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Abstract  15 

The aim of this study was to develop a suitable vaccine antigen against porcine circovirus 2 16 

(PCV2), the causative agent of post-weaning multi-systemic wasting syndrome, which causes 17 

significant economic losses in swine breeding. Chimeric antigens containing PCV2b Cap 18 

protein sequences based on the mouse polyomavirus (MPyV) nanostructures were developed. 19 

First, universal vectors for baculovirus-directed production of chimeric MPyV VLPs or 20 

pentamers of the major capsid protein, VP1, were designed for their exploitation as vaccines 21 

against other pathogens. Different strategies were employed based on: A) exposure of selected 22 

immunogenic epitopes on the surface of MPyV VLPs by inserting them into a surface loop of 23 

the VP1 protein, B) insertion of foreign protein molecules inside the VLPs, or C) fusion of a 24 

foreign protein or its part with the C-terminus of VP1 protein, thus forming giant pentamers of 25 

a chimeric protein. We evaluated the strategies by development of a recombinant vaccine 26 

against porcine circovirus 2. All candidate vaccines induced production of antibodies against 27 

the capsid protein of porcine circovirus after immunization of mice. The candidate vaccine, Var 28 

C, based on fusion of mouse polyomavirus and porcine circovirus capsid proteins, was able to 29 

induce production of antibodies with the highest PCV2 neutralizing capacity. Its ability to 30 

induce production of neutralization antibodies was verified after immunization of pigs. The 31 

advantage of this vaccine, apart from its efficient production in insect cells and easy 32 

purification, is that it represents a DIVA (differentiating infected from vaccinated animals) 33 

vaccine, also inducing an immune response against the mouse polyoma VP1 protein, thus able 34 

to distinguish between vaccinated and naturally infected animals. 35 



3 
 

Introduction 36 

Most antiviral vaccines are based on killed or attenuated viruses. These vaccines, although 37 

relatively safe, still represent a non-negligible risk of reversion to a virulent phenotype in vivo. 38 

VLPs (virus-like particles), which lack infectious genetic material, represent a modern and safe 39 

alternative to the classical vaccines. Similarly to native virions, VLP nanostructures, due to 40 

their symmetry and repetitive structure, are able to cross-link surface immunoglobulins on the 41 

surface of B-cells, thus inducing a strong activation signal leading to B-cell proliferation and 42 

antibody production (1,2). They can serve as direct immunogens stimulating humoral and 43 

cellular immune responses. Also, they are internalized by cells as efficiently as native virus 44 

particles and have comparable intracellular trafficking (3). Capsid proteins of some viruses can 45 

form stable structures of empty capsids spontaneously (4–6). On the other hand, in the absence 46 

of viral nucleic acid, VLPs of some viruses are formed inefficiently and/or are unstable (7,8). 47 

Stable VLP structures and possibly other viral protein assemblies can serve as scaffolds for 48 

preparation of chimeric nanostructures carrying foreign epitopes that may induce a similarly 49 

strong humoral response. 50 

Various studies on the exploitation of VLPs of polyomaviruses, including MPyV VLPs as 51 

carriers of foreign epitopes, proteins as well as nucleic acids, are reviewed in Teunissen et al or 52 

in Suchanova et al (9,10). Previously, we and others studied the potential of MPyV VLPs to 53 

carry DNA or proteins inside the MPyV VLPs (11–15). 54 

Mouse polyomavirus is a small non-enveloped DNA virus with a circular 5.3 kbp genome, 55 

which encodes three structural proteins, VP1, VP2 and VP3. The capsid shell with icosahedral 56 

symmetry is composed of 72 pentameric capsomeres of the major structural protein, VP1. Two 57 

minor capsid proteins, longer (VP2) and shorter (VP3) versions synthesized from the same open 58 

http://www.sciencedirect.com/science/article/pii/S0168365913004859
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reading frame, are not exposed on the surface of the virion. Their common C-terminus interacts 59 

with the central cavity of VP1 pentamers and the N-terminus of either VP2 or VP3 and is 60 

oriented into the capsid interior. The structure of VP1 can be divided into three parts. The N-61 

terminal part includes the nuclear localization signal (first 12 amino acids) and the DNA-62 

binding domain, which interacts with DNA non-specifically (16,17). The central part of the 63 

VP1 molecule is formed by α-helixes and β-sheets that are connected with loops. BC, DE and 64 

HI loops are exposed on the surface of the capsid. The C-terminal part of VP1 is very flexible 65 

and is responsible for inter-capsomeric contacts within the virus particle. VP1, the major capsid 66 

architecture protein, is responsible for recognition of the sialysed ganglioside receptor on the 67 

cell surface. Importantly, VP1 is able to self-assemble spontaneously and efficiently into VLPs 68 

in the cell nucleus when expressed in mammalian, insect or yeast cells, or in vitro from VP1 69 

pentamers produced in E. coli. (18–20). VP2 and VP3 are not required for MPyV VLP 70 

formation. MPyV VLPs, as well as capsomeres (VP1 pentamers), are stable, can be easily 71 

purified and, as the crystal structure of VP1 has been revealed, they can be easily modified (21). 72 

In this study, we designed and prepared vectors for development of chimeric vaccines based on 73 

stable VLPs and pentameric capsomeres of the mouse polyomavirus (MPyV) and tested the 74 

feasibility and immunogenic properties of MPyV-based chimeric structures by developing a 75 

vaccine against porcine circovirus 2 (PCV2). 76 

Porcine circovirus type 2 (PCV2), first described in 1998 (22), is a non-enveloped single-77 

stranded DNA virus, a member of the genus Circovirus, family Circoviridae. PCV2 exists in 78 

four genotypes, PCV2a, PCV2b, PCV2c and PCV2d (23). While PCV2a was the dominant 79 

genotype in Europe until the year 2000, later, PCV2b has become prevalent (24). PCV2c was 80 

identified in archived Danish tissues (25) of foetal pigs from Brazil (26) and PCV2d was 81 

identified in China and in the USA (27,28). 82 
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PCV2 is considered as an infectious agent that causes several porcine circovirus-associated 83 

diseases (PCVAD). The clinical manifestation of PCVAD, post-weaning multi-systemic 84 

wasting syndrome (PMWS) (22), is characterized by chronic wasting and severely impaired 85 

weight gain in piglets 6 to 11 weeks old. The illness causes severe economic losses in swine 86 

industry. Although the presence of PCV2 is essential, only a few studies have been able to 87 

reproduce PMWS by inoculating with PCV2 only (29). Thus, another infectious or non-88 

infectious factor must be present to develop PMWS (30). The most successful method to 89 

reproduce the disease is coinfection with pathogens such a porcine parvovirus (PPV) (31,32), 90 

porcine reproductive and respiratory syndrome virus (PRRSV) (33,34), torque teno virus TTV 91 

(35), Mycoplasma hyopneumoniae (36) or the use of immunostimulants, e.g. keyhole limpet 92 

hemocyanin in incomplete Freund’s adjuvant (KLH-ICFA) (37,38). 93 

PCV2 virions display icosahedral symmetry and a diameter around 17 nm (39,40). They are 94 

assembled from a single capsid protein. The PCV2 genome is approx. 1.8 kb long and contains 95 

four open reading frames (ORFs). ORF1 encodes proteins Rep and Rep’, both necessary for 96 

replication (41). The ORF3 product plays a role in apoptosis induction and is not essential for 97 

virus replication (42,43). ORF4 influences the function of ORF3 and antagonizes apoptosis 98 

(44). ORF2 encodes one capsid protein (Cap) – the major antigenic determinant of the virus 99 

and the target for vaccine development. The capsid protein comprises three main areas, which 100 

contain immunogenic epitopes and are targets of the humoral immune response (45). Amino 101 

acids in positions 131, 151, 190 and the last three amino acids are involved in the conformation 102 

of neutralizing epitopes (46,47). The non-protective immunogenic epitope, amino acid 103 

positions 169-180, which is located inside the PCV2 capsid, seems to be a decoy epitope for 104 

the immune response. Pigs developing antibodies against this decoy epitope have significantly 105 

lower amounts of neutralizing antibodies (48). The crystal structure of PCV2 (49) allows 106 

location of previously determined immunogenic epitopes in the context of the capsid. The Cap 107 
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protein is able to assemble into VLP structures in insect (50) or yeast cells (51); however, the 108 

efficiency of assembly is much lower in comparison with that of MPyV VLPs. Moreover, self-109 

assembled Cap VLPs were often less ordered than those in the purified PCV2 preparation 110 

(Nawagitgul et al (50) and our observations).  111 

Here, we described preparation of several variants of chimeric nanostructures based on MPyV 112 

VLP and capsomere scaffolds, carrying epitopes or the entire sequence of PCV2 Cap protein. 113 

Further, we compared the abilities of the nanostructures to induce Cap-specific humoral and 114 

cellular immune responses in mice. The candidate vaccines exhibiting the best results in virus 115 

neutralization assay were further used for immunization of pigs and their immunogenic 116 

properties were compared with those of the Circoflex commercial vaccine.  117 

Material and Methods 118 

Cells, viruses 119 

Porcine kidney cells PK15 (ATCC CCL-33), kindly provided by the Dyntec company 120 

(www.dyntec.cz), were cultivated in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) 121 

containing 5% FCS (foetal calf serum; Gibco) in humidified incubator at 37°C in 5% CO2 122 

atmosphere. SF9 (Spodoptera frugiperda) insect cells (ThermoFisher Scientific) were 123 

cultivated as adherent culture at 27°C in TNM-FH medium (Sigma) containing 10% FCS, 124 

supplemented with 4mM L-glutamine (Gibco). The inoculum (TCID50 = 105) of PCV2b was 125 

kindly provided by the Dyntec company. PCV2b was originally identified in the Czech 126 

Republic by RT PCR performed in the inguinal lymph node (sample L14181) of a pig with 127 

clinical manifestation of PMWS (52). The sequence of the Cap gene is given in supporting 128 

information S1. 129 



7 
 

Construction of universal baculovirus transfer vectors for 130 

insertions of foreign sequences 131 

The transfer vector for production of VLP-A nanostructures (with foreign epitopes exposed on 132 

the VP1 VLP surface) is based on pFastBacI (ThermoFisher Scientific). First, the restriction 133 

site for BamHI was deleted from multiple cloning sites (MCS) of pFastBacI as follows: the 134 

transfer vector was digested with BamHI, overlapping ends blunted by the Klenow fragment of 135 

DNA polymerase I (ThermoFisher Scientific), the vector was circularized by T4 DNA ligase 136 

(ThermoFisher Scientific) and then reopened by EcoRI and KpnI. The MPyV VP1 gene was 137 

amplified in two parts (VP1a and VP1b). The pMJG plasmid (53) containing the entire MPyV 138 

genome served as a template. Primers for amplification were designed so that seven amino acids 139 

in the MPyV VP1 DE loop were deleted and replaced by insertion of a BamHI site surrounded 140 

by flexible glycine-serine (G-S)3 linkers. Manipulations in the DE loop have no effect on the 141 

stability of VP1 protein (54). Also, EcoRI and KpnI sides were added to 5´end and 3´end of the 142 

VP1 gene, respectively. The modified fragments of VP1 gene were connected through BamHI 143 

and inserted into the pFastBacI vector via EcoRI and KpnI restriction sites. The resulting 144 

construct pFastBacI-VP1DE∆7 can serve as a universal cloning vector for insertions of sequences 145 

of different foreign immunogenic epitopes (through the BamHI restriction site) into the VP1 146 

DE loop (Fig. 1A). 147 

 148 
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Fig. 1. Design of chimeric structures based on MPyV capsid proteins, carrying sequences 149 

of PCV2- Cap. 150 

(A): Monomers, pentamers and VLP of MPyV (grey) with immunogenic epitopes of PCV2 Cap 151 

(red) inserted into the DE loop of MPyV VP1 (VLP-A structure). (B): Entire PCV2 Cap (red) 152 

fused with truncated MPyV minor capsid protein, VP3 (violet) is situated inside the MPyV VLP 153 

(VLP-B structure). Cross-section of VLP (grey) is presented. (C): Entire PCV2 Cap (red) fused 154 

with the C terminus of MPyV VP1 (grey) forming a pentameric capsomere (Capsomere C).  155 

The transfer vector for production of VLP-B nanostructures (with foreign protein or its parts 156 

enclosed inside VP1 VLPs), based on the pFastBacDual transfer vector (ThermoFisher 157 

Scientific) allowing expression of two foreign genes from two baculovirus promoters, was 158 

constructed in our laboratory previously. Briefly, the MPyV VP1 gene was inserted into the 159 

plasmid through EcoRI and XmaI under the polyhedrin promoter. The truncated MPyV VP3 160 

gene (tVP3; last 3´end 99 amino acids) was amplified and inserted under the control of 161 

baculovirus P10 promoter through SmaI and NheI sites. Both MPyV gene sequences were 162 

amplified from pMJG plasmid. The resulting construct pFastBacDual-VP1/tVP3 can serve as 163 

a universal cloning vector for fusion of sequences of foreign proteins with the 3´terminus of the 164 

tVP3 gene (Fig. 1B). VLPs produced by the recombinant baculovirus prepared by this transfer 165 

vector contain a foreign protein in their interior, connected via VP3 sequences with the central 166 

cavities of pentameric VP1 capsomeres (Fig. 1B).  167 

For construction of the transfer vector for Capsomere-C nanostructures, the MPyV VP1 gene 168 

was amplified from the pMJG plasmid using primers designed to remove the stop codon and 169 

equip the gene with a BglII restriction site at the 5´end and BamHI and SalI restriction sites at 170 

the 3´end. VP1 sequences were then introduced into the pFastBacI vector opened with BamHI 171 

and SalI (transfer vector pFastBac1-VP1). Sequences of a foreign protein can be inserted in 172 
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frame into several restriction sites (e.g., BamHI, XbaI, PstI, KpnI, or HindIII). The recombinant 173 

baculovirus based on this transfer vector should express the VP1 protein fused at its flexible C-174 

terminus with a foreign protein in the form of giant pentamers or their higher complexes (Fig. 175 

1C). 176 

Primers used for construction of baculovirus transfer vectors are given in Supporting 177 

information S2. 178 

Insertion of sequences of the capsid protein of porcine 179 

circovirus 2b (PCV2b) into universal baculovirus transfer 180 

vectors  181 

For VLP-A (VarA1 – A5) nanostructures, phosphorylated synthetic oligonucleotides 182 

(synthesized by the IDT company) encoding selected PCV2 Cap epitopes (Fig. 2) were inserted 183 

via BamHI restriction sites into the pFastBacI-VP1DE∆7 transfer vector. For VLP-B (VarB) 184 

structures, the entire PCV2 Cap gene was amplified by PCR using the bacterial pET28b-Cap-185 

His plasmid carrying the Cap gene (52) as a template. The FLAG epitope sequence was 186 

introduced upstream of Cap via PCR primers. The FLAG-Cap sequence was fused in frame 187 

with tVP3 via SmaI and SacI restriction sites with pFastBacDual-VP1/tVP3. The resulting 188 

vector was termed pFastBacDual-VP1/FLAG-Cap-tVP3. For Capsomere-C (VarC) 189 

nanostructures, the entire PCV2b Cap sequence was amplified using PCR primers introducing 190 

BamHI sites to the 5´ end and a His-tag (6 x His) and KpnI to the 3´end and cloned into the 191 

pFastBac1-VP1 vector opened by BamHI and KpnI. The resulting transfer vectors were termed 192 

pFastBac1-VP1-Cap-His. All these transfer vectors were further used for preparation of 193 

recombinant baculoviruses.  194 
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 195 

Fig. 2. Model of PCV2 capsid. 196 

(A) Position of selected PCV2 Cap epitopes (coloured) on the surface of PCV2 particle (left) 197 

or Cap monomer (right). (B) Table of Cap sequences used for construction of individual 198 

nanostructure variants.  199 

Phosphorylated oligonucleotides used for construction of baculovirus transfer vectors are given 200 

in Supporting information S3. 201 

Recombinant baculovirus preparation 202 

Recombinant baculoviruses were produced according to the manufacturer’s instructions 203 

(ThermoFisher Scientific, Bac to Bac system). Briefly, E. coli DH10Bac containing a bacmid 204 

and helper vector were transformed by individual transfer vectors. Recombinant bacmids from 205 

positive bacterial colonies were isolated (ThermoFisher Scientific, PureLink™ HiPure Plasmid 206 

DNA Miniprep Kit) and verified by PCR. SF9 insect cells were transfected with bacmids by 207 

lipofection (ThermoFisher Scientific, Celfectin II reagent). Recombinant baculoviruses 208 

released into the growth media were harvested 72 hours after transfection and used for further 209 

multiplications by infection of insect cells to generate high-titre viral stocks.  210 
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SDS protein electrophoresis (SDS-PAGE) and Western blot 211 

analysis 212 

Purified chimeric VLPs and nanostructures were boiled in Laemmli sample buffer for 5 minutes 213 

and resolved in 10% SDS-polyacrylamide gel (55). Separated proteins were stained by Gelcode 214 

stain (ThermoFisher Scientific). For Western blot analysis, proteins were electro-transferred 215 

onto nitrocellulose membrane (Serva) in cold blotting buffer (0.3% Tris, 1.44% glycine, 20% 216 

methanol) at 2.5 mA/cm2 for 3 hours. The membranes were incubated in 5% skim milk in PBS 217 

for 1 h. Immunostaining with primary and secondary antibodies was carried out for 1 h and 40 218 

min, respectively, and the membranes washed (3x10minutes) in PBS after each incubation. 219 

Membranes were developed using Pierce ECL Western Blotting Substrate reagent 220 

(ThermoFisher Scientific) and exposed to X-ray films (Agfa). 221 

Blue native polyacrylamide electrophoresis (BN-PAGE) 222 

The method was adapted from Hornikova et al (56). Briefly, purified nanostructures VarC were 223 

mixed with native PAGE sample buffer (ThermoFisher Scientific) and separated in native 3-224 

12% gradient gel. The separated complexes were visualized by Gelcode staining. 225 

Mass spectrometry 226 

The bands of interest were cut out of the gel and chopped into 1x1x1 mm pieces. The pieces 227 

were destained, and DTT and iodoacetamide were applied to reduce and block cysteines. The 228 

samples were trypsinized as described previously (57). The dried-droplet method of sample 229 

preparation was employed and spectra were acquired in a 4800 Plus MALDI TOF/TOF 230 

analyzer (AB Sciex). Data were analysed using in-house running Mascot server 2.2.07 and 231 
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matched against a database composed of the following background databases: baculovirus 232 

expression system, insect SF9 cell proteome database of common contaminants, and MPyV 233 

VP1 sequences. Cysteine carbamidomethylation was set as fixed modification, and methionine 234 

oxidation and N, Q deamination were set as variable modifications. One missed cleavage site 235 

was allowed. Precursor accuracy was set to 50ppm and the accuracy for MS/MS spectra to 0.25 236 

Da.  237 

Immunofluorescence 238 

PK15 cells grown on coverslips in 24-well plates were fixed with 3% formaldehyde for 30 239 

minutes. Cells were permeabilized by 5-minute incubation in 0.1% Triton X-100 in PBS and 240 

then washed (three times, 10 minutes) with PBS. Free epitopes were blocked by 1-hour 241 

incubation in 1% BSA in PBS. Cells were immunostained by 1-hour incubation in primary 242 

antibody, washed (three times, 10 minutes) with PBS and incubated (30 minutes) with 243 

secondary antibody. After washing in PBS, the coverslips with cells were briefly washed in 244 

deionized water, dried-out and mounted in DAPI Gold solution (ThermoFisher Scientific). 245 

Immunizations of mice and pigs  246 

Mice were divided into groups (5 mice/group) and animals in each group were immunized 247 

subcutaneously with three doses (in two-week intervals) of one of the prepared nanostructures. 248 

The amount of protein used for immunization was 50 μg per dose. Fourteen days after the last 249 

immunization, animals were bled under total anaesthesia with Halothane (Sigma) and then 250 

sacrificed. Six-week-old pigs were divided into three groups. A group of seven pigs was 251 

immunized by the VarC nanostructure, a group of three pigs by a commercial vaccine, Circoflex 252 

(Boehringer-Ingelheim), and the control group of three pigs received adjuvants in PBS. 253 

Immunization was performed two times in a 3-week interval into the cervical muscle. The 254 
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single 1 ml dose contained 100 µg of antigen and 30 % of Polygen adjuvants (MVP 255 

Technologies). The immunization with commercial vaccine Circoflex was performed according 256 

to the manufacturer’s instructions.  257 

Before pig immunization, the candidate vaccine VarC was inactivated by binary ethylenimine 258 

prepared according to Rueda et al (58). 259 

ELISA analyses 260 

The PCV2b virus was propagated in PK15 cells. The cells were infected by multiplicity MOI 261 

= 0.01 and 6 days after infection. The cells including growth medium were harvested and 262 

subjected to three-fold freezing and melting. Cell lysate was clarified by centrifugation 263 

(15000×g, 10 minutes, 4°C) and the virus concentrated by ultracentrifugation at 25,000 rpm, 3 264 

hours, 4°C, Beckman rotor SW28. Sediment was resuspended in cold PBS and protein 265 

concentration was measured by the Bradford assay (59). ELISA 96-well plates (Nunc) 266 

containing 25 µg of crude PCV2 virus in 50 µl of PBS were incubated overnight at 4°C. The 267 

plates were washed five times with PBS containing 0.05% Tween-20 (Sigma) and blocked by 268 

2-hour incubation in 2% skim milk in PBS. Then, 100 µl of serum (diluted as indicated) of 269 

control or immunized mice was applied to the wells and incubated for 1 hour. Anti PCV2 Cap 270 

monoclonal antibody was used as a positive control. After washing with PBS containing 0.05% 271 

Tween-20, 50 µl horseradish peroxidase (HRP)-conjugated secondary antibody, diluted 272 

according to the manufacturer’s recommendation, was added for 1 hour. Wells were washed 273 

with PBS/Tween-20 (0.05%) and overlaid with 100 μl of substrate solution (ABTS, Sigma). 274 

The absorbance of each well was determined at 415 nm using a microplate reader (Epoch, 275 

BioTec Instruments).  276 
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The ELISA commercial set INgezim CIRCO IgG (Ingenasa) was used according to the 277 

manufacturer's instructions for measurement of anti PCV2 antibody development in immunized 278 

pigs. 279 

Electron microscopy 280 

Parlodion-carbon-coated grids were applied on top of a 5-μl drop of the sample and left to 281 

absorb the sample for 5 min. The grids were then rinsed twice in a drop of filtered distilled 282 

water for 30 seconds and negatively stained twice by one-minute incubation on a drop of 2% 283 

phosphothungustic acid (PTA, pH 7.3, Sigma), left for 1 min and then dried. Electron 284 

micrographs were recorded in a JEM-1011 electron microscope (JEOL) operating at 80 kV. 285 

Antibodies 286 

The following primary antibodies were used in this study: mouse monoclonal antibody against 287 

MPyV VP1 (7), mouse monoclonal antibody against FLAG (Sigma), mouse monoclonal 288 

antibody against PCV2 Cap (Median Diagnostics) and mouse monoclonal antibody Penta His 289 

(Sigma) against Histag. The following secondary antibodies were used: goat antibody against 290 

mouse immunoglobulins conjugated with HRP (Bio-Rad) and with Alexa Fluor-488 291 

(ThermoFisher Scientific) and donkey antibody against swine immunoglobulins conjugated 292 

with HRP (Santa Cruz Biotechnology).  293 

Animals 294 

Charles River BALB/c female mice at the age of 8 weeks were purchased from the breeding 295 

unit of the Institute of Molecular Genetics, CAS, Prague, or Velaz company, Prague. Pigs 296 

(MeLiM strain) at the age of six weeks were purchased from the Institute of Animal Physiology 297 
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and Genetics CAS, Libechov. The use of animals was approved by the local Animal Ethics 298 

Committee. 299 

Isolation and quantitative determination of PCV2 DNA 300 

Total genomic DNA was extracted from 200 µl of each serum sample using a NucleoSpin Blood 301 

isolation kit (Macherey-Nagel) according to the manufacturer's instructions. 302 

Quantification of PCV2 DNA levels was performed using real-time PCR in a Step One Plus 303 

instrument (Applied Biotechnologies) in TaqMan format as previously described by Brunborg 304 

et al (60). In short, the TaqMan probe was labelled with 5'-FAM and 3'-BHQ1 fluorophores 305 

(Generi Biotech) and the primers were designed to amplify a 100 bp DNA fragment within the 306 

selected nucleotide sequence of the PCV2 Cap gene. Absolute quantification of PCV2 DNA 307 

was carried out using calibration curves generated by means of external standard DNA obtained 308 

by cloning of the PCV2 cap gene in a pCR 2.1 vector (ThermoFisher Scientific). Standard 309 

curves for PCV2 DNA quantification were generated using tenfold dilution of the linearized 310 

plasmids in the range of 8 log10.  311 

Serum neutralization assay 312 

PCV2-neutralizing antibodies were detected using the serum neutralization assay adapted from 313 

Meerts et al (61) and Lefebre et al (62). Porcine PK15 kidney cells were seeded into a 24-well 314 

plate at the density of 1.5 ×105/well. Sera originating from the groups of animals (mice or pigs) 315 

immunized with the same nanostructure were mixed at equal volume and inactivated at 56°C 316 

for 1 hour. Then, 1 ml of PCV2 (TCID50 = 105) in DMEM medium containing 5% FCS was 317 

added to individual serum mixtures and incubated for 1 hour at 37°C to allow antibodies to 318 

attach to the virus. The mixtures were then used to infect PK15 cells growing on coverslips. 319 
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After 1 hour of incubation at 37°C, the mixtures were removed, the cells were washed by 320 

medium without serum and then incubated with complete DMEM medium (5% FCS) for 36 321 

hours. After fixation, indirect immunofluorescence assay was performed (using primary 322 

antibody against PCV2 Cap and Alexa Fluor-488 secondary antibody). The numbers of infected 323 

cells in the samples were calculated and compared with the number of infected cells obtained 324 

with controls (cells infected with the virus mixed with sera of control group animals).  325 

Evaluation of cell immune responses  326 

Lymphocyte stimulation 327 

Single-cell suspension of spleen cells from BALB/c mice was prepared in RPMI 1640 medium 328 

(Sigma) containing 10% foetal calf serum (FCS, Sigma), antibiotics (100 u/ml of penicillin, 329 

100 µg/ml streptomycin), 10mM HEPES buffer and 5×10-5M 2-mercaptoethanol (hereafter 330 

referred to as complete RPMI 1640 medium). The cells (75×105 cells/ml) were cultured in a 331 

volume of 1 ml of complete RPMI 1640 medium in 24-well tissue culture plates (Nunc) 332 

unstimulated or stimulated with 50 µg/ml of nanastructuresVarA4, VarB, VarC and VP1Con for 333 

48-h incubation period.  334 

Detection of activation markers  335 

To characterize the capacity of nanostructures VarA4, VarB and VarC to trigger immune 336 

activation, the cultured spleen cells were harvested and washed with PBS containing 0.5% 337 

bovine serum albumin (BSA) and centrifuged (250 x g, 8 min). Cells were stained for 30 min 338 

on ice with the following monoclonal antibodies (mAbs): fluorescein isothiocyanate (FITC)-339 

labelled anti-CD4 antibody (clone GK1.5, BD Pharmingen), phycoerythrin (PE)-labelled anti-340 

CD4 antibody (clone GK1.5, BD Pharmingen), allophycocyanine (APC)-labelled anti-CD8a 341 
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antibody (clone 53-6.7, BioLegend), FITC-labelled anti-CD25 antibody (clone PC61, 342 

eBioscience), APC-labelled anti-CD25 antibody (clone PC61, BioLegend), Alexa Fluor 700-343 

labelled anti-CD45 antibody (clone 30-F11, BioLegend), PE-labelled anti-CD69 antibody 344 

(clone H1.2F3, BioLegend). Dead cells were stained using Hoechst 33258 dye (Sigma) added 345 

to samples 15 min before flow cytometry analysis. Data were collected using a LSRII flow 346 

cytometer (BD Biosciences) and analysed using Gatelogic 400.2A software (Invai). 347 

Intracellular staining of cytokines 348 

To evaluate the ratio of cytokine-producing lymphocytes, spleen cells were cultivated in the 349 

absence or presence of nanostructures VarA4, VarB, VarC and VP1 control (VP1Con) (50 350 

µg/ml), and PMA (20 ng/ml Sigma), inonomycin (500 ng/ml, Sigma) and brefeldin A (5 µg/ml, 351 

eBioscience) were added to the cultures for the last 5 h of the 48-h incubation period. The cells 352 

were harvested and washed with PBS containing 0.5% BSA. Before intracellular staining, the 353 

cells were incubated for 30 min on ice with Alexa Fluor 700-labelled anti-CD45 antibody (clone 354 

30-F11, BioLegend) and Live/Dead Fixable Violet Dead Cell Stain Kit (Molecular probes, 355 

Eugene, OR) for the staining of dead cells. For intracellular staining, the cells were fixed and 356 

permeabilized using a Fixation/permeabilization Buffer Staining Kit (eBioscience) according 357 

to the manufacturer’s instruction. For detection of cytokine-producing lymphocytes, the cells 358 

were stained with the following mAbs: FITC-labelled anti-IFNγ antibody (clone, XMG1.2, 359 

BioLegend) and PE-labelled anti IL-4 antibody (clone 11B11, eBiosciences) for 30 min at 360 

25°C. Data were collected using a LSRII flow cytometer (BD Biosciences) and analysed using 361 

Gatelogic 400.2A software. 362 
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Statistics 363 

All results are expressed as means ± SD, or as SEM. The statistical significance of differences 364 

between the means of individual groups was calculated using one way analysis of variance 365 

(ANOVA). A value of P≤ 0.05 was considered statistically significant. 366 

Results and Discussion 367 

Design and preparation of universal vectors for chimeric 368 

nanostructure production 369 

Three types of chimeric structures based on structural proteins of the mouse polyomavirus 370 

carrying foreign epitopes or entire proteins were designed (Fig. 1): A) MPyV virus-like particles 371 

(VLPs), composed of MPyV major capsid protein, VP1, carrying a foreign epitope on their 372 

surface (VLP-A), B) MPyV VLPs carrying sequences of a foreign protein inside the particle 373 

(VLP-B), and C) MPyV pentameric capsomeres composed of pentamers of VP1 fused at its C-374 

terminus with foreign protein sequences (Capsomere C). For production of chimeric structures, 375 

universal baculovirus transfer vectors were prepared (for detailed description, see Material and 376 

Methods). Briefly, for production of VLP-A structures, sequences of top seven amino acids of 377 

the DE loop of MPyV VP1 were replaced by a cloning site for insertion of a foreign epitope 378 

surrounded by sequences of a glycine-serine linker (pFastBac1 VP1DE∆7). For production of 379 

VLP-B structures, a transfer vector ensuring expression of the VP1 gene (for VLP formation) 380 

and the C-terminal part of VP3 (responsible for interaction of MPyV minor capsid proteins with 381 

the central cavity of VP1 capsomere) was prepared. Cloning sites prior to truncated VP3 gene 382 

sequences allow fusion of foreign gene sequences with the sequences of truncated VP3. The 383 

fused protein should be situated inside VLPs (pFastBacDual VP1/tVP3). Finally, a baculovirus 384 
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transfer vector (pFastBac1 VP1) for production of the capsomere C structure carries the VP1 385 

gene with eliminated stop codon and several restriction sites for fusion with the N-terminus of 386 

a foreign gene. Fusion of foreign sequences to the 3´terminus of VP1 gene prevents VLP 387 

formation while oligomerization into pentameric VP1 capsomeres should not be affected.  388 

The universal vectors were used for construction of baculoviruses producing candidate chimeric 389 

antigens for development of vaccines against porcine circovirus 2. 390 

Preparation and characterization of nanostructures carrying 391 

the capsid protein of porcine circovirus 2 or its epitopes  392 

First, we prepared chimeric MPyV VLPs carrying selected immunogenic epitopes of PCV2 393 

Cap protein on their surface (VLP-A). For this, we synthetized four epitopes designed according 394 

to those previously described by Lekcharoensuk et al (45) and refined by Shang et al (47). 395 

Lekcharoensuk et al (45) mapped conformational epitopes of the PCV2 capsid protein by 396 

analyses of PCV1-PCV2 ORF2 (open reading frame 2) chimeras in the context of the non-397 

pathogenic PCV1 infectious genome, using seven PCV2 monoclonal antibodies recognizing 398 

conformational epitopes. We selected four linear sequences and refined them according to their 399 

accessibility on the capsid surface, taking advantage of PCV2 capsid structure determination 400 

(42). The selected epitopes (1 – 4) shown by four different colours on the model of PCV2 capsid 401 

(Fig. 2A) and Cap monomer (Fig. 2B) were inserted into baculovirus transfer vector pFastBac1 402 

VP1DE∆7. Insertions of epitope sequences into the DE loop of MPyV VP1 were confirmed by 403 

sequencing. The fourth (yellow) epitope sequence (see Fig. 2) was inserted into the transfer 404 

vector as a monomer (4) or dimer (5). From all five constructs, recombinant baculoviruses were 405 

prepared for production of VLPs carrying different epitopes (VarA1 – VarA5) in insect cells. 406 
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Further, entire Cap protein-coding sequences (provided by the FLAG tag connected with 407 

5’terminus of the Cap gene) were fused with tVP3 in the pFastBacDual VP1/tVP3 transfer 408 

vector, and recombinant baculovirus was prepared for production of VLPs with Cap sequences 409 

inside VLPs (VarB). We did not expect a high level of Cap-specific humoral response induced 410 

by this nanostructure but were interested in whether this nanostructure can induce cellular 411 

responses. Previous study performed by Tegerstedt et al (15) showed that MPyV-VLPs carrying 412 

inside a fusion protein between MPyV-VP2 and the extracellular and transmembrane domains 413 

of human Her2/neu (a proto-oncogene overexpressed in many epithelial carcinomas) induced a 414 

rejection response against a tumour inoculum, as well as inhibition of the spontaneous tumour 415 

outgrowth in a mutant Her2 transgenic mouse model. 416 

Finally, the cap gene connected at its 3’end with His tag sequences was fused with the 3’end of 417 

VP1 gene in the pFastBac1 VP1 transfer vector, and recombinant baculovirus for production of 418 

chimeric VP1 capsomeres (VarC) was prepared. FLAG (in VarB) and His tag (in VarC) were 419 

inserted for detection of Cap fusion proteins by immune analysis (antibody against the Cap 420 

protein for western blot analyses is not available) and for isolation of VarC nanostructures.  421 

Lysates of insect cells infected with individual recombinant baculoviruses were used for 422 

isolation of chimeric structures. The presence of epitopes inserted in the DE loop region of all 423 

five variants was verified by mass spectroscopy. Electron microscopy (EM) revealed that 424 

VarA1, VarA3, VarA4 of chimeric VP1 protein efficiently formed VLP structures, similarly to 425 

VP1DE∆7 (Fig. 3). On the other hand, production of VP1 VarA2 did not yield stable VLPs. The 426 

EM picture of VarA2 shows pentamers of non-assembled VLPs or complexed into irregular 427 

higher assemblies. VP1 VarA5 is assembled into VLPs and into filamentous structures of 428 

different diameters. VLPs were observed in the picture of VarB designed to carry the Cap 429 

protein inside. VarC formed VP1-Cap fusion protein complexes with regular morphology, 430 
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reminding giant VP1 pentamers by the central hole. These structures formed large aggregates. 431 

Apart from the ability of MPyV VP1 to form stable pentamers, the Cap-Cap interaction can 432 

apparently cause further complexing of the fusion protein structures. The Cap protein was 433 

shown to produce stable dimers (63).  434 

 435 

Fig. 3. Electron microscopy of isolated structures. 436 

Negative staining with 2% PTA. The bars represent 100 nm.  437 

The yields of chimeric nanostructure production ranged from 48 mg /L to 80 mg/L. 438 

Isolated structures were further examined by SDS PAGE and Western blot analysis (Fig. 4). 439 

Gelcode-stained SDS PAGE (Fig. 4Aa) revealed that all variants of VP1 protein with Cap 440 

epitopes inserted into the DE loop (VarA1 – VarA5) were stable and their mobilities 441 

corresponded approximately to that of VP1 (45 kDa). No degraded VP1 was observed on 442 

western blot stained with VP1 antibody (Fig. 4Ab). Fig. 4B shows SDS PAGE (a) and Western 443 

blot analyses (b,c) of the VarB structure. Beside the band corresponding to VP1 protein (Fig. 444 

4Ba,b), a band with mobility corresponding to the FLAG-Cap-tVP3 fusion protein (37 kDa) 445 
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and interacting with antibody against FLAG was detected in the lysate of purified VLPs VarB 446 

(Fig. 4Bc). In theory, a maximum of 72 molecules of FLAG-Cap-tVP3 can be incorporated into 447 

one particle (one molecule into the central cavity of each VP1 capsomere). For rough estimation 448 

of the number of fused Cap molecules incorporated into one VLP, the densities of VP1 and 449 

FLAG-Cap-tVP3 bands of purified VLPs separated in SDS-PAGE and stained with Coomassie 450 

dye were measured. The estimated number was 12 FLAG-Cap-tVP3 molecules per one particle. 451 

Analysis of the VP1-Cap fusion protein (VarC) is presented in Fig. 4C. The band with expected 452 

mobility for the fusion protein (71 kDa) was detected on SDS-PAGE (Fig. 4Ca) and its identity 453 

proved by antibodies against VP1 (Fig. 4Cb) and His tag (Fig. 4Cc). BN-PAGE (blue native 454 

electrophoresis) was employed to reveal high-molecular complexes of VarC (Fig. 4Cd). As 455 

MPyV VP1 forms immediately after translation of pentamers, we expected to see, among 456 

others, pentameric complexes. The molecular weight of VP1-Cap-HIS pentamer is 356 kDa. 457 

Surprisingly, the only band detected in the PAGE gel corresponded by its mobility to a decamer 458 

(2x pentamer) of the fused VP1-Cap protein. A substantial part of the loaded material did not 459 

enter the gel, confirming high aggregate formation.  460 

 461 

Fig. 4. SDS PAGE and Western blot analyses of purified structures. 462 
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Lysates of isolated structures resolved by SDS PAGE followed by Coomassie brilliant blue 463 

staining (a), Western blot analyses (b, c). Lysate of VarC resolved on Blue native 464 

electrophoresis stained by Gelcode stain. (d). (A) VLP-A (Var A1 – A5) and control VLPs 465 

composed of VP1DE∆7. (B) VLP-B (VarB). (C) Capsomere C (VarC). Antibodies used: antibody 466 

against VP1 (Ab, Bb, Cb), antibody against FLAG (Bc) and antibody against His tag (Cc). 467 

*mark: Cap-tVP3 band (Ba, c), x mark: band corresponding to double pentamer of VP1-Cap-468 

His (Cd). 469 

Immunization by chimeric nanostructures induced specific 470 

antibody responses in mice 471 

Mice (five per group) were immunized with individual structures as described in Materials and 472 

Methods. Their humoral responses were tested by ELISA (using PCV2 virus as antigen) 14 473 

days after the last immunization. In accordance with our previous findings (12,64), high titres 474 

of antibodies against the VP1 protein were detected in all immunized mice (S4). Importantly, 475 

all immunized mice (except those of control groups) developed antibodies specific for the 476 

PCV2 virus (Fig. 5). As expected, the lowest level of Cap-specific antibodies was induced by 477 

VarB VLPs carrying the Cap protein inside the particles. A relatively lower antibody response 478 

was also induced with the Cap epitope carried by VarA1 VLP. 479 
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 480 

Fig. 5. Cap-specific antibody response induced by candidate vaccine structures in mice. 481 

Groups of mice were immunized three times with individual candidate vaccine structures (50 482 

µg/dose), or with PBS or VLPs composed of VP1DE∆7 controls. The presence of specific 483 

antiPCV2 antibodies was examined by ELISA. Concentrated lysate of PCV2-infected PK15 484 

cells was used as coating material. 485 

Next, we were interested in whether Cap-specific antibodies induced in mice by the prepared 486 

nanostructures are able to block PCV2 infection. PCV2 virus inoculum was mixed with 487 

inactivated mice sera and after 1 h incubation at 37°C used for infection of PK15 cells. After 488 

36 h, cells were fixed and the numbers of Cap-positive cells were counted. The sera containing 489 

Cap-specific antibodies were tested in the neutralization assay. Each serum mixture of mice 490 

immunized with VLPs carrying a Cap epitope (VarA) (in dilution 1:50) caused approx. 50% 491 

decrease of infected cells in comparison with the control serum. This result reflects the fact that 492 

all selected epitopes are part of one dominant conformation epitope on the capsid surface (49). 493 

Introduction of a dimer of epitope 4 into VLPs (VarA5) did not significantly affect either 494 
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antibody production or virus neutralization. The best results of virus neutralization were 495 

achieved after immunization with the VarC structure. The sera of the mice immunized by VarC 496 

exhibited 85% neutralization activity in dilution 1:50 (Fig. 6). 497 

 498 

Fig. 6. PCV2 virus neutralization by antibodies induced in mice. 499 

PK15 cells were inoculated with a mixture of 50-fold diluted sera collected from immunized 500 

pigs and PCV2 virus (final concentration TCID50 = 105). Control cells were infected with the 501 

same amount of the virus mixed with 50-fold diluted serum of mice immunized with PBS. 502 

Infected cells were detected 36 hpi by immunofluorescence assay with specific antiCap PCV2 503 

antibody and the number of Cap PCV2-positive cells (green) was calculated. The columns 504 

represent percentage of infected cells relative to control. (A) Graph of neutralizing activity of 505 

mouse sera, (B) representative example of immunofluorescence staining of control cells and 506 

cells infected with virus incubated with sera of mice immunized by VarC. Error bars represent 507 

standard error of three independent experiments. Bars represent 50 µm. 508 

VarC candidate vaccine induces cellular responses in vitro 509 

Cell-mediated immunity is an important mechanism in protection of organisms against viral 510 

infections. To elucidate whether the prepared nanostructures were able to modulate the cellular 511 
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immune response, one representative of VarA nanostructures, Var A4, and VarB and Var C 512 

were tested in in vitro assays for changes in the population of leukocytes, their activation and 513 

cytokine production. To this aim, spleen cells were cultured in the presence or absence of 514 

individual nanostructures and cell populations were phenotypically characterized by flow 515 

cytometry. As shown in Fig. 7A, VarC by itself significantly increased the proportion of CD19+ 516 

cells (Fig. 7Ac), whereas populations of CD4+ (Fig. 7Aa) and CD8+ (Fig. 7Ab) cells remained 517 

unaltered by the presence of any tested candidate vaccines. This finding is consistent with the 518 

increased production of antibodies specific for the PCV2 virus.  519 

 520 

Fig. 7. Cellular immune responses induced by candidate vaccines in mice tested in vitro. 521 
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(A) Relative representation of Th CD4+, Tc CD8+ and B lymphocytes CD19+ in mouse 522 

splenocyte population after in vitro incubation with VarA4, VarB and VarC nanostructures. (B) 523 

Activation of Th CD4+, Tc CD8+ and B lymphocytes CD19+ in the mouse splenocyte population 524 

after in vitro incubation with VarA4, VarB and VarC nanostructures. (C) The IFN and IL-4 525 

intracellular level of mouse splenocyte CD45+ population after in vitro incubation with VarA4, 526 

VarB and VarC nanostructures. White columns represent controls – splenocytes without added 527 

nanostructures, VP1Con – MPyV VLPs without inserted PCV2 epitopes, scaffold only. Error 528 

bars represent standard error of the mean, SEM, *P <0.05, ** P<0.005, *** P < 0.0005. 529 

Then, activation of T and B cell populations in the spleen cell culture by tested candidate 530 

vaccines was determined. As demonstrated in Fig. 7B, all tested candidate vaccines activated 531 

CD4+ lymphocytes. A more apparent increase was observed when the cells were cultured in the 532 

presence of VarA4 and VarC (Fig. 7Ba). The frequency of CD8 (Fig. 7Bb) and CD19 cells 533 

expressing early activation marker CD69 (Fig. 7Bc) were significantly increased only in the 534 

presence of VarC in the culture. Up-regulation of activation marker CD69 on a large proportion 535 

of T and B cells after acute viral infection has been documented (65). As all lymphocyte 536 

populations contribute to the specific anti-viral response (66), it is important that the tested 537 

populations of T and B lymphocytes are activated by the candidate vaccine. CD69 has also been 538 

confirmed as a marker of functionality of leukocytes after in vitro expansion (67). 539 

To determine whether the candidate vaccines by themselves may prime a Th1-polarized 540 

response in the splenocyte culture, we analysed (by intracellular staining) production of IFN-γ 541 

and IL-4 by CD45+ cells. A significant increase in the number of CD45+IFN-γ+ cells was 542 

detected in the presence of VarC in the culture (Fig. 7Ca). As the number of CD45+IL-4+ cells 543 

did not show any decrease (Fig. 7 Cb), polarization of the culture in Th-1 direction was not 544 

confirmed. A mixed Th1/Th2 response was also induced after immunization of BALB/c mice 545 
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with chimeric VLPs prepared by insertion of a short-sized epitope at four different sites of 546 

yeast-expressed hamster polyomavirus major capsid protein VP1 (68) and in the mouse model 547 

of vaccination by a JEV (Japanese encephalitis virus) live-attenuated vaccine or recombinant 548 

modified vaccinia virus Ankara (69). However, in both of these models, the proportion of 549 

Th1/Th2 population was established according to the immunoglobulin subclass distribution. 550 

Our results confirmed this finding by in vitro assay.  551 

VarC induces efficient production of antibodies including 552 

virus neutralization antibody against PCV2 in pigs 553 

The candidate vaccine VarC inducing antibodies in mice with the highest ability to neutralize 554 

the PCV2 virus was selected for immunization of pigs. Prior to immunization, piglets (aged 6 555 

weeks) were tested for the presence of PCV2 DNA in the blood by qPCR to reveal their possible 556 

infection by PCV2. No virus DNA copies were detected. The animals were immunized as 557 

described in Methods: one group (7 pigs) was immunized by VarC, one group of three pigs 558 

with the commercial Circoflex vaccine for comparison, and a control group (three pigs) was 559 

immunized using PBS and adjuvants only. The humoral response was tested by commercial 560 

ELISA kit Ingezim Circo IgG. At the time of the first immunization (0 days), slightly elevated 561 

levels of antibodies specific for PCV2 were detected in all groups of animals (Fig. 8). The levels 562 

apparently represent the presence of maternal antibodies in the tested piglets. On day 28 after 563 

the first immunization, a significant rise of PCV2-specific antibodies was detected in the sera 564 

of pigs immunized by VarC or Circoflex vaccine, but not in the sera of control pigs. The level 565 

of PCV2-specific antibodies induced by VarC was significantly higher than that obtained by 566 

the Circoflex vaccine. However, 49 days after the first immunization (and 28 days after the 567 

second immunization), the level of antibodies induced by VarC decreased, so that the antibody 568 

levels induced by both experimental and commercial vaccines became statistically equal. We 569 
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suppose that the decrease of antibody level detected on 49th day post immunization by the VarC 570 

vaccine can be overcome by optimization of adjuvants. The levels of PCV2-specific antibodies 571 

of non-immunized controls decreased over time to the levels that are not considered as positive 572 

serum. 573 

 574 

Fig. 8. Comparison of PCV2-specific antibody responses induced by the VarC candidate 575 

vaccine with those induced by commercial Circoflex vaccine. 576 

Two groups of pigs were immunized two times (days 0 and 21) with nanostructure VarC or 577 

Circoflex vaccine according to the manufacturer’s instructions or with PBS containing 30% 578 

Polygen adjuvant. The levels of antiPCV2 antibodies were measured by a commercial ELISA 579 

kit (Ingezim Circo IgG) according to the manufacturer’s instructions. S/P index – index 580 

expressing the amount of antiPCV2-specific antibodies, ratio between OD415nm of the sample 581 

/ OD415nm of the control, which is part of the ELISA kit. Dashed line represents the borderline 582 

of S/P index (0,285) between sera negative and positive for PCV2-specific antibodies 583 
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(calculated according to the ELISA kit manual). Error bars represent standard error of the 584 

mean, SEM, *P <0.05, ** P<0.005, *** P < 0.0005. 585 

For the viral clearance and recovery of pigs from infection, the presence of neutralizing 586 

antibodies is crucial. With the development of PMWS, the absence or impaired production of 587 

PCV2-specific neutralizing antibodies was observed (61,70). A decrease in viremia coincides 588 

with an increase in neutralizing antibody titres in infected pigs inoculated with PCV2 (70). 589 

Therefore, we further investigated whether Cap-specific antibodies induced in pigs are able to 590 

block PCV2 infection. The PCV2 virus inoculum was mixed with different concentrations of 591 

inactivated pig sera (collected 28 days after the first immunization) and after 1 h incubation at 592 

37°C, PK15 pig cells were infected. Cells were fixed 36 hpi, and stained for indirect 593 

immunofluorescence. The numbers of Cap-positive cells were counted. The results obtained 594 

with 100-fold diluted sera are presented in Fig. 8. Comparable virus neutralization results were 595 

obtained for both VarC and Circoflex vaccines.  596 

 597 

Fig. 9. Pig serum neutralization assay. 598 

PK15 cells were inoculated with a mixture of 100-fold diluted sera collected from immunized 599 

pigs and PCV2 virus (final concentration TCID50 = 105). Control cells were infected with the 600 
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same amount of the virus mixed with 100-fold diluted serum of gnotobiotic pig. Infected cells 601 

were detected 36 hpi by immunofluorescence assay with antibody against the Cap protein and 602 

the numbers of PCV2-positive cells were calculated. (A) Plot of neutralizing activity of pig 603 

sera. The plots represent the percentage of infected cells relative to control. Cells from 17 604 

optical fields (approx. 1500 infected cells for the control sample) were counted in each 605 

experiment. Error bars represent standard error of three independent experiments. (B) 606 

Representative fields of counted cells. Control cells (1) and cells infected with the virus 607 

neutralized by VarC-induced antibodies (2). Blue - DAPI, green - PCV2 Cap protein. Bars 608 

represent 50 µm. 609 

The first commercial PCV2 vaccine (Circovac, Merial), introduced in 2006, is based on an 610 

inactivated oil-adjuvanted vaccine. The Cap protein of PCV2a expressed in the baculovirus 611 

system is the antigen of other three vaccines (Circoflex, Boehringer Ingelheim; Circumvent, 612 

Intervet/Merck; Porcillis PCV, Schering-Plough/Merck). Another two vaccines, Suvaxyn (Fort 613 

Dodge Animal Health) and Fostera PCV (Pfizer Animal Health) are based on a chimeric PCV1/ 614 

2 virus containing the genomic backbone of the non-pathogenic PCV1, with the cap gene 615 

replaced by that of PCV2. All the vaccines are directed against the PCV2a subtype. Although 616 

an improvement in the expression of self-contained Cap protein in insect cells has been 617 

achieved (71,72), in our hands, the production and isolation of VarC chimeric structures 618 

carrying the fused Cap protein of PCV2b subtype was more efficient and easy. Another 619 

advantage of the VarC chimeric vaccine is that it represents a so-called DIVA (differentiating 620 

infected from vaccinated animals) vaccine, which also induces an immune response that differs 621 

from the response induced by natural infection, in this case antibodies against the mouse 622 

polyoma VP1 protein.  623 
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VP1, the major structural protein of the mouse polyomavirus (MPyV), is

the major architectural component of the viral capsid. Its pentamers are

able to self-assemble into capsid-like particles and to non-specifically bind

DNA. Surface loops of the protein interact with sialic acid of ganglioside

receptors. Although the replication cycle of the virus, including virion mor-

phogenesis, proceeds in the cell nucleus, a substantial fraction of the pro-

tein is detected in the cytoplasm of late-phase MPyV-infected cells. In this

work, we detected VP1 mainly in the cytoplasm of mammalian cells trans-

fected with plasmid expressing VP1. In the cytoplasm, VP1-bound micro-

tubules, including the mitotic spindle, and the interaction of VP1 with

microtubules resulted in cell cycle block at the G2/M phase. Furthermore,

in the late phase of MPyV infection and in cells expressing VP1, micro-

tubules were found to be hyperacetylated. We then sought to understand

how VP1 interacts with microtubules. Dynein is not responsible for the

VP1–microtubule association, as neither overexpression of p53/dynamitin

nor treatment with ciliobrevin-D (an inhibitor of dynein activity) prevented

binding of VP1 to microtubules. A pull-down assay for VP1-interacting

proteins identified the heat shock protein 90 (Hsp90) chaperone, and

Hsp90 was also detected in the VP1–microtubule complexes. Although

Hsp90 is known to be associated with acetylated microtubules, it does not

mediate the interaction between VP1 and microtubules. Our study provides

insight into the role of the major structural protein in MPyV replication,

indicating that VP1 is a multifunctional protein that participates in the reg-

ulation of cell cycle progression in MPyV-infected cells.

Introduction

Mouse polyomavirus (MPyV) is a small non-enveloped

DNA virus that belongs to the Polyomaviridae family.

MPyV virion consists of a genomic circular molecule

of dsDNA associated with cellular histones (except

Abbreviations

aTAT1, a-tubulin acetyltransferase; 17-AAG, 17-allylamino-17-demethoxygeldanamycin; EGFP, enhanced green fluorescent protein; FACS,

fluorescence-activated cell sorting; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HDAC6, histone deacetylase 6; hpt, hours post-
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histone H1) encased within an icosahedral protein cap-

sid. MPyV genomic DNA encodes three early antigens

(large, middle and small T) and three structural pro-

teins – the major capsid protein, VP1, and the minor

capsid proteins, VP2 and VP3. VP2 is a larger variant

of VP3 with a unique prolonged N terminus. Early

antigens deregulate infected cells to ensure a suitable

environment for progression of the virus replication

cycle and are involved in virus DNA replication and

transcription. MPyV capsid is composed of 72 exter-

nally exposed VP1 pentamers with one molecule of

VP2 or VP3 associated internally with each pentamer

[1]. Pentamers are formed immediately after VP1 syn-

thesis in the cytoplasm; they interact with one mole-

cule of the minor capsid protein, and the complex

(capsomere) is transported to the nucleus, where viri-

ons are assembled. Both major and minor structural

proteins possess their own nuclear localization signal

(NLS). The NLS of the minor structural proteins was

identified at their common C terminus [2], whereas the

first five N-terminal amino acids of VP1 were

described as the NLS [3]. It was shown previously that

the NLS of the minor proteins does not ensure their

complete localization in the cell nucleus when the pro-

teins are expressed individually [4,5]. Individual expres-

sion of VP1 in insect cells resulted in efficient nuclear

localization of the protein. For nuclear localization of

the minor proteins, coexpression with VP1 was

required [4].

According to X-ray diffraction studies of VP1’s ter-

tiary structure [6], the VP1 molecule can be divided

into three modules: (a) an N-terminal arm, (b) an

antiparallel L-sandwich core and (c) a long, flexible

C-terminal arm. Four loops come out the L-sheet

framework and are exposed at the surface of the cap-

someric structure, and they are therefore the main

interaction sites and antigenic determinants of MPyV

virions. The flexible C-terminal arm forms interpen-

tameric contacts, and the basic amino acids of the N-

terminal arm are responsible, apart from nuclear

localization, for the non-specific DNA binding activity

of VP1 [7].

Several host cell proteins have been described as

interacting with VP1. Cellular chaperone heat shock

cognate protein 70 (Hsc70) was shown to bind VP1

immediately after its synthesis and translocate in com-

plex with MPyV capsomeres to the cell nucleus [8]. It

was suggested that Hsc70 prevents VP1 from forming

empty capsids in the cytoplasm. In the cell nucleus, it

helps the virion assembly [9]. Another VP1-interacting

host protein is multifunctional cellular transcription

factor YY1 [10]. Its function in the virus life cycle is

not yet clear; it may be involved in transcription or

replication of the virus genome and/or virion morpho-

genesis [11]. Interaction of VP1 with poly(ADP-ribose)

polymerase 1 (PARP1) was described by Carbone

et al. [12]. These authors hypothesized that PARP1

mediates dissociation of VP1 from uncoated MPyV

minichromosome and helps to initialize virus transcrip-

tion [12]. Bird et al. [13] identified in vitro interaction

of VP1 with karyopherins [13].

VP1 protein is not only the basic building block of

the capsid; it mediates virus entry into host cells by

interaction with the ganglioside receptor [14]. More-

over, there is some evidence indicating its possible reg-

ulative roles in the virus life cycle. Virus mutated in

the DE loop of VP1 exhibited a lower replication rate

and decreased DNA encapsidation [11].

In this study, we focused on screening and charac-

terization of the cellular proteins and structures that

interact with the major capsid protein, VP1, during the

late phase of virus infection. Our findings implicate

VP1 as a protein that, besides its structural functions,

possesses regulatory functions affecting cell cycle pro-

gression.

Results

VP1 is not efficiently transported into the cell

nucleus when expressed without the minor

structural proteins

The distribution of VP1 protein in cells transfected

with VP1-expressing plasmid was analyzed by confo-

cal microscopy of fixed cells stained by polyclonal

antibody against VP1. Even when VP1 possesses an

NLS at its N terminus, most of the VP1 was found

in the cytoplasm of 3T3 mouse fibroblasts, and only

faint VP1 staining was visible in the nucleus (Fig. 1).

A similar staining pattern was observed in NMuMG

mouse epithelial cells, human epithelial HeLa cells

and human embryonic kidney 293 cells. The nuclear

localization of VP1 protein of the closely related

SV40 virus was described as being positively affected

by the presence of large T (LT) antigen [15]. How-

ever, in WOP cells (constitutively producing LT anti-

gen of MPyV), VP1 was also found predominantly in

the cytoplasm.

Next, we were interested in the proportion of VP1

protein in the nucleus and cytoplasm and whether

there are any differences in VP1 localization between

cells expressing or not expressing LT antigen. WOP

and 3T3 cells expressing VP1 were fractionated, and

the amount of VP1 in the cytoplasmic, nuclear and

insoluble fractions was measured by western blot by

densitometry analysis of bands stained with specific
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antibody. In both cell types, the majority of VP1

was detected in the cytoplasmic fraction (70% in

3T3 and 60% in WOP cells). Approximately 20% of

VP1 was found in the nuclear fraction in both cell

types. Residual VP1 was present in insoluble frac-

tions and represented 10% and 20% of VP1 in 3T3

and WOP cells, respectively (Fig. 2A,B). It was

shown in a previous study [4] that VP1 helped the

minor proteins VP2 and VP3 reach the insect cell

nucleus. Therefore, we tested whether in mammalian

cells cooperation of VP1 pentamer with VP2 or VP3

would also result in efficient transport of the com-

plex into the nucleus. As shown in Fig. 2C, coex-

pression of VP1 with VP2 or VP3 resulted in

exclusive nuclear localization of both VP1 and the

minor protein (Fig. 2C).

These data indicate that the N-terminal sequence of

basic amino acids of VP1, determined to be the NLS,

is not sufficient for VP1 delivery into the cell nucleus.

Efficient delivery of structural proteins into the nucleus

can be achieved by their transport as a complex of

VP1 pentamer with one molecule of the minor protein.

The presence of LT antigen does not substantially

affect their transport into the nucleus.

VP1 forms insoluble fibers in the cytoplasm

In 293 and WOP cells, two VP1 staining patterns in

the cytoplasm were observed – cells with diffuse VP1

cytoplasmic localization and cells where VP1 formed

filamentous structures (Fig. 1). We used in situ frac-

tionation [16] of cells exhibiting the diffuse VP1 pat-

tern to obtain more information about the VP1 status

in the cytoplasm. This method is designed to avoid

alterations in the morphology of non-extracted cellular

structures. It is based on successive washing out of

proteins according to their solubility in different buf-

fers and may be used for studying proteins washed out

in every step as well as for studying the cellular struc-

tures remaining in the dish. The first buffer contains

detergent NP-40 and washes out all soluble proteins

(cytoplasmic and nuclear). The second buffer contains

DNase I. In this step, DNA accessible to DNase I

treatment and DNA-binding proteins are washed out.

The third buffer is of high ionic strength (containing

2 M NaCl) and it removes mainly polysomes, DNA,

histones and cytoskeletal proteins (tubulin, actin) from

the cells. The last fractionation buffer contains DNase

I and RNase A and washes out the rest of the DNA

Fig. 1. VP1 is located mainly in the cytoplasm. Mouse 3T3, NMuMG or WOP cells and human HeLa or 293 cells were transfected with

pVP1 plasmid and fixed 24 h post-transfection, and VP1 was stained. Shown are selected confocal sections of indicated cells. Bar: 8 lm.
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and RNA. In this step, only a few residual cellular

proteins are solubilized. After in situ fractionation,

structures made of highly insoluble proteins remain in

the dish. These proteins include lamins, vimentin,

cytokeratines and the rest of the actin (no tubulin).

WOP and 3T3 cells expressing VP1 were fractionated

in situ and after each step, VP1 protein in the structures

remaining on the coverslip was stained by specific anti-

body. After the first fractionation step, tiny VP1 fibers

appeared even in cells that exhibited originally diffused

cytoplasmic VP1 localization (Fig. 3); the same staining

pattern of VP1 was seen after DNase I treatment. VP1

fibers were clearly visible in all cells after the third and

the last fractionation steps (Fig. 3). Figure 3 presents

the results of in situ fractionation of 3T3 cells. In all the

following experiments, WOP cell were used.

VP1 binds microtubules

Confocal microscopy of MPyV infected cells, or cells

transiently expressing VP1 did not showed any colocal-

ization of VP1 with cytoskeleton components, actin or

vimentin (not shown). As the VP1 pattern reminded us

of the microtubule network, we further focused on the

analysis of VP1 colocalization with microtubules. After

staining of cells with antibodies against VP1 and a-
tubulin, we observed decreased ability of the tubulin-

specific antibody to stain microtubules in VP1-positive

cells, whereas in cells not expressing VP1, microtubules

were stained well (Fig. 4A). However, after the third

and the last steps of in situ fractionation, when distinct

VP1 fibers were clearly visible, colocalization of VP1

with microtubules became more obvious (Fig. 4A). We

did not see abundant colocalization; rather, we

observed areas that were stained with VP1 antibody

and areas that were marked by the tubulin antibody at

the same filament (Fig. 4A). In control cells not

expressing VP1, where microtubules were strongly

stained by tubulin-specific antibody, the tubulin signal

totally disappeared after the third fractionation step.

This suggests that microtubules are petrified by bound

VP1 and the whole complex becomes insoluble.

Results of analysis of the washed out material after

each fractionation step are in agreement (Fig. 4B).

Fig. 2. LT antigen does not improve nuclear import of VP1 into the cell nucleus, in contrast to the minor structural proteins. (A) VP1-

expressing 3T3 or WOP cells were fractionated into cytoplasmic, nuclear and insoluble fractions and applied to SDS/PAGE in amounts

corresponding to 2.5%, 20% and 20% of fraction volume, respectively. Separated proteins were transferred to the membrane and VP1

protein was detected by specific antibody. Cyt, cytoplasm; ins, insoluble; nuc, nucleus. (B) Graphic illustration of densitometry analysis of

the digital images of western blots from three independent experiments, shown as means � SD. The amount of VP1 in each fraction is

shown as the percentage of total VP1 amount. (C) 3T3 cells were cotransfected with plasmid pVP1 and pVP2 or pVP3. Cells were fixed

24 h post-transection and VP1 (red) and VP2/3 (green) were stained by specific antibodies.
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VP1 protein was detected in each fraction. Tubulin

was solubilized in the first and third fractionation buf-

fers both in VP1-expressing cells and in control cells

(Fig. 4B). However, in contrast to control cells, tubu-

lin (and VP1) appeared in the highly insoluble fraction

in VP1-producing cells (Fig. 4B). Association of VP1

with microtubules was also verified by immuno-elec-

tron microscopy of transfected cells. Areas of colocal-

ization of specific VP1 (5 nm gold particles) and

tubulin (10 nm gold particles) staining could be found

along the tubular structures (Fig. 4C).

In infected cells, although complexes of VP1 with

the minor structural proteins are efficiently transported

into the cell nucleus, a substantial fraction of VP1 can

be detected in the cytoplasm in late stages of infection.

We were interested in whether similar VP1 fibers can

be detected in the cytoplasm of infected cells. Mouse

fibroblast 3T6 cells were infected, and 40 h post-infec-

tion cells were fractionated in situ. After each fraction-

ation step, VP1 and tubulin were stained by specific

antibodies in structures remaining on the coverslip.

Indeed, similar distinct VP1 fibers were visible in the

cytoplasm of infected cells partially stainable by tubu-

lin antibody (Fig. 4D). Likewise, western blot analysis

of the presence of VP1 and tubulin in washed out

material copied the distribution obtained in VP1-

expressing cells (Fig. 4E).

Exposure of VP1-expressing cells to a non-toxic con-

centration of microtubule-destabilizing drug, nocoda-

zole, led to loss of VP1 fibers. VP1 signal was equally

distributed in the cytoplasm of these cells (Fig. 5B).

After fractionation, most of VP1 was washed out; only

a residual signal of VP1 was observed (Fig. 5E). To

find out whether removal of nocodazole from the

drug-treated cells would restore the VP1 fiber pattern,

cells after nocodazole treatment were incubated for

1 h in medium without the drug. Fibers of VP1

became again visible both in the cells before fractiona-

tion and in cell residues after fractionation (Fig. 5).

These findings demonstrate that the VP1 fiber pat-

tern is microtubule dependent. VP1 binds to micro-

tubules, covers them and makes them highly insoluble.

Interaction of VP1 and microtubules is not an artefact

of transient expression of VP1 in the cells. Similar

interactions take place in infected cells and may play

an important role in the MPyV life cycle.

VP1 interacts with chaperone Hsp90

Next, we were interested in character of VP1–micro-

tubule association. Immunoprecipitation with antibod-

ies specific for VP1 or a-tubulin suggested that VP1

does not bind tubulin dimers (not shown). Also, VP1

is not directed massively to microtubules using dynein,

the microtubular motor that transports various cellular

components toward the minus ends of microtubules.

Dynein binds to its cargo through another large pro-

tein complex called dynactin. Neither overexpression

of p53/dynamitin (which disrupts the dynactin complex

and thus blocks the dynein activity) nor ciliobrevin-D

(an inhibitor of dynein activity [17]) abolished the VP1

fiber pattern (Fig. 6).

To identify the putative protein that possibly partici-

pates in VP1–microtubule binding, we performed the

pull-down assay using N- or C-terminal VP1 fusion

with BioEaseTM Tag (Thermo Fisher Scientific).

Fig. 3. VP1 forms fibers in VP1-expressing cells. VP1-producing 3T3 cells were fractionated in situ and VP1 was stained by specific VP1

antibody. Briefly, cells were gradually incubated in buffers containing: NP-40 detergent (NP-40 fraction); DNase I (DNase fraction); 2 M NaCl

(NaCl fraction); and DNase I and RNase A (DNase/RNase fraction). Enlarged details of the cells are presented in lower panels. Microscopy

was performed using an Olympus IX71 fluorescence microscope.
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Fig. 4. VP1 binds to microtubules. (A) VP1-producing cells were fractionated in situ and VP1 (red) and tubulin (green) were stained by

specific antibodies. Enlarged details of the cells are presented in lower panels. Shown are selected confocal sections. Bar: 8 lm. (B) VP1-

expressing WOP cells and mock transfected cells were fractionated in situ, and washed out material from each fraction was separated by

10% SDS/PAGE and transferred onto PVDF membrane. The presence of VP1 or a-tubulin in each washed out fraction was determined by

specific antibodies. (C) Immuno-electron microscopy of cells expressing VP1. Cells expressing VP1 were incubated with buffer containing

NP-40 and embedded in resin. VP1 (black arrowhead, 5 nm gold particles) and a-tubulin (black arrows, 10 nm gold particles) were stained

by specific antibodies. Bar: 200 nm. (D) 3T6 cells were infected, fractionated in situ 40 h post-infection, and VP1 (red) and tubulin (green)

were stained by specific antibodies. Enlarged details of the cell are presented in the right panel. Shown is a selected confocal section of a

cell after fractionation. Bar: 10 lm. (E) 3T6 cells were infected and fractionated in situ 40 h post-infection. Washed out material from each

fraction was separated by 10% SDS/PAGE and transferred onto PVDF membrane. The presence of VP1 or a-tubulin in each washed out

fraction was determined by specific antibodies.
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Production of the fusion proteins was confirmed by

western blot analysis with specific antibodies against

VP1 or biotin (not shown). The fused proteins recog-

nized by both antibodies migrated with the expected

sizes (57 kDa for VP1-BE-NT and 60 kDa for VP1-

BE-CT). After transfection of human embryonal kid-

ney 293T cells with plasmids encoding VP1 fused with

the tag on its N or C terminus, VP1-interacting pro-

teins were isolated and resolved in SDS/PAGE gel

(Fig. 7). Following gel staining, the most abundant

bands were identified by mass spectrometry. Apart

from different ubiquitinylated or degraded VP1

sequences, cellular chaperone heat shock protein 90

(Hsp90) was identified in both isolations. Interaction

of VP1 and Hsp90 was verified by immunoprecipita-

tion of VP1 using specific Hsp90 antibody and vice

versa, by immunoprecipitation of Hsp90 with VP1-spe-

cific antibody. As shown in Fig. 7B, positive results of

coimmunoprecipitation were obtained in lysates of

infected cells as well as of cells transiently expressing

VP1. These data indicate that VP1 association with

Hsp90 is specific.

Chaperone Hsp90 is known to be a microtubule

binding protein mediating association of its client pro-

teins with microtubules [18]. Therefore, we further

examined whether this chaperone is involved in inter-

action of VP1 with microtubules. In experiments of

in situ fractionation, Hsp90 followed profiles of VP1

and tubulin (Fig. 7C).

We further examined the effect of the Hsp90

inhibitor, 17-allylamino-17-demethoxygeldanamycin

(17-AAG; an inhibitor of ATPase activity of Hsp90)

[19], on VP1–microtubule interaction. As seen in

Fig. 8A, inhibitor treatment of cells expressing VP1 did

not prevent VP1–microtubule interaction. VP1 fibers

were observed both in control and treated cells. To

determine whether the inhibitor decreases the amount

of VP1 bound to microtubules, cells were treated with

the inhibitor 17-AAG, and the quantities of VP1 and

Hsp90 in the last insoluble fraction were determined. In

the treated cells, the relative amounts of VP1 and

Hsp90 proteins, detected in the last insoluble fraction,

decreased by half in comparison with those in control

cells (Fig. 8B,C). These data indicate that Hsp90 is

involved in VP1-mictotubule interaction. To confirm

the involvement of Hsp90 in VP1–microtubule binding,

we examined whether the amount of VP1 in the last

insoluble fraction would be affected by Hsp90 knock-

down. In Hsp90 knock-down cells, the total amount of

Hsp90 decreased in two independent experiments by

A B C

D E F

Fig. 5. Exposure to microtubule-destabilizing drug nocodazole abolished the VP1 filamentous pattern. VP1-expressing WOP cells were

treated with nocodazole (5 lM) for 1 h (B, E), followed by wash out and microtubule reconstitution (C, F). (A, D) Mock treated VP1

expressing cells. Cells were fractionated in situ and VP1 (red) and tubulin (green) were stained by specific antibodies. Shown are selected

confocal sections of non-fractionated cells (NF) (A–C) and cells after the last fractionation step (Fr) (D–F). Bar: 8 lm.
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70% and 50% (Fig. 8D,E) and the relative amount of

VP1 in the last insoluble fraction decreased by 40% and

20%, respectively (Fig. 8F,G). The amount of Hsp90 in

the last insoluble fraction in Hsp90 knock-down cells

decreased under the detection limit of the western blot

method (Fig. 8F).

As Hsp90 is known to bind preferentially acety-

lated microtubules [18], we further addressed the role

of microtubule acetylation in VP1–microtubule inter-

action. We examined the amount of VP1 protein in

the last insoluble fraction in TAT KO cells, which do

not express the major tubulin acetyltransferase [20–
22], tubulin acetyltransferase 1 (aTAT1), and lack

acetylated microtubules [23]. The absence of acety-

lated a-tubulin in TAT KO cells was confirmed by

western blot analysis of cell lysates using antibody

specific to acetylated a-tubulin (Fig. 9A). As seen in

Fig. 9B,C, the relative amounts of VP1 and Hsp90

proteins in the last insoluble fraction did not signifi-

cantly change in TAT KO cells in comparison with

those in control 3T3-wt (wild-type) cells. The results

of the experiment indicate that microtubule acetyla-

tion is dispensable for VP1–microtubule binding.

Moreover, unchanged amounts of VP1 and Hsp90 in

insoluble fraction of TAT KO cells also suggest that

Hsp90 does not play the role of a mediator of VP1–
microtubule association, as Hsp90 prefers to bind

acetylated microtubules [18].

Taken together, these data show that the micro-

tubule binding protein, Hsp90 chaperone, is a

Fig. 6. Dynein does not mediate the VP1–microtubule binding. WOP cells were transfected with pVP1 and treated with ciliobrevin D for 1 h

(upper panel) or cotransfected with pVP1 and pdynamitin–green fluorescent protein (GFP) or pGFP (control cells; lower panel). After 24 h,

cells were fractionated in situ and VP1 was stained by specific antibody. Shown are selected confocal sections of cells after fractionation.

Bar: 10 lm.
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component of the VP1–microtubule complex. Finding

that VP1 interacts with microtubules regardless of

their acetylation status suggests that Hsp90 does not

function as a mediator of VP1 association with micro-

tubules and is rather recruited to the complex by VP1.

However, less efficient binding of VP1 to microtubules

after Hsp90 knockdown or inhibition of its chaperone

function accounts for some role of Hsp90 in the com-

plex formation. The chaperone function of Hsp90 may

help to organize VP1 binding along microtubules.

The level of acetylated a-tubulin is increased in

MPyV-infected cells and cells expressing VP1

In situ fractionation of cells suggested that VP1 bind-

ing to microtubules stabilizes them. It is known that

acetylation of a-tubulin is a well-established marker of

microtubule stability [24]. We were further interested

in whether VP1 expression and/or MPyV infection

affects the level of a-tubulin acetylation. Cells were

infected with MPyV or transfected with VP1-expres-

sing plasmid and the amount of acetylated a-tubulin
in lysates was quantified by western blot and densito-

metry analysis. The level of acetylated a-tubulin in

infected cells in the late stage of infection (40 h) was

8-fold higher than that in mock-infected cells

(Fig. 10A,B). Only a minor change of acetylated a-

tubulin level was observed in the cells in the early

stage of infection. These data show that in the late

phase of infection, when structural proteins are

expressed, the level of microtubule acetylation

increases dramatically. The level of acetylated a-tubu-
lin in the lysates of transfected cells expressing VP1

was 5-fold higher than that in mock-transfected cells

and only a minor increase of acetylated a-tubulin level

was detected in cells transfected with a control vector

expressing enhanced green fluorescent protein (EGFP)

only (Fig. 10A,C). In transfected WOP cells, expres-

sion of VP1 was lower than that in infected cells. To

find out whether the increasing level of VP1 in the cells

would result in increasing level of acetylated a-tubulin,
the plasmid carrying the VP1 gene was expressed in

cells that differ in their endogenous production of

SV40 LT antigen. Human 293 cells that do not express

SV40 LT antigen and 293T cells expressing SV40 LT

antigen were used for transfection by VP1-expressing

and control plasmids carrying the sequence of SV40

origin of replication, thus enabling replication of the

plasmids in 293T cells. Therefore, the level of VP1 in

293T cells should be much higher than that in 293

cells. The levels of acetylated a-tubulin and VP1 were

quantified by western blot and densitometry analysis.

As shown in Fig. 10, the level of acetylated a-tubulin
correlated with the amount of VP1 in the cells. These

Fig. 7. Identification of proteins interacting with VP1. (A) 293T cells were transfected with pVP1-BE-NT or pVP1-BE-CT and 36 h post-

transfection the complexes were isolated by affinity chromatography and separated by 4–12% SDS/PAGE. Separated proteins were

visualized by Coomassie staining and the most abundant bands (marked with dot) were identified by mass spectrometry. (B)

Immunocomplexes of infected 3T6 cells (40 h post-infection) or VP1-expressing WOP cells (24 h post-transfection) were isolated by specific

antibodies, and separated by SDS/PAGE. Proteins were transferred to the membrane and detected by specific antibodies. T, transfected

lysates; inf, infected lysates; H, Hsp90 antibody; M, non-specific mouse control IgG; Rb, non-specific control rabbit IgG; *, heavy chain of

antibody. (C) Infected 3T6 cells or VP1-expressing WOP cells were fractionated in situ 40 h post-infection or 24 h post-transfection,

respectively, and each fraction was separated by 10% SDS/PAGE. Proteins were transferred to the membrane and Hsp90 was detected by

specific antibody. Control cells: mock-infected/transfected cells.
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data support the hypothesis that VP1 increases the

acetylation level of a-tubulin.

Interaction of VP1 with microtubules affects cell

proliferation

Microtubules are indispensable cellular structures for

ensuring cell division, mainly for chromosome segrega-

tion during mitosis. We addressed the question

whether VP1 binds also mitotic microtubules. We

could hardly find mitotic cells expressing VP1

(Fig. 11Aa). To enrich the number of cells in mitosis,

we treated them with taxol, a drug stabilizing micro-

tubules. In taxol-treated mitotic cells, VP1 exhibited

affinity to the mitotic spindle body and we could

observe also VP1 fibers protruding from the spindle

body, apparently as part of spindle (Fig. 11Ab).

Since disturbance of microtubule stability results in

cell cycle arrest or cell death, we were interested in

whether VP1’s interaction with microtubules, resulting

Fig. 8. Inhibition or down-regulation of Hsp90 decreases the amount of VP1 in the insoluble fraction. (A, B) WOP cells were transfected

with pVP1 and immediately after transfection, 17-AAG (10 lM) was added. After 24 h treatment, cells were fractionated in situ and Hsp90

and VP1 were stained by specific antibodies (A), or the presence of VP1 and Hsp90 in each fraction was detected by specific antibodies (B).

(C) Graphic illustration of densitometry analysis of the digital images of western blots from two independent experiments. The amount of

VP1 or Hsp90 was measured. Presented is fold change of VP1 or Hsp90 in the last fraction, which was compared with the mock-treated

cells expressing VP1. Bar: 8 lm. (D, F) WOP cells were transfected with pVP1 and immediately after transfection, re-transfected with

control (ctrl) or Hsp90 specific (Hsp90) siRNA. After 24 h treatment, cells were fractionated in situ and total amount of Hsp90 in combined

fractions (D) or the presence of VP1 and Hsp90 in each fraction (F) was measured by specific antibodies staining. (E) Graphic illustration of

densitometry analysis of the digital images of western blots from two independent experiments. Presented are fold changes of Hsp90

relative to mock siRNA transfected cells expressing VP1. (G) Graphic illustration of densitometry analysis of the digital images of western

blots from two independent experiments. Presented are fold changes of VP1 in the last fraction, which was compared with the mock

siRNA transfected cells expressing VP1.
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Fig. 9. Microtubule acetylation is not necessary for VP1 interaction. (A) Lysates of TAT KO cells and 3T3-wt cells were separated by 10%

SDS/PAGE, transferred onto PVDF membrane, and acetylated a-tubulin (ac-tub), tubulin (tub), Hsp90 and GAPDH were stained by specific

antibodies. (B) TAT KO and 3T3-wt cells were transfected with pVP1 and after 24 h, cells were fractionated in situ. Presence of VP1,

tubulin and Hsp90 in each fraction was detected by specific antibodies. (C) Graphic illustration of densitometry analysis of the digital images

of western blots from two independent experiments. Presented are fold changes of VP1 or Hsp90 in the last fraction of TAT KO cells that

were compared with the 3T3-wt cells expressing VP1.

Fig. 10. The amount of acetylated tubulin is increased in cells expressing VP1. (A) WOP cells were infected with MPyV (multiplicity of

infection (MOI) = 10 pfu per cell) and lysed at indicated time post-infection (lanes 1–3) or transfected with plasmid expressing EGFP (GFP)

or with plasmid expressing VP1 (VP1) (lanes 4–6). Cells were lysed 24 h post-transfection, lysates were separated by 10% SDS/PAGE,

transferred onto PVDF membrane, and acetylated tubulin (ac-tub), tubulin (tub) and GAPDH were stained by specific antibodies. (B, C)

Graphic illustration of densitometry analysis of the digital images of western blots from three independent experiments. Shown is fold

increase relative to mock-infected or transfected cells � SD. (D, F) 293 (lanes 7–9) and 293T (lanes 10–12) cells were transfected with

plasmid expressing EGFP (GFP) or with plasmid expressing VP1 (VP1). Cells were lysed 48 h post-transfection, lysates were separated by

10% SDS/PAGE, transferred onto PVDF membrane, and acetylated tubulin (ac-tub), VP1 and GAPDH were stained by specific antibodies.

(E, G) Graphic illustration of densitometry analysis of the digital images of western blots from three independent experiments � SD. Shown

is fold increase relative to mock transfected cells (E) or fold increase relative to 293 cells (G). Mock, mock-transfected or infected cells.
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in their petrification, may affect proliferation of cells.

Therefore, we monitored the numbers of cells express-

ing VP1 (and EGFP under the control of a different

promotor) and control cells (expressing EGFP only) in

time. For plasmid introduction to the cells, we used

nucleofection, known to give high efficiency of trans-

fection and very fast expression of the desired gene.

Because DNA delivered into cells by this method

induces interferon expression that affects transiently

cell proliferation [25], we began to monitor cells num-

bers from the second day post-transfection. We

expected that if VP1 does not affect the cell cycle, VP1

positive cell and control EGFP-expressing cells in cul-

ture should decline by the same rate. However, the

number of VP1-expressing cells decreased more precip-

itously in comparison with the number of control

EGFP-expressing cells (Fig. 11B), suggesting disturbed

proliferation of VP1-expressing cells. Next, we exam-

ined by fluorescence-activated cell sorting (FACS)

analysis proportions of dead cells expressing VP1 or

control EGFP expressing cells with time (Fig. 11B)

and also, whether the cells die by apoptosis (Fig. 11C).

Amounts of dead cells decreased with time and their

proportion ranged from 6.4% (2 days post-transfec-

tion) to 2.2% (7 days post-transfection) for control

cells and 7.7% to 4.9% for VP1 expressing cells. The

table in Fig. 11C shows that the majority of dead cells

(~ 70–90%), both control and VP1 expressing, died by

apoptosis.

We further determined by FACS analysis the

amount of cells in G2/M phase of the cell cycle. The

analysis revealed that VP1-expressing cells accumu-

lated in G2/M phase during the incubation period

(Fig. 12). Altogether, these data suggest that VP1 pro-

tein promotes cell cycle arrest after S phase in the late

phase of MPyV infection and impedes cell division.

Discussion

Gene products of ‘small’ viruses with limited genome

size are usually multifunctional. For example, early

gene product of polyomaviruses, LT antigen, possesses

A
B

C

a

b

Fig. 11. VP1 affects cell proliferation. (A) WOP cells were transfected with pVP1 and immediately after transfection, 1 lL of DMSO (a) or

1 lL of taxol in DMSO to final concentration of taxol 10 lM (b) was added. After 24 h incubation, cells were fixed and VP1, tubulin or

acetylated a-tubulin was stained by specific antibodies. Shown are maximal projections of 35 sections; bar: 8 lm. (B, C) WOP cells were

transfected with pWP (expressing EGFP and VP1) or pCont (expressing EGFP only). Cells were incubated for 2 days and from this starting

point, the relative proportion of EGFP-positive cells (B) or dead cells stained by DAPI or apoptotic cells stained by annexin V (C) was

measured by flow cytometry. One of two independent experiments is shown (for raw data of both experiments, Fig. S1). dpt, days post-

transfection.

312 The FEBS Journal 284 (2017) 301–323 ª 2016 Federation of European Biochemical Societies

Mouse polyomavirus VP1 binds microtubules L. Horn�ıkov�a et al.



several functions (pRb- and p53-binding protein, tran-

scription factor, replication initiator) for which larger

DNA viruses (such as papillomaviruses or aden-

oviruses) have at least four gene products. Also, capsid

proteins of small viruses were found to have additional

functions in translation [26], cell cycle regulation [27],

or regulation of viral transcription [28].

A great deal is known about the functions of the

MPyV capsid proteins in the virion structure as well as

in early stages of virus infection. However, interactions

of these proteins with cellular proteins and structures

in late stages of infection have not been well character-

ized. There are several unanswered questions about the

mechanism of virion assembly and putative cellular

proteins participating in it. Also, additional functions

of capsid proteins cannot be excluded. In this work,

we searched for new cellular interaction partners and

functions of VP1.

Since VP1 possesses the NLS at its N terminus, we

expected its accumulation in the cell nucleus after its

individual expression in mammalian cells; however,

VP1 was surprisingly found mainly in the cytoplasm.

Accordingly, VP1 pentamers of another member of the

Polyomaviridae family, JC virus, exhibited similar

behavior; their individual production led to VP1 accu-

mulation in the cytoplasm [29]. In previous works,

MPyV VP1 expressed from recombinant vaccinia virus

[30] or baculovirus [4] was detected predominantly in

the cell nucleus. These expression systems are based on

large DNA virus vectors that, apart from MPyV VP1,

express many viral proteins. Thus, the possibility that

some of these proteins could help VP1 to be efficiently

transported to the cell nucleus cannot be excluded. Li

et al. [15] were interested in the transport of SV40 VP1

pentamers to the cell nucleus. They proposed that the

LT antigen is necessary for efficient nuclear transloca-

tion of VP1. They postulated that binding of LT to

VP1 pentamers is mediated by cellular chaperones and

the resulting complex helps the VP1 pentamer to cre-

ate the proper conformation for importin recognition.

However, our results showed that coexpression of VP1

and LT antigen did not significantly affect VP1 local-

ization. We found that MPyV VP1 is efficiently trans-

ported into the cell nucleus when coexpressed with

VP2 or VP3. The interchangeability of the NLS of

polyomaviral structural proteins was described previ-

ously [31,32]; however, our results indicate that the

NLS of the minor protein (VP2 or VP3) is absolutely

indispensable for efficient VP1 nuclear localization.

During infection, the complex of VP1 pentamer with

one of the minor proteins is formed in the cytoplasm

and then transported to the cell nucleus, where the vir-

ion assembly takes place. This mechanism apparently

ensures transport of capsid proteins to the cell nucleus

in proper stoichiometric concentrations – one molecule

of the minor structural protein per one VP1 pentamer.

Both minor proteins are necessary for efficient virus

infectivity [33] and this mechanism may prevent incor-

poration of VP1 pentamers lacking minor proteins into

viral capsids, thus ensuring virus infectivity.

However, in late phases of MPyV infection, a con-

siderable amount of VP1 stays in the cytoplasm. We

have shown that there, VP1 massively binds fiber

structures that were identified as microtubules. This

interaction was found not to be mediated by the

microtubular motor, dynein. Screening of other possi-

ble cellular proteins interacting with VP1 identified cel-

lular chaperone, Hsp90, as the MPyV VP1 interaction

partner. Hsp90 is an abundant cellular chaperone that

interacts with many proteins, including transcription

factors, kinases, E3-ligases, structural proteins, riboso-

mal components and metabolic enzymes [34]. Interac-

tion of polyomaviral proteins with another member of

chaperone family, Hsp 70, was characterized previ-

ously [8,15]. It was shown for many viruses that

Hsp90 is involved in their life cycles; it participates in

virus replication, viral structural protein folding and

virion assembly [35]. It is likely that Hsp90 takes part

also in MPyV infection. As Hsp90 is known to be a

microtubule binding protein [18,36,37], we were inter-

ested in whether this chaperone mediates VP1–micro-

tubule interaction. Giustiniani et al. [18] demonstrated

that Hsp90 preferentially binds acetylated microtubules

and suggested that it mediates interaction of Hsp90 cli-

ent proteins with microtubules. This conclusion came

from the observation that upon microtubule hyper-

acetylation, binding of Hsp90 client proteins to

Fig. 12. VP1 affects the progression of the cell cycle. WOP cells

were transfected with pWP (expressing EGFP and VP1) or pCont

(expressing EGFP only). Cells were incubated for 2 days and from

this starting point, the amount of cells in G2/M was measured by

flow cytometry. One representation of two independent

experiments is shown (for raw data of both experiments, Fig. S1).

dpt, days post-transfection.
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microtubules significantly increased [18]. It was also

demonstrated that Hsp90 is important for the trans-

port of herpes simplex virus 1 (HSV-1) capsids to the

nucleus in early stages of infection. The transport was

dependent on the acetylation status of microtubules

and it was proposed that Hsp90 mediates interaction

between the capsid protein and microtubules [38]. Our

results indicate that Hsp90 is involved in VP1–micro-

tubule interaction. First, after in situ fractionation of

infected or VP1 producing cells, Hsp90 appeared

together with VP1 and tubulin in the last, insoluble

fraction. Second, Hsp90 inhibition or down-regulation

decreased the VP1–microtubule binding. However, in

TAT KO cells, lacking acetylated a-tubulin (knockout

of aTAT1), VP1 bound microtubules with an efficiency

comparable with that in control cells. Thus, acetyla-

tion of microtubules is apparently dispensable for VP1

binding. Also, the fact that we did not detect any sig-

nificant decrease of amounts of Hsp90 and VP1 associ-

ated with microtubules in TAT KO cells suggests that

Hsp90 does not function as a mediator of VP1–micro-

tubule association. Instead, it seems to be recruited to

microtubules by VP1. Its chaperone activity might

assist VP1 to assemble along microtubules. Further

research is necessary to clarify the exact mechanism of

Hsp90’s role in VP1–microtubule complex formation.

Although acetylation of microtubules is not required

for VP1–microtubules binding, we showed that in

VP1-producing cells, the level of microtubule acetyla-

tion was elevated. The real meaning of a-tubulin acety-

lation is still elusive. Although the relationship

between acetylation of microtubules and their

increased stability has been described [39–41], the pre-

cise relationship between microtubule acetylation and

stability is still unclear. There is much evidence sup-

porting as well as denying the hypothesis that acetyla-

tion positively affects microtubule stability [39–43].
Microtubule acetylation is a marker of their stability,

irrespective of whether acetylation is a cause or a con-

sequence of the stability.

Stabilization of microtubules may have several con-

sequences both for the cell and for the virus life cycle.

VP1 binding to microtubules may contribute to main-

taining the cell shape and mechanics. These properties

are determined by the interplay of three parts of the

cytoskeletal network – actin filaments, microtubules

and intermediate filaments [44]. Disturbance of one

component of the cytoskeletal network leads to

changes of other components. Early antigens of mem-

bers of the Polyomaviridae family were shown to be

able to affect the cytoskeletal network. Rathje et al.

[45] demonstrated that cells constitutively expressing

LT antigen of SV40 exhibited reorganization of

vimentin filaments (belonging to intermediate filament

family) and also that expression of LT decreased the

level of a-tubulin acetylation. Reduced a-tubulin acety-

lation was caused by elevation of histone deacetylase 6

(HDAC6), which also led to vimentin destabilization

[45]. Investigators hypothesized that these changes of

cytoskeletal network resulted in increased cellular stiff-

ness at the cell periphery and supported cell invasion.

Likewise, small T (sT) antigen of Merkel cell poly-

omavirus promotes lowered a-tubulin acetylation and

mediates microtubule destabilization leading to

increased cellular motility and migration [46]. Middle

T antigen of MPyV is able to deplete acetylation of

microtubules and mediate loss of focal adhesions and

actin stress fibers [47]. VP1 fibers might compensate

for the loss of one cytoskeletal network component by

strengthening another and thus maintain the cell

shape, having thus an opposite effect to T antigens. It

was shown that contact inhibition and adhesion was

impaired in cells lacking aTAT1 [23]. VP1 indirectly

increases microtubule acetylation, and thereby can

promote cell adhesion and contact inhibition.

An increased level of acetylated a-tubulin was

described for infection by many viruses, including

human immunodeficiency virus 1 [48], influenza A [49]

and HSV-1 [50]. It has been shown that microtubule

hyperacetylation is important for virus infectivity,

namely for virus entry into and egress from host cells

[48,51,52]. These studies propose that the role of a-
tubulin acetylation is connected with the movement of

viruses or virus components in the cells. Tubulin acety-

lation favors motor binding, which results in enhanced

trafficking along the microtubules [53]. Although the

involvement of microtubules in MPyV virus egress has

not yet been described, increased acetylation may be

important for enhancement of trafficking of virus com-

ponents into the nucleus in the late phase of infection.

The increased level of a-tubulin acetylation points to

down- or upregulation of aTAT1 and HDAC6 [54],

ensuring a-tubulin acetylation and deacetylation,

respectively. These proteins interact with several differ-

ent substrates, thus being also involved in other cellu-

lar processes such as autophagy or aggregozome

formation [55]. Reduction of the HDAC6 level by

viruses can inhibit these processes. It was demon-

strated that influenza virus decreases the level of

HDAC6 [56]. Experiments are now underway to reveal

the mechanisms leading to increased microtubule

acetylation upon MPyV infection.

Importantly, we showed that VP1 binding to micro-

tubules resulted in accumulation of cells in the G2/M

phase of the cell cycle. The ability of VP1 to interfere

with cell cycle progression was already suggested by
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several observations. We showed previously that VP1

produced in Saccharomyces cerevisiae blocked the

growth of colonies for several days by encasing the

mitotic spindle [57]. Yeast cells were able to overcome

the block by assembly of a new spindle [57]. VP1 was

also found to interact with microtubules and spindle

bodies in early MPyV-induced epithelial tumors where

VP1 was expressed. It was suggested that such VP1-

producing cells may be important in the development

of aneuploidy in tumors [58]. Later in tumor progres-

sion, the VP1 gene was found to be silenced [59]. The

association between VP1 and cell cycle arrest was also

postulated by Spink and Fluck [60]. Their hypothesis

came from the studies of MPyV host range mutants.

One of them did not produce MT and sT antigen, but

VP1 protein was highly overexpressed. Most of the

cells from the infected cell population exhibited block

in the first G2/M phase of the cell cycle [60]. Whether

increased acetylation of microtubules in cells express-

ing VP1 is involved in their G2/M block is unclear.

Several studies demonstrated that acetylation of spin-

dle is important for its proper formation [61,62]. On

the other hand, no problem with division of TAT KO

cells was observed, and moreover, they were found to

proliferate more efficiently than their parental line [23].

Nevertheless, irrespective of spindle acetylation status,

VP1 itself can act as a mitotic poison by petrifying

microtubules and mitotic spindle.

Cells infected by polyomaviruses accumulate in S and

G2 phases of the cell cycle [63,64]. A later study of cell

cycle progression in MPyV-infected cells revealed that

infected cells go through at least two cell cycles [65].

They exhibit prolonged S phase and no G2?M transi-

tion [66]. Dahl et al. [66] also showed that cell cycle

arrest is connected with replication of viral DNA, which

activates the ATM (protein kinase ataxia telangiectasia

mutated) pathway leading to inactivation of CDK1 and

thus induces cell cycle arrest. Recently, it was shown

that over-expressed sT antigen is able to arrest cells in

mitosis [67]. It is possible that early antigens (sT antigen

and indirectly LT antigen that mediates virus genome

replication) and VP1 protein contribute to the block of

cell division. While early antigens are apparently

involved in the first cell cycle block, VP1 may contribute

to blocking the second cell cycle, thus enabling comple-

tion of the virus assembly.

Material and methods

Cells and virus

NIH 3T3 (ATCC, Manassas, VA, USA; CRL-1658) and

3T6 (ATCC; CCL-96) mouse fibroblasts, NMuMG

(ATCC; CRL-1636) mouse gland mammary cells, WOP

[68], mouse fibroblasts constitutively producing early T

antigens of the MPyV, 293 human embryonic kidney cells

(ATCC; CRL-1573), 293T human embryonic kidney cells

with integrated SV40 virus genome and constitutively

expressing LT and sT antigen of SV40 virus (ATCC; CRL-

11268) and HeLa cells (ATCC; CCL-13) were grown at

37 °C in a 5% CO2-air humidified incubator using Dul-

becco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,

Saint Louis, MO, USA) supplemented with 10% fetal

bovine serum (Thermo Fisher Scientific, Waltham, MA,

USA) and 2 mM glutamax (Thermo Fisher Scientific). TAT

KO cells [23], mouse fibroblasts with aTAT knock out, and

their wild-type counterparts, 3T3-wt cells, were grown at

37 °C in a 5% CO2-air humidified incubator using DMEM

(Sigma-Aldrich) supplemented with 10% fetal bovine serum

(Thermo Fisher Scientific), 2 mM glutamine (Thermo Fisher

Scientific), 1% non-essential amino acids (Sigma-Aldrich)

and 5 mM b-mercaptoethanol (Sigma-Aldrich). MPyV (BG

strain) was isolated and purified from infected 3T6 cells

using a standard protocol [69]. For infection, 3T6 cells were

synchronized in DMEM media for 24 h followed by 1 h

incubation with virus inoculum at multiplicity of infection

(MOI) 10.

Plasmids

For expression of VP1, plasmids pwP (a gift from C. Buck;

Addgene plasmid no. 22519, Addgene, Cambridge, MA,

USA) [70] and pVP1 [71] were used. For expression of VP2

and VP3, plasmids pVP2 and pVP3 [25] were used. The list

of used plasmids and primers is summarized in Tables S1

and S2.

Plasmid pCont

Plasmid pCont is derived from pwP and carries the

sequence of polylinker instead of the VP1 sequence. This

plasmid was created by LR recombination of a donor vec-

tor (pENTR/D-TOPO-Pol) and destination vector pGwf (a

gift from C. Buck, Addgene plasmid no. 22517) [72]. The

donor plasmid pENTR/D-TOPO-Pol was constructed as

follows. The sequence of polylinker was amplified from

plasmid pBluescript SK– (Stratagene, Santa Clara, CA,

USA) using primers Pol-F: 50-CAC CGG GCG AAT TGG

GTA CCG GGC-30 and Pol-R: 50-CAC TAA AGG GAA

CAA AAG CTG GAG C-30, and inserted into plasmid

pENTR/D-TOPO (Thermo Fisher Scientific) using TOPO

cloning according to the manufacturer’s protocol.

Plasmids pcDNA3.2/VP1-BE-NT and pcDNA3.2/VP1-

BE-CT

Plasmids pcDNA3.2/VP1-BE-NT and pcDNA3.2/VP1-BE-

CT carrying the sequence for VP1 protein fused with
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BioEase Tag (Thermo Fisher Scientific) at its N terminus

(VP1-BE-NT) or C terminus (VP1-BE-CT) under the con-

trol of cytomegalovirus promoter were constructed using

LR recombination. Donor vectors pENTR-VP1 and

pENTR-VP1DSTOP were constructed as follows. The

sequence of VP1 gene was amplified by PCR from plasmid

pMJG, carrying the whole MPyV genome [73], using pri-

mers VP1-F: 50-CAC CAT GGC CCC CAA AAG AAA

AAG-30, VP1-R: 50-TTA ATT TCC AGG AAA TAC

AGT C-30 (VP1-BE-NT) and VP1DSTOP-R: 50-ATT TCC

AGG AAA TAC AGT CTT TG-30 (VP1-BE-CT). VP1

sequences were inserted by TOPO cloning to plasmid

pENTR/D-TOPO (according to the manufacturer’s instruc-

tions). These plasmids were used as donor vectors in an LR

recombination reaction with destination vectors

pcDNA3.2/capTEV-CT/V5-DEST or pcDNA3.2/capTEV-

NT/V5-DEST (Thermo Fisher Scientific, according to the

manufacturer’s instructions) resulting in creation of the

plasmids.

Vector pGwfDATG-GFP

Vector pGwfDATG-GFP is a derivative of pGwf plasmid

where the start codon for GFP was mutated by site-direc-

ted mutagenesis using QuikChange II XL Site-Directed

Mutagenesis Kit (Stratagene). Primers used for mutagenesis

were GFPDATG-F: 50-GGA TCC ACC GGT CGC ACG

CGT CGC GAG CAA GGG CGA GG-30 and

GFPDATG-R: 50-CCT CGC CCT TGC TCG CGA CGC

GTG CGA CCG GTG GAT CC-30, according to the man-

ufacturer’s instructions.

Plasmids pVP1-BE-NT and pVP1-BE-CT

Plasmids pVP1-BE-NT and pVP1-BE-CT carry the sequence

of VP1 protein fused with BioEase Tag at its N terminus

(VP1-BE-NT) or C terminus (VP1-BE-CT). These sequences

are under the control of strong mammalian constitutively

expressed promoter EF1a and the sequence WPRE for stabi-

lizing mRNA is also present in these plasmids. The plasmids

were constructed using LR recombination. Donor plasmids

pENTR-VP1-BE-NT and pENTR-VP1-BE-CT were pre-

pared as follows. The sequence of VP1 fused with BioEase

Tag was amplified by PCR from plasmids pcDNA3.2/cap-

TEV-CT/V5-DEST or pcDNA3.2/capTEV-NT/V5-DEST

using primers VP1-BE-NT-F: 50-CAC CAT GGG CGC

CGG CAC CCC GGT GAC C-30 and VP1-R: 50-TTA ATT

TCC AGG AAA TAC AGT C-30 for VP1-BE-NT or VP1-F:

50-CAC CAT GGC CCC CAA AAG AAA AAG-30 and

VP1-BE-CT-R: 50-CTA TCA TTA CTA GGA TCC AGA

GC-30 for VP1-BE-CT. The sequences were inserted by

TOPO cloning into plasmid pENTR/D-TOPO according to

the manufacturer’s instructions. These plasmids were used as

donor vectors in LR recombination reaction with destination

vector pGwfDATG-GFP according to the manufacturer’s

instructions.

Plasmids were isolated by EndoFree Plasmid Maxi kit

(Qiagen, Hilden, Germany) and used for transfections.

Antibodies

The primary antibodies used were mouse monoclonal anti-

body to VP1 [4], mouse monoclonal antibody recognizing

the common region of VP2 and VP3 [4], rabbit polyclonal

antibody to VP1 (prepared in our laboratory), mouse mon-

oclonal antibody to a-tubulin (Exbio, Prague, Czech

Republic or Sigma-Aldrich), mouse monoclonal to acety-

lated a-tubulin (Sigma-Aldrich), rabbit polyclonal to glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH; Santa

Cruz Biotechnology, Dallas, TX, USA) and rabbit mono-

clonal to Hsp90a/b (Abcam, Cambridge, UK).

Secondary antibodies used were goat anti-rabbit conju-

gated with Alexa Fluor-546, donkey anti-mouse conjugated

with Alexa Fluor-488 (all from Thermo Fisher Scientific),

goat anti-mouse and goat anti-rabbit conjugated with per-

oxidase (all from Bio-Rad, Hercules, CA, USA), goat anti-

rabbit conjugated with 5 nm gold particles, goat anti-

mouse conjugated with 10 nm gold particles (all from BBI

Solutions, Cardiff, UK).

Transfection of cells

Transfection of NIH 3T3, WOP, TAT KO and 3T3-wt cells

was performed by electroporation in the NucleofectorTM

device using Nucleofector V solution (Lonza, Basel,

Switzerland) according to the manufacturer’s instructions.

Briefly, 4 9 106 exponentially growing cells were mixed

with 6 lg of plasmid DNA and 100 lL of Nucleofector V

solution and electroporated (program U-030). Tranfection

of NMuMG, 293, 293T and HeLa cells was performed by

lipofection using TurboFectTM transfection reagent (Thermo

Fisher Scientific). Cells (1 9 106 per six-well plate) were

seeded and 24 h later were transfected according to the

manufacturer’s protocol. Transfection of WOP cells with

siRNA was performed by reverse transfection using Lipo-

fectamine RNAiMax transfection reagent (Thermo Fisher

Scientific). Cells (2.5 9 105 per well of six-well plate) were

transfected with 50 pmol of siRNA according to the manu-

facturer’s protocol.

Cell fractionation

Cells were fractionated to cytoplasmic, nuclear and insol-

uble fractions according to [74]. Briefly, 1 9 106 cells were

washed with PBS and resuspended in 400 lL ice-cold buf-

fer A (10 mM Hepes pH 7.9, 10 mM KCl, 0.1 mM EDTA,

0.1 mM EGTA, 1 mM DTT and a cocktail of protease inhi-

bitors (Roche, Basel, Switzerland) and incubated for
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15 min on ice. Then, 25 lL of 10% NP-40 was added and

the solution was vigorously vortexed for 10 s. Nuclei were

pelleted by centrifugation and the supernatant was desig-

nated as the cytoplasmic fraction. The nuclear pellet was

resuspended in 50 lL ice-cold buffer C [20 mM Hepes pH

7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT

and a cocktail of protease inhibitors (Roche)] and incu-

bated at a rocking platform (250 r.p.m.) for 15 min at

4 °C. The suspension was centrifuged (5 min, 20 000 g,

4 °C) and the supernatant was removed and designated as

the nuclear fraction. The pellet, which did not contain

unbroken nuclei (as tested by microscopy), was resus-

pended in 50 lL of Laemmli buffer (1% SDS, 10 mM Tris/

HCl, pH 6.8, 5% b-mercaptoethanol, 10% glycerol,

0.001% bromophenol blue) and designated as the insoluble

fraction. Proteins from each fraction were separated by

10% SDS/PAGE, transferred onto a membrane, and VP1

protein was detected by specific antibody. The amount of

protein in each fraction was determined by measurement of

band density and expressed as a ratio to the total protein

amount (amount of proteins in all fractions).

In situ fractionation (according to [16])

Cells growing on 10 cm Petri dishes were washed three

times with KM buffer [10 mM Mes, pH 6.2, 10 mM NaCl,

1.5 mM MgCl2, 10% glycerol and a cocktail of protease

inhibitors (Roche)]. For the first extraction step, KM buffer

supplemented with 1% NP-40, 1 mM EGTA and 5 mM

DTT was used. Two milliliters of buffer was added to the

dish, incubated for 3 min on ice and removed. Another

4 mL of buffer was added to the dish, incubated for 27 min

on ice, and the extract was combined with the previous one

and designated as the NP-40 fraction. After the first extrac-

tion step, structures on the dish were washed three times

with KM buffer and incubated with 2 mL of KM buffer

supplemented with DNase I (100 u�mL�1; Roche) for

15 min at 37 °C. The extract was removed and designated

as the DNase fraction. Structures on the dish were washed

three times with KM buffer and incubated for 30 min on

ice in 2 mL of KM buffer containing 2 M NaCl, 1 mM

EGTA and 5 mM DTT. The extract was removed and desig-

nated as the NaCl fraction. After the third extraction step,

structures on the dish were washed three times with KM

buffer and incubated for 30 min at 37 °C in 3 mL of KM

buffer supplemented with DNase I (100 u�mL�1; Roche)

and RNase A (5 u�mL�1; Serva Electrophoresis GmbH,

Heidelberg, Germany). The extract was removed and desig-

nated as the DNase/RNase fraction. After the final step of

extraction, the structures were washed three times with KM

buffer and the remaining highly insoluble structures were

dissolved in KM buffer containing 1% SDS and designated

as the SDS fraction. Proteins in the extracted fractions were

precipitated by acetone, dissolved in Laemmli buffer and

analyzed by SDS/PAGE.

For light microscopy studies, cells were seeded onto cov-

erslips and fractionated as above (the amounts of solutions

were adapted accordingly). Structures remaining on the

coverslip after each fractionation step were fixed and

labeled as described hereafter.

Immunofluorescence staining

Intact cells or cells after in situ fractionation growing on the

coverslips were washed three times in PBS (Lonza) or KM

buffer, respectively. Then, samples were fixed with 3%

paraformaldehyde in PBS for 30 min and permeabilized in

0.5% Triton X-100 in PBS for 5 min. After washing in PBS

(3 9 10 min), the samples were blocked with 0.25% gelatin

and 0.25% bovine serum albumin in PBS for 30 min.

Immunostaining with primary and secondary antibodies was

carried out for 1 h and 30 min, respectively, with extensive

washing in PBS after incubation. Then the coverslips were

briefly washed in deionized water, air dried and mounted in

DAPI Gold solution (Thermo Fisher Scientific). Samples

were observed using an Olympus IX71 microscope (Olym-

pus, Tokyo, Japan) or Leica TCS SP2 AOBS confocal micro-

scope (Leica Microsystems, Wetzlar, Germany).

Electron microscopy (flat embedding)

WOP cells were transfected with pVP1, and 24 h post-trans-

fection (hpt) the first extraction step of in situ fractionation

was performed. After that, the cells on the coverslips were

fixed with 3% formaldehyde, 0.01% glutaraldehyde in 0.2 M

Hepes buffer pH 7.4 for 30 min, RT, followed by washing in

0.2 M Hepes buffer, 0.02 M glycine pH 7.4 two times. Then,

proteins were immunolabeled using the pre-embedding

method. Briefly, samples were blocked for 30 min in 1% nor-

mal goat serum (Sigma-Aldrich). Immunostaining with pri-

mary and secondary antibodies was carried out for 1 h and

30 min, respectively, with extensive washing in 0.2 M Hepes

buffer pH 7.4 after incubation. After immunolabeling, cells

on the coverslips were dehydrated with an increasing ethanol

series (30%, 50%, 70%, 96%), each for 15 min on ice. Dehy-

drated cells were infiltrated with an increasing series of LR

White resin (London Resin Company, London, UK) in etha-

nol [100% ethanol: LR White, 2 : 1 (20 min, 4 °C), 1 : 2

(20 min, 4 °C)] followed by incubation in pure resin at 4 °C
for 1 h, then overnight with fresh resin and additional 2 h

after repeated resin exchange. Polymerization was performed

at 4 °C for 48 h. Sections (70 nm thick) were contrasted with

a saturated water solution of uranyl acetate for 5 min. Elec-

tron micrographs were recorded in a JEM-1011 electron

microscope (JEOL, Tokio, Japan) operating at 80 kV.

Western blot analysis

Attached cells were harvested at indicated times post-trans-

fection or post-infection, washed with PBS and resuspended
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in ice-cold RIPA buffer (150 mM NaCl, 5 mM EDTA,

50 mM Tris/HCl pH 7.4, 0.05% NP-40, 1% sodium deoxy-

cholate, 1% Triton X-100 and 0.1% SDS) supplemented

with a cocktail of protease inhibitors (Roche). Cell lysis was

carried out by incubating the cells for 20 min on ice. Cellular

debris was removed by centrifugation (20 000 g, 30 min,

4 °C).

Protein samples were resolved by 10% SDS/PAGE [75]

and electrotransferred onto Hybond-P membrane (GE

Healthcare, Chicago, IL, USA) in cooled blotting buffer

(0.3% Tris, 1.44% glycine, 20% methanol) at 2.5 mA�cm�2

for 90 min. The membranes were blocked in 5% non-fat

milk in PBS for 1 h. Immunostaining with primary and sec-

ondary antibodies was carried out for 1 h and 30 min,

respectively, with extensive washing in PBS after incuba-

tion. Membranes were developed using an enhanced chemi-

luminescence reagent (Thermo Fisher Scientific) and

exposed to X-ray films. When desired, the membrane was

re-probed according to [76]. Briefly, the membrane was

washed in PBS, incubated in 30% peroxide for 15 min at

37 °C, washed twice in water (15 min each washing), then

incubated for 15 min in PBS, 45 min in 5% non-fat milk in

PBS, and stained with antibodies. Band intensities were

assessed using a densitometer (GS-800; Bio-Rad) and QUAN-

TITY ONE software (Bio-Rad).

Effect of nocodazole on cells expressing VP1

WOP cells were transfected, and 24 hpt they were incubated

with 5 lM nocodazole (Merck Millipore, Billerica, MA,

USA) for 1 h. Then the cells were fractionated (nocodazole

was present in each fractionation buffer) or the drug was

washed out with medium. The cells were incubated for 1 h

with medium not containing the drug and fractionated. Con-

trol cells were maintained similarly to the treated cells but

with medium not containing the drug. After each fractiona-

tion step, the structures remaining on coverslips were fixed,

and VP1 and tubulin were stained by specific antibody.

Role of dynein in binding of VP1 to microtubules

WOP cells were transfected with pVP1, and 24 hpt they were

incubated for 1 h with 40 lM ciliobrevin-D (Merck Milli-

pore) and fractionated in situ. As an alternative, the cells

were cotransfected with VP1 and p50/dynamitin-GFP [77],

and 24 hpt they were fractionated in situ. To asses VP1 dis-

tribution, the protein was stained by specific antibody.

Immunoprecipitation

Infected cells and WOP cells expressing VP1 were lysed

40 h post-infection and 24 hpt, respectively. Cells were

incubated in lysis buffer [50 mM Tris/HCl pH 8.0, 250 mM

NaCl, 1% NP-40, 0.5% Tween 20, 0.1% SDS and protease

inhibitors (Roche)] for 30 min on ice. Cellular debris was

removed by centrifugation for 30 min at 20 000 g, 4 °C
and supernatant was used for immunoprecipitation.

Immunoprecipitation was performed using Dynabeads Pro-

tein G (Thermo Fisher Scientific) according to the manu-

facturer’s protocol. Immunocomplexes were resolved by

10% SDS/PAGE, transferred to PVDF membrane, and

proteins were detected by specific antibodies.

Effect of 17-AAG on VP1 distribution in the

fractions

WOP cells were transfected with pVP1 and immediately

after transfection, 17-AAG (Sigma-Aldrich) was added to a

concentration of 10 lM. Cells were treated with the drug

for 24 h, then fractionated in situ. Proteins in the fractions

were resolved by 10% SDS/PAGE, transferred to PVDF

membrane, and detected by specific antibodies. The amount

of protein in each fraction was determined by measurement

of band density and expressed as a ratio to the total pro-

tein amount (amount of proteins in all fractions). The fold

change of protein in each fraction was compared with the

mock-treated cells expressing VP1.

Effect of Hsp90 knock-down on VP1 distribution

in the fractions

WOP cells were transfected with pVP1 and immediately re-

transfected by control siRNA (Silencer Select Negative

Control No. 1 siRNA; Thermo Fisher Scientific) or siRNA

specific to Hsp90 (s67902; Thermo Fisher Scientific). After

24 h, cells were in situ fractionated. To determine the level

of Hsp90 down-regulation, 0.1 volumes of each fraction

were combined, resolved by 10% SDS/PAGE, transferred

to PVDF membrane, and Hsp90 and GAPDH were stained

by specific antibodies. The band intensity of each protein

was determined using QUANTITY ONE software and normal-

ized to GAPDH levels. The fold change of Hsp90 was com-

pared with mock re-transfected cells expressing VP1.

Proteins of each fraction were resolved by 10% SDS/

PAGE, transferred to PVDF membrane, and Hsp90 and

VP1 were detected by specific antibodies. The amount of

Hsp90 or VP1 was determined by measurement of band

density and expressed as a ratio to the total protein amount

of all fractions. The fold change of protein in each fraction

was compared with the transfected cells expressing VP1.

Amount of acetylated a-tubulin in cells

expressing VP1

WOP cells were infected with MPyV (MOI = 10 pfu per

cell) and lysates were prepared at indicated times post-

infection. WOP cells were transfected with pVP1 or pCont

and lysed 24 hpt. Lysates were separated by 10% SDS/
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PAGE, transferred to PVDF membrane, and proteins were

detected by specific antibodies. The band intensity of each

protein was determined using QUANTITY ONE software and

normalized to GAPDH levels and transfection efficiency.

The fold increase of protein was compared with mock-

infected or transfected control cells.

Amount of acetylated tubulin in cells with

increased levels of VP1

293 and 293T cells were transfected with plasmid pVP1 or

pCont, respectively, and lysed 48 hpt. Lysates were

resolved by 10% SDS/PAGE, transferred to PVDF mem-

brane, and proteins were detected by specific antibodies.

The band intensity of each protein was determined using

QUANTITY ONE software and normalized to the GAPDH

level and transfection efficiency. The fold increase of pro-

tein was compared with mock transfected control cells.

Identification of cellular proteins interacting with

VP1

Human embryonic kidney cells 293T were transfected with

plasmids pVP1-BE-NT or pVP1-BE-CT and lysed 30 hpt.

Cells were washed twice with ice-cold PBS, resuspended in

lysis buffer [100 mM Tris/HCl pH 8, 100 mM KCl, 200 lM
EDTA, 1.5 mMMgCl2, 1%Triton X-100, cocktail of protease

inhibitors (Roche), 700 ng�mL�1 pepstatin (Sigma-Aldrich)],

and three freeze–thaw cycles were performed to lyse the cells.

Lysate was cleared by centrifugation (20 000 g, 20 min, 4 °C)
and the supernatant was used for affinity purification.

The clarified lysate (20–30 mg of proteins in 8 mL) was

loaded onto a column with 0.5 mL streptavidin agarose

(Thermo Fisher Scientific) and incubated for 3 h at 4 °C.
Unbound proteins were washed out by 8 mL of binding

buffer (100 mM Tris/HCl pH 8, 100 mM KCl, 200 lM
EDTA, 1.5 mM MgCl2, 0.1% NP-40, cocktail of protease

inhibitors, 700 ng�mL�1 pepstatin) and the column was then

washed three times with 8 mL of TEV cleavage buffer

(10 mM Tris/HCl pH 8, 150 mM NaCl, 500 lM EDTA,

0.1% NP-40). Streptavidin agarose was resuspended in

1 mL of TEV cleavage buffer supplemented with DTT to

the final concentration 1 mM and 400 U TEV protease

(Thermo Fisher Scientific) and incubated for 22 h at 4 °C.
Cleaved proteins were eluted with 3 mL of elution buffer

(10 mM Tris/HCl pH 8, 150 mM NaCl, 500 lM EDTA),

concentrated by ultra-filtration to the final volume of 20 lL
and separated by SDS/PAGE using 4–12% gradient gel

(Thermo Fisher Scientific). The most abundant bands were

identified by mass spectrometry as described in [78].

Binding of VP1 to the mitotic spindle

WOP cells were transfected, and 6 h after transfection taxol

(Sigma-Aldrich) was added to the medium at 10 lM

concentration. After 16 h treatment, cells were fixed and

VP1, a-tubulin or acetylated a-tubulin was stained with

specific antibodies.

Effect of VP1 on the cell cycle

WOP cells were transfected with pwP or pCont. Cells were

seeded in decreasing concentration so as not to reach conflu-

ence in the eight following days: 1.6 9 106, 1.2 9 106,

6 9 105, 4 9 105, 3.2 9 105, 2.2 9 105 or 1.2 9 105 per

10 cm Petri dish.

From the next day (1 day post-transfection), floating

and adherent cells were collected and the number of

EGFP-positive cells, number of dead cells and apoptotic

cells and amount of DNA in the cells was assessed for

6 days. For analysis of the cell cycle, 1 9 106 cells were

resuspended in DMEM containing 8 lg�mL�1 Hoechst

33342 dye (Thermo Fisher Scientific), incubated for 40 min

at 37 °C, 5% CO2 and amount of DNA was measured. To

measure the number of apoptotic cells, externalization of

phosphatidylserine using Annexin V-Cy3 (BioVision, Milpi-

tas, CA, USA) was assessed. Briefly, cells (5 9 105) were

stained according to the manufacturer’s protocol. Dead

cells were stained by DAPI dye (900 ng�mL�1) added to

the cells just before measurement.

Samples were analyzed using a BD LSR FORTESSA

cytometer (BD Bioscences, San Jose, CA, USA) and data

were processed using FLOWJO software (Treestar, San Car-

los, CA, USA) with the Dean–Jett–Fox model for cell cycle

analysis.
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ABSTRACT: A simple nanoprecipitation method was used
for preparation of stable photoactive polystyrene nanoparticles
(NPs, diameter 30 ± 10 nm) from sulfonated electrospun
polystyrene nanofiber membranes with encapsulated
5,10,15,20-tetraphenylporphyrin (TPP) or platinum octaethyl-
porphyrin (Pt-OEP). The NPs prepared with TPP have strong
antibacterial and antiviral properties and can be applied to the
photooxidation of external substrates based on photogenerated
singlet oxygen. In contrast to nanofiber membranes, which
have limited photooxidation ability near the surface, NPs are
able to travel toward target species/structures. NPs with Pt-
OEP were used for oxygen sensing in aqueous media, and they presented strong linear responses to a broad range of oxygen
concentrations. The nanofiber membranes can be applied not only as a source of NPs but also as an effective filter for their
removal from solution.

KEYWORDS: nanoparticles, nanofiber, singlet oxygen, antibacterial, antiviral, oxygen-sensing

■ INTRODUCTION

Functional nanoscopic materials with antibacterial and antiviral
properties are attracting increasing interest for medicinal1 and
water treatment2 applications. Among such materials, those
based on photogeneration of the short-lived and highly
oxidative singlet oxygen, O2(

1Δg), are the most attractive.3−5

Excitation of photosensitizers (typically porphyrins or
phthalocyanines) encapsulated in electrospun nanofiber mem-
branes by visible light leads to the formation of O2(

1Δg), which
can efficiently kill bacteria6−8 and viruses9 (Figure S1). The
membranes are characterized by high surface area, transparency
to light, high oxygen diffusion coefficient, and nanoporous
structure,10 which prevent the passage of bacteria and other
pathogens through the nanofiber membranes because they are
detained on the surface.11 The main drawbacks of these
polymeric nanofiber membranes with encapsulated photo-
sensitizers are the short lifetime (τΔ ≈ 3.5 μs in aqueous
solution)12 and the diffusion length of O2(

1Δg) (typically tens
to hundreds of nanometers),13 which limit efficient photo-
oxidation to chemical/biological targets in close proximity to
nanofiber surfaces.8

This limitation can be overcome by increasing the wettability
of the electrospun nanofiber surface by postprocessing
modification,14 binding of a photosensitizer directly to the
surface,11,15 or photogeneration of long-lived antibacterial
species, such as nitric oxide,16 hydrogen peroxide,7 and
triiodide.15 In this respect, polymeric nanoparticles (NPs) are

advantageous due to size effects, which can overcome the
singlet oxygen diffusion limitations. Antibacterial NPs are
considered an alternative to antibiotics and have strong
potential to solve the problem of bacterial multidrug
resistance.17 Among the variety of nanocarriers useful for
biological applications, polystyrene NPs have high efficiencies
due to their biocompatibility, good uptake properties, low
toxicity, permeability to oxygen, and slow excretion.18

In this paper, we describe the fabrication and properties of
polystyrene NPs with high antimicrobial activity and smaller
environmental impact than the commonly used silver NPs.19,20

Polystyrene NPs were prepared by simple nanoprecipitation
from pristine electrospun nanofiber membranes with encapsu-
lated photosensitizers. The encapsulation of 5,10,15,20-
tetraphenylporphyrin (TPP) allows photogeneration of
O2(

1Δg) with high efficiency.21 Alternatively, the encapsulation
of platinum octaethylporphyrin (Pt-OEP) provides NPs for
oxygen sensing.22

The resulting NPs have a negatively charged surface due to
extensive sulfonation, which prevents aggregation in aqueous
environments and allows the travel and release of O2(

1Δg) in
close proximity to chemical/biological targets. The polystyrene
core is transparent to visible light and has a high oxygen
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diffusion coefficient,7 and the oxygen concentration can be
easily monitored by luminescence of the encapsulated Pt-OEP.
An important feature, with possible high impact in nano-
technology, is the fact that nanofiber membranes can be used as
an efficient filter for bacteria and prepared NPs.

■ EXPERIMENTAL SECTION
Chemicals. 5,10,15,20-Tetraphenylporphyrin (TPP), 5,10,15,20-

tetrakis(4-sulfonatophenyl)porphyrin (TPPS), platinum(II)
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin (Pt-OEP), uric acid,
cyclohexanone, dimethylacetamide (DMAc), toluene, tetraethylammo-
nium bromide (TEAB), TNM-FH medium, Dulbecco’s modified
Eagle’s medium (DMEM), gelatin, bovine serum albumin, ampicillin
sodium, 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI),
paraformaldehyde, sulfuric acid, KI, and other inorganic salts were
purchased from Sigma−Aldrich and were used as received. Fetal calf
serum (FCS) and glutamine were obtained from ThermoFisher
Scientific (Gibco). Triton X-100 was purchased from Serva Electro-
phoresis GmbH. Luria−Bertani (LB) agar and LB medium (Lennox)
were purchased from Carl Roth GmbH & Co. Phosphate-buffered
saline solution (PBS) was purchased from Lonza Biotec. Sodium
tetraborate, hydrochloric acid, and sodium hydroxide were purchased
from Lach-Ner, s.r.o. Krasten 137 polystyrene and Tecophilic
polyurethane were purchased from Synthos Kralupy a.s. and from
Lubrizol Advanced Materials. Tetrahydrofuran (THF, HPLC-grade)
was dried with a PureSolv MD5 solvent purification system
(Innovative Technology).
Antibodies. Primary antibodies were a mouse monoclonal

antibody against the mouse polyomavirus VP1 protein23 and a rat
monoclonal antibody against the mouse polyomavirus large T (LT)
antigen.24 Alexa Fluor 488 (green) conjugated with goat anti-mouse or
donkey anti-rat immunoglobulin antibody (ThermoFisher Scientific)
was used as a secondary antibody.
Viruses and Cells. Spodoptera frugiperda cells (Sf9; Invitrogen)

were cultured as a monolayer at 27 °C in TNM-FH medium
containing 10% FCS, as described by Hink.25 The recombinant
baculovirus pVLVP1, carrying the mouse polyomavirus VP1 gene
driven by a polyhedrin promoter, was used to infect insect cells.23

Swiss Albino mouse 3T6 fibroblasts (ATCC CCL-96) were grown at
37 °C in a 5% CO2 humidified incubator and were supplemented with
2 mM glutamine and 10% FCS. Mouse polyomavirus (strain A2) was
propagated for 7 days in 3T6 fibroblasts [0.05 plaque-forming unit
(PFU)/cell]. Virions were purified as previously described.26

Electrospinning. A mixture of 0.07 wt % TEAB and 99.93 wt %
polystyrene (PS) was dissolved in cyclohexanone to prepare a 17%
solution for the fabrication of polystyrene nanofiber material. Similarly,
a mixture of 0.07 wt % TEAB, 98.93 wt % PS, and 1 wt % TPP or 0.5%
Pt-OEP in cyclohexanone was used for fabrication of polystyrene
nanofiber material with 1% TPP or 0.5% Pt-OEP. For fabrication of
polyurethane nanofiber material, the polymer solution contained 8%
(w/w) Tecophilic polyurethane [thermoplastic elastomer consisting of
segmented block copolymers synthesized from 4,4′-diisocyanatodicy-
clohexylmethane, 1,4-butanediol, and poly(ethylene glycol)] in
DMAc/toluene, 2:1 (w/w). The conductivity of the solution was
enhanced by TEAB (0.12 g/kg). All nanofiber membranes were
produced via the modified Nanospider electrospinning industrial
technology27 by simultaneous formation of charged liquid jets on the
surface of a thin wire electrode, where the number and location of the
jets was set to their optimal positions (Figure S2).28 The nanofiber
diameters were measured by NIS Elements 4.0 image analysis software
(Laboratory Imaging).
Preparation of Nanoparticles. Electrospun polystyrene nano-

fiber membranes (250 cm2, 150 mg) fixed on quartz substrates were
treated by immersion in 96% sulfuric acid29 at room temperature for
54 h. In special cases, to observe the effect of sulfonation time, the
membranes were not treated with sulfuric acid or were treated for a
limited time (2, 6, 24, or 36 h). The materials were washed with
deionized water until a neutral pH was reached and were then stored
in water. Typically, a wet, sulfonated nanofiber membrane was

immersed in 16 mL of dry THF for 60 s with stirring, and then
deionized water (80 mL) was added. THF was removed by
evaporation under vacuum. The resulting dispersion of NPs in water
was centrifuged for 10 min at 4700g to remove microparticles and was
dialyzed by use of Float-A-Lyzer G2 with a molecular weight cutoff of
50 000 for 18 h in deionized water at room temperature to remove
traces of sulfuric acid and THF.

Gravimetric Analysis. Twenty-milliliter samples of NPs were
dried at 50 °C to a constant weight. The weight was determined on a
precision weighing balance GR-200 (A&D Instruments Ltd.).

Ion Exchange Capacity. The ion-exchange capacity (IEC) of
sulfonated NPs was determined by titration. Approximately 20 mL
(∼1.2 × 1014 NPs/mL) of dialyzed NPs was treated with 10 mL of 0.2
M NaOH solution for 1 h to completely replace the H+ with Na+. The
remaining NaOH was titrated potentiometrically with 0.1 M HCl. The
concentration of HCl was determined by use of a primary standard of
sodium tetraborate. The IECs were related to the mass of the dried
NPs.

Dynamic Light Scattering. Particle size and size distributions in
water were determined by dynamic light scattering (DLS) on a
Zetasizer Nano ZS particle-size analyzer from Malvern.

Scanning Electron Microscopy. Nanofiber and NP morphology
was studied with a scanning electron Quanta 200 field emission gun
(FEG) microscope (SEM; FEI).

UV/Vis Absorption and Fluorescence Spectroscopy. UV/vis
absorption spectra were recorded on Unicam 340 and Varian 4000
spectrometers. Steady-state fluorescence spectra were monitored on an
FLS 980 (Edinburgh Instruments) spectrofluorometer.

Dissolved Oxygen Sensing. An FLS 980 (Edinburgh Instru-
ments) spectrofluorometer with a flow-through luminescence cell
equipped with an InPro 6880i oxygen sensor (Mettler Toledo),
magnetic stirring, and connections to nitrogen and oxygen gas bottles
was used to measure the luminescence response of NPs with
encapsulated Pt-OEP (2@PS-SO3) to dissolved oxygen in water.
The cell contained 40 mL of 2@PS-SO3 (concentration ∼1.2 × 1013

NPs/mL) in water. Different dissolved oxygen contents were
maintained by bubbling by nitrogen or oxygen.

Laser Flash Photolysis Experiments. Laser flash photolysis
experiments were performed with a Lambda Physik FL 3002 dye laser
(wavelength 425 nm, pulse width 28 ns) on a LKS 20 laser kinetic
spectrometer (Applied Photophysics). Kinetics of the TPP triplet
states were measured by their transient absorption at 460 nm by use of
a 150 W Xe lamp and a R928 photomultiplier (Hamamatsu). Rate
constants kO2

for quenching of the triplet states by oxygen were
calculated from the linear Stern−Volmer equation: 1/τT = 1/τT

Ar +
kO2

[O2], where τT is the lifetime of triplet states in oxygen-, air-, or
argon-saturated D2O. The average lifetime from double-exponential
decay, τT

av, and the fraction of porphyrin triplets trapped by oxygen in
air-saturated D2O, FT

O2, were calculated respectively as τT
av = (a1τT1 +

a1τT1)/(a1 + a2) and FT
O2 = (τT

Ar − τT
air)/τT

Ar. The concentration of
molecular oxygen, [O2], was 0.28 mM in air-saturated water at 20 °C.

Singlet Oxygen Luminescence. The samples were excited by a
Lambda Physik Compex 100 (λexc = 308 nm) or FL3002 dye laser (λexc
= 421 nm). The luminescence spectra of singlet oxygen, O2(

1Δg),
formed after irradiation of nanofiber material with TPP were published
previously.11,13 The kinetics of O2(

1Δg) luminescence was monitored
by use of a Judson Ge diode (Judson J16-8SP-R05M-HS) after being
selected by a 1270 nm band-pass filter (Laser Components, Olching,
Germany). The signal from the detector was averaged and collected by
a 600 MHz oscilloscope (Agilent Infiniium). The rising part of the
signals can fail due to scattered light/prompt fluorescence of TPP and
saturation of the detector. The luminescence profiles of O2(

1Δg) were
calculated as the difference between signals in air-/oxygen- and argon-
saturated D2O [no generation of O2(

1Δg)]. Individual traces were
fitted to a single-exponential decay function I = I0 exp(−t/τΔ), where
τΔ is the lifetime of O2(

1Δg) and I and I0 denote luminescence
intensity of O2(

1Δg) at time t and after excitation (t = 0), respectively.
The initial portion of the plot, which was affected by formation of
O2(

1Δg) from the TPP triplets, was excluded. This approximation is
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valid for τΔ ≫ τT. Details of the measurements can be found in our
previous papers.3,11,13

Photooxidation of External Substrates. A suspension of NPs
with or without encapsulated TPP (∼6.0 × 1013 NPs/mL) was placed
in a thermostated 10 mm quartz cell (22 °C) that contained 2 × 10−4

M uric acid in 0.02 M phosphate buffer (pH = 7.0) or a 0.1 M iodide
detection solution. The cell was irradiated with visible light by use of a
stabilized xenon lamp (500 W, Newport) with a long-pass filter (λ ≥
400 nm, Newport). UV/vis absorbance changes at 292 nm (attributed
to photodegradation of uric acid)30 and at 287 or 351 nm (attributed
to formation of I3

− in the iodide test)31 were recorded at regular
intervals and compared to a blank solution of the same composition
that was stored in the dark.
Antibacterial Tests. A culture of Escherichia coli DH5α

(Invitrogen, CA) with plasmid pGEM11Z (Promega, WI) was
incubated at 37 °C with stirring in LB medium after addition of
ampicillin. Incubation was terminated when the absorbance at 560 nm
reached approximately 1. The prepared culture was diluted 10 000× to
the desired concentration in PBS. NPs from stock suspensions (1.2 ×
1014 NPs/mL) with or without encapsulated TPP were mixed with
diluted culture in a ratio of 1:1. Two milliliters of this suspension was
placed in a thermostated 10 mm quartz cell (25 °C). The cell was
irradiated while stirring with visible light produced by a stabilized
xenon lamp (500 W, Newport) with a long-pass filter (λ > 400 nm,
Newport). At regular time intervals, 150 μL of the irradiated
suspension was placed on an agar plate. The plates were incubated
for 20 h in darkness at 37 °C to allow the individual bacteria to grow
and form colonies.
Antiviral Tests. Nonenveloped mouse polyomavirus (MPyV),

propagated in mouse 3T6 fibroblasts, and enveloped recombinant
baculovirus pVL-VP1 expressing MPyV VP1 gene, propagated in Sf9
cells, were used for testing the antiviral effect of the NPs.
MPyV stock (100 μL; 5 × 108 virus particles) or pVL-VP1

baculovirus stock (100 μL; 2 × 106 infectious particles) was mixed
with 5 μL of stock suspension of NPs (∼1.2 × 1014 NPs/mL) with
encapsulated TPP (1@PS-SO3) or without TPP (@PS-SO3). The
resulting mixtures in Eppendorf tubes were either placed on ice and
exposed to visible light (xenon lamp, 300 W, Kaiser) from 30 cm
distance for 30 min or kept in the dark. The samples were then used
for infection of cells growing on coverslips placed in 24-well dishes.
3T6 fibroblasts were grown at 37 °C overnight. Adsorption of

MPyV to the surface of the 3T6 cells was performed by incubating the
virus/NP mixtures (100 μL) and cells together for 1 h at 37 °C. Then
1 mL of prewarmed DMEM with 10% fetal calf serum (FCS) was
added to each well, and the cells were grown at 37 °C in 5% CO2 for
24 h and were finally fixed.
Sf9 cells (1.5 × 105) were seeded and incubated for 1 h at 27 °C in

serum-free TNM-FH medium. Adsorption of the baculovirus to the
surface of the Sf9 cells was performed by incubating the virus mixture
and cells together for 1 h at room temperature. Then 1 mL of
prewarmed TNM-FH medium with 10% FCS was added to each well,
and the cells were grown at 27 °C for 42 h before fixing. Virus and NP
mixtures were added to the host cells before incubating (until the
fixation step) in the dark.
Fixation of cells was performed by a 30 min incubation with 3%

formaldehyde (freshly made from paraformaldehyde), followed by
incubation with 0.5% Triton X-100 for 5 min at room temperature.
Nonspecific antibody binding sites were blocked via a 30 min
incubation in PBS buffer containing 0.25% gelatin and 0.25% bovine
serum albumin. Then the cells were incubated for 30 min with virus-
specific antibodies, directed either against the MPyV large T (LT)
antigen24 (for detection of MPyV infectivity in 3T6 fibroblasts) or
against the VP1 protein produced by recombinant baculovirus23 (for
detection of baculovirus infection in Sf9 cells). Unbound antibodies
were removed by washing with PBS (3 × 10 min), and the cells were
then incubated for 30 min with secondary antibody directed against rat
or mouse immunoglobulin and conjugated with Alexa Fluor 488. The
cells were finally washed with PBS buffer (3 × 10 min), and coverslips
were mounted with glycerol containing DAPI. Infected cells were
visualized by fluorescence microscopy (Olympus BX60) and counted.

3. RESULTS AND DISCUSSION
Preparation of Nanofiber Membranes and Nano-

particles. New top-down technology was used for the
preparation of stable polystyrene NPs from electrospun
nanofiber membranes. Membranes were fabricated by the
industrial electrospinning method (see Experimental Section
and Figure S2), and they served as a precursor for preparation
of NPs (free or with encapsulated photoactive porphyrins) after
extensive sulfonation by a nanoprecipitation method (Figure
1). The nanofiber character of the pristine polymer ensures

extensive sulfonation not only on the surface of thin nanofibers
but in the whole volume of the material. Long-term sulfonation
(54 h) yielded NPs with an average IEC of NPs ∼2.6 × 10−3

mol/g (see Experimental Section and Table S1). A similar value
(∼4.0 × 10−3 mol/g) of IEC was found on polystyrene
nanofiber membranes after fast chlorosulfonation, but chlor-
osulfonation cannot be applied because it yields insoluble cross-
linked membranes.11

Extensive sulfonation is necessary to hinder the aggregation
of NPs due to repulsive Coulombic forces. In contrast to a
similar method we described recently,32 the photoactive
compounds were homogeneously encapsulated in the poly-
styrene matrix prior to nanoprecipitation, during the electro-
spinning, which enabled preliminary spectral and photoactivity
control of the photoactive material before the next nano-
precipitation. The method is suitable for hydrophobic
compounds that are shielded by the polystyrene shell from
the surroundings, which efficiently prevents leakage of the
encapsulated compounds into the aqueous media.
Two types of NPs with different functionality were prepared:

sulfonated NPs with encapsulated 1% TPP photosensitizer (1@
PS-SO3) and sulfonated NPs with encapsulated 0.5% Pt-OEP
oxygen sensor (2@PS-SO3). NPs without encapsulated
porphyrin (@PS-SO3) were also prepared as a control. On
the basis of gravimetric analysis of NPs with encapsulated
porphyrins, the average concentration of the prepared NPs
(stock suspension) was ∼1.2 × 1014 NPs/mL (Table S1).

Figure 1. Scheme of NP preparation by nanoprecipitation and
structures of encapsulated (a) TPP and (b) Pt-OEP photosensitizers.
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In addition to transparency to light, the polystyrene matrix
has high oxygen permeability [P(O2) = 1.9 × 10−13 cm3cm
cm−2 s−1 Pa−1] and oxygen diffusion [D(O2) = 2.8 × 10−7 cm2·
s−1].33,7 Therefore, we focused on applications utilizing efficient
oxygen transport, namely, photogeneration of O2(

1Δg) (with
1@PS-SO3) and oxygen sensing (with 2@PS-SO3).
Morphology of Nanoparticles and Nanofiber Materi-

als. The structure of the original electrospun polystyrene
nanofiber materials was visualized by SEM (Figure 2a). The
typical nanofiber diameter was in the range 100−400 nm
(average diameter of 253 nm).
Sulfonation of the electrospun nanofiber materials led to

formation of negative charges on the nanofiber surfaces. As
described previously, sulfonation was accompanied by a slight
increase of the nanofiber diameter (average diameter 262 nm),
but the nanofibrous character of the materials was not changed
(Figure 2b).11

The nanoprecipitation method led to mostly spherical NPs,
as observed in the SEM images of their dried suspensions
(Figure 2d and Figure S3), where larger NPs are more visible,
in contrast to the majority of small NPs revealed by dynamic
light scattering (DLS).

DLS experiments were conducted on suspensions of NPs to
evaluate the effect of sulfonation on their size and dispersibility
(Table 1). Water dispersions of NPs prepared from pristine
polystyrene nanofibers displayed hydrodynamic diameters
peaking at approximately 230 nm (Figure S4a). Sulfonation
of the nanofibers led to a decrease in size of the NPs. The
sulfonated NPs had average hydrodynamic diameters of
approximately 30 nm, associated with low polydispersity
(PDI index of 0.2−0.3; Figure S4c), in contrast to non-
sulfonated NPs, where the freshly prepared NPs were
characterized, in some cases, as polydispersed (Figure S4b).
The presence of encapsulated porphyrins had no influence on
the morphology or size of the NPs.
Due to sulfonation of the pristine nanofiber material, NPs

possessing negative charges have a low tendency to precipitate,
even long-term (more than 270 days) and at high ionic
strength, due to electrostatic repulsions. In contrast, freshly
prepared nonsulfonated NPs had a tendency to aggregate
(Table 1). Increasing sulfonation time during preparation of the
NPs decreased their size and increased their resistance to
aggregation in environments with high ionic strength (Table 1)
due to the high number of sulfo groups per NP (up to 2.48 ×

Figure 2. SEM micrographs: pristine polystyrene nanofiber membrane for the preparation of NPs (a) before and (b) after 54 h of sulfonation. (c)
Polyurethane (Tecophilic) nanofiber membrane as a filter. Suspensions of (d) 1@PS-SO3 and (e, f) 1@PS-SO3 on the surface of a polyurethane
nanofiber membrane.

Table 1. Influence of Sulfonation Time during Preparation, Aging Time, and Addition of NaCl on Average Diameter of
Nanoparticlesa

avg hydrodynamic diameter (nm) after 54 h of sulfonation

sulfonation time (h) without NaCl 0.1 M NaCl 0.5 M NaCl aging time (days) avg hydrodynamic diameter (nm)

0 230 ± 26 b b 0 29 ± 5
2 156 ± 32 b b 10 27 ± 6
6 150 ± 17 b b 20 30 ± 5
24 31 ± 5 b b 30 27 ± 7
36 25 ± 6 86 ± 17 b 40 31 ± 5
54 29 ± 5 36 ± 7 80 ± 10 270 28 ± 8

aBased on three independent measurements. bPrecipitated.
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104, Table S1). For advanced characterization, only NPs
prepared by long-time sulfonation (54 h) were used.
An aqueous suspension of both sulfonated and non-

sulfonated NPs can be easily filtered through the hydrophilic
polyurethane Tecophilic nanofiber membrane with highly
efficient NP removal, despite the fact that the spaces between
the nanofibers (more than 150 nm) exceed the size of the
sulfonated NPs. The Tecophilic nanofiber membrane (average
nanofiber diameter of 110 ± 50 nm, thickness of 0.03 mm, 2.5
g/m2) removed the majority of the NPs (>99%), as proved by
UV/vis spectra of a 1@PS-SO3 suspension (Figure 3). DLS

analyses revealed that the small amount of NPs able to pass
through the membrane have the same size distribution as
before filtration. The test also confirmed the assumption that
hydrophobic TPP (insoluble in water) was encapsulated in
polystyrene NPs, where it exhibited its monomeric absorption
spectrum. This form is removable by membrane filtration,
whereas water-soluble TPPS, a possible product of TPP
sulfonation, freely passes through the membrane.
NPs are not only wrapped in the space between the

nanofibers but also stuck to the surface of the nanofibers

(Figure 2e,f). The pristine Tecophilic nanofiber membrane
(Figure 2c) was completely covered by NPs. This feature is
important from a nanotechnology point of view; the nanofiber
materials can serve not only as a simple and huge source of NPs
but also for their efficient removal from aqueous media.

UV−Visible Spectra. UV−vis absorption and emission
spectra were measured to evaluate the effect of NP preparation
on spectra of the encapsulated photoactive compounds TPP
and Pt-OEP. 1@PS-SO3 and 2@PS-SO3 had spectra similar to
those of the original materials (polystyrene nanofiber
membranes with TPP or Pt-OEP; Figure 4). TPP in 1@PS-
SO3 was partly protonated (Soret band with a shoulder at 440
nm) due to acidic sulfonation (Figure 4a). UV−vis spectra of
the pristine nanofiber membrane with encapsulated Pt-OEP
before and after sulfonation revealed slight acidic demetalation
of Pt-OEP, which was not detected in the case of 2@PS-SO3
due to the high scattering effect (Figure 4d).
All absorption, emission, and excitation spectra indicated that

most of the porphyrin molecules were in the monomeric state,
well-encapsulated in the polystyrene bulk and protected from
the aqueous surroundings, where hydrophobic TPP and Pt-
OEP are otherwise in aggregated, nonphotoactive states.34

Photophysical Properties. Photophysical properties of
1@PS-SO3, 2@PS-SO3, and TPPS standard in D2O are
summarized in Table 2.
Formation of singlet oxygen, O2(

1Δg), inside 1@PS-SO3
involves excitation of the ground state of tetraphenylporphyrin
(1TPP0), formation and decay of its excited singlet (1TPP) and
triplet states (3TPP) (eq 1), and their quenching by molecular
oxygen (Figure S1 and eq 2):

ν+ → →hTPP TPP TPP1
0

1 3
(1)

+ → ΔTPP O O ( )3
2 2

1
g (2)

Porphyrin triplet states, 3TPP, in 1@PS-SO3 were efficiently
quenched by oxygen (Table 2). Traces in argon-, air-, and
oxygen-saturated D2O can be fitted by two exponential decays.
The deviation from single-exponential decay observed for
3TPPS indicates different environments of TPP molecules

Figure 3. Ability to detain NPs (1@PS-SO3) on the surface of a
polyurethane (Tecophilic) membrane. UV−vis spectra of 1@PS-SO3
in H2O before (black) and after (red) filtration through the
polyurethane (Tecophilic) nanofiber membrane are shown.

Figure 4. UV−vis excitation and emission spectra of (a−c) 1@PS-SO3 and (d−f) 2@PS-SO3 (black) and corresponding electrospun polystyrene
nanofiber membranes with TPP or Pt-OEP before (red) and after sulfonation (blue). Nanomaterials with TPP were excited at λexc = 422 nm and
emission was detected at λem = 717 nm. Nanomaterials with Pt-OEP were excited at λexc = 383 nm and emission was detected at λem = 646 nm.
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within the NPs (Figures S5 and S6). The average lifetimes (τTav
of 22.6 μs for 1@PS-SO3) in air-saturated dispersion
correspond to the lifetime of 3TPP in the original polystyrene
nanofiber material in air atmosphere (τT ∼ 22 μs).7 High values
of τT (approximately several ms) were measured for 1@PS-SO3
in argon-saturated D2O, similarly to polystyrene nanofiber
membranes with TPP. The quenching of 3TPP by oxygen in
1@PS-SO3 was significantly lower than that of 3TPPS in water
(Figures S5 and S6), reflecting the oxygen diffusion coefficient
in polystyrene, which is approximately 2 orders of magnitude
lower than that in water.35

The fraction of triplet states quenched by oxygen in air-
saturated solution, FT

O2, is an important parameter to evaluate
the efficiency of singlet oxygen photogeneration. It may also
include other processes induced by the collision/interaction of
oxygen with 3TPP. High values of FT

O2 = 0.997 for 1@PS-SO3,
which were the same as that for TPPS, suggest highly efficient
O2(

1Δg) formation. Short lifetimes of 3Pt-OEP in 2@PS-SO3
(Table 2 and Figure S8) reflect the presence of luminescence as
a competitive deactivation process (Figure S9).18

Singlet oxygen, O2(
1Δg), was directly evidenced by its

characteristic luminescence centered at 1270 nm. Upon

irradiation with blue light, 1@PS-SO3 in D2O displayed long-
lived O2(

1Δg) luminescence with the lifetime typical for D2O
(Figure 5a). To compare the behavior of O2(

1Δg) inside and
outside the polystyrene nanoparticles, we measured the
luminescence of O2(

1Δg) in oxygen-saturated D2O (Figure 5a
and Figure S7) and H2O (Figure 5b).
Formation of O2(

1Δg) from
3TPP (eq 2) was independent of

the solvent and was nearly completed 15 μs after excitation
(Figure 5c). Excluding this time interval, the luminescence trace
of O2(

1Δg) in H2O can be fitted by a single-exponential
function with lifetime τΔ = 8.4 μs, whereas the decay in D2O is
biexponential, with lifetimes τΔ1 = ∼8.4 μs and τΔ2 = ∼43 μs.
The lifetime in H2O (τΔ = 8.4 μs) reflects the predominant
contribution of O2(

1Δg) luminescence inside the NPs. The
O2(

1Δg) outside the NPs in an H2O environment is deactivated
more rapidly (τΔ = 3.5 μs).12 In D2O, contributions from both
polystyrene NPs and the D2O environment (τΔ ≈ 45 μs) can
be resolved, which indicates that the O2(

1Δg) formed inside 1@
PS-SO3 is released to the aqueous environment, where it can be
used as a photooxidation agent.
Longer lifetime of 3TPP in air-saturated D2O (Table 2) is the

reason for slower kinetics of O2(
1Δg) and lower amplitude than

that in oxygen-saturated medium (eq 2 and Figure S7c,d). The
photophysical behavior of TPP and O2(

1Δg) inside and outside
polystyrene and other polymeric matrices was described in our
previous papers in detail.3,7,13,14

Photooxidation of External Substrates. The near-
infrared luminescence of the 1@PS-SO3 dispersion in water
(see above) revealed the efficient generation of O2(

1Δg), which
is sufficient to oxidize external substrates in aqueous media. To
prove this assumption, we used uric acid, a known specific
acceptor of O2(

1Δg),
36 as the model substrate. Irradiation of the

1@PS-SO3 suspension in the presence of uric acid led to
photobleaching of the substrate, as shown by the gradually
decreasing absorbance at 291 nm during the irradiation, in
contrast to the behavior in the dark (Figure 6).
No photobleaching was observed during irradiation in the

presence of 0.01 mol·L−1 NaN3, a known physical quencher of
O2(

1Δg)
37 [quenching rate constant, kq, of (2.3−7.0) × 108 L·

mol−1·s−1] or in N2-saturated solutions or when NPs without a
photosensitizer (@PS-SO3) were used. Similar results were
obtained from the iodide test for O2(

1Δg) generation (Figure
S10),31 where a linear increase in the I3

− concentration
(detected as UV/vis absorbance change at 287 or 351 nm)

Table 2. Photophysical Properties of 1@PS-SO3, 2@PS-SO3,
and TPPS Standard in D2O

a

triplet states O2(
1Δg)

τT in
oxygen
(μs)

τT in air
(μs)

τT in
argon
(μs) kO2

(L·mol−1·s−1) FT
O2 amp

τΔ
(μs)

TPPS
0.417 2.01 649 1.7 × 109 0.997 3.1 59.9

1@PS-SO3
b

1.02
(41%)

6.02
(39%)

1880
(47%)

0.997 1.6 44.3

6.00
(59%)

25.2
(61%)

6560
(53%)

2@PS-SO3
b

0.85
(35%)

4.5
(32%)

16.8
(26%)

0.806

1.16
(65%)

20.1
(68%)

99.3
(74%)

aτT, triplet lifetimes; kO2
, rate constant for triplet-state quenching by

oxygen; FT
O2, fraction of triplet states trapped by oxygen in air-

saturated solution; amp, amplitude of singlet oxygen luminescence; τΔ,
lifetime of O2(

1Δg) in D2O.
bBiexponential decay.

Figure 5. Singlet oxygen generation after excitation by a 421 nm pulse of 1@PS-SO3 in (a) oxygen-saturated D2O and (b) H2O. (c) Corresponding
biexponential kinetics of TPP triplet states.
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proportional to the photogeneration of O2(
1Δg) was detected,

in contrast to a blank solution of the same composition that
was stored in the dark or irradiated in the presence of NaN3
(Figure S11).
In our previous study, we calculated the effective range of

photogenerated O2(
1Δg) inside polystyrene nanofibers with

encapsulated TPP.14 The mean radial diffusion length, lr = [6
D(O2)τΔ]

1/2, of O2(
1Δg) depends on τΔ and the diffusion

coefficient D(O2). The distance lr traveled by O2(
1Δg) was

calculated with the values of τΔ obtained from the decay time of
O2(

1Δg) luminescence at 1270 nm and the values of D(O2) =
2.8 × 10−7 cm2·s−1 in the polystyrene nanofiber material.33 The
effective range of photogenerated O2(

1Δg) inside the material
(lr ≈ 39−42 nm) is not significantly influenced by sulfonation.
If it is assumed that D(O2) in H2O ≈ 2 × 10−5 cm2·s−1,38 the
maximum lr traveled by the photogenerated O2(

1Δg) from the
surface to the aqueous surroundings containing a substrate/
target is 205 nm for a typical value of τΔ = 3.5 μs in H2O.

12 In
the case of nanofiber material, the diffusion length is sufficient
for photooxidation of a substrate/target only in close proximity
to the surface, in contrast to NPs with a photosensitizer, which
are homogeneously distributed in the whole volume. If we
assume the same lr (205 nm) traveled by photogenerated
O2(

1Δg) from 1@PS-SO3 in stock suspension (∼1.2 × 1014

NPs/mL) to the aqueous surroundings, then a simple
calculation reveals that photogenerated O2(

1Δg) reached

100% of the total irradiated volume at a definite time of
irradiation (Table S1). Consequently, the photooxidation of a
substrate is very efficient. As will be illustrated in the following
sections, even diluted suspensions of 1@PS-SO3 (6.0 × 1013

NPs/mL for antibacterial study and 5.8 × 1012 NPs/mL for
antiviral study) are sufficient for photoinactivation of
pathogens.

Antibacterial Activity. The photooxidation experiments
revealed that O2(

1Δg)-generating NPs can easily oxidize
external substrates in aqueous media. It is generally known
that O2(

1Δg) has a strong cytotoxic effect, although recent
studies reported also an opposite effect, the stimulation of cell
proliferation by O2(

1Δg), observed only in some eukaryotic
cells with very low concentration of intracellularly generated
O2(

1Δg). Therefore, due to strong external generation of
O2(

1Δg) and prokaryotic cells as a target, antibacterial effect can
be expected.39,40 To test the antibacterial activity, 1@PS-SO3
suspensions were added to suspensions of E. coli and irradiated
or kept in the dark. Then an aliquot of a bacterial suspension
was placed on an agar plate and incubated overnight. Figure 7
(see also Table S2) shows very strong bacterial growth
inhibition of E. coli after 5 min of irradiation by visible light
for a bacterial suspension in the presence of 1@PS-SO3.
After a short irradiation with visible light, the number of

colony-forming units (CFU) drops from approximately 900 to
7. No colonies were found after 10 min of irradiation. 1@PS-
SO3 suspensions that were kept in the dark and sulfonated NPs
that did not contain photosensitizer (@PS-SO3) did not exhibit
bacterial inhibition. Minor antibacterial effects can be attributed
to the light itself (see irradiated/nonirradiated sulfonated NPs).
Briefly, only the presence of photosensitizer encapsulated in
sulfonated NPs exhibited an efficient antibacterial effect due to
the formation of cytotoxic O2(

1Δg).
In contrast to nanofiber materials with encapsulated

photosensitizers, which ensure a sterile character only on the
surface of the nanofibers due to the short diffusion pathway of
O2(

1Δg), 1@PS-SO3 exhibits antibacterial effects in the whole
volume. The literature shows that even multiresistant (MRS)
bacteria are efficiently inactivated by O2(

1Δg).
17

As mentioned above, NPs can be easily removed by filtration
through a Tecophilic polyurethane nanofiber membrane with
great efficiency. We also found that E. coli can be completely
removed from aqueous media by use of the same membrane
(Figure S12). These facts can be utilized in a new safe and
efficient technology for photodisinfection of contaminated

Figure 6. Absorbance at 291 nm of 3 mL of air-saturated 2 × 10−4

mol·L−1 uric acid in 0.02 mol·L−1 phosphate buffer (pH = 7.0)
containing a suspension of 1@PS-SO3 during continuous irradiation
with visible light (red) or stored in the dark (black). Irradiation source:
500 W Xe lamp with a long-pass filter (λ ≥ 400 nm).

Figure 7. (Photo)antibacterial activity estimated as the average number of colony-forming units (CFU) of E. coli observed on agar plates after
irradiation with visible light. Pictures of agar plates correspond to (a1, b1) 0 min, (a2, b2) 5 min, and (a3, b3) 10 min of irradiation of (a) @PS-SO3
nanoparticles without photosensitizer and (b) 1@PS-SO3. (c) Average number of CFUs corresponding to treatment with @PS-SO3 (black) and 1@
PS-SO3 (red) after 0−10 min of irradiation and of 1@PS-SO3 stored in the dark (blue), based on three independent tests.
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aqueous media, even when contaminated with MRS, by use of
NPs, such as 1@PS-SO3, followed by filtration through a
nanofiber membrane.
Antiviral Activity. The antiviral effect on the surface of

polyurethane and polycaprolactone membranes that generate
O2(

1Δg) was previously described.9 Similarly to this study, the
antiviral effect of 1@PS-SO3 was evaluated for nonenveloped
mouse polyomavirus and enveloped recombinant pVL-VP1
baculovirus, as described in the Experimental Section. A 100 μL
volume of virus stock (5 × 108 MPyV virus particles or 2 × 106

pVL-VP1 baculovirus particles) was mixed with 5 μL of 1@PS-
SO3 or @PS-SO3 (both ∼1.2 × 1014 NPs/mL) as a control.
Mixtures were kept in the dark or irradiated with visible light
for 30 min and were then applied to 3T6 fibroblast (MPyV;
Figure 8a) or Sf9 cells (pVL-VP1 baculovirus; Figure 8b). Virus
infectivity was analyzed by use of specific antibodies directed
against virus proteins.
The robust photogeneration and lifetime of O2(

1Δg) on 1@
PS-SO3 leads to strong photoinduced antiviral effects on both
nonenveloped polyomaviruses and enveloped baculoviruses. In
particular, nonenveloped polyomaviruses are extremely sensi-

tive to the presence of irradiated 1@PS-SO3, probably due to
the higher accessibility of amino acid residues sensitive to
O2(

1Δg), as nonenveloped viruses are enclosed in protective,
protein-only capsids.9 A 2-fold amount of 1@PS-SO3 (10 μL),
with stronger antiviral effect, or a decreased concentration of
viruses (5 × 107 for MPyV or 2 × 105 for pVL-VP1
baculovirus) resulted in complete inhibition of infection (data
not shown).
These NPs could be considered for use in a number of

biomedical applications utilizing virus inactivity and for the
development of O2(

1Δg) inactivation tests for enveloped and
nonenveloped viruses.

Dissolved Oxygen Sensing. Application of NPs with Pt-
OEP (2@PS-SO3) for oxygen sensing via phosphorescence of
encapsulated Pt-OEP22,41,42 utilizes the high polystyrene
transparency and facile oxygen transport due to the high
diffusion coefficient.
For oxygen sensing in water, phosphorescence of the 2@PS-

SO3 suspension was monitored (see Experimental Section) in
H2O with different concentrations of dissolved oxygen that
were maintained by nitrogen or oxygen gas bubbling. The

Figure 8. Antiviral activity of light-activated 1@PS-SO3, estimated as the average number of cells infected by (a) nonenveloped polyomavirus and
(b) enveloped recombinant pVL-VP1 baculovirus. Columns represent the average numbers of infected cells per optical field of the fluorescent
microscope, with the standard deviation from three independent experiments. Results for virus stocks with @PS-SO3 (black) or 1@PS-SO3 kept in
the dark (blue) or irradiated by visible light for 30 min (red) are shown. (a1−a3, b1−b3) Representative optical fields for individual columns in
panels a and b are shown; cell nuclei are stained with DAPI (blue), and infected cells are stained with virus-specific antibodies (green).

Figure 9. (a) Three-dimensional representation of the spectral response of 2@PS-SO3 to dissolved oxygen in water. (b) Corresponding Stern−
Volmer plot with different dissolved oxygen concentrations. (c) Reversibility of dissolved oxygen sensing: change in luminescence intensity of 2@PS-
SO3 (λexc = 383 nm, λem= 646 nm) after several cycles of saturation with nitrogen (high luminescence intensity) and oxygen (low intensity).
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intensity of the luminescence at 645 nm was efficiently
quenched with increasing oxygen concentration, which was
independently recorded by use of a commercial optical sensor.
No shift in the luminescence band was observed with increased
level of oxygen (Figure 9a). The dynamic quenching of
luminescence can be described by the Stern−Volmer equation
(eq 3):

τ= +I I k/ 1 [O ]0 q 0 2 (3)

where I0 and I are luminescence intensity without and with
oxygen quencher, [O2] is oxygen concentration, kq is the
bimolecular rate constant of quenching, and τ0 is the lifetime of
luminescent excited state without quencher.
Considering τ0 = 99.3 μs from laser flash photolysis

experiments (Table 2), the Stern−Volmer plot (eq 3) yields
kq = 5.4 × 107 L·mol−1·s−1.22,41,42 The sensitivity of 2@PS-SO3
to dissolved oxygen can be expressed by the intensity ratio of
2@PS-SO3 in oxygen-free water (I0) and in water saturated
with oxygen (Imax). The value of 12.2 for I0/Imax ratio and the
coefficient for linear fitting (R2 = 0.996) demonstrate high
sensitivity with good calibration fitting over the full range of
oxygen content. Even better calibration fitting (R2 = 0.997) can
be obtained in the biologically relevant range (0−0.28 mmol·
L−1) of oxygen content in biological media. These data indicate
the broad range and good accuracy of 2@PS-SO3 as an oxygen
sensor (Figure 9b) with a reversible luminescent response
(Figure 9c).
In conclusion, 2@PS-SO3 suspensions prepared from

electrospun material by a cheap industrial method possess
encapsulated Pt-OEP molecules that are protected from the
surroundings by a polystyrene shell. However, due to the high
oxygen permeability of polystyrene, the luminescence of Pt-
OEP is highly sensitive to quenching by dissolved oxygen.
Therefore, application of 2@PS-SO3 for sensing dissolved
oxygen is an alternative method to measure the content of
oxygen in aqueous (biological) media in compartments where
the dimensions are too small to use standard oxygen electrodes
and when chemical probes are too toxic (for application in
biological environments) and/or are sensitive to the surround-
ings.

4. CONCLUSIONS

We have demonstrated a fast, simple top-down process for
fabrication of stable photoactive polystyrene NPs from
sulfonated polystyrene electrospun nanofiber material. Proper-
ties of the NPs were tuned by the selection of encapsulated
porphyrin derivatives: NPs with TPP photosensitizer had
strong antibacterial and antiviral properties due to the
formation of highly reactive singlet oxygen, whereas NPs with
encapsulated Pt-OEP were applied for oxygen sensing.
NP-photogenerated singlet oxygen, with a short lifetime of

several microseconds in aqueous media, can travel within close
proximity of chemical/biological targets and allow their more
efficient photooxidation compared to electrospun membranes
with limited oxygen diffusion to the target structures. NPs with
encapsulated Pt-OEP exhibited reversible luminescent response
and linear Stern−Volmer quenching behavior over the whole
range of dissolved oxygen concentrations. The pristine
nanofiber membranes prepared by industrial electrospinning
can be used not only as a source of NPs but also as an efficient
filter to remove bacteria and prepared NPs.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b08234.

Twelve figures showing O2(
1Δg) photogeneration and

electrospinning devices, SEM image, DLS measurements,
decay kinetics of 3TPPS and 3TPP in 1@PS-SO3 and

3Pt-
OEP in 2@PS-SO3; time-resolved luminescence of 1@
PS-SO3, iodide tests for generation of O2(

1Δg), and
ability to detain bacteria on the surface of polyurethane
membrane; two tables listing properties of NPs and
(photo)antibacterial activity (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail mosinger@natur.cuni.cz.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Czech Science Foundation
(16-15020S). We acknowledge the assistance provided by the
Research Infrastructure NanoEnviCz, supported by the
Ministry of Education,Youth and Sports of the Czech Republic
under Project LM2015073. We thank Dr. Lukaś ̌ Plıśťil for
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(34) Prochaźkova,́ K.; Zelinger, Z.; Lang, K.; Kubat́, P. Meso-
Tetratolylporphyrins Substituted by Pyridinium Groups Aggregation,
Photophysical Properties and Complexation with DNA. J. Phys. Org.
Chem. 2004, 17, 890−897.
(35) Gao, Y.; Baca, A. M.; Wang, B.; Ogilby, P. R. Activation Barriers
for Oxygen Diffusion in Polystyrene and Polycarbonate Glasses:
Effects of Low Molecular Weight Additives. Macromolecules (Wash-
ington, DC, U. S.) 1994, 27, 7041−7048.
(36) Fischer, F.; Graschew, G.; Sinn, H. J.; Maier-Borst, W.; Lorenz,
W. J.; Schlag, P. M. A Chemical Dosimeter for the Determination of
the Photodynamic Activity of Photosensitizers. Clin. Chim. Acta 1998,
274, 89−104.
(37) Wilkinson, F.; Helman, W. P.; Ross, A. B. Rate Constants for the
Decay and Reactions of the Lowest Electronically Excited Singlet State
of Molecular Oxygen in Solution. An Expanded and Revised
Compilation. J. Phys. Chem. Ref. Data 1995, 24, 663−677.
(38) Tsushima, M.; Tokuda, K.; Ohsaka, T. Use of Hydrodynamic
Chronocoulometry for Simultaneous Determination of Diffusion
Coefficients and Concentrations of Dioxygen in Various Media.
Anal. Chem. (Washington, DC, U. S.) 1994, 66, 4551−4556.
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JC and BK polyomaviruses (JCV and BKV)
infect humans and can cause severe illnesses
in immunocompromised patients. Merkel cell
polyomavirus (MCPyV) can be found in skin
carcinomas. In this study, we assessed the
occurrence of serum antibodies against
MCPyV, BKV, and JCV polyomaviruses in a
healthy population of the Czech Republic.
Serum samples from 991 healthy individuals
(age range: 6–64 years) were examined by
enzyme-linked immunoassay (ELISA) using
virus-like particles (VLPs) based on the major
VP1 capsid proteins of these viruses. Overall,
serum antibodies against MCPyV, JCV, and
BKV were found in 63%, 57%, and 69%,
respectively, of this population. For all three
viruses, these rates were associated with age;
the occurrence of antibodies against MCPyV
and JCV was highest for those older than
59 years, while the occurrence of antibodies
against BKV was highest in those aged 10–19
years and 20–29 years. This is the first large
study to determine the seroprevalence rates
for BKV, JCV, and MCPyV polyomaviruses in
the general Czech Republic population.
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INTRODUCTION

Polyomaviruses are small, non-enveloped DNA vi-
ruses that have double-stranded circular genomes of
approximately 5,000 base pairs in length. Their
icosahedral capsids comprise three proteins, VP1,
VP2, and VP3. Members of the Polyomaviridae family
have been identified in mammals and birds [Imperiale

and Major, 2007]. Infections with most polyomavi-
ruses, except for murine pneumotropic polyomavirus
and avian polyomaviruses, are asymptomatic and a
primary infection follows an inapparent latent infec-
tion [zur Hausen, 2008]. However, under conditions of
immunosuppression, such as those with AIDS, organ
transplantation, or leukemia, these viruses may
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become reactivated in infected individuals and cause
disease [Gardner et al., 1984; Berger, 1988; Koljonen
et al., 2009]. Some polyomaviruses can also transform
cell lines in vitro [Imperiale and Major, 2007].
To date, 10 human polyomaviruses have been

identified. BK virus (BKV) and JC virus (JCV), which
were co-discovered in 1971, were the first human
polyomaviruses to be described [Gardner et al., 1971;
Padgett et al., 1971]. With the recent development of
novel molecular biology techniques, other human
polyomaviruses have been identified, including WU-
PyV, KIPyV, Merkel cell polyomavirus (MCPyV),
Human polyomaviruses 6 and 7 (HPyV6 and HPyV7),
Trichodysplasia spinulosa-associated polyomavirus
(TSPyV), HPyV9, and Malawi polyomavirus (MWPyV)
[Allander et al., 2007; Gaynor et al., 2007; Feng et al.,
2008; Schowalter et al., 2010; van der Meijden
et al., 2010; Scuda et al., 2011; Siebrasse et al., 2012].
MCPyV polyomavirus was discovered in 2008 and

was the first human polyomavirus to be associated
with a human cancer, Merkel cell carcinoma (MCC),
which is a rare, but aggressive skin malignancy
[Lemos and Nghiem, 2007]. MCPyV DNA is consis-
tently found on the skin surfaces of healthy individu-
als as well as MCC patients [Schowalter et al., 2010;
Arora et al., 2012]. Seroprevalence data suggest that
MCPyV infection occurs during early childhood and
that this virus is ubiquitous among adults [Kean
et al., 2009]. These data are consistent with lifelong
MCPyV infections of humans.
Both BK and JC polyomaviruses are ubiquitous

among humans. After a primary infection during
childhood, these viruses can establish lifelong infec-
tions in the urinary tract [Heritage et al., 1981;
Chesters et al., 1983]. The fecal–oral route of trans-
mission has been suggested, as occasional reactivation
results in these viruses to be shed in urine and both
viruses are commonly found in urban sewage systems
[Bofill-Mas and Girones, 2003]. The reactivation of
BK virus in immunosuppressed patients after renal
transplantation can result in virus-induced nephropa-
thy and cause renal graft failure [Ramos et al., 2009].
JC virus reactivation in immunosuppressed patients
can result in this virus crossing the blood–brain
barrier and cause progressive multifocal encephalopa-
thy (PML) [Berger, 2003]. Several drugs based on
monoclonal antibody binding to surface molecules
(rituximab, natalizumab) were reported to facilitate
JCV reactivation and result in PML [Kappos et al.,
2007]. JCV and BKV have been shown to have
oncogenic potential in animal models. However, the
results of studies linking these viruses to human
malignancies are controversial [Laghi et al., 1999;
Geetha et al., 2002; Kausman et al., 2004].
The seroprevalence of antibodies against these

viruses provides important epidemiological informa-
tion by establishing the distributions of these viruses
in human populations. We sought to determine the
frequency of occurrence of antibodies against MCPyV,
JCV, and BKV in the general Czech Republic popula-

tion. To our knowledge, this is the first study of this
kind to be done in the Czech Republic, as well as in
Central and Eastern Europe.

MATERIALS AND METHODS

Study Subjects

Serum samples were from serological surveys con-
ducted in the Czech Republic by the National Insti-
tute of Public Health, Prague, for multi-purpose
immunological surveys. People enrolled in these
surveys were randomly selected in cooperation with
regional and district public health offices and general
practitioners who cared for adults, adolescents, and
children. Blood samples were collected for various
urban and rural populations from healthy individuals
aged 1–64 years who had no acute febrile diseases
and no signs of immunodeficiency on the day of
sampling. Each practitioner was provided with a list
of blood samples to be obtained based on subjects’
gender and age. All subjects who were enrolled
signed informed consent forms. Children’s parents
signed the informed consent form on their behalf. All
serum samples were aliquoted, registered in the
Serum Bank of the National Institute of Public
Health, and kept frozen at �20˚C [Kriz, 2003]. The
set of serum samples analyzed in our study were
collected in 2001 and included a total of 991 people
aged 6–64 years.

Animal Immunizations

Polyclonal VP1 MCPyV specific antibodies were
prepared in mice that were immunized with a DNA
vaccine. Plasmid used for immunization was con-
structed by PCR amplification of the MCPyV VP1
gene (codon modified, pwM, Addgene plasmid
#22515) [Tolstov et al., 2009] using Pfu polymerase
and the primers VP1-IK-Sal 50-ATAAGTCGACAC-
CATGGCCCCGAAGCG-30 and VP1-T-Bgl 50-TAATA-
GATCTTCATAGCTCCTGCGTCTGT-30. The MCPyV
VP1 gene was inserted into pCR1-Blunt II-TOPO1

(Invitrogen, Carlsbad, CA and its identity with the
original gene was confirmed by sequencing. The VP1
gene was then transferred into a pBSC plasmid
[Smahel et al., 2001] using SalI/XhoI and BglII
restriction sites. The resulting plasmid was designated
pBSC-VP1-MCPyV. Mice of strain ICR (CD1) were
immunized with three doses of pBSC-VP1-MCPyV
DNA administered at two-week intervals (1mg each
dose) using the biolistic method [Smahel et al., 2001].
Mice were maintained under standard conditions at
the Center for Experimental Biomodels, Charles
University, Prague. Serum samples were collected
one week after the last immunization. These experi-
ments complied with Acts Nos. 246/92 and 77/2004
on animal protection against cruelty and Decree No.
207/2004 of the Ministry of Agriculture of the Czech
Republic on the care and use of experimental
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animals. The DNA vaccine induced strong antibody
responses against the viral protein VP1. All serum
samples collected from immunized mice were reactive
to MCPyV VLPs in an ELISA. The majority of mouse
sera also reacted with MCPyV VLPs on Western blots
(data not shown). Serum samples from mice immu-
nized with empty pBSC plasmids were used as a
negative control.
Polyclonal antibodies specific for BKV VP1 and

JCV VP1 were prepared from the sera of mice
immunized with purified VLPs. Mice of strain
C57BL/6 were immunized by subcutaneous adminis-
tration of three doses of VLPs (100mg/dose) with
Freund’s complete adjuvant (first dose) or Freund’s
incomplete adjuvant (second and third doses). Serum
samples were collected 2 weeks after administering
the last dose.

Production and Purification of Polyomavirus
Virus-Like Particles (VLPs)

The VP1 genes of human BKV, JCV, or MCPyV
polyomaviruses were inserted into recombinant bacu-
lovirus vectors. The BKV VP1 gene corresponding to
the Gardner strain, genotype Ia (GenBank accession
number: JF894228) encoded for a VP1 protein 362
amino acids in length. The JCV VP1 gene correspond-
ing to the Mad1 strain (GenBank accession number:
J02226) encoded for a VP1 protein 354 amino acids in
length. The MCPyV VP1 gene was derived from
strain 339, codon modified for expression in human
cell lines (Gen Bank accession number: FJ548568)
and encoded for a VP1 protein 423 amino acids in
length.
Plasmid pBluescript II KS(þ)-BK containing the

full-length BKV genome was kindly provided by K.
Dorries [Vallbracht et al., 1993]. A VP1 gene was
amplified using the primers BKV-VP1-I-SmaI 50-
CCAGCACCCGGGATGGCCCCAACCAAAAGA-30 and
BKV-VP1-II-PstI 50-CTCGTACTGCAGTTAAAGCATT
TTGGTTTGCAA-30. An amplified VP1 gene was di-
gested with SmaI and PstI and inserted into a
pFactBacTM Dual plasmid (Invitrogen) digested with
StuI and PstI downstream of the polyhedrin promoter.
The resulting plasmid was designated pBac-VP1-BKV.
Plasmid pBRJCV-MAD-1 containing the full-length

genome of JCV, strain Mad1 cloned into a pBR322
EcoRI site was kindly provided by Prof. J. S. Butel
(Baylor College of Medicine, Houston, TX). The JCV
VP1 gene in this plasmid was divided into two
fragments that were separated by a vector sequence
bordered by an EcoRI site. Both VP1 gene fragments
were PCR-amplified using Vent polymerase and the
primers JCV-I-BamHI 5’-GAAAGAGGATCCATGGC
CCCAACAAAAAGAAAAGGA-3’ and JCV-II-EcoRI
5’-GATGATGAATTCTGGCCACACTGTAACAAG-3’ or
JCV-III-EcoRI 5’-GCTGCTGAATTCCACTACCCAATC
TAAATGAGG-3’ and JCV-IV-HindIII 5’-GATGCCAA
GCTTTTACAGCATTTTTGTCTGCAACTGCAACTGT
CC-3’. Both of the VP1 gene fragments were joined

through an EcoRI site and the full-length VP1 gene
was subsequently inserted into a baculovirus transfer
vector, pFactBacTM Dual, under the control of the
polyhedrin promoter using BamHI and HindIII re-
striction sites. The accuracy of an inserted gene was
confirmed by sequencing. The resulting plasmid was
designated pBac-VP1-JCV.
Codon modified MCPyV VP1 gene in plasmid pwM

(Addgene plasmid #22515) was obtained from the
Addgene exchange collection (Cambridge, MA). The
MCPyV VP1 gene was amplified by PCR using Pfu
polymerase and the primers VP1-I-Sal 5’-ATAAGTC-
GACATGGCCCCGAAGCGCAAG-3’ and VP1-T-Xba
5’-ATAATCTAGATCATAGCTCCTGCGTCTGT-3’. A
MCPyV VP1 gene was inserted into pCR1—Blunt
II-TOPO1 (Invitrogen) and its identity with the
original gene was confirmed by sequencing. The VP1
gene was then transferred into a pFactBacTM Dual
plasmid under control of the polyhedrin promoter
using SalI and XbaI restriction sites. The resulting
plasmid was designated pBac-VP1-MCPyV.
Recombinant baculoviruses that expressed a VP1

gene were prepared separately according to the
Bac-to-Bac Baculovirus Expression System manual
(Invitrogen). Donor plasmids pBac-VP1-MCPyV,
pBac-VP1-BKV, or pBac-VP1-JCV were transfected
into the bacmid containing DH10BacTM Escherichia
coli strain. Colonies with the recombinant bacmids
were selected, bacmid DNA was purified, and then
used to transfect Sf9 insect cells. Recombinant bacu-
loviruses were plaque purified.
MCPyV, JCV, and BKV VLPs were prepared using

previously described protocols [Hrbacek et al., 2011].
Briefly, SF-9 cells were grown to a density of 1� 106

cells/ml in TNM-FH insect medium (Sigma) supple-
mented with 10% FBS (Gibco) and infected at an
MOI of 10 with BKV-VP1, JCV-VP1, or MCPyV-VP1
baculoviruses. Cells were harvested at 72h post-
infection, pelleted by centrifugation (430g, 10min,
4˚C), and then frozen at �20˚C. Thawed pellets of
about 2� 109 cells were resuspended in 20ml of
extraction buffer (100mM MgCl2, 50mM CaCl2,
150mM NaCl, 0.01% Triton X-100, and 20mM
Hepes, pH 7.4), disrupted by sonication (3� 30 sec on
ice), and cell debris was pelleted at 46,328g at 4˚C for
20min. The pellet was resuspended in 20ml of fresh
extraction buffer, sonicated, and cell debris was
pelleted as above. Both supernatant fractions that
contained VLPs were combined and CsCl was added
to final concentration of 0.3 g/ml. After centrifugation
(195,883g, 18˚C, 20h), bands appearing at the posi-
tion of the buoyant density of empty capsids were
collected. These samples were dialyzed against PBS,
loaded on a CsCl step gradient (36%–30.5%–16%),
and then centrifuged (234,116g, 18˚C, 4 h). The layer
at the 36–30.5% interface containing VLPs was
collected. Protein concentration was determined with
a NanoDrop spectrophotometer. The sizes of purified
VP1 proteins were confirmed by SDS–PAGE stained
with Blue BANDitTM (Amresco LLC, Solon, OH). The
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identity of VP1 capsid proteins was confirmed by
Western blotting using specific antibodies. The integ-
rity of VLPs of individual polyomaviruses was
verified by electron microscopy. VLP samples were
applied to copper 200-mesh grids covered with
parlodion/carbon, stained with 2% phosphotungstic
acid, pH 7.3, and examined with a JEOL JEM-1011
electron microscope.

VLP ELISA

VP1 VLP-based ELISAs were prepared in-house
as described previously [Hrbacek et al., 2011]. Brief-
ly, ELISA plates were coated with purified MCPyV,
BKV, or JCV VLPs, blocked with bovine serum
albumin, after which a diluted serum sample (1:25)
was incubated in duplicate. Bound antibodies were
detected using donkey, anti-human IgG linked to
horseradish peroxidase. The reaction was visualized
by o-phenylenediamine and optical densities were
read at 492 and 630 nm. Control sera known to be
positive and negative were also tested with each
ELISA plate. An optical density cut-off (CO) value
was determined separately for each antigen/plate
as the mean of the negative control plus two
standard deviations (2SD). An ELISA result was the
ratio of the absorbance of a sample to the respective
CO value (OD index). To confirm these results,
samples with values of 10% above the CO value and
about 1/4 of all serum samples were retested. Only
samples with repeat positive results were considered
reactive.

Statistical Analysis

Statistical analysis used GraphPad Instat software
(V.3.00). Comparisons of two groups were based on a
normal approximation for the binomial distribution.
A Chi-square test with Yate’s correction was used to
calculate odds ratios (ORs) and 95% confidence
intervals (CIs). Non-parametric Spearman’s correla-
tion coefficients (r) were determined to compare OD
values obtained from two assays. All statistical tests
were two-tailed and P-values of <0.05 were consid-
ered significant.

RESULTS

Characterization of VLPs

VP1 proteins that were produced in insect cells
spontaneously formed VLPs, which were subsequent-
ly purified on CsCl gradients. Purified VLPs ana-
lyzed by SDS-PAGE were in major bands of
mobilities that were predicted based on the respec-
tive VP1 protein lengths. The MCPyV VP1 protein
was in a band of � 44 kDa, and both BKV and JCV
VP1 proteins were in bands of � 40 kDa (data not
shown). Purified VLPs of all three polyomaviruses
that corresponded to their VP1 proteins were
completely assembled into spherical capsid-like
structures of � 45 nm in diameter, as observed with
electron microscopy (data not shown).

MCPyV, BKV, and JCV Seroreactivity Rates in
the General Czech Republic Population

The presence of serum antibodies specific for the
MCPyV, BKV, and JCV polyomaviruses was tested
using ELISAs. Overall, among a total of 991 subjects,
serum antibodies against MCPyV, BKV, and JCV
were found in 63.4%, 68.7%, and 56.6%, respectively,
of these subjects (Table I). The seroprevalence rates
for men and women were not significantly different.
Serum antibodies against MCPyV were found in
64.2% of men and 62.5% of women (OR¼ 1.0; 95% CI:
0.8–1.2; P¼ 0.827), serum antibodies against BKV
were found in 67.1% of men and 70.0% of women
(OR¼ 1.0; 95% CI: 0.8–1.2; P¼ 0.666), and serum
antibodies against JCV were found in 57.8% of men
and 55.4% of women (OR¼ 1.0; 95% CI: 0.8–1.2;
P¼ 0.736). Comparable seroreactivity results for each
polyomavirus for men and women were also found
among different age groups (data not shown).
We next tested the specificity of the VLP based

ELISAs for the respective VP1 proteins. Possible
associations between seroresponses to the three poly-
omaviruses were tested in a subset of 50 serum
samples selected at random for those aged 30–39
years for which the seroprevalence rate for all three
viruses was >50%. No association was found between
the MCPyV and BKV seroresponses in this subgroup

TABLE I. Seroprevalence Rates for Merkel Cell Polyomavirus (MCPyV), BK Polyomavirus (BKV), and JC Polyomavirus
(JCV) for Different Age Groups and Among Men and Women

Age group Gender Number tested MCPyV seropositive (%) BKV seropositive (%) JCV seropositive (%)

6–9 107 63 (58.9) 78 (72.9) 51 (47.7)
10–19 219 109 (49.8) 175 (79.9) 105 (47.9)
20–29 177 107 (60.5) 141 (79.7) 94 (53.1)
30–39 139 96 (69.1) 90 (64.7) 74 (53.2)
40–49 141 105 (74.5) 79 (56.0) 96 (68.1)
50–59 138 95 (68.8) 79 (57.2) 88 (63.8)
>59 70 53 (75.7) 39 (55.7) 53 (75.7)
Men 495 318 (64.2) 332 (67.1) 286 (57.8)
Women 496 310 (62.5) 349 (70.0) 275 (55.4)
Total 991 628 (63.4) 681 (68.7) 561 (56.6)
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(r¼ 0.21; P¼ 0.14; Fig. 1A). Similarly, no associations
were found when comparing MCPyV and JCV seror-
esponses (r¼ 0.08; P¼ 0.57; Fig. 1B) and BKV and
JCV seroresponses (r¼ 0.11; P¼ 0.44; Fig. 1C).

Age-Associated Seroprevalence Rates

The seroprevalence rates for the group aged 6–9
years (Fig. 2), which included the youngest children
in this study, were considerably high. These were
58.9%, 72.9%, and 47.7%, respectively, for MCPyV,
BKV, and JCV. With increasing age, MCPyV sero-
prevalence rates also increased; the highest (72.9%)
was found in the group that included those who were
older than 59 years (oldest group in this study). The
same trend was found for JCV; the highest seroprev-
alence rate for JCV (75.7%) was also found in the
oldest age group (those older than 59 years). In
contrast, the seroprevalence rates for BKV were the
highest among those aged 10–19 years (79.9%) and
20–29 years (79.7%). With increasing age, BKV
seroprevalence rates decreased; the lowest seropreva-
lence was found among those older than 59 years
(55.7%).
Figure 3 shows the levels of specific antibodies in

seropositive samples (OD indices for specific polyoma-
viruses in serum) by age groups. For MCPyV anti-
bodies, the medians of the OD indices of positive sera
increased with age due to fewer serum samples with
lower OD index values (Fig. 3A). By comparison, the
medians of BKV OD indices decreased with increased
age because of fewer serum samples with high OD
index values (Fig. 3B). For JCV, the medians of OD
indices remained comparable across the different age
groups (Fig. 3C).

DISCUSSION

In this study, we determined the seroprevalence
rates for the polyomavirus MCPyV and the first two
human polyomaviruses that were discovered, BKV
and JCV, in the general population of the Czech
Republic. Seropositivity was determined using ELI-
SAs based on VLPs comprising the respective VP1

Fig. 1. Cross-reactivity between Merkel cell polyomavirus
(MCPyV), BK polyomavirus (BKV), and JC polyomavirus (JCV)
VP1 capsid proteins. Correlations between optical density (OD)
indices for (A) MCPyV and BKV, (B) MCPyV and JCV, and (C)
BKV and JCV are shown for 50 randomly selected serum
samples from the age group of 30–39 years. Each circle
represents one serum sample; correlation coefficient for each
graph (r) is shown.

Fig. 2. Age-associated seroprevalence rates of Merkel cell
polyomavirus (MCPyV), BK polyomavirus (BKV), and JC poly-
omavirus (JCV) among 991 serum samples obtained from the
general Czech Republic population. Serum samples were diluted
1:25 and assayed using VLP-based ELISAs. The study popula-
tion was divided into seven age groups.
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proteins prepared with a baculovirus system. Ours
was a large study population to evaluate the general
population (N¼ 991) and included both pediatric
(N¼ 326) and adult subjects (N¼ 665). To our knowl-

edge, information of this type has not been previously
reported for Central and Eastern Europe.
Historically, hemagglutinin inhibition assays were

used to evaluate the seroprevalence rates of human
polyomaviruses [Taguchi et al., 1982; Hamilton
et al., 2000]. Currently, several types of assays are
used to detect antibodies specific for human polyoma-
viruses, including direct ELISAs or multiplex immu-
noassays with VP1 capsomers expressed in bacteria
or VLPs expressed in baculoviruses. Polyomavirus
neutralizing antibodies can be determined with in
vitro neutralizing assays for which specific neutraliz-
ing antibodies block the entry of virions or pseudovi-
rions carrying a reporter genes into target cells
[Pastrana et al., 2009]. However, these assays are
time consuming and, thus, are not suitable for large
epidemiological studies. Further, the seroprevalence
data obtained using these assays may not be directly
comparable.
In this study, the direct ELISA tests with purified

VLPs as antigens could identify neutralizing and
non-neutralizing polyclonal antibodies directed
against various antigenic epitopes on the surfaces of
virus-like particles. ELISAs with VP1 capsomers
detect all VP1-reactive antibodies. However, they
may miss some antibodies that are specific for
conformational epitopes on the surfaces of virions/
VLPs [Schiller and Lowy, 2009].
There were some other factors that could have

affected the observed seroprevalence results in this
population, such as the selection of the study cohort
and the demographic characteristics of the enrolled
subjects. The serum samples analyzed in this study
were originally collected within the scope of immuno-
logical surveys organized in the Czech Republic.
Thus, the only information available was for age and
gender.
A high MCPyV seroprevalence rate of 58.9% was

found in children aged 6–9 years. In this age group,
the BKV seroprevalence rate was 72.9% and the JCV
seroprevalence rate was 47.7%. The mode of trans-
mission for MCPyV is not known and the cellular
tropism of MCPyV remains unclear. MCPyV DNA,
most likely within virions, is repeatedly detected on
the skin surfaces of healthy individuals. For infec-
tious entry into cells, MCPyV sequentially utilizes
glycosaminoglycans and sialylated glycans [Schowal-
ter et al., 2011]. Interestingly, the same strategy of
infectious entry is used by human papillomaviruses
that are exclusively tropic for keratinocytes, which
form the epidermal layers of the skin and the
mucosa. This observation supports MCPyV cutaneous
transmission.
However, MCPyV DNA can also be detected in

nasopharyngeal aspirates, tonsil tissues, the digestive
system, saliva, and urban sewage systems. Thus, it
may also be spread by fecal-oral transmission or a
respiratory route [Bialasiewicz et al., 2009; Kantola
et al., 2009; Bofill-Mas et al., 2010; Loyo et al., 2010].
Vertical transmission from a mother to her fetus is

Fig. 3. Optical density (OD) indices of positive sera in age
groups using VLP-based ELISAs. An OD index is the ratio
between an absorbance reading and a cut-off value. Each open
circle represents one serum sample, and the median of each age
group is indicated by a horizontal line. Results are OD indices
of sera assayed using (A) Merkel cell polyomavirus (MCPyV)
VLPs, (B) BK polyomavirus (BKV) VLPs, and (C) JC polyomavi-
rus (JCV) VLPs.
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not likely due to the absence of viral DNA in fetal
autopsy samples [Sadeghi et al., 2010].
No associations were found between the presence

of antibodies against BKV, JCV, and MCPyV and
gender. These results correspond to those of other
studies that reported little variation in the seropreva-
lence rates between men and women [Knowles
et al., 2003; Antonsson et al., 2010]. Comparable high
MCPyV seroprevalence rates of about 50% in children
were found in other studies, which reported 35–50%
seropositivity in young people [Kean et al., 2009;
Tolstov et al., 2009; Chen et al., 2011; Viscidi et al.,
2011].
For adults older than 20 years of age, there was a

trend for increased MCPyV seroprevalence with
increased age. MCPyV seroprevalence ranged from
60.5% among those aged 20–29 years to 75.7% among
those older than 59 years. These results were consis-
tent with those of other studies in which the reported
MCPyV seroprevalence in adults ranged between
46% and 88%. This increase in MCPyV seropreva-
lence among adults is very likely caused by serocon-
version after asymptomatic primary infections
[Tolstov et al., 2011].
In addition to the increased seroprevalence among

our older age groups, increased levels of MCPyV
antibodies (OD indices) in older individuals were also
found. In a retrospective study, MCPyV antibodies
were detectable up to 25 years after seroconversion.
In addition, in 2/3 of those subjects, the levels of
MCPyV antibodies slowly increased over time [Tol-
stov et al., 2011]. MCPyV very likely causes chronic,
lifelong infections due to host immune systems being
continuously stimulated by viral antigens.
It was found that BKV seropositivity was very

common among children, which reached a peak of
79.8% among those aged 10–29 years, and then
slowly declined in older aged groups. This finding
was in agreement with previous reports in which
peak seroprevalence rates ranged from 65% to 95%
and with similar age-associated dynamics in terms of
the antibodies detected [Knowles et al., 2003; Stolt
et al., 2003; Viscidi et al., 2011]. We also observed
that a decline in BKV seropositivity was reflected by
decreased antibody levels. This phenomenon suggests
that BKV transmission is less common later in life
and that antigenic stimulation is low.
In the present study, the curve for age-associated

JCV seroprevalence was similar to that for MCPyV
with low seropositivity of 47.7% in young children,
and then increasing with increased age, with 75.7%
in the oldest age group. These dynamics are consis-
tent with previous reports in which the highest
seropositivity rates (up to 80%) were observed in the
oldest age groups [Egli et al., 2009; Kantola
et al., 2009; Viscidi et al., 2011]. JCV antibody levels,
however, remained comparable across the different
age groups. This suggests continuous JCV transmis-
sion throughout life. The JC virus is found more
frequently in the urine of healthy individuals than is

BKV, which suggests more frequent JCV reactivation
[Imperiale and Major, 2007]. This JCV reactivation
may counteract antibody waning, which was seen in
older age groups for BKV antibodies.
Serological cross-reactivity among viruses within

the same family can affect the observed seroreactiv-
ity. Using competitive inhibition assays, no cross-
reactivity was reported among MCPyV, JCV, and
BKV VLPs or pseudovirions [Viscidi and Clayman,
2006; Tolstov et al., 2009]. The most closely related
VP1 proteins are for BKV and JCV (pair-wise amino
acid sequence identity of 78%; NCBI Blast algo-
rithm). BKV/MCPyV and JCV/MCPyV are more
distantly related (pair-wise amino acid sequence
identities of 48% and 49%, respectively). Cross-
reactivity has been observed between HPyV9 and
LPyV VLPs; however, their VP1 amino acid sequen-
ces are more closely related (87%) [Scuda et al., 2011;
Nicol et al., 2012]. In the present study, the specificity
of seroreactivity was analyzed using correlation anal-
yses. No evidence of seroreactivity correlations was
found among these three viruses. Yet, cross-reactivity
with other known or as yet undiscovered human
polyomaviruses cannot be excluded.
MCPyV very likely plays a role in the etiology of

human Merkel cell carcinoma. Several experimental
vaccines have been designed to prevent MCPyV
infections, which could consequently limit MCC
prevalence [Gomez et al., 2012; Zeng et al., 2012].
Seroepidemiological analyses provide important infor-
mation on virus epidemiology in different geographi-
cal regions and help to identify those populations
that would benefit from vaccinations.
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a b s t r a c t

Mouse polyomavirus (MPyV) is considered a potential tool for the application of gene therapy; however,
the current knowledge of the encapsulation of DNA into virions is vague. We used a series of assays based
on the encapsidation of a reporter vector into MPyV pseudovirions to identify putative cis-acting
elements that are involved in DNA encapsidation. None of the sequences that were derived from MPyV
have been shown to solely enhance the encapsidation of a reporter vector in the assay. The frequency of
encapsidation strongly correlated with the total intracellular amount of the vector after transfection. The
encapsidation of target DNA into the pseudovirions was shown to be non-specific, and the packaging of
non-replicated DNA was observed. We propose that the actual concentration of target DNA at the sites of
virion formation is the primary factor that determines its selection for encapsidation.

& 2013 Elsevier Inc. All rights reserved.

Introduction

Mouse polyomavirus (MPyV) and simian virus 40 (SV40) have
historically served as molecular biology models and are considered
potential gene therapy tools in anticancer therapy. MPyV seems to be
superior for this type of application due to the absence of a pre-
existing immunity in the human population. Both viruses are mem-
bers of Polyomaviridae, which is a family of small, non-enveloped DNA
viruses. The approximately 5.3-kb genome of MPyV circular dsDNA
encodes three early regulatory proteins, designated small (ST), middle
(MT) and large (LT) tumor antigens, and three late structural proteins,
the viral proteins VP1, VP2 and VP3. Viral DNA is assembled with
histones of cellular origin (except H1) in the form of a minichromo-
some and is encapsidated into an icosahedral capsid approximately
45 nm in diameter. The capsid consists of 72 capsomers composed of
five monomers of the major capsid protein, VP1 and one of the minor
proteins (VP2 or VP3), which faces the internal cavity of the viral shell
(Chen et al., 1998). The processes of MPyV virion morphogenesis,
genome selection and its encapsidation, albeit important for gene
therapy vector design, are not well understood.

For SV40, detailed analyses of deletion mutants of the virus
were performed and have revealed that the cis-acting DNA signal,
which is important for the encapsidation of the SV40 minichro-
mosome, resides in the enhancer region close to the origin of
replication (ori) (Oppenheim et al., 1992; DalyotHerman et al.,

1996). The signal is called ses (SV40 encapsidation signal). The
recognition of the SV40 minichromosome during packaging is
thought to be achieved via Sp1, a mammalian transcription factor,
which binds ses within the regulatory region of the genome
(Gordon-Shaag et al., 2002). Sp1 recruits the capsid proteins to
the viral minichromosome by forming a recruitment complex that
is composed of the Sp1 transcription factor and the SV40 cap-
somere (which is formed by five molecules of VP1 and one
molecule of VP2 or VP3). Furthermore, the binding of the recruit-
ment complex to ses via the association of VP2/3 with Sp1 leads to
the repression of both early and late genes (Gordon-Shaag et al.,
1998), thus regulating the transition from replication and tran-
scription to assembly. Sp1 has not been found in mature virions
(Roitman-Shemer et al., 2007), which indicates that before assem-
bly, the transcription factor is displaced from the viral genome.

In contrast to SV40, the MPyV cis-acting signals and trans-
acting proteins, which are prerequisites for the encapsidation of its
DNA, have not been identified. The similarities in the organization
of the regulatory region of both viruses justify the presumption
that these elements exist and drive the virion assembly of MPyV.
For example, the transcriptional regulator Ying-Yang 1 (YY1),
which is a component of the nuclear matrix, has been found to
directly interact with the major capsid protein VP1 of MPyV
in vivo; however, the biological role of this interaction is not yet
understood (Palkova et al., 2000). Three YY1 binding sites are
present in the MPyV genome (Martelli et al., 1996, Gendron et al.,
1996), and the direct interaction of VP1-YY1 could offer the
possibility that YY1 can be involved in virion assembly similar to
Sp1 in SV40 morphogenesis.
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In this study, we attempted to identify the encapsidation signal
for MPyV. Instead of deleting the viral genome and screening for
the alleviation of genome packaging in mutants, we used methods
for the efficient intracellular assembly of reporter vector (RV) DNA
into pseudovirions, which have been recently developed for both
SV40 (Oppenheim and Peleg, 1989) and papillomaviral vectors
(Buck et al., 2004). We introduced parts of the MPyV viral genome
in the target RVs to enhance their encapsidation. Moreover, by
using the SV40 regulatory elements for MPyV encapsidation, we
experimentally separated the process of encapsidation from MPyV
DNA replication.

Results

Design and construction of pseudovirion-based assays

Based on SV40 research (Oppenheim et al., 1992), we reasoned
that sequences around the origin of replication (ori) and the
enhancer have the highest probability of containing the encapsi-
dation sequence; however, we faced the problem that the impor-
tance of viral genome replication during virion assembly has never
been systematically analyzed. For MPyV, it has been convincingly
shown that the modification of the enhancer region can have an
increased effect of one or two orders of magnitude on MPyV
compared to SV40 DNA replication (Guo and DePamphilis, 1992)
and that the manipulation of the viral genome in the YY1-binding
area dramatically reduces genome replication (Spanielová, 2002).
We assumed that the construction of an MPyV deletion mutant in
a regulatory region would likely lead to restricted replication,
decreased DNA copy number and limited encapsidation, regardless
of its intrinsic packaging potential. For this reason, we did not use
the deletion mutant approach, as performed during the identifica-
tion of ses (Oppenheim et al., 1992). Instead, we developed several
assays based on pseudovirion technology. This technology allows
for the generation of pseudovirions consisting of capsid proteins
and an RV (instead of a viral genome) associated with cellular
histones in producer cells.

The first assay, called the Reporter vector Encapsidation into
Pseudoivirions system (REPs) is designed to use the pseudovirions
for the subsequent experimental infection, which causes the
transduction of the reporter gene. The efficacy of the pseudoinfec-
tion (transduction) by pseudovirions, which contain different RVs
(measured by the activity of the reporter gene product after the
gene transduction by each individual vector), then corresponds to
the efficacy of their packaging. The RVs that carry the part of MPyV
with a putative encapsidation signal sequence would be trans-
duced with the highest frequency. Specifically, the system consists
of a series of RVs that serve as target DNAs for encapsidation,
helper vector(s) providing the capsid proteins in trans and two cell
lines: one allowing the production of pseudovirions (producer
cells) and the second (detection cells) allowing the sensitive
screening of reporter activity after pseudoinfection (transduction).

RVs were constructed from the pGL3-Control vector (Promega),
which harbors the luciferase reporter gene under the control of a
strong SV40 promoter. The vector also carries the SV40 enhancer
and SV40 ori, which ensures the replication in monkey and human
cell lines with the constitutive expression of the SV40 large T-
antigen. The plasmid pGL3-Control does not contain any MPyV-
derived sequences. The plasmid's size corresponds to the size of
the MPyV genome (5.3 kb); thus, it serves as the control RV
throughout the study. For the construction of RVs, the MPyV
genome was divided into nine 650-bp-long fragments that cover
the entire viral genome (Table 1), and each fragment was cloned
into the multiple cloning site of the shortened pGL3-Control
plasmid (pGL3-ΔC, see the section “Materials and methods”).

The final size of all RVs was approximately the size of the MPyV
genome to allow the unrestrained encapsidation of constructs.

The helper vectors ph2-VP1 (encoding VP1 and VP2) and ph3β
(encoding VP3 and β-galactosidase) were constructed from codon-
optimized MPyV structural genes (see the section “Materials and
methods” for detail). Both helper vectors contain the SV40 origin
of replication, and their size exceeds the MPyV genome size by
2.5 kb to prevent their encapsidation. The β-galactosidase gene
was included in the system to normalize the transfection effi-
ciency. In some experiments, the pCG-VP1/2/3 vector (6.5 kb)
that encoded all three structural proteins under the control of
the MPyV late promoter was used. The descriptions of all of
the plasmids that were used in the study are shown in the
Supplementary Table S2. Human embryonic kidney 293TT cells
that stably expressed the SV40 large T-antigen to enhance the
replication of SV40 origin-containing plasmids were used as
producer cells.

The second assay, called the qPCR assay, is derived from the
REPs system. During the qPCR assay, the RVs are isolated directly
from pseudovirions and are used for quantitative PCR (qPCR)
analysis to determine the most frequently encapsidated RV. This
assay eliminates the need to determine the efficacy of packaging
by secondary transduction to the screening line, which can be a
potential confounding factor. Moreover, due to sequence-specific
detection of each RV, it allows direct identification of RV from a
mixture of pseudovirions carrying different RVs. There is, however,
a potential disadvantage in that fragmented DNA, or DNA of less
than unit length, enclosed in so called “empty” capsids can be
detected.

The third assay, called the transformation assay, also directly
identifies encapsidated RV, but the DNA extracted from pseudo-
virions is used for the transformation of bacteria. The identifica-
tion of encapsidated RVs is based on the subsequent sequencing of
vectors isolated from bacterial colonies. In contrast to the qPCR
assay, this approach ensures the identification of full-length intact
encapsidated vectors, thus further increasing the accuracy of the
experimental evaluation.

Pseudovirions are generated inside the cell nucleus

To ensure that MPyV pseudovirions can be successfully gener-
ated in cells using our system, we co-transfected 293TT producer
cells with helper plasmids, ph2-VP1, ph3β and the reporter control
vector, pGL3-Control. The transfection efficiency was evaluated by
immunofluorescence. Capsid proteins and luciferase genes were
coexpressed in 87% of transfected cells (data not shown). At 48 h
post-transfection, cells were collected and were then either sub-
jected to a purification procedure or processed directly for electron
microscopic examination on ultrathin sections in order to exclude
a theoretical possibility that transducing particles are nonspecifi-
cally formed in the cell lysate through a self-assembly process.

Table 1
Description of MPyV regions in reporter vectors.

Reporter vector Region location (nucleotides)a Landmarks

RV-1 4953–311 Regulatory region
RV-2 292–985 LT/MT/ST, intron
RV-3 971–1635 LT/MT
RV-4 1618–2180 LT
RV-5 2172–2836 LT
RV-6 2816–3496 poly(A) signal, VP1
RV-7 3479–4137 VP1
RV-8 4104–4741 VP2, VP3
RV-9 4748–3 VP2, enhancer

a MPyV genome numbering according to the GenBank database.
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Electron microscopy confirmed that viral particles could be pur-
ified from cell extracts (Fig. 1A) and that the cell-associated viral
particles could be detected inside the nuclei of transfected cells
(Fig. 1B).

A region of early introns (nucleotides 292–985) in the MPyV genome
surpasses other regions in the REPs assay

The REPs assay was designed as a rapid screen for packaging
signal. The pseudovirions, which were formed after the transfec-
tion of producer cells with helper vectors and with each individual
target RV, were not purified, but the whole-cell lysate that was

treated with DNase I was used for the transduction of the
detection cell line. In this way, the efficiency of the encapsidation
of a given RV in producer cells can be estimated from the
normalized activity of luciferase that was measured in the corre-
sponding cell extract from transduced detection cells. Initially,
MPyV-permissive mouse 3T6 fibroblasts were used as the detec-
tion cell line. Using these cells, we failed to detect any luciferase
activity in the REPs assay (data not shown). However, high
luciferase activity was achieved in COS-1 cells after the transduc-
tion of pGL3-Control. COS-1 cells that express the SV40 large T-
antigen support the replication of plasmids containing the ori. We
concluded that (i) the replication of the RV in detection cell lines is
necessary to increase the sensitivity of the assay and (ii) RVs can

Fig. 1. Electron micrographs of MPyV viral particles that were produced in 293TT cells. (A) Purified viral particles were visualized by negative staining. (B) For transmission
electron microscopy on ultrathin (70 nm) resin sections, cells were fixed at 48 h post-transfection. Particles were observed in clusters (as shown in the inset) inside the
nucleus in the periphery of the condensed chromatin (Chr). Cyt, cytoplasm.

Fig. 2. The REPs assay in COS-1 cells. The 293TT cell line was co-transfected with the helper vectors ph2-VP1 and ph3β and each of the indicated RVs. A cell lysate from the
production cell line was used for the transduction of the COS-1 cell line. Luciferase activity was measured in cell lysates that were prepared at 48 h post-transfection and in
lysates that were prepared at 48 h post-transduction. Relative luciferase activity was determined for each cell lysate as described in the section Materials and methods, and
the final relative luciferase activity was calculated by dividing the relative luciferase activity that was determined in COS-1 cell lysates with the relative luciferase activity that
was determined in the corresponding 293TT cell lysates. The graph shows the results of three independent experiments, and the relative luciferase activity that was
calculated for each sample is expressed as a percentage of the relative luciferase activity that was determined for the pGL3-Control (C) vector (represented by 100% on
x-axis). The standard deviations of the mean are indicated by error bars.
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be effectively transduced by MPyV pseudovirions. Finally, the COS-
1 cell line was employed as a detection cell line in REPs assays.

The results from three separate REPs assay screens are shown
in Fig. 2. Out of all RVs, reporter vector 2 (RV-2) was the only
vector that was transduced into the COS-1 cell line more efficiently
than the control vector. This observation suggested that the RV-2
MPyV genome region (nucleotides 292–985) could enhance the
packaging of DNA by MPyV capsids. However, we noted that the
transfection of RV-2 always resulted in the highest luciferase
activity in producer cells (data not shown). This result may
indicate that this MPyV region can convey another quality, such
as replication enhancement or plasmid stability, instead of the
putative packaging signal. Although this bias was corrected by
normalizing the results using β-galactosidase activity in cell
lysates used for transduction, the bias could not be avoided during
the final screen in the detection cell line that supported replica-
tion. For this reason, we decided to verify the data by an
independent method and to focus on RV-2 and its unique qualities.

None of the MPyV regions are required for the encapsidation of the
reporter vector into the pseudovirions

We decided to trace encapsidated RVs directly in assembled
pseudovirions by qPCR assay. We mixed all RVs (including the
pGL3-Control) together with helper vectors (ph2-VP1 and ph3β),
transfected the entire mixture into the 293TT producer cells and
separately analyzed the DNA contents of the pseudovirions and the
total extrachromosomal DNA in transfected cells. The transfected

producer cells were harvested at 48 h post-transfection and divided;
one-half was used for the extraction of total extrachromosomal DNA
(by a modified Hirt method), and the second half was used for the
extraction of nuclease-resistant (encapsidated) DNA. Both samples
were used for qPCR with primers that were specific for each RV. The
encapsidation efficiency for each RV was determined as the ratio of
the amount of the RV that was detected in the nuclease-resistant pool
and in the total extrachromosomal DNA. In two separate experi-
ments, none of the MPyV regions were able to significantly increase
the encapsidation efficiency of any RV over the control vector
(Fig. 3B). Surprisingly, RV-1, which possessed a complete set of MPyV
regulatory elements that included the MPyV ori, repeatedly exhibited
the lowest calculated encapsidation efficiency (approximately 40% of
the control). This result reflects the fact that the amount of RV-1
reached only the median value in the nuclease-resistant (encapsi-
dated) pool of DNA; whereas its proportion in the total extrachro-
mosomal DNA sample was above the mean of vector amounts
(Fig. 3A). RV-2 that positively scored in the REPs assays was over-
represented in both DNA samples (Fig. 3B), but the nuclease-
resistant-to-total DNA proportion was similar to the control vector.
Altogether, the results shown in Fig. 3 suggest that the RV packaging
in this experimental system is not enhanced by any distinct MPyV
element and that the second MPyV ori region in RV-1 can even
negatively influence encapsidation. This result also suggests that the
presence of the SV40 ori and ses in all RVs may drive the replication
and/or packaging, overcome the putative MPyV encapsidation signal-
ing and limit the usage of this experimental design. To dissect the role
of these elements in vector packaging, we performed additional
experiments in a mouse production cell line.

Fig. 3. The determination of reporter vector encapsidation efficiency by qPCR. All 10 RVs (including pGL3-Control) were mixed together with helper vectors ph2-VP1 and
ph3β and were transfected into the 293TT cell line. Cells were harvested at 48 h post-transfection. The total extrachromosomal DNA and nuclease-resistant DNA were
extracted separately from equivalent numbers of cells. Both DNA samples were used for qPCR with primers that were specific for each RV to determine the amount of each
RV. The data were normalized to the luciferase gene to calculate the relative amount of each RV in both DNA pools. (A) The relative amounts of each RV in the
extrachromosomal (Total) and nuclease-resistant (Encapsidated) DNA samples are shown for two independent experiments as the means of triplicate samples7standard
deviations (error bars). (B) The encapsidation efficiency was determined from the data that are shown in (A) as a ratio between the relative amounts of each RV that were
detected in the nuclease-resistant pool and in the total extrachromosomal DNA. The data are plotted as percentages of encapsidation efficiencies compared to the control
(C) RV (set as 100%). Error bars represent the standard deviations of triplicate samples.
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Reporter vectors can be encapsidated into MPyV pseudovirions
without replication

To separate the driving force of SV40-based replication and the
possible influence of ses on encapsidation, we performed additional
experiments in WOP cells. The WOP cell line is a mouse cell line
expressing MPyV T-antigens, which support the replication of plas-
mids containing the MPyV ori and therefore only RV-1 out of all of
the RVs is able to replicate in these cells. Originally, we attempted to
produce MPyV pseudovirions using the same reporter and helper
vectors as in the REPs assay. However, when the expression of the
capsid and reporter genes after co-transfection was assessed using
immunofluorescence, we discovered that the co-transfection/expres-
sion rate was low in these particular cells (less than 10% of transfected
cells expressed luciferase together with all three capsid proteins; data
not shown). For this reason, further experiments were performed with
the pCG-VP1/2/3 vector, which ensured the weak, but simultaneous,
expression of all three capsid genes in one cell. Moreover, the mouse
producer cells allowed us to use the MPyV genomic DNA as the helper
vector for the production of high levels of all capsid proteins.
Pseudovirions generated in WOP cells were further analyzed by
transformation assay: the encapsidated plasmids that were extracted
as nuclease-resistant DNA were used for the transformation of
Escherichia coli. To reveal their identity, the RVs were isolated from
ampicillin-resistant colonies and then sequenced.

In the initial experiment, we used an equimolar mix of all RVs
(including the pGL3-Control) as the target DNA to determine
whether any RVs would show preferential encapsidation. In the
second set of experiments, only the pGFPmax vector served as the
target DNA. The vector pGFPmax does not contain any sequences
that were derived from either MPyV or the SV40 genome and has a
suitable size (3.8 kb) for encapsidation. Using this target vector, we
wanted to determine whether a non-replicating vector without ses
and MPyV sequences could be successfully encapsidated. Target
vectors were used for transfections with either MPyV DNA or pCG-
VP1/2/3 as the helper vector (Table 2). Control transfections without
the helper vector were also performed (see Table 2). Cells were
harvested at 48 h post-transfection, and total extrachromosomal and
nuclease-resistant DNAs were extracted from an equivalent number
of cells and were used for qPCR quantification and E. coli transforma-
tion, respectively. The overall results of this assay, which were
expressed as numbers of E. coli colonies grown after transformation
with each sample, are shown in Table 2. The transformation of DNA
that was extracted from pseudovirions formed with the use of MPyV
DNA as the helper vector led to the emergence of 26 colonies;
whereas the pCG-VP1/2/3 vector co-transfection samples yielded 166
colonies. Notably, in contrast to pCG-VP1/2/3, MPyV DNA could
compete with the encapsidation of RVs, and the low colony yield
was expected. The control reaction without the transfected helper
vector yielded no colonies, indicating that the nuclease treatment

was effective. Subsequently, plasmid DNA from 52 colonies (all
colonies from the MPyV DNA sample and 26 randomly chosen
colonies grown from the pCG-VP1/2/3 sample) was extracted and
sequenced. In parallel, the total extrachromosomal DNA that was
extracted from the same samples of transfected cells was subjected
to qPCR to determine the total amount of each individual RV. The
frequency of each RV that was found in the nuclease-resistant pool
and its proportion relative to the total amount of each vector in the
extrachromosomal DNA are shown in Table 3. The data from the
sample in which MPyV DNA served as a helper indicate that the high
total amount of RV-2 in the transfected cells led to its preferential
encapsidation. In contrast, the amplification of RV-1 was likely
negatively influenced by the presence of the replicating viral
genome, thus decreasing the probability of its encapsidation. How-
ever, sequence analysis of 26 clones from randomly chosen colonies
that were obtained from the sample in which the pCG-VP1/2/3
vector served as a helper revealed that RV-1 had been encapsidated
with the highest frequency. The high total amount of RV-1 in the
extrachromosomal DNA fraction also indicated that its replication
was not influenced by the pCG-VP1/2/3 helper DNA (as observed for
MPyV helper DNA; see Table 3). Although it is impossible to
determine the encapsidation efficiency for each vector because of
the low number of sequenced clones, the data suggest that encapsi-
dation in the mouse production system does not exhibit a strict
sequence preference and reflects the RV amount. Spearman's rank
correlation test (Wessa, 2012) confirmed a very strong positive
correlation [ρ(8)¼0.852, p¼0.001] between the amount and fre-
quency of encapsidation of a given RV in the MPyV DNA helper
sample and a strong positive correlation [ρ(8)¼0.705, p¼0.023] in
the pCG-VP1/2/3 helper sample, which was statistically significant.
Moreover, a second set of experiments with the pGFPmax vector as a
target DNA (Table 2) was performed to reveal whether the SV40
encapsidation signal is dispensable for packaging. The numbers of
colonies that are shown in Table 2 indicate that the pGFPmax vector,
which lacks SV40 elements, could be efficiently encapsidated into the
viral particles. Taken together, these results suggest that the vector
amount is the only important factor in encapsidation and
that replication competence, which is connected with the presence
of SV40 and MPyV regulatory elements, is not necessary for
encapsidation.

Some regions of the MPyV genome enhance the stability of DNA after
transfection

Finally, we focused on RV-2 and its unique qualities that led to
its positive scoring in the REPs assay (Fig. 2) and partly in the

Table 2
Summary of transfections performed in WOP cells for the extraction of nuclease-
resistant DNA used for E. coli transformation.

Vector Transfection mix

Helper MPyV DNA þ � � þ � �
pCG-VP1/2/3 � þ � � þ �

Target RVs mixa þ þ þ � � �
pGFP max � � � þ þ þ

No. of colonies Expt. 1 26b 166c 0 81 146 0
Expt. 2 ND ND ND 65 67 0

a Equimolar ratios of all RVs were used in the transfection.
b All colonies were used for sequencing.
c 26 colonies were randomly chosen for sequencing; ND – not done.

Table 3
Encapsidation as determined from transformation assays.

Helper: MPyV DNA Helper: pCG-VP1/2/3

No. of
coloniesa

Relative
amountb

No. of
coloniesa

Relative
amountb

RV-1 0 0.10 19 0.25
RV-2 11 0.23 2 0.17
RV-3 0 0.02 0 0.01
RV-4 1 0.11 0 0.10
RV-5 4 0.13 1 0.11
RV-6 0 0.06 2 0.09
RV-7 3 0.07 0 0.08
RV-8 0 0.03 0 0.03
RV-9 3 0.10 1 0.05
Control 4 0.15 1 0.10
Total 26 1 26 1

a Number of colonies that contain a given RV.
b The relative amount of each RV in the sample was determined by qPCR.
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transformation assay (Table 2). We repeatedly observed that,
compared with other RVs, the direct transfection of RV-2 into
cells leads to very high luciferase activity in all cell lines tested
(NIH-3T3, 3T6, COS-1, 293TT and WOP cells, data not shown). Our
results from qPCR (Fig. 3B) also suggested that this effect was more
likely caused by an augmented amount of the vector than by the
transcriptional upregulation of the activity of the reporter gene
in transfected cells. To examine whether the early intron region
(nucleotides 292–985) of the MPyV genome can confer some
unusual property on RV-2 that leads to the stabilization of the
plasmid (due to the plasmid maintenance sequences) or to ori-
independent replication, we transfected individual RVs into the
mouse NIH-3T3 cell line and followed the reporter activity in
several generations of cells. The NIH-3T3 cell line is a parental line
for WOP cells and does not normally support the replication of
MPyV ori-containing plasmids without the presence of large T-
antigen. After the transfection of a full set of RVs into this cell line,
RV-2 exhibited the highest luciferase activity, even after three cell
passages (data not shown). We performed a replication assay to
exclude the possibility that an ori-independent, low level of
plasmid replication, which is occasionally observed (Katinka and
Yaniv, 1983), is responsible for this effect. The total DNA from cells
that were transfected by nucleofection was extracted, digested
with Dpn I and analyzed by gel electrophoresis and Southern
blotting. Dpn I is a methylation-sensitive enzyme; newly repli-
cated DNA molecules are resistant to Dpn I digestion. The results
showed that none of the RVs could be replicated in 3T3 cells
(Fig. 4; note complete digestion by Dpn I). More importantly, a
great difference in the abundance of individual plasmids was
noted, although the transfection was performed with equal
amounts of RVs. Because the Amaxa Nucleofector Technology is
considered the most reproducible method of transfection, the
results suggest that RV-2, RV-1 and RV-4 harbor MPyV elements
that are responsible for the increased intracellular stability of DNA
after transfection. RV-2 was the most stable (Fig. 4).

Discussion

In this study, we attempted to identify the MPyV encapsidation
signal. We used pseudovirion-based approaches for the identifica-
tion of the polyomavirus-specific sequences that enhance the
encapsidation of RVs.

From the series of assays, only the most laborious, transforma-
tion assay led to the final conclusion that the encapsidation of
target DNA is not driven by any distinct, sequence-specific encap-
sidation signal. The assay confirmed a strong positive correlation
between the amount and frequency of encapsidation of a given RV.
Moreover, we used two different helpers (pCG-VP1/2/3 or MPyV
DNA) for the production of pseudovirions in WOP cells and both
variants brought additional interesting results. The presence of the
MPyV DNA as a replicating and transcriptionally active viral
genome creates a highly competitive environment in the system.
This environment probably negatively affected RV-1 replication
because its relative intracellular amount was lower than expected
for a vector with an exclusive capacity to replicate. It is well-
documented that the presence of wild-type replicons strongly
interferes with mutant replication after transfection (Nilsson et al.,
1991) and the defect could be at the stage of initiation (Yamaguchi
and DePamphilis, 1986). Furthermore, MPyV DNA is undoubtedly
efficiently encapsidated into virions but cannot be detected by this
type of assay. Therefore, the RVs that were identified with a
frequency that was related to their intracellular amounts reflect
the minority of successfully encapsulated DNA. In contrast, the
encapsidation of pCG-VP1/2/3 is prevented due to a size discrimi-
nation mechanism, and the vector did not restrict the replication
potential of RV-1, which accumulated in the system. Subsequently,
the high relative amount of RV-1 led to its preferential encapsida-
tion. However, in both cases, the non-replicating pGFPmax vector
without any viral (MPyV or SV40) sequence could be encapsidated
equally well. The results indicated that an intracellular amount of
target DNA determines the outcome of the encapsidation process,
and virtually any DNA with an appropriate size can be encapsi-
dated. The preferential packaging of a RV with an active regulatory
region can be a consequence of the fact that encapsidation is likely
interconnected with the processes of replication and/or transcrip-
tion. According to our observations, at the early stages of the late
phase of MPyV infection, the newly expressed VP1 protein
accumulates at distinct sites of DNA replication near PML bodies;
whereas during the later times, the VP1 protein expands through-
out the nucleus (Ryabchenko, unpublished data). Therefore, the
organization of the replication foci during the initial phases of
virion formation, when capsid proteins are spare, can favor DNA
with a highly active ori region for encapsidation. In agreement
with this notion, in our mouse production system, where the pCG-
VP1/2/3 vector ensures a low level of capsid proteins (thus
reminiscent of early events in the late phase of infection), RV-1
containing an active ori was detected as an almost exclusive target
of encapsidation (Table 3). In contrast, MPyV helper DNA played a
dual role in the mouse system by encapsidating itself as replicating
target DNA in the initial phase of virion formation and ensuring
high levels of capsid proteins later, thus allowing the encapsida-
tion of other available targets. We propose that by employing such
a simple regulation of encapsidation that is based on the spatio-
temporal organization of virion formation, MPyV can achieve a
reasonable level of encapsidation specificity without employing a
sequence-specific signal.

The results from the qPCR assay were also in agreement with
this notion. None of the MPyV sequences were able to enhance the
encapsidation of RVs and the RV-1 with second MPyV ori region
was packaged with the lowest efficiency. It has been shown that
SV40 LT can efficiently bind the MPyV ori on LT-binding sites
(Bhattacharyya et al., 1995) without triggering DNA replication.
We reasoned that SV40 LT binding on a non-active MPyV ori could
cause the retention of target DNA on chromatin and limit its
encapsidation.

The REPs system, originally designed as an easy and rapid
screening method, was unfortunately biased as a result of unex-
pected obstacles. The idea of the REPs system is based on the

Fig. 4. Determination of the intracellular amounts of reporter vectors. 3T3 cells
were transfected with individual RVs. The total extrachromosomal DNA was
extracted at 48 h post-transfection and was digested with Sal I and Dpn I enzymes.
DNA from each sample (0.5 μg) was separated using agarose electrophoresis,
subjected to Southern blotting, hybridized to a DIG-labeled luciferase gene probe,
detected with chemiluminescence and recorded by exposure to X-ray film. The
optical density of the prominent band (indicated by an asterisk) was determined
with a densitometer and is shown in the upper row for each sample.
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assumption that intracellular levels of each RV in producer cells
are comparable due to the similar efficiency of replication driven
from a common SV40 origin. Normalizing the transfection effi-
ciency of the system by the co-transfected internal control gene
(for β-galactosidase) and by the protein content in the lysate of the
producer cell should provide adequate corrections for perturba-
tions during the transduction assay. An analysis of the REPs
screening hit (RV-2) revealed that this is not the case. The
experiments that took into consideration the levels of copies of
individual RVs showed a constant and high level of RV-2 in cells,
and consequently, in viral particles in most assays (see Fig. 3B;
Table 3). By performing the replication assay with RVs that were
transfected into 3T3 cells, we excluded the possibility that the
plasmids undergo an ori-independent replication; however, with-
out further analyzing the reasons, we observed completely differ-
ent intracellular amounts of each RV after transfection. It has
previously been shown that the use of a second reporter plasmid
as an internal standard to normalize luciferase activity in transient
transfection experiments may lead to a systematic error due to the
interaction between co-transfected RVs (Huszár et al., 2001,
Bergeron et al., 1995). Moreover, it has been shown that coexpres-
sion efficiencies among transfected cells are variable, and a
significant number of transfected cells express only a single target
protein (Ma et al., 2007). This observation points to the difficulties
that are connected with the comparison of the quantitative data
from parallel transfections in general; however, in our system, the
small error in the normalization of the cell lysates of producer cells
can be dramatically amplified during the final screen in the
detection cell line where the RV replicates. We concluded that
this amplification was the case for RV-2 in the REPs assay.

Until now, the SV40 ses sequence has been the only identified
encapsidation signal in polyomaviruses. Our work surprisingly
suggests the fact that the mechanism of the selection of DNA for
encapsidation may not be universal within the virus family. We
hypothesize that the mechanisms of encapsidation in MPyV and
SV40 may likely differ due to the differences in the DNA-binding
properties of the minor capsid proteins. The minor proteins of
SV40 bind nonspecifically to DNA (Dean et al., 1995), and Sp1
proteins cooperate in ses-specific DNA binding with VP2/3
(Gordon-Shaag et al., 2002); whereas MPyV VP2 and VP3 proteins
do not bind the DNA (Chang et al., 1993) None of these proteins
interact with the MPyV genome in virions (Carbone et al., 2004).
However, it should be noted that the SV40 mutant that lacked
minor structural proteins is able to encapsidate virus DNA effi-
ciently (Nakanishi et al., 2007), which is similar to the correspond-
ing MPyV mutants (Mannova et al., 2002). Moreover, in vitro
experiments have shown that the ses sequence itself, in the
absence of a large excess of cellular chromatin, does not promote
the preferential binding of capsomere VP1(5)VP2/3 complexes to
the SV40 genome (Roitman-Shemer et al., 2007). These observa-
tions not only suggest that the involvement of these proteins in
the encapsidation process may differ between both viruses but
also that their importance may depend on the actual context.
Further investigation would be needed to evaluate the preferential
mode of genome selection during virion assembly for other
members of the Polyomaviridae family.

Materials and methods

Plasmids and viruses

For the construction of RVs, the plasmid pGL3-Control (Pro-
mega, Madison, Wisconsin, USA) was shortened by digestion with
the restriction enzyme Ssp I and re-ligation (without the f1 ori
sequence). The obtained pGL3-ΔC vector could accommodate

polyomaviral sequences without exceeding the size of the MPyV
genome. Both vectors, pGL3-Control and pGL3-ΔC, yielded the
same level of activity of the reporter luciferase gene that they
carried. The genome of the MPyV BG strain (GenBank:
AF442959.1) was divided into nine regions of approximately 650
bp each, and each region was cloned using the In-Fusion HD
Cloning System (Clontech Laboratories, Mountain View, California,
USA) into the Mlu I and Xho I sites of the pGL3-ΔC plasmid. All
clones were verified by sequencing. A list of the cloning primers
used is available as Supplementary information in Table S1.

The helper vector ph2-VP1 (7802 bp), which carries the codon-
modified VP1 and VP2 MPyV genes as described in Tolstov et al.
(2009), was constructed from the ph2p vector (Addgene plasmid
22520) (Pastrana et al., 2009) by digestion with the restriction
enzymes Stu I and Cla I and re-ligation with the PCR-amplified
product, which contains the human elongation factor-1 alpha
(hEF1a) promoter, codon-modified VP1 gene, woodchuck hepatitis
virus posttranscriptional regulatory element (WPRE) sequence and
hEF1a poly(A) signal from the pwP vector (Addgene plasmid
22519) (Pastrana et al., 2009). The vector ph3β (7538 bp), which
carries the codon-modified MPyV VP3 and β-galactosidase genes,
was constructed from ph3p (Addgene plasmid 22521) (Pastrana
et al., 2009) by digestion with the restriction enzymes Stu I and
Not I and re-ligation with the β-galactosidase gene, which was
obtained via Sma I and Not I digestion of the pCMVβ vector
(Clontech Laboratories, Mountain View, California, USA). The
vector pCG-VP1/2/3 (6542 bp) was constructed from the pGL3-
Control vector by the excision of the luciferase gene using Ehe I
and Xba I restriction enzymes and re-ligation with a part of the
polyomavirus genome that is composed of the regulatory and late-
gene regions (cut by Ehe I and Xba I from MPyV genome DNA).
The plasmid pmaxGFP (Lonza, Cologne, Germany), which encodes
maxGFP, which is a green fluorescent protein from the copepod
Pontellina plumata, was used as a negative control vector in the
transfections and as a target DNA for some packaging experiments.
The plasmid pcDNA3-LT was used for the expression of the MPyV
LT antigen in some co-transfection experiments. The summarized
description of all plasmids that were used for the production of
the pseudovirion is shown in supplementary Table S2.

Cell lines and transfections

Mouse Swiss albino 3T6, NIH 3T3 mouse fibroblasts, SV40-
transformed African green monkey kidney cells, COS-1 and WOP
cells were maintained in Dulbecco's modified Eagle medium
(DMEM) (Sigma-Aldrich, St. Louis, Missouri, USA) that was sup-
plemented with 10% Gibco™ fetal calf serum (Invitrogen, Paisley,
UK) and GlutaMAX™ (Invitrogen, Paisley, UK) at 37 1C in a 5% CO2-
air humidified incubator. The mouse WOP cell line that constitu-
tively expresses the MPyV large T-antigen is a 3T3 fibroblast
derivative that was transformed using an origin-defective poly-
omavirus (Dailey and Basilico, 1985). The human embryonic
kidney cells 293TT that express the SV40 large T-antigen were
kindly provided by John Schiller and Chris Buck (Bethesda, Mary-
land, USA) and were cultivated as previously described (Buck and
Thompson, 2007).

The plasmid DNA that was used for transfections was purified
using either the EndoFree Plasmid Maxi Kit (Qiagen, Valencia,
California, USA) or the GenBond Plasmid Endofree FlexSpin Kit
(Renogen Biolab, Vancouver, Canada). 293TT or COS-1 cells were
transfected using the TurboFect Transfection Reagent (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) according to the
manufacturers' instructions. Briefly, logarithmically growing cells
(5�105) in 6-well dishes were transfected with 4 μg of DNA. In
the REPs assay, 1.5 μg of ph2-VP1 and 0.5 μg of ph3β together with
2 μg of RV were transfected in a production cell line. WOP cells
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(for transformation assays) and 3T3 cells (for the replication assay)
(both 4�106) were transfected (using Amaxas Nucleofectors

Technology [Lonza, Cologne, Germany] according to the manufac-
turer's instructions) with 6 μg of DNA (total) in solution V using
the programs U-030 and T-030, respectively. Specifically, the
mixed transfections (all RVs with helper DNA) contained either
2.5 μg of ph2VP1 and 0.5 μg of ph3β or 3 μg of pCG-VP1/2/3 as
helper DNA and 0.3 μg of each RV. For the comparative analysis of
the encapsidation of the pGFPmax vector, either 3 μg of MPyV
DNA or 3 μg of pCG-VP1/2/3 were mixed with 3 μg of the
pGFPmax plasmid and were transfected into WOP cells.

Pseudovirion production and purification

Transfected 293TT cells were harvested 48 h post-transfection,
and pseudovirions were isolated by three rounds of freeze–thaw
cycles as described for polyomavirus (Türler and Beard, 1985),
concentrated by pelleting through a 10% sucrose cushion (25,000
r.p.m., Beckman SW28 rotor, 3 h, 4 1C), resuspended in B buffer
(150 mM NaCl, 10 mM Tris–HCl [pH 7.4], 0.01 mM CaCl2) and
purified by CsCl gradient ultracentrifugation (Beckman SW41
rotor, 35,000 r.p.m., 24 h, 18 1C). Gradient fractions were collected
by bottom puncture and were assayed for the presence of the VP1
protein by dot-blot analysis. The fractions that contained a peak
amount of VP1 (1.33–1.29 g/cm3) were dialyzed against B buffer,
concentrated by pelleting through a 10% sucrose cushion (Beck-
man SW41 rotor, 35,000 r.p.m., 2 h, 4 1C) and subjected to electron
microscopic examination.

REPs (transduction) assay

Producer 293TT cells (1.5�106) were harvested at 48 h post-
transfection, washed by PBS and lysed in 100 μl of 250 mM Tris–
HCl [pH 7.4] by three rounds of freeze–thaw cycles. Lysates were
centrifuged at 10,000g for 5 min at 4 1C. The supernatant (50 μl)
was supplemented with magnesium chloride (final concentration
10 mM), treated with 0.1 mg/ml DNase I (Roche Diagnostics
GmbH, Mannheim, Germany) for 30 min in 25 1C and used for
transduction. An aliquot of the original supernatant (20 μl) was
used for the parallel determination of the activity of luciferase and
β-galactosidase with the Dual-Light System (Applied Biosystems,
Bedford, Massachusetts, USA) and for the measurement of the
protein concentration (Bradford, 1976). Several cell lines were
tested as suitable detection cell lines; COS-1 cells were chosen
for the final transduction screen. Exponentially growing COS-1
cells in a 6-well dish (1.5�105 cells/well) were washed with 2 ml
of serum-free medium, and 50 μl of the lysate supernatant was
diluted in 150 μl of serum-free medium, added to cells and
incubated for 1.5 h in a thermostat with intermittent agitation.
At the end of the incubation, 2.5 ml of complete medium was
added to the cells. Transduced COS-1 cells were harvested at 48 h
post-transduction and were washed two times with phosphate-
buffered saline (PBS). The cell lysate was prepared by three rounds
of freeze–thaw cycles, and cellular debris was removed by cen-
trifugation at 14,000g and 4 1C for 5 min. Supernatants were used
for protein concentration (Bradford, 1976) and luciferase measure-
ment determinations with the Luciferase Assay System (Promega,
Madison, Wisconsin, USA) in a Microlite TLX2 luminometer
(Dynatech Laboratories, Inc, Chantilly, Virginia, USA). The trans-
duction efficacy, which was expressed as relative luciferase activity
(in relative luminescence units) for each sample, was calculated
by dividing the relative activity of luciferase that was measured
in COS-1 cell lysates by the relative activity of luciferase that was
measured in the 2932TT cell lysate. The luciferase activities that
were measured in the 2932TT cell lysate were normalized by
protein concentrations and β-galactosidase activity (i.e., the

relative activity of luciferase in 293TT cells), and the luciferase
activities that were measured in COS-1 cells were normalized by
protein concentrations only (i.e., the relative activity of luciferase
in COS-1 cells). The background activity of luciferase that was
measured in the control sample that was transduced with lysates,
which were generated from 293TT cells that were transfected with
pGL3-Control vector without helper vectors, was subtracted from
all measurements before computation.

DNA analysis

Low-molecular-weight (extrachromosomal) DNA was extracted
from onemillion cells using a previously reported neutral lysis method
(Arad, 1998). The extraction of nuclease-resistant extrachromosomal
DNA from transfected cells was performed exactly as described in
(Buck et al., 2004). The viral genomic DNA that was used as helper in
transfection assays was extracted according to the classical Hirt
procedure (Hirt, 1967). For Southern blot analysis, the purification of
total DNA from transfected cells was performed using a DNeasy Blood
& Tissue Kit (Qiagen, Valencia, California, USA).

Transformation assay

WOP cells that were transfected with mixed vectors (all RVs
and helper DNA) were harvested at 48 h post-transfection; ali-
quots were then generated by dividing each lysate in half. The
extrachromosomal and nuclease-resistant (encapsidated) DNAs
were extracted from each aliquot as described above. The
nuclease-resistant DNAwas used to transform Stellar™ Competent
Cells (E. coli HST08 strain) (Clontech Laboratories, Mountain View,
California, USA). The plasmid DNA from transformed bacterial
colonies was extracted using a QIAGEN Plasmid Mini Kit (Qiagen,
Valencia, California, USA) and was sequenced with a 3130xl
Genetic Analyzer (Applied Biosystems, Bedford, Massachusetts,
USA). Extrachromosomal DNA was used for quantitative polymer-
ase chain reaction (qPCR) analysis to determine the total intracel-
lular amounts of each individual RV in WOP cells. For the analysis
of the encapsidation of the pGFPmax vector, Stellar™ Competent
Cells were transformed with the nuclease-resistant DNAs. Equal
amounts of the bacterial suspension were plated on agar plates
containing kanamycin and ampicillin to discriminate between
pGFPmax (kanamycin resistance) and the helper vector (ampicillin
resistance).

Electron microscopy

For the ultrastructural analysis of cell-associated viral particles,
the producer cells were washed with PBS at 48 h post-transfection
and were fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer
on ice for 60 min. Cells were washed two times with cacodylate
buffer and were postfixed with 1% osmium tetroxide for 60 min.
The postfixation was followed by embedding the cells in 3% low
melting point agarose. The solidified agarose blocks were cut into
1 mm3 pieces and were dehydrated with an increasing ethanol
series (30%, 50%, 70%, 90%, 96%, 100% and 100%), each for 15 min.
Dehydrated blocks were infiltrated with an increasing series of
AGAR 100 resin (Gröpl, Tulln, Austria) in propylene oxide (propy-
lene oxide: AGAR 100-2� pure propylene oxide 10 min); 2:1
(15 min); 1:1 (30 min); 2:1 (30 min); and pure AGAR 100 over-
night; pure AGAR 100 (3 h). Polymerization was performed at
60 1C for 72 h. Sections of 70-nm thickness (Leica ultramicrotome
EM UC7, Leica Microsystems, Austria) were contrasted with a
saturated water solution of uranyl acetate (5 min) and Reynolds
lead citrate solution (3 min).

For the negative staining of purified viral particles, the parlodion-
carbon coated grids, which were activated by glow discharge, were put
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on the top of a 10 μl-drop of sample and were allowed to adsorb for
5 min; the grids were then rinsed in 2 drops of filtered distilled water
and transferred onto 2 drops of 2% phosphotungstic acid (pH 7.3), left
for 1 min and then dried.

Electron micrographs were recorded in a JEM-1011 electron
microscope (JEOL) operating at 80 kV.

Quantitative PCR

qPCR was performed in a Light Cycler 480 II (Roche Diagnostics
GmbH, Mannheim, Germany) using the iQ™ SYBRs Green Super-
mix (Bio Rad), according to the manufacturer's protocol. The DNA
was amplified by PCR using a forward primer from Promega
(RVprimer_pGL3), which was common to all RV and reverse
primers that were designed for each individual RV as described
in the supplementary Table S3. Specific primer pairs were
designed for pGL3-Control and the luciferase gene. The quantifica-
tion of each RV in the extracted DNA samples was performed with
the Light Cycler 480 II software for an advanced relative quanti-
fication with an efficiency correction using standard curves for
each primer pair. The concentration of each RV was normalized to
the luciferase gene and was expressed as a proportion of the
individual vector in the total amount of DNA.

Replication assay and Southern blotting

The 3T3 cells that were transfected with individual vectors by
nucleofection were harvested at 48 h post-transfection for the
extraction of total DNA. The DNA from each sample (0.5 μg) was
digested with Sal I and Dpn I enzymes, separated by electrophor-
esis in 0.8% agarose and blotted onto a nylon membrane (Roche
Diagnostics GmbH, Mannheim, Germany). Southern blotting was
performed with a DIG High Prime DNA Labeling and Detection
Starter Kit II (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer's protocol. The hybridization was
performed using a DIG-labeled probe that contained the luciferase
gene probe. The blots were detected with chemiluminescence and
were recorded by exposure to X-ray film. The optical densities of
the bands were determined with a GS-800™ Calibrated Densit-
ometer (Bio-Rad Laboratories, Hercules, California, USA).

Immunofluorescence

The cells that were grown on the glass slides were fixed in 3.7%
paraformaldehyde (PFA) in PBS for 15 min, permeabilized with
0.5% Triton X-100 in PBS for 5 min, rinsed 3 times with PBS and
blocked with PBS containing 0.25% bovine serum albumin and
0.25% porcine skin gelatin for 30 min. Immunostaining with
primary and secondary antibodies was performed for 1 h and
30 min, respectively, with extensive washing by PBS after each
incubation step. The cells were mounted in 50% glycerol with 40,6-
diamidino-2-phenylindole (DAPI) and were examined using an
Olympus BX-60 fluorescence microscope (Olympus; Center Valley,
Pennsylvania, USA).

Antibodies

The following primary antibodies were used: rat monoclonal
IgG against the MPyV large T-antigen (LT1) (Dilworth and Griffin,
1982), mouse monoclonal anti-MPyV VP1 IgG, mouse monoclonal
IgG against the common region of VP2 and VP3 (Forstová et al.,
1993) and the goat anti-luciferase polyclonal antibody (pAb)
(Promega, Madison, Wisconsin, USA). The following secondary
antibodies were used: donkey anti-mouse IgG and donkey anti-rat
IgG conjugated with Alexa Fluor 488, goat anti-rat and donkey
anti-goat IgGs conjugated with Alexa Fluor 546 and chicken

anti-mouse IgG conjugated with Alexa Fluor 647 (all from Mole-
cular Probess, Invitrogen, Paisley, UK).
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Abstract: Lamins are the best characterized cytoskeletal components of the cell nucleus 

that help to maintain the nuclear shape and participate in diverse nuclear processes 

including replication or transcription. Nuclear actin is now widely accepted to be another 

cytoskeletal protein present in the nucleus that fulfills important functions in the gene 

expression. Some viruses replicating in the nucleus evolved the ability to interact with and 

probably utilize nuclear actin for their replication, e.g., for the assembly and transport of 

capsids or mRNA export. On the other hand, lamins play a role in the propagation of other 

viruses since nuclear lamina may represent a barrier for virions entering or escaping the 

nucleus. This review will summarize the current knowledge about the roles of nuclear actin 

and lamins in viral infections. 

Keywords: viruses; nuclear actin; nuclear lamina; lamin; cytoskeleton; nucleus 

 

1. Introduction 

Viruses are intracellular pathogens known to employ various host-cell mechanisms to facilitate their 

replication. The cell cytoskeleton is not an exception. To date, many interactions between viruses and 

cytoskeleton have been described including virus entry, transport of viral particles in the cytoplasm, 

and release of progeny virions [1].  
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It would not be surprising if similar interactions between viruses and cytoskeletal proteins also 

occurred in the nucleus. In fact, there is growing evidence of interactions between certain viruses  

and two cytoskeletal constituents of the nucleus–nuclear actin and nuclear lamins. After brief 

characterization of nuclear actin and lamins, respectively, we discuss their role in the replication of 

viruses from individual families. 

2. Viruses and Nuclear Actin 

For a long time, the existence and function of actin in the nucleus had been rather controversial. 

Although seen as early as in the 1970s in amphibian oocytes [2] and even described as necessary for 

transcription on salamander lampbrush chromosomes [3], nuclear actin was long considered to be 

cytoplasmic contamination or experimental artifact. In the last decade, numerous reports not only 

confirmed the actin presence in the nucleus, but also showed actin involvement in several crucial 

nuclear processes. Nuclear actin plays an important role in transcription, transcription regulation, and 

chromatin remodeling [4–6]. Actin is required for the function of all three RNA polymerases [7–9]. 

Moreover, it was shown to bind some pre-mRNA-binding proteins on the nascent transcripts [10–12], 

and even recruit histone acetyl transferases to actively transcribed areas [13]. Nuclear actin is also 

believed to participate in chromatin remodeling complexes, e.g., SWI/SNF-like BAF complex [14]. 

Interestingly, myosin isoform I is also located in the nucleus [15]. Nuclear myosin I is essential for 

RNA polymerase I [9] and RNA polymerase II transcription [16,17], and interacts with the chromatin 

remodeling complex, WSTF-SNF2h, which participates in rRNA gene transcription [18]. Other studies 

confirmed the roles of nuclear actin and myosin in the RNA polymerase I transcription, and even 

suggested mutual cooperation of these two proteins [19–21].  

Despite the evidence of nuclear actin function, its form remains enigmatic. In normal physiological 

conditions, actin cannot be detected in the nucleus in its polymeric form (e.g., by phalloidin  

staining) [22,23]. Actin could be present in the nucleus in its monomeric state, but it may also form 

some non-traditional oligomeric or polymeric conformations. Indeed, there is indirect evidence that 

nuclear actin can exist in conformations distinct from the cytoplasmic actin [24–26]. Nuclear actin may 

also be involved in nucleoskeletal structures, where it could participate in nuclear transport or maintenance 

of nuclear shape [27–30]. Besides actin, many actin-binding proteins (ABPs) and actin-related proteins 

(ARPs) are also found in the nucleus, where they take part in nuclear processes [30,31]. Finally, it 

should be noted that nuclear accumulation of actin is also connected with cellular stresses such as heat 

shock or DMSO treatment [32]. Viral infection naturally also represents a stressful situation, and this 

should be remembered when discussing subsequent findings regarding viruses and nuclear actin.  

2.1. Herpesviruses  

Herpesviruses are large enveloped double-stranded DNA viruses with complex structure. The linear 

dsDNA genomes are located in capsids with icosahedral symmetry. The entire virions are surrounded 

by a host-cell derived membrane envelope with a number of viral glycoproteins. The capsid and the 

envelope are divided by an asymmetrical amorphous proteinaceous layer called tegument [33,34]. 

Herpesviruses replicate in the cell nucleus. Viral replication, late transcription, and formation of 

viral capsids take place in the ‘replication compartments’ (RCs) [35–40], intranuclear structures 
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originally defined by the presence of viral single-strand DNA-binding protein ICP8, and other viral 

and host factors [39,41,42]. RCs are formed by fusion of smaller pre-replication sites [43] followed by 

dramatic changes in the nuclear morphology, host chromatin marginalization, and finally nuclear 

lamina disruption apparently required for virion egress [44–47].  

2.1.1. Nuclear Actin in the Assembly and Transport of Viral Capsids 

Three members of the Alphaherpesvirinae subfamily–herpes simplex virus 1 (HSV-1), herpes 

simplex virus 2 (HSV-2), and pseudorabies virus (PRV) were shown to induce filament formation in 

the nuclei of infected cells [48,49]. In the case of PRV infection, the observed filaments had an 

average length of 3 µm and a diameter of 25–100 nm (rather suggesting bundles of filaments), and 

associated with the viral capsids, as shown by serial-section block-face scanning electron microscopy 

(SBFSEM) [48]. Further examination revealed that these filaments consisted of F-actin and their 

polarity corresponded with the overall polarity of the cell–they formed predominantly on the side of 

the nucleus facing the Golgi apparatus [48]. The nuclear actin filaments (stained with fluorescent 

phalloidin) colocalized with the GFP-labeled main capsid protein, VP26, and were required for the 

formation of GFP-VP26 foci (where the capsids are likely assembled) [48]. The findings of another 

report suggest that the motion of HSV-1 capsids in the nucleus is active and dependent on actin and 

myosin [50]. Indeed, nuclear myosin Va strongly colocalized with GFP-labeled capsids of PRV, 

mainly in the GFP-VP26 foci [48]. Taken together, we can assume that nuclear actin filaments (possibly 

together with nuclear myosin Va) play a role in the assembly and/or transport of alphaherpesviral capsids. 

2.1.2. Nuclear Actin and Morphological Changes of Infected Nuclei 

The HSV-1 infection induces dramatic changes in the structure of infected nuclei. Along with the 

appearance of virus RCs, their growth and fusion, we can also observe marginalization and dispersion 

of host chromatin and substantial enlargement of infected nuclei (to twice the volume of uninfected 

nuclei) [44]. Finally, the nuclear lamina is disrupted, and virions escape the nucleus (see later). 

In HSV-1-infected cells treated with latrunculin A, reductions in enlargement of nuclei, host 

chromatin dispersion, and RC maturation were observed in comparison with the untreated control 

cells. This suggests participation of nuclear actin in the maturation of RCs and accompanying 

processes. Interestingly, treatment of HSV-1-infected cells with cytochalasin D did not exhibit such 

reductions (discussed in next subsection) [46]. Besides that, HSV-1 is also able to disrupt the 

nucleoskeletal structure visualized by GFP-Cdc14B fusion protein [46]. Cdc14B is a phosphatase 

acting in the cell cycle regulations, which can localize to intranuclear filaments connecting nucleoli 

and nuclear periphery (and often ending in the vicinity of nuclear pores) [51]. These filaments are 

about 7 nm in diameter, and their formation is actin dependent [51]. In the course of HSV-1 infection, 

the filaments are disrupted, and GFP-Cdc14B forms point aggregates in the nuclei [46]. 

Finally, the sequestration of actin monomers by latrunculin A does not prevent the HSV-1-induced 

nuclear lamina disruption [46], and this process is therefore probably actin independent. 
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2.1.3. Monomeric versus Polymeric Nuclear Actin 

While it seems that the polymeric F-actin plays a certain role in the capsid assembly, it is not clear 

what form of nuclear actin is responsible for other mentioned phenomena. The morphological changes 

of HSV-1-infected nuclei are abolished in the presence of latrunculin A but not cytochalasin D [46]. 

Similarly, latrunculin A but not cytochalasin D was shown to decrease the mobility of HSV-1 capsids 

in the nucleus [50]. Considering that latrunculin A binds actin monomers (G-actin) and thus inhibits its 

potential functions, we can assume that the above-mentioned phenomena are G-actin dependent. The 

disassembly of F-actin by cytochalasin D (binding specifically to the growing end of actin filament) 

had little effect on the nuclear morphology and capsid mobility [46,50]. Unfortunately, data 

concerning the effects of actin inhibitors on alphaherpesvirus infectivity are rather inconsistent. 

Cytochalasin D was shown to reduce PRV infectivity [52], but no reduction in replication after latrunculin 

A or cytochalasin D treatment was observed for HSV-1 (cytochalasin D in fact markedly increased the 

infectious titer of HSV-1) [46]. We should also consider the possibility that nuclear actin is distinct in 

its conformation from the cytoplasmic F-actin, and therefore the effects of these inhibitors may differ. 

Whatever the functions of nuclear actin, they are rather auxiliary than essential for virus replication, 

since treatment with actin polymerization inhibitors does not affect replication of HSV-1 [46]. 

2.1.4. Actin as Part of Herpesviral Virions 

Actin can be incorporated into virions of PRV [52,53], human cytomegalovirus (HCMV) [54], 

murine cytomegalovirus (MCMV) [55], and Kaposi’s sarcoma-associated herpesvirus (KSHV) [56,57]. It 

is localized predominantly in the tegument [53]. In the case of PRV, it was shown that actin can partly 

replace the main tegument protein, VP22 [53]. Furthermore, filaments similar to F-actin were observed 

both in the perinuclear [58] and extracellular virions [34] of HSV-1. These filaments appeared to 

connect the nucleocapsid with the membrane envelope of the virion [34,58]. Despite many evidences 

of actin presence in the virions of herpesviruses, its function remains unknown. 

2.2. Baculoviruses 

Baculoviruses are dsDNA viruses infecting invertebrates, mainly insects from orders Lepidoptera, 

Hymenoptera, and Diptera. Baculoviruses are unique in producing two morphologically distinct 

infectious viral particles. Budded virions (BV), formed by budding of the nucleocapsid from the host 

cell cytoplasmic membrane, are responsible for viral spreading between the cells of one individual and 

inducing systemic infection. Occlusion-derived virus (ODV) gains its envelope in the nucleus of 

infected cells (most likely from the nuclear membrane invaginations). The virions of ODV are further 

incorporated into huge paracrystalline proteinaceous matrix formed by protein polyhedrin 

(nucleopolyhedroviruses) or granulin (granuloviruses). ODV can infect other individuals and is 

capable of long persistence outside the host cell. 

The polyhedral-shaped ODV particle of nucleopolyhedroviruses contains a number of enveloped 

virions connected by polyhedrin. According to the number of nucleocapsids in one envelope, the 

nucleopolyhedroviruses are further divided to single nucleopolyhedroviruses (SNPV; one capsid per 

envelope) and multiple nucleopolyhedroviruses (MNPV; more capsids per one envelope). The 
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granuloviral ODV particle contains only one virion in the ovicylindrical granulin occlusion 

(baculovirus biology briefly reviewed at [59]). 

Replication, transcription, and morphogenesis of baculoviral capsids take place in the cell nucleus. 

Viral DNA replication occurs in specific intranuclear domains that grow gradually to form the ‘virogenic 

stroma’. Virogenic stroma occupies most of the nucleus and marginalizes host chromatin [60]. 

2.2.1. Nuclear Actin Filaments and Nucleocapsid Morphogenesis 

More than twenty years ago, cytochalasin D was found to inhibit Autographa californica multiple 

nucleopolyhedrovirus (AcMNPV) replication by preventing proper nucleocapsid assembly in the 

infected nuclei [61–63]. These results suggested that F-actin is somehow involved in this nuclear 

process, as it was in fact later confirmed [64–66]. 

Nuclear actin filaments form in the AcMNPV-infected cells in the late phase of infection (starting 

12 hpi) and are located mainly in the area bordering the virogenic stroma, where they colocalize with 

the main capsid protein, p39 [64,65]. The experiments with mutated actin resistant to cytochalasin D 

definitely confirmed that inhibition of proper nucleocapsid morphogenesis induced by this inhibitor 

was caused by nuclear F-actin disassembly [66]. 

Other nucleopolyhedroviruses–Spodoptera frugiperda MNPV, Bombyx mori NPV, Orgyia 

pseudotsugata MNPV, Lymantria dispar MNPV, Anticarsia gemmatalis MNPV, and Helicoverpa zea 

SNPV–are not able to create infective progeny in the presence of either cytochalasin D or latrunculin 

A [67]. These findings suggest a conserved mechanism of nuclear F-actin employment in the 

nucleocapsid morphogenesis of nucleopolyhedroviruses. 

2.2.2. Actin Relocalization to the Nucleus 

The prerequisite for nuclear actin polymerization in late infection is previous accumulation of 

sufficient amounts of actin monomers in the nucleus. As described for AcMNPV, this happens already 

in the early phase of infection with participation of products of six viral genes: ie-1, pe38, he65, 

Ac004, Ac102, and Ac152 [68]. IE1 and PE38 proteins are immediate-early transcription activators, 

he65 encodes delayed-early protein, and the products of the remaining genes have not been characterized 

yet. The product of Ac152 is most likely transactivator of Ac102 and he65 genes. The expression of 

these six genes is sufficient for G-actin nuclear localization but not for its polymerization [68]. 

2.2.3. Mechanism of Nuclear Actin Polymerization 

The AcMNPV nucleocapsids are able to induce actin polymerization in vitro [69] and in vivo in  

the early infection after their release from endosomes [70]. Two actin-binding capsid proteins of 

AcMNPV were identified: p39 and p78/83 [69]. 

Study of actin polymerization kinetics using fluorescence recovery after photobleaching (FRAP) 

revealed the dynamic nature of nuclear F-actin in the AcMNPV-infected cells. Jasplakinolide 

(stabilizing actin filaments and inhibiting further polymerization) prevented fluorescence recovery in 

FRAP experiments and lowered the viral infectivity substantially [71]. It means that not only F-actin 

formation but also its dynamic polymerization plays a key role in the AcMNPV life cycle. The Arp2/3 
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complex (common host cell actin nucleator) is responsible for nuclear actin nucleation in this step of 

infection. Arp2/3 is recruited to the nucleus and activated by viral capsid protein p78/83 [71]. Protein 

p78/83 of nucleopolyhedroviruses contains several highly conserved sequences typical for the  

Wiskott-Aldrich syndrome protein (WASP) family: proline-rich region, G-actin binding WH2  

(WASP-homology 2) domain, and Arp2/3 binding CA (connector and acidic) region [72]. The purpose 

of WASP proteins and related activators of actin nucleation is activation of Arp2/3 and subsequent 

actin filament nucleation. Protein p78/83 is therefore probably able to mimic the action of cellular 

proteins from the WASP family [71].  

Another viral capsid protein, C42, is essential for nuclear F-actin formation and proper nucleocapsid 

assembly. This protein mediates translocation of p78/83 into the nucleus using its nuclear localization 

signal [73]. Moreover, it participates directly in the nuclear actin polymerization, probably via its 

pocket protein binding sequence (PPBS) [74]. The absence of C42 prevents the nuclear actin filament 

assembly and correct nucleocapsid morphogenesis even when the nuclear localization of p78/83 is 

provided artificially [74]. Mutation of the PPBS of C42 does not impair the nuclear translocation  

of p78/83, Arp2/3, or G-actin, but it blocks the nuclear actin polymerization and reduces viral 

infectivity [74]. 

The above-mentioned findings apply to AcMNPV, but the same mechanism of nuclear actin 

polymerization was also described for Helicoverpa armigera MNPV [75]. Taken together with the 

high level of similarity in WASP-related sequences among different nucleopolyhedroviruses [72], we 

can assume a general mechanism of nuclear actin utilization valid for all nucleopolyhedroviruses. 

2.2.4. F-Actin and the Nuclear Egress of AcMNPV 

Recently, one more protein of AcMNPV, VP80, was found to interact with the host nuclear actin [76]. 

VP80 associates both with nucleocapsids and nuclear actin filaments that connect virogenic stroma and 

nuclear periphery [76]. VP80 is also indispensable for nuclear export of AcMNPV capsids [77]. 

Interestingly, this export seems to be actin and myosin dependent. Supported by the fact that VP80 

shares sequence homologies with the paramyosin protein family, this may point to nuclear export of 

nucleocapsids using the actin-myosin complex [76]. 

2.3. Retroviruses 

Besides herpesviruses and baculoviruses, two retroviruses have been shown to use nuclear actin in 

their life cycle. The first is human immunodeficiency virus type 1 (HIV-1) from the genus lentivirus, 

the second is Mason-Pzifer monkey virus (MPMV) from the genus betaretrovirus. Both viruses need 

nuclear actin to transport their unspliced mRNAs from the nucleus to the cytoplasm [28,29]. 

HIV-1 Rev is a viral protein responsible for transport of unspliced and partially spliced viral 

mRNAs from the nucleus to the cytoplasm. In its amino-terminal region, Rev contains a sequence that 

serves as nuclear localization signal and also specifically recognizes the hairpin structure present on 

unspliced viral mRNAs called Rev response element (RRE). The carboxy-terminus of Rev includes the 

nuclear export signal that interacts with exportin 1 facilitating (together with Ran GTPase) 

translocation of Rev with bound mRNA to the cytoplasm through the nuclear pore complex. Another 

factor essential for Rev-dependent export of HIV-1 mRNAs to the cytoplasm of Xenopus laevis 
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oocytes is translation initiation factor eIF-5A. eIF-5A interacts with exportin 1, Rev, various 

nucleoporins, and even actin [28]. Mason-Pfizer monkey virus does not encode any protein similar to 

Rev, and transport of unspliced mRNAs depends on the host cell factors recognizing specific RNA 

structure, constitutive transport element (CTE) (mRNA export of HIV-1 and MPMV reviewed at [78]). 

Export of mRNA using CTE is not dependent on eIF-5A [28]. 

Nuclear actin filament bundles were observed in the nuclei of transfected HeLa cells that expressed 

HIV-1 RNAs. These bundles, intersecting the nucleus and pointing to the nuclear envelope, colocalized 

with gag mRNA, Rev protein, exportin 1, and GTPase Ran. Disassembly of the actin bundles with 

latrunculin B inhibited nuclear export of gag mRNA, but not of completely spliced tat/rev mRNA or 

cellular mRNA for glyceraldehyde 3-phospahate dehydrogenase [29]. The necessity of nuclear actin 

for Rev-dependent (HIV-1) as well as Rev-independent (MPMV) transport of unspliced retroviral 

mRNAs was further confirmed in microinjection experiments performed with X. laevis oocytes and 

Vero cells [28]. Similar results were surprisingly obtained for the host protein kinase inhibitor (PKI) 

possessing its own nuclear export signal [28]. The nuclear actin involved in this nuclear export could 

be in its polymeric, filamentous state [29], but experiments with actin inhibitors point to actin 

monomers or short oligomers rather than to F-actin [28]. This is also supported by labeling with 2G2 

antibody [28] that recognizes the actin conformation specific for the nucleus [24]. Whatever is the 

case, the actual function and form of nuclear actin in retroviral infections will have to be clarified by 

further research. 

3. Viruses and Nuclear Lamins 

Lamins are the best known cytoskeletal constituents of the nucleus. They belong to the intermediate 

filament protein family (class V) and possess the typical structure of intermediate filaments. 

Mammalian cells produce four main types of lamins: lamin A and lamin C (called A-type lamins) are 

different splicing products of the same gene, lamin B1 and lamin B2 (B-type lamins) are encoded by 

two distinct genes. A-type and B-type lamins differ in several characteristics, e.g., isoelectric point and 

behavior during mitosis. Lamins represent the main components of the nuclear lamina, proteinaceous 

filamentous layer that is located between chromatin and inner nuclear membrane and contributes 

significantly to the structural integrity of the nuclear envelope. Nuclear lamina was traditionally 

described as a regular network of lamin filaments [79], but recent reports revealed more complicated 

structure dependent on the lamina composition and cell type [80]. Besides the nuclear lamina, lamins 

were also found as spots in the nucleus interior [81–83] and in the case of lamin A even as a part of 

intranuclear filaments [84–87]. Today, lamins are recognized to play many roles in different nuclear 

processes including replication, transcription, chromatin organization, and others [88]. Mutations in 

genes for nuclear lamina components (mainly lamin A gene) are associated with a variety of human 

diseases called laminopathies [89]. 

3.1. Herpesviruses 

Thanks to the size of nucleocapsids of herpesviruses (~125 nm in diameter for HSV-1), the nuclear 

envelope represents a significant barrier on their way out of the nucleus. Only particles up to 39 nm in 

diameter can be transported through the nuclear pore [90], and the size of nuclear lamina fenestrations 
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is approximately 15 nm [80]. Thus, either enlargement of nuclear pores or changes in the lamina 

structure are necessary for successful release of herpesvirus nucleocapsids to the cytoplasm. According 

to the now widely accepted ‘envelopment-deenvelopment-reenvelopment’ hypothesis, the nucleocapsids 

bud through the inner nuclear membrane to perinuclear space. This primary envelope subsequently 

fuses with the outer nuclear membrane, and naked nucleocapsids escape to the cytoplasm, where they 

gain a new envelope derived from the endoplasmic reticulum (ER) or Golgi apparatus membranes [91,92]. 

This model assumes that herpesviruses are able to induce restructuring or disassembly of nuclear 

lamina that would normally prevent the direct contact of nucleocapsids with the inner nuclear membrane. 

Many studies confirmed the involvement of herpesviruses in the changes of nuclear lamina 

structure. HSV-1, HSV-2, MCMV, HCMV, and Epstein-Barr virus (EBV) use similar mechanisms to 

disrupt the nuclear lamina and release the virions from the nucleus [93]. These mechanisms utilize 

viral as well as host factors and will be discussed in detail on the example of HSV-1, and briefly 

described for other herpesviruses. 

3.1.1. HSV-1 

Cells infected with HSV-1 exhibit different fluorescent profiles of nuclear lamins and lamin B 

receptor, suggesting thinning and partial disassembly of the nuclear lamina [45]. These findings were 

obtained by observing living cells producing proteins lamin B receptor, lamin A, and lamin B2 fused 

with GFP and also by indirect immunofluorescence using antibodies against lamin A/C, lamin B1, and 

lamin B2. Furthermore, during infection, the rate of lamin B receptor diffusion in the inner nuclear 

membrane and solubility of lamin A are significantly increased [45]. HSV-1 infection also induces an 

overall decrease in the amount of lamins in infected cells [45].  

Disruption of nuclear lamina by HSV-1 is coupled with RC maturation [47] and involves action of 

both viral and host proteins. These include viral proteins associated with the nuclear envelope together 

with viral as well as cellular kinases. All these proteins form the ‘nuclear egress complex’ (Figure 1, 

left) and work in concert to facilitate nuclear lamina breach and thus the egress of new virions from  

the nucleus. 

The viral transmembrane protein necessary for primary envelopment, pUL34 [94], and the viral 

phosphoprotein found to be associated with the nuclear matrix, pUL31 [95], form together a complex 

that associates with the inner nuclear membrane [96–98]. This localization of pUL34 and pUL31 is 

observable only when expressed together (infection with viruses that had deleted either gene led to 

mislocalization of the remaining protein) [96,97]. Coexpression of UL34 and UL31 genes alone is 

sufficient for pUL34 and pUL31 localization to the nuclear envelope [96]. However, for even 

distribution of the complex along the nuclear rim, viral kinase pUS3 is required. When pUS3 is absent, 

pUL34 and pUL31 are unevenly distributed throughout the nuclear rim and associate with the nuclear 

membrane invaginations containing clusters of primarily enveloped virions [96,97]. The correct 

localization of pUL34 also depends on the presence of the lamin A/C itself [99]. 
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Figure 1. Nuclear egress complex of herpes simplex virus 1 (HSV-1) and human 

cytomegalovirus (HCMV). The lamin proteins are depicted as two layers beneath the 

nuclear membrane (lamin B in red, lamin A/C in green). The red “P” in circle marks 

phosphorylated proteins, actions of individual protein kinases are represented by black 

arrows. The dashed arrow suggests hypothetical phosphorylation of lamins by pUL13 kinase 

(proved for HSV-2). The lamin B receptor protein is abbreviated as “LBR”. Besides PKC, 

other cellular kinases may be involved in phosphorylation of nuclear lamina components.  

 

Besides the role in primary envelopment of virions [94,96,97], the pUL34-pUL31 complex is 

responsible for nuclear lamina disruption. Viruses lacking UL34 or UL31 genes are not capable to 

induce changes in the immunoreactivity of lamin A/C and lamin-associated polypeptide 2, typical of 

cells infected with the wild-type virus [47]. Additionally, the UL34 gene is also required for disruption 

of lamin B [100]. The role of pUL31 and pUL34 in the nuclear lamina rearrangement is further 

supported by findings that both bind lamin A/C directly and that overexpression of either of them leads 

to partial lamin A/C relocalization [101]. 

Whether HSV-1 induces only conformational changes or even disruption of nuclear lamina was 

examined by different antibodies directed against lamin A/C. Staining with monoclonal antibody 

against the tail domain of lamin A/C exhibited significant reduction in the infected cells dependent on 

the pUL34 and pUL31 presence. Polyclonal antibody recognizing epitopes in the rod domain of lamin 

A/C showed decreased lamin staining even in the absence of pUL31 (but not pUL34). Surprisingly, 

labeling with the third polyclonal antibody did not exhibit any differences between infected and 

uninfected cells. Based on these experiments the authors suggested that the alterations in lamin 

staining during HSV-1 infection were caused by conformational changes in the nuclear lamina rather 

than its direct disintegration [101]. However, observations in cells producing GFP-lamin A fusion 

protein showed that HSV-1 caused real perforation of nuclear lamina dependent on the presence of 

pUL34 and pUL31 [46]. 

Proteins pUL34 and pUL31 are indispensable not only for nuclear lamina disruption, but also for 

characteristic nuclei enlargement [46].  
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In HSV-1-infected cells, viral serine/threonine kinase, pUS3, colocalizes with pUL34 and pUL31 

on the nuclear envelope and also associates with perinuclear virions [97]. pUS3 can phosphorylate 

pUL34 [102] and pUL31 [103] and its activity is needed for even distribution of the pUL34-pUL31 

complex in the inner nuclear membrane [96,97]. If pUS3 is missing or catalytically inactive, primarily 

enveloped virions are concentrated in the invaginations of perinuclear space into the nucleoplasm. In 

these areas, pUL34 and pUL31 accumulation and large perforations of nuclear lamina can be  

detected [97,100,104]. This effect is probably caused by prevention of pUS3-mediated phosphorylation 

of pUL31 [103]. The damage to nuclear lamina is greater in the absence of pUS3, suggesting that some 

negative regulation between the action of pUS3 and pUL34-pUL31 complex exists. This would be in 

agreement with findings that coexpression of pUS3 (catalytically active) and pUL34 leads to less 

dramatic changes in the nuclear lamina than individual expression of either gene [100]. Deletion of 

US3 gene decreases viral infectivity, although surprisingly not in all cell types [97,102]. 

Apart from the indirect role in the nuclear lamina disruption via regulation of pUL34 and pUL31 

activity, pUS3 was shown to directly phosphorylate lamin A/C on several sites in vitro and  

in vivo [104]. Moreover, pUS3 alone can increase lamin A/C solubility and induce some defects in the 

nuclear lamina [100,104]. Interestingly, its kinase activity is not required to disrupt lamins in 

transfected cells [100].  

HSV-1 also causes structural changes of proteins of the inner nuclear membrane that are associated 

with nuclear lamina such as lamin B receptor [45] and lamin-associated polypeptide 2 [47]. Another 

inner nuclear membrane protein affected by HSV-1 infection is emerin. During infection, emerin is 

delocalized and exhibits increased mobility [105,106]. This is due to its phosphorylation by host 

protein kinases [105,106], including protein kinase C (PKC) δ [106]. However, the involvement of 

PKCδ was later disputed [107]. Virus pUS3 kinase participates in emerin phosphorylation too [105,106], 

although possibly indirectly by modulating cellular kinase(s) activities [105]. Hyperphosphorylation of 

emerin is also partially dependent on the presence of pUL34, which is able to bind emerin and recruit 

cellular kinase(s) [106]. 

Another kinase participating in nuclear lamina disintegration is a product of the UL13 gene, highly 

conserved herpesviral serine/threonine kinase. pUL13 is capable to phosphorylate the pUS3 kinase and 

its deletion leads to a similar phenotype as deletion of US3, i.e., changes in the localization of pUL34 

and pUL31 in the inner nuclear membrane [108]. Nevertheless, it is not clear whether pUL13 

influences pUL34-pUL31 localization directly or via phosphorylation of pUS3 [108]. It is also worth 

mentioning that pUL13 of HSV-2 directly phosphorylates nuclear lamins and causes their 

redistribution [109]. 

In the course of HSV-1 infection, PKC is concentrated in the vicinity of nuclear envelope [110]. 

This relocalization occurs between 8 and 12 hours post infection and depends on the presence of the 

pUL34-pUL31 complex in the nuclear envelope [110]. Viral kinase pUS3 is responsible for the even 

distribution of PKC along the nuclear rim because it influences the distribution of pUL34-pUL31 in 

the same way [110]. Two isoforms of PKC–PKCα and PKCδ–are relocalized to the nuclear envelope 

coincidently with increased lamin B phosphorylation [110]. Lamin B could be phosphorylated directly 

by PKC and/or other cellular or viral kinases [107,110]. The PKC activity is essential for HSV-1 

infection since inhibition of all PKC isoforms causes substantial reduction of viral replication, 

accumulation of virus particles in the nuclei, and overall decrease in the amount of viral capsids in the 
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infected cells. On the other hand, specific inhibition of conventional PKCs (including PKCα) or PKCδ 

does not inhibit viral replication [107]. This indicates either functional redundancy of these isoforms or 

involvement of other PKC forms in the viral life cycle. 

3.1.2. Other Herpesviruses 

Individual members of the Herpesviridae family share substantial resemblance concerning the 

mechanisms of nuclear lamina disruption. Proteins homological to pUL34 and pUL31 were described 

for HSV-2 [111,112], PRV [113,114], HCMV [115], MCMV [116], and EBV [117–119]. These 

proteins are, like in HSV-1, responsible for primary envelopment and release of virions from the 

nucleus. The direct role in the changes of nuclear lamina, including PKC relocalization, was proved for 

pUL50 and pUL53 of HCMV [115,120,121], although, unlike HSV-1 pUL34, pUL50 alone is able to 

recruit PKC [121] and even can be phosphorylated itself by this kinase [120]. During MCMV infection, 

proteins M50/p35 and M53/p38 recruit PKC to the nuclear rim for lamin phosphorylation and lamina 

dissolution [116]. BFLF2 and BFRF1 proteins of EBV were shown to interact with lamin B [119]. 

Homologs of HSV-1 pUL13 kinase (‘conserved herpesviral kinases’), pUL13 of HSV-2, pUL97 of 

HCMV, and BGLF4 of EBV, participate in direct phosphorylation of lamins and disruption of the 

nuclear lamina [109,121–126]. Remarkably, pUL97 and BGLF4 apparently imitate the activity of 

cellular cyclin-dependent kinase 1, which is responsible for the nuclear lamina breakdown during 

mitosis [123,126]. Furthermore, the pUL97-mediated phosphorylation of lamin A/C at Ser22 creates a 

binding motif for the cellular peptidyl-prolyl cis/trans-isomerase Pin1 [125]. During HCMV infection, 

Pin1 is concentrated by the nuclear lamina in a manner dependent on the protein kinase activity [125]. 

Pin1 could contribute to nuclear lamina reorganization by inducing conformational changes of  

lamins [125]. 

Another cellular protein involved in the HCMV-induced nuclear lamina disruption is p32 protein. 

This protein recruits pUL97 kinase to the lamin B receptor and is itself phosphorylated by pUL97 [122]. 

Moreover, p32 also directly interacts with pUL50 and PKC [120,121]. In addition, the recently 

characterized protein of HCMV, RASCAL (nuclear rim-associated cytomegaloviral protein), was also 

identified to be involved in the nuclear egress complex, likely via its interaction with pUL50 [127]. 

The nuclear egress complex of HCMV is depicted in figure 1, right. 

Alphaherpesviruses have homologs of HSV-1 pUS3 kinase as well, and they share some functional 

similarities – for example, pUS3 of PRV influences pUL34 localization in the same way as its HSV-1 

counterpart [128] and pUS3 of HSV-2 changes the pattern of emerin hyperphosphorylation [105]. 

Interestingly, HSV-2 pUS3 exhibits marked differences from HSV-1 pUS3 in its catalytic functions, 

e.g., it does not control the localization of the nuclear egress complex [129]. 

Even though the ways of interactions of viral proteins with nuclear lamins slightly vary between 

individual herpesviruses, they all result in nuclear lamina disruption, thus confirming the role of 

nuclear lamina as a major obstacle to herpesviral replication. 

3.2. Other Viruses  

Although herpesviruses are by far the most extensively studied virus family regarding their 

interactions with nuclear lamins, studies describing the interplay between lamins and other viruses are 
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slowly emerging. It seems that, similarly to herpesviruses, the nuclear lamina represents a barrier for 

all these viruses, and hence they evolved mechanisms to overcome it. However, we have to be more 

careful about making any definite conclusions since there is only one or a few reports concerning 

lamins for each below-mentioned virus family. 

3.2.1. Retroviruses 

HIV-1 requires nuclear actin for nuclear export of its unspliced mRNAs, but there are also 

evidences for HIV-1 interactions with nuclear lamina. Viral protein Vpr induces perforations in the 

nuclear envelope corresponding to the sites with defects in nuclear lamina [130]. These perforations 

lead to mixing of cytoplasmic and nucleoplasmic content, including cell cycle regulators. The authors 

hence deduce that these defects consequently result in the cell cycle arrest in G2 phase, which is a 

known effect of the Vpr protein [130]. Apart from that, this action of Vpr could facilitate the nuclear 

entry of HIV preintegration complex [130,131]. 

3.2.2. Polyomaviruses 

Polyomaviruses are small non-enveloped tumorigenic viruses with circular double-stranded DNA 

genome. The best studied representatives of the Polyomaviridae family are simian virus 40 (SV40), 

mouse polyomavirus (MPyV), and human pathogens JC virus and BK virus. In the last several years, 

seven additional human polyomaviruses have been discovered, including Merkel cell polyomavirus 

associated with rare but aggressive cancer of Merkel cells. 

Upon cell entry, polyomaviruses are transported through the endosomal pathway to the ER [132–136]. 

Infection of MPyV is dependent on acidic pH of the endosomes [137]. Qian et al. proposed that MPyV 

is transported first to the endolysosome, and there the polyomavirus ganglioside receptor stimulates 

sorting of MPyV to the ER [138]. The precise mechanism controlling the transport of MPyV from the 

plasma membrane to the ER remains to be clarified. Even less clear is the mechanism by which 

polyomaviruses deliver their genomes into the cell nucleus. Based on electron microscopy analyses, 

early papers suggested that SV40 [139] and MPyV [140] enter the cell nucleus bypassing nuclear pores 

by fusion of vesicles carrying virions directly with the nuclear envelope. At present, two models of 

polyomavirus trafficking from ER into the nucleus are discussed. The first model presumes that 

partially disassembled virions are translocated (by an as yet unknown mechanism) from ER to the 

cytosol and enter the nucleus via nuclear pores. Although it has never been proved, several findings 

support this hypothesis [141–145].  

Alternatively, a recent report on SV40 suggests a model, in which the genomes are delivered from 

the ER directly to the nucleus. During cell entry, SV40 induces transient changes in the structure of the 

nuclear envelope accompanied by fluctuations in the lamin A/C protein level, accumulation of lamin 

A/C in the cytoplasm, and dephosphorylation of a specific lamin A/C epitope [146]. These changes 

culminate 6-8 hours post infection, just prior to and during nuclear entry of the viral genome, and  

seem to be caspase-6 dependent. Interestingly, these alterations in nuclear envelope structure occur 

exclusively during infection of non-proliferating cells, and the pentamers of the major capsid protein, 

VP1, are sufficient to induce them [146]. Interaction of VP1 protein with nuclear lamina was also 

observed during the expression of MPyV VP1 in mouse fibroblast cells (our unpublished results). 



Viruses 2012, 4 337 

 

 

Along with the lamina, the nuclear membrane represents a natural barrier for polyomavirus infection. 

In vitro studies on the minor structural proteins, VP2 and VP3, of SV40 [147] and of MPyV [148,149] 

showed that they are able to bind, insert into, perforate and even fuse cell membranes. Thus, in all the 

above-discussed models, the minor structural proteins might be key actors helping virions pass through 

ER and/or inner nuclear membrane. 

3.2.3. Parvoviruses 

The Minute virus of mice (MVM) is a small non-enveloped ssDNA virus that belongs to the 

Parvoviridae family and replicates in the cell nucleus. In the early phase of infection, prior to the 

nuclear entry, MVM induces transient breaks in the nuclear envelope accompanied by changes in  

the lamin A/C immunostaining [150]. Moreover, the gaps in lamin staining are coincident with the 

antibody-labeled virus [150]. Further examination revealed that host caspases are involved in  

MVM-induced nuclear envelope breakdown. In particular, basally active caspase 3 is relocalized to the 

nucleus, where it cleaves nuclear lamins (most likely lamin B2) [151]. These findings suggest that 

parvoviruses, despite their small size (ca 26 nm in diameter), do not import their genome into the 

nucleus via the nuclear pore, and instead they cause partial breaks in the nuclear envelope to facilitate 

nuclear entry. Consistently with this unusual model, capsids of adeno-associated virus 2 (AAV2) were 

shown to enter purified nuclei independently of nuclear pore complexes [152]. 

4. Conclusions  

In this review, we wanted to present the current knowledge on the significance of nuclear actin and 

lamins for various viruses. Despite the increasing number of reports dealing with this topic, many 

issues remain unresolved. First of all, we still know very little about the form of nuclear actin even in 

normal, uninfected cells, and that makes our understanding of its employment by viruses more 

difficult. Secondly, the most findings presented in this review refer to only two virus families–

herpesviruses and baculoviruses. Data on other discussed viruses is based on a few studies only. It 

would be very surprising if these viruses were the only ones interacting with host nuclear actin or 

lamins. In fact, it is reasonable to expect that other viruses replicating in the nucleus will soon extend 

this list. To conclude, the participation of both lamins and nuclear actin in the viral life cycle represents 

a relatively unexplored but very promising area of research that can tell us much about the ability of 

viruses to deal with the host cell environment.  
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Graf č.1: Růstová křivka a viabilita Sf9 v TS50

Diagnostický antigen založený na rekombinantním proteinu VP1-Cap 
Funkční vzorek připraven v rámci projektu TAČR  (TA03010700) 

1. Charakterizace vzorku:   

Diagnostický antigen VP1-Cap je fúzní protein složený z hlavního kapsidového proteinu VP1 myšího 

polyomaviru (MPyV) a kapsidového proteinu Cap prasečího cirkoviru typu 2 (PCV2).  Protein je 

produkovaný v bakulovirovém expresním systému ve formě pentamer. Antigen je určený pro  

diagnostiku - zjišťování koncentrace Cap proteinu v biologických vzorcích a také jako standarda 

v imunotestech používaných pro kvantifikaci Cap proteinu v jednotlivých šaržích vakcinačního 

antigenu k přesnému definování množství antigenní složky ve vakcíně.    

2. Složení 

Funkční vzorek obsahuje nativní antigen (pentamerní fúzní protein VP1-Cap), rozpuštěný v pufru 

PBS o definované koncentraci. 

3.  Příprava  

3.1. Vytvoření rekombinantního bakuloviru produkující VP1- Cap  (PřFUK) 

Fuzní gen složený ze sekvencí kodujících MPyV VP1 a PCV2 Cap byly vloženy do transferového 

bakulovirového vektoru pFasBacI. Transferovým vektorem byly transfekovány bakterie DH10Bac pro 

vytvoření bacmidu (DNA obsahující genom rekombinantního bakuloviru).  Rekombinantní bakulovirus byl 

připraven po transfekci bacmidu do hmyzích buněk Sf9.  

3.2. Pomnožení antigenu VP1-Cap v kultuře hmyzích buněk SF9 (Dyntec spol. s r.o.) 

Buňky Sf9 byly předpěstovány v bezsérovém médiu v 50 ml zkumavkách TS50 v kultivačním 

objemu 10 ml, inkubovaných na orbitálních třepačkách PZ-M/47-50 při teplotě 27°C ± 1°C a při 

rychlosti třepání 230 rpm. Pro osazení jednoho bioreaktoru TS600 bylo potřeba napěstovat buňky 

v deseti zkumavkách TS50 s minimální hustotou 2,0 x 10
6
 /ml živých buněk s viabilitou ≥90%, která 

byla obvykle dosažena 4. až 5. den po nasazení (Graf,  obr.1).   

 

 

 

 

 

 

Obr. 1: Růstová  křivka (červeně) a 

viabilita (zeleně)  



  

 

Bioreaktor TS600 byl osazen 400ml buněčné suspenze SF9 o koncentraci 2,0 x 10
6
 /ml. Následovala 

infekce buněčné kultury zásobním inokulem obsahujícím rBacV pro pomnožení antigenu VP1-Cap. 

Množství inokula potřebného pro infekci bylo vypočítáno dle vzorce: 

                    
                            

                              
 

Multiplicita infekce byla 5 PFU/buňka. Po 48 hodinách byla buněčná suspenze sklizena centrifugací 

200xg, RT, 10minut po 50ml aliquotech. Aliquoty byly uchovávány zmrazeny při  -20°C. 

3.3. Výroba nativního lyzátu z infikovaných buněk SF9 a purifikace antigenu. (PřFUK) 

 50ml aliquot byl resuspendován celkem v 10ml vychlazeného pufru PBS. 

 Následovala sonikace suspenze ve skříňovém sonikátoru na ledu 3x30s s 1 minutovým 

chlazením, amplituda 10. 

 Nativní lyzát byl klarifikován centrifugací 8000xg, 15 minut, 4°C. 

 Aliquot  lyzátu byl testován na přítomnost antigenu metodou DotBlot ( Obr.2). 

 Supernatant byl zředěn na objem 60ml a zkoncentrován na ultracentrifuze Beckman, 

rotor SW28, 25000rpm, 4°C, 3h. 

 Sediment byl rozplaven v celkem 10ml vychlazeného pufru PBS a zředěn pufrem PBS na 

hmotnost 32 g. 

 Celkem 14,6g CsCl bylo rozpuštěno v 32 g rozplaveného sedimentu. Koncentrace CsCl 

byla zkontrolována refraktometricky (ref. Index = 1,365), popřípadě upravena přidáním 

pufru PBS. 

 Směs CsCl a rozplaveného sedimentu byla rozdělena do 4 centrifugačních zkumavek, 

vyvážena a byla provedena ultracentrifugace na centrifuze Beckman, rotor SW40, 

35000rpm, 18°C, 24h. 

 CsCl gradienty byly rozebrány na celkem 8 frakcí. Frakce 4 gradientů, odpovídající 

stejným refraktometrickým indexům byly sloučeny.  

 Byla provedena dvoustupňová dialýza jednotlivých frakcí s různými refraktometrickými 

indexy proti pufru PBS, 4°C, 48h. 

 Jednotlivé frakce byly po dialýze testovány na čistotu a kvalitu antigenu SDS 

elektroforézou (SDS PAGE; Obr. 3). 

 Frakce, které prokázaly vysokou čistotu (nepřítomnost kontaminujících proteinů) byly 

sjednoceny a koncentrace antigenu určena metodou Bradfordové (DCSOP 4313-1). 

 

 

 

 



  

4. Testování kvality 

Test přítomnosti antigenu  metodou  DotBlot (RMSOP129SBX216x)   

 

Test čistoty a kvality  antigenu metodou SDS PAGE (RMSOP128SDX2160) 

 

 

 

 

5. Ověření účinnosti  

Studie účinnosti antigenu v „sandwich“  ELISA testu byla provedena na souboru vzorků 

odebraných pro mezioperační zkoušky při přípravě vakcinačního antigenu  VP1-Cap- a 

v testech opakovatelnosti (intraassay) v různých ředěních antigenu. Koeficient variace 

absorbancí odečtených v různých ředěních antigenu (STD = VP1-Cap)  nepřesahoval hodnotu 

20%   ( viz tab. 1).    

         

 

 
 

 

Obr. 2: Test přítomnosti antigenu: Dot Blot  

 PK – pozitivní kontrola, NK – negativní kontrola  

Obr. 3: Test kvality a 

čistoty antigenu metorou 

SDS-PAGE 

Frakce, které obsahují 

antigenVP1-Cap (71 kDa) 

v požadované čistotě, byly 

sjednoceny (frakce 2, 3, 4, 

5 a 6).  

 



  

 

         

 
Číslo měření 

STD 
(1:400) 

STD 
(1:800) 

STD 
(1:3200) 

NK (1:400) NK (1:800) 
NK 

(1:3200) 

 1 0,779 0,300 0,121 0,076 0,062 0,084 

 2 0,696 0,298 0,132 0,064 0,067 0,067 

 3 0,684 0,288 0,102 0,06 0,062 0,066 

 4 0,72 0,286 0,101 0,061 0,061 0,073 

 5 0,749 0,262 0,099 0,073 0,06 0,065 

 6 0,794 0,272 0,097 0,063 0,061 0,066 

 7 0,811 0,268 0,101 0,059 0,06 0,066 

 8 0,761 0,270 0,118 0,063 0,064 0,069 

 9 0,791 0,291 0,106 0,071 0,073 0,068 

 10 0,806 0,261 0,102 0,063 0,065 0,07 

 11 0,813 0,271 0,098 0,061 0,065 0,065 

 12 0,696 0,251 0,093 0,062 0,062 0,069 

 13 0,688 0,281 0,098 0,063 0,062 0,067 

 14 0,702 0,276 0,095 0,064 0,064 0,074 

 15 0,767 0,262 0,091 0,065 0,061 0,075 

 16 0,827 0,272 0,099 0,064 0,065 0,07 

 X  OD 0,755 0,276 0,103 0,065 0,063 0,070 

 SD 0,051 0,014 0,011 0,005 0,003 0,005 

 CV (%) 6,701 5,089 10,701 7,360 5,182 7,092 

 N(X+3SD) NT NT 0,136 0,079 0,073 0,084 

 Největší 0,827 0,300 0,132 0,076 0,073 0,084 

 Nejmenší 0,684 0,251 0,091 0,059 0,060 0,065 

 Počet 16 16 16 16 16 16 

 
         

6.  Návod k použití 

Standardní operační protokol je k dispozici ve firmě Dyntec pod označením  

RMSOP130SDX2170.   

7. Balení, skladování 

Diagnostický antigen je rozplněn po 0,2 ml do 0,5 ml mikrozkumavek utěsněných proti 

sublimaci parafilmem, které se uchovávají zmražené při -20°C. Mikrozkumavky jsou uloženy 

v krabičce a označeny štítkem, který obsahuje název výrobce, název přípravku,  koncentraci 

antigenu a číslo šarže.   

Autoři: Mgr. Martin Fraiberk, MVDr. Ivan Pšikal, CSc, Doc RNDr. Jitka Forstová, CSc. 

Funkční vzorek byl vytvořen s podporou TAČR. 

Tab 1: Test opakovatelnosti stanovení proteinu VP1-Cap  (STD) a negativní kopntroly (NK) v různých ředěních.  





control - EGFP expressing cells 

experiment 1 

day 7 day 6 day 5 

day 4 day 3 day 2 

90.9% EGFP positive cells 79.3% EGFP positive cells 47.6% EGFP positive cells 

96.4% EGFP positive cells 96% EGFP positive cells 94.3% EGFP positive cells 

G2/M measurements 



VP1/(EGFP) expressing cells 

experiment 1 

day 4 day 3 day 2 

day 7 day 6 day 5 

56% EGFP positive cells 31% EGFP positive cells 13.1% EGFP positive cells 

93.3% EGFP positive cells 89.2% EGFP positive cells 78.1% EGFP positive cells 



control - EGFP expressing cells 

experiment 2 

day 7 day 6 day 5 

day 4 day 3 day 2 

91.1% EGFP positive cells 79.8 EGFP positive cells 48.8% EGFP positive cells 

97.2% EGFP positive cells 96% EGFP positive cells 94.3% EGFP positive cells 



VP1/(EGFP) expressing cells 

experiment 2 

day 7 day 6 day 5 

day 4 day 3 

54.1% EGFP positive cells 30.4% EGFP positive cells 12.7% EGFP positive cells 

91.7% EGFP positive cells 87% EGFP positive cells 76.9% EGFP positive cells 

day 2 



MOCK transfected cells 

day 7 day 6 day 5 

day 4 day 3 day 2 



 Annexin V and DAPI staining adjustment 

Annexin and DAPI staining  Q2 – necrotic cells 
  Q3 - apoptotic cells 
  Q4 – living cells  

Annexin V staining  Q3 - death cells 
                                Q4 – living cells  

Annexin and DAPI staining, apoptosisi induction 
  Q2 – necrotic cells 
  Q3 - apoptotic cells 
  Q4 – living cells  

Annexin and DAPI staining, without apoptosisi induction 
  Q2 – necrotic cells 
  Q3 - apoptotic cells 
  Q4 – living cells  

Cell death – annexin and DAPI staining 



control - EGFP expressing cells 

experiment 1 

day 7 day 6 day 5 

day 4 day 3 day 2 



VP1/(EGFP) expressing cells 

experiment 1 

day 7 day 6 day 5 

day 4 day 3 day 2 



control - EGFP expressing cells 

experiment 2 

day 7 day 6 day 5 

day 4 day 3 day 2 



VP1/(EGFP) expressing cells 

experiment 2 

day 7 day 6 day 5 

day 4 day 3 day 2 
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