [175] used in bioreaction
and on the establishment of pioneering packaging cell lines such as 293 FLEX [176] and Flp293A [111] show potential to increase
the yields of infectious retroviral vectors. This will allow the generation of high-quality clinical preparations for gene therapy
applications.

Adenovirus vectors are also efficient vehicles for delivering nucleic acids into mammalian cells. The human adenovirus type 2
and 5 are the most used vector backbones for adenovirus-mediated gene transfer. However, due to a number of significant disad-
vantages such as the need to immunosuppress or tolerize patients to a potentially debilitating virus [101,106], vectors from different
serotypes or those derived from nonhuman adenovirus (bovine, sheep, and birds) were developed [102,103]. Recently, CAV-2
vectors, produced in dog kidney cells, have been gaining increasing attention due to their emerging potential for the study of
the pathophysiology and potential treatment of neurodegenerative diseases like Parkinson’s, Alzheimer’s, and Huntington’s, among
others [177]. The first clinical trial using recombinant adenovirus was carried out in 1993 in cystic fibrosis (CF) patients [178]. Two
years later, the first recombinant adeno-associated virus trial was initiated in CF patients [179]; trials in hemophilia B patients
commenced shortly after [180]. Inevitably, lentivirus and recombinant herpesvirus vectors have also entered into clinical trials
[181–183]. All the four viral vector systems mentioned above are highly efficient systems for gene transfer and expression
in vivo in nondividing cells. In fact, more than 50% of all viral vectors currently undergoing clinical trials are adenovirus
(24.1%), retrovirus (21.2%), adeno-associated virus (4.4%), or HSV (3.3%). A detailed description of the cell lines used for the
production of these vectors and the respective production strategies are presented in Table 7.

Due to their inability to replicate and absence of toxicity in mammalian cells, baculoviral vectors have emerged as gene therapy
vehicles for the treatment of a wide range of human diseases. Recently, a genetically modified recombinant baculovirus encoding for
a cherry-red fluorescent protein under the control of a strong mammalian cell promoter (cytomegalovirus promoter) proved to be
effective in transducing a human liver carcinoma cell line, HepG2 [208]. Other studies indicate that baculoviruses show promising
gene expression efficiencies in liver [209], skeletal muscle [210], brain [211], and eye [212]. Importantly, baculoviral vectors present
efficiencies similar to those of adenoviral vectors in transducing human smooth muscle cells, human cardiomyocytes, and fibro-
blasts [213]. Themajor challenge is the production of high titers of recombinant baculovirus [214]. Althoughmetabolic engineering
approaches have shown to improve baculovirus titers at high cell densities [215,216], platforms for the production of baculoviral
vectors to be used in gene therapy clinical trials have not yet been implemented.

1.47.5.2 VLP Applications

VLPs can be used as prophylactic or therapeutic vaccines against a wide variety of diseases. The recent developments in molecular
biology and virology renewed the interest in VLPs as versatile systems for gene and drug delivery.

1.47.5.2.1 Prophylactic vaccination
VLPs used for vaccination are normally devoid of any DNA of viral or cellular origin. VLPs have been produced from the capsid or
envelope proteins of a wide variety of viruses for the purpose of studying viral assembly and for developing vaccines. While HBV-
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VLPs and HPV-VLPs are successful vaccines, VLP-based vaccines against pathogens that directly affect immune cells and successfully
evade the immune system, such as HIV-1 and HCV, are proving to be extremely difficult to develop. Another important and forth-
coming application of VLPs is their use in the generation of immune responses against foreign protein epitopes by fusing or by
coupling them to VLPs of different origins, resulting in the so-called chimeric VLP (Table 6; [217]). The vaccine against HPV infec-
tion is an example of a chimeric VLP, in which the L2 protein epitopes are inserted into the L1 protein [132] to confer protection
against a broader range of HPV types. In the end, tailoring of VLPs depends on their final application as vaccine (prophylactic or
therapeutic) and may require adaptations in their structure (particle size, envelope structure, etc.), target host (dendritic cells,
mucosal surfaces, etc.), and route of administration (intranasal, intramuscular, etc.) to achieve the desired immune response [27].

1.47.5.2.2 Therapeutic vaccination
In cancer immunotherapy, a T-cell response is often more desirable than a B-cell response. Additionally, a T-cell epitope localized
inside the VLP avoids interference with VLP uptake by the natural receptors of the native virus. Thus, a VLP vaccine candidate does
not necessarily have to display on its surface-specific epitopes in order to be recognized by the immune system. This is the case for
HPV 16 VLPs and HBV-VLPs. In the first case, the HPV 16 E6 and/or E7 peptide containing a T-cell epitope was fused to HPV L1
protein and inserted into the VLP [217]. In the second case, HPV 16 E7 epitopes were inserted into the surface or core proteins
of HBV-VLPs [137]. The HPV-VLP was shown to induce E7-specific cytotoxic T cells and to protect mice against a challenge with
an HPV 16-transformed tumor [149]. Results on purified chimeric HBV-VLPs have also confirmed their high immunogenicity in
mice [218]. Most of these VLPs have a common feature: to induce an immune response against a non-self-antigen (the only excep-
tion being conjugated VLPs). However, for immune therapy of cancers of nonviral origin, the strategy is to induce an immune
response against a self-antigen. In one study, a CD8þT-cell epitope derived from ovalbumin, a well-studied melanoma tumor
antigen, was inserted directly into murine polyomavirus-VLP [151]; VLPs carrying this ovalbumin epitope were then injected
into mice in a therapeutic setting, with two injections after the melanoma tumor challenge. Complete protection against tumor
development was obtained and induction of T cells specific for the ovalbumin epitope was demonstrated.

1.47.5.2.3 Gene delivery
Many capsid proteins used for VLP formation, such as HPV L1 and polyomavirus VP1, have the ability to bind non-specifically to
viral or cellular DNA [219]. In 1983, it was demonstrated that murine polyomavirus-VLP could package viral DNA and transduce it
into cells in vitro, resulting in expression of the viral gene products [220]. Later on, experiments with plasmid DNA demonstrated
the feasibility of using these VLPs for gene transfer [221]. Since then, a number of studies have been performed in order to evaluate
and optimize DNA packaging and transduction by VLPs derived from different members of Polyomaviridae family [222]. An example
is the SV40-VLP produced in the baculovirus/insect cell system. Using an efficient methodology for in vitro packaging of plasmids
with less than 17.7 kb, SV40-VLPs [161] have proven to be efficient for gene delivery in vivo [223]. Another example is the JC
polyomavirus-VLP produced in the baculovirus/insect cell system; by VLP disassembly and VP1 pentamer reassembly in vitro, it

Table 7 Viral vectors used in gene therapy

Viral vector

Clinical

trials (%) a
Most used

type Cell lines used for production Production strategies References

Indications in clinical

trials a

Adenovirus 23.8 Ad-5 HEK 293, PER.C6, HeLa Infection [100,184–191] Cancer diseases (64.5%)
Ad-2 PER.C6 Transfection Cardiovascular diseases

(8.9%)
Retrovirus 21.2 Mo-MLV Packaging cell lines derived

from
NIH 3T3, HT1080, TE671,
and
HEK 293 cells

Stable cell line [109,111,113,115,
118,176,192–
195]

Monogenic diseases
(8.2%)

Lentivirus 293T, 293 EBNA-1, COS Transient transfection Infectious diseases (8%)
293T Transduction Gene marking (3%)

Healthy volunteers (2.3%)
Adeno-associated
virus

4.5 AAV-2 B130, High Five Sf-9 and
HEK 293

Infection [196–200] Neurological diseases
(1.8%)

HEK 293F and HeLa Transfection Ocular diseases (1.1%)
BHK and HEK 293 Transfectionþinfection Others (2.4%)
HeLa Stable cell line

Herpes simplex
virus

3 HSV-1 Vero Infection [201–207]

aSource: Available at: http://www.wiley.com/legacy/wileychi/genmed/clinical/ (2010)
Abbreviations: AAV-2, adeno-associated virus type 2; Ad-5, adenovirus type 5; Ad-2, adenovirus type 2; HSV-1, herpes simplex virus type 1; Mo-MLV, Moloney murine leukemia
virus.
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was possible to insert a 1.6 kb DNA fragment coding for enhanced green fluorescent protein (EGFP) inside a JC polyomavirus-VLP
[150]. VLP transduction results in TC-620 cells, measured by flow cytometry, showed that 70% of cells were expressing EGFP.

1.47.5.2.4 Drug delivery
Protein epitopes or other small molecules can be attached to the surface of already formed purified VLPs [158,224]. This presents
some advantages over VLP-formingmethods that directly insert the epitopes into the VLP proteins. One advantage is that the already
formed VLP can be used as a basis for the attachment of a number of different drugs, either proteins or smaller molecules, providing
a flexible platform for drug delivery. Second, the attachedmolecule may provide a stronger andmore efficient immune response due
to its localization in the VLP surface. One example is the attachment of peptides or small molecules to VLPs consisting of the coat
protein from the bacteriophage Qb or AP205; these VLPs have been developed for the generation of antibody responses against
nicotine and angiotensin II [153,158]. In phase I trials, healthy nonsmokers vaccinated with nicotine-conjugated Qb-VLPs [158]
demonstrated a strong nicotine-specific IgM/IgG response. Noteworthy is that nicotine per se does not induce an antibody response.
Only when conjugated with a VLP, nicotine potentially helps smokers quit smoking by reducing the satisfaction derived from nico-
tine intake. In phase II clinical trials, an increase in long-term abstinence was observed in smokers who attained high antibody levels
following vaccination [155]. This same platform has been used to couple IL-1b molecules and Ab1-6 peptide to VLPs for rheuma-
toid arthritis and Alzheimer’s treatment, respectively [154,156,159]. Peacey et al. [160] genetically modified rabbit hemorrhagic
disease virus (RHDV)-VLP with various short peptide sequences that are capable of being presented to and recognized by immune
cells. However, this approach does have limitations, including the time involved in engineering each chimeric VLP, size constraints
imposed on introduced peptides, increased instability of modified capsids leading to limited yield, and the inaccessibility and
altered conformation of introduced residues. To overcome these difficulties, a chemical linker was used to covalently conjugate
both small peptides and whole protein to the RHDV-VLP scaffold. This rapid approach enabled surface conjugation of a substantial
range of antigens without the constraints imposed by subunit folding and VLP formation. Attachment of antigen to RHDV-VLP
conferred the immuno-stimulatory properties of the underlying viral shell to the conjugated antigen, and so enabled the initiation
of both antigen-specific humoral and cell-mediated immune responses [160]. The results demonstrated that RHDV-VLP can be
utilized as a versatile molecular scaffold in many applications, from vaccine development to biological nanotechnology. Drug
delivery may also be achieved with a VLP carrying the desired drug inside the capsid. This can be accomplished, for example,
with steps of in vitro disassembly and reassembly. Lee and Tan [18] have successfully encapsulated GFP inside HBV-VLP by disas-
sembling the VLP into monomers with urea followed by reassembly using dialysis with GFP molecule.

1.47.6 Bioengineering Challenges

Viruses and VLPs have been successfully produced in vivo or in vitro since the beginning of the 20th century and in the late 1980s,
respectively [225–228]. The production of these bioproducts involves several bioengineering issues that must be carefully addressed
in order to control upstream and downstream processing, and to maximize performance and reduce production cost.

1.47.6.1 The Production Strategy

Product yields are strongly dependent on the production strategy chosen. Batch, fed-batch, continuous, and perfusion strategies are
normally used for the production of viruses and VLPs. In batch production, it is important to control the accumulation of toxic
products as well as the depletion of essential nutrients for cellular growth [215,229]. Depletion can be avoided by selective addition
of nutrients (glucose and glutamine) and/or amino acids, and complete medium addition [214,230–232] using fed-batch strate-
gies. The yields are significantly improved but the scale-up becomes difficult and expensive since culture medium is inefficiently
used. The alternative, a continuous system, presents a short throughput time and a small number of production steps. Nonetheless,
continuous reactors operated for long periods (>1 month) are prone to generating defective viruses that either directly reduce viral
yields or indirectly impact on VLP yields by competing with the host cell for the protein expression machinery [233,234]. In addi-
tion, the complexity of the bioproducts produced in this system is generally low, which constitutes a major drawback compared to
other systems. Perfusion strategies enhance cellular growth and product yields [235,236]. However, perfusion requires the use of
large volumes of media, significantly increasing the production cost. In addition, the devices used for separating cells from the
medium are difficult to scale up and normally induce cellular damage, impacting negatively on cellular growth rate and subse-
quently on viral or VLP production rates.

1.47.6.2 The “Envirome”

The “envirome” affects viral replication and VLP production at the level of cellular growth and metabolic state, DNA transcription
and replication, mRNA translation, and protein PTMs. Among others, the “envirome” enfolds the dissolved oxygen concentration,
pH, temperature, agitation rate, cell and substrate concentration, inlet gas flow and composition, volume, pressure, fluid dynamics,
power input, and osmolarity. Most of these variables differ from process to process and are possible to monitor and control in situ
by continuously adjusting bioreactor parameters to certain predetermined set points [237,238]. For example, recombinant protein
production in insect cells is maintained constant at osmolarities between 300 and 380 mOsm [239]. If osmolarity falls out of this
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range by 30 mOsm, productivities are significantly reduced. Depending on the sensitivity of the cell line used, the stress generated
while sparging and by bubble entrainment during agitation may impact negatively on viral and VLP productivities [23,48].
Sparging-related stress can be alleviated using head space aeration, albeit the productivities achieved in these culture systems are
remarkably lower; a more valid solution is the use of nonionic copolymers such as the Pluronic F-68, which lowers the culture
medium surface tension and impedes the attachment of cells to bubbles, which liberate lethal energy during bursting [190,240].
Pluronic F-68 also interacts with the cell membrane, increasing its rigidity and making it more resistant to hydrodynamic forces.
Oxygen limitation or excess can induce protease synthesis and subsequent degradation of the product of interest [241]. Concom-
itantly, oxygen-derived free radicals present at high levels of dissolved oxygen tension can cause oxidative stress to cells or oxidative
damage to proteins [242]. It is also important to bear in mind that temperature fluctuation induces different oxygen solubility
levels: increasing temperatures induce lower oxygen solubility.

1.47.6.3 The Downstream Processing

The absence of contaminant proteins and DNA (host or viral), the absence of incorrectly assembled macrostructures, and endotoxin
levels below those specified by regulatory agencies (Food and Drug Administration (FDA) and European Medicines Agency
(EMEA)) ensure the quality and efficacy of the downstream process and are critical for the success of the process technology
used. This is particularly a challenging task as in most cases produced viruses and VLPs do not differ significantly in size and molec-
ular weight from other protein complexes or defective viruses that need to be removed. The nature of the bioproduct, either extra-
cellular or associated with cellular structures, also influences the purification strategy [52,208,243–247]. Products that are secreted
into the media are easily processed since they do not require a high number of purification steps. If produced intracellularly, extrac-
tion prior to purification is essential. In both the cases, fusion tags can be used to facilitate monitoring and downstream processing
[248,249]. Nonetheless, care must be taken when placing these fusion tags as they may affect virus maturation and protein expres-
sion, indirectly compromising their biological activity [250,251]. In medium containing serum, the major problem is the high
protein content that complicates the downstream processing [252,253]. The use of serum-free medium is recommended as it
does not contain animal-derived supplements, which pose safety concerns, and facilitates downstream operations. The nature of
the outer protein of viruses and VLPs confers to these bioproducts specific and unique characteristics that strongly impact on the
design of the downstream strategy. In the end, there is a clear trend in downstream processing from classical laboratorial purification
methods like sucrose or cesium chloride gradient centrifugations toward more sophisticated techniques like tangential flow filtra-
tion, gel permeation chromatography, liquid chromatography, ion exchange chromatography, affinity chromatography, and size-
exclusion chromatography, including the use of newer, disposable membrane technology [245,254,255].

1.47.6.4 Transfection Versus Transduction

Heterologous proteins, the basis of viral particles and VLPs, are normally expressed by transfection in transient or stable systems or
by transduction using viral expression vectors. The availability of stable packaging cell lines capable of continuously expressing
a specific gene represents a step toward the scaled-up production of viral vector stocks to be used as drug delivery systems or in
applications such as gene therapy [256]. Although the productivities of some viral vector producer cell lines remain lower than ex-
pected [257], the generation of acceptable viral yields and the expression of secreted and insoluble proteins are normally favored by
these stable transfected cell lines. The use of a constitutively active promoter that integrates into the genome and does not require
infection for its activation is essential [258]. In applications such as protein characterization and high-throughput screening of gene
functions, transient transfection is more appropriate [200,259]. The use of viral expression vectors for virus and/or protein synthesis
is another alternative. Although it requires the additional and always fiddly step of viral infection, viral yields can be as high as 1010

IPmL�1 as reported for baculovirus or adenovirus production [214,260] and protein expression levels can be between 1 and 500mg
L�1 [53,261–263]. The strength of the promoter(s) controlling protein(s) expression for either virus encapsulation or VLP assembly,
as well as the time at which the promoter(s) become(s) active, drives the productivity levels and thus can be optimized [264,265].
The promoter strength must be carefully evaluated as it is common that very strong promoters overwhelm the processing capacity of
the endoplasmic reticulum, thus reducing the final yields. Indeed, the secretion and complete complex glycosylation of recombi-
nant proteins in the baculovirus/insect cell system improve when genes are under the control of the p10 promoter instead of
the stronger polyhedrin promoter [266]. The use of early instead of late or very late promoters is a difficult choice; with very late
promoters, the expression of proteins occurs toward the end of the culture when cells are in the death phase and proteases influence
the correct protein PTM, negatively impacting final yields. On the other hand, early promoters induce lower protein productivities,
as in most cases the enzymes and transcriptional factors necessary for protein expression are not yet fully active at such an early stage.
The combination of promoter strength with the correct time for promoter activation is essential to assess high product yields, and
mathematical modeling of intracellular events can be used to identify best strategies to obtain the optimal stoichiometry and ther-
modynamic conditions for VLP assembly [267].

1.47.6.5 The Key Process-Related Parameters

Process-related parameters such as the multiplicity of infection (MOI), time of infection (TOI), time of harvest (TOH), and cell
concentration at infection (CCI) strongly influence virus and VLP titers. Adequate MOI, defined as the number of virus per cell,
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is determinant for attaining optimal yields and robust production systems. The MOI to be used depends on the target product, the
production process, and the dimension of viral stocks, and normally relies on predictions of the Poisson distribution [263,268–
270]. Low MOIs (0.01–1 virus per cell) have the advantage of requiring low concentrations of viruses. The number of viruses is
normally insufficient to infect all the cells; thus, a high percentage of cells remain healthy and grow upon initial infection. A steep
increase in infected cell concentration is observed as a second generation of viruses start to infect the uninfected cell population
[263]. At the end of bioreaction, the concentration of infected cells is sufficiently high to sustain the production of viruses and/
or VLPs to high levels. The main drawback is the action of proteases. Since the overall process (infection plus viral and/or protein
synthesis) is slow, the bioproduct is exposed to cellular proteases for long periods of time, which may compromise the quality and
quantity of the final product. On the contrary, high MOIs (>1 virus per cell) require large viral stocks and favor the selection of fast-
replicative defective virus [271]. In addition, volumetric yields are considerably lower than those achieved at lowMOIs as a result of
lower concentration of infected cells at the end of bioreaction. In theory, such differences could be compensated by increasing the
CCI. However, at high CCI, the change in cell energetic state upon infection induces a significant drop in cell-specific productivity
[215]. Medium replacement at TOI and the use of fed-batch or perfusion cultures are strategies capable of maintaining specific
productivities similar to those reported at low CCI; the major inconvenience is that they are neither practical nor necessarily
economical at large scale. This creates an opportunity for the development of novel techniques for process optimization based
on metabolic engineering and systems biology. Another important parameter is the TOH. Delayed harvest times increase the expo-
sure of viruses and VLPs to intracellular or extracellular proteases [272] and induce a more pronounced cell lysis. Additionally, the
release of contaminant proteins (degraded or not), host and viral DNA, cell compartments, and viral or protein macrostructures to
the extracellular medium will complicate the downstream processing of the product of interest. Optimal harvest times are normally
between 72 and 120 hpi (hours postinfection) (40 and 70% cell viability) [24,230,273]. The interplay between all the above-
mentioned parameters is complex and normally requires substantial experimentation. To avoid this, mathematical models can
be used. They significantly reduce the amount of work required and can assist the definition of optimal process-related parameters
such as MOI, TOI, TOH, and CCI in complex biological systems for maximization of process performance.

1.47.6.6 Process Monitoring and Product Quality Control

The commercial success of a bioproduct requires a controlled and monitored process and a well-characterized product. Unfortu-
nately, most monitoring systems and characterization techniques are complicated to handle, extremely costly, semiquantitative,
and in many cases non-existent, which significantly compromises the robustness and scalability of the process. In viral quantifica-
tion, there is no accurate method to measure both infectious and total particles. Titration assays such as plaque-forming unit assay,
growth cessation and cell size assay, alamar blue assay, tissue culture infectious dose 50, microculture tetrazolium assay, reverse
transcriptase activity assay, and electron microscopy directly or indirectly assess viral titers of either infectious or total particles,
but not both simultaneously [274–276]. Other methods such as flow cytometry, real-time quantitative polymerase chain reaction
(Q-PCR), immunoblotting [277–279], and high-performance liquid chromatography (HPLC) [280,281] are semiquantitative. In
the end, the most appropriate titration method depends on the type of virus and the detection system available. The quantification
of VLPs involves a higher degree of complexity. Most methods are based on immunoassays such as Western blot, enzyme-linked
immunosorbent assay (ELISA), and bicinchoninic acid (BCA) protein quantification assay [48,53,282]. Electron microscopy and
real-time q-PCR are alternatives. However, all these methods are semiquantitative. They are unable to differentiate proteins that
are part of a correctly assembled VLP from others that are in incomplete VLPs, viral particles, or other macromolecular structures.
Thus, overestimated or underestimated VLP yields are frequently obtained [262]. Recently developed methods such as gel-
permeation HPLC [262], sodium dodecyl sulfate-capillary gel electrophoresis [75], new application of intact cell matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) methodology [283], and capillary zone electropho-
resis [284] may allow a simple, fast, and low-cost quantification of viral proteins and VLPs in purified and bulk samples. In the near
future, with the development of novel detection sensors based on acoustic resonance, turbidity, and fluorescence, it will be possible
to monitor the kinetics of VLP formation in situ and online, as is already possible with a wide variety of culture constituents. One of
those techniques is the two-dimensional (2D) fluorometry that, using optical fiber technology, allows the simultaneous monitoring
of several compounds present outside (envirome) and inside (metabolome) the cells [285,286].

1.47.6.7 Thermodynamic Assembly of Viruses and VLPs

The assembly of viral particles, VLPs, and other spherical polymers – closed structures composed of several protein subunits – is
poorly understood. There is little experimental information describing intra- and intersubunit binding energies, rates and orders
for assembly reactions, and formation of nucleating structures [287]. During the last decade, mathematical models have become
a prominent and reliable source of knowledge for understanding what is driving the building of a virus capsid or a polyhedral
protein macrostructure. Many mathematical models have been proposed based on theoretical constants of association and disso-
ciation (Kn and Kd,app, respectively), free energies associated with intersubunit contact (DG�

c) and assembly pathways [36,288–
292]. The way in which these constants and energies relate with specific culture parameters such as pH, calcium concentration, ionic
strength, and others needs to be better understood. In vitro experiments of assembly and disassembly of VLPs are helpful in assess-
ing these kinds of relationships. A recent study of in vitro disassembly of RLPs (triple-layered 2/6/7 particles) into DLPs (double-
layered 2/6 particles) and the assembly of DLPs and VP7 monomers into RLPs addresses the effect of physicochemical parameters
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(pH, ionic strength, and temperature) on the formation and stability of RLPs and DLPs [293]. The results indicate that both particles
are stable within a specific pH (3–7) and temperature range (5–25�C). Outside those thresholds, particle aggregation (T˛[35–
45�C]), disassembly (T >65�C), and instability (isoelectric point of RLPs¼3 and DLPs¼3.8) become evident. In addition, the reac-
tion rates of RLP disassembly are correlated with the temperature and ionic strength; low temperatures and low ionic strengths
induce low disassembly reaction rates. On the other hand, RLP assembly reaction rates decrease with the increase in pH, ionic
strength, temperature, and calcium concentration. These findings clearly demonstrate that process optimization of complex protein
macrostructures is feasible by manipulation of physicochemical parameters. Nonetheless, care must be taken when extrapolating
in vitro results to in vivo experiments, as in most cases the best conditions for subunit interaction and particle formation are
not the same due to the different environmental culture conditions of the two systems.

1.47.7 Concluding Remarks and Future Trends

Viruses and VLPs are protein-related macrostructures and preferential vehicles for many applications. As complex products, the
design of efficient upstream and downstream strategies, the definition of appropriate quality control and monitoring methods,
and the attainment of high productivities are as complicated as they are essential. Thus, it is imperative to constrain the “envirome”
effect on the quality and quantity of the product, so that viral particles and VLPs can be further used in their respective areas of
application.

Viruses are widely used in gene therapy [294,295], high-throughput screening of gene functions [200,259], drug delivery [296],
in vitro assembly studies to design antiviral drugs [19], recombinant protein production [53,297], and bioinsecticide [298] and
bioweapon [299,300] preparation. In materials science and engineering, they can be the building blocks for electronics, biosensors,
and chemistry [301]. VLPs, on the other hand, are established as a powerful tool for vaccine development [51,302,303].

Furthermore, improved knowledge points out toward larger and promising applications of virus and VLP platforms to other
areas of research in the near future, such as nanotechnology, where they can be used as tools for biomedical science [304–307].

1.47.8 Acknowledgments

The authors acknowledge the financial support received from the Portuguese Foundation for Science and Technology (SFRH/BD/
28323/2006, SFRH/BD/21910/2005, and SFRH/BD/45786/2008) and from the European Commission (Clinigene Network of
Excellence, LSHB-CT-2006-018933; RP/PPR MARKVAC, INCO-CT-2004-003670; Baculogenes, LSHB-2006-037541).

References

[1] Bos, L., 1999. Beijerinck’s work on tobacco mosaic virus: Historical context and legacy. Philosophical Transactions of the Royal Society B: Biological Sciences 354 (1383),
675–685.

[2] Enders, J.F., Weller, T.H., Robbins, F.C., 1949. Cultivation of the lansing strain of poliomyelitis virus in cultures of various human embryonic tissues. Science 109 (2822),
85–87.

[3] Kretzmer, G., 2002. Industrial processes with animal cells. Applied Microbiology and Biotechnology 59 (2–3), 135–142.
[4] Ruffing, M., Zentgraf, H., Kleinschmidt, J.A., 1992. Assembly of viruslike particles by recombinant structural proteins of adeno-associated virus type 2 in insect cells. Journal

of Virology 66 (12), 6922–6930.
[5] Roy, P., Mikhailov, M., Bishop, D.H., 1997. Baculovirus multigene expression vectors and their use for understanding the assembly process of architecturally complex virus

particles. Gene 190 (1), 119–129.
[6] Melito, P.L., Qiu, X., Fernando, L.M., et al., 2008. The creation of stable cell lines expressing Ebola virus glycoproteins and the matrix protein VP40 and generating Ebola virus-

like particles utilizing an ecdysone inducible mammalian expression system. Journal of Virological Methods 148 (1–2), 237–243.
[7] Swenson, D.L., Warfield, K.L., Negley, D.L., et al., 2005. Virus-like particles exhibit potential as a pan-filovirus vaccine for both Ebola and Marburg viral infections. Vaccine 23

(23), 3033–3042.
[8] Yang, C., Ye, L., Compans, R.W., 2008. Protection against filovirus infection: Virus-like particle vaccines. Expert Review of Vaccines 7 (3), 333–344.
[9] Sun, Y., Carrion Jr., R., Ye, L., et al., 2009. Protection against lethal challenge by Ebola virus-like particles produced in insect cells. Virology 383 (1), 12–21.

[10] Chung, Y.C., Ho, M.S., Wu, J.C., et al., 2008. Immunization with virus-like particles of enterovirus 71 elicits potent immune responses and protects mice against lethal
challenge. Vaccine 26 (15), 1855–1862.

[11] Chung, Y.C., Huang, J.H., Lai, C.W., et al., 2006. Expression, purification and characterization of enterovirus-71 virus-like particles. World Journal of Gastroenterology 12 (6),
921–927.

[12] Zielonka, A., Gedvilaite, A., Ulrich, R., et al., 2006. Generation of virus-like particles consisting of the major capsid protein VP1 of goose hemorrhagic polyomavirus and their
application in serological tests. Virus Research 120 (1–2), 128–137.

[13] Betenbaugh, M., Yu, M., Kuehl, K., et al., 1995. Nucleocapsid- and virus-like particles assemble in cells infected with recombinant baculoviruses or vaccinia viruses
expressing the M and the S segments of Hantaan virus. Virus Research 38 (2–3), 111–124.

[14] Li, C., Liu, F., et al., 2010. Hantavirus-like particles generated in CHO cells induce specific immune responses in C57BL/6 mice. Vaccine 28, 4294–4300.
[15] Thanavala, Y., Mahoney, M., et al., 2005. Immunogenicity in humans of an edible vaccine for hepatitis B. PNAS 3378–3382.
[16] Takehara, K., Ireland, D., Bishop, D.H., 1988. Co-expression of the hepatitis B surface and core antigens using baculovirus multiple expression vectors. Journal of General

Virology 69 (Pt 11), 2763–2777.
[17] Madalinski, K., Sylvan, S.P., Hellstrom, U., et al., 2001. Antibody responses to preS components after immunization of children with low doses of BioHepB. Vaccine 20 (1–2),

92–97.
[18] Lee, K.W., Tan, W.S., 2008. Recombinant hepatitis B virus core particles: Association, dissociation and encapsidation of green fluorescent protein. Journal of Virological

Methods 151, 172–180.
[19] Fromentin, R., Majeau, N., Laliberte Gagne, M.E., et al., 2007. A method for in vitro assembly of hepatitis C virus core protein and for screening of inhibitors. Analytical

Biochemistry 366 (1), 37–45.

Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications 649



[20] Jeong, S.H., Qiao, M., Nascimbeni, M., et al., 2004. Immunization with hepatitis C virus-like particles induces humoral and cellular immune responses in nonhuman primates.
Journal of Virology 78 (13), 6995–7003.

[21] Wang, K.C., Wu, J.C., Chung, Y.C., et al., 2005. Baculovirus as a highly efficient gene delivery vector for the expression of hepatitis delta virus antigens in mammalian cells.
Biotechnology and Bioengineering 89 (4), 464–473.

[22] Li, T., Takeda, N., Miyamura, T., 2001. Oral administration of hepatitis E virus-like particles induces a systemic and mucosal immune response in mice. Vaccine 19 (25–26),
3476–3484.

[23] Cruz, P.E., Cunha, A., Peixoto, C.C., et al., 1998. Optimization of the production of virus-like particles in insect cells. Biotechnology and Bioengineering 60 (4), 408–418.
[24] Cruz, P.E., Peixoto, C.C., Moreira, J.L., Carrondo, M.J.T., 1999. Production and quality analysis of Pr55gag particles produced in baculovirus-infected insect cells. Journal of

Chemical Technology and Biotechnology 72 (2), 149–158.
[25] Gheysen, D., Jacobs, E., de Foresta, F., et al., 1989. Assembly and release of HIV-1 precursor Pr55gag virus-like particles from recombinant baculovirus-infected insect cells.

Cell 59 (1), 103–112.
[26] Hammonds, J., Chen, X., Zhang, X., et al., 2007. Advances in methods for the production, purification and characterization of HIV-1 Gag-Env pseudovirion vaccines. Vaccine

25, 8036–8048.
[27] Grgacic, E.V., Anderson, D.A., 2006. Virus-like particles: Passport to immune recognition. Methods 40 (1), 60–65.
[28] Shioda, T., Shibuta, H., 1990. Production of human immunodeficiency virus (HIV)-like particles from cells infected with recombinant vaccinia viruses carrying the gag gene of

HIV. Virology 175 (1), 139–148.
[29] Sakuragi, S., Goto, T., Sano, K., Morikawa, Y., 2002. HIV type 1 Gag virus-like particle budding from spheroplasts of Saccharomyces cerevisiae. Proceedings of the National

Academy of Sciences of the United States of America 99 (12), 7956–7961.
[30] Lai, W.B., Middelberg, A.P.J., 2002. The production of human papillomavirus type 16 vaccine product from Escherichia coli inclusion bodies. Bioprocess and Biosystems

Engineering 25, 121–128.
[31] Schadlich, L., Senger, T., Kirschning, C.J., et al., 2009. Refining HPV 16 L1 purification from E. coli: Reducing endotoxin contaminations and their impact on immunogenicity.

Vaccine 27 (10), 1511–1522.
[32] Zhang, W., Carmichael, J., Ferguson, J., et al., 1998. Expression of human papillomavirus type 16 L1 protein in Escherichia coli: Denaturation, renaturation, and self-

assembly of virus-like particles in vitro. Virology 243 (2), 423–431.
[33] Zhou, J., Sun, X.Y., Stenzel, D.J., Frazer, I.H., 1991. Expression of vaccinia recombinant HPV 16 L1 and L2 ORF proteins in epithelial cells is sufficient for assembly of HPV

virion-like particles. Virology 185 (1), 251–257.
[34] Tatman, J.D., Preston, V.G., Nicholson, P., et al., 1994. Assembly of herpes simplex virus type 1 capsids using a panel of recombinant baculoviruses. Journal of General

Virology 75 (Pt 5), 1101–1113.
[35] Fernandez-Arias, A., Risco, C., Martinez, S., et al., 1998. Expression of ORF A1 of infectious bursal disease virus results in the formation of virus-like particles. Journal of

General Virology 79 (Pt 5), 1047–1054.
[36] Hu, Y.C., Bentley, W.E., 2001. Effect of MOI ratio on the composition and yield of chimeric infectious bursal disease virus-like particles by baculovirus co-infection:

Deterministic predictions and experimental results. Biotechnology and Bioengineering 75 (1), 104–119.
[37] Bragard, C., Duncan, G.H., Wesley, S.V., et al., 2000. Virus-like particles assemble in plants and bacteria expressing the coat protein gene of Indian peanut clump virus.

Journal of General Virology 81 (Pt 1), 267–272.
[38] Goldmann, C., Petry, H., Frye, S., et al., 1999. Molecular cloning and expression of major structural protein VP1 of the human polyomavirus JC virus: Formation of virus-like

particles useful for immunological and therapeutic studies. Journal of Virology 73 (5), 4465–4469.
[39] Warfield, K.L., Posten, N.A., Swenson, D.L., et al., 2007. Filovirus-like particles produced in insect cells: Immunogenicity and protection in rodents. Journal of Infectious

Diseases 196 (Suppl. 2), 421–429.
[40] Nagy, E., Huber, P., Krell, P.J., Derbyshire, J.B., 1991. Synthesis of Newcastle disease virus (NDV)-like envelopes in insect cells infected with a recombinant baculovirus

expressing the haemagglutinin-neuraminidase of NDV. Journal of General Virology 72 (Pt 3), 753–756.
[41] Xia, M., Farkas, T., Jiang, X., 2007. Norovirus capsid protein expressed in yeast forms virus-like particles and stimulates systemic and mucosal immunity in mice following an

oral administration of raw yeast extracts. Journal of Medical Virology 79 (1), 74–83.
[42] Almanza, H., Cubillos, C., Angulo, I., et al., 2008. Self-assembly of the recombinant capsid protein of a swine norovirus into virus-like particles and evaluation of monoclonal

antibodies cross-reactive with a human strain from genogroup II. Journal of Clinical Microbiology 46 (12), 3971–3979.
[43] Tacket, C.O., Sztein, M.B., Losonsky, G.A., et al., 2003. Humoral, mucosal, and cellular immune responses to oral Norwalk virus-like particles in volunteers. Clinical

Immunology 108 (3), 241–247.
[44] Tacket, C.O., Mason, H.S., et al., 2000. Human immune responses to a novel norwalk virus vaccine delivered in transgenic potatoes. The Journal of Infectious Diseases 182,

302–305.
[45] Tacket, C.O., 2007. Plant-based vaccines against diarrheal diseases. Transactions fo the American Clinical and Climatological Association 118, 79–87.
[46] Canady, M.A., Tihova, M., Hanzlik, T.N., et al., 2000. Large conformational changes in the maturation of a simple RNA virus, Nudaurelia capensis omega virus (NomegaV).

Journal of Molecular Biology 299 (3), 573–584.
[47] Brautigam, S., Snezhkov, E., Bishop, D.H., 1993. Formation of poliovirus-like particles by recombinant baculoviruses expressing the individual VP0, VP3, and VP1 proteins by

comparison to particles derived from the expressed poliovirus polyprotein. Virology 192 (2), 512–524.
[48] Maranga, L., Cunha, A., Clemente, J., et al., 2004. Scale-up of virus-like particles production: Effects of sparging, agitation and bioreactor scale on cell growth, infection

kinetics and productivity. Journal of Biotechnology 107 (1), 55–64.
[49] Martinez, C., Dalsgaard, K., Lopez de Turiso, J.A., et al., 1992. Production of porcine parvovirus empty capsids with high immunogenic activity. Vaccine 10 (10), 684–690.
[50] Laurent, S., Vautherot, J.F., Madelaine, M.F., et al., 1994. Recombinant rabbit hemorrhagic disease virus capsid protein expressed in baculovirus self-assembles into viruslike

particles and induces protection. Journal of Virology 68 (10), 6794–6798.
[51] Jiang, B., Estes, M.K., Barone, C., et al., 1999. Heterotypic protection from rotavirus infection in mice vaccinated with virus-like particles. Vaccine 17 (7–8), 1005–1013.
[52] Peixoto, C., Sousa, M.F., Silva, A.C., et al., 2007. Downstream processing of triple layered rotavirus like particles. Journal of Biotechnology 127 (3), 452–461.
[53] Vieira, H., Estêvão, C., Roldão, A., et al., 2005. Triple layered rotavirus VLP assembly: Kinetics of vector replication, mRNA stability and recombinant protein production.

Journal of Biotechnology 120 (1), 72–82.
[54] Liu, L., Celma, C.C., Roy, P., 2008. Rift Valley fever virus structural proteins: Expression, characterization and assembly of recombinant proteins. Virology Journal 5, 82.
[55] Mortola, E., Roy, P., 2004. Efficient assembly and release of SARS coronavirus-like particles by a heterologous expression system. FEBS Letters 576 (1–2), 174–178.
[56] Yao, Q., Vuong, V., Li, M., Compans, R.W., 2002. Intranasal immunization with SIV virus-like particles (VLPs) elicits systemic and mucosal immunity. Vaccine 20 (19–20),

2537–2545.
[57] Inoue, T., Kawano, M.A., Takahashi, R.U., et al., 2008. Engineering of SV40-based nano-capsules for delivery of heterologous proteins as fusions with the minor capsid

proteins VP2/3. Journal of Biotechnology 134 (1–2), 181–192.
[58] Takahashi, R.U., Kanesashi, S.N., Inoue, T., et al., 2008. Presentation of functional foreign peptides on the surface of SV40 virus-like particles. Journal of Biotechnology 135

(4), 385–392.
[59] Chromy, L.R., Pipas, J.M., Garcea, R.L., 2003. Chaperone-mediated in vitro assembly of polyomavirus capsids. Proceedings of the National Academy of Sciences of the United

States of America 100 (18), 10477–10482.
[60] Roy, P., Noad, R., 2008. Virus-like particles as a vaccine delivery system: Myths and facts. Human Vaccines 4 (1), 5–12.

650 Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications



[61] Maranga, L., Rueda, P., Antonis, A.F., et al., 2002. Large scale production and downstream processing of a recombinant porcine parvovirus vaccine. Applied Microbiology and
Biotechnology 59 (1), 45–50.

[62] Guerrero, R.A., Ball, J.M., Krater, S.S., et al., 2001. Recombinant Norwalk virus-like particles administered intranasally to mice induce systemic and mucosal (fecal and
vaginal) immune responses. Journal of Virology 75 (20), 9713–9722.

[63] Gavilanes, F., Gonzalez-Ros, J.M., Peterson, D.L., 1982. Structure of hepatitis B surface antigen. Characterization of the lipid components and their association with the viral
proteins. The Journal of Biological Chemistry 257 (13), 7770–7777.

[64] Murata, K., Lechmann, M., Qiao, M., et al., 2003. Immunization with hepatitis C virus-like particles protects mice from recombinant hepatitis C virus-vaccinia infection.
Proceedings of the National Academy of Sciences of the United States of America 100 (11), 6753–6758.

[65] Wagner, R., Deml, L., Notka, F., et al., 1996. Safety and immunogenicity of recombinant human immunodeficiency virus-like particles in rodents and rhesus macaques.
Intervirology 39 (1–2), 93–103.

[66] Yao, Q., Kuhlmann, F.M., Eller, R., et al., 2000. Production and characterization of simian–human immunodeficiency virus-like particles. AIDS Research and Human
Retroviruses 16 (3), 227–236.

[67] Yu, F., Joshi, S.M., Ma, Y.M., et al., 2001. Characterization of Rous sarcoma virus Gag particles assembled in vitro. Journal of Virology 75 (6), 2753–2764.
[68] Latham, T., Galarza, J.M., 2001. Formation of wild-type and chimeric influenza virus-like particles following simultaneous expression of only four structural proteins. Journal of

Virology 75 (13), 6154–6165.
[69] Mahmood, K., Bright, R.A., Mytle, N., et al., 2008. H5N1 VLP vaccine induced protection in ferrets against lethal challenge with highly pathogenic H5N1 influenza viruses.

Vaccine 26 (42), 5393–5399.
[70] Belyaev, A.S., Roy, P., 1993. Development of baculovirus triple and quadruple expression vectors: Co-expression of three or four bluetongue virus proteins and the synthesis of

bluetongue virus-like particles in insect cells. Nucleic Acids Research 21 (5), 1219–1223.
[71] Trask, S.D., Dormitzer, P.R., 2006. Assembly of highly infectious rotavirus particles recoated with recombinant outer capsid proteins. Journal of Virology 80 (22), 11293–

11304.
[72] Pesavento, J.B., Crawford, S.E., Estes, M.K., Prasad, B.V., 2006. Rotavirus proteins: Structure and assembly. Current Topics in Microbiology and Immunology 309, 189–219.
[73] Blutt, S.E., Crawford, S.E., Warfield, K.L., et al., 2004. The VP7 outer capsid protein of rotavirus induces polyclonal B-cell activation. Journal of Virology 78 (13), 6974–6981.
[74] Ciarlet, M., Crawford, S.E., Barone, C., et al., 1998. Subunit rotavirus vaccine administered parenterally to rabbits induces active protective immunity. Journal of Virology 72

(11), 9233–9246.
[75] Palomares, L.A., Ramirez, O.T., 2009. Challenges for the production of virus-like particles in insect cells: The case of rotavirus-like particles. Biochemical Engineering Journal

45, 158–167.
[76] Conner, M.E., Zarley, C.D., Hu, B., et al., 1996. Virus-like particles as a rotavirus subunit vaccine. Journal of Infectious Diseases 174 (Suppl. 1), 88–92.
[77] Parez, N., Fourgeux, C., Mohamed, A., et al., 2006. Rectal immunization with rotavirus virus-like particles induces systemic and mucosal humoral immune responses and

protects mice against rotavirus infection. Journal of Virology 80 (4), 1752–1761.
[78] Jiang, B., Gentsch, J.R., Glass, R.I., 2008. Inactivated rotavirus vaccines: A priority for accelerated vaccine development. Vaccine 26 (52), 6754–6758.
[79] Mellado, M.C., Franco, C., Coelho, A., et al., 2008. Sodium dodecyl sulfate-capillary gel electrophoresis analysis of rotavirus-like particles. Journal of Chromatography A 1192

(1), 166–172.
[80] Beale, A.J., 1981. Cell substrate for killed poliovaccine production. Developments in Biological Standardization 47, 19–23.
[81] Stones, P.B., 1976. Production and control of live oral poliovirus vaccine in WI-38 human diploid cells. Developments in Biological Standardization 37, 251–253.
[82] van Steenis, G., van Wezel, A.L., de Groot, I.G., Kruijt, B.C., 1980. Use of captive-bred monkeys for vaccine production. Developments in Biological Standardization 45,

99–105.
[83] van Wezel, A.L., van Steenis, G., Hannik, C.A., Cohen, H., 1978. New approach to the production of concentrated and purified inactivated polio and rabies tissue culture

vaccines. Developments in Biological Standardization 41, 159–168.
[84] Hayflick, L., Moorhead, P.S., 1961. The serial cultivation of human diploid cell strains. Experimental Cell Research 25, 585–621.
[85] Jacobs, J.P., Jones, C.M., Baille, J.P., 1970. Characteristics of a human diploid cell designated MRC-5. Nature 227 (5254), 168–170.
[86] Wiktor, T.J., Fernandes, M.V., Koprowski, H., 1964. Cultivation of rabies virus in human diploid cell strain WI-38. Journal of Immunology 93, 353–366.
[87] Capstick, P.B., Telling, R.C., Chapman, W.G., Stewart, D.L., 1962. Growth of a cloned strain of hamster kidney cells in suspended cultures and their susceptibility to the virus

of foot-and-mouth disease. Nature 195, 1163–1164.
[88] Barrett, P.N., Mundt, W., Kistner, O., Howard, M.K., 2009. Vero cell platform in vaccine production: Moving towards cell culture-based viral vaccines. Expert Review of

Vaccines 8 (5), 607–618.
[89] Ehrlich, H.J., Muller, M., Oh, H.M., et al., 2008. A clinical trial of a whole-virus H5N1 vaccine derived from cell culture. The New England Journal of Medicine 358 (24),

2573–2584.
[90] Howard, M.K., Kistner, O., Barrett, P.N., 2008. Pre-clinical development of cell culture (Vero)-derived H5N1 pandemic vaccines. Biological Chemistry 389 (5), 569–577.
[91] Halperin, S.A., Smith, B., Mabrouk, T., et al., 2002. Safety and immunogenicity of a trivalent, inactivated, mammalian cell culture-derived influenza vaccine in healthy adults,

seniors, and children. Vaccine 20 (7–8), 1240–1247.
[92] Liu, J., Shi, X., Schwartz, R., Kemble, G., 2009. Use of MDCK cells for production of live attenuated influenza vaccine. Vaccine 27 (46), 6460–6463.
[93] Cox, R.J., Madhun, A.S., Hauge, S., et al., 2009. A phase I clinical trial of a PER.C6 cell grown influenza H7 virus vaccine. Vaccine 27 (13), 1889–1897.
[94] Pau, M.G., Ophorst, C., Koldijk, M.H., et al., 2001. The human cell line PER.C6 provides a new manufacturing system for the production of influenza vaccines. Vaccine 19

(17–19), 2716–2721.
[95] Audsley, J.M., Tannock, G.A., 2008. Cell-based influenza vaccines: Progress to date. Drugs 68 (11), 1483–1491.
[96] Graham, F.L., Smiley, J., Russell, W.C., Nairn, R., 1977. Characteristics of a human cell line transformed by DNA from human adenovirus type 5. Journal of General Virology

36 (1), 59–74.
[97] Lochmuller, H., Jani, A., Huard, J., et al., 1994. Emergence of early region 1-containing replication-competent adenovirus in stocks of replication-defective adenovirus

recombinants (delta E1þdelta E3) during multiple passages in 293 cells. Human Gene Therapy 5 (12), 1485–1491.
[98] Fallaux, F.J., van der Eb, A.J., Hoeben, R.C., 1999. Who’s afraid of replication-competent adenoviruses? Gene Therapy 6 (5), 709–712.
[99] Schiedner, G., Hertel, S., Kochanek, S., 2000. Efficient transformation of primary human amniocytes by E1 functions of Ad5: Generation of new cell lines for adenoviral vector

production. Human Gene Therapy 11 (15), 2105–2116.
[100] Fallaux, F.J., Bout, A., van der Velde, I., et al., 1998. New helper cells and matched early region 1-deleted adenovirus vectors prevent generation of replication-competent

adenoviruses. Human Gene Therapy 9 (13), 1909–1917.
[101] Kremer, E.J., Boutin, S., Chillon, M., Danos, O., 2000. Canine adenovirus vectors: An alternative for adenovirus-mediated gene transfer. Journal of Virology 74 (1), 505–512.
[102] Both, G.W., 2002. Xenogenic adenoviruses. In: Curiel, D.T., Douglas, J.T. (Eds.), Adenoviral Vectors for Gene Therapy. Academic Press, San Diego, CA, pp. 447–479.
[103] Brouwer, E., Havenga, M.J., Ophorst, O., et al., 2007. Human adenovirus type 35 vector for gene therapy of brain cancer: Improved transduction and bypass of pre-existing

anti-vector immunity in cancer patients. Cancer Gene Therapy 14 (2), 211–219.
[104] Klonjkowski, B., Gilardi-Hebenstreit, P., Hadchouel, J., et al., 1997. A recombinant E1-deleted canine adenoviral vector capable of transduction and expression of

a transgene in human-derived cells and in vivo. Human Gene Therapy 8 (17), 2103–2115.
[105] Kremer, E.J., 2004. CAR chasing: Canine adenovirus vectors – All bite and no bark? The Journal of Gene Medicine 6 (Suppl. 1), S139–S151.
[106] Paillard, F., 1997. Advantages of non-human adenoviruses versus human adenoviruses. Human Gene Therapy 8 (17), 2007–2009.

Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications 651



[107] Yang, S., Xia, X., Qiao, J., et al., 2008. Complete protection of cats against feline panleukopenia virus challenge by a recombinant canine adenovirus type 2 expressing VP2
from FPV. Vaccine 26 (11), 1482–1487.

[108] Zhao, Z.P., Xia, X.Z., Hu, R.L., et al., 2007. Construction and identification of recombinant canine adenovirus type 2 expressing exogenous rabies glycoprotein (Rgp). Wei
Sheng Wu Xue Bao 47 (2), 335–339.

[109] Merten, O.W., 2004. State-of-the-art of the production of retroviral vectors. The Journal of Gene Medicine 6 (Suppl. 1), S105–S124.
[110] Coroadinha, A.S., Schucht, R., Gama-Norton, L., et al., 2006. The use of recombinase mediated cassette exchange in retroviral vector producer cell lines: Predictability and

efficiency by transgene exchange. Journal of Biotechnology 124 (2), 457–468.
[111] Schucht, R., Coroadinha, A.S., Zanta-Boussif, M.A., et al., 2006. A new generation of retroviral producer cells: Predictable and stable virus production by Flp-mediated site-

specific integration of retroviral vectors. Molecular Therapy 14 (2), 285–292.
[112] Carroll, R., Lin, J.T., Dacquel, E.J., et al., 1994. A human immunodeficiency virus type 1 (HIV-1)-based retroviral vector system utilizing stable HIV-1 packaging cell lines.

Journal of Virology 68 (9), 6047–6051.
[113] Kafri, T., van Praag, H., Ouyang, L., et al., 1999. A packaging cell line for lentivirus vectors. Journal of Virology 73 (1), 576–584.
[114] Haselhorst, D., Kaye, J.F., Lever, A.M., 1998. Development of cell lines stably expressing human immunodeficiency virus type 1 proteins for studies in encapsidation and

gene transfer. Journal of General Virology 79 (Pt 2), 231–237.
[115] Imren, S., Payen, E., Westerman, K.A., et al., 2002. Permanent and panerythroid correction of murine beta thalassemia by multiple lentiviral integration in hematopoietic

stem cells. Proceedings of the National Academy of Sciences of the United States of America 99 (22), 14380–14385.
[116] Coleman, J.E., Huentelman, M.J., Kasparov, S., et al., 2003. Efficient large-scale production and concentration of HIV-1-based lentiviral vectors for use in vivo. Physiological

Genomics 12 (3), 221–228.
[117] Sena-Esteves, M., Tebbets, J.C., Steffens, S., et al., 2004. Optimized large-scale production of high titer lentivirus vector pseudotypes. Journal of Virological Methods 122

(2), 131–139.
[118] Lesch, H.P., Turpeinen, S., Niskanen, E.A., et al., 2008. Generation of lentivirus vectors using recombinant baculoviruses. Gene Therapy 15 (18), 1280–1286.
[119] Grimm, D., Kern, A., Rittner, K., Kleinschmidt, J.A., 1998. Novel tools for production and purification of recombinant adenoassociated virus vectors. Human Gene Therapy 9

(18), 2745–2760.
[120] Xiao, X., Li, J., Samulski, R.J., 1998. Production of high-titer recombinant adeno-associated virus vectors in the absence of helper adenovirus. Journal of Virology 72 (3),

2224–2232.
[121] Clark, K.R., 2002. Recent advances in recombinant adeno-associated virus vector production. Kidney International 61 (Suppl. 1), S9–S15.
[122] Urabe, M., Ding, C., Kotin, R.M., 2002. Insect cells as a factory to produce adeno-associated virus type 2 vectors. Human Gene Therapy 13 (16), 1935–1943.
[123] Hale, A.D., Bartkeviciute, D., Dargeviciute, A., et al., 2002. Expression and antigenic characterization of the major capsid proteins of human polyomaviruses BK and JC in

Saccharomyces cerevisiae. Journal of Virological Methods 104 (1), 93–98.
[124] Falcon, V., Garcia, C., de la Rosa, M.C., et al., 1999. Ultrastructural and immunocytochemical evidences of core-particle formation in the methylotrophic Pichia pastoris yeast

when expressing HCV structural proteins (core-E1). Tissue Cell 31 (2), 117–125.
[125] Kallstrom, G., Warfield, K.L., Swenson, D.L., et al., 2005. Analysis of Ebola virus and VLP release using an immunocapture assay. Journal of Virological Methods 127 (1),

1–9.
[126] Hou, L., Wu, H., Xu, L., Yang, F., 2009. Expression and self-assembly of virus-like particles of infectious hypodermal and hematopoietic necrosis virus in Escherichia coli.

Archives of Virology 154 (4), 547–553.
[127] Tan, M., Zhong, W., Song, D., et al., 2004. E. coli-expressed recombinant norovirus capsid proteins maintain authentic antigenicity and receptor binding capability. Journal

of Medical Virology 74 (4), 641–649.
[128] Stubenrauch, K., Bachmann, A., Rudolph, R., Lilie, H., 2000. Purification of a viral coat protein by an engineered polyionic sequence. Journal of Chromatography B:

Biomedical Sciences and Applications 737 (1–2), 77–84.
[129] Pattenden, L.K., Middelberg, A.P., Niebert, M., Lipin, D.I., 2005. Towards the preparative and large-scale precision manufacture of virus-like particles. Trends in

Biotechnology 23 (10), 523–529.
[130] Safdar, A., Cox, M.M., 2007. Baculovirus-expressed influenza vaccine. A novel technology for safe and expeditious vaccine production for human use. Expert Opinion on

Investigational Drugs 16 (7), 927–934.
[131] Liu, W.J., Liu, X.S., Zhao, K.N., et al., 2000. Papillomavirus virus-like particles for the delivery of multiple cytotoxic T cell epitopes. Virology 273 (2), 374–382.
[132] Slupetzky, K., Gambhira, R., Culp, T.D., et al., 2007. A papillomavirus-like particle (VLP) vaccine displaying HPV16 L2 epitopes induces cross-neutralizing antibodies to

HPV11. Vaccine 25 (11), 2001–2010.
[133] Kratz, P.A., Bottcher, B., Nassal, M., 1999. Native display of complete foreign protein domains on the surface of hepatitis B virus capsids. Proceedings of the National

Academy of Sciences of the United States of America 96 (5), 1915–1920.
[134] Mihailova, M., Boos, M., Petrovskis, I., et al., 2006. Recombinant virus-like particles as a carrier of B- and T-cell epitopes of hepatitis C virus (HCV). Vaccine 24 (20),

4369–4377.
[135] Oliveira, G.A., Wetzel, K., Calvo-Calle, J.M., et al., 2005. Safety and enhanced immunogenicity of a hepatitis B core particle Plasmodium falciparum malaria vaccine

formulated in adjuvant Montanide ISA 720 in a phase I trial. Infection and Immunity 73 (6), 3587–3597.
[136] Pumpens, P., Grens, E., 2001. HBV core particles as a carrier for B cell/T cell epitopes. Intervirology 44 (2–3), 98–114.
[137] Pumpens, P., Razanskas, R., Pushko, P., et al., 2002. Evaluation of HBs, HBc, and frCP virus-like particles for expression of human papillomavirus 16 E7 oncoprotein

epitopes. Intervirology 45 (1), 24–32.
[138] Bisht, H., Chugh, D.A., Raje, M., et al., 2002. Recombinant dengue virus type 2 envelope/hepatitis B surface antigen hybrid protein expressed in Pichia pastoris can function

as a bivalent immunogen. Journal of Biotechnology 99 (2), 97–110.
[139] Eckhart, L., Raffelsberger, W., Ferko, B., et al., 1996. Immunogenic presentation of a conserved gp41 epitope of human immunodeficiency virus type 1 on recombinant

surface antigen of hepatitis B virus. Journal of General Virology 77 (Pt 9), 2001–2008.
[140] Netter, H.J., Macnaughton, T.B., Woo, W.P., et al., 2001. Antigenicity and immunogenicity of novel chimeric hepatitis B surface antigen particles with exposed hepatitis C

virus epitopes. Journal of Virology 75 (5), 2130–2141.
[141] Schlienger, K., Mancini, M., Riviere, Y., et al., 1992. Human immunodeficiency virus type 1 major neutralizing determinant exposed on hepatitis B surface antigen particles is

highly immunogenic in primates. Journal of Virology 66 (4), 2570–2576.
[142] Sojikul, P., Buehner, N., Mason, H.S., 2003. A plant signal peptide-hepatitis B surface antigen fusion protein with enhanced stability and immunogenicity expressed in plant

cells. Proceedings of the National Academy of Sciences of the United States of America 100 (5), 2209–2214.
[143] Niikura, M., Takamura, S., Kim, G., et al., 2002. Chimeric recombinant hepatitis E virus-like particles as an oral vaccine vehicle presenting foreign epitopes. Virology 293 (2),

273–280.
[144] Deml, L., Speth, C., Dierich, M.P., et al., 2005. Recombinant HIV-1 Pr55gag virus-like particles: Potent stimulators of innate and acquired immune responses. Molecular

Immunology 42 (2), 259–277.
[145] Doan, L.X., Li, M., Chen, C., Yao, Q., 2005. Virus-like particles as HIV-1 vaccines. Reviews in Medical Virology 15 (2), 75–88.
[146] Dale, C.J., Liu, X.S., De Rose, R., et al., 2002. Chimeric human papilloma virus–simian/human immunodeficiency virus virus-like-particle vaccines: Immunogenicity and

protective efficacy in macaques. Virology 301 (1), 176–187.

652 Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications



[147] Frazer, I.H., Quinn, M., Nicklin, J.L., et al., 2004. Phase 1 study of HPV16-specific immunotherapy with E6E7 fusion protein and ISCOMATRIX adjuvant in women with
cervical intraepithelial neoplasia. Vaccine 23 (2), 172–181.

[148] Sadeyen, J.R., Tourne, S., Shkreli, M., et al., 2003. Insertion of a foreign sequence on capsid surface loops of human papillomavirus type 16 virus-like particles reduces their
capacity to induce neutralizing antibodies and delineates a conformational neutralizing epitope. Virology 309 (1), 32–40.

[149] Wakabayashi, M.T., Da Silva, D.M., Potkul, R.K., Kast, W.M., 2002. Comparison of human papillomavirus type 16 L1 chimeric virus-like particles versus L1/L2 chimeric
virus-like particles in tumor prevention. Intervirology 45 (4–6), 300–307.

[150] Citkowicz, A., Petry, H., Harkins, R.N., et al., 2008. Characterization of virus-like particle assembly for DNA delivery using asymmetrical flow field-flow fractionation and light
scattering. Analytical Biochemistry 376 (2), 163–172.

[151] Brinkman, M., Walter, J., Grein, S., et al., 2005. Beneficial therapeutic effects with different particulate structures of murine polyomavirus VP1-coat protein carrying self or
non-self CD8 T cell epitopes against murine melanoma. Cancer Immunology, Immunotherapy 54 (6), 611–622.

[152] Amexis, G., Young, N.S., 2006. Parvovirus B19 empty capsids as antigen carriers for presentation of antigenic determinants of dengue 2 virus. Journal of Infectious Diseases
194 (6), 790–794.

[153] Ambuhl, P.M., Tissot, A.C., Fulurija, A., et al., 2007. A vaccine for hypertension based on virus-like particles: Preclinical efficacy and phase I safety and immunogenicity.
Journal of Hypertension 25 (1), 63–72.

[154] Bengt, W., 2008. S2-04-06: Safety, tolerability and immunogenicity of the Ab immunotherapeutic vaccine CAD106 in a first-in-man study in Alzheimer patients. Alzheimer’s
and Dementia 4 (4), T128.

[155] Cornuz, J., Zwahlen, S., Jungi, W.F., et al., 2008. A vaccine against nicotine for smoking cessation: A randomized controlled trial. PLOS ONE 3 (6), e2547.
[156] Matthias, S., Karl-Heinz, W., Alain, C.T., et al., 2006. O1-06-01: Immunization with Ab1-6 coupled to the virus-like particle Qb (CAD106) efficiently removes b-amyloid

without inducing Ab-reactive T-cells. Alzheimer’s and Dementia 2 (3), S20.
[157] Maurer, P., Bachmann, M.F., 2006. Therapeutic vaccines for nicotine dependence. Current Opinion in Molecular Therapeutics 8 (1), 11–16.
[158] Maurer, P., Jennings, G.T., Willers, J., et al., 2005. A therapeutic vaccine for nicotine dependence: Preclinical efficacy, and Phase I safety and immunogenicity. European

Journal of Immunology 35 (7), 2031–2040.
[159] Spohn, G., Keller, I., Beck, M., et al., 2008. Active immunization with IL-1 displayed on virus-like particles protects from autoimmune arthritis. European Journal of

Immunology 38 (3), 877–887.
[160] Peacey, M., Wilson, S., Baird, M.A., Ward, V.K., 2007. Versatile RHDV virus-like particles: Incorporation of antigens by genetic modification and chemical conjugation.

Biotechnology and Bioengineering 98 (5), 968–977.
[161] Kimchi-Sarfaty, C., Gottesman, M.M., 2004. SV40 pseudovirions as highly efficient vectors for gene transfer and their potential application in cancer therapy. Current

Pharmaceutical Biotechnology 5 (5), 451–458.
[162] Mason, H.S., Warzecha, H., Mor, T., Arntzen, C.J., 2002. Edible plant vaccines: Applications for prophylactic and therapeutic molecular medicine. Trends in Molecular

Medicine 8 (7), 324–329.
[163] Kong, Q., Richter, L., Yang, Y.F., et al., 2001. Oral immunization with hepatitis B surface antigen expressed in transgenic plants. Proceedings of the National Academy of

Sciences of the United States of America 98 (20), 11539–11544.
[164] Tacket, C.O., Mason, H.S., Losonsky, G., et al., 1998. Immunogenicity in humans of a recombinant bacterial antigen delivered in a transgenic potato. Nature Medicine 4 (5),

607–609.
[165] Huang, Z., Elkin, G., Maloney, B.J., et al., 2005. Virus-like particle expression and assembly in plants: Hepatitis B and Norwalk viruses. Vaccine 23 (15),

1851–1858.
[166] Mason, H.S., Ball, J.M., Shi, J.J., et al., 1996. Expression of Norwalk virus capsid protein in transgenic tobacco and potato and its oral immunogenicity in mice. Proceedings

of the National Academy of Sciences of the United States of America 93 (11), 5335–5340.
[167] Rosenberg, S.A., Aebersold, P., Cornetta, K., et al., 1990. Gene transfer into humans – Immunotherapy of patients with advanced melanoma, using tumor-infiltrating

lymphocytes modified by retroviral gene transduction. The New England Journal of Medicine 323 (9), 570–578.
[168] Hacein-Bey-Abina, S., Le Deist, F., Carlier, F., et al., 2002. Sustained correction of X-linked severe combined immunodeficiency by ex vivo gene therapy. The New England

Journal of Medicine 346 (16), 1185–1193.
[169] McCormack, M.P., Rabbitts, T.H., 2004. Activation of the T-cell oncogene LMO2 after gene therapy for X-linked severe combined immunodeficiency. The New England

Journal of Medicine 350 (9), 913–922.
[170] Pike-Overzet, K., van der Burg, M., Wagemaker, G., et al., 2007. New insights and unresolved issues regarding insertional mutagenesis in X-linked SCID gene therapy.

Molecular Therapy 15 (11), 1910–1916.
[171] Coroadinha, A.S., Alves, P.M., Santos, S.S., et al., 2006. Retrovirus producer cell line metabolism: Implications on viral productivity. Applied Microbiology and Biotechnology

72 (6), 1125–1135.
[172] Coroadinha, A.S., Ribeiro, J., Roldao, A., et al., 2006. Effect of medium sugar source on the production of retroviral vectors for gene therapy. Biotechnology and

Bioengineering 94 (1), 24–36.
[173] Rodrigues, A.F., Carmo, M., Alves, P.M., Coroadinha, A.S., 2009. Retroviral vector production under serum deprivation: The role of lipids. Biotechnology and Bioengineering

104 (6), 1171–1181.
[174] Carmo, M., Alves, A., Rodrigues, A.F., et al., 2009. Stabilization of gammaretroviral and lentiviral vectors: From production to gene transfer. The Journal of Gene Medicine 11

(8), 670–678.
[175] Coroadinha, A.S., Silva, A.C., Pires, E., et al., 2006. Effect of osmotic pressure on the production of retroviral vectors: Enhancement in vector stability. Biotechnology and

Bioengineering 94 (2), 322–329.
[176] Coroadinha, A.S., Alves, P.M., Carrondo, M.J.T., 2006. 293 FLEX a new cell line for fast, reproducible and efficient production of retroviral gene therapy vectors. Molecular

Therapy 13, S316.
[177] Kremer, E.J., 2005. Gene transfer to the central nervous system: Current state of the art of the viral vectors. Current Genomics 6 (1), 13–37.
[178] Crystal, R.G., McElvaney, N.G., Rosenfeld, M.A., et al., 1994. Administration of an adenovirus containing the human CFTR cDNA to the respiratory tract of individuals with

cystic fibrosis. Nature Genetics 8 (1), 42–51.
[179] Flotte, T.R., Carter, B., Conrad, C., et al., 1996. A phase I study of an adeno-associated virus-CFTR gene vector in adult CF patients with mild lung disease. Human Gene

Therapy 7 (9), 1145–1159.
[180] Kay, M.A., Manno, C.S., Ragni, M.V., et al., 2000. Evidence for gene transfer and expression of factor IX in haemophilia B patients treated with an AAV vector. Nature

Genetics 24 (3), 257–261.
[181] Bank, A., Dorazio, R., Leboulch, P., 2005. A phase I/II clinical trial of beta-globin gene therapy for beta-thalassemia. Annals of the New York Academy of Sciences 1054,

308–316.
[182] Glorioso, J.C., Mata, M., Fink, D.J., 2003. Exploiting the neurotherapeutic potential of peptides: Targeted delivery using HSV vectors. Expert Opinion on Biological Therapy 3

(8), 1233–1239.
[183] Mata, M., Chattopadhyay, M., Fink, D.J., 2006. Gene therapy for the treatment of sensory neuropathy. Expert Opinion on Biological Therapy 6 (5), 499–507.
[184] Dormond, E., Perrier, M., Kamen, A., 2009. From the first to the third generation adenoviral vector: What parameters are governing the production yield? Biotechnology

Advances 27 (2), 133–144.

Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications 653



[185] Ferreira, T.B., Ferreira, A.L., Carrondo, M.J., Alves, P.M., 2005. Two different serum-free media and osmolality effect upon human 293 cell growth and adenovirus
production. Biotechnology Letters 27 (22), 1809–1813.

[186] Kim, J.S., Lee, S.H., Cho, Y.S., et al., 2001. Development of a packaging cell line for propagation of replication-deficient adenovirus vector. Experimental and Molecular
Medicine 33 (3), 145–149.

[187] Nadeau, I., Kamen, A., 2003. Production of adenovirus vector for gene therapy. Biotechnology Advances 20 (7–8), 475–489.
[188] Subramanian, S., Kim, J.J., Harding, F., et al., 2007. Scaleable production of adenoviral vectors by transfection of adherent PER.C6 cells. Biotechnology Progress 23 (5),

1210–1217.
[189] Volpers, C., Kochanek, S., 2004. Adenoviral vectors for gene transfer and therapy. The Journal of Gene Medicine 6 (Suppl. 1), S164–S171.
[190] Xie, L., Metallo, C., Warren, J., et al., 2003. Large-scale propagation of a replication-defective adenovirus vector in stirred-tank bioreactor PER.C6 cell culture under sparging

conditions. Biotechnology and Bioengineering 83 (1), 45–52.
[191] Xie, L., Pilbrough, W., Metallo, C., et al., 2002. Serum-free suspension cultivation of PER.C6(R) cells and recombinant adenovirus production under different pH conditions.

Biotechnology and Bioengineering 80 (5), 569–579.
[192] Bajgelman, M.C., Costanzi-Strauss, E., Strauss, B.E., 2003. Exploration of critical parameters for transient retrovirus production. Journal of Biotechnology 103 (2), 97–106.
[193] Blesch, A., 2004. Lentiviral and MLV based retroviral vectors for ex vivo and in vivo gene transfer. Methods 33 (2), 164–172.
[194] Cockrell, A.S., Kafri, T., 2007. Gene delivery by lentivirus vectors. Molecular Biotechnology 36 (3), 184–204.
[195] Kuroda, H., Kutner, R.H., Bazan, N.G., Reiser, J., 2009. Simplified lentivirus vector production in protein-free media using polyethylenimine-mediated transfection. Journal of

Virological Methods 157 (2), 113–121.
[196] Aucoin, M.G., Perrier, M., Kamen, A.A., 2008. Critical assessment of current adeno-associated viral vector production and quantification methods. Biotechnology Advances

26 (1), 73–88.
[197] Coura Rdos, S., Nardi, N.B., 2007. The state of the art of adeno-associated virus-based vectors in gene therapy. Virology Journal 4, 99.
[198] Park, J.Y., Lim, B.P., Lee, K., et al., 2006. Scalable production of adeno-associated virus type 2 vectors via suspension transfection. Biotechnology and Bioengineering 94

(3), 416–430.
[199] Reed, S.E., Staley, E.M., Mayginnes, J.P., et al., 2006. Transfection of mammalian cells using linear polyethylenimine is a simple and effective means of producing

recombinant adeno-associated virus vectors. Journal of Virological Methods 138 (1–2), 85–98.
[200] Segura, M.M., Garnier, A., Durocher, Y., et al., 2007. Production of lentiviral vectors by large-scale transient transfection of suspension cultures and affinity chromatography

purification. Biotechnology and Bioengineering 98 (4), 789–799.
[201] Burton, E.A., Bai, Q., Goins, W.F., Glorioso, J.C., 2002. Replication-defective genomic herpes simplex vectors: Design and production. Current Opinion in Biotechnology 13

(5), 424–428.
[202] Burton, E.A., Fink, D.J., Glorioso, J.C., 2002. Gene delivery using herpes simplex virus vectors. DNA and Cell Biology 21 (12), 915–936.
[203] Burton, E.A., Wechuck, J.B., Wendell, S.K., et al., 2001. Multiple applications for replication-defective herpes simplex virus vectors. Stem Cells 19 (5), 358–377.
[204] Goins, W.F., Wolfe, D., Krisky, D.M., et al., 2004. Delivery using herpes simplex virus: An overview. Methods in Molecular Biology 246, 257–299.
[205] Grant, K.G., Krisky, D.M., Ataai, M.M., Glorioso III, J.C., 2009. Engineering cell lines for production of replication defective HSV-1 gene therapy vectors. Biotechnology and

Bioengineering 102 (4), 1087–1097.
[206] Ozuer, A., Wechuck, J.B., Goins, W.F., et al., 2002. Effect of genetic background and culture conditions on the production of herpesvirus-based gene therapy vectors.

Biotechnology and Bioengineering 77 (6), 685–692.
[207] Wechuck, J.B., Goins, W.F., Glorioso, J.C., Ataai, M.M., 2000. Effect of protease inhibitors on yield of HSV-1-based viral vectors. Biotechnology Progress 16 (3), 493–496.
[208] Vicente, T., Peixoto, C., Carrondo, M.J., Alves, P.M., 2009. Purification of recombinant baculoviruses for gene therapy using membrane processes. Gene Therapy 16 (6),

766–775.
[209] Bilello, J.P., Delaney, W.E., Boyce, F.M., Isom, H.C., 2001. Transient disruption of intercellular junctions enables baculovirus entry into nondividing hepatocytes. Journal of

Virology 75 (20), 9857–9871.
[210] Pieroni, L., Maione, D., La Monica, N., 2001. In vivo gene transfer in mouse skeletal muscle mediated by baculovirus vectors. Human Gene Therapy 12 (8), 871–881.
[211] Li, Y., Yang, Y., Wang, S., 2005. Neuronal gene transfer by baculovirus-derived vectors accommodating a neurone-specific promoter. Experimental Physiology 90 (1),

39–44.
[212] Kinnunen, K., Kalesnykas, G., Mahonen, A.J., et al., 2009. Baculovirus is an efficient vector for the transduction of the eye: Comparison of baculovirus- and adenovirus-

mediated intravitreal vascular endothelial growth factor D gene transfer in the rabbit eye. The Journal of Gene Medicine 11 (5), 382–389.
[213] Grassi, G., Kohn, H., Dapas, B., et al., 2006. Comparison between recombinant baculo- and adenoviral-vectors as transfer system in cardiovascular cells. Archives of

Virology 151 (2), 255–271.
[214] Carinhas, N., Bernal, V., Yokomizo, A.Y., et al., 2009. Baculovirus production for gene therapy: The role of cell density, multiplicity of infection and medium exchange. Applied

Microbiology and Biotechnology 81 (6), 1041–1049.
[215] Bernal, V., Carinhas, N., Yokomizo, A.Y., et al., 2009. Cell density effect in the baculovirus–insect cells system: A quantitative analysis of energetic metabolism.

Biotechnology and Bioengineering 104 (1), 162–180.
[216] Carinhas, N., Bernal, V., Monteiro, F., et al., 2009. Improving baculovirus production at high cell density through manipulation of energy metabolism. Metabolic Engineering

12 (1), 39–52.
[217] Ramqvist, T., Andreasson, A., Dalianis, T., 2007. Vaccination, immune and gene therapy based on virus-like particles against viral infections and cancer. Expert Opinion on

Biological Therapy 7 (7), 997–1007.
[218] Kazaks, A., Borisova, G., Cvetkova, S., et al., 2004. Mosaic hepatitis B virus core particles presenting the complete preS sequence of the viral envelope on their surface.

Journal of General Virology 85 (Pt 9), 2665–2670.
[219] Chang, D., Cai, X., Consigli, R.A., 1993. Characterization of the DNA binding properties of polyomavirus capsid protein. Journal of Virology 67 (10), 6327–6331.
[220] Slilaty, S.N., Aposhian, H.V., 1983. Gene transfer by polyoma-like particles assembled in a cell-free system. Science 220 (4598), 725–727.
[221] Forstova, J., Krauzewicz, N., Sandig, V., et al., 1995. Polyoma virus pseudocapsids as efficient carriers of heterologous DNA into mammalian cells. Human Gene Therapy 6

(3), 297–306.
[222] Tegerstedt, K., Franzen, A.V., Andreasson, K., et al., 2005. Murine polyomavirus virus-like particles (VLPs) as vectors for gene and immune therapy and vaccines against viral

infections and cancer. Anticancer Research 25 (4), 2601–2608.
[223] Arad, U., Zeira, E., El-Latif, M.A., et al., 2005. Liver-targeted gene therapy by SV40-based vectors using the hydrodynamic injection method. Human Gene Therapy 16 (3),

361–371.
[224] Chackerian, B., Lowy, D.R., Schiller, J.T., 2001. Conjugation of a self-antigen to papillomavirus-like particles allows for efficient induction of protective autoantibodies. The

Journal of Clinical Investigation 108 (3), 415–423.
[225] Copeman, S.M., Braidwood, P.M., 1897. Liquid vaccine virus. The Lancet 149 (3832), 406.
[226] Crawford, S.E., Labbe, M., Cohen, J., et al., 1994. Characterization of virus-like particles produced by the expression of rotavirus capsid proteins in insect cells. Journal of

Virology 68 (9), 5945–5952.
[227] Labbe, M., Charpilienne, A., Crawford, S.E., et al., 1991. Expression of rotavirus VP2 produces empty corelike particles. Journal of Virology 65 (6), 2946–2952.
[228] McAleer, W.J., Buynak, E.B., Maigetter, R.Z., et al., 1984. Human hepatitis B vaccine from recombinant yeast. Nature 307 (5947), 178–180.

654 Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications



[229] Ferreira, T.B., Carrondo, M.J., Alves, P.M., 2007. Effect of ammonia production on intracellular pH: Consequent effect on adenovirus vector production. Journal of
Biotechnology 129 (3), 433–438.

[230] Ferreira, T.B., Ferreira, A.L., Carrondo, M.J., Alves, P.M., 2005. Effect of re-feed strategies and non-ammoniagenic medium on adenovirus production at high cell densities.
Journal of Biotechnology 119 (3), 272–280.

[231] Lee, Y.Y., Wong, K.T., Nissom, P.M., et al., 2007. Transcriptional profiling of batch and fed-batch protein-free 293-HEK cultures. Metabolic Engineering 9 (1), 52–67.
[232] Maranga, L., Brazao, T.F., Carrondo, M.J., 2003. Virus-like particle production at low multiplicities of infection with the baculovirus insect cell system. Biotechnology and

Bioengineering 84 (2), 245–253.
[233] Kompier, R., Tramper, J., Vlak, J.M., 1988. A continuous process for the production of baculovirus using insect cell cultures. Biotechnology Letters 10, 849–854.
[234] van Lier, F.L., van Duijnhoven, G.C., de Vaan, M.M., et al., 1994. Continuous beta-galactosidase production in insect cells with a p10 gene based baculovirus vector in

a two-stage bioreactor system. Biotechnology Progress 10 (1), 60–64.
[235] Caron, A.W., Tom, R.L., Kamen, A.A., Massie, B., 1994. Baculovirus expression system scaleup by perfusion of high-density Sf-9 cell cultures. Biotechnology and

Bioengineering 43 (9), 881–891.
[236] Liu, H., Liu, X.M., Li, S.C., et al., 2009. A high-yield and scaleable adenovirus vector production process based on high density perfusion culture of HEK 293 cells as

suspended aggregates. Journal of Bioscience and Bioengineering 107 (5), 524–529.
[237] Aucoin, M.G., Jacob, D., Cha, P.S., et al., 2008. Virus-like particle and viral vector production using the baculovirus expression vector system/insect cell system. In:

Murha, D.W. (Ed.), Baculovirus and Insect Cell Expression Protocols, second ed. Humana Press, Totowa, NJ, pp. 281–296.
[238] Cruz, P.E., Almeida, J.S., Murphy, P.N., et al., 2000. Modeling retrovirus production for gene therapy. 1. Determination of optimal bioreaction mode and harvest strategy.

Biotechnology Progress 16 (2), 213–221.
[239] Hu, W.S., Oberg, M.G., 1990. Monitoring and control of animal cell reactors: Biochemical Engineering considerations. In: Lubiniecki, A.S. (Ed.), Large-Scale Mammalian Cell

Culture Technology. Marcel Dekker, Inc, New York, NY, pp. 451–482.
[240] Murhammer, D., Goochee, C., 1988. Scale up of insect cell cultures: Protective effects of Pluronic F-68. Biotechnology 6, 1411–1418.
[241] Wang, M.Y., Pulliam, T.R., Valle, M., et al., 1996. Kinetic analysis of alkaline protease activity, recombinant protein production and metabolites for infected insect (Sf9) cells

under different DO levels. Journal of Biotechnology 46, 243–245.
[242] Konz, J.O., King, J., Cooney, C.L., 1998. Effects of oxygen on recombinant protein expression. Biotechnology Progress 14 (3), 393–409.
[243] Aboud, M., Wolfson, M., Hassan, Y., Huleihel, M., 1982. Rapid purification of extracellular and intracellular Moloney murine leukemia virus. Archives of Virology 71 (3),

185–195.
[244] Mellado, M.C., Peixoto, C., Cruz, P.E., et al., 2008. Purification of recombinant rotavirus VP7 glycoprotein for the study of in vitro rotavirus-like particles assembly. Journal of

Chromatography B: Analytical Technologies in the Biomedical and Life Sciences 874 (1–2), 89–94.
[245] Peixoto, C., Ferreira, T.B., Sousa, M.F., et al., 2008. Towards purification of adenoviral vectors based on membrane technology. Biotechnology Progress 24 (6), 1290–1296.
[246] Rodrigues, T., Carvalho, A., Carmo, M., et al., 2007. Scaleable purification process for gene therapy retroviral vectors. The Journal of Gene Medicine 9 (4), 233–243.
[247] Tsuchida, N., Bhaduri, S., Raskas, H.J., Green, M., 1973. Partial purification of intracellular murine sarcoma-leukemia virus RNA species by membrane filtration. Intervirology

1 (1), 27–33.
[248] DelProposto, J., Majmudar, C.Y., Smith, J.L., Brown, W.C., 2009. Mocr: A novel fusion tag for enhancing solubility that is compatible with structural biology applications.

Protein Expression and Purification 63 (1), 40–49.
[249] Hu, Y.-C., Tsaia, C.-T., Chunga, Y.-C., et al., 2003. Generation of chimeric baculovirus with histidine-tags displayed on the envelope and its purification using immobilized

metal affinity chromatography. Enzyme and Microbial Technology 33 (4), 445–452.
[250] Fonda, I., Kenig, M., Gaberc-Porekar, V., et al., 2002. Attachment of histidine tags to recombinant tumor necrosis factor-alpha drastically changes its properties. Sci-

entificWorldJournal 2, 1312–1325.
[251] Goel, A., Colcher, D., Koo, J.S., et al., 2000. Relative position of the hexahistidine tag effects binding properties of a tumor-associated single-chain Fv construct. Biochimica

et Biophysica Acta 1523 (1), 13–20.
[252] Moreira, J.L., Alves, P.M., Feliciano, A.S., et al., 1995. Serum-free and serum-containing media for growth of suspended BHK aggregates in stirred vessels. Enzyme and

Microbial Technology 17 (5), 437–444.
[253] Negrete, A., Ling, T.C., Lyddiatt, A., 2007. Production of adenoviral vectors and its recovery. Process Biochemistry 42 (7), 1107–1113.
[254] Morenweiser, R., 2005. Downstream processing of viral vectors and vaccines. Gene Therapy 12 (Suppl. 1), S103–S110.
[255] Vicente, T., Sousa, M.F.Q., Peixoto, C., et al., 2008. Anion-exchange membrane chromatography for purification of rotavirus-like particles. Journal of Membrane Science 311

(1–2), 270–283.
[256] Wu, M., Mergia, A., 1999. Packaging cell lines for simian foamy virus type 1 vectors. Journal of Virology 73 (5), 4498–4501.
[257] Carrondo, M.J., Merten, O.W., Haury, M., et al., 2008. Impact of retroviral vector components stoichiometry on packaging cell lines: Effects on productivity and vector quality.

Human Gene Therapy 19 (2), 199–210.
[258] Jarvis, D.L., Fleming, J.A., Kovacs, G.R., et al., 1990. Use of early baculovirus promoters for continuous expression and efficient processing of foreign gene products in stably

transformed lepidopteran cells. Biotechnology (N Y) 8 (10), 950–955.
[259] Gao, G., Zhou, X., Alvira, M.R., et al., 2003. High throughput creation of recombinant adenovirus vectors by direct cloning, green-white selection and I-Sce I-mediated rescue

of circular adenovirus plasmids in 293 cells. Gene Therapy 10 (22), 1926–1930.
[260] Ferreira, T.B., Perdigao, R., Silva, A.C., et al., 2009. 293 Cell cycle synchronisation adenovirus vector production. Biotechnology Progress 25 (1), 235–243.
[261] Caron, A.W., Archambault, J., Massie, B., 1990. High-level recombinant protein production in bioreactors using the baculovirus–insect cell expression system. Biotechnology

and Bioengineering 36 (11), 1133–1140.
[262] Mena, J.A., Ramirez, O.T., Palomares, L.A., 2005. Quantification of rotavirus-like particles by gel permeation chromatography. Journal of Chromatography B: Analytical

Technologies in the Biomedical and Life Sciences 824 (1–2), 267–276.
[263] Roldão, A., Carrondo, M.J.T., Alves, P.M., Oliveira, R., 2008. Stochastic simulation of protein expression in the baculovirus/insect cells system. Computers and Chemical

Engineering 32 (1–2), 68–77.
[264] Hong, S., Hwang, D.-Y., Yoon, S., et al., 2007. Functional analysis of various promoters in lentiviral vectors at different stages of in vitro differentiation of mouse embryonic

stem cells. Molecular Therapy 15 (9), 1630–1639.
[265] Morris, T.D., Miller, L.K., 1992. Promoter influence on baculovirus-mediated gene expression in permissive and nonpermissive insect cell lines. Journal of Virology 66 (12),

7397–7405.
[266] Pajot-Augy, E., Bozon, V., Remy, J.J., et al., 1999. Critical relationship between glycosylation of recombinant lutropin receptor ectodomain and its secretion from baculovirus-

infected insect cells. European Journal of Biochemistry 260 (3), 635–648.
[267] Roldão, A., Vieira, H.L., Charpilienne, A., et al., 2007. Modeling rotavirus-like particles production in a baculovirus expression vector system: Infection kinetics, baculovirus

DNA replication, mRNA synthesis and protein production. Journal of Biotechnology 128 (4), 875–894.
[268] Licari, P., Bailey, J.E., 1992. Modeling the population dynamics of baculovirus-infected insect cells: Optimizing infection strategies for enhanced recombinant protein yields.

Biotechnology and Bioengineering 39 (4), 432–441.
[269] Mena, J.A., Ramirez, O.T., Palomares, L.A., 2007. Population kinetics during simultaneous infection of insect cells with two different recombinant baculoviruses for the

production of rotavirus-like particles. BMC Biotechnology 7, 39.

Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications 655



[270] Tsao, E.I., Mason, M.R., Cacciuttolo, M.A., et al., 1996. Production of parvovirus B19 vaccine in insect cells co-infected with double baculoviruses. Biotechnology and
Bioengineering 49 (2), 130–138.

[271] Wickham, T., Davis, T., Granados, R., et al., 1991. Baculovirus defective interfering particles are responsible for variations in recombinant protein production as a function of
multiplicity of infection. Biotechnology Letters 13 (7), 483–488.

[272] Power, J.F., Reid, S., Radford, K.M., et al., 1994. Modeling and optimization of the baculovirus expression vector system in batch suspension culture. Biotechnology and
Bioengineering 44 (6), 710–719.

[273] Xi, S.Z., Banks, L.M., 1991. Baculovirus expression of the human papillomavirus type 16 capsid proteins: Detection of L1–L2 protein complexes. Journal of General Virology
72 (Pt 12), 2981–2988.

[274] Higashikawa, F., Chang, L., 2001. Kinetic analyses of stability of simple and complex retroviral vectors. Virology 280 (1), 124–131.
[275] Kwon, Y.J., Hung, G., Anderson, W.F., et al., 2003. Determination of infectious retrovirus concentration from colony-forming assay with quantitative analysis. Journal of

Virology 77 (10), 5712–5720.
[276] Roldão, A., Oliveira, R., Carrondo, M.J., Alves, P.M., 2009. Error assessment in recombinant baculovirus titration: Evaluation of different methods. Journal of Virological

Methods 159 (1), 69–80.
[277] Carmo, M., Peixoto, C., Coroadinha, A.S., et al., 2004. Quantitation of MLV-based retroviral vectors using real-time RT-PCR. Journal of Virological Methods 119 (2),

115–119.
[278] Heinemeyer, T., Klingenhoff, A., Hansen, W., et al., 1997. A sensitive method for the detection of murine C-type retroviruses. Journal of Virological Methods 63 (1–2),

155–165.
[279] Muriaux, D., Mirro, J., Nagashima, K., et al., 2002. Murine leukemia virus nucleocapsid mutant particles lacking viral RNA encapsidate ribosomes. Journal of Virology 76

(22), 11405–11413.
[280] Kuhn, I., Larsen, B., Gross, C., Hermiston, T., 2007. High-performance liquid chromatography method for rapid assessment of viral particle number in crude adenoviral

lysates of mixed serotype. Gene Therapy 14 (2), 180–184.
[281] Transfiguracion, J., Coelho, H., Kamen, A., 2004. High-performance liquid chromatographic total particles quantification of retroviral vectors pseudotyped with vesicular

stomatitis virus-G glycoprotein. Journal of Chromatography B: Analytical Technologies in the Biomedical and Life Sciences 813 (1–2), 167–173.
[282] Meghrous, J., Aucoin, M.G., Jacob, D., et al., 2005. Production of recombinant adeno-associated viral vectors using a baculovirus/insect cell suspension culture system:

From shake flasks to a 20-L bioreactor. Biotechnology Progress 21 (1), 154–160.
[283] Franco, C.F., Mellado, M.C.M., Alves, P.M., Coelho, A.V., 2009. Monitoring virus-like particle and viral protein production by intact cell MALDI-TOF mass spectrometry.

Talanta 80 (4), 1561–1568.
[284] Mellado, M.C.M., Roldão, A., Carrondo, M.J.T., Alves, P.M., 2009. Assessment of RLPs production and assembly efficiency using capillary zone electrophoresis.

Unpublished work.
[285] Teixeira, A.P., Oliveira, R., Alves, P.M., Carrondo, M.J., 2009. Advances in on-line monitoring and control of mammalian cell cultures: Supporting the PAT initiative.

Biotechnology Advances 27 (6), 726–732.
[286] Teixeira, A.P., Portugal, C.A., Carinhas, N., et al., 2009. In situ 2D fluorometry and chemometric monitoring of mammalian cell cultures. Biotechnology and Bioengineering

102 (4), 1098–1106.
[287] Endres, D., Zlotnick, A., 2002. Model-based analysis of assembly kinetics for virus capsids or other spherical polymers. Biophysical Journal 83 (2), 1217–1230.
[288] Hu, Y.C., Bentley, W.E., 2000. A kinetic and statistical-thermodynamic model for baculovirus infection and virus-like particle assembly in suspended insect cells. Chemical

Engineering Science 55, 3991–4008.
[289] Zlotnick, A., 1994. To build a virus capsid. An equilibrium model of the self assembly of polyhedral protein complexes. Journal of Molecular Biology 241 (1), 59–67.
[290] Zlotnick, A., 2005. Theoretical aspects of virus capsid assembly. Journal of Molecular Recognition 18 (6), 479–490.
[291] Zlotnick, A., Aldrich, R., Johnson, J.M., et al., 2000. Mechanism of capsid assembly for an icosahedral plant virus. Virology 277 (2), 450–456.
[292] Zlotnick, A., Stray, S.J., 2003. How does your virus grow? Understanding and interfering with virus assembly. Trends in Biotechnology 21 (12), 536–542.
[293] Mellado, M.C.M., Mena, J.A., Lopes, A., et al., 2009. Impact of physicochemical parameters on in vitro assembly and disassembly kinetics of recombinant triple-layered

rotavirus-like particles. Biotechnology and Bioengineering 104 (4), 674–686.
[294] Berns, K.I., Flotte, T.R., 2008. Gene therapy: Use of viruses as vectors. In: Mahy, B.W.J., Van Regenmortel, M.H. (Eds.), Encyclopedia of Virology, third ed. Academic Press,

San Diego, CA, pp. 301–306.
[295] Yang, Y., Li, Q., Ertl, H.C., Wilson, J.M., 1995. Cellular and humoral immune responses to viral antigens create barriers to lung-directed gene therapy with recombinant

adenoviruses. Journal of Virology 69 (4), 2004–2015.
[296] Parry, S., Koi, H., Strauss, J.F., 1999. Transplacental drug delivery: Gene and virus delivery to the trophoblast. Advanced Drug Delivery Reviews 38 (1), 69–80.
[297] Carrascosa, A.L., Sastre, I., Vinuela, E., 1995. Production and purification of recombinant African swine fever virus attachment protein p12. Journal of Biotechnology 40 (2),

73–86.
[298] Lapied, B., Pennetier, C., Apaire-Marchais, V., et al., 2009. Innovative applications for insect viruses: Towards insecticide sensitization. Trends in Biotechnology 27 (4),

190–198.
[299] Artenstein, A.W., Grabenstein, J.D., 2008. Smallpox vaccines for biodefense: Need and feasibility. Expert Review of Vaccines 7 (8), 1225–1237.
[300] Weiss, M.M., Weiss, P.D., Weiss, D.E., Weiss, J.B., 2007. Disrupting the transmission of influenza A: Face masks and ultraviolet light as control measures. American Journal

of Public Health 97 (Suppl. 1), S32–S37.
[301] Singh, P., Gonzalez, M.J., Manchester, M., 2006. Viruses and their uses in nanotechnology. Drug Development Research 67 (1), 23–41.
[302] Crawford, S.E., Estes, M.K., Ciarlet, M., et al., 1999. Heterotypic protection and induction of a broad heterotypic neutralization response by rotavirus-like particles. Journal of

Virology 73 (6), 4813–4822.
[303] Kang, S.M., Song, J.M., Quan, F.S., Compans, R.W., 2009. Influenza vaccines based on virus-like particles. Virus Research 143 (2), 140–146.
[304] Blum, A.S., Soto, C.M., Wilson, C.D., et al., 2005. An engineered virus as a scaffold for three-dimensional self-assembly on the nanoscale. Small 1 (7), 702–706.
[305] Fischlechner, M., Donath, E., 2007. Viruses as building blocks for materials and devices. Angewandte Chemie (International Edition in English) 46 (18), 3184–3193.
[306] Plascencia-Villa, G., Saniger, J.M., Ascencio, J.A., et al., 2009. Use of recombinant rotavirus VP6 nanotubes as a multifunctional template for the synthesis of nano-

biomaterials functionalized with metals. Biotechnology and Bioengineering 104 (5), 871–881.
[307] Soto, C.M., Blum, A.S., Vora, G.J., et al., 2006. Fluorescent signal amplification of carbocyanine dyes using engineered viral nanoparticles. Journal of the American Chemical

Society 128 (15), 5184–5189.

656 Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications


	1.47 Viruses and Virus-Like Particles in Biotechnology: Fundamentals and Applications
	1.47.1 Introduction
	1.47.2 Types of Viruses
	1.47.2.1 Virus With DNA
	1.47.2.2 Virus With RNA
	1.47.2.2.1 Group III: dsRNA viruses
	1.47.2.2.2 Group IV: (+) ssRNA viruses
	1.47.2.2.3 Group V: (−) ssRNA viruses


	1.47.3 Types of VLPs
	1.47.3.1 VLPs of Structurally Simple Viruses
	1.47.3.2 VLPs With Lipid Envelope
	1.47.3.3 VLPs With Multiple-Protein Layers

	1.47.4 Production Platforms: A Focus on Animal Cell Technology
	1.47.4.1 Cell Lines for Virus Production
	1.47.4.1.1 Cell lines used to produce adenovirus
	1.47.4.1.2 Cell lines for retrovirus and lentivirus production
	1.47.4.1.3 Cell lines for adeno-associated virus production

	1.47.4.2 Expression Systems for VLP Production
	1.47.4.2.1 Bacteria and yeast cells
	1.47.4.2.2 Baculovirus/insect cell system
	1.47.4.2.3 Mammalian cells
	1.47.4.2.4 Transgenic plants


	1.47.5 Applications: Prevention and Treatment
	1.47.5.1 Virus Applications
	1.47.5.1.1 Vaccine development
	1.47.5.1.2 Gene therapy

	1.47.5.2 VLP Applications
	1.47.5.2.1 Prophylactic vaccination
	1.47.5.2.2 Therapeutic vaccination
	1.47.5.2.3 Gene delivery
	1.47.5.2.4 Drug delivery


	1.47.6 Bioengineering Challenges
	1.47.6.1 The Production Strategy
	1.47.6.2 The “Envirome”
	1.47.6.3 The Downstream Processing
	1.47.6.4 Transfection Versus Transduction
	1.47.6.5 The Key Process-Related Parameters
	1.47.6.6 Process Monitoring and Product Quality Control
	1.47.6.7 Thermodynamic Assembly of Viruses and VLPs

	1.47.7 Concluding Remarks and Future Trends
	1.47.8 Acknowledgments
	References


