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Abstract: Viruses have great potential as nanotools in medicine for gene transfer, targeted 

gene delivery, and oncolytic cancer virotherapy. Here we have studied cell death mechanisms of 

canine parvovirus (CPV) to increase the knowledge on the CPV life cycle in order to facilitate 

the development of better parvovirus vectors. Morphological studies of CPV-infected Norden 

laboratory feline kidney (NLFK) cells and canine fibroma cells (A72) displayed characteristic 

apoptotic events. Apoptosis was further confirmed by activation of caspases and cellular DNA 

damage. However, results from annexin V-propidium iodide (PI) labeling and membrane 

polarization assays indicated disruption of the plasma membrane uncommon to apoptosis. 

These results provide evidence that secondary necrosis followed apoptosis. In addition, two 

human cancer cell lines were found to be infected by CPV. This necrotic event over apoptotic 

cell death and infection in human cells provide insightful information when developing CPV 

as a nanotool for cancer treatments.

Keywords: canine parvovirus, apoptosis, necrosis, nanoparticle, virotherapy

Introduction
Autonomous parvoviruses are small nonenveloped viruses that have oncolytic 

 capabilities and have been exploited as a nanotool in medicine. Parvoviruses have been 

used as an antitumor agent, immune cell activator, and as a targeted gene vector.1–5 

In addition, CPV virus-like particles have been employed in delivery of drugs.6 On 

the other hand, parvovirus H-1 has also been utilized in oncolytic virotherapy.7,8 

Oncolytic virotherapy means the use of lytic viruses to kill tumor cells while normal 

cells are not infected by the virus. This kind of new cancer therapy is needed to treat 

cancers that are resistant to conventional cancer treatments.9 Lysis of cancer cells 

releases tumor-associated antigens that induce anticancer immunity and this type of 

treatment can also be seen as a cancer vaccine. Advantage of this effect is immune 

memory to prevent relapse and metastasis.10 In order to use virotherapy it is important 

to understand how these virus nanotools behave intracellularly.

There are three major morphologically and biochemically distinct types of cell 

death: apoptosis (type 1 cell death), autophagy (type 2 cell death), and necrosis (type 3 

cell death).11 Apoptosis is characterized by nuclear and cytoplasmic condensation, 

maintenance of membrane integrity, and formation of apoptotic bodies; whereas, 

necrotic cells swell, lose plasma membrane integrity rapidly, and eventually lyse. 

Autophagic cell death is characterized by formation of vacuoles surrounded by a double 

membrane and by a lack of chromatin condensation.11–14 In vivo apoptotic bodies are 

rapidly phagocytized. However, when studied in vitro late apoptotic cells may lose 
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membrane integrity and become necrotic.14 This terminal 

phase of in vitro cell death, called secondary necrosis, 

occurs in apoptotic cells in the absence of phagocytic cells. 

Because secondary necrosis is an end stage of apoptosis it 

can be discriminated from primary necrosis by occurrence 

of apoptotic and necrotic cell death parameters.15,16 Many 

viruses are known to cause these types of cell death, for 

example HIV (apoptosis),17 hepatitis C virus (autophagy),18 

bovine parvovirus (necrosis),19 and porcine reproductive and 

respiratory syndrome virus  (secondary necrosis).20

A parvovirus infection has multiple effects on host cells 

depending on the infecting virus and the type of cell used. 

Infection arrests cell cycle21–24 and induces cell death through 

different cell death mechanisms. Aleutian mink disease 

virus,25 feline panleukopenia virus (FPLV),26 human parvo-

virus B19,27–29 parvovirus H-1,30 and rat parvovirus31 have 

been reported to induce apoptotic cell death while bovine 

parvovirus infected cells are necrotic.19 On the other hand 

apoptosis induced in H-1 infection progresses to a necrotic 

cell death state in specific cell types.32 However, H-1 infected 

apoptosis-resistant glioma cells die by nonapoptotic mecha-

nism by gathering of lysosomal cathepsins in cytoplasm.33 

Also a minute virus of mice (MVM) infection induces cell 

death different from conventional apoptotic/necrotic cell 

death pathways by interfering with the cytoskeleton and 

changing the substrate specificity of casein kinase II.34 Due 

to the fact that CPV is being investigated as a novel nano-

material for gene delivery and tumor targeting, it is of great 

interest to have a clearer understanding of how this virus 

causes cell death.

CPV and FPLV are classified as host range variants of 

feline parvovirus (FPV).35,36 The linear single-stranded DNA 

genome of CPV codes for two structural proteins, VP1 and 

VP2, and two nonstructural proteins NS1 and NS2.37 CPV 

causes mostly enteritis and myocarditis in puppies, but also 

leukopenia may be observed in dogs with a CPV infection.38 

CPV uses transferrin receptor (TfR) to enter canine or feline 

cells and has been shown to bind to human TfR, but there is no 

evidence of CPV infecting humans.39 Interestingly, apoptotic 

cells have been observed in studies concerning in vivo tissue 

samples from CPV- and FPLV-infected animals.40 In cultured 

canine and feline lymphocytes, a CPV or FPLV infection, 

respectively, displayed characteristics of cell death caused 

by apoptosis.26 Here we have examined the mechanism of 

cell death to assist the development of CPV vectors for use 

in virotherapy. Although CPV has a limited host range, it has 

previously been shown to be able to infect a human cancer 

cell line.39 This work was extended here.

Material and methods
Cells and virus
Two permissive cell lines widely used in CPV studies were 

used. NLFK cells and a canine fibroma cell line A72 (gifts 

from Colin Parrish, Cornell University, Ithaca, NY) were 

grown in Dulbecco’s modified Eagle’s medium. Human cell 

HepG2, a hepatocellular carcinoma cell line, was cultured in 

Hepatocyte Wash Media (Invitrogen, Carlsbad, CA) with 1% 

L-glutamine (Invitrogen), and HeLa, a cervical adenocarci-

noma cell line, was maintained in Eagle’s minimum essential 

medium. All cell line media were supplemented with 10% 

fetal calf serum (PAA Laboratories, Pasching, Austria), 1% 

PenStrep (Invitrogen), and incubated at 37 C in 5% CO
2
. 

CPV type 2, derived from an infectious clone as previously 

described,41 was propagated in NLFK cells in 500 cm2 cell 

culture flasks (Nunc, Roskilde, Denmark) for seven days 

and then stored at 20 C. Cell debris was removed from 

300 mL of virus culture medium by centrifugation and the 

supernatants were concentrated by ultrafiltration (30 kDa 

filter; Millipore Corporation, Bedford, MA). The virus was 

pelleted by ultracentrifugation at 173,000  g for one hour 

and resuspended in 1 mL of phosphate-buffered saline (PBS) 

pH 7.4. The suspension was sonicated with low power and 

extracted with chloroform. The CPV-containing aqueous 

layer was used to infect permissive cells at multiplicity of 

infection (MOI) 50 and human cancer cell lines at MOI 0.1, 

determined by titration methods.

Differential interference contrast 
microscopy
To show morphological changes of cells in a CPV infection, 

differential interference contrast (DIC) microscopy was used. 

NLFK and A72 cells grown to 80% confluency on coverslips 

(diameter, 13 mm) were inoculated with CPV for 15 minutes 

at 37 C and incubated for 12 to 72 hours. Unfixed slips were 

mounted and immediately examined with a laser scanning 

fluorescence microscope (LSM 510; Zeiss Axiovert 100 M; 

Carl Zeiss MicroImaging, Inc., New York, NY).

Flow cytometry for DNA content
To study cell cycle of CPV-infected cells flow cytometry 

was used.42 CPV- or mock-infected NLFK and A72 cells 

were harvested by trypsinization, washed with PBS, and 

fixed with ice cold 70% ethanol. Fixed cells were incubated 

with 0.15 mg/mL Ribonuclease A (Roche, Mannheim, 

Germany) for 30 minutes at 37 C and labeled with 50 g/mL 

propidium iodide (Molecular Probes, Inc., Eugene, OR.) 

for 15 minutes. Samples were analyzed with FACSCalibur 
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(Becton  Dickinson, Franklin Lakes, NJ) with a 488 nm laser 

line and analyzed using Cell Quest (Becton  Dickinson) and 

FlowJo (Tree Star, Inc., Ashland, OR) software. A total of 104 

cells were analyzed in each assay to create a cytogram. These 

experiments were repeated four times with similar observa-

tions and one experiment was utilized for representation.

Flow cytometric analyses  
for differentiating the type of cell death
The type of cell death was analyzed with annexin V and PI 

double staining.43 NLFK and A72 cells grown in 8.8 cm2 

dishes (Nunc) were CPV- or mock-infected and incubated 

for the indicated time points of 12 to 72 hours. To double-

label the cells, 105 trypsinized cells were washed with 

annexin V binding buffer (10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 140 mM NaCl 

and 2.5 mM CaCl
2
, pH 7.4). Resuspended cells in 100 L 

of binding buffer were stained by adding 5 L of annexin V 

Alexa Fluor 488 (Molecular Probes, Inc.) and with 3 M 

PI. As a positive control, cells were treated with 0.5 M 

staurosporine (STS; Sigma, St. Louis, MO) for 16 hours 

to induce apoptosis. After 15 minutes incubation at room 

temperature, fluoresence was measured by flow cytometry 

using a FACSCalibur with a 488 nm laser line and Cell 

Quest software (Becton Dickinson). A total of 104 cells were 

analyzed in each assay to create a cytogram. Results were 

analyzed with FlowJo software (Tree Star). Experiments 

were repeated five times with similar observations, and 

results of one experiment are shown.

Caspase assays
In order to indicate the mechanism of apoptosis occuring 

in CPV-infected cells caspase activation was assayed. 

 Caspase-Glo 8, 9, and 3/7 assay systems (Promega, Madison, 

WI) were used according to manufacturer’s instructions. 

Cells were grown and infected at MOI 50 on 96-well plate 

(Greiner Bio-One, Maybachstrasse, Germany). At the indi-

cated time points (6 to 72 hours post-infection), caspase 

reagent was added to wells and incubated at room tempera-

ture for one hour in the dark. Luminescence was measured 

with Wallac Victor2 1420 Multilabel counter (PerkinElmer, 

Waltham, MA). STS- (1 M, 12 hours; sigma) treated cells 

were used as a positive control and caspase inhibitors were 

used to inhibit caspase activation. Caspase inhibitor Z-VAD-

FMK  (Promega) was used to inhibit caspase 3/7. Inhibitors 

for caspase 8 (Z-IETD-FMK) and 9 (Z-LEHD-FMK) were 

from Caspase-family  inhibitor set IV (BioVision, Inc,) 

Mountain View, CA. Experiments were repeated three times. 

 Statistical analysis was performed with  Kruskall–Wallis 

 analysis (KaleidaGraph software, Synergy Software, 

 Reading, PA). Significance level was set to 0.05.

Immunofluorescence microscopy
To study molecular and biochemical changes in infected 

cells, NS1 and H2A.X proteins were observed by immuno-

fluorescence microscopy. CPV- and mock-infected NLFK 

cells grown on coverslips were fixed with ice cold methanol 

and double-labeled with biotinylated monoclonal mouse 

anti-phospho-histone H2A.X antibody (clone JBW301, 

Upstate Biotechnology, Inc., Lake Placid, NY) and with a 

monoclonal mouse antibody to the nonstructural protein 

1 (NS1) of CPV (gift from Colin Parrish). Biotinylated 

H2A.X antibody was detected with a streptavidin Alexa 

Fluor 488 conjugate (Molecular Probes, Inc.) while the NS1 

antibody was conjugated to Cy5 (Molecular Probes, Inc.) 

according to manufacturer’s instructions. The samples were 

examined with a laser scanning fluorescence microscope 

(LSM 510; Zeiss Axiovert 100 M, Carl Zeiss, Inc.) by using 

the excitation and emission settings appropriate for the dye 

used. Infectivity was determined by calculating the ratio 

of cells with fluorescent nuclei to the total number of cells 

(n  1,000). KaleidaGraph software (Synergy Software) was 

used to calculate results and draw graphs.

Electron microscopy
Nuclear fragmentation was assessed using electron 

microscopy. NLFK cells grown on 8.8 cm2 dishes (Nunc) 

were inoculated with CPV for 15 minutes at 37 C and 

incubated for 24 to 72 hours. After appropriate times per 

infection, cells were rinsed three times with 0.1 M PBS pH 

7.4 and fixed with 2.5% glutaraldehyde in 0.1 M PBS for 

one hour. Cells were washed with 0.1 M PBS pH 7.4 and 

postfixed in 1% osmium tetroxide in 0.1 M PBS pH 7.4 for 

one hour at 4 C. Samples were dehydrated in ethanol, stained 

with uranyl acetate, and embedded in Epon LX-112 (Ladd 

Research Industries, Williston, VT). Thin sections were cut 

and samples were viewed at 60 kV with a JEOL JEM-1200EX 

transmission EM (Jeol Ltd., Tokyo, Japan).

DNA fragmentation
DNA fragmentation was assessed as previously described.44 

Floating and adherent cells were collected and embedded 

in 1.5% low melting point agar (Boehringer  Mannheim, 

 Mannheim, Germany) and treated with lysis buffer 

(50 mM NaCl, 20 mM Tris-HCl, pH 8.0, 20 mM EDTA, 

0.5% sodium  sarcosyl, 50 g/mL Ribonuclease A (Roche), 
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100 g/mL  proteinase K [Roche] for one hour at 37 C. Cells 

were washed with buffer tris/borate/ethylenediaminetet-

raacetic acid (EDTA) (TBE) buffer and resolved in 1% 

agarose gel.

Flow cytometric analyses  
of membrane integrity
To analyze if a CPV infection has an effect on plasma and mito-

chondria membrane potentials, 3,3´-dihexyloxacarbocyanine 

iodide (DiOC
6
(3); Molecular Probes, Inc.) and DePsipher 

(R&D Systems, Inc., Minneapolis, MN) were used.45 NLFK 

cells grown in 8.8 cm2 dishes (Nunc) were CPV- or mock-

infected, and incubated for 12 to 24 hours. DiOC
6
(3) was 

added to trypsinized cells at a final concentration of 20 nM 

and incubated for 15 minutes at 37 C. As a positive control 

for each sample, cells were also labeled in the presence of 

100 M protonophore carbonyl cyanide m-chlorophenyl-

hydrazone (CCCP; Sigma). For analysis of mitochondria 

membrane integrity, DePsipher was added to trypsinized 

cells at a final concentration of 10 g/mL and incubated for 

30 minutes at 37 C. As a positive control, cells were also 

labeled in the presence of 100 nM K -selective ionophore 

valinomycin (Sigma). Stained cells were analyzed with 

flow cytometry using a FACSCalibur with a 488 nm laser 

line and Cell Quest software (Becton Dickinson). A total 

of 104 cells were analyzed in each assay to create the cyto-

grams. Results were analyzed with FlowJo software (Tree 

Star). These experiments were repeated four times with 

similar observations, and one experiment was utilized for 

representation.

Flow cytometry studies for expression  
of NS1 protein in human cells
HepG2 and HeLa cells were collected by trypsinization 

with 0.5% Trypsin/EDTA (Invitrogen) in PBS (Invitrogen) 

at 24 hours post-infection, washed once with fresh media 

(500 L) and then washed again with PBS. For NS1 expres-

sion analysis, 5   105 of CPV- or mock-infected cells at 

MOI 0.1 were resuspended in 500 L of ice-cold PBS and 

fixed with ice-cold methanol. Immunolabelling proceeded 

with a monoclonal mouse antibody to the nonstructural 

protein 1 (NS1) of CPV (gift from Colin Parrish) and 

detected with a goat anti-mouse Alexa Fluor 488 conjugate 

(Molecular Probes, Inc.). All samples were analyzed on 

the FACSCalibur flow cytometer (Becton Dickinson), data 

collected using Cell-Quest software (Becton Dickinson), 

and statistical analysis completed by FlowJo software 

(Tree Star).

Results
General course of oncolytic behavior
Both cell lines, NLFK and A72, have been used in several 

studies concerning canine parvovirus infection.46–50 DIC 

microscopy of these cell lines revealed that CPV infection 

induced cytopathic effects faster in NLFK cells than in 

A72 cells (Figure 1). Only a minority of the CPV-infected 

NLFK cells were rounded at 24 hours post infection, but at 

48 hours post infection most of the cells had morphological 

changes, cell shrinkage, condensed cytoplasm, and immense 

cell detachment occurring (Figure 1a). In A72-infected cells, 

roundness as well as detachment was observed at 48 hours 

post infection and the cell changes were more evident at 

72 hours post infection (Figure 1b). Immunofluorescence 

studies showed that CPV antigens (NS1 protein) were 

found in the nucleus in 30% of NLFK cells at 12 hours 

post-infection, and at 24 hours post-infection almost all the 

cells were infected (Figure 5a). In A72 cells only a minor-

ity of the cells were infected at 24 hours post-infection, 

but at 48 hours post-infection 58% stained positive for 

NS1 (data not shown). Since time points of 12 to 24 hours 

post-infection in NLFK-infected cells indicated severe 

mock

CPV

A 12 h p.i. 24 h p.i. 48 h p.i.

B 24 h p.i. 48 h p.i. 72 h p.i.

mock

CPV

Figure 1 Morphological changes of CPV-infected cells. Differential interference 
contrast microscopy pictures of mock- and CPV-infected cells. (a) NLFK cells at 
12 hours, 24 hours, and 48 hours post infection. (b) A72 cells at 24 hours, 48 hours, 
and 72 hours post infection. Arrowheads point to rounded cells. Bars 10 m.
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 morphological changes and time points of 24 to 72 hours 

post-infection in A72-infected cells showed similar changes, 

these time points were used respectively for experiments to 

study cell death mechanisms.

CPV induces cell cycle arrest
Analysis of the DNA content of CPV-infected NLFK and 

A72 cells showed that cells accumulated progressively at 

the S phase (Figure 2). This S arrest was found to be time 

dependent for both cell lines. The mock-infected NLFK 

cells showed 19.3% of the cells in S phase whereas CPV-

infected cells showed 30.4% after 12 hours, which further 

increased to 50.2% after 24 hours. The mock-infected A72 

cells showed 6.4% of the cells in S phase, whereas CPV-

infected cells showed 10.3% after 24 hours which further 

increased to 16.7% after 72 hours. The mock-infected NLFK 

cells showed 64.2% of the cells in G
0
/G

1
 phase whereas CPV-

infected cells showed 55.9% after 12 hours, which further 

decreased to 18.5% after 24 hours. The mock-infected A72 

cells showed 72.9% of the cells in G
0
/G

1
 phase, whereas 

CPV-infected cells showed 62.6% after 24 hours which 

further decreased to 25.6% after 72 hours, probably due 

to delayed effects of viral infection in this cell line. These 

results indicated that CPV infection arrests cell cycle at the 

S phase and CPV-infected cells accumulated unusually high 

amounts of DNA.

Differentiating the type of cell death  
in CPV infected cells
Annexin V is often used to study the translocation of 

phosphatidylserine from the inner leaflet of the plasma 

membrane to the outer leaflet in apoptotic cells.51 Thus 

double-labeling with annexin V with PI could be used to 

differentiate between different types of cell death. The 

cytogram of cells undergoing apoptosis (Figure 3, STS) 

as compared to mock-infected cells (Figure 3a, mock) 

in this double-labeling experiment should show early 

 apoptotic cells in the lower right quadrant staining positive 

for annexin V and PI negative. Late apoptotic or necrotic 

cells are in the upper right quadrant positive for both PI and 

annexin V staining. Living cells in the lower left quadrant 

are negative for both fluorescent probes. Figure 3a shows 

the results from such a double-labeling experiment with 

CPV-infected NLFK cells. A small increase of 8% in the 

proportion of double positive cells (late apoptotic/necrotic 

cells) could be seen already from 12 to 17 hours post infec-

tion. At 23 hours post infection, 50.6% of the cells were 

late apoptotic or necrotic. When viewing the early apoptotic 

cells (lower right quadrant/annexin V positive) (Figure 3a), 

an increase from 2.43% to 22.9% for time points of 12 to 

23 hours post infection was observed. As the course of 

infection progresses, an increase in early apoptotic cells 

accompanied by an increase of late apoptotic/necrotic cells 
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were similar to the findings seen in A72-infected cells 

(Figure 3b). From 24 to 48 hours post-infection, and then 

to 72 hours post-infection, there was a consistent increase 

from 8.55%, to 18.4%, and to 22.3%, respectively, in the 

accumulation of late apoptotic or necrotic A72 cells. Early 

apoptotic cells did increase from 7.56% to 20% at 24 to 

48 hours post-infection, but declined to 10.4% at 72 hours 

post infection. In both NLFK (data not shown) and A72 

(Figure 3b) cell types, when the progress of the infection 

is pushed to later time points as in 72 hours post-infection, 
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more cells were seen as late apoptotic or necrotic cells with 

a decrease in early apoptotic cells. These results indicated 

that apoptosis is initiated in CPV-infected cells, but later 

during the infection, the plasma membrane is damaged 

while the cells become necrotic.

Caspase activation in CPV  
infected cells
To investigate the apoptotic mechanism in CPV-infected 

cells, caspase activity assays were utilized. In CPV-infected 

NLFK cells caspase 9 was activated at 6 through 48 hours post 

infection and caspases 8 and 3/7 were activated at 12 through 

48 hours post infection (Figure 4a). In CPV-infected A72 cells, 

caspases 9 and 3/7 were activated at 12 through 72 hours post 

infection, while caspase 8 activation was detected at 24 hours 

post infection (Figure 4b). In STS-treated NLFK and A72 

cells, all these caspases were activated. When inhibitors were 

used the activation of caspases was lower (data not shown). 

Activation of caspases indicates apoptotic cell death.

DNA damage in CPV-infected NLFK cells
The accumulation of high levels of H2A.X phosphorylation 

coincide with severe DNA damage and is a very early and 

accurate indicator of apoptosis.52,53 Thus H2A.X immunola-

belings were made to further study the apoptotic mechanism 

in NLFK cells. The percentage of phospho-H2A.X and NS1 

positive cells were calculated (Figure 5a). Results showed 

that phosphorylation of histone increased with NS1 posi-

tive cells. At 24 hours post infection 76% of the cells had 

phosphorylated H2A.X, indicating induction of apoptosis in 

CPV-infected cells. Condensation of the nucleus and DNA 

were also detected with electron microscopy (Figure 5b). 

Condensed cytosol, nuclear envelope changes, fragmented 

nuclear components, as well as fragmented DNA could be 

detected at 24 hours post infection and at 48 hours post infec-

tion (Figure 5b). DNA was also fragmented as shown from 

electrophoresis of total cellular DNA after 24 hours post 

infection (Figure 5c lane 2). At 48 hours post infection the 

fragmentation of DNA was more severe (Figure 5c lane 3).
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Mitochondria are involved  
in CPV-induced cell death
Flow cytometric experiments that tested for the loss of 

 mitochondrial membrane potential were completed to study 

the consequence of apoptosis in CPV-infected cells. DiOC
6
(3) 

is known to respond to changes in both the mitochondrial and 

plasma membrane potential, but DePsipher measures only 

changes in the mitochondrial membrane potential.45 As shown 

in Figure 6a for NLFK-infected cells, membrane depolariza-

tion was detected at 17 hours post infection with a decrease 

in DiOC
6
(3) fluorescence and depolarization had increased at 

23 hours post-infection. DePsipher on the other hand aggre-

gates upon mitochondrial membrane polarization forming a 

red fluorescent compound. When the mitochondrial membrane 

potential is disturbed, the dye reverts to its green monomeric 

form. A decrease of 65% to 14% in red  fluorescence (FL2-H, 

upper left quadrant) was detected from 18 to 24 hours post 

infection, respectively. Green fluorescence (FL1-H, upper 

right quadrant) had increased from 28.3% to 73.8% from 18 

to 24 hours post infection, respectively (Figure 6b), indicating 

that mitochondrial depolarization had occurred. Some red fluo-

rescence was also seen in depolarized cells indicating polarized 
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Figure 5 Biochemical and molecular changes in CPV-infected NLFK cells. (a) Phosphorylation of histone H2A.X. CPV-infected cells were fixed at different time points 
post infection and labeled with anti-phospho-histone H2A.X and anti-NS1 antibodies (a marker of virus protein expression). Percentage of H2A.X and NS1 positive cells 
were calculated (n = 1,000). m = mock-infected cells 24 hours post infection. Error bars indicate standard deviations. (b) and (c) Condensation and fragmentation of the 
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mitochondria (Figure 6b 18 hours and 24 hours). Depolarization 

of mitochondria indicates involvement of mitochondria in cell 

death pathway that can be either apoptotic or necrotic.11

CPV infection of human tumor cell lines
To confirm the relevance of CPV in human systems, a hepa-

tocyte and cervical tumor cell lines were infected with CPV 

(Table 1). Since the expression of NS1 protein is an indicator 

of the synthesis and amplification of viral DNA replicative 

forms, monitoring of NS1 immunolabelled infected cells by 

flow cytometry was conducted. The NS1 expression analyzed 

by flow cytometry indicated that there is indeed infection of 

both cell lines, but at a much smaller amount compared to 

NLFK and A72 cells.

Discussion
As a first step towards the use of CPV in virotherapy, its 

pathogenetic mechanisms of cell death was investigated. The 

observed morphological changes and immense cell detach-

ment (Figure 1) provided initial evidence that cell death has 

occurred through apoptosis.11 When flow cytometry was used 

with annexin V and PI staining (Figure 3), characteristic early 

apoptotic and late apoptotic/necrotic cells were similar to 

those described for differentiating between the types of cell 

death.54 These findings indicated that the longer the infection 

occurs, more of the cells accumulated in the early apoptosis 

stage become late apoptotic or necrotic cells. This suggests 

that in a CPV infection, cells undergo early apoptosis and 

eventually accumulate as secondary necrotic cells.

In support of the view that apoptotic cell death was occur-

ring, caspase 8, 9, and 3/7 activation was seen (Figure 4) in 

both cell lines. Activation of caspases is a central mechanism 

in apoptotic cell death.55 Our results showed that caspase 9 

is activated early in a CPV infection and activation of cas-

pase 8 was detected later (Figure 4). Caspase 8 is included 

in death receptor mediated apoptosis while caspase 9 acti-

vation is involved in the intrinsic mitochondrial apoptotic 

pathway.55,56 Caspase 8 has been reported to be activated 

Table 1 CPV infection of human tumor cell lines 

Mock 1 Mock 2 wt CPV 1 wt CPV 2

HepG2 0.17 0.41 4.89 5.06
HeLa 0.54 0.39 9.92 11.4

Notes: Mock- (24 hours post-infection) and CPV-infected (24 hours post-infection) 
cells were immunolabeled with monoclonal anti-NS1, detected by anti-mouse Alexa 
488 antibodies and analyzed with flow cytometer. Flow cytometry scatter diagrams 
of HepG2 and HeLa cells were used to gate 10,000 cells and the FL1 channel used to 
obtain the level of NS1 expression. Numbers represent percentage of cells displaying 
NS1 expression.
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in B19-induced apoptosis in erythroid cells and that this 

type of cell death may be linked to the apoptotic pathway 

downstream of the TNF receptor.57 CPV enters cells by 

binding to the transferrin receptor followed by clathrin 

mediated endocytosis.46,47 However, in CPV-infected cells 

caspase 8 could be activated downstream of death recep-

tors as reported for the B19 virus. Activation of caspase 9 

suggests involvement of the mitochondria in cell death.55 

Also, caspase 3/7 activation was detected in both cell 

lines (Figure 4) indicating that the cell death occurred in a 

caspase-dependent manner.

NLFK cells were used to further study the cell death 

events in CPV-infected cells. Characteristic death events were 

apparent including nuclear envelope changes, fragmented 

nuclear components, as well as damaged DNA (Figure 5), 

along with plasma and mitochondrial membrane depolar-

ization (Figure 6). Dramatic changes in the status of these 

apoptotic markers could be detected in CPV-infected NLFK 

cells after the beginning of viral protein synthesis as detected 

by the NS1 expression (Figure 5a). It has been suggested that 

the cytotoxicity of a parvoviral infection is caused by the NS1 

protein.27,29,30 The parvoviral NS1 protein binds DNA and has 

nickase, helicase, and ATPase activities.58 Phosphorylation 

of histone H2A.X is connected to double-stranded DNA 

breaks in apoptosis,52,53,59 and has been shown to occur even in 

response to a few breaks.60 In CPV-infected cells this histone 

was phosphorylated and DNA fragmentation, a hallmark of 

apoptosis, was observed (Figure 5).

In secondary necrosis, plasma membranes of infected 

cells can be altered. To investigate the consequence of a CPV 

infection on membranes, membrane potential experiments 

were conducted (Figure 6). These experiments provided 

evidence on increased plasma membrane permeability 

(Figure 6). DiOC
6
(3) indicated that mitochondrial mem-

brane potential and possibly also the plasma membrane had 

changed. The disturbance in the mitochondrial potential 

seen with DePsipher could account for the induction of 

apoptosis.61 Depolarization of the mitochondrial and plasma 

membrane are known to occur during apoptosis; in fact, 

these two phenomena may be interconnected and coordi-

nated by mitochondrial membrane depolarization.62 Mito-

chondrial depolarization will compromise ATP-production 

and lead to profound changes in cellular metabolism. This 

has been shown to occur during apoptosis and secondary 

necrosis.63–65

Characteristics of secondary necrosis were observed in 

our study. Disruption of the cell membrane (Figures 3 and 6), 

and extensive nuclear membrane blebbing (Figure 5, arrows), 

provide evidence that secondary necrosis follows apoptosis. 

This observed cell death of apoptosis and secondary necrosis 

has been observed in other viruses.20,66,67 Apoptotic bodies 

were not detected in CPV-infected cells (data not shown), but 

it has been reported earlier that in vivo secondary necrosis 

appears before apoptotic bodies are formed.68 Secondary 

necrosis takes place in vivo, eg, in the absence of phagocytes 

or when elimination of apoptotic cells fails. A consequence 

of secondary necrosis is uncontrolled lysis of dying cells 

releasing cellular debris that causes inflammation.16 Induc-

tion of necrosis and inflammation is beneficial in oncolytic 

virotherapy of cancer cells to activate the immune system. 

Tumor-associated antigens are released from lysed cells and 

induce anticancer immunity thus having a prolonged effect 

of cancer treatment.10

The present results are relevant to nanoveterinary 

medicine, and the area of cancer therapies if one were to use 

virus-based systems as antineoplastic agents. Due to the fact 

that overexpression of receptors are characteristic of human 

tumor cells, ie, TfR, parvovirus-based nanotherapies are 

being developed.69 In addition, rodent parvovirus H-1 was 

found to exert cytopathic effects on a human hepatocellular 

carcinoma cell line.70 It was also reported that HeLa cells 

were susceptible to infection by both CPV and FPV.39 In 

these studies lower infection rates were seen mostly due to 

permissivity of the particular cell line used. Similarly we 

have shown here that not only can HeLa be infected with 

CPV, but HepG2 cells can be as well (Table 1). Altogether, 

parvoviruses are well-suited candidates for vectors in viro-

therapies and it is noteworthy to understand the cytopathic 

effects of CPV on cell lines.

Virus-induced effects are cell line dependent as seen 

in this study by delayed lysis of A72 cells and lower NS1 

expression in human cells. When planning to use viruses as 

nanotools the outcome of the infection has to be studied in 

each case and for each cell line. CPV has favorable charac-

teristics for exploitation especially in cancer therapy. Infec-

tion induces cell cycle arrest and DNA damage leading to 

cellular lysis. If viruses are used in gene therapy or targeted 

delivery, oncolytic properties have to be eliminated. Taking 

into account its lytic infection, the ability to bind human TfR, 

and its nonpathogenicity in humans, CPV has the potential 

for use in oncolytic virotherapy.
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