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20.1 INTRODUCTION 

Polyomaviruses (PyVs) and papillomaviruses (PVs) are small 

nonenveloped tumorigenic viruses. They share many common 

morphological features (Klug 1965) that led to their original 

coclassification as part of Papovaviridae family. In 1998, the 

detailed understanding of their distinct biology and genome 

organization resulted in the splitting of these viruses into 

two separate families: Polyomaviridae (containing the sin- 

gle genus Polyomavirus) and Papillomaviridae (containing 

the single genus Papillomavirus) (Van Regenmortel et al. 

1999). Since their discovery, PyVs have served as research 

tools for revealing basic principles of viral capsid structure 

(Klug 1965; Anderer et al. 1967; Finch 1974; Rayment et al. 

1982) and many important molecular processes in living 

cells. Moreover, since the early 1970s, the potential of empty 
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polyoma viral particles as carriers of genes into mammalian 

cells has been recognized (Osterman et al. 1970; Qasba and 

Aposhian 1971; Aposhian et al. 1975). Research into PVs 

has lagged behind due to the difficulty of their cultivation. 

DNA recombinant technology has helped to regain research 

interest in PVs, especially with the discovery of the presence 

of two types of human PVs (HPVs), HPV16 and HPV18, in 

human cervical tumors (Dürst et al. 1983). Consequently, 

several studies have demonstrated that more than a dozen 

HPV types are important etiological agents in human can- 

cer. These findings accelerated PV research and led to the 

development of virus-like particle (VLP) technology, mainly 

for vaccine production. On the contrary, well-known human 

PyVs, BK virus (BKPyV) and JC polyomavirus (JCPyV) 

discovered in the 1970s (Zurhein and Chou 1965; Gardner 

et al. 1971), were never recognized as oncogenic in humans 

(Abend et al. 2009; Maginnis and Atwood 2009), and research 

focused on nonhuman PyVs as vectors for gene and immune 

therapy in PyV-unrelated cancers (Krauzewicz and Griffin 

2000; Tegerstedt et al. 2005a). However, the Merkel cell PyV 

(MCPyV), the newly discovered PyV found in biopsies of 

the rare and aggressive human neuroendocrine skin cancer 

Merkel cell carcinoma (MCC) (Feng et al. 2008), changed 

the view of the oncogenic potential of PyVs in humans, and 

 

protective vaccines may soon become an important area of 

research. Conversely, the availability of two different protec- 

tive vaccines against high-risk HPVs may result not only in 

progress toward therapeutic vaccines but also in the develop- 

ment of PV-based nanocarriers of drugs, diagnostic probes, 

or therapeutic genes, similar to those of PyV-based vectors. 

This chapter summarizes the important developments in PyV- 

and PV-based nanotechnology. It compares both systems for 

different applications when the biology and structure of the 

virus, interactions between the virus and its host cell, and 

vector production facilities are taken into account. The suit- 

ability of these viral nanotechnology tools as gene, protein, 

drug, or other compound nanocarriers as well as vaccines is 

discussed for both virus families together with the advantages 

and disadvantages connected to specific uses. 

 

20.2 BIOLOGY OF PAPILLOMAVIRUSES 

AND POLYOMAVIRUSES 

 

PyVs and PVs share many common features in their morphol- 

ogy and biology, but they differ in some aspects. Table 20.1 

shows some of these features. 

 
 

TABLE 20.1 

Properties of PyVs and PVs 

Characteristics PyV PV 
 

Virion  

Capsid symmetry Icosahedral Icosahedral 

Diameter 45 nm 55 nm 

Composition VP1, VP2, VP3,a genome with cellular histones L1, L2, genome with cellular histones 

Genome   

Type (size) Circular dsDNA (5 kbp) Circular dsDNA (8 kbp) 

ORFs 6–7 (encoded by both DNA strands) 8–10 (encoded by the same DNA strand) 

Infection   

Hosts Mammals, birds Mammals, birds, reptiles 

Tissue tropism Various Skin and mucosa (epithelia) 

Result of acute infection Unapparent Microlesions, benign warts 

Persistent/latent infection Yes Yes 

Oncogenic potential   

Tumors in immunocompetent host No Yes (high-risk types)b
 

Tumors in immunocompromised or nonpermissive host Yes Yes 

In vitro cell transformation Yes Rarely 

Individual members   

Infect humans (representative members) 12 HPyV species (BKPyV, JCPyV, MCPyV) 170 HPV types (HPV16, HPV18—high-risk 

types)b
 

Representative animal isolates MPyV (mouse), SV40 (monkey), HaPyV (hamster) BPV (bovine), CRPV (rabbit), COPV(canine) 

Summary NCBI taxonomy databasec (Browser ID: 151340) NCBI taxonomy databasec (Browser ID: 

151341) 

 
a MCPyV capsid does not contain VP3 protein (Schowalter and Buck 2013). 
b The International Agency for Research on Cancer (IARC) classified 12 different HPV types as carcinogenic to humans: types 16, 18,31, 33, 35, 39, 45, 51, 

52, 56, 58, and 59, with HPV16 and HPV18 types most frequently found in cervical cancers (Bouvard et al. 2009); several animal PVs (bovine, bat, feline) 

are etiological agents in carcinoma (Rector and Van Ranst 2013). 
c Benson et al. (2009). 

 

D
o

w
n

lo
ad

ed
 b

y
 [

Ji
ri

n
a 

S
u

ch
an

o
v

a]
 a

t 
0

1
:1

1
 1

6
 S

ep
te

m
b

er
 2

0
1

5
 



Applications of Viral Nanoparticles Based on Polyomavirus and Papillomavirus Structures 305 
 

 

At present, the NCBI taxonomy database (Benson et al. 

2009) counts almost 100 PyV species in the Polyomaviridae 

family, so far comprising 12 human PyVs (Ehlers and Wieland 

2013). PyVs infect only mammals and birds. Most mam- 

malian PyVs have not been directly linked to acute disease 

after natural infection of an immunocompetent host. Primary 

infection usually results in lifelong persistence, and PyVs are 

probably widespread benign members of the extensive flora 

of viruses that are associated with the body. The major sites 

of persistence for human PyVs are the skin, the kidney, the 

central nervous system, and the hematopoietic system. Under 

immunosuppression, however, reactivation of the  viruses 

can occur, leading to several disease patterns (Dalianis and 

Hirsch 2013). PyVs are believed to have a narrow host range. 

Even though virus replication in permissive cells is connected 

with the production of tumor antigens (T antigens), the subse- 

quent virion production leads to virus-induced cell lysis, thus 

preventing cell transformation. However, most mammalian 

PyVs are able to induce malignant tumors after inoculation of 

nonpermissive hosts or exhibit transforming properties in cell 

culture. In contrast, PyVs of birds, which are highly patho- 

genic especially for young animals, do not exhibit tumorigenic 

properties at all (Johne and Müller 2007; zur Hausen 2008). 

PV isolates are traditionally described as types, and the 

taxonomy of the PVs is rapidly evolving (De Villiers 2013). 

For human PVs, higher-order clusters based on the sequence 

identity of L1 open reading frame have been established for 

classification in genera and species (De Villiers et al. 2004). 

At present, 170  HPV types are known, compared to only   

12 human PyVs (De Villiers 2013). Similar to PyVs, the 

nonHPVs have been recovered from a vast array of mamma- 

lian species, including the mouse (Ingle et al. 2010), whose 

PV was not known of for a long time. PVs have been found 

in birds and, unlike PyVs, also in three species of reptiles 

(Rector and Van Ranst 2013). Depending on the type of the 

tissue of origin, PV types are commonly grouped as either 

cutaneous or mucosal. The mucosal-type HPVs differ in their 

carcinogenic potential, and according to this, they are sorted 

into three groups: high risk, intermediate risk, and low risk 

(Bouvard et al. 2009). The low-risk group produces benign 

skin lesions and includes HPV6, HPV11, HPV42, HPV43, and 

HPV44. HPV types from this group are not associated with 

carcinomas, but HPV6 and HPV11 can cause genital warts. 

The intermediate group is composed of HPV31, HPV33, 

HPV35, HPV51, HPV52, and HPV58, which are detected in 

benign skin lesions as well as in cancer cells. The high-risk 

HPVs are preferentially detected in carcinomas and encom- 

pass, for example, HPV16, HPV18, HPV45, and HPV56 

(Furumoto and Irahara 2002). Because the intermediate-risk 

group is also present in cancer cells, it is very difficult to 

distinguish HPV types between these two groups, and some- 

times the intermediate-risk HPVs are presented as part of the 

high-risk group. 

Productive infection takes place only in differentiating 

keratinocytes, and virions are frequently found in the skin 

swabs of healthy humans or animals (Antonsson and Hansson 

2002; Rector and Van Ranst 2013). In some cases, PVs cause 

benign tumors (warts, papillomas) found in the skin and 

mucosal epithelia in their natural host and occasionally in 

related species (reviewed in zur Hausen 2001). Some papillo- 

matous proliferations induced by specific types of PVs bear a 

high risk for malignant progression (reviewed in zur Hausen 

2002). PVs seem to coexist with their host preferentially in a 

latent infection over long periods of time. Similar to PyVs, 

immune suppression can lead to reactivation or increased 

susceptibility to reinfection, and immunodeficiency may also 

predispose humans and animals to develop papillomas and 

carcinomas (reviewed in Sundberg et al. [2000] and Denny 

et al. [2012]). 

 
 

The capsid proteins of PyVs and PVs exhibit only weak 

sequence homologies (Belnap et al. 1996), but the structures 

of monomeric VP1 and L1 are remarkably similar; they have 

a typical jelly roll structure comprised of an eight-stranded 

antiparallel barrel. Electron microscopy and image analysis 

of negatively stained PyVs and PVs (Klug 1965) have helped 

to determine that the capsids of both viruses have 72 pentam- 

eric capsomeres composed of major capsid proteins arranged 

with T = 7d icosahedral lattice symmetry. The atomic struc- 

tures of simian virus 40 (SV40) (Liddington et al. 1991; Stehle 

et al. 1996), murine PyV (MPyV) (Rayment et al. 1982; 

Stehle et al. 1994), HPV16 (Chen et al. 2000), three other 

HPVs (HPV11, HPV18, and HPV35) (Bishop et al. 2007), and 

bovine papillomavirus 1 (BPV1) (Wolf et al. 2010) showed 

that capsomere arrangement and intercapsomere contacts are 

slightly different between the two families (Figure 20.1). The 

C-terminal arms of the major capsid protein always mediate 

interpentamer contacts. For PyVs, the C-terminal assembly 

domain (approximately 60 residues) invades the neighboring 

pentamer and terminates within the target subunit. In SV40, 

the C-terminal arm is anchored to the invaded pentamer by 

an interpentamer disulfide bond, and in MPyV, the invading 

arm is locked in place by an intrapentamer disulfide bond 

(Stehle et al. 1996). In contrast, the long C-terminal ends 

(approximately 90 aa residues) of BPV1 form elaborate loops 

to create the interpentamer contacts and reinsert into the core 

of the pentamer from which they emerge (Wolf et al. 2010). 

The formation of disulfide bonds is important for stable 

virion assembly in both viral families. In MPyV, disulfide 

bonds enable complete particle assembly and prevent capsid 

disassembly, but are not essential for the formation of VLPs 

(Schmidt et al. 2000). In SV40, transient disulfide bonding 

occurs during the intracellular folding and pentamerization 

of the major capsid protein VP1 (Li et al. 2002), and disulfide 

bonds that stabilize the capsid structure (Ishizu et al. 2001) 

are observed between SV40 VP1 pentamers (Stehle et al. 

1996). For PVs, the extent of disulfide bonding can slightly 

differ between species and serotypes, as HPV16 L1 has been 

observed to dimerize and trimerize (Ishii et al. 2003) and 

BPV1 has more extensive cross-linking (Buck et al. 2004; 

Wolf et al. 2010). Moreover, the cellular DNA in recombinant 

VLPs increases the disulfide cross-linking of L1, indicating 
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(a) (b) 

 
FIGURE 20.1 Structure of the recombinant VP1 pentamer (a) (PDB ID, 1VPN, Stehle and Harrison [1996]) and L1 pentamer (b) (PDB ID, 

2R5I, Bishop et al. [2007]). Ribbon drawing of the pentamer with elaborate loop domains located on the exterior surface of the assembled 

pentamer. Each loop is highlighted in a different color: BC loop in red, DE loop in blue, EF loop in yellow, FG loop in magenta, and HI 

loop in green. Note that L1 loops are more elongated than VP1 loops and that the FG loop is not formed in a PyV pentamer. The C-termini 

of both, VP1 and L1, are disordered and likely extended into the interior space of the pentamer in the particle. Pentamers were visualized 

and colored using the PyMOL molecular graphics system. (From DeLano, W.L., The PyMOL Molecular Graphics System, version: v0.99, 

Schrödinger LCC, Cambridge, MA, 2006.) 
 

that nucleic acid in the virion likely induces a capsid con- 

formation that is structurally distinct from that of the VLP 

(Fligge et al. 2001). The recent model suggests that assem- 

bled virions of PVs undergo a slow process of disulfide bond 

formation and shuffling (i.e., maturation) in order to stabilize 

the virion by correct formation of inter-L1 disulfide bonds 

(Buck and Trus 2012). Interestingly, treatment of purified 

BPV1 with reduction agent dithiothreitol (DTT) is associated 

with a conformational change resulting in expansion of the 

capsids by approximately 10% in diameter (Li et al. 1998). 

This expansion allows the penetration of proteases and nucle- 

ases to the interior, which can then result in virion disruption. 

This structural change may correspond to the open capsids 

seen by cryoelectron microscopy in different PV species but 

not found in the PyVs (Belnap et al. 1996). This suggests that 

PyVs use additional factors for virion stabilization. Indeed, 

calcium ions, which are not used to stabilize the PV virions, 

are important for the assembly of PyV capsids. The calcium- 

binding sites consist mainly of acidic amino acids, which are 

a conserved feature in VP1 sequences across PyVs. Forming 

calcium salt bridges has been shown to be important for SV40 

virion formation (Li et al. 2003) and MPyV capsid assembly 

(Haynes et al. 1993; Schmidt et al. 2000; Chuan et al. 2010). 

The VP1 and L1 monomers adopt a very similar struc- 

ture. The eight antiparallel strands are ordered in two β-

sheets, which stick against one another in each monomer, 

forming the hydrophobic core of each protein. Additional 

β-strands align with the β-sandwiches from neighboring 

capsid protein molecules to form pentamers. Within  the 

core domain, four or three predominant loops are located 

on the exterior surface in the assembled pentamer and par- 

ticle in PyVs (Figure 20.1a; BC, DE, EF, HI loops) or PVs 

(Figure 20.1b; DE, EF, FG loops), respectively. L1 loops 

are more elongated than VP1 loops and mediate additional 

interpentameric contacts: the HI loop of one monomer 

intertwines with the FG and EF loop of the anticlockwise 

neighbors (Garcea and Chen 2007). The capsid protein 

sequences exposed on the surface of pentamers and viri- 

ons represent the most variable regions among PV serotypes 

(Chen et al. 2000), BKPyV virus variants (Jin et al. 1993; 

Luo et al. 2012; Pastrana et al. 2013), and PyV species in 

general (Fang et al. 2010; Neu et al. 2011). This variability 

probably represents an immunologically driven evolution of 

serotypes and tissue specificity adaptation. Epitopes identi- 

fied for neutralizing monoclonal antibodies for HPV16 and 

HPV11 can be mapped directly to  surface  loop  domains 

on the capsomere (Chen et al. 2000). Similarly, it has been 

found that polymorphism located close to the receptor-bind- 

ing site in the BC loop of VP1 in BKPyV genotypes can 

permit the escape from antibody-mediated neutralization 

and determine cellular tropisms and pathogenic potentials 

(Pastrana et al. 2013). Different strains of MPyV also exhibit 

different tropisms and pathogenic potentials depending on 

mutation in the surface loop of the VP1 protein (Mezes and 

Amati 1994; Bauer et al. 1995). 

In PyV virions, the VP1 capsomeres associate with two 

minor capsid proteins, VP2 and VP3, which are not needed 

for capsid assembly but play important roles during the early 

steps of virus infection (Section 20.2.3). Crystallographic 

studies of MPyV have shown that minor proteins insert into 

the inward-facing cavity along the fivefold axis of a VP1 

pentamer (Griffith et al. 1992). The C-terminus of VP2/VP3 

inserts in an unusual, hairpin-like manner into the axial cavity 

of the VP1 pentamer, where it is anchored strongly by hydro- 

phobic interactions. The sequence alignment of VP2 from 

eight different PyV species detected conserved amino acids 

in the region covering the contact structure between VP1 

and VP2 (residues 269–296), thus suggesting that interaction 
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between the VP2 and VP1 pentamers involves a similar 

structure in all PyVs. The N-terminal part of the minor pro- 

tein appears to be flexible and not tightly folded. Therefore, 

it can, under the appropriate circumstances (e.g., during cell 

entry), emerge from the inside of the virion through the 12.5 

Å capsomere openings (Chen et al. 1998). PyV virions con- 

tain an average of one minor capsid protein (either VP2 or 

VP3) per capsomere (Imperiale and Major 2007), but this 

issue has been revised by Schowalter and Buck (2013), and 

the possibility that two minor capsid proteins associate with 

one pentameric capsomere cannot be excluded. 

Analogously, biochemical analysis of HPV16 capsid 

preparations showed that up to 72 molecules of L2 can be 

incorporated per capsid, and cryoelectron microscopy and 

image reconstruction analysis of these capsids have revealed 

an icosahedrally ordered L2-specific density beneath the 

axial lumen of each L1 capsomere (Buck et al. 2008). L1–L2 

contacts are mediated by a well-characterized hydrophobic 

interaction domain in the C-terminal part of L2 and probably 

also by the interaction domain in the N-terminal part of L2 

(Finnen et al. 2003). Both termini of L2 molecules seem to 

be closely apposed within the capsid (Buck et al. 2008), but 

a small portion of the N-terminal region of L2 is thought to 

be exposed on the surface of mature capsids (Hagensee et al. 

1993; Liu et al. 1997; Kondo et al. 2007). 

 
 

This section will focus on the interactions of PyV and PV 

particles or their constituents during their attachment on the 

surface of host cells, the internalization process, and their 

trafficking toward the cell nucleus where gene expression and 

virus replication take place. 
 

20.2.3.1 Interactions of Virions with 

Receptors on Plasma Membrane 

Both PyVs and PVs enter cells by receptor-mediated endocy- 

tosis. The major structural protein VP1 of PyVs or L1 of PVs 

is responsible for attachment of virions to the cell surface. 

20.2.3.1.1 Receptors of Papillomaviruses 

PVs are highly species- and tissue-specific viruses. They infect 

skin and mucosa epithelial cells exclusively. Differentiation 

of these cells is vital for the completion of PV replication. 

This fact impedes PV propagation in vitro. Progress was 

made after developing and propagation of VLPs composed 

of the major structural protein, L1, or both PV structural pro- 

teins, L1 and L2 (Zhou et al. 1991; Kirnbauer et al. 1992; 

Hagensee et al. 1993; Kirnbauer et al. 1993; Rose et al. 1993; 

Touzé et al. 1996; Hildesheim et al. 2007). However, particles 

lacking L2 and/or viral DNA complexed with host cell his- 

tones exhibit slight conformation changes that more or less 

affect their interactions. This problem was at least in part 

overcome by the development of particles more resembling 

native virions, known as pseudovirions (PsVs), containing 

reporter plasmids in complex with cell histones (Buck et al. 

2004, 2005a) (Section 20.4.2). The development of in vitro 

organotypic epithelial raft cultures, permitting full differen- 

tiation of keratinocytes, provided the successful propagation 

of some HPVs for control experiments (Meyers et al. 1992). 

Entry of PVs into in vitro cultured epithelial cells is initi- 

ated by attachment of virions to the cell surface mediated  

by receptors. Interestingly, in vivo experiments in a mouse 

model revealed that prior to transfer to the basal keratinocyte 

cell surface, the epithelial basement membrane underlying 

basal keratinocytes is the primary site of HPV PsV bind-  

ing during infection of the genital tract (Roberts et al. 2007; 

Kines et al. 2009). 

Since the 1990s, several proteins of host cells have been 

described as receptors or molecules interacting with the 

virions of PVs during their internalization by cells. First, 

integrin-α6 in combination with β4 or β1 was found to bind 

VLPs in vitro (Evander et al. 1997; McMillan et al. 1999). 

Later, several other receptor or possible coreceptor candidates 

were suggested as heparan sulfate proteoglycans (HSPGs) 

(Joyce et al. 1999); laminin-332, formerly named laminin-5 

(Culp et al. 2006a,b); tetraspanins (Spoden et al. 2008; 

Scheffer et al. 2013);  growth factor receptors (Surviladze   

et al. 2012); or annexin A2 (Woodham et al. 2012). 

Now it is commonly accepted that HSPGs mediate the first 

interaction of PVs with the cell surface (Joyce et al. 1999; 

Combita et al. 2001; Giroglou et al. 2001; Richards et al. 2013). 

HSPGs are heterogeneous population of molecules, com- 

posed of cell surface or matrix proteins with covalently bound 

glycosaminoglycans, modified by sulfation and acetylation, 

especially with heparan sulfate (HS). They are present on the 

surface or extracellular matrix of most cells. Interaction of 

HSPG was demonstrated for VLPs or PsVs of HPV5, HPV11, 

HPV16, HPV18, HPV31, and HPV33 and also for BPV1 (as 

reviewed in Raff et al. 2013). Experiments with VLPs com- 

posed of L1 only, and structural studies, proved that the PV 

major structural protein is responsible for the primary inter- 

action with HSPGs (Joyce et al. 1999; Knappe et al. 2007; 

Dasgupta et al. 2011). The process of virus attachment and 

internalization was intensively studied with HPV16 PsVs. 

After interaction of virions with HSPG, they undergo confor- 

mation changes, affecting both L1 and L2 and leading to the 

exposure of the N-terminus of the minor structural protein, 

L2. Cyclophilin B (peptidyl-prolyl cis/trans isomerase) was 

suggested to facilitate L2 exposure (Bienkowska-Haba et al. 

2009). The same group showed later that cyclophilins are also 

employed at an additional, postinternalization step for disso- 

ciation of L1 from a complex of L2 and genome DNA prior 

to egress from endosomes (Bienkowska-Haba et al. 2012). 

The exposed L2 N-terminus is cleaved by furin or by the 

related proprotein convertase 5/6. The consensus sequence 

for furin cleavage is highly conserved among PVs, and cleav- 

age is essential for infection (Richards et al. 2006). Antibodies 

against the exposed L2 sequences were found to neutralize the 

virus (Gambhira et al. 2007; Day et al. 2008), and recently, a 

vaccine based on these sequences was prepared and induced 

protective immunity in mice (Chen et al. 2014). A neutraliz- 

ing epitope of L2 was described to interact with the annexin 
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A2 heterotetramer and inhibition of an endogenous annexin 

A2 with antibody against annexin A2 reduced HPV16 infec- 

tion (Woodham et al. 2012). PsVs precleaved by furin (unlike 

normal mature PsVs or native virions) were able to infect 

HSPG negative cells (Day et al. 2008). It has been hypoth- 

esized that conformation changes of virions after HSPG 

binding and furin cleavage expose a secondary binding site on 

the virus particle for a putative secondary receptor (Schiller 

et al. 2010). Whether it is α4-integrin, or one of other afore- 

mentioned candidates, or an as-of-yet detected cell surface 

molecule remains to be explored. 

Single-particle tracking of fluorescently labeled HPV16 

PsVs reveals that they bind preferentially to filopodia and after- 

ward move rapidly on the surface of the cultured cells toward 

the cell body (Schelhaas et al. 2008). This surfing depends on 

the actin cytoskeleton. Particles then accumulate in discrete 

membrane areas prior to internalization (Schiller et al. 2010). 

It is not clear whether the movement from the filopodia is in 

connection with the HSPG receptor. As the movement of the 

virus particles on filopodia resembles the movement of epi- 

dermal growth factor receptor (EGFR) and EGFR signaling 

disruption reduces the infectivity of the HPV16 PsVs, partici- 

pation of EGFR in a complex mediating HPV16 PsV surfing 

is hypothesized (Raff et al. 2013). 

Binding and/or internalization of PVs is apparently con- 

nected to the transient activation of signaling pathway(s). 

Signaling mediated by integrins has been described, support- 

ing a role of integrins in virus internalization. It was observed 

that HPV16 PsVs induce after their adsorption to HSPG 

receptor activation of focal adhesion kinase (FAK), neces- 

sary for virus entry into early endosomes (EEs) (Abban and 

Meneses 2010). The authors suggest the role of α4-integrin in 

FAK induction. Furthermore, by α4β6-activated phosphati- 

dylinositol 3-kinase (PI3 kinase) pathway, early postadsorp- 

tion of VLPs of HPV types 6b, 18, 31, 35, and BPV1 was 

observed (Fothergill and McMillan 2006). Other possible 

secondary receptor candidates of growth factor receptors 

were found to be rapidly phosphorylated and downstream 

effectors activated after HPV16  VLP binding (Surviladze   

et al. 2012). A recent study revealed that cellular entry of 

HPV16 PsVs into cells involves activation of the PI-3/Akt/ 

mTOR pathway, leading to autophagy inhibition (Surviladze 

et al. 2013). 
 

20.2.3.1.2 Receptors of Polyomaviruses 

After years of intensive but unsuccessful searching for the pro- 

tein receptor recognized by SV40 or MPyV, Tsai et al. (2003) 

demonstrated that hydrophilic sialylated oligosaccharide 

moieties connected with hydrophobic ceramide gangliosides 

serve as cellular receptors for these viruses, GM1 for SV40, 

and GD1a and GT1b for MPyV. The surface loop of the 

major capsid protein, VP1, interacts with the oligosaccharide 

parts of the gangliosides. Oligosaccharide (glycan) moieties 

of gangliosides were shown to be recognized also by other 

studied PyVs; GD1b and GT1b gangliosides are utilized by 

human BKPyV (Low et al. 2006), and GT1b ganglioside 

was described as the receptor for MCPyV (Erickson et al. 

2009). Sialic acid (5-N-acetyl neuraminic acid; Neu5Ac) is 

crucial for the interaction of gangliosides with VP1 proteins 

of MPyV, BKPyV, and MCPyV. Therefore, MPyV, BKPyV, 

and MCPyV are able to hemagglutinate guinea pig, human, 

and sheep red blood cells, respectively. SV40 does not hemag- 

glutinate red blood cells. Hemagglutination assays suggested, 

and structural studies confirmed, that the methods of inter- 

action of different PyVs with glycans differ (Erickson et al. 

2009; Neu et al. 2012). Infection by simian B-lymphotropic 

PyV (LPyV) also depends on the sialic acid on the surface 

of host cells. Glycan array screening has revealed that LPyV 

specifically recognizes a linear carbohydrate motif termi- 

nating in α2,3-linked Neu5Ac (Neu et al. 2013). Its closest 

related human PyV 9 (HPyV9), with different tropism, pref- 

erentially binds a similar linear carbohydrate motif that, 

however, terminates in 5-N-glycolyl neuraminic acid (Neu5Gc) 

(Khan et al. 2014). 

Later studies of interaction of MCPyV with surface mol- 

ecules (Schowalter et al. 2011; Neu et al. 2012) revealed that 

the primary interaction of the MCPyV with the cell surface 

is not mediated by GT1b or other sialylated glycans but by 

glycosaminoglycans, such as HS. The authors suggested that 

HS is required for the initial interaction of MCPyV with host 

cells, and secondary interaction with a sialylated coreceptor 

(which might be the glycan of GT1b or of another glycolipid 

or glycoprotein) is then necessary for virus internalization. 

Recent high-resolution x-ray structure analysis of the 

major capsid proteins, VP1, from human PyVs HPyV6 and 

HPyV7, revealed substantial differences in virion surfaces  

in comparison to all other known PyV structures. The VP1 

groove employed in interaction with specific sialic acid– 

containing glycan receptors in other PyVs is blocked, and 

HPyV6 and HPyV7 VP1 apparently do not interact with 

sialylated compounds in solution or on cultured human cells 

(Ströh et al. 2014). 

The search for a receptor for human neurotropic PyV, 

JCPyV, was rather complicated. Several studies collected 

evidence that glycoproteins or glycolipids (possibly ganglio- 

sides), terminated by sialylated oligosaccharides, can serve 

as JCPyV receptors (Liu et al. 1998; Komagome et al. 2002; 

Dugan et al. 2008). In 2004, the serotoninergic 5-HT2A 

receptor that belongs to the serotonin receptor family and is a 

G protein-coupled receptor was described as a cellular recep- 

tor for the human neurotropic PyV, JCPyV, on human glial 

cells (Elphick et al. 2004). 

Later, by using a glycan array screen and structure 

analyses, the linear 2,6-linked pentameric oligosaccharide, 

lactoseries tetrasaccharide c (LSTc; sequence NeuNAc-α2, 

6-Gal-β1,4-GlcNAc-β1,3-Gal-β1,4-Glc), the glycan which is 

not part of ganglioside was identified as the receptor motif 

for adsorption of human JCPyV on the surface of host cells 

(Neu et al. 2010). A recent study (Assetta et al. 2013) revealed 

that JCPyV infection requires both the LSTc and 5-HT2A 

receptors. While LSTc-VP1 interaction mediates the initial 

attachment of the virus to cells, the 5-HT2A receptor con- 

tributes to JCPyV infection by an as-yet unclear mechanism 

as a coreceptor, facilitating entry of virions into host cells. 
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Besides JCPyV and MCPyV, the concept of  receptors 

and coreceptors might also be applicable to other PyVs 

(O’Hara et al. 2014). In earlier studies, SV40 binding to cells 

was shown to be blocked by antibodies directed against 

class major histocompatibility proteins (Breau et al. 1992), 

and, for the MPyV, α4β1-integrin was suggested as one of 

the possible coreceptors acting at the postattachment level 

(Caruso et al. 2003). 

There are several aspects of PyV infection (and VLP pseu- 

doinfection) that should be taken into consideration: 

 
1. Although the majority of the PyVs studied interact 

with glycan moieties containing sialic acids, their 

interactions can be significantly  different,  owing 

to differences in VP1 surface loop sequences and 

virion surface conformation (Jin et al. 1993; Stehle 

and Harrison 1996; Stehle et al. 1996; Chen et al. 

2000; Luo et al. 2012; Pastrana et al. 2013). 

2. Mutations in surface loops of VP1 can markedly 

change virus tropism (Mezes and Amati 1994; 

Bauer et al. 1995). 

3. Binding some glycolipids or glycoproteins containing 

sialic acids (pseudoreceptors) can be counterpro- 

ductive and may result in virus destruction instead 

of productive infection. In situ hybridization of 

viral genomes with fluorescently labeled MPyV 

genomic DNA proved that,  indeed,  the  majority 

of virions internalized by cells never deliver car- 

ried genomes into the cell nucleus (Mannová and 

Forstová 2003). Using a ganglioside-deficient cell 

line, Quian and Tsai showed that GD1a is the func- 

tional entry receptor for MPyV, binding to the virus 

on the plasma membrane, forming part of a com- 

plex that is internalized and further transported for 

productive infection. They also observed that, in 

contrast, glycoproteins acted as decoy receptors, 

restricting the productive infection of MPyV (Qian 

and Tsai 2010). 

 

 
20.2.3.2 Internalization of Virions by Cells and 

Virus Trafficking toward the Nucleus 

20.2.3.2.1 Papillomaviruses 

Internalization of PVs by cells and their trafficking to the cell 

nucleus has been intensively studied. However, studies have 

often resulted in diverse, controversial findings, and limited 

consensus has been found. Differences have been ascribed to 

the different natures of the virus particles used (L1 VLPs ver- 

sus L1/L2 VLPs, mature versus immature PsVs, or native viri- 

ons), to cell types and experimental conditions, and to various 

PV genotypes used, although discrepancies have appeared 

even in experiments performed with the same PV genotype. 

Endocytosis via clathrin-coated pits was described for 

BPV1 and HPV16 and HPV58 (Bousarghin  et  al.  2003; 

Day et al. 2003). For HPV31, caveola-mediated uptake was 

described (Bousarghin et al. 2003; Smith et al. 2008), while in 

another study clathrin-dependent endocytosis was suggested 

(Hindmarsh and Laimins 2007). A novel clathrin- and caveo- 

lin-independent entry of HPVs was described first for HPV16 

(Spoden et al. 2008). Authors showed that the inhibition of 

clathrin-, caveolin-, and membrane raft–dependent endocytic 

pathways by dominant-negative mutants and small interfering 

RNA (siRNA)–mediated knockdown, as well as inhibition 

of dynamin function, did not impair infection. Moreover,  

they suggested that HPV16 associates with tetraspanin pro- 

teins on the plasma membrane and that tetraspanin-enriched 

membrane microdomains might act as entry platforms for 

HPV16. Thorough study of HPV16 entry into epithelial cells 

(Schelhaas et al. 2012), exploiting biochemical and various 

microscopy methods, combined with green fluorescent protein 

(GFP) expression after plasmid delivery by PsVs, confirmed 

clathrin-, caveolin-, cholesterol-, and dynamin-independent 

HPV16 entry into HeLa and HaCaT cells. The pathway exhib- 

ited some features of macropinosis. Similar methods of entry 

were confirmed for HPV18 and HPV31 (Spoden et al. 2013). 

Internalization of PVs is, in comparison with other nonen- 

veloped viruses, very slow and asynchronous, lasting several 

hours (Giroglou et al. 2001; Culp and Christensen 2004; 

Schelhaas et al. 2008). Half times of the internalization of 

HPV16 ranged from 4 to 12 h p.i. for the fastest and average 

particles (Spoden et al. 2013), and expression of reporter gene 

of the pseudogenome could not be detected until 24–48 h 

postinfection (Schelhaas et al. 2012). 

Further trafficking of PVs also remains obscure. Relatively 

good consensus exists in respect to the requirement of acidic 

endosomal pH for productive infection. Infection can be 

blocked by selective inhibitors of endosomal acidification 

(Selinka et al. 2002; Day et al. 2003; Dabydeen and Meneses 

2009; Schelhaas et al. 2012). Analysis of the average time 

that HPV16 requires for acid activation revealed that the half 

time of activation was 6 h. The virus required several hours 

to be exposed to low pH or to an enzyme requiring low pH 

(Schelhaas et al. 2012). 

Internalized papillomaviral particles enter early compart- 

ments, EEs, or macropinosomes. Accordingly, PV infection 

depends on GTPase Rab5. Colocalization with EE has been 

observed for BPV1 (Day et al. 2003; Laniosz et al. 2008) and 

for HPV31 (Smith et al. 2008). No significant colocalization 

with an EEA1 marker of EEs was found for HPV16 (Schelhaas 

et al. 2012). However, the authors of the study detected a brief 

comigration of the viral particles with Rab5-positive com- 

partments. The virus then appeared in multivesicular bodies, 

in late endosomes (LEs), and in the endolysosomal compart- 

ment. The combination of endosomal acidic pH and action 

of endosomal proteases may result in an uncoating process. 

Uncoating can be detected during passage through the 

endosomal compartment. Previous furin cleavage of L2 and 

cyclophilin B–mediated separation of L2 together with the 

viral genome from the major capsid protein, L1, are neces- 

sary for escape from the LE (Bienkowska-Haba et al. 2012; 

Day et al. 2013). 

Despite the appearance of virus particles in the endolyso- 

somal compartment, surprisingly, Rab7 GTPase was found to 
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be dispensable for HPV16 or HPV31 infection (Smith et al. 

2008; Schelhaas et al. 2012; Day and Schelhaas 2014). 

Recently, it was observed that an uncoated viral pseu- 

dogenome in complex with L2 travels from LEs to the 

trans-Golgi network (TGN), while the major structural pro- 

tein, L1, is retained mostly within the LE and appears to 

become degraded (Day et al. 2013). This traveling is depen- 

dent upon furin cleavage of L2. Infection in the presence of 

a furin inhibitor or with particles containing L2 furin cleav- 

age mutants results in the accumulation of uncoated capsids, 

L2, and DNA in a late endosomal compartment. The trav- 

eling of PVs to TGN can also be prevented with inhibitors  

of anterograde and retrograde Golgi trafficking, brefeldin A, 

or golgicide A. GTPases Rab9a and Rab7b were determined 

to mediate this transit. Expression of dominant-negative ver- 

sions of these GTPases (but not of Rab7a) inhibited HPV16 

pseudovirus infection (Day et al. 2013). Genome-wide 

siRNA screening identified many retrograde transport fac- 

tors required for efficient PV infection, including multiple 

subunits of the retromer, which were described to initiate 

retrograde transport from the EE (Lipovsky et al. 2013). PVs 

therefore seem to travel to the TGN from both EEs and LEs. 

Another sorting protein was found to interact with PVs on 

their way to the cell nucleus: nexin 17 (SNX17) was identified 

as an interacting partner of L2 protein, and its depletion was 

connected with the lysosomal degradation of L2 (Bergant 

Marušič et al. 2012; Bergant and Banks 2013). Thus, L2 pro- 

tein is important for the escape of the genome from the LEs. 

Moreover, its conserved C-terminal peptide (the last 23 aa) 

was shown to be able to interact with and disrupt membranes 

(Kämper et al. 2006). The precise method of escape of the 

L2/genome complex from endosomes is not known. 

Finally, PV genomes and L2 can be detected in the cell 

nucleus, predominantly localizing in promyelocytic leukemia 

(PML) bodies (Day et al. 2004). However, the way in which 

they reach the nucleus is not understood. One model suggests 

that an L2–genome complex released from the endosome is 

transported along microtubules and delivered to the nucleus 

via nucleopores. The hypothesis has been supported by the 

fact that nocodazole (tubulin-disrupting agent) inhibits PV 

infection (Day et al. 2003; Schelhaas et al. 2012) and, more 

importantly, by finding that L2 interacts directly with dynein 

light chains (Florin et al. 2006; Schneider et al. 2011). L2 

protein also possesses a nuclear localization signal for karyo- 

pherin-mediated transport to the nucleus (Darshan et al. 2004). 

Another model emerged from evidence that for the estab- 

lishment of HPV infection and genome expression, cell divi- 

sion is required (Pyeon et al. 2009). Authors of this study 

suggest the possibility that nuclear envelope breakdown is 

necessary for the HPV genome to enter the nucleus. This 

model was very recently strongly supported by a systematic 

RNA interference (RNAi) silencing approach for the identifi- 

cation of host cell proteins required during HPV16 infection 

(Aydin et al. 2014). The screening uncovered a crucial role 

for mitosis in HPV16 nuclear entry and the HPV16 pseudoge- 

nome requirement of changes in nuclear envelope permeabil- 

ity facilitated by nuclear envelope breakdown. 

20.2.3.2.2 Polyomaviruses 

The entry of PyVs into host cells and trafficking from the 

cell membrane toward the cell nucleus has been intensively 

investigated on SV40 and MPyV model viruses. Unlike traf- 

ficking studies of PVs, research into PyV trafficking can be 

performed using native virions. However, the interpretation 

of observations has been complicated by the fact that only a 

minority of adsorbed and internalized virions successfully 

deliver their genomes into the cell nucleus, and it has not 

been easy to distinguish the productive pathway from that 

leading to virus destruction. 

The most intensively studied PyV, SV40, was first described 

to exploit a unique endocytic pathway: after binding the GM1 

ganglioside receptor, virions of SV40 become internalized 

by caveolae and then fuse with a large caveolin-rich endo- 

cytic compartment named by the authors as a caveosome. 

From this newly described nonacidic organelle, the virus 

was transported by unidentified vesicles that did not contain 

caveolin, along microtubules to the endoplasmic reticulum 

(ER) (Pelkmans et al. 2001). On the other hand, human 

JCPyV was found to enter glial cells by receptor-mediated 

clathrin-dependent endocytosis (Pho et al. 2000). At the 

same time, MPyV internalization was described as caveola 

and clathrin independent (Gilbert and Benjamin 2000). 

MPyV enters epithelial and fibroblast cells in smooth, tightly 

fitted monopinocytotic vesicles (Mackay and Consigli 1976; 

Richterová et al. 2001). However, caveolin-1  was detected  

in some monopinocytotic vesicles carrying MPyV virions  

by immunoelectron microscopy (Richterová et al.  2001), 

and Gilbert and Benjamin revealed that after addition of the 

GD1a receptor to rat glioma C6 cells deficient in complex 

ganglioside production, virus particles were internalized in 

caveolin-1-positive vesicles (Gilbert and Benjamin 2004). 

Furthermore, BKPyV was found to be associated with 

caveolin-1-positive vesicles in Vero cells or in human renal 

proximal tubular epithelial cells (Eash et al. 2004; Moriyama 

et al. 2007). Nevertheless, MPyV virions were efficiently 

internalized by Jurkat cells, which do not express caveolin-1, 

and lack of caveolae and overexpression of a caveolin-1 

dominant-negative mutant in mouse  epithelial  cells  did  

not prevent their productive infection. More recently, the 

caveosome concept described for SV40 has been dis- 

claimed by authors (Mercer et al. 2010; Engel et al. 2011), 

and caveosomes have been described as artifacts of overex- 

pression of caveolin fused with enhanced green fluorescent 

protein (EGFP) or as LEs. Now, it has been established that 

SV40, MPyV, and BKPyV become internalized by lipid raft 

microdomains (which  may or may not contain caveolin-1)  

as infectivity of all three viruses is sensitive to cholesterol 

depletion (Pelkmans et al. 2001; Richterová et al. 2001; Eash 

et al. 2004; Gilbert and Benjamin 2004). Virion internaliza- 

tion is associated with tyrosine kinase signaling (Pelkmans 

et al. 2005; Swimm et al. 2010; Ewers and Helenius 2011) 

and transient actin disorganization (Richterová et al. 2001; 

Pelkmans et al. 2002). 

Both MPyV and SV40 virions colocalize with an EEA1 

marker of EEs and Rab5 GTPase (Mannová and Forstová 
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2003; Pelkmans et al. 2004), and infectivity of MPyV and 

SV40 was negatively affected by expression of a Rab5 

dominant-negative mutant (Liebl et al. 2006; Engel et al. 

2011). Then, the viruses appear in an endolysosomal com- 

partment, LEs, and multivesicular bodies. Their infectivity 

is affected by overexpression of a dominant-negative Rab7 

GTPase mutant (Qian et al. 2009; Engel et al. 2011;  Zila    

et al. 2014). Qian and coworkers suggested that in endolyso- 

some compartments, the GD1a receptor stimulates MPyV 

sorting from LEs and/or lysosomes to the ER. This sugges- 

tion is supported by previous observations that the addition 

of GD1a to cells deficient for gangliosides had no effect on 

the overall level of virus binding but mediated the transit of 

MPyV to ER (Gilbert and Benjamin 2004). There is a com- 

mon consensus that the productive pathway continues by the 

transit of PyVs to the ER. However, the precise mechanism 

controlling the transport of MPyV to the ER remains to be 

clarified. No colocalization of SV40 or MPyV or BKPyV 

with Golgi apparatus has been observed (Pelkmans et al. 

2001; Mannová and Forstová 2003; Moriyama and Sorokin 

2008; Engel et al. 2011). Transport of SV40 to the cell 

nucleus was found to be inhibited by Brefeldin A, acting 

through inhibition of the ARF1 GTPase, which is known    

to regulate assembly of COPI coat complexes on Golgi cis- 

ternae (Norkin et al. 2002). Furthermore, colocalization of 

the virus with a βCOP subunit of the COP1 coatomer was 

detected (Norkin and Kuksin 2005). Moreover, a retrograde 

trafficking inhibitor of ricin and Shiga-like toxins inhibited 

infection by SV40 and human BKPyV and JCPyV (Nelson 

et al. 2013). However, no significant colocalization of MPyV 

with βCOP, and only mild sensitivity to Brefeldin A, was 

detected (Mannová and Forstová 2003). A common agree- 

ment exists that intact microtubules and a dynein motor are 

vital for PyV transport into the ER (Pelkmans et al. 2001; 

Ashok and Atwood 2003; Gilbert et al. 2003; Zila et al. 

2014). Further studies are needed to solve the mechanism of 

PyV trafficking to the ER. 

Even less clear is the mechanism by which PyVs deliver 

their genomes into the cell nucleus. Based on electron micros- 

copy analyses, early papers suggest that SV40 (Maul et al. 

1978) or MPyV (Mackay and Consigli 1976) enter the cell 

nucleus by fusion of vesicles carrying virions directly with 

the nuclear envelope, so bypassing nuclear pores. At present, 

a hypothesis that virions, partially disassembled in the ER, 

translocate by an as-yet unknown mechanism to the cytosol 

and travel to the nucleus through nuclear pores is commonly 

accepted. Although never proven, several findings support- 

ing the hypothesis have been published. Schelhaas and col- 

laborators described the dependence of SV40 infection on ER 

folding and quality control. Downregulation of thiol-disulfide 

oxidoreductases, ER57 and PDI-protein disulfide isomer- 

ase, and two ER membrane proteins, Derline 1 and Sel1L, 

involved in the export of misfolded proteins from the ER to 

the cytosol for proteasomal degradation, significantly inhib- 

ited virus infection (Schelhaas et al. 2007). For the MPyV,  

it has been found that downregulation of PDI and Derline 2 

decreases the level of MPyV infection (Gilbert et al. 2006; 

Lilley et al. 2006). However, the nature and extent of virus 

disassembly in the ER and the means by which viral genomes 

are transported to the cytosol and subsequently to the nucleus 

are not known. The possibility cannot be excluded that the 

virus moves directly from the ER to the cell nucleus, bypass- 

ing nuclear pores. 

One possibility of transit from the ER to the cytosol is 

the utilization of channels for the elimination of misfolded 

or unassembled proteins from the ER for proteasomal deg- 

radation (ER-associated degradation). The crystal structure 

of the ER translocon showed that the pore of the protein- 

conductive channel would allow the passage of a molecule 

with a diameter of 10–12 Ǻ. In its open form, the diameter 

of the ER translocon was estimated to be 40–60 Ǻ (Meusser 

et al. 2005). However, the diameter of PyV virions is approxi- 

mately 45 nm, and the nucleocore without the capsid shell is 

about 30 nm in diameter. 

In vitro studies on the minor structural proteins, VP2 and 

VP3, of SV40 (Daniels et al. 2006) and of MPyV (Rainey- 

Barger et al. 2007; Huerfano et al. 2010) showed that the 

proteins are able to bind, insert into, fuse, and even perfo- 

rate cell membranes. Thus, the minor proteins VP2 and VP3 

might be good candidates for helping the virus to deliver 

genomes to the cell nucleus. 

Although significant progress in understanding PV and 

PyV trafficking from a host cell membrane to the cell nucleus 

has been achieved, several gaps remain to be filled, and many 

details must be clarified. 

 
20.3 VIRUS PROTEIN SELF-ASSEMBLY 

AND VLP PRODUCTION 

The major capsid proteins of PyVs and PVs rapidly oligo- 

merize through a self-assembly process in vitro without 

the help of minor capsid proteins. In  fact,  intact  puri- 

fied proteins are never found in the monomeric  form 

under physiological conditions. Both proteins have been 

successfully produced in various expression systems. 

Depending on the virus type, designed mutation, and 

actual conditions, recombinant proteins are purified as 

viral capsid protein assemblies: pentamers, polymorphic 

capsid structures, VLPs, or pseudovirion-like particles 

(PLPs) (for terminology see Table 20.6). Figure 20.2 gives 

an example of a highly polydispersed preparation of VLPs 

that can be further purified to near homogeneity. Recent 

reviews (Teunissen et al. 2013) give an excellent summary 

of PyV (Cho et al. 2011) and of PV production systems. 

Table 20.2 presents an overview of the expression system 

used for VLP production of both viral families. 

Mammalian cells were historically the first system for 

PyV VLP production and isolation, when empty capsids 

(Crawford et al. 1962) and PsVs containing host cell DNA 

(Michel et al. 1967) were observed in routine viral prepara- 

tions. Recently, it has been shown for SV40 that vector DNA 

with a size that does not exceed the size of a viral genome 

can be encapsidated if the viral capsid proteins are pro- 

duced in the system in trans. For such PsV production, the 
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FIGURE 20.2 Electron micrograph of polymorphic structures 

found in MPyV VP1 VLP preparation from Sf9 cells. VLPs,  

which may be devoid of nucleic acid, appear as empty particles, 

VLPs (E), or may contain fragments of DNA and appear as full 

particles, VLPs (F). VLPs of various size and morphology can be 

formed: VLPs of normal size, VLPs (N); VLPs that are larger than 

normal, VLPs (Ln); VLPs that are smaller than normal, VLP (Sn); 

VLPs that can form tubular structures (Tu)  of various diameters  

(in brackets) or can be composed of 12 or 24 capsomeres (labeled 

as Tiny Ti [12] or Ti [24]), respectively. Magnification 75,000×. 

Bar = 100 nm. Electron microscopy, Jiřina Suchanová. 

wild-type virus serves as a helper (Oppenheim and Peleg 

1989) to sustain high expression of capsid genes, which is 

difficult to achieve by expression from recombinant vectors. 

Due to the strictly differentiation-dependent expression of 

genes for capsid proteins, this approach was impossible to 

perform with PVs. Instead, it has been shown for PVs that 

several modifications of the coding sequence of capsid pro- 

tein genes are needed to obtain reasonable production of 

capsid proteins from a heterogeneous vector (Zhou et al. 

1999; Leder et al. 2001; Mossadegh et al. 2004). The genes 

should be optimized for codon usage and other properties 

known to aid protein expression, such as modification of 

mRNA secondary structures that might impede transcrip- 

tion or nuclear export. The same types of modification were 

proven useful for PyVs  (Tolstov et al. 2009). Nowadays,  

the cotransfection of expression vectors encoding codon- 

optimized capsid protein genes  with  DNA  that  serves  as 

a target for encapsidation is an established  procedure for 

the production of PyV as well as  PV  PsVs for special- 

ized applications (Section 20.4.2.2). For the production of 

VLPs devoid of target DNA, however, the mammalian sys- 

tem is not usually used, due to expensive transfection and 

cultivation conditions and a risk of potentially infectious 

contaminants. Interestingly, in mammalian cells, with a 

good transfection method and modified genes, the yield can 

be as high as 20 mg of the capsid protein, assembled into 

PsVs, per liter of media (1 × 109  cells) for PyVs  (Pastrana  

et al. 2009; Tolstov et al. 2009) and 10 mg for PV VLPs 

(Buck and Thompson 2007; Buck 2012). Capsid proteins of 

PyVs as well as HPV PsVs have been also produced in mam- 

malian cells with recombinant vaccinia  viruses (Stamatos 

et al. 1987; Zhou et al. 1991; Unckell et al. 1997). 

Insect cells, predominantly  Spodoptera  frugiperda  

(Sf9) and Trichoplusia ni (High Five™, H5)  ovary  cells 

and baculovirus expression systems, are a good choice for 

the production of most VLP types. The system is used for 

manufacturing one of the VLP-based vaccines against HPV 

Cervarix (GlaxoSmithKline). VLPs are usually assembled 

inside the cell nucleus. The quantity depends usually on the 

type or variant of the parental virus (Touzé et al. 1998) and 

capsid gene modification (e.g., codon optimization). The 

yield can be as high as 40 mg of VP1 protein assembled in 

VLPs per liter of cultivation media for a nonmodified VP1 

gene from MPyV (our unpublished observation) and 10 mg 

of L1 protein per liter for PVs with optimally modified L1 

genes (Xu et al. 2014). Moreover, it has been shown that a 

modified baculovirus-based (MultiBac) expression system 

can substantially improve VLP production by multiple folds 

(e.g., for HPV2 from 1 to 40 mg/L) for certain HPV types, 

whereas the conventional baculovirus expression system 

gives a low yield (Senger et al. 2009). VLPs can also be 

produced by baculoviruses in insect larvae with reasonable 

yield for HPV16 L1 recombinant protein produced in T. ni 

larvae; the yield was five times higher than that in cell cul- 

ture and reached 21 mg/g of insect biomass (about four insect 

larvae) (Millán et al. 2010). For HPV6b, the VLPs  were 

also reported to be successfully produced in larvae with a 

Bombyx mori nucleopolyhedrovirus bacmid expression sys- 

tem (Palaniyandi et al. 2012). The Drosophila inducible/ 

secreted expression system was also used to produce VLPs. 

The yield of HPV16 L1 protein was 1.1 g/L of media (Zheng 

et al. 2008). The yield of MPyV VP1 tagged with a secretion 

signal for targeting to the extracellular medium was disap- 

pointingly low (2–4 mg VP1 per liter of media), and only a 

small fraction of the recombinant secreted protein assem- 

bled into VLP-like structures (Ng et al. 2007). 

While production of VLPs from PyVs in plants has never 

been reported, the need for cost effective manufacturing of 

VLP-based vaccines against HPV led to exploration of the 

production of PV-based VLPs in several transgenic plant 

systems, using tobacco or potato plants (reviewed in Rybicki 

2009). VLPs produced in these systems had correct mor-  

phology and elicited an immunological response after intra- 

venous or oral administration, but the yields were very low. 

Varsani et al. (2003) reported a yield as low as 2–4 ng HPV16 

L1 protein per gram of fresh tobacco leaf material, corre- 

sponding to 0.0003% (w/w) for expression from nonmodi- 

fied capsid gene. Plant codon usage optimization (Warzecha 

et al. 2003) or usage of humanized L1 gene (Biemelt et al. 

2003) has been shown to increase the yield of HPV11  L1   

to 20 ng/g of fresh tuber in potato plants and to 14 µg of 

HPV16 L1 per gram of fresh tobacco leaves (0.5% of total 

soluble protein), respectively. The threshold for commercial 
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TABLE 20.2 

Expression Systems for VLP Production 

System Virus (Protein/s) Referencesa Structureb Notesc
 

PVs 

Mammalian 

Vaccinia virus expression 

system 

 

 

 

 

 

 
 

Semliki forest virus–based 

expression 

HPV1 (L1/L2) Zhou et al. (1991) VLPs Incorrectly assembled, d = 35–40 nm 

 
HPV1 (L1/L2) Hagensee et al. (1993) VLPs Expected morphology and size 

BPV1 (L1, L1/L2) Zhou et al. (1993) VLPs L1/L2 VLPs encapsidated DNA 

HPV18 (L1, L1/L2) Stauffer et al. (1998) VLPs L1/L2 VLPs encapsidated DNA 

HPV6b (L1) Fang et al. (1999) VLPs 

HPV33 (L1, L1/L2) Unckell et al. (1997) VLPs Empty and full capsids (PsVs), L2 not 

needed for encapsidation 

HPV16 (L1, L1/L2) Heino et al. (1995) VLPs Correct morphology and size, no Tu 

Fowlpox virus expression HPV16 (L1) Zanotto et al. (2011) Prevalent Ti, some 

VLPs 

Low expression of L1 protein, 

low yield of particles 

Direct transfection of 

expression vectors 

HPV16 (L1, L1/L2) Leder et al. (2001) VLPs Codon-optimized L1 and L2 genes, 

VLPs formed abundantly in cell 

nucleus 

HPV11 (L1) Mossadegh et al. (2004) VLPs Codon-optimized L1 gene, VLPs 

formed in the cell nucleus 

 

 

Insect 

BPV1 (L1, L1/L2), HPV16 

(L1/L2) 

Buck et al. (2004) VLPs PsVs generated in 293TT cells 

Baculovirus expression 

system 

BPV1 (L1), HPV16 (L1) Kirnbauer et al. (1992) VLPs Correct morphology and size, also 

smaller particles 

HPV16 (L1/L2), HPV6 (L1), 

HPV11 (L1), CRPV (L1) 

Kirnbauer et al. (1993) VLPs Better yield of VLPs from clinical 

sample variants and after L1/L2 

coexpression 

HPV11 (L1) Rose et al. (1993) VLPs VLPs formed in cell nucleus, but 

purification not efficient (in vitro 

assembly) 

HPV11 (L1) Christensen et al. (1994) VLPs VLPs of variable size 

HPV11,16,18 (L1) Rose et al. (1994) VLPs 

COPV(L1) Suzich et al. (1995) VLPs Correct (d = 55 nm) size and 

morphology 

HPV33 (L1/L2) Volpers et al. (1994) VLPs, Tu Spherical VLPs (d = 50–60 nm) and 

tubular structures (d = 25–30 nm or 50–

60 nm) 

HPV6b (L1), HPV11 (L1, 

L1/L2), HPV16 (L1, L1/L2) 

Muller et al. (1995) VLPs Regular VLPs 

HPV45 (L1) Touzé et al. (1996) VLPs Low yield 

HPV6, HPV11, HPV16, 

HPV31, HPV33, HPV35, 

HPV18, HPV39, HPV45 (L1) 

HPV2, 3, 10, 27, 77B (L1) 

BPV5, BPV6 (L1) 

Giroglou et al. (2001) VLPs Regular VLPs 

 

 
Senger et al. (2009) VLPs MultiBac—high production system 

(8–40 times increase in yield) 

HPV16, HPV18 (L1) Harper et al. (2004) VLPs Bivalent HPV vaccine Cervarix 

(GlaxoSmithKline) 

 
Drosophila expression 

system 

MusPV (L1, 4 variants) Joh et al. (2014) VLPs 

HPV16 (L1) Zheng et al. (2008) VLPs 

Insect larvae/T. ni HPV16 (L1) Millán et al. (2010) VLPs, Ti, Tu Polymorphic structures formed 

Insect larvae/B. mori 

nucleopolyhedrovirus 

expression system 

HPV6b (L1) Palaniyandi et al. (2012) VLPs, Ti Short-length and full-length L1 

formed tiny or mixed population of 

VLP/Ti, respectively 

(Continued) 
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TABLE 20.2 (Continued) 

Expression Systems for VLP Production 

System Virus (Protein/s) Referencesa Structureb Notesc
 

Yeast 

S. cerevisiae HPV6a (L1, L1/L2) Hofmann et al. (1995) VLPs Smaller particles d = 40–50 nm, 

capsomeres and monomeric protein 

CRPV (L1, L1/L2) Jansen et al. (1995) VLPs Spherical particles, d = 50 nm 

HPV11(L1), HPV11/6a 

hybrid 

Neeper et al. (1996) VLPs VLPs detected in cell lysates 

d = 40–50 nm 

HPV16 (L1/L2) Rossi et al. (2000) VLPs VLPs for gene transfer 

HPV11(L1) Cook et al. (1999) VLPs VLPs of variable size d = 32–97 nm 

HPV16, HPV6 (L1/L2 

coexpression 16/6) 

Buonamassa et al. (2002) VLPs Coexpression of 4 proteins, chimeric 

VLPs 

HPV11, HPV6, HPV16 (L1) Mach et al. (2006) VLPs Irregular shape, d = 30–60 nm 

HPV6, HPV11, HPV16, 

HPV18 (L1) (vaccine) 

Markowitz et al. (2007) VLPs Quadrivalent HPV vaccine Gardasil®
 

(Merck and Co., Inc., Whitehouse 

Station, New Jersey) 

HPV16 (L1) Kim et al. (2007), Park 

et al. (2008) 

VLPs Particles d = 51 ± 15 nm, purification 

method described 

S. pombe HPV16 (L1, L1/L2), HPV16/ 

HPV6 (L1/L2) 

Sasagawa et al. (1995) VLPs L2 not incorporated in VLPs 

Pichia pastoris HPV16 (L1) Liu et al. (2007) VLPs Variable size approx. 50 nm 

HPV16 (L1) Bazan et al. (2009) VLPs L1 protein unstable, low yield 

(aggregation) 

HPV16, 18 (L1) Rao et al. (2011) VLPs Variable size approx. 53 nm 

Bacterial 

Escherichia coli HPV11 (L1/L2) Finnen et al. (2003) Capsomeres VLPs assembled in vitro 

HPV11 (L1, L1 mutants) Li et al. (1997) Capsomeres VLPs assembled in vitro 

Lactobacillus casei HPV16 (L1) Aires et al. (2006) VLPs VLPs produced intracellularly, 

d = 30–60 nm 

Bacillus subtilis HPV33 (L1) Baek et al. (2012) VLPs Highly heterogeneous VLPs 

(d = 20–60 nm), problems with 

purification 

Plant 

Tobacco and/or potato leaves HPV11 (L1) Warzecha et al. (2003) VLPs Uniform spherical particles, 

d = 55 nm 

HPV16 (L1) Biemelt et al. (2003) VLPs, capsomeres Mainly capsomeres, VLPs, 

d = 55–65 nm and smaller 

HPV16 (L1) Fernández-San Millán 

et al. (2008) 

VLPs VLPs assembled in the stroma of 

chloroplasts, high yield, 

d = 55–65 nm and smaller 

 

PyVs 

Mammalian 

HPV8 (L1) Matić et al. (2012) VLPs, Ti 

Direct transfection of 

expression vector 

BKPyV, JCPyV, SV40, LPyV 

(VP1/VP2/VP3) 

Nakanishi et al. (2008) VLPs VLPs in the form of PsVs 

SV40 (VP1/VP2/VP3) Oppenheim and Peleg 

(1989) 

VLPs VLPs in the form of PsVs 

JCPyV (VP1/VP2/VP3) Shishido et al. (1997) VLPs VLPs observed in the nucleus 

 

 

Avian 

MPyV (VP1/VP2/VP3) 

MCPyV (VP1/VP2) 

Tolstov et al. (2009) VLPs Uniform VLPs (d = 55–58 nm) 

Influenza virus expression 

system 

APyV (VP1/VP2/VP3/VP4) Johne and Müller (2004) VLPs VLP (d = 45 nm) purified  

 
(Continued) 
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TABLE 20.2 (Continued) 

Expression Systems for VLP Production 

System Virus (Protein/s) Referencesa Structureb Notesc
 

Insect 

Baculovirus expression 

system 

HPyV6, HPyV7, TSPyV 

(VP1) 

Nicol et al. (2013) VLPs, Ti HPyV6, predominantly Ti, some 

regular VLPs; HPyV7, regular VLPs; 

TSPyV, predominantly regular VLPs, 

some Ti 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Drosophila expression 

system 

 

 

 
Yeast 

MCPyV (VP1) Touzé et al. (2010) VLPs Regular VLPs, d = 45 nm; different 

clinical isolate generates only protein 

aggregates 

HPyV9 (VP1) Nicol et al. (2012) Ti (VLPs) Mainly tiny VLPs (d = 24 nm), 

few regular VLPs (d = 45 nm) in 

preparations 

APyV (VP1/VP2/VP3) An et al. (1999) Capsomeres VLPs assembled in vitro 

JCPyV (VP1) Chang et al. (1997) VLPs Regular VLPs, d = 45 nm 

MPyV (VP1) Montross et al. (1991) VLPs Regular VLPs in nucleus, purified 

empty VLPs (d = 46 nm), smaller 

VLPs in minority 

MPyV (VP1/VP2/VP3) Forstová et al. (1993) VLPs Regular VLPs 

LPyV (VP1) Pawlita et al. (1996) VLPs VLPs of regular size (d = 45 nm) 

found in cell nucleus; VLPs contain 

DNA 

MPtV (VP1) Tegerstedt et al. (2003) VLPs VLPs of regular size (d = 45 nm), 

antibody does not cross-react with 

MPyV 

SV40 (VP1, VP1/VP2/VP3) Kosukegawa et al. (1996) VLPs VLPs of regular size (d = 45 nm) 

BKPyV (VP1) Touzé et al. (2001) VLPs Regular empty VLPs, d = 45 nm 

TSPyV (VP1) Chen et al. (2011) VLPs Regular d = 45 nm and smaller VLPs 

GHPyV (VP1) Zielonka et al. (2006) VLPs, capsomeres Capsomeres prevalent in preparation, 

VLPs of regular size (d = 45 nm) 

HaPyV (VP1) Voronkova et al. (2007) VLPs Regular VLPs, observed in cell 

nucleus 

MPyV (VP1) Ng et al. (2007) VLPs, aggregates Secreted VP1, low yield, altered 

disulfide bonding, irregular deformed 

VLPs 

S. cerevisiae HaPyV (VP1) Sasnauskas et al. (1999) VLPs Regular size, VLPs in nucleus and 

cytoplasm 

BKPyV, JCPyV, SV40, 

HaPyV, MPyV, BFPyV 

(VP1) 

Sasnauskas et al. (2002) VLPs, Ti VLPs (except HaPyV and MPyV) 

heterogeneous in size, d = 45–50 nm; 

minor fraction of Ti VLPs, 

d = 20–25 nm 

BKPyV, JCPyV (VP1) Hale et al. (2002) VLPs, Ti BKPyV VLPs, d = 45–50 nm and 

d = 20–25 nm particle. JCPyV VLPs, 

d = 50–55 nm 

GHPyV (VP1/VP2), APyV 

(VP1) 

APyV, CPyV, FPyV, GHPyV 

(VP1) 

Zielonka et al. (2006) VLPs, Ti, 

capsomeres 

Zielonka et al. (2012) VLPs, Ti 

capsomeres 

GHPyV forms exclusively VLPs, 

d = 20 nm, low stability of VLPs 

VLPs (d = 45 nm), Ti (d = 25 nm), 

variable yield of VLPs depending on 

virus type 

ChPyV (VP1) Zielonka et al. (2011) VLPs, Ti, 

capsomeres 

Low efficiency of VLP (d = 45 nm, 

d = 25 nm) 

JCPyV (VP1) Chen et al. (2001) VLPs Regular size of VLPs (d = 45 nm) 

MPyV (VP1) Palková et al. (2000) VLPs, Ti VLPs (d = 45 nm) in the nucleus, 

minor fraction of Ti, VLPs containing 

naked DNA without histones 

(Continued) 
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TABLE 20.2 (Continued) 

Expression Systems for VLP Production 

System Virus (Protein/s) Referencesa Structureb Notesc
 

Bacterial 

E. coli SV40 (VP1) Wróbel et al. (2000) VLPs GroELS chaperone system and His-tag 

on N-terminus, VLPs detected in cell 

extract, no in vitro assembly reaction, 

empty capsids prevalent, some full 

capsids 

MPyV (VP1) Salunke et al. (1986) Capsomeres In vitro assembly reaction for VLPs 

formation (see Table 20.3) 

JCPyV (VP1) Ou et al. (1999) VLPs VLPs detected in cell extracts 

HaPyV (VP1) Voronkova et al. (2007) VLPs VLPs detected in cells and cell 

extracts 

BFPyV (VP1) Rodgers et al. (1994) Capsomeres VLPs assembled in vitro 

 
a Only reports of the first production or conflicting reports are listed. 
b Ti, tiny particles; Tu, tubular structures; see Figure 20.2. 
c d, diameter. 

 

 

production of recombinant protein in plants is considered to 

be 1% of total soluble protein (Fischer et al. 2004). Indeed,  

it has been shown for HPV16 VLP production that specific 

optimization of the transcriptional or translational context 

and chloroplast localization of expression can improve the 

yield manyfold (17% of total soluble protein) (Maclean et al. 

2007; Fernández-San Millán et al. 2008; Lenzi et al. 2008; 

Matić et al. 2012), making the plant system an interesting 

alternative for vaccine production. 

Both PyV- and PV-based VLPs can be successfully 

produced in yeast, and quadrivalent HPV6/HPV11/HPV16/ 

HPV18 vaccine (Gardasil, Merck and Co., Inc.) produced in 

Saccharomyces cerevisiae has been successfully introduced 

into the market. The first VLPs consisting of either L1 alone 

or L1/L2 produced in yeast were derived from cottontail rab- 

bit PV (CRPV) (Jansen et al. 1995). The study showed that the 

VLPs were morphologically indistinguishable from native 

virions and protected rabbits from CRPV-induced wart for- 

mation after immunization. Further reports of HPV VLP pro- 

duction followed (Hofmann et al. 1995; Sasagawa et al. 1995; 

Neeper et al. 1996; Cook et al. 1999). Some reports noted that 

HPV L1 VLPs produced in S. cerevisiae yeast display type- 

dependent properties of particles (Mach et al. 2006). Whereas 

HPV18 L1 protein forms uniformly assembled VLPs (60 nm 

in diameter), L1 proteins of HPV6, HPV11, and HPV16 tend 

to form more irregular particles of 30–50 nm in diameter, 

which has no effect on their immunogenic properties but lim- 

its particle stability. The authors introduced an efficient pro- 

cedure of disassembling and reassembling the yeast-derived 

VLPs to achieve more uniform particle morphology (60 nm 

diameter spheres) and maximized stability. Disassembly and 

reassembly of particles seems nowadays to be an important 

step in manufacturing yeast-derived VLPs for better immu- 

noreactivity (Zhao et al. 2012b) and morphology, decreased 

heterogeneity, and increased thermal stability (Zhao et al. 

2012b). In fact, the limited stability and aggregation of the 

recombinant HPV VLPs purified from yeast (Shi et al. 2005) 

may result in loss of HPV VLPs during purification proce- 

dures, and buffer conditions, such as high salt and nonionic 

surfactants, can substantially increase the yield (Kim et al. 

2007; Park et al. 2008). The yields of VLPs from yeast can 

be high, and the yeast production system allows cultivation 

in large quantities with a relatively simple culture medium. 

Cook et al. (1999) reported production of HPV11 VLPs from 

200 L, using a galactose-inducible S. cerevisiae expression 

system, where the yield of L1 came to approximately 15% of 

the total soluble protein of the yeast cell lysate and 6 mg/L 

of media of highly purified VLPs. Alternatively, the HPV 

VLPs can be produced in Pichia pastoris (Bazan et al. 2009) 

with similar (9.5 and 6.4 mg/L of HPV16 and HPV18 VLPs, 

respectively) (Rao et al. 2011) or even higher (20 mg/L of 

HPV58 VLPs) (Jiang et al. 2011) yields. 

Interestingly, in contrast to PyVs, PVs have the inherent 

capacity to replicate in yeast (Angeletti et al. 2002), and pack- 

aging of actively replicating target DNA can lead to the produc- 

tion of PsVs containing full-length HPV genomes (Angeletti 

2005) or plasmid DNA with a reporter gene (Rossi et al. 2000). 

The proof of the concept of PyV-based VLPs production in 

yeast was assessed using hamster PyV (HaPyV) (Sasnauskas 

et al. 1999). VP1 was expressed in S. cerevisiae and VLPs were 

abundantly formed in the nucleus as well as in the cytoplasmic 

compartment. Consequently, our group showed formation of 

VLPs from MPyV  VP1  produced by  a   galactose-inducible 

S. cerevisiae yeast expression system (Palková et al. 2000). 

We also showed that a subpopulation of VLPs carried frag- 

ments of plasmid or linear chromosomal DNA and that newly 

synthesized VP1 can interact with mitotic microtubules, thus 

inhibiting yeast growth. In agreement with this, Sasnauskas 

et al. (2002) reported the importance of yeast strain selection 

for high expression of VP1 of PyVs from humans (JCPyV  

and BKPyV), rhesus monkeys (SV40), hamsters (HaPyV), 

mice (MPyV),  and birds (budgerigar fledgling disease virus 
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[BFPyV]), but they showed  the formation  of  VLPs devoid  

of nucleic acid. The reported yields of VLPs were high: 40 

mg/L for mammalian PyVs and 5 mg/L for BFPyV. Generally, 

the yield in purified VP1 preparations may differ remarkably 

between viruses and can be quite low for goose hemorrhagic 

PyV (GHPyV) (1.2 mg/L) (Zielonka et al. 2006) or chimpan- 

zee PyV (ChPyV) VP1 (0.3 mg/L) (Zielonka et al. 2011). 

The expression of capsid proteins in a bacterial expression 

system often leads to the purification of protein in a penta- 

meric form (Salunke et al. 1986; Li et al. 1997), but HaPyV 

or JCPyV VP1 expressed in E. coli assembles directly to 

VLPs (Ou et al. 1999; Voronkova et al. 2007). For HPV11 

and HPV16, the purification of 3–5 mg of near-homogeneous 

L1 protein from 1 L of cell culture was reported (Chen et al. 

2001). For MPyV, the effect of host, plasmid, and culture 

conditions on the expression of VP1 capsid protein in E. coli 

was examined, and the expression yield of 180 mg of solu- 

ble VP1 per liter of bacterial culture was obtained (Chuan  

et al. 2008). Several optimizing conditions enabled the same 

group to achieve even higher production rates (≈0.3 g of 

glutathione S-transferase [GST]-VP1 protein per liter of cul- 

ture) in laboratory shake-flask conditions (Lipin et al. 2008). 

The extremely high production of MPyV VP1 (4.38 g of 

GST-VP1 protein per liter) in high-cell-density fed-batch cul- 

tivation in recombinant E. coli has been demonstrated (Liew 

et al. 2010). The disadvantage of the bacterial system is that 

recombinant protein preparations from bacteria always bear 

the risk of contaminating endotoxins, which are highly toxic 

in humans and therefore have to be eliminated from vaccine 

preparations and VLPs intended to be used in clinic. 

Capsid proteins can also be produced in cell-free systems. 

VLP production, using this system with components derived 

either from bacteria or yeasts, has been so far reported only 

for PVs for PVs (Iyengar et al. 1996; Wang et al. 2008). The 

latter system yielded 50–70 μg of HPV58 L1 protein per milli- 

liter of reaction volume after optimization (Wang et al. 2008). 

Purified pentamers can be efficiently assembled into VLPs 

in vitro in high ionic strength with the addition of cal- cium 

(in case of PyVs) or oxidation of disulfide bonds (in case 

of PVs). Assembled VLPs can be further disassembled and 

reassembled into the desired structures by changing the 

buffer conditions and temperatures. Tables 20.3 and 20.4 

show several reported disassembly/reassembly systems. 

These reaction systems are valuable tools for the study of 

virion assembly, which is a poorly understood phenomenon 

and also serves for the preparation of viral nanostructures 

for different biomedical applications (e.g., an increase in the 

stability of yeast-derived HPV vaccines). 

 

 

20.4 UTILIZATION OF VLPs AS A 

CARGO DELIVERY SYSTEM FOR 

THERAPY AND DIAGNOSTICS 

VLPs have been studied intensively as diagnostic and thera- 

peutic compounds. Their structural stability, manipulation 

tolerance, and ability for molecule incorporation with fast 

and low-cost production make them an ideal tool for use in 

gene therapy, immunotherapy, and diagnostics. Here, VLPs 

serve as vehicles for the transport of therapeutic DNA, drugs, 

antigens, or contrast agents into target cells. In some cases, 

including PV and PyV, the application of VLPs can be lim- 

ited by their nonspecific binding to various cell types. On the 

contrary, the application potential of VLPs can increase if 

the selectivity of VLPs for distinct cells is guaranteed. DNA 

technology enables the preparation of genetically modified 

capsids on demand, and purified VLPs can be used as the 

ideal polyvalent monodispersed protein nanoobjects for fur- 

ther chemical engineering. The exterior of the VLPs can be 

functionalized by the connection of targeting molecules, and 

the interior of the particles can encapsulate cargo molecules 

for cellular delivery. 

 

The concepts of vector targeting are well recognized 

throughout the gene therapy field (reviewed in Waehler et al. 

2007) where current eukaryotic viral vectors can  infect  

cells with high efficiency, but they have the disadvantage 

that their native tropism must be ablated to avoid the trans- 

duction of nontarget tissue. Similarly, PyV and PV VLPs, 

with their inherent capacity to bind to a wide array of cell 

types (Section 20.4.2), might need to be detargeted from 

primary receptor binding and retargeted to the new destina- 

tion by attachment of the targeting moiety. Although in some 

instances the addition of the targeting ligand reduces the 

native tropism sufficiently, detargeting is usually achieved by 

the genetic mutation of several amino acids that are respon- 

sible for interaction with the primary receptor. To reprogram 

VLP cell binding and entry, ligands that direct targeting to 

specific cell types should be attached to the surface of VLPs. 

The rational design of VLP modification, therefore, requires 

knowledge of virion structure, which is fortunately known 

for species of PyV and PV (Section 20.2.2). The selection of 

the targeting moiety depends on the nature of the target cell 

and the actual biomedical application and usually consists  

of the polypeptide molecule (e.g., epidermal growth factor 

[EGF]) that naturally binds the receptors on target cells 

(EGF receptors are overrepresented in some cancer cells), 

monoclonal antibody (or single-chain antibody) against the 

target cell receptor, or small targeting peptide motifs. These 

small targeting peptides can be chosen either from library 

selection approaches or from naturally occurring motifs. For 

this purpose, the RGD motif (tripeptide Arg-Gly-Asp), which 

targets vectors to integrins overrepresented in tumors and 

vasculature, has most commonly been used. Furthermore, 

nonpeptide molecules, such as sugars, fatty acids, nonpep- 

tide hormones, or small molecular compounds, can serve as 

targeting molecules (Waehler et al. 2007). 

The major advantage of VLPs against other therapeutic 

carriers is their ability to expose a large number of targeting 

molecules whose number and orientation can be controlled. 

The attachment of a targeting moiety can be performed by 

genetic or chemical methods. Genetic approaches allow 
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TABLE 20.3 

Main Conditions for In Vitro Reconstitution of VLPs from Capsomeres and the Outcome of Assembly Reaction after Dialysis 
 

Protein (s) System References Conc. Time T (°C) pH Salt Ca VLPsa
 Tinyb

 Tuc
 Pentamers Aggregates 

VP1 (MPyV) E. coli Salunke et al. (1989) 0.5–1 mg/mL 2 days RT 7.2 150 mM NaCl 0.5 mM +++ +  +  

         N, Sn     

      8.5 150 mM NaCl 0.5 mM Disrupted +++  +  

      5.0 150 mM NaCl 0.5 mM +++ +  +  

         N, Ln     

      7.2 2 M (NH4)2SO4 — ++ 

N, Sn 

++ ++ 

(15 nm) 

  

      8.5 2 M (NH4)2SO4 — ++ 

N, Sn 

++ + 

(15 nm) 

+  

      5.0 2 M (NH4)2SO4 — ++++     

VP1 (SV40) Insect Kanesashi et al. (2003) 0.06 mg/mL 1 day 4 7.2 150 mM NaCl 2 mM     ++++ 

     RT 5.0 150 mM NaCl 2 mM   ++++   

           (30 nm)   

     RT (4) 7.2 1 M NaCl 2 mM +++ + ++   

         N, Sn, Ln  (45 nm)   

     4 7.2 1 M NaCl —  ++++    

     4 7.2 2 M (NH4)2SO4 2 mM ++++ 

N, Sn 

    

HPV11 E. coli Li et al. (1997) nd d RT 7.2 1 M NaCl — +++    + 

Abbreviations: Conc., capsid protein concentration; Ca, calcium concentration; RT, room temperature; nd, not determined; number of “+” indicating quantity of each assembly form. 
a VLPs of various size can be formed (N, normal size; Ln, larger than normal; Sn, smaller than normal)—see Figure 20.2. 
b Particles composed of 12 or 24 capsomeres are labeled as Tiny. 
c VLPs can form tubular structures (Tu) of various diameters (in brackets). 
d VLPs assembled during elution from the phosphocellulose column in 1 M NaCl. 
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TABLE 20.4 

Examples of Disassembly/Reassembly Procedures 

Virus/VLPs (System) References Disassemblya Reassembly Notes 

MPyV virion Brady et al. (1977) 10 mM Tris–HCl (pH 8.5), 

150 mM NaCl, 10 mM 

EGTA, 3 mM DTT, 

30 min 

Not done Show stabilizing effect of high salt 

(1 M NaCl) and calcium ions 

(5 mM for disassembly); pH > 8.5 

increases the disruption, high 

concentration (50–150 mM) of 

EGTA decreases disruption. 

MPyV virion Brady et al. (1979) 1 mM EGTA, 0.1 M ME, 

0.15 M NaCl in 0.05 M 

Tris–HCl (pH 7.4), 

30 min, RT 

 

 
SV40 virion Colomar et al. (1993) 50 mM Tris–HCl (pH 7.9), 

150 mM NaCl, 1 mM 

EGTA, 20 mM DTT, 

37°C, 1 h 

SV40 VP1 VLPs (insect) Kanesashi et al. (2003) 20 mM Tris–HCl (pH 7.9), 

0.1% Nonidet P-40, 

25 mM EGTA, 30 mM 

DTT, 1 h at 37°C plus gel 

filtration: 

20 mM Tris–HCl (pH 7.9), 

150 mM NaCl, 5 mM 

EGTA, 5 mM DTT 

HPV16 L1/2 VLPs (insect) Kawana et al. (1998) 1 mg of VLPs incubated in 

1 mL of PBS containing 

ME (5%), 16 h at 4°C 

Dialyzing in 10%/DMSO, 

0.01% Triton X-100 in 

PBS (pH 7.4) with 0.5 µM 

CaCl2 

 
 

Gradual addition of CaCl2 

(5 mM final) 

 

 
Dialyzing 9 µg of the 

purified pentamer 

preparation for 24 h 

against the various buffers 

or 2 M (NH4)2SO4, 2 mM 

CaCl2, pH 7.2, 4°C 

 
 

VLPs mixed with 2 mg of 

plasmid and dialyzed 

against 4 L PBS, 0.5 M 

NaCl, 2 mM CaCl2, 24 h 

at 4°C 

Virions dissociated in the pH range 

of 7.4–7.8 have higher frequency 

of reassembly; dissociation at pH 

8.0 is harmful to the reassembly; 

higher concentration of CaCl2 is 

inhibitory to the assembly. 

Disassembly not complete— 

disassembly/reassembly verified 

by infectivity assay not EM. 

 
Reports about aggregation in 

physiological salt condition (150–

30 mM NaCl) and acidic pH (pH 

< 5.0), formation of VLPs in high 

concentrations of (NH4)2SO4 did 

not require CaCl2. 

 
 

Electron microscopy confirmed the 

presence of particles; 10 µg of 

PLPs from 1 mg of disassembled 

capsids. 

HPV6, HPV11, HPV16 L1 

VLPs (yeast) 

Mach et al. (2006) 0.15 M NaCl, 35 mM 

sodium phosphate, 2 mM 

EDTA, 0.03% polysorbate 

80, 100 mM Tris (pH 8.2), 

10 mM DTT 

Dialyzing against a 

solution of high salt 

concentration (0.5–1 

M NaCl) at a lower pH 

(6–7) 

Aggregation during the disassembly 

and initial reassembly in low salt 

solutions; disassembly performed 

under high salt conditions (0.5–1.2 

M NaCl) with polysorbate 80 to 

eliminate the aggregation. 

HPV11 L1 VLPs (insect) McCarthy et al. (1998) PBS, 150 mM NaCl, 5% 

ME, 16 h, 4°C 

 

 
BKPyV VP1 VLPs (insect) Touzé et al. (2001) 50 mM Tris–HCl (pH 7.5), 

150 mM NaCl, 1 mM 

EGTA, 20 mM DTT, 

30 min RT 

Capsomeres (0.5–5.0 mg) 

dialyzed versus 4 L of 

PBS with 0.5 M NaCl, 

4°C, 24 h 

Dilution in 50 mM Tris–

HCl (pH 7.5), 

150 mM NaCl, 2 mM 

CaCl2, 1% DMSO; CaCl2 

molarity increased 

stepwise from 2 to 5 mM 

(1 mM/h) at 20°C to reach 

a final volume of 500 µL. 

The aggregated VLPs were resistant 

to disassembly; 0.5 M NaCl during 

reassembly designed to stabilize 

VLPs. 

1 µg of plasmid DNA in 50 µL of 

50 mM Tris–HCl buffer (pH 7.5), 

150 mM NaCl added to 50 µL 

(10 µg) of disrupted VLPs and 

further diluted. 

 
a ME, 2-mercaptoethanol; DTT, dithiothreitol. 

 

 

ablation of natural tropism and introduce a targeting or adap- 

tor molecule in one step but are usually limited by the size of 

the ligand that can be incorporated without compromising the 

assembly, stability, and yield of VLPs. In addition, the pep- 

tide affinities to the receptor may be influenced by the loca- 

tion in the capsid. More importantly, nonpeptide molecules 

cannot be used as targeting moieties, despite being high- 

affinity ligands for different targets (Waehler et al. 2007). 

On the contrary, the chemical modification of VLPs allows 

covalent attachment of specific ligands from a large collec- 

tion of protein and nonprotein compounds by the classical 

techniques of protein alteration and cross-linking (reviewed 
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in Wong [1991] and Strable and Finn [2009]). Moreover, the 

coupling of full-length proteins can be performed without 

negatively  affecting the structural and biological integrity  

of VLPs. The techniques use acylation of the amino groups 

of lysine, alkylation of the sulfhydryl group of cysteine and 

activation of carboxylic acid residues (of aspartic and glu- 

tamic acids), and coupling with added amines. These amino 

acids, together with the aromatic groups of tyrosine and tryp- 

tophan, have distinct reactivity patterns and therefore pre- 

dominantly serve for bioconjugation purposes (reviewed in 

Strable and Finn [2009]). On the other hand, the utilization of 

chemical approaches can be limited by the absence of these 

amino acids in the appropriate positions on the VLP surface 

or by the fact that reaction conditions promote disassembly 

or aggregation or severely reduce the yield of modified VLPs 

during purification steps. Conversely, chemical cross-linkers 

can, in some instances, significantly reduce the capacity of 

VLPs to disassemble intracellularly, which might be undesir- 

able for specific applications. 

The combination of genetic and chemical techniques for 

modifying the surface of viral particles seems to limit the 

disadvantages of both approaches. Genetic techniques can 

be used to introduce a specific chemical reactivity (amino 

acid[s]) at defined positions on the  viral  capsid  surface.  

An addition of few amino acids usually has no effect on VLP 

stability, in contrast to extensive amino acid changes when 

genetic retargeting is applied. After production of the VLPs 

in a conventional expression system, the newly integrated 

amino acid(s) can be used to chemically couple ligands for 

targeting. 

Generally, the single- or  two-component  systems  can  

be used for the attachment of the targeting ligand to VLPs. 

The single-component system uses direct incorporation of    

a targeting moiety into or onto VLPs, whereas the second 

strategy uses the adaptor molecule to mediate the attach- 

ment of a targeting ligand to VLPs. Both of these strategies 

have been explored for retargeting PyV VLPs. Since the 

methods are essentially the same as for the preparation of 

VLPs designed to expose immunodominant epitopes for vac- 

cination purposes (Section 20.5.2.2) or for peptide delivery 

(Section 20.4.3) application, PV VLPs are modified in the 

same way. 

20.4.1.1 Targeting of VLPs by a 

Single-Component System 

The single-component system, where the targeting moiety 

is directly attached to the VLPs, is more technically chal- 

lenging and less versatile than the use of the two-component 

system, but might provide stable and functionally homog- 

enous retargeted particles. In addition, this approach might 

simplify high-titer production since there is no need to create 

a separate adaptor or docking molecules. Both genetic and 

chemical methods are used for the creation of targeted VLPs. 

Targeting by genetic modification requires the construc- 

tion of genetic fusion between the capsid protein and the 

targeting ligand. This leads to the formation of a special 

variant of so-called chimeric VLPs (Table 20.6), where 

the targeting sequence must be exposed on the surface of  

the VLP. Finding the suitable positions in the surface loop of 

capsid proteins that allow this type of modification without 

affecting the physical integrity of the particles is usually the 

main obstacle in the construction of these VLPs. It is also 

crucial that the displayed ligand maintains its bridging ability 

toward the target after fusion. Both PyVs and PVs have been 

used for genetic modification and the effect on VLPs stability 

analyzed, but only few reports of successful targeting exist. 

Both phenomenon stability and targeting were system- 

atically analyzed for SV40 VP1 VLPs by Takahashi et al. 

(2008). They inserted FLAG epitope (Asp-Tyr-Lys-Asp-Asp- 

Asp-Asp-Lys octapeptide) with short triglycine flexible link- 

ers, which assist the molecule to achieve the most preferable 

conformation, in different positions of all surface loops of 

the VP1 protein (BC, DE, EF, and HI). For targeting, they 

inserted three consecutive RGD motifs. They demonstrated 

that only a small number of positions (one  in DE and one  

in the HI loop) of VP1 can accommodate foreign peptides 

without affecting VLP formation and that at least three 

glycine residues flanking both sides of the foreign peptide 

were needed for VLP assembly. Moreover, the RGD motifs 

displayed on the VLPs were found to be directly involved in 

cell attachment, and interaction with cells was enhanced for 

VLPs displaying RGD in DE as well as HI loop compared to 

VLPs carrying the FLAG-tags at the same positions. The lat- 

ter VLPs also associated with target cells only very weakly 

compared to wild-type VLPs, because both DE and HI loops 

are, together with the BC loop, involved in receptor binding 

(Neu et al. 2008). 

The same targeting peptide has been used for the retar- 

geting of VLPs derived from LPyV (Langner et al. 2004). 

The single RGD motif without a linker sequence was replaced 

in 11 different positions (in BC, DE, and HI loops) in the 

VP1 protein sequence, and only five mutant proteins (three 

in BC loop and one each in HI and DE loops) were found to 

yield VLPs. The modifications led to the loss of LPyV recep- 

tor binding of all VLPs. Specific binding to αvβ3-integrin, 

an important marker of angiogenesis in solid tumors, was 

shown for VLPs carrying RGD in the BC loop. Interestingly, 

no binding was observed with three other integrins, αvβ6, 

αIIbβ3, and αvβ5, which also recognize RGD with more 

restricted ligand recognition profiles than αvβ3. 

MPyV VLPs are probably the VLPs most frequently mod- 

ified by a genetic approach for different purposes; Table 20.5 

summarizes these reports. The VP1 loops were modified    

to carry foreign epitopes (Sections 20.4.1 and 20.5.2.2) or 

adaptor sequences (Section 20.4.2.2)  of  various  lengths, 

but only one study attempted to incorporate targeting mol- 

ecule directly into VP1 protein (Shin and Folk 2003). In this 

study, VLPs were targeted to a urokinase-type plasminogen 

activator receptor (uPAR), which is a protein expressed by 

many cancer cells, where it correlates with metastasis and 

poor prognosis. To restrict the binding of VLPs to a natural 

receptor, the VP1 protein was modified by the FLAG in the 

HI loop before subsequent manipulation. The fragments of 

uPAR activator were inserted into all surface-exposed loops 
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TABLE 20.5 

Overview of MPyV VP1 Protein Modification and Their Influence on the VLPs Assembly 
 

Virus Insert Location Utilization Expression System Assembled VLPs References 

MPyV Pre-S1 phil—two hydrophilic 

fragments from HBV pre-S1 

sequence (70 aa + 6 aa linkers) 

HI loop Immunization S. cerevisiae Yes Skrastina et al. (2008) 

MPyV B-cell epitopes (12 and 14 aa) BC loop Immunization E. coli Yes Neugebauer et al. (2006) 

MPyV Protein Z (antibody binding to a 

domain of protein A) (57 aa + 

17 aa linkers) 

HI loop Retargeting E. coli Yes Gleiter and Lilie (2001) 

MPyV WW domain (from murine 

FBP11) (38 aa) 

DE loop HI loop Retargeting E. coli No Schmidt et al. (2001) 

MPyV Peptide with 8 glutamate and 

1 cysteine residues 

HI loop Retargeting E. coli Yes Stubenrauch et al. (2001) 

MPyV Peptide sequence binding uPAR 

(60 aa) or FLAG sequence (8 aa) 

BC loop 

DE loop 

HI loop 

Retargeting Baculovirus (insect) No Shin and Folk (2003) 

  EF loop   Yes  

MPyV Peptide sequence from Bcr-Abl 

protein (25 aa) 

HI loop Immunization Baculovirus (insect) No Španielová (unpublished 

results) 

Abbreviations: aa, amino acids; FBP11, formin-binding protein 11; uPAR, urokinase-type plasminogen activator receptor. 
 

 

(BC, DE, EF, HI) of a detargeted variant of VP1, but only 

the insertion of an N-terminal part of a 60 aa uPAR acti- 

vator fragment into the EF loop had no detrimental effect  

on protein solubility and particle integrity. However, only 

VLPs with a diameter of 20 nm were formed. When these 

mutant VP1 proteins were coexpressed with a detargeted 

variant of VP1 protein, they formed heterotypic VLPs of a 

regular size. Compared to wild-type VLPs, these heterotypic 

VLPs did not bind cells with uninduced expression of uPAR. 

However, after induction of the expression of uPAR, the het- 

erotypic VLPs bound specifically to uPAR on the surface of 

target cells. These data suggested that the EF loop, which is 

exposed laterally, far from the receptor-binding site, might 

still provide a targeting function and be more flexible in 

accommodating longer foreign sequences. 

A combination of genetic and chemical techniques has 

been used for the preparation of SV40  VLPs targeted to   

the EGF receptor (Kitai et al. 2011). The reactive cysteine 

residue, which was introduced into the DE loop of the VP1 

protein, was subsequently used for chemical conjugation of 

full-length human EGF to the surface of VLPs through a thiol 

group with heterobifunctional cross-linker SM(PEG)2, which 

possesses maleimide and succinimide moieties. The chemi- 

cal reaction had a 44% yield of intact modified VLPs and 

resulted in the conjugation of approximately 40 molecules of 

human EGF per VLP. These EGF-VLPs were further shown 

to display enhanced selectivity for cells that overexpress the 

EGF receptor, and their internalization was 10-fold greater 

than that of unmodified VLPs. Moreover, the study provided 

the first evidence that VLPs targeted by single-component 

systems not only can increase the binding capacity of VLPs 

to specific target cells but also can enhance cellular uptake 

through the EGF receptor–mediated endocytosis. 

20.4.1.2 Targeting of VLPs by a 

Two-Component System 

The two-component system does not attach the targeting moi- 

ety directly to VLPs, but uses noncovalently bound adaptor 

molecules for this purpose. Adaptors are molecules with dual 

specificities: one end binds the viral protein, and the other 

binds the receptor on the target cell. The adaptor strategy 

possesses great flexibility, as different adaptors can readily 

be coupled to the same VLPs to allow for easy testing of sev- 

eral target receptors. On the other hand, the system might be 

limited by varying coupling efficiency and suboptimal stabil- 

ity of the VLP–adaptor complex, especially in vivo (Waehler 

et al. 2007). Nevertheless, this system was frequently used 

for the modification of PyV as well as PV VLPs for different 

applications. 

In a two-component system, the VLPs and adaptor 

molecule can be designed in such a way that VLPs can be 

genetically or chemically modified to display the versatile 

adaptor-binding motif. This strategy has been explored pri- 

marily for MPyV VLPs, and different motifs have been used 

in several complementary studies. 

In one study, the HI loop of VP1 protein was genetically 

engineered to display a 9 aa region of polyanionic peptide 

(Glu8Cys, E8C) on the surface of VLPs (Stubenrauch et al. 

2001). Polyionic fusion peptides are highly soluble, and their 

interaction does not depend on specific secondary structures. 

This manipulation therefore did not lead to a destabilization 

of VLPs (Stubenrauch et al. 2000). This region was subse- 

quently used as a docking site for electrostatic association with 

a targeting molecule a tumor-specific antibody Fv fragment 

fused with a complementary polycationic (Arg8Cys, R8C) 

tag. Finally, the cysteine residues of the polyionic peptides 

enabled covalent cross-linking under oxidizing conditions. 
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Approximately 30 antibody fragments were bound to engi- 

neered E8C VLPs and the system proved to be highly specific 

and efficient. The VLPs were packaged with a plasmid con- 

taining the reporter gene, and the selectivity of VLPs coupled 

with tumor-specific antibody for the target cells was deter- 

mined from transduction assays. Transduction with targeted 

VLPs resulted in fivefold higher β-galactosidase activity in 

target cells than transduction with E8C VLPs not decorated 

with the antibody. However, the transduction efficiency was 

lower than the cell-type nonspecific binding transduction of 

wild-type VLPs and was generally rather low (3% and 5%, 

respectively) (Stubenrauch et al. 2001). The complementary 

study (May et al. 2002) verified the specific and efficient 

association of E8C VLPs with cellular targets mediated by 

the antibody fragment and suggested that their incapacity to 

surmount the endosomal membrane and escape lysosomal 

degradation is responsible for the lack of functional transduc- 

tion of the respective cells (see Section 20.4.2). 

In the other study, a 38 aa domain of protein Z was inserted 

via short serine–glycine linkers into the HI loop (Gleiter and 

Lilie 2001). Protein Z is a binding domain, derived from pro- 

tein A of the bacteria Staphylococcus aureus, which is able 

to specifically bind antibody immunoglobulins. This inser- 

tion did not affect VLP stability or the functional integrity 

of the Z domain. A humanized monoclonal antibody bound 

the Z domain on the surface of VLPs with high affinity and 

a stoichiometry of around 0.8 antibody molecules per VP1-Z 

monomer. This specific targeting function was confirmed 

with Herceptin antibody. Herceptin binds selectively to the 

HER2 glycoprotein, a member of the EGF receptor family, 

which is present on several different human tumor cells. This 

antibody directed the respective particles specifically toward 

the cells with high expression of HER2. Without the anti- 

body coupled to the VLPs or with the cell line, which does 

not express HER2, no targeting was observed. 

Another study investigated a strategy that uses a genetic 

fusion of capsid protein with 28 aa of the WW domain of the 

mouse formin-binding protein 11 (Schmidt et al. 2001). The 

WW domains are very small protein domains that bind pro- 

line-rich ligands with high affinity. They are named after two 

conserved tryptophan residues that are essential for the main- 

tenance of the native fold and specific binding ligands. The 

WW domain was flanked by serine–glycine linkers (5 aa) and 

inserted in either the DE or the HI loop of the VP1 sequence. 

Whereas the first variant of WW-VP1 fusion yielded com- 

pletely formed particles after stabilization with disulfide 

bonds, the latter WW-VP1 fusion protein lost the capacity  

to form VLPs. WW VLPs were tested for their capacity to 

bind a proline-rich sequence with a PPLP (Pro-Pro-Leu-Pro) 

consensus motif by addition of GFP with the PPLP-tag. 

Approximately 25 ± 5 molecules of GFP could bind to the 

capsid surface. Unfortunately, the coupling efficiency as well 

as the stability of the complex was limited by the fast dis- 

sociation reaction, and the strategy was not used further for 

targeting experiments. The same system was, however, suc- 

cessfully used for VLP-mediated intracellular delivery of 

protein and peptides (Günther et al. 2001) (Section 20.4.3). 

Besides targeting purposes, the similar two-component 

systems are often adapted for application, where VLPs serve 

as carriers of other substances. For example, BPV-based 

VLPs with a polyglutamic acid–cysteine sequence inserted 

into a surface-exposed region of the L1 major capsid pro- 

tein were successfully used for the coupling of an antigen 

with an N-terminal polyarginine cysteine tag for immuniza- 

tion purposes (Pejawar-Gaddy et al. 2010). Interestingly, the 

E8C region influenced the stability of BPV when inserted  

to a BC or DE loop of L1, but HI loop modification yielded 

regular E8C VLPs that conjugated with the antigen with a 

higher efficiency than reported (Stubenrauch et al. 2001) for 

MPyV VLPs (14% and 8%, respectively). Even higher cou- 

pling efficiency with the two-component system based on 

strong interactions between biotin and streptavidin has been 

reported for BPV1 L1 VLPs (Chackerian et al. 2001), where 

biotinylated VLPs have bound to approximately 540 strepta- 

vidin tetramers. 
 

20.4.1.3 Concluding Remarks 

The numerous studies done mainly with PyV VLPs have 

shown that retargeting in respect to selective cellular binding 

is possible, but only few studies have demonstrated selective 

particle uptake. The low level of unspecific internalization of 

VLPs is evident in all of the studies. Technically, the chemi- 

cal modification of particles seems to be more efficient and 

less challenging than the genetic approach. Most studies have 

conclusively suggested that the size of a foreign sequence 

genetically inserted into a capsid protein is a limiting factor 

for self-assembly into VLPs, but this is generally hard to pre- 

dict. For MPyV VP1, sequences no longer than 40 aa together 

with flexible linkers (e.g., glycine–serine) can usually be 

inserted without compromising VLP integrity, but occasion- 

ally the incorporation of the whole 18 kDa enzyme can be 

successful (Gleiter et al. 1999).  For PV,  peptides of up to  

60 aa can be fused to the truncated L1 without disrupting the 

assembly of VLPs (Müller et al. 1997). However, the integrity 

of the VLPs is probably influenced by the actual position and 

character of the foreign sequence introduced into the capsid 

protein, so various reports of unsuccessful manipulation in 

VLPs surface loops exist (see Table 20.5 for MPyV VLPs). 

Accordingly, the versatility of a two-component system that 

requires genetic modification of VLPs might be limited by 

particle stability, and chemical methods for adaptor coupling 

might be favorable for many applications. 

 
 

Nucleic acids are obvious cargo molecules for VLPs. 

Historically, the need for safe  and  efficient  gene  deliv-  

ery vehicles in the flourishing field of gene therapy led to 

attempts to use VLPs exclusively for the delivery of DNA  

for gene expression. Today, the approaches for direct deliv- 

ery of mRNA or silencing molecules (antisense DNA/RNA, 

siRNA) (Lund et al. 2010) are a more attractive direction for 

research. Moreover, VLPs can serve as shielding vehicles for 

the delivery of DNA vaccines (Section 20.5.1.2). 
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TABLE 20.6 

PV and PyV Particle Terminologya
 

Virion A complete virus particle composed of all capsid proteins and viral genome in the form of minichromosome; capable of 

initiating infection and expressing viral genes 

Virus-like particle (VLP) A noninfectious particle composed of major capsid protein with or without minor capsid proteins (should be specified); 

encapsidating no specific (but may contain unspecific) nucleic acid 

Chimeric VLP (CVLP) VLP formed from capsid protein(s) fused with foreign sequence(s) 

Pseudocapsid Equivalent to VLP, reflects differences in the composition of naturally occurring capsids and heterogeneously expressed 

particles; usually composed exclusively of major capsid protein; encapsidating no specific (but may contain unspecific) 

nucleic acid 

Capsoid Pseudocapsid-like structure formed after assembly of capsid protein, which was recombinantly expressed in E. coli 

Pseudovirion (PsV) A virus particle composed of major and minor protein(s) capable of transducing the reporter gene expression; plasmid 

encapsidated in the form of a minichromosome 

Pseudovirion-like particle (PLP) Similar to PsV, but the capsid protein composition differs from virion capsid or the nucleic acid as it is encapsidated as 

naked and not in the form of a minichromosome. 

Quasivirion (QV) An infectious particle assembled artificially in vivo (in 293TT cells) by supplying the capsid proteins and genome in 

trans; it is composed of all capsid proteins and viral genome in the form of a minichromosome; it is capable of 

initiating infection and expressing viral genes 

Quasivirion-like particle (QVLP) An infectious particle assembled artificially in vitro; it is composed of all capsid proteins and viral genome in the form 

of naked DNA (for PyVs the term polyoma-like particles was used) 

 
a Compiled from Ozbun and Kivitz (2012) and literature cited in the text. 

 

 

Terminologically, several papovaviral assemblies with 

nucleic acid can be recognized (Table 20.6). The general term 

viruslike particles is usually used for the description of nonin- 

fectious capsid-like particles (the actual protein composition in 

respect to the presence of minor proteins should be specified) 

produced in a heterologous expression system. VLPs made 

only from the major capsid protein are alternatively called 

pseudocapsids (Forstová et al. 1995). These particles may be 

completely devoid of a nucleic acid (appearing as empty par- 

ticles under an electron microscope) or may contain fragments 

of DNA (appearing as full particles under electron micro- 

scope). These two populations of particles are separated into 

two distinct bands with slightly different buoyant densities dur- 

ing CsCl gradient ultracentrifugation. For MPyV VLPs, these 

particles are sometimes described as light (ρ = 1.290 g/cm3) 

and heavy (ρ > 1.300 g/cm3), respectively (Palková et al. 2000). 

It has been demonstrated for PyV VLPs produced in a bacu- 

lovirus expression system that these DNA fragments originate 

either from the host cells or from the baculovirus genome and 

are complexed with cellular histones into pseudonucleocores 

(Pawlita et al. 1996; Gillock et al. 1997). In contrast, MPyV 

VLPs produced in S. cerevisiae did not assemble with cellular 

histones and full particles isolated from yeast cells contained 

linear DNA fragments, up to 3 kbp long, encapsidated as 

naked DNA by empty VP1 particles. VLPs purified from 

insect cells are heavily contaminated with RNases (Forstová, 

unpublished observation), but the VLPs produced in a yeast 

or bacterial system may be contaminated with RNA (Ou et al. 

1999; Sasnauskas et al. 1999; Gedvilaite et al. 2000). 

VLPs can be complexed  with  a  specific  nucleic  acid  

in vitro as well as in vivo. PsV-based technology established 

in a mammalian expression system (Section 20.4.2.1.1) allows 

the production of infectious particles that closely resemble a 

native virion containing the major and minor proteins and 

specific DNA complexed with cellular histones in the form 

of a minichromosome. These particles are called PsVs. The 

same term, however, is sometimes used for DNA-loaded par- 

ticles without minor capsid proteins, for particles purified 

from yeast expression system where DNA is not assembled 

with histones, as well as for particles prepared by an in vitro 

disassembly/reassembly approach, which contain only naked 

DNA. Although these types of particles can be infectious   

to some extent, we recommend the definition of these par- 

ticles as PLPs. The same abbreviation was originally used 

for polyoma-like particles (Barr et al. 1979), the particles 

formed from purified empty capsids after incubation with 

supercoiled DNA. For this type of particle, we would today 

select the term quasivirion-like particle (QVLP) reflecting 

the term quasivirion (QV), coined by the laboratory of Neil 

D. Christensen (Culp et al. 2006c) to describe virions with an 

authentic virus genome with a nucleocore produced in vivo 

in 293TT (Pyeon et al. 2005). 
 

20.4.2.1 Preparation of VLP–Nucleic Acid Complexes 

Several methods for the preparation of complexes made from 

VLPs and nucleic acids have been developed. VLPs loaded 

with nucleic acids can be prepared either in vivo or in a cell- 

free system (in vitro). The expression of the reporter gene is 

often used as the readout for the successful packaging and 

delivery of DNA into the cells. 
 

20.4.2.1.1 In Vivo Production of PsVs and PLPs 

PsVs are usually produced in the easy-to-transfect human 

embryonic kidney cells, 293TT, which express a high level of 

SV40 large T antigen (Buck et al. 2004), but other cell lines 

expressing T antigen can be used (e.g., Cos cells). The 293TT 
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cell line is usually cotransfected with helper and target vec- 

tors. Both the helper vectors ensuring the expression of capsid 

proteins and the target vectors harboring the reporter gene 

carry the SV40 origin of replication (ori). These two SV40 

regulatory elements (large T antigen and SV40 ori) are 

needed to achieve high-level production of capsid proteins  

as well as a high concentration of target DNA for encapsi- 

dation. Moreover, it has been shown for the SV40 virus that 

the ori sequence overlaps with the SV40 packaging signal 

(Oppenheim et al. 1992) but pseudovirions or QVs can be pre- 

pared in the absence of this signal (Pyeon et al. 2005) and the 

concentration of the target vector seems to be crucial for its 

encapsidation (Culp et al. 2006c; Španielová et al. 2014). The 

system is universal and allows the production of SV40 vectors 

with exchangeable capsids that exhibit differential efficiency 

of gene transduction to the target cells (Nakanishi et al. 2008). 

On the other hand, the system is also stochastic, promiscuous, 

and not very efficient. The efficiency of encapsidation of the 

reporter vector is estimated to be approximately 5% for BPV 

PsV (Buck et al. 2004), and the observed particle-to-infec- 

tivity ratios (expressed as reporter plasmid copies per infec- 

tious units) are highly variable for different HPV types (varies 

between 20 and 5000) (Handisurya et al. 2012). HPV16 and 

HPV18 L1/L2 PsV stocks contain substantial amounts of 

encapsidated cellular DNA (Buck et al. 2005b). This can 

complicate the subsequent PsV-based assays and generates 

safety issues connected with PsV production. 

HPV33 PsVs were prepared with a vaccinia virus expres- 

sion system with a packaging efficiency that was rather low 

(1 input plasmid per 25,000 particles), probably because 

cellular DNA fragments generated  by  the  lytic  infection 

of vaccinia virus competed with the target plasmid during 

encapsidation (Unckell et al. 1997). Based on the same prin- 

ciple, the BPV PsVs were prepared in insect Sf9 cells that 

were coinfected with L1/L2 recombinant and E2 recombi- 

nant baculoviruses and transfected with the target plasmid 

(Zhao et al. 2000). The packaging efficiency was estimated 

to be 0.01% (1 input plasmid per 10,000 particles). 

PsVs and PLPs can be prepared in vivo in nonmamma- 

lian systems. Rossi et al. (2000) demonstrated the produc- 

tion of HPV16 PLPs containing L1 and L2 proteins and the 

GFP reporter plasmid in yeasts. These PLPs were success- 

fully used for the delivery and expression of the reporter gene 

after in vitro infection of mammalian cells and after injection 

of PLPs into mice. Although promising, the approach exhib- 

ited substantial variations in yield, and finally, PLP produc- 

tion was lost entirely (Peiler 2004). The presence of a plasmid 

in VLPs derived from yeast has been demonstrated for PyVs 

(Palková et al. 2000), but the PyV-derived  PLPs produced  

in yeast have never been used for gene delivery purposes. 

Interestingly, since JCPyV and HaPyV VLPs self-assemble 

into VLPs inside the bacterial cells, the PLPs composed of 

VP1 protein and reporter gene expression plasmid can be pro- 

duced in vivo in E. coli. This method substantially increases 

the efficiency of subsequent gene transduction, from 2% 

recorded for JCPyV PLPs prepared in vitro to 80% for in vivo 

DNA packaged PLPs (Chen et al. 2010). 

20.4.2.1.2 In Vitro Production of PsV and PLPs 

Several procedures for in vitro complexation of VLPs with 

nucleic acid have been established. 

During these procedures, nucleic acid is loaded to the 

VLPs by their exposure to osmotic shock, sequential disas- 

sembly and reassembly, chemical conjugation with nucleic 

acid, or simply direct mixing with nucleic acid. These cell-

free methods require highly purified VLPs devoid of 

contaminating DNA (inside) and nuclease activity (out-  

side). Preparation of VLPs is therefore crucial for successful 

encapsulation of the cargo molecule. VLPs formed during 

production in most expression systems (except for bacterial) 

contain fragments of cellular DNA, and VLPs must there- 

fore be either purified to near homogeneity by density gra- 

dient ultracentrifugation to obtain just empty pseudocapsids 

or disassembled, exposed to nuclease treatment, and reas- 

sembled. According to our experience, the elimination of 

nuclease contamination requires at least one purification 

step by centrifugation in sucrose density gradient. Table 20.7 

shows a selection of some experiments where VLPs com- 

plexed in vitro were used. 

20.4.2.1.2.1 Osmotic Shock Procedure Nucleic acid 

loading by the passive osmotic shock procedure was origi- 

nally developed for PyV PLPs (Barr et al. 1979). The loading 

process probably proceeds in several steps. First, a DNA/ 

RNA molecule binds to an empty capsid to form what is des- 

ignated as a DNA–capsid-binding complex. Forstová et al. 

(1995) showed that only empty or disrupted VLPs can form 

these complexes, whereas full virions do not interact with 

exogenous DNA. The second step consists of the lowering of 

ionic strength by the addition of distilled water, which facili- 

tates the entrance of DNA into the capsid, as shown by Barr 

et al. (1979). In the third step, the added nuclease cleaves and 

removes the external DNA that is not able to enter the capsid. 

The encapsidated DNA is further protected from nuclease 

action. The fragment of DNA that is encapsidated does not 

consist of a specific sequence, and encapsidation is sequence 

independent. Either linear, circular, or supercoiled DNA, as 

well as single-stranded DNA, rRNA, and synthetic oligo- 

nucleotides, was originally used for PLP formation (Slilaty 

et al. 1982). 

There is likely a size constraint on the amount of genetic 

information that might be packaged by this method. The 

limit appears to be between 1.8 and 2.5 kbp for dsDNA 

(Slilaty et al. 1982; Forstová et al. 1995) with circular DNA 

being packaged more efficiently than linear DNA (Forstová 

et al. 1995). The character of interactions between MPyV 

pseudocapsids and DNA during osmotic shock has been 

studied in detail by electron microscopy (Štokrová et al. 

1999) (Figure 20.3). The study revealed that pseudocapsids 

form only weak interactions with internal parts of the circu- 

lar form of DNA. In contrast, two pseudocapsids bound to 

each end of a linearized DNA molecule were found to form 

highly stable complexes where the DNA is partially encap- 

sidated. The level of protection from nuclease activity was 

the same for linearized or circular DNA—approximately 

D
o

w
n

lo
ad

ed
 b

y
 [

Ji
ri

n
a 

S
u

ch
an

o
v

a]
 a

t 
0

1
:1

1
 1

6
 S

ep
te

m
b

er
 2

0
1

5
 



Applications of Viral Nanoparticles Based on Polyomavirus and Papillomavirus Structures 325 
 

TABLE 20.7 

Selection of Reports Using In Vitro Methods of PLP Preparation for the Gene Transfer 

Production 

System/Vector 

Parental Virus 

(protein[s]) 

PLP/PsV 

Method 

VLP/DNA 

Ratio Detection System 

Quantity of 

DNA (pg/cell) 

Transduction 

Efficiency References 

Sf21/baculovirus SV40 (VP1) Nuclear extract 

(reassembly) 

Sf21/baculovirus HPV16 (L1) Disassembly/ 

reassembly 

10/100 MDR, GFP (4.7 kbp)/ 

various cell lines 

25/5 GFP (5 kbp) 

β-galactosidase 

(7.2 kbp), various cells 

1000 70%–100% Kimchi-Sarfaty 

et al. (2004) 

2 70% (GFP) Touzé and 

Coursaget 

(1998) 

Yeast HPV11 and 

HPV16 

Chemical 

conjugation 

20/1.12 β-Lactamase (PCR 

fragment (1.8 kbp)/ 

20 15%–40% Yeager et al. 

(2000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

  

(a) (b) 
 

(c) (d) (e) 
 

FIGURE 20.3 Electron micrographs of MPyV VLP interactions with linearized (panels a through c) or circular (panels d and e) bacterial 

plasmids. Aqueous spreading technique, bar = 100 nm. Electron microscopy, Jitka Štokrová. 
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 (L1, L1/2)   C33A  

Sf21/baculovirus BKPyV (VP1) Direct mixing 

(plus other) 

10/1 Luciferase (7.1 kbp), 

β-galactosidase/Cos-7 

20 50% (β-gal) Touzé et al. 

(2001) 

E. coli HaPyV (VP1) Disassembly/ 50/1 GFP(4 kbp)/Cos-7, 1 Low (∼20%) Voronkova et al. 

  reassembly  CHO   (2007) 

Sf158/ JCPyV (VP1) Disassembly/ 3/1 β-Galactosidase 0.25 20% Goldmann et al. 

baculovirus  reassembly  (4.5 kbp)/Cos-7   (1999) 

Sf9/baculovirus HPV6, HPV11, Chemical 25/10 β-Galactosidase 100 1% Muller et al. 

 HPV16 conjugation  (8.9 kbp)/various cell  20% (with (1995) 

 (L1, L1/L2)   lines  adenovirus)  

Sf9/baculovirus MPyV (VP1) Direct mixing 30/1 β-Galactosidase, GFP/ 20 Few cells (β-gal) Krauzewicz 

    Cos-7  0.1%–0.5% (GFP) et al. (2000) 

Sf21/baculovirus MPtV (VP1) Direct mixing 10–30/2 EGFP (4.7 kbp)/293 1 0.03% Tegerstedt et al. 

    and Cos-1   (2003) 

Sf9/baculovirus HPV16 Disassembly/ 1/2 β-Galactosidase (6.8 0.25 0.00425% Kawana et al. 

 (L1/L2) reassembly  kbp)/several cell lines   (1998) 
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2.5 kbp. The pentameric capsomeres exhibited high bind- 

ing affinity for both linearized and circular DNAs, but the 

interaction did not lead to the protection of target DNA after 

nuclease treatment. 

The procedure is widely used for the preparation of 

transduction-competent PyV-based PLPs (Forstová et al. 

1995; Soeda et  al.  1998;  Henke  et  al. 2000; Krauzewicz 

et al. 2000b; Stubenrauch et al. 2001; Touzé et al. 2001), but 

HPV PLPs were also successfully prepared by this method 

(Combita et al. 2001). Empty capsids package DNA most effi- 

ciently when complexes are formed at a molar ratio of 5:1 for 

capsids/DNA (Aposhian et al. 1975), and for maximal trans- 

duction efficiency, the optimum loading ratio seems to be the 

same, despite the fact that a significant portion of DNA asso- 

ciated with pseudocapsids appears not to be packaged when 

observed by electron microscopy (Krauzewicz et al. 2000b). 

Oligonucleotides are incorporated into the VLPs at a higher 

ratio than plasmid DNA (72 oligonucleotides per VLP), and 

the process is pH dependent; the highest oligonucleotide 

encapsidation capacity occurred at pH 5 (Braun et al. 1999). 

To improve the packaging capacity of VLPs, the poly- 

cationic amine, poly-l-lysine, was examined as a DNA- 

condensing agent. The addition of poly-l-lysine to the reaction 

before osmotic shock increased the size of nuclease-protected 

plasmid DNA (7.2 kbp) and enhanced transient, but not sta- 

ble, expression of genes carried into cells by MPyV VP1 

pseudocapsids (Soeda et al. 1998). Interestingly, the extent of 

protection did not correlate with transduction efficiency, and 

unprotected VLP/DNA complexes could sustain a high level 

of transduction in vitro and in vivo (Soeda et al. 1998). 

 
20.4.2.1.2.2 Disassembly/Reassembly Procedure Nucleic 

acids and other cargos can be encapsulated into VLPs during 

the formation of VLPs from capsomeres. The procedure was 

pioneered by Salunke et al. (1986). Depending on the condi- 

tions, several forms of viral assemblies can arise, and Table 20.3 

gives an overview of the conditions used to form VLPs and/or 

other structures from capsomeres. The loading of nucleic acid is 

performed by its addition to capsomeres, which have been either 

purified from a bacterial system or prepared by a disassembly 

reaction from VLPs. The most widely used procedures for dis- 

assembly and reassembly are described in Table 20.4. Generally, 

the disassembly of VLPs requires a reducing reagent (DTT, β-

mercaptoethanol) and chelating agent (ethylenediaminetet- 

raacetic acid [EDTA], ethylene glycol-bis(2-aminoethylether)- 

N,N,N′,N′-tetraacetic acid [EGTA]) and a mildly basic pH 

(pH = 8.5). In our experience, the aggregation of material can be 

a complicating factor during disassembly and reassembly (see 

also Notes in Table 20.4), and the aggregate material should be 

removed either during the purification of capsomeres on column 

chromatography or during the centrifugation step, before the 

reassembly reaction is initiated. For reassembly, the capsomeres 

are usually dialyzed against buffers with an acidic to neutral 

pH, higher ionic strength, and, in the case of PyVs, the addition 

of calcium. Interestingly, the reassembly buffer consisting of    

2 M (NH4)2SO4 seems to give the best results even without the 

calcium ions (Table 20.3). Calcium ions are also not required 

for capsid assembly when the reconstituted bacterial chaperones 

are used in the reaction (Chromy et al. 2003). 

It has been shown that the presence of nucleic acids can 

enhance the assembly reaction of SV40 PLPs or MPyV PLPs 

(Braun et al. 1999; Mukherjee et al. 2010) and DNA can 

mediate the formation of 40 nm SV40 particles (Tsukamoto 

et al. 2007). The latter system requires DNA longer than  

250 bp at a minimum concentration of 5 mg/L, and for plas- 

mid DNA (4729 bp), optimal concentrations appear to be 10–

20 mg/L (3.1–6.1 nM), corresponding to a molar ratio of 1:1 

for capsids/DNA. Similar to osmotic shock procedure, 

nuclease treatment of these SV40 PLPs converted plasmid 

DNA to fragments of less than 2 kbp, suggesting that the 

naked DNA was only partially packaged into VP1 VLPs 

(Tsukamoto et al. 2007). Other reports, however, showed that 

the size limit for encapsidation of DNA by this method corre- 

sponds to the size of the parental virus genome and was 8 kbp 

for HPV16 PLPs (Touzé and Coursaget 1998). Occasionally, 

VLPs were reported to accommodate and transduce, albeit 

with low efficiency, plasmids of a bigger size than the viral 

genome, as shown for BKPyV (Touzé et al. 2001). 

In theory, packaging efficiency can be enhanced by the 

addition of DNA-condensing agent before the assembly of 

capsomeres is initiated. This strategy has been used for the 

formation of MPyV PLPs (Henke et al. 2000). Here, the authors 

tried to condense DNA with histone sulfate or activated den- 

drimers. Dendrimers are able to condense DNA by the strong 

interactions of their positively charged amino groups with the 

negatively charged phosphate groups of the DNA. Although 

dendrimers formed aggregates that could be used for in vitro 

assembly reaction, electron microscopy revealed incomplete 

capsid assembly, and transduction experiments showed no 

expression of the reporter gene (Henke et al. 2000). DNA with 

histone sulfate formed large aggregates (500–6200 nm) that 

could not be used for assembly reaction. In contrast, compact 

SV40 PLPs were formed when reporter plasmid was in vitro 

associated with purified histones and used for encapsidation 

(Enomoto et al. 2011). The plasmid was fully protected from 

nuclease treatment, but the maximum length was not longer 

than the size of the SV40 genome. 

Significantly longer target plasmid DNA can be encap- 

sidated into SV40  PLPs by  the procedure developed by  the 

A. Oppenheim group (Sandalon et al. 1997). This method is 

based on the assumption that nuclear factors (e.g., chaperones) 

may increase the efficiency of encapsidation. The VLPs are 

produced by a baculovirus expression system in S. frugiperda 

cells, and disassembly, heterologous nucleic acid addition, and 

reassembly take place in the nuclease-treated nuclear extracts 

of these cells without VLP purification. The procedure was 

shown to yield 10 times more transduction-competent PLPs 

than the disassembly/reassembly method performed with 

purified VLPs. The improved protocol permitted the packag- 

ing of at least 17 kbp plasmid DNA without the requirement 

for any viral sequences (Kimchi-Sarfaty et al. 2003). It has 

been suggested (Mukherjee et al. 2007) that the absence of 

histones provides space and facilitates the packaging of signif- 

icantly larger plasmids. The optimal VP1 capsid/DNA molar 
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ratio was set at 1:1, which corresponds to a VP1/DNA ratio 

of 5:1 on a weight basis (for 5 kbp DNA molecule). The elec- 

tron microscopy examination of the purified VP1/2/3-PLPs 

showed well-assembled particles of uniform size (45 nm) 

and shape. The PLPs were found to have an infectivity ratio 

1:3 × 105 (1000-fold less than the SV40 virion) (Mukherjee  

et al. 2007). The same study indicated the minimal concentra- 

tion of VP1 protein in nuclear extract to be 1 mg/mL (∼5%– 

10% of nuclear extract stock). It is interesting to note that this 

method of PLP preparation uses a relatively large quantity of 

DNA, corresponding to 1 ng/cell during transduction (com- 

pared to 1–20 pg/cell used in other protocols; see Table 20.7). 
 

20.4.2.1.2.3 Chemical Coupling Procedure It has been 

shown that targeted delivery of DNA can be enhanced by the 

coupling of DNA directly to the adenoviral capsids, which 

significantly reduces the number of viral particles used but 

still maintains high levels of gene expression (Wagner et al. 

1992). A method where the viral capsid was chemically 

conjugated to poly(l-lysine) and bound ionically to DNA  

molecules (Cristiano et al. 1993) was used by Muller et al. 

(1995) to physically link the intact PV VLPs with the plasmid 

(8.9 kbp), harboring the reporter gene to study the uptake of 

particles into different cell lines. They showed that the VLP– 

DNA complexes were able to bind and penetrate into a broad 

range of cells, but for reporter gene expression, the coinfection 

with reporter constructed from a replication-defective adeno- 

virus (facilitates lysis of lysosome membranes) was required. 

This suggests that (1) tropism of infection by different PV is 

controlled by events downstream of initial binding and uptake 

and that (2) this approach can be used for successful nucleic 

acid delivery if lysosome escape would be promoted (e.g., by 

arginine-rich cell-penetrating peptides) (El-Sayed et al. 2009). 

Another group showed even more promising results with a 

PCR-generated reporter gene (1.8 kbp) driven by a human 

cytomegalovirus promoter covalently cross-linked to the out- 

side of the HPV VLPs. They suggested that the coupling ratio 

of the reporter construct to VLP might be crucial for success 

and reported that up to 40% of target cells can be consistently 

infected with these PLPs. Further, they demonstrated that 

L2 inclusion into the VLP dramatically improved infection 

efficiency for HPV16 and HPV11 PLPs (Yeager et al. 2000). 

 
20.4.2.1.2.4 Direct Mixing Procedure Chemical 

coupling to the VLP exterior has clearly shown that encapsi- 

dation into the particle is unnecessary for successful delivery 

of nucleic acids into the cell. Some reports even suggested 

that physical linkage to VLPs is not needed and that VLPs 

can be mixed with DNA without any further treatment. 

Touzé et al. (2001), comparing osmotic shock, disassembly/ 

reassembly, and direct mixing methods for BKPyV PLP 

preparation, found the later procedure to be the most effi- 

cient method in transduction assays. The same results were 

obtained for different types of HPV VLPs and  indicated 

that a direct mixing procedure leads to the highest level of 

protection against nuclease (45% for osmotic shock, 31% 

for disassembly/reassembly, and 55% for a direct mixing 

method in HPV16 PLP preparations) (Combita et al. 2001). 

Similarly, Krauzewicz et al. (2000a) showed that this 

method resulted in sustained ex vivo and in vivo  transfers  

of a reporter gene by MPyV VLPs. Other studies, however, 

reported conflicting results. Clark et al. (2001) showed that 

the transfection efficiency of MPyV VLP–DNA complexes 

appeared to be the same or lower than that of DNA alone. 

Other studies also indicated that mixing DNA and VLPs 

results in poor short-term in vitro transfection (Touzé and 

Coursaget 1998; Ou et al. 1999). The reason could be that a 

significant proportion of DNA remains free in the prepara- 

tions (Clark et al. 2001) and unpackaged DNA might trigger 

cellular defense mechanisms leading to loss or silencing of 

the transgenes and consequent inefficiency of the vector in 

transduction assays (Bishop et al. 2006). 
 

20.4.2.2 Gene Transfer 

Gene delivery vehicles should efficiently penetrate the cell 

and facilitate gene expression in the target cell. Despite the 

restricted tissue tropism of some PyV as well as PV, both 

viruses use for the primary cell bind widespread receptors’ 

moieties (sialic acid and HS, respectively) and therefore 

enter many different cell lines. Muller et al. (1995) found that 

15 out of 16 different cell lines that originated from differ- 

ent tissues and species were able to take up the HPV VLP– 

reporter plasmid complexes. Moreover, constructs composed 

of HPV16 L1 and L2 proteins delivered the DNA into cells 

as efficiently as the VLP–reporter plasmid complex made of 

L1 alone, suggesting that the L2 protein is not necessary for 

PV binding and penetration. In another study, the HPV33 L1 

VLPs were also found to bind to all of the cell lines tested, 

including insect Sf9 cells (Volpers et al. 1995). Conversely, 

L1 VLPs derived from the nine different HPV types (16, 18, 

31, 33, 39, 45, 58, 59, and 68) were able to transfer genes into 

Cos-7 cells, thus showing that most HPV types can be used for 

gene transfer (Combita et al. 2001). The binding and uptake 

of PyV VLPs by various cell lines was systematically inves- 

tigated only for murine pneumotropic virus (MPtV) VLPs 

(Tegerstedt et al. 2003), but model PyVs (MPyV, SV40) are 

known to enter and efficiently transform heterologous cells 

in culture derived from various nonpermissive hosts (Pipas 

2009). Moreover, numerous studies done with PyV PLPs 

and PsVs have confirmed that these are able to enter a vari- 

ety of cell lines and even transduce reporter genes (e.g., see 

Table 20.7). Compared to PVs, which require 4–12 h for cel- 

lular uptake (Volpers et al. 1995), the internalization of PyVs 

and VLPs is rapid (Pelkmans et al. 2001; Richterová et al. 

2001), and within 40 min approximately 50% of all mem- 

brane-bound capsids are internalized (Tegerstedt et al. 2003). 

All these results indicate that polyoma- and papilloma- 

derived VLPs are efficient for penetration into a vast variety 

of cells. Although this can be good for application where the 

widespread distribution of a vector is needed, the selectiv- 

ity is usually required for therapeutic purposes. To increase 

therapeutic potential, modification of  capsid proteins can 

be performed to abrogate type-specific epitopes and induce 

retargeting of VLPs to specific cells (see Section 20.4.1). 
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Interaction of a virus capsid with the cell surface receptor 

is often an important, but not sole, determinant of success in 

delivering genetic information for gene expression. There is 

emerging evidence that events downstream of cell surface 

interactions such as endocytosis, virus-induced signaling, 

intracellular trafficking, and transcriptional regulators may 

also significantly contribute to the expression of genes car- 

ried by a virus-based vector. Numerous gene transduction 

experiments that have been performed with PyV and PV vec- 

tors over the last 20 years have helped to identify some of 

these factors. The experiments that substantially contributed 

to identify these factors or showed potential for further appli- 

cations are summarized this section. 

The pioneering work of Forstová et al. (1995) proved that 

PLPs made from MPyV VP1 pseudocapsids loaded with 

DNA by osmotic shock are able to stably transduce genes 

for expression. They used an interesting method to assess 

this delivery system: the linear fragment (1.6 kbp) of the PyV 

middle T antigen gene, the principal oncogene of MPyV, was 

transduced by PLPs into the immortalized rat-2 cells, and 

the transformed foci were observed 3 weeks later. Although 

the PLPs’ loading with DNA was low (only 5%–10% of input 

DNA was protected from nuclease treatment), the efficiency 

of transduction was higher than that seen in the calcium 

phosphate or liposome transfection method when the same 

amount of input DNA was used. In the complementary 

experiment, the whole plasmid DNA containing either the 

reporter gene  chloramphenicol  acetyltransferase  (CAT) 

(6.2 kbp) or the p43 gene was used for transduction into 

human liver CCL13 cells and into human embryonic lung 

fibroblast cells. The loading capacity of VP1 pseudocapsids 

was higher for the circular plasmid (30% of input DNA was 

protected against nucleases after osmotic shock) and the high 

expression of the reporter gene as well as the p43 gene was 

observed after 3 days. For the CAT gene, the transduction 

efficiency was clearly better than with the control lipofec- 

tin transfection. Follow-up studies (Krauzewicz et al. 2000a) 

demonstrated much lower transduction efficiency into Cos-7 

(10 times lower than the calcium phosphate method) with the 

same MPyV VP1 pseudocapsids, but loaded with plasmid by 

the direct mixing method. These PLPs were, however, able 

to sustain ex vivo transfer into nondividing rabbit corneal 

explants and stable expression (after administration of 1013 

PLPs per animal) of the reporter gene in several tissues of 

nude and immunocompetent mice. Complementary study 

(Heidari et al. 2000) examined the persistence and tissue dis- 

tribution of PyV DNA in normal and immunodeficient mice 

inoculated in the form of MPyV PLPs, through plasmid DNA 

or as a natural virus. Mice inoculated with PLPs were found 

to carry 10–50-fold and 50–100-fold higher copy numbers 

than mice inoculated with plasmid alone in immunodeficient 

and normal mice, respectively. The number of DNA copies 

found in mice inoculated with PLPs was similar to that found 

in mice infected with PyV, but normal mice were found be 

more resistant  to  PLP/virus  treatment  (DNA  detected  in 

7 out of 11 mice) than immunocompromised animals (DNA 

detected in 14 out of 15 animals). Importantly, when present 

in animals, DNA was widely distributed to almost all tis- 

sues up to 6 months p.i. The result confirmed previous results 

(Krauzewicz et al. 2000a) and indicated that the immune sys- 

tem may influence the persistence of viral DNA introduced 

by pseudocapsids but does not totally eliminate it. 

In vivo gene transfer was also performed with MPtV PLPs 

prepared by direct mixing method with a small group (two 

animals) of normal mice. Three weeks after intraperitoneal 

inoculation of pure reporter plasmid (pEGFP-C1) or PLPs 

loaded with plasmid, the PCR detected pEGFP-C1 DNA in 

many organs of mice inoculated with PLPs, but not in mice 

inoculated with plasmid alone (Tegerstedt et al. 2003). 

In general, these studies indicated that PLP-mediated 

DNA delivery favored long-term expression, whereas the ini- 

tial expression was rather low. This discrepancy was partly 

explained by the fact that DNA has been readily integrated in 

host genetic information and by the observation that the DNA 

loading method (osmotic shock)  yielded  large  aggregates 

of VLPs and DNA, which could reduce the effectiveness   

of transfer by sequestering the material. The efficiency of 

gene transfer correlates with the level of nuclease protection 

of DNA and is apparently an important factor during gene 

transfer (Combita et al. 2001). As demonstrated by Enomoto 

et al. (2011), naked DNA protruding from VLPs might inhibit 

cell attachment, whereas nucleosome arrangement enhances 

compact particle formation and cellular uptake. Unpackaged 

DNA might trigger cellular defense mechanisms leading to 

silencing of the transgenes, and consequent inefficiency of 

the vector in transduction assays (Bishop et al. 2006) and 

hyperacetylation of histones, as found in native SV40 virions 

(Chestier and Yaniv 1979; Coca-Prados et al. 1980), could 

significantly enhance reporter gene  expression  (Enomoto 

et al. 2011). 

In vivo techniques for PLP and  PsV  production  usu- 

ally yield particles that completely protect encapsidated 

DNA from nuclease action. Studies with JCPyV PLPs that 

can be made in vivo in E. coli even indicate that nucleo- 

somal arrangement, which is absent in this system, is not 

crucial for successful gene transfer. In fact, one of the few 

functional studies of the gene transfer was performed with 

JCPyV PLPs prepared by this system (Chen et al. 2010). In 

this study, the expression of plasmids harboring either the 

reporter gene (GFP) or a gene encoding a prodrug-converting 

enzyme (thymidine kinase [TK]) was packaged into the self-

assembled VLPs. Purified PLPs that contained the full- 

length plasmid were used for the transduction of human car- 

cinoma cells (COLO-320 HSR)  since JCPyV seems to have 

a specific tropism for colon epithelial cells and is detected in 

carcinoma lesions (Coelho et al. 2010). GFP gene expression 

was achieved in 90% of cells. The same PLPs were selectively 

transduced in vivo to tumor nodules in nude mice bearing 

human COLO 320 HSR tumors, when intravenously injected 

into the mouse. Treatment with PLPs containing the TK gene 

resulted in total tumor growth inhibition after intraperitoneal 

injection of ganciclovir for 3 weeks, whereas there was no 

inhibition in the negative control groups (PLP-TK without 

ganciclovir or PBS with or without ganciclovir). The work 
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demonstrated that JCPyV VP1 PLPs can efficiently protect 

genetic information and deliver it for gene expression in nude 

mice. The reason for high selectivity for tumor tissues is 

interesting, but not completely clear: the authors have sug- 

gested that human tissues may be more susceptible to JCPyV 

PLP infection than mouse cells. 

The inconsistencies in gene transfer efficiencies during 

different experimental settings were also explained by the 

fact that two modes of entry of viral particles into the cells 

exist: the productive pathway, which leads to gene expres- 

sion, and the nonproductive, default pathway for cargo, which 

enters the cell in an unspecific manner, for example, by 

phagocytosis. Differences in surface characteristics induced 

by DNA packaging or absence of VP2 and VP3 minor pro- 

teins were suggested to affect the interaction with the cell in a 

way that VLPs would be significantly less effective for DNA 

delivery than natural virions (Krauzewicz et al. 2000b). 

For PV PsVs, numerous studies have clearly shown that 

PLPs consisting of L1 alone are infectious, but L2 enhances 

infectivity (Unckell et al. 1997). The same has been shown 

to be true for some PyV-derived PsVs. Specifically, a recent 

study (Schowalter and Buck 2013) indicates that infectivity 

of the BKPyV VP1–only PsVs is dramatically lower com- 

pared to the VP1 + VP2 + VP3 PsVs on all tested cell lines. 

In contrast, the effect of VP2 on MCPyV pseudovirus trans- 

duction efficiency differs dramatically between cell lines. 

Thus, infectious entry of the BKPyV pseudovirus appears  

to differ from the MCPyV pseudovirus with regard to its 

dependence on minor capsid proteins, indicating that differ- 

ences can exist between virus types in general. Moreover, 

the study showed that not only the sole presence but also  

the ratio of minor proteins can dramatically accelerate PsV 

infectivity, which was never zero even for VP1-only parti- 

cles. The same conclusion has been drawn from experiments 

performed with in vitro reconstituted SV40 QVs or PsVs. 

Although the minor capsid proteins VP2/3 strongly facili- 

tated gene transducing activity, the gene expression level  

after transduction with PsVs was only 2% of that achieved 

by SV40 virions. The authors speculated that the slightly 

lower content of VP2/3 in VP1/2/3 PsVs affected postint- 

ernalization processes, such as virion disassembly, nuclear 

translocation, and DNA replication (Enomoto et al. 2011). 

This may explain why the repeated production of PsV stocks 

is more consistent for PV PsV than PyV PsVs. L1 and L2 

genes are usually cotransfected on one  plasmid,  whereas 

for PyV PsVs, at least one capsid protein is usually encoded 

on a separate plasmid. The actual cotransfection efficiency 

then determines the yield of fully infectious PsV (Španielová 

et al. 2014). As demonstrated by the work of Nakanishi et al. 

(2008), the coexpression of all capsid proteins from one 

plasmid may be crucial for obtaining PsV stocks that can 

transduce permissive cells with efficiencies reaching 100% 

and similar to that of the virion. The same study also showed 

that capsid exchange could significantly alter the cell speci- 

ficity of gene transfer. 

The PsVs generated in mammalian cells, as well as in 

yeast systems, serve predominantly as a diagnostic tool. PsVs 

are used for the detection of neutralization antibodies in vac- 

cinated or infected individuals. These neutralization assays 

depend on the ability of antibodies in a test serum to prevent 

infection of cells by a virus. Since infectious HPV virions 

are not readily available, the PsV-based technology is used 

to generate infectious particles (Buck et al. 2005a). PsVs con- 

taining an easily detectable reporter gene (alkaline phospha- 

tase, luciferase, GFP) are purified on density gradients and 

are used to infect a detection cell line. To increase sensitivity, 

the detection cell line should express SV40 large T antigen 

to support replication of the reporter vector, which harbors 

the SV40 ori. The presence of antibodies to HPV in a test 

serum blocks infection of PsVs and reduces the signal from 

the reporter gene. These assays are more type specific than 

the enzyme-linked immunosorbent assays (ELISAs). This 

was demonstrated for HPV subtypes (Pastrana et al. 2004), 

as well as BKPyV subtypes, when serotypes not recognized 

by VLP-based ELISA could be discovered by neutralization 

assay (Pastrana et al. 2013). Neutralization can be used for 

characterizing candidate vaccines, quantification of serore- 

sponsiveness, and diagnosis of viral subtypes. 

For safety reasons, PsVs produced in mammalian cells 

have limited potential as vehicles for therapeutic genes. 

Nevertheless, some studies exist. One study using a gutless 

recombinant SV40 (rSV40) vector examined the feasibility of 

SV40 PsVs for gene therapy in cystic fibrosis (CF) (Mueller 

et al. 2010). The genetic defect in CF is caused by muta- 

tions in a cell membrane chloride channel, the cystic fibrosis 

transmembrane conductance regulator (CFTR). The human 

CFTR gene was cloned into a rSV40 vector under the control 

of the SV40 early promoter and was used as a target plasmid 

for production of PsVs in Cos-7. These cells carry an inte- 

grated copy of the wild-type SV40 genome that is defective at 

the ori. The authors noted that the SV40 capsid genes, under 

the control of the SV40 late promoter, are not expressed con- 

stitutively in Cos-7 cells, but that the presence of a replicating 

rSV40 vector that includes the late promoter is sufficient to 

activate Cos-7 transcription of the capsid genes in trans and 

the vector could be packaged. By this procedure, they were 

able to obtain high-titer stocks (approximately 109 infectious 

units [IU]/mL) of SV40 PsVs. They showed that rSV40– 

CFTR was able to induce the expression of CFTR protein, 

which localized to the plasma membrane and restored chan- 

nel function to CFTR-deficient cells. When matched groups 

of 5 Cftr−/− mice were treated with 4.0 × 107 particles of either 

the rSV40–CFTR vector or the irrelevant rSV40–BUGT neg- 

ative control via intratracheal injection, delivering rSV40– 

CFTR to the lungs of Cftr−/− mice resulted in a reduction of 

the pathology associated with intratracheal Pseudomonas 

aeruginosa infection. CFTR gene was stably expressed at 

least around 9 weeks post delivery and the authors reported 

that animals were free from virus revertants and no adverse 

effects or toxicity was evident. 

Another study demonstrated targeting of SV40 PLPs to 

mouse liver by the use of the hydrodynamic tail-vein injec- 

tion (Arad et al. 2005). The PLPs were prepared either in vivo 

or in vitro in nuclear extracts of Sf9 cells and contained the 
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luciferase reporter gene. After injection, the luciferase activ- 

ity in the mouse liver was monitored with a light detection 

camera. In vivo transduction of hepatocytes was efficient 

and persistent (lasted at least 107 days). Importantly, SV40- 

specific antibodies were observed in mice administered with 

SV40 PLPs, and antibody response was dose related. The 

authors observed a decline in luciferase activity during long- 

term observation and speculated that the immune response 

against the vector eliminates some transgene-expressing 

cells early after transduction. 

In spite of the widely accepted notion that minor proteins 

are important for high PLP transfer, the approach of produc- 

ing SV40 PLPs by the disassembly/reassembly method in 

the nuclear extract of Sf9 cells reproducibly achieved high 

efficiencies of transduction (close to 100% cells transduced) 

in a wide variety of cells without VP2/3 proteins (Kimchi- 

Sarfaty and Gottesman 2004; Kimchi-Sarfaty et al. 2004). 

Originally, minor proteins were included in the system 

(Oppenheim et al. 1986; Sandalon and Oppenheim 1997; 

Rund et al. 1998; Kimchi-Sarfaty et al. 2002) and suggested 

to improve transduction substantially (Sandalon et al. 1997). 

At the same time, the PLPs made solely from VP1 contain- 

ing longer target DNAs (17 kbp) were observed to be larger 

(55 nm) than normal VLPs or virions (45 nm). The study 

speculated that the absence of  minor  proteins  increased 

the space for encapsidation and decreased the rigidity of   

the capsid (Kimchi-Sarfaty et al. 2003). This corresponded 

with the previous  observation  that  VP2/3  containing 

PLPs showed better protection against nuclease treatment 

(Sandalon et al. 1997). 

The system with or without the minor proteins was, 

however, successfully used for gene transfer. In particu- 

lar, SV40 PLPs were shown to be very efficient for gene 

delivery into human hematopoietic cells, and ex vivo 

transduction of hematopoietic stem cells with SV40 PLP 

permitted expression of, for example, multidrug resis- 

tance 1 (MDR1) gene or β-globin in several studies (Rund 

et al. 1998; Dalyot-Herman  et  al.  1999;  Kimchi-Sarfaty 

et al. 2002; Kimchi-Sarfaty et al. 2004). 

The potential of SV40 PLPs in anticancer therapy was 

also examined (Kimchi-Sarfaty et al. 2006). Using these 

SV40 PLPs, a truncated Pseudomonas exotoxin gene (PE38) 

was delivered into various human cells and dramatically 

reduced their viability, thus showing that the toxin has a 

similar toxicity in cells of various origins. Interestingly, this 

nontargeted route of PE38 delivery was found to be effective 

in the treatment of human adenocarcinomas growing in nude 

mice, when injected either intratumorally or systemically. 

Controls, including daily delivery of the same DNA in the 

naked form, as well as empty capsid proteins or GFP encap- 

sidated using the same PsV system, all failed to inhibit tumor 

growth. The authors noted that treatment that started later, on 

larger tumors, was less effective than treatment that started 

only 2 days after tumor inoculation; thus, the effectiveness 

of the therapy is related to the ratio of PsVs to the number  

of tumor cells. Treatment also caused no abnormalities in 

mice. Three of the PE38-treated mice stayed tumor-free 

after a year and a half. The authors speculate that the SV40 

PsVs circulate in the blood and are taken up selectively by 

the tumors through the enhanced permeability and retention 

effect (Kimchi-Sarfaty et al. 2006). 

20.4.2.3 Gene Silencing 

RNAi is a sequence-specific, naturally occurring gene- 

silencing mechanism. A number of approaches have been 

developed in recent years that allow for exploitation of this 

process principally through the use either of (1) synthetic 

siRNAs or duplex RNA oligonucleotides or of (2) plasmid- 

expressed short hairpin RNAs (shRNAs) that must be endog- 

enously processed to generate a siRNA. The in vivo use of 

RNAi therapy is limited by obstacles related to effective 

delivery into the cell, and PyV and PV VLPs may serve as 

efficient RNAi delivery vehicles. 
 

20.4.2.3.1 RNA Transfer 

SV40 PLPs produced in vitro in nuclear extracts of Sf9 cells 

were shown to transduce not only DNA but also siRNA 

(Kimchi-Sarfaty et al. 2005). The same system was used to 

deliver plasmid-expressed shRNAs and synthetic siRNAs 

into human cells. After transduction with SV40 PLPs loaded 

with siRNA corresponding to the GFP gene, the complete 

silencing of the GFP gene was observed in HeLa cells stably 

expressing GFP. The delivery of siRNA by SV40 PLPs was 

more efficient than the Lipofectamine method. 

Packaging of short ssRNA (75–800 nucleotides) into 

SV40 PLPs was also performed by the disassembly/reas- 

sembly method (Kler et al. 2012). The encapsidation of RNA 

seemed to be very fast and the method yielded small par- 

ticles (diameters of 24.5 nm) made from one molecule of 

524 nucleotides RNA and 12 pentamers. Unfortunately, nei- 

ther the packaging of longer ssRNA molecules nor the RNA 

transfer into cells was examined in the study. If efficient, the 

system can be an attractive means of ssRNA transduction for 

special applications. 

 

20.4.2.3.2 Short Hairpin RNA Delivery 

The utilization of PyV and PV VLPs for gene therapy appli- 

cation may be restricted by their packaging capacity, but they 

can be an efficient means of delivering RNAi effectors, such 

as DNA encoding the shRNA sequences. 

The JCPyV PLPs were experimentally used for silencing 

of the IL-10 gene, which is overexpressed in patients with 

systemic lupus erythematosus. VP1 VLPs produced in yeasts 

were loaded (by osmotic shock) with a PCR fragment con- 

taining a sequence of IL-10 shRNA. After transduction into 

a murine macrophage cell line, IL-10 shRNA was found to 

reduce IL-10 expression by 85%–89%, as compared with 

unloaded VLPs. In BALB/c mice, IL-10 shRNA abolished 

95% of IL-10 secretion (Chou et al. 2010). 

More recently, JCPyV VP1–PLPs were successfully used 

for the silencing of BKPyV infection. PLPs produced in vivo 

in E. coli were used as a delivery system to transfer plasmid- 

encoding shRNA for BKPyV large T antigen into BKPyV- 

infected human kidney cells. PLP-mediated transduction 
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with the plasmid decreased the proportions of BKPyV large 

T antigen and VP1-expressing cells by 73% and 82%, respec- 

tively (Lin et al. 2014). 

The potential of shRNA transduction mediated by PV 

VLPs was explored for the inhibition of cervical cancer cell 

growth. HPV31 PLPs were loaded by the disassembly/reas- 

sembly method with plasmids encoding the shRNA for two 

main oncoproteins of high-risk HPV, E6, and E7 (Bousarghin 

et al. 2009). The silencing of both genes  was  achieved  

after transduction in HPV-positive cells lines. E6 silencing 

resulted in the accumulation of cellular p53 and reduced cell 

viability. Cell death was observed when E7 expression was 

suppressed. In mice, where murine TC1 cells expressing 

HPV16 E6 and E7 oncogenes induced fast-growing tumors, 

HPV PLPs coding only for an E7 shRNA were sufficient for 

dramatic inhibition of tumor growth. 
 

20.4.2.3.3 Oligonucleotide Transfer 

Antisense oligonucleotides are specific drugs to inhibit gene 

expression at the transcriptional level. MPyV VP1 VLPs 

were investigated as a means of oligonucleotide delivery 

system into the cells. Capsoids formed after expression in E. 

coli were loaded with the fluorescently labeled oligonucle- 

otides directed against the N-methyl-d-aspartate (NMDA) 

receptor by an osmotic shock. These PLPs were used for  

the transduction of mouse fibroblasts that overexpress the 

NMDA receptor and allow a functional antisense oligonu- 

cleotide test system based on excitotoxicity (cell death). In 

comparison with several other delivery methods, MPyV VP1 

VLPs showed very low uptake and only a moderate effect  

in a functional antisense oligonucleotide test (Weyermann  

et al. 2004). 

In contrast, JCPyV VP1 VLPs showed better potential as 

an oligonucleotide delivery vehicle for human neurological 

disorders. In the model system of SV40-transformed human 

fetal glial cells, VLPs generated in yeast were used to pack- 

age and deliver an antisense oligodeoxynucleotide against 

an SV40 large T antigen, the main SV40 oncoprotein. The 

oligonucleotide transfer resulted in the inhibition of large    

T antigen expression and subsequently led to cell death. As 

expected from JCPyV tropism, VLPs were able to deliver oli- 

gonucleotides into human astrocytoma, neuroblastoma, and 

glioblastoma cells with high efficiency, and in vivo delivery 

of oligonucleotides into a human neuroblastoma tumor nod- 

ule by VLP was also demonstrated (Wang et al. 2004). 

An SV40 PLP system was also explored for the delivery 

of peptide nucleic acid (PNA) into the cells (Macadangdang 

et al. 2011). PNA is a synthetic DNA analog in which the 

sugar-phosphate backbone is replaced with a polyamide 

backbone. PNA can bind with high affinity and sequence 

specificity to complementary nucleic acid sequences and 

can be used to suppress gene expression (Corradini et al. 

2007). PNA molecules designed to bind in the region of the 

major transcription initiation site of the MDR1 gene were 

loaded in vitro to SV40 VP1 VLPs in the nuclear  extract  

of Sf9 cells. These PLPs could effectively decrease MDR1 

mRNA levels in drug-resistant KB-8-5 cells. Compared 

to other delivery systems, SV40 VP1 PLP transduction 

times were very short (2.5 h versus 48–96 h), and treat- 

ment with micromolar concentrations of antisense PNA 

yielded almost a 30% reduction in MDR1 mRNA levels. 

Importantly, it also increased the sensitivity of cells to the 

chemotherapeutic agent Adriamycin. The study concluded 

that the combination of PNA with the SV40-based deliv- 

ery system is a method for suppressing a  gene  of  inter-  

est that could be broadly applied to numerous targets 

(Macadangdang et al. 2011). 
 

20.4.2.4 Concluding Remarks 

Numerous studies have used the polyoma- and papilloma- 

derived VLPs as gene delivery vehicles with various suc- 

cesses but have shown their potential for gene transfer 

applications. Due to differences in experimental settings, 

these studies are impossible to compare directly even if the 

same type of PLPs was used. The potential pitfalls were, 

however, identified and can be possibly solved by exploit- 

ing or, on the contrary, manipulating the inherent biological 

features of these viruses. 

Two factors emerged as very important aspects for suc- 

cessful gene delivery: (1) efficient packaging of nucleic acid 

with no DNA exposed to the outside space and (2) the virus- 

like composition of particles with the correct ratio of minor 

proteins. The latter factor seems to be more important for 

some virus types (e.g., BKPyV) than for others (e.g., JCPyV). 

Nonviral production of such a capsid may be more difficult 

for PyV VLPs, which have two minor proteins, than for PV 

VLPs. The minor proteins probably facilitate endosome/lys- 

osome escape, and inclusion of other penetrating peptides in 

the system can accelerate gene expression. Similarly, nucleo- 

somal arrangement of genetic information with hyperacety- 

lated histones can be beneficial but probably not necessary. 

The main challenges in gene (and some other cargos) delivery 

are, however, the unspecific binding and uptake of these par- 

ticles and their immunogenicity. Both challenges can at least 

in part be overcome by the modification of capsid structures 

by chemical or genetic means or by selecting the virus with 

specific tropism for VLP production. The repeated admin- 

istration of these VLPs for some applications will probably 

require sequential use of VLPs from different virus types. 

Luckily, PyVs and PVs offer a wide selection of materials for 

further exploration. 

Some reports of gene transfer performed in animals have 

clearly shown long-term expression of transgenes introduced 

by PyV VLPs—vehicles. The immune system was found to 

partly restrict the persistence of a transgene but not totally 

eliminate it. The system was found to be suitable for ex vivo 

transduction of hematopoietic cells. Its potential for antican- 

cer gene therapies has been also explored, but experiments 

performed with xenografted immunocompromised animals 

might be misleading in regard to actual efficacy and need 

further verification. The utilization of these VLPs for classi- 

cal gene therapy applications is therefore still far from reach, 

but special applications, such a gene silencing, offer another 

interesting possibility for their use. 
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The use of many potent proteinaceous pharmaceutical agents 

might be complicated by their instability, side effects, and 

their need to be delivered intracellularly to exert their thera- 

peutic action. VLPs of both PyVs and PVs are able to serve 

as nanocontainers for  foreign  peptides:  the  exterior  can 

be used for labeling or targeting and the interior space for 

encapsulation of biologically active protein or peptide car- 

gos. Encapsidation into a VLP has the advantage of hiding 

and protecting the proteins from external proteases and from 

recognition by the immune system. Peptide loading into the 

inner space of PV and PyV VLPs is usually achieved either 

by genetic fusion with a major capsid protein or by the utili- 

zation of minor protein in a single- or two-component attach- 

ment system (see Section 20.4.1 for description). 

Although VLP-based vaccines do not usually require 

intracellular delivery of an antigen, its encapsulation may be 

important for the delivery of cytotoxic T-lymphocyte (CTL) 

epitopes. This strategy has been explored for peptide fusion 

to major capsid protein L1, since PV VLPs are widely used 

as transport vehicles of various antigens, including oncop- 

roteins, for anticancer immunotherapy. An extensive study 

was conducted where the C-terminal 34 aa of HPV16 L1 

protein were replaced with various segments of oncoprotein 

E7. Peptides up to 60 aa could be fused to the truncated L1 

without disrupting the assembly of VLPs (Müller et al. 1997). 

Besides E7, many other epitopes or peptides have been sub- 

sequently added to the truncated C-terminal of L1 protein, 

for example, human immunodeficiency virus (HIV)-IIIB 

CTL epitope of gp160, gp120, reverse transcriptase, and pro- 

tein Nef (Peng et al. 1998; Liu et al. 2000). Even though the 

C-terminal part of the PV L1 protein is preferable for pep- 

tide fusion, chimeric particles with GFP added to the C- and 

N-terminal part of the L1 protein prove that both ends are 

suitable for protein fusion without disrupting the assembly of 

VLPs, but the actual location of GFP molecules in VLPs has 

not been analyzed (Windram et al. 2008). 

Genetic fusion with the major capsid protein of MPyV has 

been also explored for encapsidation of protein cargo—the 

GFP molecule (Günther et al. 2001). According to the theoret- 

ical calculation, 360 globular proteins with an average size of 

up to 17 kDa can be encapsidated into VP1 particles. PyV VP1 

protein seems to be less flexible to peptide fusions than the L1 

protein, and therefore the WW domain-based two-component 

system (see Section 20.4.1.2) was used for protein encapsida- 

tion. The WW domain was fused to the N-terminal part of 

MPyV VP1, and 260 polyproline-tagged GFP molecules were 

reported to have become encapsidated. The authors, however, 

did not attempt to verify the position of GFP in the particle 

but showed that these particles were able to deliver cargos to 

mouse fibroblasts NIH 3T3 (Günther et al. 2001). 

An alternative approach to peptide delivery is conjugation 

of a foreign protein to a minor protein. The resulting fusion 

protein uses minor proteins as an anchor for noncovalent 

association with VP1 pentamers and, as such, should be hid- 

den inside the particle. Even though the theoretical maximum 

amount of fused protein per VLP is 72, the actual number is 

usually lower. PV HPV16 L2 protein is mostly applied for 

the transfer of an immunogenic epitope of E7 oncoprotein. 

The C-terminal part of the L2 protein was successfully fused 

either with parts of E7-derived peptides (Rudolf et al. 2001; 

Wakabayashi et al. 2002) or with the whole oncoprotein 

(Greenstone et al. 1998). Another oncoprotein, E2, was also 

conjugated to L2 (Davidson 2003), and even together with 

E7 (Qian et al. 2006). The removal of the central amino acids 

of the L2 protein (70–390) allowed the simultaneous incor- 

poration of three oncoproteins, E1, E2, and E7. Although 

this peptide sequence reached approximately 130 kDa, it  

did not disrupt VLP assembly and produced chimeric par- 

ticles that were highly immunogenic (Tobery et al. 2003). 

Windram et al. (2008) proved that not only C-terminal but 

also N-terminal fusion of GFP to L2 protein led to chimeric 

VLPs without exerting an influence on their stability. 

An electron density map of MPyV reveals that in VP2 

amino acids between Val-269 and Tyr-296  are responsi-  

ble for interaction with three VP1 monomers of the pen- 

tamer and that a 45 aa long C-terminal segment of VP2/ 

VP3 protein comprising these residues should be sufficient 

for a tight association with the cavity of VP1 pentamers  

(Chen et al. 1998). Accordingly, the stretches of 49 aa of  

the C-terminal part of VP2 served as an anchor sequence 

for the loading of GFP. The VLPs produced were regularly 

shaped and were stable. The amount of encapsidated GFP 

did not reach the theoretical number of 72 but was still very 

high at 64 (Abbing et al. 2004). A similar approach was 

used for N-terminal fusion of EGFP to a truncated minor 

protein, VP3 (corresponding to VP2 residues in positions 

225–324) (Bouřa et al. 2005). This construct served for the 

testing of various processes and immunity responses, for 

example, EGPF (Frič et al. 2008) and Bcr-Abl (Hrusková  

et al. 2009). The MPyV VP2 protein anchor was also used 

for sufficient transport of a 683 aa long fragment of HER2 

(Tegerstedt et al. 2005b, 2007) and full-length human 

prostate-specific antigen (PSA) (Eriksson et al. 2011) into 

dendritic cells (DCs). 

Analogically, the linkage of foreign protein to SV40 PyV 

minor capsid proteins was investigated using a series of 

EGFP fusions (Inoue et al. 2008). Based on the structural 

model of SV40, where VP2 C-terminal residues 275–302 

interact with the inner surface of the conical cavity of the 

VP1 pentamer (Chen et al. 1998), the coding sequence for 

VP2 amino acids 222–352 was used as anchor for protein 

fusion. Interestingly, the N-terminal EGFP fusions either 

interfered with VLP formation or were not incorporated into 

the particles. The C-terminal fusions were efficiently incor- 

porated into VLPs. The minimal C-terminal region sufficient 

for incorporation into VLPs was finally determined to be a 

36 aa residue of VP2 protein (273–308). Furthermore, the 

study demonstrated that a full-length prodrug-converting 

enzyme, cytosine deaminase, could be incorporated through 

the VP2 anchor. The enzyme retained its activity (converted 

5-fluorocytosine to 5-fluorouracil) in purified VLPs, thus 

showing that small molecules and ions can gain access to the 
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interior of VLPs. VLPs were also shown to deliver cytosine 

deaminase activity to the cells. 

In conclusion, the fusion of foreign protein to minor 

proteins seems to have—unlike fusion to the major capsid 

protein—a minor impact on VLP stability, but the amount 

of transported protein is  significantly  lower  (72  versus  

360 molecules). Moreover, the stoichiometry of minor protein- 

anchored cargo in VLPs might vary between batches. Unlike 

for other viruses (Wen et al. 2012), the chemical conjugation 

of the peptides into the interior space of PV or PyV VLPs 

has not been reported so far. Several studies have shown that 

PyV and PV particles can deliver peptides intracellularly. The 

potential commercial utilization was immediately identified 

by the authors of these transport systems, and their patenting 

shortly followed (US 6991795 B1; US 7011968 B1). 

 
 

Highly sensitive noninvasive imaging techniques performed 

in the absence of  ionizing  radiation  are  urgently  needed 

in clinics for early diagnoses of diseases (e.g., cancer) and 

frequent monitoring of therapeutic progress. One of these 

techniques is magnetic resonance imaging (MRI), which 

possesses high temporal and spatial resolution. The recently 

recognized potential of optical imaging, especially in invis- 

ible near-infrared (NIR) fluorescent light, has led to the 

commercial availability of NIR fluorescence imaging systems 

for diagnostics and image-guided surgery (Gioux et al. 2010). 

Contrast agents and imaging probes are a key part of these 

techniques, as they allow a higher resolution and greater sen- 

sitivity in diagnostic images. Nevertheless, for enhancement 

of diagnostic imaging capabilities, the sensitivity, biocom- 

patibility, and biodistribution of various contrast materials 

need to be improved. VLPs, as proteinaceous biodegrad- 

able nanoscale platforms, offer the opportunity to modify 

the chemical and physical properties of contrast materials in 

order to overcome these concerns. The surface modification 

of VLPs with targeting ligands can highly improve the accu- 

racy of imaging techniques and signal strength. Interior and 

exterior engineering allow the combination of different func- 

tional imaging modalities with therapeutic compounds into  

a single formulation of a theranostic tool (Rosen et al. 2011; 

Cheng et al. 2012). Both PyV and PV VLPs have been used 

experimentally as imaging agents or drug delivery agents. 

Chemical conjugation of fluorophores to virion or VLP sur- 

faces is a routinely used technique for studying virus–host cell 

interactions in vitro. In applied research, these techniques can 

be used for validating the interaction of VLPs with target cells 

or tissues during in vitro tests of targeted drug delivery. A use- 

ful system for imaging the intracellular uptake of VLPs was 

designed for PV VLPs. HPV6 L1 or HPV16 L1/L2 VLPs were 

chemically coupled with silent fluorochrome carboxyfluores- 

cein diacetate succinimidyl ester (CFDA SE), which fluoresces 

only after exposure to intracellular esterases. The labeled VLPs 

had the same structure and appearance as unlabeled VLPs. 

Importantly, the internalization of labeled VLPs into the host 

cells was not altered (Bergsdorf et al. 2003; Drobni et al. 2003). 

Utilization of the internal space of a particle for encapsu- 

lation of a fluorescent probe leaves the exterior free for inter- 

action with the receptor and/or for the attachment of targeting 

ligands. This strategy has been reported for PyV VP1 VLPs. 

In one study, all naturally occurring cysteines in MPyV VP1 

protein were replaced by serines, and the new cysteine was 

reintroduced to the GH loop exposed toward the interior of 

the VLP. Then, fluorescent dye (fluorescein; Texas Red) was 

specifically conjugated to the cysteine through a maleimide 

linker. These VLPs retained their receptor-binding ability 

and entered C2C12 mouse cells (Schmidt et al. 1999). 

Diagnostic or therapeutic compounds could also possi- 

bly be incorporated by a simple encapsidation during VLP 

assembly. This method was investigated for JCPyV VP1 

VLPs and enabled the packing of  fluorescent  dyes  Cy3 

(Qu et al. 2004) and propidium iodide (PI) (Goldmann et al. 

2000). The fluorescence intensity of VLPs with encapsidated 

PI was dependent on the initial PI concentration. Importantly, 

only fully formed VLPs were stably associated with PI or 

Cy3 dye, which was not removed from particles during the 

long-term dialyzing step. The authors confirmed that dyes 

associated with VP1 noncovalently (Qu et al. 2004), but the 

absence of traces of DNA inside the VLPs before reassembly 

reaction was not verified. This could be of some importance, 

since VLPs are permeable for small molecules (Inoue et al. 

2008; Kitai et al. 2011) and the principle of dye stabilization 

inside the particle is not clear. 

Fluorescence is particularly suitable for in vitro imag-  

ing applications. Fluorescence imaging probes dedicated to 

in vivo imaging, however, need to be highly bright fluoro- 

phores absorbing and emitting in the NIR range and provide 

a high signal-to-background ratio. This requires the target- 

ing abilities of the probes to accumulate specifically in cells 

to be labeled, while being cleared from surrounding tis- 

sues. In vivo imaging is limited by the spectral properties of 

body fluids. This defines a narrow optical window between 

650 and 900 nm, where light is able to penetrate deeper      

(a few centimeters’ depth) and tissue autofluorescence is also 

reduced (Mérian et al. 2012). 

Quantum dots (QDs) are ideal candidates for in vivo 

imaging probes. QDs are nanocrystals made of semiconduc- 

tor materials that display outstanding optical properties, such 

as a high absorption coefficient and fluorescence quantum 

yields (Li and Zhu 2013). The immediate optical feature of 

colloidal QDs is their color. The smaller the QD, the higher 

the energy of the light that is emitted (and so the bluer the 

fluorescence spectrum). QDs are also highly dense and there- 

fore visible by electron microscopy without negative stain- 

ing. Encapsulation of QD into VLPs can provide a platform 

for visualization of early steps of virus infection, QD target- 

ing, and construction of clusters with different modalities. 

All this has been shown for SV40 VLPs. Packing of QD was 

achieved by the reassembly of SV40 VP1 pentamers in the 

presence of an assembly buffer with QDs and resulted in the 

formation of particles that were homogenous in size (approx- 

imately 24 nm), mainly T = 1 particles consisting of 12 VP1 

pentamers. The ratio was one QD per VLP. These particles 
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were highly stable under routine storage conditions. The 

internalization of these particles by target cells was unaltered 

and was similar to the early infection steps of the wild-type 

virus (Li et al. 2009). Recently, an interesting phenomenon of 

QD encapsidation was observed. Surprisingly, QDs enhanced 

assembly of SV40 VLPs from VP1 pentamers directly in the 

dissociation buffer, and a high affinity between the QD and 

SV40 VP1 protein was discovered (Gao et al. 2013). QDs 

were suggested to act as scaffolds, favoring the correct inter- 

pentamer contacts. Furthermore, it was established that the 

structural stability and integrity of these particles are abso- 

lutely dependent on disulfide bonds formed in VP1 during 

capsid assembly (Li et al. 2013). The same group also tested 

the encapsidation of QDs modified by different surface coat- 

ings. Their results indicated that positively, negatively, or 

neutrally charged QDs were encapsulated with comparable 

efficiencies, and all types of QDs–VLPs preserved their cell- 

entering ability (Li et al. 2010). 

Another class of nanoparticles that possess—depending 

on their size and shape—interesting optical properties, 

such as strong absorption and scattering in the visible–NIR 

region, are gold nanoparticles (AuNPs). They have been used 

in various types of biomedical applications including photo- 

thermal therapy, biosensing, and gene delivery for anticancer 

therapy (see Khlebtsov et al. [2013] for review). AuNPs of 

different particle sizes and surface decoration were encap- 

sulated within the SV40 capsids, where the encapsulation 

efficiency increased with the size of AuNPs modified with 

methoxypolyethylene glycol 750 (mPEG750)  (from  10  to 

30 nm). Encapsulation of AuNPs modified with negatively 

charged DNA ligands was also tested. The electrostatic inter- 

actions promoted the encapsidation efficiency of AuNPs with 

smaller diameters (10 and 15 nm). Moreover, the AuNPs 

encapsulated into SV40 VLPs were successfully delivered 

into living Vero cells, whereas the AuNPs alone were unable 

to enter these cells (Wang et al. 2011). Except for encapsida- 

tion, AuNPs could be conjugated to the surface of VLPs. This 

conjugation of AuNPs was published for the JCPyV. AuNPs 

of different sizes (5, 10, and 15 nm) were linked to JCPyV 

VLPs through sialic acid–linked lipid, which was conjugated 

to AuNPs by a ligand-exchange reaction. The most suitable 

size of AuNPs for optical detection was 15 nm (Niikura et al. 

2009). This approach was combined with encapsidation of 

QDs or AuNPs inside the SV40 VLPs, and VNP-guided 3D 

hybrid nanoarchitectures were assembled (Li et al. 2011, 

2012). First, the SV40 VP1 protein was genetically modi- 

fied to display only one cysteine, so that five cysteines were 

exposed on the VP1 pentamer. These altered SV40 VLPs 

were used for encapsidation of QDs by self-assembly, and 

AuNPs were conjugated to the surface through the affinity 

of gold to thiol groups. As a result, 3D hybrid nanoarchitec- 

tures of SV40 VNPs with one QD per VNP and a certain 

number of AuNPs (from 1 to 12) were obtained (Li et al. 

2011). Afterward, this group encapsidated two other types of 

QDs or AuNPs into SV40 VNPs. As previously, AuNPs were 

linked to the VNP surface, but this time the conjugation was 

based on electrostatic interaction between negatively charged 

AuNPs and positively charged amino acids on the outer sur- 

face of SV40 VNPs, and the average AuNP number per VLPs 

was 27 (Li et al. 2012). 

For MRI, various contrast agents exist. Magnetic iron 

oxide–based nanoparticles (MNPs) are often considered for 

theranostic applications. Their superparamagnetic nature 

enables MRI, and particles themselves can be used for 

therapy through techniques such as magnetic hyperthermia 

(Gupta and Gupta 2005). Association of VLPs with these 

particles can therefore help to extend the spectra of their 

application, for example, by addition of cancer-targeting moi- 

eties. This was achieved by Enomoto et al. (2013): the authors 

encapsulated citrate-coated MNP into SV40 VLPs and then 

chemically conjugated EGF to the surface of the SV40 VLPs. 

Linking EGF to these SV40 VLPs–MNPs enabled them to 

enter the cell lines of human epidermoid carcinoma and 

human colon adenocarcinoma in a selective manner. Tumor 

cells are more heat sensitive than normal cells, so these 

MNPs can serve not only as an imaging tool, but also as a 

heater element for hyperthermia (Gupta and Gupta 2005). 

These types of particles have great potential to be applied as 

excellent material for directed tumor diagnostics and therapy. 

The proof of principle for loading of therapeutic molecules 

such as low-molecular-weight drugs into VLPs was reported 

for PyV VLPs. Utilizing the covalent linkage of MPyV to a 

VP2 anchor, 462 molecules of methotrexate were loaded per 

VLP. Methotrexate is a well-known antifolate used in tumor 

therapy. The drug was delivered to methotrexate-sensitive 

cells, CCRF-CEM, and clearly demonstrated time- and 

concentration-dependent cytotoxicity (Abbing et al. 2004). 

Other research groups used naturally presented cysteines of 

the JCPyV PyV for linking the drug molecule via disulfide 

bonds inside the particle. The hydrophobic drug paclitaxel 

(PTX) was conjugated to JCPyV VLPs through modified 

β-cyclodextrin with a thiol-reactive group. The authors 

were able to encapsulate up to 12.3 PTX molecules, and 

these particles had a clear cytotoxic effect on NIH 3T3 cells 

(Niikura et al. 2013). 

The essential properties required for a particle drug deliv- 

ery system are not only specific targeting and cell entry but 

also the retention and release of the drug molecule in the tar- 

get cells. First, low-pH-controlled drug release from VLPs 

was established (Ohtake et al. 2010). This group used a hexa- 

histidine motif (His6) tag fused to the N-terminus of a 225 

aa VP2 anchor for noncovalent linking of fluorescent dye 

sulforhodamine 101 (SR). This dye was conjugated to nitri- 

lotriacetic acid (NTA), which targets the His6-tag sequence. 

The hexahistidine motif is ideal for release triggered by 

changes in pH because the pKa of this motif is approxi- 

mately 6.5, and a lower pH eliminates the His6-tag affinity. 

The NTA-SR entered JCPyV VLPs containing the His6-tag 

through simple diffusion and bound specifically to the His6- 

tag at the physiologic pH (7.4) and in the presence of cobalt 

ions. After adjustment of the pH to 5.0, the release saturation 

was achieved within 20 min. Second, the redox-responsive 

drug release was discovered (Niikura et al. 2013). It utilizes 

glutathione (GSH), which has been widely recognized as a 
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ubiquitous stimulus for drug release in cells, and its concen- 

tration is three times higher inside than outside of the cell. 

JCPyV VLPs were conjugated with thiol β-cyclodextrin 

(CD-SSO3
−) through disulfide bonds between cysteine resi- 

dues and a thiol-reactive group. The release speed was highly 

dependent on GSH concentration. The plateau was achieved 

within 5 min with the 10 mM GSH, and with 10 μm GSH, it 

lasted several hours. The controlled release approaches are 

extremely important for increasing the possibility of using 

VLPs as intelligent nanocarriers for therapeutic compounds. 

In conclusion, numerous studies have shown that PyV VLPs 

can potentially serve as versatile functional hybrid nanostruc- 

tures for application in the field of targeted drug delivery and 

diagnostic imaging. The interior of VLPs can accommodate 

drugs as well as various imaging compounds and increase 

their biocompatibility. The utilization of minor proteins as 

noncovalently attached drug anchors offers a unique oppor- 

tunity for controllable drug release. The exterior of VLPs can 

display multiple imaging molecules or addressable moieties, 

thus creating targeted multimodal nanoparticles. PV VLPs 

are less extensively studied than PyV for these types of appli- 

cations, but their potential utilization as theranostic agents 

could be very similar to PyV VLPs. 

 
20.5 UTILIZATION OF VIRUS-LIKE 

PARTICLES FOR IMMUNOTHERAPY 

VLPs of both viral families are suitable candidates for 

immunotherapy due to the high immunogenicity of their 

major capsid protein. VLPs are characterized by their ability 

to induce a humoral as well as a cellular immune response. 

Their structure is similar to the wild-type virus but they lack 

genetic material, thus providing a safe alternative to attenu- 

ated or inactive vaccines. The most important characteristic 

of VLPs is their ability to induce the production of neutral- 

izing antibodies, which are critical mediators of immunity 

against viral challenge. These antibodies could be produced 

by T-helper cell-dependent or T-helper cell-independent 

mechanisms. Through these mechanisms,  VLPs  are  able 

to induce a rapid and fulminant humoral immune response 

without the need for an adjuvant (Jennings and Bachmann 

2008). The T-helper cell-dependent immunogenicity of VLPs 

is entailed by the character of their interaction with DCs. At 

the beginning of an effective immune reaction is a process 

of activation of the immature antigen receiving DC into a 

mature antigen-presenting DCs. The presentation of antigen 

by DCs expressing costimulation molecules and cytokines  

is necessary for induction of an effective and strong T-cell- 

specific immune response followed by long-lasting memory. 

VLPs were tested in vitro for their ability to stimulate human 

DCs, and the results showed that both papillomaviral and 

polyomaviral VLPs could induce a variety of phenotypic 

and functional changes: enhancement of the expression of 

major histocompatibility complex (MHC) glycoproteins, 

costimulation molecules (CD40, CD80, and CD86), and pro- 

duction of cytokines (IL-12, IL-6) (Lenz et al. 2001; Rudolf 

et al. 2001; Gedvilaite et al. 2006; Bickert et al. 2007). 

However, PyV-derived VLPs appeared not to be consistent 

in DC activation. In contrast to rodent PyVs, BKPyV, JCPyV, 

and SV40-derived VLPs demonstrated only weak DC mat- 

uration and, correspondingly, low secretion of IL-12. The 

difference in DC maturation might be caused by the qual- 

ity of antigen preparation, by the level of VLP uptake, or by 

the more extensive trigger of pattern recognition receptors 

inducing human DC maturation (Gedvilaite et al. 2006). 

T-helper cell-independent humoral immunity is induced 

by the repetitive and highly ordered structure of VLPs. 

These repetitive epitopes enable the cross-linking of spe- 

cific immunoglobulins that comprise the B-cell receptor, 

which is a critical signal for B-cell activation (Bachmann   

et al. 1995; Thyagarajan et al. 2003). Generation of neutral- 

izing antibodies by both PVs and PyVs has been shown to be 

largely T-helper cell independent (Szomolanyi-Tsuda et al. 

2001; Yang et al. 2005). 

VLPs can be utilized for vaccination in two different ways: 

against capsid proteins or against foreign proteins that have 

been attached to VLPs. The main usage is the application   

of VLPs for vaccination against the virus from which they 

derived. Some VLP-based vaccines are already available on 

the market, such as prophylactic vaccines against HPVs (e.g., 

Gardasil, Merck; Cervarix, GlaxoSmithKline) or against hep- 

atitis B (e.g., Engerix, GlaxoSmithKline; Recombivax HB, 

Merck). Hepatitis B virus (HBV) vaccines were already con- 

firmed to be highly effective, with the induction of lifelong 

immunity and protection against the development of hepato- 

cellular carcinoma (FitzSimons et al. 2005). The long-term 

efficacy of HPV vaccines is under investigation. This section 

will summarize the current knowledge of the utilization of 

polyoma- and papilloma-based VLPs for  the development  

of prophylactic and therapeutic vaccines. 

 
 

HPV infection plays a key role in the etiology of cervical 

carcinoma, which is the fourth most frequent malignancy  

for women worldwide. Globally, there are approximately 

530,000 new cervical carcinoma cases per year, with a mor- 

tality of 270,000 women per year. Around 85% of all new 

cases come from the developing countries (WHO 2014), and 

the majority are diagnosed in women older than 40 years. 

HPV infection is also connected to other carcinomas such  

as those in the anogenital region, head and neck cancers, 

and also benign genital warts in both men and women. It    

is estimated that HPV causes around 80% of anal carcino- 

mas and 40%–60% of vulvar, vaginal, and penile carcino- 

mas. Nevertheless, these malignancies are relatively rare and 

preferentially affect adults older than 50 years. HPV16 is the 

most common culprit in these tumors (WHO 2009). 

HPV infection of the genital tract in both men and women 

is nowadays known as the most frequent sexually transmitted 

disease. The entry gate of infection is enabled by the micro- 

trauma of the mucous membranes of the skin. Transmission 

is possible not only by sexual intercourse itself but also dur- 

ing noncoital sexual activities. The percentage of high-risk 
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HPV infected women after the initiation of sexual life rises 

up to 30%, reached within adolescence (under 25 years old). 

The prevalence then gradually decreases to 5% because the 

majority of infected women undergo spontaneous clearance 

by their immune system. Nevertheless, in some cases, persis- 

tent infections occur and induce malignant cell transforma- 

tion. It is impossible to predict whether spontaneous clearance 

or tumor growth will occur following HPV infection. While 

HPV infection is an etiological cause of cervical carcinoma 

development, there are a number of cofactors that support 

dysplastic changes, such as smoking, promiscuity, hormonal 

contraception usage, an early start to sexual life, or illnesses 

connected to immunosuppression (Muñoz et al. 2006). 

The HPV life cycle is restricted to the mucous mem- 

branes: no viremia occurs. HPV infects the basal cells of the 

cervical epithelium but does not induce cell death or inflam- 

matory changes; therefore, activation of antigen-presenting 

cells is insufficient and the immune reaction is low (Stanley 

et al. 2006). Approximately 50% of women infected by HPV 

will not experience induction of the antibody response. The 

other 50% will be shown to evolve low antibody titers, but 

the numbers are not sufficient to develop protection against 

repeated infections. The amount of neutralizing antibodies 

in cervicovaginal secretions plays a vital role in the devel- 

opment of HPV protection. These antibodies bind the viral 

particles and thus block infection of the basal cells. So, the 

sufficient level of neutralizing antibodies in the epithelial 

region is necessary for antiviral protection. Vaccination 

induces high and stable level of antibodies in the serum. The 

level of serum antibodies strongly correlates with antibody 

level in the cervicovaginal secretions, proving the penetra- 

tion of antibodies from serum to cervicovaginal secretions 

(Schwarz et al. 2010). 

VLP-based vaccine development programs began on the 

basis of the discovery by several academic groups that the pap- 

illomaviral major coat protein, L1, can self-assemble into VLPs 

when expressed as a recombinant protein in a heterologous 

eukaryotic system. VLP-based vaccines against PVs induce a 

specific immune response (Fausch et al. 2003) and are formed 

from the major capsid protein, L1 (Koutsky et al. 2002), or 

both capsid proteins, L1 and L2 (Lenz et al. 2001). Chimeric 

vaccines also exist, where the structural protein L1 or L2 is 

fused to the whole or part of an oncoprotein, E2, E6, or E7 

(Greenstone et al. 1998; Rudolf et al. 2001; Tobery et al. 2003). 
 

20.5.1.1 First-Generation Vaccines 

PV-based commercial prophylactic vaccines, after their 

approval by the FDA, became well known worldwide. The 

development of these vaccines was a long, demanding, and 

expensive research process that began with the immunization 

of rabbits, cattle, and canines with appropriate papillomavi- 

ral VLPs that protected the animals against papillomaviral 

infection (Breitburd et al. 1995; Suzich et al. 1995; Kirnbauer 

et al. 1996). The positive effect of papillomaviral VLPs on 

animal models led to their application on human volunteers. 

First, L1 VLPs from HPV18 were tested. Forty women took 

part in the vaccination study, ten of which received a placebo. 

It was demonstrated that the HPV18 L1 VLP vaccine was 

well tolerated and exhibited high immunogenicity (Ault et al. 

2004). Then, HPV16 L1 VLPs were tested on 2000 women, 

some of whom received a placebo instead of the vaccine. 

The results showed that none of the vaccinated women were 

infected with HPV16 (Brown et al. 2004). Another study 

focused on L1 VLPs derived from HPV11 or HPV16 (Fife  

et al. 2004). This study also proved the high immunogenicity 

of papillomaviral VLPs, and every vaccinated woman devel- 

oped antibodies against these VLPs. Both vaccine types were 

well tolerated, and the only adverse effect was a reaction in 

the site of injection. 

Two marketed prophylactic vaccines contain VLPs, 

which consist of an L1 coat protein self-assembled into 

spheres mimicking the natural conformation of the virus. 

Both vaccines—bivalent (Cervarix, GSK) and quadrivalent 

(Gardasil, Merck)—are composed of two high-risk HPV16 

and HPV18 VLPs. The quadrivalent vaccine has additional 

HPV6 and HPV11 VLPs that are responsible for nearly 90% 

of genital warts. The vaccines differ also in their produc- 

tion system and  adjuvant  composition.  Gardasil  vaccine  

is produced in yeast, and amorphous aluminum hydroxy-  

phosphate sulfate is used as adjuvant. The bivalent vaccine 

Cervarix is produced in insect cells and adjuvanted with 

AS04, which combines aluminum hydroxide and monophos- 

phoryl lipid-A, a modified endotoxin that is an antagonist of 

Toll-like receptor 4. Vaccines are administered intramuscu- 

larly, according to three dose protocols (0, 1, and 6 months 

for Cervarix; 0, 2, and 6 months for Gardasil), and the most 

common side effects are redness, fatigue, swelling, head- 

ache, and fever (Gonçalves et al. 2014). A comparison of 

observational studies revealed that Cervarix caused more 

side effects than Gardasil, probably due to the type of adju- 

vant system (Einstein et al. 2009). Vaccines protect against 

the HPV types included in the vaccination. Durable protec- 

tion against the corresponding infection of HPV type has 

been observed for up to 9.4 years in the case of the bivalent 

vaccine (GlaxoSmithKline Vaccine HPV-007 Study Group 

et al. 2009; Lehtinen et al. 2012; Naud et al. 2014) and up to 

5 years for the quadrivalent vaccine (Villa et al. 2006; The 

FUTURE I/II Study Group et al. 2010). The safety and effi- 

cacy of this vaccine has been confirmed for the vaccination 

of pregnant women (Goss et al. 2014). 

The FDA licensed the Gardasil vaccine in 2006 for young 

females of 9–26 years old and the Cervarix vaccine for young 

females aged 10–25 years old. However, the vaccination 

could also be applied to women with evidence of prior HPV 

exposure. Although the therapeutic effect against anogenital 

cancer was not proven, these vaccines were able to prevent 

reinfection of HPV (Olsson et al. 2009; Miltz et al. 2014). 

The Gardasil vaccine was also, in 2009, approved by the 

FDA for the vaccination of 9–26-year-old males, and results 

from a phase III clinical trial proved a 90% reduction in geni- 

tal lesions (Giuliano et al. 2011). 

In a direct comparison, the quadrivalent vaccine pro- 

duced lower levels of antibodies over 2 years than the biva- 

lent vaccine, probably due to its adjuvant system being less 
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efficient (Einstein et al. 2009). Another reason could be the 

production of VLPs of the bivalent vaccine in the baculovirus 

expression system: routine purification procedures might not 

precisely discriminate between VLPs and baculoviruses, and 

as a consequence, the VLP preparations could be contami- 

nated by baculoviral particles that are able to enhance the 

adjuvant properties (Abe et al. 2003). Moreover, commercial 

vaccines differ also in their ability to induce cross protec- 

tion against other related HPV types. The bivalent vaccine 

enabled wider cross protection, and the obtained vaccine effi- 

cacy was about 78% for HPV31, 45% for HPV33, and 77% 

for HPV45 (Paavonen et al. 2009; Lu et al. 2011;  Wheeler  

et al. 2012). The vaccine efficacy of the quadrivalent vac- 

cine was only around 46% for HPV31, 29% for HPV33, and 

8% for HPV45 (Brown et al. 2009; Westra et al. 2013), and 

thus significant cross protection was obtained only against 

HPV31. For both vaccines, no statistically significant cross 

protection against persistent infection with HPV52 or HPV58 

was detected (Kemp et al. 2011; Malagón et al. 2012). More 

data are needed to establish the duration of cross protection. 
 

20.5.1.2 Second-Generation Vaccines 

Current prophylactic vaccination programs should have a 

significant impact on the reduction of HPV-related malig- 

nancies, owing to their ability to provide long-term pro- 

tection against cervical intraepithelial neoplasia (Cadman 

2008). However, the vaccines currently registered have some 

limitations affecting their worldwide application: the main 

problems include their low stability, costly production, no 

therapeutic effect, and limited effective cross protection to 

other HPV types. Since 85% of all newly diagnosed HPV- 

related carcinomas come from developing countries, the 

pressure on the development of a second-generation HPV 

vaccine rises. 
 

20.5.1.2.1 Increase in Stability and Cost Efficiency 

The low-cost and noninvasive biopharmaceuticals enabling 

widespread immunization are desired mostly in developing 

countries. The application of vaccines by injection might 

transmit other infectious diseases, generally due to repeated 

needle usage. The vaccines currently available must be 

stored in a low-temperature environment of around  6°C, 

and their production also requires advanced techniques and 

facilities. Thus, repeated vaccination is very impractical for 

low-resource countries. Edible (oral) vaccines have gained 

positive attention in this context. The principle is based on 

the contact between the antigen and the surface of a mucosal 

membrane—ideally of the gastrointestinal tract or respira- 

tory system. These vaccines could be applied in the form of 

capsules, aerosols, or gel, with a precise dosage regarding 

the required antigen concentration. However, oral applica- 

tions need significantly higher doses of antigen (approxi-  

mately a hundred times) to induce an effective immune 

response. The antigen dose could be lowered by combina- 

tion with the appropriate adjuvants (Rose et al. 1999; Gerber 

et al. 2001). There are two patents of edible vaccine vehi- 

cles: the first one is for the HPV16 L1 protein produced in 

the yeast Schizosaccharomyces pombe (US20090017063; 

2009), which can induce a systemic immune response and 

production of HPV16 type-specific neutralizing and mucosal 

antibodies. The second one is for oncoprotein E7 of HPV16 

carried by a lactic acid–based vehicle (WO2010079991; 

2010), which induces an antigen-specific cellular immune 

response after oral administration in mice. In the last decade, 

the use of plants as a production system for vaccine anti- 

gen production has become more popular: plant expression 

systems offer a cheap, robust, and relatively fast alternative 

production system. The high potential of plant vaccines is in 

their utilization in third-world countries, but also in advanced 

countries where development is directed toward noninvasive 

applications that are more comfortable for patients. HPV 

VLPs self-assemble in the transgenic plant cell environment, 

and the robust plant cellulose membrane even protects VLPs 

against gastric low pH and allows their safe transport to the 

colon. The relatively  high resistance of naked HPV VLPs  

to the gastrointestinal tract has been published (Rose et al. 

1999). The production of an oral HPV vaccine is theoreti- 

cally feasible; however, more research data are needed. On 

the other hand, the low-cost and simple application of these 

vaccines could potent their further research and help to intro- 

duce complex vaccine programs against HPV (Schiller and 

Nardelli-Haefliger 2006; Stanley et al. 2008). 

 

20.5.1.2.2 Broadening of Cross Protection 

Although immunization with current prophylactic vaccines 

is very efficient in inducing a protective antibody response 

against HPV6, HPV11, HPV16, and HPV18, such antibodies 

are predominantly type restricted. There is evidence of cross 

protection that could possibly be explained by phylogenetic 

similarities between the L1 genes of HPV types. The bivalent 

vaccine has shown cross protection against HPV31, HPV33, 

and HPV45, but the quadrivalent vaccine only against 

HPV31. However, the cross protective stimulation of anti- 

body production represents <1% of the neutralizing activity 

induced by the dominant conformational epitopes. In order to 

prevent all HPV-related tumors, specific VLPs for each HPV 

type involved in cancer must be developed. Although it does 

not seem to be economically feasible,  studies are ongoing  

to increase the number of HPV types to nine in the quad- 

rivalent vaccines by adding the VLPs of HPV31, HPV33, 

HPV45, HPV52, and HPV58. This nonavalent vaccine is cur- 

rently under development by Merck Research Laboratories, 

and a mathematical model predicts that this vaccine could 

raise protection from 70% to 90% of the infections respon- 

sible for invasive cervical cancer (Serrano et al. 2012). It is 

also possible that this vaccine will provide cross protection to 

other nonvaccinated HPV types, such as current commercial 

prophylactic vaccines. This nonavalent preventive vaccine  

is currently in a phase III clinical trial on women between 

16 and 26 years old (National Cancer Institute 2014). 

As an alternative approach to the increase in the number of 

various HPV L1 VLPs, the incorporation of L2 minor protein 

into VLPs has arisen as a possible means for cross protection 

improvement. In contrast to L1 protein, L2 protein is barely 
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visible for the immune system during infection because L2 

protein is not exposed until the virus binds to the basement 

membrane. Therefore, the neutralizing antibodies directed 

against L2 are not produced. The pressure to evolve L2 neu- 

tralizing epitopes is low, therefore L2 sequences (especially 

between 20 and 38 aa) are highly preserved among various 

high-risk HPV types (Karanam et al. 2009). A study based 

on the vaccination of sheep with HPV6, HPV16, or HPV18 

L1/L2 VLPs proved that L2 protein contains a subdominant, 

cross neutralizing epitope. The sheep antiserum from each 

HPV type provided cross protection to the other tested HPV 

types (Roden et al. 2000). However, the immune response 

induced by HPV VLPs composed of both L1 and L2 was 

predominantly directed against the L1 protein. This low 

immunogenicity of L2 might be caused by a higher amount 

of L1 protein compared to L2 protein, by the distant spac- 

ing of L2 protein, or by the fact that L2 protein is hidden 

inside the L1 capsid (Karanam et al. 2009). In many stud- 

ies, the L2 protein peptide sequences were inserted into the 

surface loops of the L1 protein; these studies revealed the 

most potent cross neutralizing antibody sequences to be on 

the N-terminus of the L2 protein (Kondo et al. 2007, 2008; 

McGrath et al. 2013). Although L2 protein vaccination 

evoked broad-spectrum immunity, the efficiency was low. 

However, HPV16 L1/L2 VLP vaccination of rabbits together 

with Freund’s adjuvant resulted in a strong increase in the 

level of neutralizing antibody  production  (Schellenbacher 

et al. 2009). This was consistent with the previous data, where 

conjugation of modified adjuvant mLTK63 to C-terminus of 

HPV16 L2 protein induced higher titers of HPV16-specific, 

long-lasting neutralizing antibodies and splenocyte prolifera- 

tion (Xu et al. 2008). The data demonstrate the requirement 

of repeated immunizations and adjuvant utilization for high 

anti-L2 immune response induction. 

 

20.5.1.2.3 Development of Therapeutic VLP Vaccine 
Papillomaviral VLPs are intensively studied as an immunol- 

ogy tool for the production of therapeutic vaccines against 

HPV-related cancer, vaccines against other viral infections, or 

even vaccines against nonviral diseases such as Alzheimer’s 

disease or arthritis. First, the current possibilities for thera- 

peutic vaccine development against diseases connected to 

HPV infection will be discussed. 

Prophylactic HPV vaccines induce a potent immune 

response that results in the production of high titers of neu- 

tralizing antibodies sufficient to prevent infection (Day et al. 

2010; Naud et al. 2014). However, for anticancer immuno- 

therapy, the cellular immune response is more important 

than antibody production. Although HPV L1 VLPs have 

been shown to cause a potent cellular immune response 

(Woo et al. 2007), there is no evidence of their therapeutic 

effect (Hildesheim et al. 2007; Olsson et al. 2007; Miltz et al. 

2014). Therefore, E6 and E7—the major viral oncoproteins 

of high-risk HPVs—are intensively studied as interesting T-

cell response targets. 

The E6 and E7 proteins are produced in the early phase of 

infection and inactivate two tumor suppressor proteins, p53 

and pRb. Protein p53 is inactivated by E6, which forms a 

stable complex with p53, and, in turn, this complex under- 

goes a proteolysis (Scheffner et al. 1990). The protein pRb is 

bound by E7 and this interaction results in the release of the 

transcriptional factor E2F that promotes the transcription of 

genes required for cell DNA synthesis and cell cycle progres- 

sion (Dyson et al. 1989). The viral oncogenes, E6 and E7, 

are thought to modify the cell cycle so as to retain the dif- 

ferentiating host keratinocyte in a state that is favorable to 

the amplification of viral genomes and consequent late gene 

expression (Münger and Howley 2002). It has also been 

shown that the E2 protein of high-risk HPVs can participate 

in cell transformation because its expression allows chromo- 

somal instability and promotes integration of viral genome, 

which has been documented as one of the major steps lead- 

ing to HPV-induced transformation (for review see Bellanger 

et al. 2011). 

Recently, early antigens have represented a frequent target 

for therapeutic intervention in vaccine development. Various 

vaccine designs have been studied, including DNA vac- 

cines, protein/peptide-based vaccines, or vaccines based on 

chimeric VLPs. Several series of studies of DNA vaccines, 

encompassing naked DNA and viral or bacterial-based DNA 

vaccines, have been published. These vaccines can be eas- 

ily prepared and manipulated, are low cost, and are stable. 

On the other hand, naked DNA vaccines are limited by low 

transfection efficiency, and live vectors possess a potential 

risk of toxicity and activation of immunosuppressive fac- 

tors in humans (for review see Hung et al. [2008] and Cho  

et al. [2011]). The protein-/peptide-based vaccines are based 

on the direct transfer of synthesized HPV early antigens,  

are poorly immunogenic, and need strong adjuvants for the 

induction of a protective immune response (for review see 

Bijker et al. [2007] and Hung et al. [2008]). Therefore, the 

next therapeutic vaccines are based on the transport of early 

proteins through HPV VLPs. These VLPs could potentially 

induce both a prophylactic and therapeutic immune response, 

resulting in the prevention of reinfection and/or control of 

reactivation. 

The combination of early and late HPV proteins in chime- 

ric VLPs is a strategy with which to meet this goal (Jochmus 

et al. 1999). In chimeric VLPs, foreign epitopes could be 

coupled to VLPs either by fusion to the major capsid protein, 

L1, or by fusion to the minor capsid protein, L2 (see Section 

20.4.3). In an initial study of Müller et al. (1997), various 

parts of an E7 protein were conjugated to the C-terminally 

truncated HPV16 L1 protein for chimeric HPV16 L1/E7 

VLP construction. Only chimeric VLPs bearing up to 55 N-

terminal aa of the E7 protein gave a high yield of uniform 

particles (Müller et al. 1997). These HPV16 L1ΔCE71–55 chi- 

meric VLPs induced an E7-specific T-cell response in vitro 

(Kaufmann et al. 2001) and were used for  the vaccination  

of women with high-grade cervical intraepithelial neoplasia 

(Kaufmann et al. 2007). However, the difference between the 

immune responders and placebo recipients in terms of histo- 

logical improvement was only 14%. Other research groups 

used the minor protein, L2, as an anchor for the coupling 
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of early antigens. Chimeric HPV16 L1/L2E7 VLPs were 

obtained by conjugation of the full-length E7 protein to the 

C-terminus of the L2 protein and its coexpression with the L1 

in a baculovirus expression system. The vaccination of mice 

with these VLPs induced protection against the outgrowth of 

an HPV E7–positive tumor (Greenstone et al. 1998). Later, 

the comparison of HPV16 L1 and L1/L2 chimeric particles 

conjugated with the first 57 aa of HPV16 E7 protein was 

described. The L1 chimeric particles induced a significantly 

higher E7-specific immune response than L1/L2 chimeric 

particles, where the E7 sequence was fused to the L2 pro- 

tein (Wakabayashi et al. 2002). This is consistent with the 

amount of delivered epitope. Fusion to L1 could theoretically 

transfer 360 epitopes per particle, whereas fusion to an L2 

protein would transfer only 72 epitopes. Afterward, another 

vaccine strategy for increasing the therapeutic potential by 

incorporating HPV16 E2 protein into VLPs was examined. 

Through the conjugation of full-length E7 and E2 in a row 

to the C-terminus of the L2 protein, chimeric HPV16 L1/ 

L2E7E2 VLPs were prepared. Their morphology was similar 

to HPV16 L1 VLPs (Qian et al. 2006). Unfortunately, these 

chimeric particles were unable to induce a CTL response 

against E7 or E2 without immunomodulators. Moreover, the 

cost would be too high for their utilization as a commercial 

vaccine. The vaccination with chimeric particles could poten- 

tially induce both responses: the prophylactic one against the 

HPV16 virus and the therapeutic antitumor response against 

the cells transformed by HPV16. Nevertheless, if the patient 

is already infected or vaccinated and an immune response 

against the L1 protein is induced, the efficiency of this 

combined vaccine might be reduced by neutralizing anti-L1 

antibodies (Da Silva et al. 2003). 

HPV VLPs could be utilized also as a vaccination plat- 

form against other non-HPV-related diseases. The first option 

is the conjugation of immunodominant peptides to the cap- 

sid surface by genetic modification. Specific anti hepatitis B 

core antigen (HBc) antibody production was induced by the 

insertion of a hexameric DPASRE peptide from the HBV 

virus core antigen into different L1 surface loops, and only 

one (BC) loop failed to result in anti-HBc antibody induc- 

tion in mice, suggesting that the epitope inserted into the  

BC loop was hidden inside the capsid (Sadeyen et al. 2003). 

BPV L1 protein was used as a platform for genetic incorpo- 

ration of chemokine receptor type 5 (CCR5), which is the 

major coreceptor of the HIV. Inoculation of these chimeric 

L1-CCR5 VLPs into mice highly induced the production of 

anti-CCR5 autoantibodies, which bound the CCR5 receptor 

and inhibited the HIV infection in vitro (Chackerian et al. 

1999). The other sequence inserted into BPV L1 was the  

first 9 aa of human amyloid-β protein, and stable chimeric 

VLPs were produced. Rabbits were chosen for the immu- 

nization because there exists a 100% identity match of the   

9 aa sequence of amyloid-β between rabbits and humans. 

Chimeric VLPs generated specific autoantibodies against 

the amyloid-β peptide and thus broke the B-cell tolerance  

to this self-antigen (Zamora et al. 2006). Autoantibodies 

against amyloid-β were previously described as a method for 

decreasing cognitive decline in Alzheimer’s disease (Hock 

et al. 2003), and thus the Zamora research group used model 

transgenic mice of human Alzheimer’s disease for immuni- 

zation with these chimeric VLPs. The deposits of amyloid-β 

in the brain decreased, and more amyloid-β was present in 

the plasma, suggesting its release from the brain. It seems 

that these chimeric VLPs could serve as an efficient immu- 

notherapeutic for human Alzheimer’s disease (Zamora et al. 

2006). The second option connects the protein epitopes to 

the PV VLP surface by chemical conjugation. The most fre- 

quently used technique is the conjugation of a streptavidin- 

fused epitope to biotinylated BPV VLPs. Peptides derived 

from tumor necrosis factor alpha (TNF-α; the proinflamma- 

tory cytokine), amyloid-β, or CCR5 were displayed on the 

surface and induced specific antibody production against the 

exposed peptides in mice (TNF-α, amyloid-β) or in macaques 

(CCR5) (Chackerian et al. 2001, 2004; Li  et  al.  2004).  

The VLPs with TNF-α were even successful in decreasing 

collagen-induced arthritis development in mice (Chackerian 

et al. 2001). The third option is based on the ability of the L1 

protein to encapsidate DNA during self-assembly. For DNA 

transfer, VLPs lacking L2 and nucleocores are not suitable, 

as L2 protein and the correct conformation of particles are 

necessary for infection and efficient delivery of DNA into 

the cell nucleus. Therefore, for this purpose, PsVs produced 

in packaging cells, containing L1, L2, and DNA complexed 

with histones, have been used. HPV PsVs were tested as a 

platform for the delivery of a DNA vaccine against respi- 

ratory syncytial virus (Graham et al. 2010) or against HIV 

(using the simian immunodeficiency virus model) (Gordon 

et al. 2012). Both vaccines were delivered intravaginally and 

induced specific CD8+ T-cell immune responses in mice 

(respiratory syncytial virus) or in macaques (HIV). The 

vaginal application was necessary because HPV does not 

infect intact epithelial cells. Furthermore, an experimental 

DNA vaccine encoding the ovalbumin antigen was encap- 

sidated into  HPV  PsVs. After subcutaneous application, 

a strong ovalbumin-specific CD8+ immune response was 

evoked (Peng et al. 1998). All PsV-DNA vaccinations were 

more efficient when compared to the naked DNA vaccines. 

Thus, HPV PsVs are considered as a promising platform for 

DNA-based therapeutic vaccination. 

 

20.5.1.3 Concluding Remarks 

Vaccination is the most effective way for prevention of infec- 

tious diseases. Despite the great promise for cervical and 

other HPV-related cancers, there are several  characteris- 

tics of current HPV vaccines that need to be improved. The 

vaccines are unaffordable in many parts of the world, even 

though the quadrivalent vaccine has been offered to GAVI 

Alliance that increased the access to vaccine in poor coun- 

tries, incredibly only for $5 per dose. Second-generation 

prophylactic HPV vaccines, currently in clinical trials, may 

overcome several limitations of the current commercially 

used vaccines. First, they could mediate the protection 

against additional oncogenic HPV types by broadening of 

cross protection through incorporation of L2 or multivalent 
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vaccine production. Second, they should be less dependent 

on refrigerated conditions, needles, and low costs. The edible 

vaccines might solve all these deficiencies. Plants in partic- 

ular are at the center of attention because they are cheap,  

can be orally administered, are grown easily in developing 

countries, and produce high amounts of recombinant protein. 

Third, the prophylactic together with the therapeutic effect is 

required. Therefore, the combination of late and early HPV 

proteins has been extensively studied. Early patents include 

chimeric vaccines containing HPV L1 with the E7 protein 

(US6649167, 2003; US7754430, 2010). 

Unfortunately, only a few of the second-generation vac- 

cine candidates discussed earlier are ready for clinical trials, 

their success is still uncertain, and the time for commercial 

use is very distant. 

 
 

In general, infection with mammalian PyVs is asymptom- 

atic, and the vast majority of the population is seropositive. 

Representative examples of human PyVs that are intensively 

studied include BKPyV, JCPyV, and MCPyV. The BKPyV 

has the highest seropositivity: it increases with age and finally 

reaches almost 100%. Children up to 5 years of age are 63% 

seropositive, and children 10 years of age are nearly all sero- 

positive (Stolt et al. 2003). BKPyV and JCPyV are present in 

cases of kidney transplantations, but only BKPyV is able to 

induce PyV-associated nephropathy, which is the most com- 

mon reason for rejection of a renal transplant (Fishman 2002). 

JCPyV has significantly lower seropositivity: with 5-year-old 

children being 27% positive and adults reaching 72% sero- 

positivity (Stolt et al. 2003). Reactivation of  this  virus 

needs an immunosuppressive state and induces a progres- 

sive multifocal leukoencephalopathy that is caused by the 

demyelination of neurons (Fishman 2002). The prevalence 

of MCPyV differs among the continents (Europe, 85% 

[Becker et al., 2009]; United States, 70%; and Australia, 

25% [Garneski et al., 2009]) and gender, where women have 

a higher prevalence of MCPyV in MCC (aggressive neuro- 

ectodermal tumors) than men (Andres et al. 2010). MCPyV 

infects Merkel cells—cellular mechanoreceptors in skin— 

where the viral infection is one of the most leading factors 

for their malignant transformation (Andres et al. 2010). The 

MCCs are at least 80% positive for MCPyV presence, and the 

viral stimulator for tumor development could be the integra- 

tion of the virus into the host cell genome (Feng et al. 2008). 

Polyomaviral VLPs are highly immunogenic. They induce  

an antibody-mediated immune response, which prevents 

viral infection and also leads to a cell-mediated immune 

response that protects against the formation and evolution of 

virus-induced tumorigenesis. This immunogenic potential 

could be utilized in vaccine development against the native 

viral capsids as well as other illnesses, even of a nonviral 

origin. In this case, VLPs perform two functions: to carry 

the antigen and to serve as an adjuvant. As was described 

in Section 20.4.3, there are different ways in which anti- 

gens (obviously of protein origin) can be connected to the 

viral particle. The connection could result in the display of 

the antigen on the particle surface or lead to it being hidden 

inside the VLP core. 

 

20.5.2.1 Native VLP Vaccines 

The productive infection of PyVs is restricted to their natu- 

ral host; therefore, the eligible and most widely used system 

for studying immunity and pathogenesis is the MPyV infec- 

tion model. Heidari et al. (2002) reported that MPyV VLPs 

were successful against MPyV infection in the vaccination 

of normal and even T-cell-immunodeficient mice (CD4−/− 

CD8−/−). After induced infection, approximately half of the 

mice from each group were MPyV DNA-free and protected. 

However, the titers of anti-VP1 antibodies were generally 

higher in the case of normal mice. This might be caused by a 

less-effective IgG switch in the absence of functional T cells 

(Heidari et al. 2002). In the following study, the authors tried 

to use different immunization protocols to improve the per- 

centage of protected mice. The best results were obtained by 

subcutaneous rather than intraperitoneal application, irre- 

spective of the presence of Freund’s adjuvant (Vlastos et al. 

2003). For comparison of immunogenicity, MPyV VLPs and 

VP1 protein fused to GST (in the form of pentamers) were 

administered as vaccines. While  MPyV  VLPs  protected  

all mice, GST-VP1 protein protected 100% of normal but 

only 60% of T-cell-immunodeficient mice (CD4−/−CD8−/−) 

(Vlastos et al. 2003). The lower antibody production was 

probably caused by the disability of GST-VP1 fusion pro- 

tein to assemble into VLPs. The repetitive structure of VLPs 

was proved to be necessary for inducing a strong T-cell-  

independent humoral response (Szomolanyi-Tsuda et al. 

1998; Velupillai et al. 2006). 

However, VLPs could be used not only for the prevention of 

viral infection but also for antitumor therapeutic vaccination. 

Peptides derived from MPyV T antigens were described as a 

target of the T-cell immune response. These peptides prevent 

tumor development and also mediate tumor rejection. They 

are presented by MHC molecules and called tumor-specific 

transplantation antigens (TSTAs) (reviewed in Ramqvist and 

Dalianis [2010]). As some MPyV tumors express VP1 protein, 

the hypothesis of using VP1-derived peptides as a TSTA was 

experimentally tested by Franzén et al. (2005). Vaccination 

with MPyV VLPs should prevent mice from outgrowth of 

three different MPyV tumors producing T antigens: hair fol- 

licle tumor (derived from ACA mouse strain), sarcoma and 

fibrosarcoma (derived from CBA mouse strain). ACA hair 

follicle tumor was completely rejected, while partial protec- 

tion against the CBA fibrosarcoma and no protection against 

the CBA sarcoma outgrowth were achieved (Franzén et al. 

2005). Although this experiment showed promising results 

for the application of VP1 VLPs as an antitumor agent, its 

widespread utilization is implausible, since VP1 production in 

MPyV- or MCPyV-induced tumors is minor (Talmage et al. 

1992; Sanjuan et al. 2001; Holländerová et al. 2003; Haugg 

et al. 2014), is connected to episomal viral DNA presence 

(Talmage et al. 1992; Stubenrauch et al. 2001; Holländerová 

D
o

w
n

lo
ad

ed
 b

y
 [

Ji
ri

n
a 

S
u

ch
an

o
v

a]
 a

t 
0

1
:1

1
 1

6
 S

ep
te

m
b

er
 2

0
1

5
 



Applications of Viral Nanoparticles Based on Polyomavirus and Papillomavirus Structures 341 
 

 

et al. 2003), and disappears with passaging of tumor cell line 

(Talmage et al. 1992; Holländerová et al. 2003). 

The human PyVs BK and JC need immunosuppression for 

reactivation; therefore, vaccine development for that limited 

population might not be cost effective. On the other hand, 

accumulating evidence of the role of MCPyV in cancer induc- 

tion justifies investigation into the vaccine development. Since 

MCC patients have very high antibody titers against MCPyV, 

it has been suggested that humoral immunity alone would not 

prevent the disease and that a cell-mediated immune mecha- 

nism might be involved in protection against MCPyV-induced 

malignancy (Pastrana et al. 2009). However, immunization of 

healthy individuals (seropositive or seronegative for MCPyV) 

by MCPyV VP1 VLPs led to helper T-cell responses, which 

were highly antigen specific and concentration dependent. 

IFN-γ was the most readily detectable cytokine (Kumar et al. 

2011). This interferon has antiviral and tumor-suppressive 

functions, and its production is associated with a favorable 

prognosis of MCC (Paulson et al. 2011). Nowadays, the mech- 

anism based on transfer of MCPyV-specific T cells as a source 

of reactive antitumor immunity was published (Chapuis et al. 

2014). The therapy was applied to a 67-year-old man with 

metastatic MCPyV-expressing MCC. The vaccination was 

well tolerated and evoked a durable complete response in two 

of three metastatic lesions. The transferred CD8+ T cells pref- 

erentially accumulated in the tumor tissue. 

Another field where vaccine production might be econom- 

ically attractive is the poultry industry. One of the offend- 

ing diseases is hemorrhagic nephritis and enteritis of geese, 

which is characterized by high morbidity and mortality in 

geese between 3 and 10 weeks of age. This illness is caused 

by the GHPyV. VLPs of this PyV were successfully produced 

in yeast or insect cells (Zielonka et al. 2006), and VLPs 

from insect cells were used for the vaccination of goslings. 

VLPs provided protection to goslings after their vaccination 

at 1 day of age and boosting after 17 days, and surprisingly 

even without boosting. The efficacy was not influenced by 

the dose of the antigen (Mató et al. 2009). 

20.5.2.2 Chimeric VLPs as Vaccines 

against Foreign Epitopes 

The ability to induce an immune response against either a self- 

antigen or an antigen of a pathogen is very desirable during 

therapeutic and prophylactic vaccine development. Therefore, 

effort was concentrated on the development of various agents 

that would exhibit this effect and combine it with other 

important features such as minimal side effects, safety for the 

organism, low-cost production, and relatively easy prepara- 

tion and administration. VLPs meet all of the aforementioned 

requirements, and after their modification, they can be used 

as vectors for a multimeric presentation of foreign antigens in 

vaccine technology. One of the essential tasks is the develop- 

ment of an efficient tumor treatment, which is complicated 

by the very individual and heterogenic tumor character. The 

main goal of nonviral tumor immunotherapy is the induc- 

tion of immune responses to autoantigens and the breaking 

of an established tumor tolerance. Utilization of VLPs in this 

context should have a great future; however, there are still only 

a limited number of studies investigating this VLP potential. 

20.5.2.2.1 Epitopes Displayed on the Surface 

of Polyomavirus-Based VLPs 

In case of PyV-based VLPs, epitopes can be inserted into 

one of the surface loops of the major structural protein, VP1, 

generating VLPs with foreign epitopes exposed on the sur- 

face. This approach is limited by the inserted peptide length, 

as the longer peptides are able to influence the assembly and 

stability of VLPs. 

As an alternative to the commercial HBV vaccine, chi- 

meric VLPs carrying a hydrophilic component of the pre-S1 

sequence of HBV (75 aa) in the HI loop of MPyV VP1 protein 

were constructed (Skrastina et al. 2008). The pre-S1 sequence 

is directly responsible for the binding of HBV to human hepa- 

tocytes and is not present on the 22 nm particles currently used 

for vaccination against HBV. The delivery of this sequence 

on the surface of chimeric VLPs is of the highest interest for 

multitarget HBV vaccine development. Chimeric VLPs were 

subcutaneously applied to mice and led to an induction of a 

strong antibody response against the inserted epitope, as well 

as to stimulation of IL-12 and IFN-γ production. Interestingly, 

the insertion of the epitope lowered the humoral response to 

MPyV VP1 protein (Skrastina et al. 2008). This phenomenon 

was not achieved in the previous study, where S1 epitopes 

derived from pre-S1 sequence were inserted into various 

loops of HaPyV VP1 protein. Assembled chimeric VLPs 

induced a strong anti-VP1 and anti-S1 antibody response in 

mice (Gedvilaite et al. 2000). As an alternative approach for 

influenza A vaccine production, VLPs derived from SV40 

were tested. Chimeric SV40 VLPs were constructed by inser- 

tion of HLA-A 0⃰ 2:01 restricted CTL epitope corresponding  

to the influenza A virus matrix protein peptide 58–66 (FMP 

58–66) into the DE or HI loop (Kawano et al. 2014). These 

chimeric VLPs effectively induced influenza-specific cyto- 

toxic T cells and heterosubtypic protection against influenza 

A viruses without the need for an adjuvant. 

HaPyV VLPs as a source  for  chimeric  VLP  produc- 

tion became the center of attention  of  the scientific group 

of R. G. Ulrich (Humboldt University,  Berlin,  Germany)  

and K. Sasnauskas (Institute of Biotechnology, Vilnius, 

Lithuania). Based on the crystal structure of SV40 VP1 

protein (Chen et al. 1998), they predicted suitable insertion 

sites in HaPyV VP1 protein. First, a peptide (5 aa) derived 

from the S1 protein of HBV was inserted into four differ- 

ent regions of HaPyV. The positions corresponded to loops 

BC, EF, FG, and HI and were identified using numbers from 

one to four (Gedvilaite et al. 2000). In two additional con- 

structs, the same peptide was inserted into two sites (posi- 

tions 1 and 2 or 1 and 3). All recombinant VP1 proteins 

could self-assemble into chimeric VLPs and, together with 

Freund’s complete adjuvant, were intraperitoneally admin- 

istered to mice. The ability of chimeric VLPs to evoke spe- 

cific antibodies (mainly IgG) against the S1-derived peptide 

was dependent on the place of insertion. The highest titers 

were obtained in position 1 (BC loop), and as expected, the 
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combination of this site with another site for epitope presen- 

tation induced a stronger antigen-specific antibody response. 

Additionally, splenocytes derived from immunized ani- 

mals exhibited the increased production of IL-12 and IFN-γ 

(Gedvilaite et al. 2000). In the next study, the same group 

inserted a T-cell-recognized epitope derived from carcino- 

embryonic antigen (CEA) to positions 1 or 4 or 1 and 4 with 

or without the flanking linker (double glycine-serine [GS]  

on both sites of the insert). Furthermore, a construct with 

insertion into all four positions with flanking linkers was 

prepared. Surprisingly, all recombinant proteins were able 

to form chimeric VLPs irrespective of the flanking linker 

presence, except that with insertions in all four sites, which 

did not assemble into VLPs. The highest antibody response 

was induced by chimeric VLPs with an inserted epitope in 

position 1, without any influence of linker presence on immu- 

nogenicity. The CEA-specific antibodies were detectable 

even 6 months after immunization (Lawatscheck et al. 2007). 

Subsequently, the insertion of a mucin-1 (MUC-1) CTL epitope 

into position 1 and/or 4, with or without glycine–serine linker, 

or again into all four sites with linkers, was tested (Zvirbliene 

et al. 2006; Dorn et al. 2008). In agreement with the previous 

study, only the VP1 with all four insertions was unable to self- 

assemble into VLPs. The chimeric VLPs carrying the MUC-1 

with GS linkers in sites 1 and 4 were the most potent for spe- 

cific anti-MUC-1 antibody production. These particles were 

also able to maturate human DCs and evoke a specific CTL 

response in vitro (Dorn et al. 2008). In another study of CTL 

response, chimeric HaPyV VLPs with a GP33 CTL epitope 

derived from lymphocytic choriomeningitis virus (LCMV) 

(Pircher et al. 1990) incorporated into the BC or HI loop 

induced protective memory and a CTL response (Mazeike  

et al. 2012). T-cell proliferation was induced both in vitro and 

in vivo without adjuvant usage. After intravenous immuniza- 

tion of mice, 70% of them were fully and 30% were partially 

protected from LCMV infection. 

Similar studies were performed with 45 aa, 80 aa, or 120 

aa long segments from the N-terminal part of the nucleo- 

capsid protein (NP) from the Puumala hantavirus (PUUV). 

These segments were inserted into all four positions (80 aa 

peptide only into positions 1 and 4) of HaPyV VP1 protein. 

Only positions 1 and 4 were able to tolerate insertion of    

the long foreign peptides without affecting VLP assembly 

(Gedvilaite et al. 2004). These chimeric VLPs were injected 

to BALB/c mice and, without any adjuvant, generated high 

titers of IgG antibodies against PUUV NP and stimulation of 

IL-2 and IFN-γ secretion. However, adjuvant usage induced a 

10-fold higher antibody production. Both humoral and cellu- 

lar immune responses were observed. The strongest immune 

response was observed after immunization with the  lon- 

gest 120 aa segment. Insertion of PUUV NP segments also 

reduced antigenicity of the HaPyV VP1 protein. The level of 

reduction was dependent on the size of the inserted protein; 

with an increased size of the inserted protein, the antigenicity 

of the VP1 protein decreased. These results were confirmed 

by a following study with chimeric HaPyV VLPs carrying a 

120 aa PUUV NP segment, which promoted the generation 

of five antigen-specific antibodies of IgG isotypes but no 

VP1-specific antibodies (Zvirbliene et al. 2006). 

Further effort was directed toward the production of a low- 

cost vaccine against group A streptococcus (GAS), which 

causes severe infections in low-income nations. A highly 

conserved 20 aa peptide (p145) from the M protein of GAS 

has been shown to generate specific human antibodies that 

are able to opsonize multiple strains of GAS (Pruksakorn   

et al. 1994). Later, the minimal protective epitope within the 

p145 protein was defined precisely as 12 aa epitope called  

J8 (Hayman et al. 1997). In order to recognize a small dif- 

ference in the peptide sequence, a strategy published  by 

Relf et al. (1996), based on the insertion of p145 peptides 

into other peptides known to form α-helix, was applied. The 

flanking peptides for driving the constitution of a helical 

structure were taken from the GCN4 protein, a DNA-binding 

protein in yeast. The resulting 28 aa long peptide was con- 

structed with GCN4-derived linkers (6 aa) and a J8 epitope 

in the middle (Hayman et al. 1997). This epitope GCN4-J8i- 

GCN4 was inserted into the HI loop of MPyV VP1 protein, 

and stable chimeric particles were produced. The subcutane- 

ous delivery of these particles into mice induced high titers of 

J8i-specific antibodies with a bactericidal effect (Middelberg 

et al. 2011). Afterward, the efficacy of chimeric VLPs car- 

rying two copies of the J8i antigenic element was examined 

and compared to those carrying only a single copy of J8i. 

IgG isotypes induced by both chimeric VLPs were simi-  

lar, indicating a mixed T-helper cell response (Chuan et al. 

2013; Rivera-Hernandez et al. 2013). Chuan et al. (2013) also 

showed that the chimeric VLPs displaying J8i successfully 

induced high titers of J8i-specific antibodies, even in mice 

that were previously immunized with chimeric MPyV VLPs 

and exhibited high anti-VP1 antibody titers. 

In most studies the vaccines were administered subcuta- 

neously or intraperitoneally. The chimeric VLPs previously 

mentioned, carrying J8i peptide, were also delivered intrana- 

sally without an adjuvant. This administration induced both 

IgG and antigen-specific mucosal IgA antibodies. Vaccinated 

mice showed improved survival; however, the statistically 

significant level of protection was two times lower than the 

positive control, which was vaccinated with GCN4-J8i-GCN4 

conjugated to diphtheria toxoid (Rivera-Hernandez et al. 2013). 

20.5.2.2.2 Epitopes Hidden Inside 

Polyomavirus-Based VLPs 

Internalization of foreign sequences inside VLPs can be 

achieved by conjugation to VLPs through the major protein, 

VP1, or minor proteins VP2 or VP3. This approach enables 

longer peptide insertions, which is usually impossible in the 

case of surface-exposed loops. For vaccine development,  

the epitopes buried within the capsid core might induce an 

inefficient immune response. For the induction of a CTL 

response, however, it was shown that the display of epitopes 

on the capsid surface is not necessary. The immunodomi- 

nant CD8+ T-cell epitope derived from ovalbumin was fused 

to the C-terminal part of the VP1 protein. Chimeric VLPs 

induced CD8+ and CD4+ T cells specific for the ovalbumin 
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epitope (Bickert et al. 2007) and were able to protect mice 

from ovalbumin-expressing tumors (Brinkman et al. 2004). 

Moreover, mice vaccinated at 4 and 11 days after the mela- 

noma tumor challenge were also protected against tumor out- 

growth (Brinkman et al. 2005). 

Vaccination by VLPs with antigen internalized inside the 

particle against tumors of nonviral origin is well described for 

the proto-oncogene HER2/neu model. This proto-oncogene is 

frequently overexpressed in breast, lung, ovarian, gastric, and 

pancreatic cancer. Transmembrane and extracellular domains 

of human HER2/neu protein were fused to the MPyV minor 

protein VP2, and chimeric VLPs (HER21–683PyVLPs) were 

produced by coexpression with MPyV VP1 protein in a 

baculovirus expression system. Two different in vivo models 

were used for vaccination experiments with these particles 

for testing the rejection of, and protection against, HER2/neu 

tumors. Protection was assessed in both models after a single 

vaccination. In the group of mice transfected with human 

HER2/neu, the vaccination protected mice and rejected their 

tumors, while in the group of BALB-neuT mice, developing 

spontaneous neuT-induced tumors in mammary glands, only 

protection against tumor growth was induced. Both models 

failed in the induction of HER2-specific antibodies. The pro- 

tection elicited by these chimeric VLPs was provided by the 

cellular immune response. The presence of HER2-specific  

T cells was demonstrated using an enzyme-linked immu- 

nospot assay (Tegerstedt et al. 2005b). Similar results were 

also obtained for MPtV chimeric VLPs (Andreasson et al. 

2009). The following study of chimeric MPtV VLPs revealed 

the stimulation of both CD4+ and CD8+ T-lymphocytes. 

According to the obtained results, CD4+ and CD8+ T-

lymphocytes could act independently, in part, during tumor 

rejection after vaccination. In combination with CpG 

oligonucleotides, these chimeric particles induced a long- 

lasting immunologic memory persisting for at least 10 weeks 

(Andreasson et al. 2010). 

The efficiency of T-cell stimulation could also be 

enhanced by  vaccination  with  DCs  loaded  with  VLPs  

in vitro. For the rejection of HER2/neu tumors, a dose of 

chimeric VP1/VP2-HER2 MPyV VLPs that was 10 times 

lower was sufficient, when the VLPs were not used directly 

but loaded onto DCs prior to administration. The vaccine 

efficiency was preserved, and 100% of treated animals were 

protected after a single immunization with DCs  loaded 

with chimeric VP1/VP2-HER2 MPyV (Tegerstedt et al. 

2005b). The same approach was useful during the vac- 

cination against prostate cancer. Chimeric MPyV VLPs 

containing PSA fused to the minor structural VP2 protein 

protected the mice only marginally. However, vaccination 

with DCs loaded with VP1/VP2-PSA MPyV VLPs in the 

presence of CpG oligonucleotides induced the protection of 

mice against the outgrowth of a PSA-expressing tumor. The 

production of anti-VP1 antibodies was eight times lower 

compared to vaccination with VP1/VP2-PSA MPyV VLPs 

alone (Eriksson et al. 2011). 

Model antigens for immunization were also conjugated to the 

minor protein, VP3. The C-terminal sequence (49 aa) of MPyV 

minor protein VP3 was used for the coupling of enhanced GFP 

protein. After intranasal administration, both VP1 and EGFP 

induced proliferation of specific T-helper cells and production 

of IL-12 and IFN-γ (Bouřa et al. 2005; Frič et al. 2008). 

20.5.2.3 Concluding Remarks 

The main advantages of PyV VLP–based vaccines can be 

summarized as follows: first, they are very tolerant to pep- 

tide insertions into the VP1 surface loops that generally 

cause the major problems of generating chimeric VLPs. 

Polyomaviral VLPs are capable of long peptide conjuga- 

tions, as was proved by the fusion of the entire enzyme 

dihydrofolate reductase (Gleiter et al. 1999) or incorpora- 

tion of a 120 aa long peptide from PUUV nucleoprotein 

(Gedvilaite et al. 2004). Second, they are highly immuno- 

genic and stimulate the maturation of DCs irrespective of 

adjuvant presence. Third, they are very stable. They can 

tolerate relatively high temperatures (up to 70°C) or vari- 

ous pH levels (Nims and Plavsic 2013). The possibility of 

long-term storage without affecting the immunogenicity of 

VLPs was also confirmed (Caparrós-Wanderley et al. 2004). 

No reduced induction of immune responses in intranasally 

immunized mice was observed  after storage  of  VLPs  for 

9 weeks at room temperature. 

 

The success of prophylactic HPV vaccines has increased 

interest in  artificial  viral  particles  and  has  also  led  to  

an intensive development of new vaccine applications. 

Nowadays, a number of VLP-using approaches are being 

tested not only for vaccination purposes but also for the 

immunotherapeutic treatment of cancer (Kimchi-Sarfaty  

and Gottesman 2004; Tegerstedt et al. 2005), rheumatoid 

arthritis (Chackerian et al. 2001), or even smoking addiction 

(Maurer et al. 2005). The investigation of VLPs as carri-  

ers for protein and DNA delivery was also heightened. The 

immune response to a transgene carried by PsVs is stronger 

than the response to transgenes applied to the organism as 

naked DNA (Clark et al. 2001). Animal VLPs are superior 

for this kind of application compared to their human coun- 

terparts, which might inhibit the efficiency of the vector due 

to their preexisting immunity in the organism. The high 

immunogenicity of VLPs could also represent a problem  

for repeated applications; therefore, modifications of VLPs 

will be necessary to narrow the range of their target cells or 

lower VLP recognition by the immune system (Heidari et al. 

2000). Recent results have shown that through the fusion of 

long epitopes, the immune response to the capsid protein is 

significantly decreased (Zvirbliene et al. 2006), suggesting 

the feasibility of such modifications. Although a great deal 

of data has been published, the generation of chimeric VLPs 

is largely empirical, and nowadays, it is almost impossible to 

predict whether the modifications will affect the assembly or 

whether the inserted epitopes will be immunogenic. Solving 

this uncertainty in the preparation of the desired VLPs will 

be a great challenge for the future. 
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LIST OF ABBREVIATIONS 

aa amino acid 

APyVs avian polyomaviruses 

AuNPs gold nanoparticles 

BFPyV budgerigar fledgling disease virus, budgerigar 

fledgling polyomavirus 

BKPyV BK polyomavirus 

BPV bovine papillomavirus 

CCR5  chemokine receptor type 5 

CEA carcinoembryonic antigen 

CF cystic fibrosis 

CFDA SE carboxyfluorescein diacetate succinimidyl ester 

CFTR cystic fibrosis transmembrane conductance 

regulator 

ChPyV chimpanzee polyomavirus 

COPV canine oral papillomavirus 

CPyV crow polyomavirus 

CRPV cottontail rabbit papillomavirus 

CTL cytotoxic T-lymphocyte 

DC dendritic cell 

DTT dithiothreitol 

E. coli Escherichia coli 

E8C polyglutamic acid–cysteine 

EEs early endosomes 

EGF epidermal growth factor 

EGFP enhanced green fluorescent protein 

EGFR epidermal growth factor receptor 

ER endoplasmic reticulum 

FDA Food and Drug Administration 

FLAG octapeptide Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys 

FPyV finch polyomavirus 

GAS group A streptococcus 

GFP green fluorescent protein 

GHPyV goose hemorrhagic polyomavirus 

GST glutathione S-transferase 

HaPyV hamster polyomavirus 

HBV hepatitis B virus 

HER2 human epidermal growth factor receptor 2 

HPV human papillomavirus 

HPyV human polyomavirus 

HS heparan sulfate 

HSPGs heparan sulfate proteoglycans 

JCPyV JC polyomavirus 

LCMV lymphocytic choriomeningitis virus 

LEs late endosomes 

LPyV simian B-lymphotropic polyomavirus 

LSTc lactoseries tetrasaccharide c 

MCC Merkel cell carcinoma 

MCPyV Merkel cell polyomavirus 

MDR1 multidrug resistance 1 

ME 2-mercaptoethanol 

MHC major histocompatibility complex 

MNPs magnetic nanoparticles 

MPtV murine pneumotropic virus 

MPyV murine polyomavirus 

MRI magnetic resonance imaging 

MUC-1 mucin 1 

MusPV mouse papillomavirus 

Neu5Ac 5-N-acetyl neuraminic acid, sialic acid 

PLP pseudovirion-like particle 

PNA peptide nucleic acid 

PSA prostate-specific antigen 

PsV pseudovirion 

PUUV Puumala hantavirus 

PV papillomavirus 

PyV polyomavirus 

QD quantum dot 

QV quasivirion 

QVLP quasivirion-like particle 

R8C polyarginine cysteine 

RGD tripeptide Arg-Gly-Asp 

rSV40 recombinant SV40 vector 

Sf9 cell line from Spodoptera frugiperda 

shRNA short hairpin RNA 

siRNAs small interfering RNAs 

SV40 simian virus 40 

T antigen tumorigenic antigen 

TGN trans-Golgi network 

TK thymidine kinase 

TNF-α tumor necrosis factor alpha 

TSPyV Trichodysplasia spinulosa–associated 

polyomavirus 

TSTA tumor-specific transplantation antigen 

uPAR urokinase-type plasminogen activator receptor 

VLP virus-like particle 

VNP viral nanoparticle 
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