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Parvovirus B19 induces cellular senescence in
human dermal fibroblasts: putative role in systemic
sclerosis–associated fibrosis
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Abstract

Objective. Emerging evidence demonstrates that excessive accumulation of senescent cells is associated with

some chronic diseases and suggests a pathogenic role of cellular senescence in fibrotic processes, such as that

occurring in ageing or in SSc. Recently we demonstrated that parvovirus B19 (B19V) activates normal human der-

mal fibroblasts and induces expression of different profibrotic/pro-inflammatory genes. This observation prompted

us to investigate whether it is also able to induce fibroblast senescence as a potential pathogenetic mechanism in

B19V-induced fibrosis.

Methods. Primary cultures of fibroblasts were infected with B19V and analysed for the acquisition of senescence

markers, such as morphological modifications, senescence-associated b-galactosidase (SA-b-gal) activity, DNA

damage response and expression of senescence-associated secretory phenotype (SASP)-related factors.

Results. We demonstrated that B19V-infected fibroblasts develop typical senescence features such as enlarged

and flat-shaped morphology and SA-b-gal activity similar to that observed in SSc skin fibroblasts. They also devel-

oped an SASP-like phenotype characterized by mRNA expression and release of some pro-inflammatory cytokines,

along with activation of the transcription factor nuclear factor jB. Moreover, we observed B19V-induced DNA dam-

age with the comet assay: a subpopulation of fibroblasts from B19V-infected cultures showed a significantly higher

level of DNA strand breaks and oxidative damage compared with mock-infected cells. An increased level and nu-

clear localization of cH2AX, a hallmark of DNA damage response, were also found.

Conclusions. B19V-induced senescence and production of SASP-like factors in normal dermal fibroblasts could

represent a new pathogenic mechanism of non-productive B19V infection, which may have a role in the fibrotic

process.
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Introduction

Cellular senescence is a state of permanent cell cycle ar-

rest in which senescent cells do not replicate but remain

viable and metabolically active. The most characteristic

hallmarks of senescent cells are persistent DNA damage

response (DDR) activation; permanent cell cycle arrest;

morphological changes characterized by an enlarged flat-

tened shape, vacuolization and multinucleation; increased
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. B19V infection in dermal fibroblasts leads to cellular senescence and release of SASP factors.

. B19V-infected fibroblast cultures show a significantly higher level of DNA strand breaks and oxidative damage.

. B19V-induced senescence could play a role in SSc-associated fibrosis.
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levels of senescence-associated b-galactosidase (SA-b-

gal) activity; upregulation of antiproliferative factors and ac-

quisition of the senescence-associated secretory pheno-

type (SASP), characterized by release of a variety of

cytokines, growth factors, proteases and chemokines [1].

Emerging evidence demonstrates that excessive ac-

cumulation of senescent cells is associated with some

chronic diseases and suggests a pathogenic role of cel-

lular senescence in the fibrotic process, such as that

occurring in ageing or in SSc [2].

SSc, a connective tissue disease that leads to fibrosis

in multiple organs, including skin, heart, vasculature and

lungs, is not typically considered a disease of ageing.

Nevertheless, SSc-associated fibrosis shares some

pathological features (epithelial and endothelial injury,

immune dysregulation and fibroblasts activation with

increased deposition of extracellular matrix) with other

age-related fibrotic diseases, such as idiopathic pulmon-

ary fibrosis [3]. Furthermore, several studies have shown

that advanced age is associated with a higher incidence

and more severe course of disease and with increased

mortality of SSc patients [4, 5], suggesting the associ-

ation of SSc with ageing.

Moreover, Ogawa et al. [6] demonstrated that SA-b-gal

expression was higher in SSc skin than in healthy controls.

The SA-b-gal expression was observed in sclerotic skin

lesions of SSc patients, while it was not detected in non-

sclerotic lesions of SSc patients. Furthermore, cultured

fibroblasts from SSc patients showed higher SA-b-gal ex-

pression than control fibroblasts [6]. These data suggest

that cellular senescence in SSc fibroblasts may contribute

to disease development.

The study of Dumit et al. [7], employing a proteomic

approach, identified numerous age-dependent differen-

ces, including the accumulation of SA-b-gal, and

showed that SSc fibroblasts displayed evidence indica-

tive of cellular senescence.

The pathogenesis of SSc is multifactorial, and the

exact mechanisms involved in the activation of fibro-

blasts leading to severe cutaneous and systemic fibrosis

are not fully understood [8, 9]. A role of different envir-

onmental factors has been hypothesized, including toxic

and microbial agents that could trigger the fibrotic pro-

cess in genetically predisposed subjects. Some viral

infections seem to play a role in the onset and/or pro-

gression of SSc. One of the viruses likely involved is

parvovirus B19 (B19V) [10–13].

B19V is a small, non-enveloped ssDNA virus with an

icosahedral capsid composed of two structural proteins,

VP1 and VP2. The major non-structural protein, NS1, is

involved in viral replication and in the pathogenesis of

some B19V-associated diseases [14]. B19V infection is

associated with a wide range of clinical manifestations

[15]. After primary infection, B19V DNA persists lifelong

in several tissues, mainly in bone marrow, heart, liver

synovia and skin [16]. The functional consequences of

such persistence are still unknown.

Cellular senescence can be induced by different stim-

uli, including virus infection and virus-induced stress

response pathways, such as oxidative stress or DDR

and IFN signalling. In fact, it has been demonstrated

that persistent treatment with IFN-b induces a DNA

damage signalling pathway and senescence [17].

The induction of senescence in response to virus infec-

tion can result from the activation of different pathways.

The activation of DDR and induction of senescence was

demonstrated for human respiratory syncytial virus [18]

and for dengue virus [19] and the senescence process has

been proposed to contribute to the pathologic features

induced by these viruses. HCV and HBV can also induce

senescence. Senescent hepatocytes were found in chronic

HCV infection and a correlation between liver fibrosis,

chronic HCV infections and cellular senescence has been

reported [20]. Analysis of liver tissue from patients with

chronic HBV infection also revealed an association be-

tween fibrosis, HBV infection and senescence-associated

markers [21]. Finally, one of the few pathologies clearly

associated with both senescence and virus infection is

HIV-related osteoporosis and OA [22].

In the course of natural infection, B19V targets eryth-

roid progenitor cells (EPCs), which are permissive for

viral replication [23]. It has been demonstrated that in

CD36 EPC cultures, B19V NS1 protein induces stable

cell cycle arrest, which increases viral replication [24].

Moreover, B19V DNA replication induces DDR, with acti-

vation of all three phosphatidylinositol 3-kinase–related

kinases (PI3KKs): DNA-dependent protein kinase cata-

lytic subunit (DNA-PKcs), ataxia telangiectasia mutated

(ATM) protein kinase activated by double-stranded

breaks and ataxia telangiectasia and Rad3-related (ATR)

activated by single-stranded breaks [25].

It is known that B19V can also infect different types of

non-erythroid cells in a non-productive manner, charac-

terized by the presence of viral DNA and/or limited ex-

pression of viral mRNAs and proteins [26, 27]. It has

been demonstrated that such an abortive infection can

activate different cellular pathways associated with mor-

phological and functional cellular modifications and

cytokine production [26].

Recently we demonstrated that primary human dermal

fibroblasts incubated with B19V showed a significant in-

crease of both migration and invasiveness, along with

mRNA expression of different profibrotic genes, with some

genes associated with the inflammasome platform and

genes for metalloproteases, suggesting that the virus might

have a role in the pathogenesis of fibrosis [27]. This obser-

vation, indicating that B19V can activate dermal fibroblasts

and induce production of SASP-like factors, prompted us

to investigate whether it is also able to induce fibroblast

senescence as a potential pathogenetic mechanism in

B19V-induced fibrosis.

In the present study, primary cultures of skin fibro-

blasts were infected with B19V and, at different time

points post-infection, were analysed for the acquisition

of senescence markers, such as morphological features,

SA-b-gal activity, DNA damage markers and expression

of some SASP-related factors by means of mRNA and

protein production and release.
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Materials and methods

Cell cultures

Normal human dermal fibroblasts (NHDFs) obtained

from a pool of adult donors (Sigma-Aldrich, St. Louis,

MO, USA; 106-05A) were cultured in DMEM with 10%

foetal bovine serum (FBS). SSc fibroblasts at early cell

culture passages (2–3; SSc1 and SSc2) already present

in our cell repository were used in this study as senes-

cence controls. SSc had been previously isolated from

affected dorsal skin of the hands, as previously

described [28], after approval of the local ethics commit-

tee of Azienda Ospedaliero–Universitaria Careggi di

Firenze. All patients provided written informed consent

(see Supplementary Data S1, available at Rheumatology

online, for details).

Cell cycle synchronization

NHDFs were seeded in a six-well plate at a density of

1.2�105 cells/well in DMEM with FBS at 10%. For syn-

chronization of the G0/G1 phase, a serum-deprivation

method was used to treat NHDFs. See details in

Supplementary Data S1, available at Rheumatology

online.

Assessment of cell cycle with flow cytometric

analysis

After 72 h in DMEM with 0.2% FBS and 96 h in DMEM

with FBS 10%, the assessment of cell cycle in fibroblast

cells was performed using propidium iodide solution

(Sigma-Aldrich). See details in Supplementary Data S1,

available at Rheumatology online.

B19V infection of NHDFs

After synchronization and the percentage of cells in S-

phase was determined, NHDFs were counted and infected

as previously described [27]. See details in Supplementary

Data S1, available at Rheumatology online.

Nucleic acids extraction and amplification to detect
B19V infection markers

Real-time PCR to quantify B19V DNA and B19V NS1

mRNA and qualitative PCR to detect spliced B19V tran-

scripts were carried out as previously described [27].

See details in Supplementary Data S1, available at

Rheumatology online.

Expression studies

At 3 days post-infection, NHDFs were analysed to study

mRNA expression of selected genes, such as IL-1a, IL-1b,

IL-6 and IL-8, as previously described [27]. See details in

Supplementary Data S1, available at Rheumatology online.

SA-b-gal assay

For the assessment of SA-b-gal activity, cells were

seeded at a density of 10–20 cells/cm2. SA-b-gal

staining was performed according to Dimri et al. [29].

See details in Supplementary Data S1, available at

Rheumatology online.

Immunofluorescence for B19V-VP proteins and SA-

b-gal

At 4 days post-infection, NHDFs were harvested and

seeded onto glass slides at a density of 1�105 and

allowed to adhere. Cells were washed twice in PBS

and allowed to dry. Glass slides were fixed for 10 min

in 2% paraformaldehyde, incubated overnight with Cell

Event Senescence Green Probe (C10850; Invitrogen,

Carlsbad, CA, USA) and labelled with anti-VP1/VP2

monoclonal antibody as previously described [27]. See

details in Supplementary Data S1, available at

Rheumatology online.

Immunofluorescence for cH2AX and nuclear factor
jB [NF-jB (p65)]

Confocal immunofluorescence analysis for NF-jB (p65)

was performed as previously described [30]. cH2AX im-

munofluorescence was performed according to the

same protocol for NF-jB. See details in Supplementary

Data S1, available at Rheumatology online.

Measurement of DNA strand breaks and oxidized

bases with the comet assay

Aliquots of the cells (60 000 cells in 60mL) were resus-

pended in freezing medium (culture medium containing

40% FBS and 10% DMSO) and stored at �80�C. The

frozen samples were defrosted and analysed for DNA

damage by a comet assay, as previously described [31].

See details in Supplementary Data S1, available at

Rheumatology online.

Preparation of conditioned media

For conditioned media preparation, DMEM plus 2% FBS

was added, after washing with PBS, to NHDF cell cul-

tures in a ratio of 1 ml/150 000 cells. Conditioned media

were collected after 6 and 24 h incubation from mock-

infected fibroblasts and B19V-infected fibroblasts at 3

and 7 days post-infection and centrifuged at 1500 rpm

for 5 min. All media were stored at �80�C until use.

ELISA for cytokines detection

IL-6, IL-1b and IL-8 were detected in cell-conditioned

media with Mini TMB ELISA Development Kits

(PeproTech, Cranbury, NJ, USA) according to the manu-

facturer’s instructions, as previously described [32, 33].

Statistical analysis

For the expression studies, statistical analysis was per-

formed using the Student’s two-tailed t-test. P-values

<0.05 were considered significant.
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Results

B19V infection in NHDFs leads to cellular
senescence

The growing cell culture contains cells in all phases of their

reproductive cycle, and in each phase the cells could ex-

hibit different susceptibility to B19V infection and to ex-

pression of the senescence markers, introducing high

variability of results obtained in different settings. To over-

come this problem, in all experiments, synchronized cell

cultures via the serum deprivation method were infected.

To confirm the cell synchronization, after 72 h in DMEM

with 0.2% FBS and 96 h in DMEM with FBS 10%, we

examined the cell cycle by FACS analysis. We observed

that the synchronized cultures contained �80% of cells in

the S-phase (Supplementary Fig. S1, available at

Rheumatology online).

In line with our previous studies [27, 34], in infected

cultures we detected viral DNA, B19V NS1 transcripts

and spliced viral mRNAs during the entire time course of

infection (from day 3 through day 12 post-infection)

without significant quantitative changes over that time

(Fig. 1A and B). Moreover, at 4 days post-infection,

�26% of infected cells were positive for the VP1/VP2

proteins by immunofluorescence analysis (Fig. 1C).

To determine whether B19V infection induced cellular

senescence, we analysed in B19V-infected fibroblasts

the acquisition of senescence markers, such as morpho-

logical features and SA-b-gal activity. In order to estab-

lish a direct correlation between the viral infection and

the cellular senescence, we performed a confocal im-

munofluorescence analysis for the B19V VP1 and VP2

proteins and for SA-b-gal activity using the Cell Event

Senescence Green probe, a fluorescent reagent specific

to b-galactosidase. Fig. 1C shows an evident co-

localization of VP1/VP2 with the SA-b-gal green probe in

B19V-infected fibroblasts compared with mock-infected

cells. As reported in the histogram (Fig. 1C, on the

right), the percentage of SA-b-gal and VP1/VP2-positive

cells was significantly higher in B19V-infected cells com-

pared with mock-infected NHDFs. These data demon-

strated that B19V-infected NHDFs are also positive to

SA-b-gal staining. To evaluate over time the acquisition

of SA-b-gal activity in infected cells, we performed the

SA-b-gal colorimetric staining at 3, 7 and 12 days post-

infection. Compared with mock-infected cells, B19V-

infected NHDFs showed a significant increase, with ap-

proximately a doubled percentage, of SA-b-gal-positive

cells at any time of observation (203%, 205%, 180%

and 164%, respectively) (Fig. 2A), suggesting that the

B19V-infected cells acquired SA-b-gal activity, similar to

that observed in SSc fibroblasts (SSc1 and SSc2)

(Fig. 2B) and previously reported [6]. In addition, com-

pared with mock-infected fibroblasts, B19V-infected

cells, as well as SSc fibroblasts, exhibited characteristic

features of senescent cells, such as a flattened and

enlarged morphology.

B19V causes DNA damage in NHDFs

The persistent activation of a DDR is important for the

establishment and maintenance of cellular senescence

[35, 36]. To examine the DNA damage in B19V-infected

cells, we performed a confocal immunofluorescence

analysis of cH2AX at 3, 7, and 12 days post-infection.

Fig. 3 shows that the number of cH2AX foci-containing

cells was significantly higher in B19V-infected fibroblasts

compared with mock-infected cells at 3 and 12 days of

observations (438% at 3 days and 361% at 12 days). In

parallel, we used the single-cell gel electrophoresis

method (comet assay) to measure both single-strand

breaks and oxidized bases [measured as formamidopyr-

imidine DNA glycosylase (FPG)-sensitive sites]. The ana-

lysis of the mean values indicated an increase in both

types of DNA damage, mainly at 3 days, which was not

statistically significant (data not shown). Instead, the fre-

quency distribution analysis for DNA strand breaks

revealed an increased number of highly damaged cells

in the B19V group compared with mock-infected cells

(from 3.5 to 10% of the total at 3 days; Fig. 4A and B).

Using a cut-off at 15% tail DNA, we were able to show

a statistically significant increase in damaged cells in the

B19V group at 3 and 12 days (Fig. 4C). The same ana-

lysis carried out on total DNA damage (to which the

main contribution was from oxidative damage) showed a

strong reduction in non-damaged cells at 3 days in the

B19V group (from 29% in mock-infected cells to 3.5%

in B19V) (Fig. 4D and E), and the cut-off analysis (set at

22% tail DNA) confirmed a statistically significant effect

at 3 and not at 7 or 12 days (Fig. 4F).

B19V induces NF-jB activation and SASP-related
cytokine release

In addition to phenotypical and molecular features, sen-

escent cells are characterized by the up-regulation and

release of several pro-inflammatory cytokines, growth

factors and proteases, the so-called SASP. As DNA

damage promotes the SASP program in senescent cells,

through NF-jB activation, we examined in B19V-

infected NHDFs the NF-jB nuclear localization by

immunofluorescence. Fig. 5 (A and B) shows that B19V

infection induced at 4 days post-infection an increment

in NF-jB nuclear localization, measured by Mander’s

coefficient M1 (175% increase; P< 0.0293).

Consequently, we analysed the mRNA expression level

of IL-1a , IL-1b, IL-6 and IL-8, the well-known SASP

cytokines. Compared with mock-infected cells, the

B19V-infected fibroblasts showed a significant increase

in mRNA expression of IL-1a (fold change 4.2;

P¼0.014), IL-1b (fold change 3.6; P¼ 0.0007), IL-6 (fold

change 3.3; P¼0.01) and IL-8 (fold change 2.2;

P¼0.00000) at 3 days post-infection (Fig. 5C). In paral-

lel, we measured the level of IL-1b, IL-6 and IL-8

released in mock-infected and B19V-NHDF conditioned

media, collected after 6 h from the addition of DMEM

Rosaria Arvia et al.
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2% FBS, at 3 and 7 days post-infection. As shown in

Fig. 5D, a consistent increased release of all tested

cytokines in extracellular media was observed in B19V-

NHDFs compared with mock-infected cells.

Discussion

B19V has been proposed as a cofactor in the pathogen-

esis of some autoimmune diseases [14]. The involvement

of B19V infection in SSc is supported by some epidemio-

logical and experimental studies that demonstrated, com-

pared with healthy subjects, SSc patients showed a

higher prevalence of B19V DNA in the bone marrow, the

main target of the virus, and in the skin, as well as higher

prevalence of anti-B19V NS1 antibodies, a marker of per-

sistent infection [10]. Further, fibroblasts, endothelia and

perivascular inflammatory cells of the skin from SSc

patients showed the presence of both B19V and mRNA

expression and TNF-a mRNAs [12].

In the course of natural infection, B19V targets eryth-

roid progenitor cells in the bone marrow, which are per-

missive for viral replication. Moreover, B19V can also

infect different types of non-erythroid cells in a non-

productive manner, characterized by the presence of

viral DNA and/or limited expression of viral mRNAs and

proteins. It has been demonstrated that such an abort-

ive infection can activate different cellular pathways

associated with morphological and functional cellular

modifications and cytokine production [26]. In fact, in a

previous study we demonstrated that B19V abortive in-

fection increases TNF-a production and induces NLRP3-

mediated caspase-1 activation and IL-1b secretion in

monocytic PMA-differentiated THP-1 cells and that

FIG. 1 Time course of B19V infection of primary NHDF cultures

(A) The levels of viral DNA were evaluated at the end of the absorption/penetration period 2 h post-infection and at 3,

4, 7 and 12 days post-infection. (B) The mRNAs for NS1 protein were carried out at 3, 4, 7 and 12 days post-infection.

Bars are the mean (S.E.) of four independent cultures. (C) Confocal immunofluorescence assay for the detection of

B19V VP1/VP2 proteins and SA-b-gal activity with the b-gal green fluorescent probe at 4 days post-infection.

Histogram, on the left, shows the percentage of VP1/VP2 and SA-b-gal-positive cells in B19-infected cells compared

with mock-infected fibroblasts. Bars represent the mean (S.E.) values of five different photographic fields. Scale

bar¼ 50mm. *P<0.05 vs mock-infected cells.
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B19V-infected monocytes from scleroderma patients ex-

press NLRP3 and activate caspase-1 [13].

In vitro studies provided evidence that B19V can in-

fect the target cells of SSc, such as dermal fibroblasts

and endothelial cells [27, 34], and can persist in SSc

skin fibroblasts propagated in vitro [11]. In vitro, infected

fibroblast B19V DNA, viral transcripts and structural pro-

teins were detected [27]. However, the pathogenetic

consequences of infection in fibroblasts is still unknown.

Emerging evidence suggests a pathogenetic role of cel-

lular senescence in the fibrotic process, such as that

occurring in ageing or in systemic sclerosis [2].

In our previous study we demonstrated that B19V is

able to activate dermal fibroblasts and induce expres-

sion of a pool of SASP-like factors [27]. In fact, we

observed that primary human dermal fibroblasts incu-

bated with B19V showed a significant increase of both

migration and invasiveness, along with mRNA expres-

sion of different profibrotic genes, some genes associ-

ated with the inflammasome platform and genes for

metalloprotease, suggesting that the virus might play a

role in the pathogenesis of fibrosis.

As these features are also typical of senescent fibro-

blasts [37], in the present work we aimed to investigate

whether B19V is able to induce fibroblast senescence.

Indeed, the present data indicate that senescence in-

duction is involved in the functional alterations induced

by B19V infection in dermal fibroblasts.

In the present study we showed that B19V-infected

dermal fibroblasts acquire a series of senescence

FIG. 2 B19V infection in NHDFs leads to cellular senescence

(A) Percentage of SA-b-gal-positive cells at 3, 7 and 12 days post-infection and (B) in SSc uninfected fibroblasts by

colorimetric b-gal activity assay. Representative images of SA-b-gal-positive cells are reported (on the left, �200

magnification). Bars are the mean (S.E.) of three experiments. *P< 0.05 vs mock-infected cells.
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markers, including typical enlarged and flat-shaped

morphology and SA-b-gal activity. In particular, we

observed a co-localization between SA-b-gal green fluor-

escent probe and VP1/VP2 viral proteins, demonstrating

that B19V-infected NHDFs are also positive to SA-b-Gal

staining. Taken together, these data indicate that viral in-

fection induces senescence in dermal fibroblasts.

Moreover, in agreement with our previous results [27],

B19V-infected NHDFs developed a SASP-like pheno-

type characterized by mRNA expression for some pro-

inflammatory cytokines, such as IL-1a, IL-1b, IL-6 and

IL-8, and by release of IL-1b, IL-6 and IL-8, due to the

activation of transcription factor NF-jB. The SASP is a

hallmark of senescent cells and can affect the cellular

environment and homeostasis of the neighbouring tis-

sues [38, 39]. Although the SASP phenotype could re-

strict damage propagation and activate immune

responses, two essential processes involved in response

to viral infections, the excessive accumulation and per-

sistence of senescent cells can become detrimental,

promoting pathology and dysfunctions [40]. In our con-

text, we showed that B19V-infected fibroblasts, through

the SASP-associated phenotype, could induce paracrine

senescence in neighbouring cells, contributing to propa-

gation of senescence. Indeed, we found that the per-

centage of SA-b-gal-positive cells was greater than that

of B19V-infected fibroblasts, suggesting that the B19V

infection can trigger and transmit cellular senescence to

neighbouring cells. Long et al. [41] demonstrated that la-

tent EBV infection in EBV-positive cells triggers the

SASP in neighbouring epithelial cells and, in contrast,

lytic EBV infection abolishes this phenotype.

In order to replicate, viruses must interact with their

hosts and these interactions often provoke the DDR that

represents an important inductor of senescence. The DDR

can be activated by incoming viral DNA, during the integra-

tion of some viruses such as retroviruses or adeno-

associated viruses or as a response to the aberrant DNA

structures generated upon replication of DNA viruses.

Furthermore, DDR can be induced by viral proteins that

can stimulate inappropriate S-phase entry, modify cellular

DDR factors directly or bind and damage host DNA [42].

A large variety of viruses could damage cellular DNA.

For example, adenovirus 12 induces chromosomal

FIG. 3 B19V infection induces cH2AX activation in NHDFs

(A) Confocal immunofluorescence assay for the detection of cH2AX foci in B19V-infected NHDFs compared with

mock-infected fibroblasts at 3, 7 and 12 days post-infection. Scale bar¼50 mm. (B) Histogram reports the percentage

of cH2AX-positive cells in B19V-infected fibroblasts compared with mock-infected cells at 3, 7 and 12 days post-in-

fection. Bars are the mean (S.E.) of five different photographic fields. *P<0.05 vs mock-infected cells.
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aberration in HEK293 cells [43]. Chromosomal lesions

have been observed in cells infected with simian virus

40, HSV, human cytomegalovirus and EBV [44].

As an ssDNA virus, B19V induces a broad range of

DDRs by targeting activation of all PI3KKs associated

with the DNA repair pathway during productive infection

in EPCs and both the ATR and DNA-PK are essential to

promote replication of its genome. It has been

demonstrated that viral DNA replication, but not viral

proteins, is required for B19V-induced DDR. Moreover,

expression of NS1 protein, a multifunctional protein with

NTP binding, helicase, endonuclease and transactivation

activities [45], is sufficient to induce G2/M arrest and

apoptosis [46] in EPC. On the other hand, in non-

permissive cell line HepG2, DDR induction has been

associated with the activity of B19V NS1 protein, being

FIG. 4 B19V infection induces DNA damage in NHDFs

Frequency distribution of DNA strand breaks in the analysed cell sample for (A) mock- and (B) B19V-infected cells.

DNA damage on the x-axis is expressed as the percentage of tail DNA and two examples of comet images depict no

damage on the left and high damage on the right of the axis. The classes of cells with DNA damage >15% tail DNA

are highlighted by a red ellipse and the corresponding total percentage over the total is shown in red. (C) Number of

cells with DNA strand breaks >15% tail DNA in mock- and B19V-infected cells at the three investigated times post-

infection. Numbers are the average cell count in each duplicate [mean (S.E.) of three experiments]. *P< 0.05 vs mock-

infected cells. Frequency distribution of DNA total damage (strand breaksþFPG sites) in the analysed cell sample for

(D) mock- and (E) B19V-infected cells. The classes of cells with DNA damage <22% tail DNA are highlighted by a

red ellipse and the corresponding total percentage over the total is shown in red. (F) Number of cells with DNA total

damage <22% tail DNA in mock- and B19V-infected cells at the three investigated times post-infection. Numbers are

the average cell count in each duplicate [mean (S.E.) of three experiments]. *P<0.05 vs mock-infected cells.
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able to nick cellular chromosomes and cause damage

to host DNA, leading to apoptosis [47].

In the present study we observed B19V-induced DNA

damage analysed with the comet assay. Namely, a sub-

population of fibroblasts from B19V-infected cultures

showed a significantly higher level of DNA strand breaks

and oxidative damage compared with mock-infected

cells. An increased level and nuclear localization of

cH2AX, a hallmark of DDR, were also found.

Generally, DDR can lead to three distinct outcomes.

In the context of mild damage, it may recruit the repair

machinery and induce cell cycle arrest [48]. When DNA

injury is severe and irreversible, the host cell may under-

go senescence or cell death programs. Whether the

damaged cell undergoes apoptosis or senescence

depends on the cell type, physiological context and na-

ture and intensity of the damage [49] and may have dif-

ferent pathological consequences.

B19V-induced apoptosis of EPCs leads to aplastic cri-

sis (in the acute phase) or to pure cell aplasia (in the

chronic phase), especially in subjects with shortened red

cell survival or in immunocompromised patients. B19V-

infected hepatocytes undergo apoptosis, which has

been proposed as the mechanism of B19V-associated

acute fulminant liver failure [50].

B19V-induced senescence and production of SASP-

like factors in normal dermal fibroblasts could represent

a new pathogenic mechanism, not described previously,

of viral infection in these cells. Further studies will be

required to determine the possible mechanisms involved

in B19V-induced senescence in NHDFs and the role of

the virus in the fibrotic process.
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