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Parvovirus B19 (B19V) is a human pathogenic virus of clinical relevance, characterized by a selective tropism for

erythroid progenitor cells in bone marrow. Relevant information on viral characteristics and lifecycle can be

obtained from experiments involving engineered genetic systems in appropriate in vitro cellular models. Previously,

a B19V genome of defined consensus sequence was designed, synthesized and cloned in a complete and

functional form, able to replicate and produce infectious viral particles in a producer/amplifier cell system.
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1. Introduction

Within the family Parvoviridae , Parvovirus B19 (B19V) is a human pathogenic virus of clinical relevance,

responsible for transient or persistent erythroid aplasia, infectious erythema, arthropathies, myocarditis and

intrauterine infections, among others . The variability in the pathogenetic processes and the resulting clinical

outcomes of diverse nature and severity depend on a complex interplay between the viral properties, the

characteristics of target cells in the different tissues, and the physiological status and immune response of infected

individuals. B19V has a marked tropism for erythroid progenitor cells (EPCs) in the bone marrow, both susceptible

and permissive depending on their differentiation and proliferation state . In EPCs, infection normally induces cell

cycle arrest and apoptosis , thus causing a temporary block in erythropoiesis which can become clinically

relevant . Different non-erythroid cell types, including endothelial, stromal, or synovial cells, are also susceptible

but mainly non-permissive. In these cells, infection can trigger inflammatory responses and consequent tissue

damage , and generally results in long-term persistence of viral DNA within tissues .

Investigation of viral genetics is fundamental to better understanding of the B19V replication cycle, the virus–cell

interaction in different environments, the pathogenetic processes underlying the wide range of associated

diseases, and the devising of more efficient antiviral strategies . The B19V genome is composed of two

inverted, terminal repeated regions (ITR) of imperfect palindromic sequence, 383 nt long, flanking a unique internal

region (IR), 4830 nt long, containing all the coding sequences (Figure S1). The role of ITRs is crucial. The ability of

palindromic sequences to fold in self-priming, hairpin secondary structures, and the presence of specific cis-

recognition sequences acting as origins of replication, allow replication of the viral DNA through a rolling hairpin

mechanism . The activity of the unique transcription promoter (P ) at the left end of the internal region also

depends critically on regulatory sequences within the upstream ITR . Within the IR, distribution of
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splicing and cleavage-polyadenylation recognition sequences along the genome ensures coordinate processing of

the pre-mRNA to a set of mature mRNAs . Functionally, these can be divided into a set expressed from

the left side of the genome, mainly coding for NS1 protein in an early phase of replication, and a set expressed

from the right side of the genome, mainly coding for the structural VP proteins in the late phase of replication 

.

NS1 protein is the major non-structural protein, essential to virus replication and central for interaction with host cell

components . It is involved in the replication of the B19V genome, by its capacity to bind to specific recognition

sites in the terminal regions, and by its endonuclease and helicase activities effecting ITR terminal resolution and

strand unwinding. It is involved in viral transcription, enhancing activity of the P  promoter by its trans-activating

domains, thus promoting overall B19V genome expression. Besides, NS1 is a heterologous trans-activator of

cellular genes, therefore inducing alterations in the cellular environment. It has a role in regulating progression

through the cell cycle and in inducing apoptosis, therefore contributing to the pathogenesis of B19V infection.

Given all this, NS1 is a matter of relevant interest in studying B19V, not least as a pharmacological target .

Viral capsid proteins VP1 and VP2 assemble to form a capsid shell of 22 nm in diameter, arranged in a T = 1

icosahedral structure . Being translated from the same coding frame, both proteins share a common region that

forms the core shell, while the VP1 protein, about 5% in abundance, possesses an additional N-terminal region,

VP1u, crucial for cell recognition, attachment and penetration .

Information can be obtained from experiments involving engineered genetic systems in appropriate in vitro cellular

models, since cloned forms of the B19V genome can be competent for replication and constitute an effective tool

for studying the viral lifecycle and its interaction with target cells . Previously, a model system was established

by a novel synthetic strategy . A reference genome of defined consensus sequence was designed, synthesized

and cloned in a complete and functional form in a plasmid vector. Such a genome was able to replicate and

produce infectious viral particles in a producer/amplifier cell system, the myeloblastoid UT7/EpoS1cells, allowing

generation and further propagation of virus in EPC cell cultures. Replicative competence was linked to preservation

of sequence integrity and asymmetry within the terminal regions, while preservation of the complete internal region

ensured maintenance of the cis-acting signals required for regulation of viral genome expression. Therefore, the

full proteome of B19V could be co-ordinately expressed and novel infectious viral particles produced. Further

investigation is required to assess the flexibility of this system to genetic manipulation, and its potential as an

advanced tool for basic research and translational applications.

2. Design and Construction of a B19V Minigenome

In the design of a B19V minigenome with potential replicative activity, the rational requirements were: (i) to

preserve both terminal regions up to the sites of dyad symmetry, retaining the capacity of hairpin formation; and (ii)

to preserve the internal region extending up to the pAp1 proximal cleavage-polyadenylation signal, as a gene

cassette with potential for coding for the NS1 protein, while eliminating the genomic region coding for the viral

capsid proteins. To this end, a large deletion was operated in the right-side of genome, and a novel chimeric
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cleavage-polyadenylation signal created, named pAs1, joining the upstream cis-elements of pAp1 and the

downstream cis-elements of pAd (Figure 1).

Figure 1. (A) Map of B19V genome. ITR: inverted terminal repeats (▼, site of dyad symmetry). IR: internal region

and relevant cis-acting functional sites (P , promoter; pAp1, pAp2, proximal cleavage-polyadenylation sites; pAd,

distal cleavage-polyadenylation site; D1, D2, splice donor sites; A1.1, A1.2, A2.1, A2.2, splice acceptor sites).

Coding sequences for viral NS, VP and smaller non-structural proteins are aligned to map. Δ: deletion to create a

novel cleavage-polyadenylation signal (pAs1). (B) Map of B19V derived minigenome; simplified transcription map,

indicating the two classes of mRNAs (mRNA 1–2), with alternative splicing forms (dashed lines) and related coding

potential. (C) Sequence at the novel pAs1 cleavage-polyadenylation site (USE—pAp1, upstream element to pAp1

).

For the construction of the minigenome, a synthetic gene segment encompassing the designed deletion substituted

by the novel pAs1 sequence was synthesised and inserted in order to replace the original sequence in the

previously established pCK10 and pCH10 plasmids . The viral insert in pCK10 preserves both terminal regions

extending beyond the site of dyad symmetry; however, attempts at cloning in pCK10 only yielded unstable plasmid

clones, with deletion of the palindromic sequence in the right-hand terminal region. The viral insert in pCH10

preserves both terminal regions extending up to the site of dyad symmetry; in this case, a stable plasmid clone was

successfully obtained, named pCH10-pAs1.

3. Functional Competence of the B19V Minigenome

From the pCH10 plasmid, three genomic inserts of different extension can be obtained, differing in their functional

competence: CH10, corresponding to the whole cloned insert, extending in the terminal regions to the sites of dyad

symmetry (nt. 184–5413); CI0, extending in the terminal regions within the sites of dyad symmetry (nt. 245–5474);

and CJ0, extending in the terminal regions only to the start of palindromes (nt. 366–5231). From the pCH10-pAs1

plasmid, three genomic inserts of corresponding extension could also be obtained by analogy: CH10-pAs1, CI0-

pAs1, and CJ0-pAs1. The biological activity and functional competence of pCH10 and pCH10-pAs1 derived inserts

was comparatively analysed following transfection in UT7/EpoS1 cells. Genomic inserts were obtained by means

of in vitro amplification, then purified inserts were used to transfect UT7/EpoS1 cells. At 8- and 24-h post-

transfection (hpt), aliquots of cell culture were sampled for quantification of viral nucleic acids (DNA, mRNAs) by

qPCR and qRT-PCR (Figure 2), and detection of the NS protein by IIF and cytofluorimetric analysis.
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Figure 2. Viral nucleic acids in UT7/EpoS1 cells, transfected with CH10 and CH10-pAs1 derived inserts. Log

amounts of target copies (viral DNA, total RNA, NS1 mRNA), normalized to 10  cells, at 8 and 24 hpt. Mean and

std of duplicate determinations for two different experiments. Two-way ANOVA, Bonferroni post-test: ***, p < 0.001;

*, p < 0.05.

The amount of DNA, either at 8 or 24 hpt, was comparable for all tested inserts, indicating a similar transfection

efficiency. Due to the large quantity of input DNA used in transfection, no significant temporal variation in DNA

amount was observed for any of the tested inserts, apart from a general decrease from 8 to 24 hpt (mean 0.70 Log,

range −1.1–0.57), likely to be due to progressive degradation of exogenous DNA. De novo synthesis of transfected

DNA was assessed in a parallel experiment, by transfection of inserts directly excised from plasmids and tested for

Dam methylation pattern and resistance to DpnI cleavage, both by a qPCR assay and a Southern Blot analysis. In

this way, it was possible to investigate CH10 and CH10-pAs1, excised using BssHII, CI0 and CI0-pAs1, excised

using AccIII, but not CJ0 and CJ0-pAs1, because of lack of corresponding RE sites.

By qPCR, DNA excised from plasmids was resistant to 1.7% and 1.4% for CH10 and CH10-pAs1, and 1.6% and

1.3% for CI0 and CI0-pAs1. DNA obtained from transfected cells at 24 hpt was resistant to 11.7% and 15.8%, and

8.8% and 19.0%, respectively. By Southern Blot (Figure 3), at 24 hpt, bands corresponding to full-length, DpnI

resistant DNA were also observed for all transfected inserts. Data thus obtained are consistent with the

maintenance of the replicative competence of transfected inserts, at least for CH10-and CI0-derived inserts, both

the complete genomes and the derived minigenomes, a property likely to be due to the preservation of sequence

symmetry within the terminal regions and implying a hairpin-independent priming of DNA synthesis.
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Figure 3. Southern Blot Analysis of B19V DNA obtained from UT7/EpoS1 cells transfected with inserts CH10, CI0

and CH10-pAs1, CI0-pAs1, collected at 24 hpt. Samples were treated by RE DpnI to distinguish de novo

synthesized viral DNA (*) based on different dam methylation pattern and sensitivity to RE DpnI. MwM: molecular

weight marker III, Dig-labelled (Roche). Southern Blotting and hybridization using a full-length digoxigenin-labelled

DNA probe was carried out as described .

All transfected inserts showed a sustained transcriptional activity. Viral mRNAs were detected for all inserts at both

time-points post-transfection, with a general increase from 8 to 24 hpt of total mRNA (mean 0.56 Log, range −0.01–

1.33), and to a lesser extent of NS mRNA (mean 0.08 Log, range −0.36–0.51), significant for CH10-pAs1 only.

Although with some variability, overall results attested the early onset and maintenance of viral transcription,

implying processing of pre-mRNA at the novel chimeric pAs1 cleavage-polyadenylation site, and preservation of a

balanced usage of splicing signals. In fact, a typical ratio of mRNAs pertaining to the left-side genome was

produced, including both the unspliced mRNAs coding for NS protein (mRNA 1 in Figure 1), approximately 1% of

total viral mRNAs, and the more abundant spliced mRNAs (mRNA 2 in Figure 1), in a pattern analogous to that

observed in the early phase of the replicative cycle.

The expression of NS protein was monitored by IIF and cytofluorimetric analysis, sampling transfected cell cultures

at 8 and 24 hpt. By IIF (Figure 4), NS protein was already observed at 8 hpt, and at 24 hpt the number of positive
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cells and signal intensity both increased. Distribution of the protein within the cells showed the same

nuclear/cytoplasmic pattern both for all complete or derived minigenome inserts.

Figure 4. UT7/EpoS1 cells transfected with the indicated inserts were sampled at 24 hpt, and NS1 protein was

detected by IIF. Original magnification 400×.

By cytofluorimetric analysis (Figure 5), a quantitative assessment of cells expressing NS1 protein was obtained at

24 hpt. The percentage of positive cells was in the range 0.2–1.3% for the complete inserts and increased to 2.6–

5.0% for the derived minigenomes, the highest increase was observed for the CI0/CI0-pAs1 combination.

Altogether, experiments suggest that the lower genetic complexity of modified genomes promoted progressive

expression and accumulation of NS protein in an increasing fraction of the cell population.

Figure 5. UT7/EpoS1 cells transfected with the indicated inserts (Ctrl, no DNA control) were sampled at 24 hpt,

and cell population was analysed by cytofluorimeter to determine the percentage of NS1 expressing cells. Dot plot
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graph on gated cell population for FSc and NS1 FITC. Reported percentage values of positive cells and geometric

mean fluorescence intensity (MFI) for positive subpopulations reported as the average result of two independent

determinations.

4. Functional Complementation of the B19V Minigenome

The capacity of the CH10-pAs1 minigenome to provide complementing functions through expression of NS1

protein was thereafter tested in a subsequent series of experiments. To the purpose, a set of modified B19V

genome clones was designed, defective for the coding sequence of NS protein. In particular, the pCH10 clone was

modified by deletion, removing the genomic region corresponding to the first intron within the NS gene, from the

splice donor site D1 to the two possible alternative splice acceptor sites A1.1 and A1.2. The obtained plasmids,

named CH10-A1.1 and CH10-A1.2, retained the cis-acting sequences directing alternative cleavage-

polyadenylation at pAp and pAd sites, sequences regulating alternative splicing of the distal introns at D2 and

A2.1/2 sites, and all of the coding sequences for the VP1, VP2 and 11 kDa proteins (Figure 6).

Figure 6. (A) Map of B19V genome, see Figure 1. Δ: deletion to remove first intron (A1.1/2). (B) Map of B19V

derived minigenomes; simplified transcription map, indicating the four classes of mRNAs (mRNA 2–5), with

alternative splicing/cleavage forms (dashed lines) and related coding potential.

To evaluate the functional competence and possible complementation effects for these defective genomes, inserts

obtained by means of in vitro amplification were transfected in UT7/EpoS1 cells, alone or in co-transfection with

CH10-pAs1 as helper plasmid. At 24 hpt, aliquots of cell culture were sampled for quantification of viral nucleic

acids (DNA, mRNAs) by qPCR and qRT-PCR (Figure 7), and detection of the NS1 and VP proteins by IIF.
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Figure 7. Viral nucleic acids in UT7/EpoS1 cells, transfected/co-transfected with CH10, CH10-pAs1 and CH10-

A1.1/2 inserts. Log amounts of target copies (viral DNA, total RNA, NS1 mRNA, pAd cleaved RNA, VP RNA),

normalized to 10  cells, at 24 hpt. Mean and std of duplicate determinations for two different experiments.

No significant differences were observed in the amounts of viral DNA, but relevant information was obtained by

quantification of viral RNA. By comparison to the reference CH10 insert, insert CH10-pAs1 confirmed its high

transcriptional activity and correct mRNA processing, with an abundance of about 1% unspliced mRNAs coding for

NS protein. The NS defective, CH10-A1.1 and -A.2 inserts showed a reduced (−3 Log) basal transcriptional activity,

which allowed detection of only the proximally cleaved mRNAs (mRNA 2 in Figure 6), and not of any distally

cleaved mRNA (mRNAs 3–5 in Figure 5). Cotransfection of these inserts with CH10-pAs1 inset led to functional

complementation, restoring expression from the NS-defective genomes, as shown by the detection of A1.1 and A.2

derived mRNAs, to amounts only about 1 Log lower than what observed for the reference CH10 insert. By

composition, the most abundant mRNAs were still the proximally cleaved mRNA species (mRNA 2), which were

contributed by both CH10-pAs1 (following splicing) and A1.1/2 (following cleavage at pAp); abundance of NS

mRNA (mRNA 1), contributed only by CH10-pAs1, pAd cleaved mRNAs (mRNA 3–5) and VP mRNAs (mRNA 3–4),

contributed only by A1.1/2, were in all cases in the order of 1% of total mRNAs.

By IIF analysis (Figure 8), expression of both NS and to lesser extents VP proteins was confirmed for the CH10

insert. The expression of NS protein was also confirmed for CH10-pAs1, and not detected in the case of CH10-

A1.1/2, as expected. Expression of VP proteins from CH10-A1.1/2 inserts alone was not observed. Cotransfection

of CH10-pAs1 and A1.1/2 preserved expression of NS protein from CH10-pAs1 and restored the expression of VP

proteins from CH10-A1.1/2, although for the latter detection was limited to a small number of cells. Altogether, data

confirm that the NS protein produced by the CH10-pAs1 minigenome is functional in complementation of defective

B19V genomes, restoring expression of the late set of mRNAs to a pattern similar to the standard expression

profile of B19V genome and allowing production of capsid proteins.
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Figure 8. UT7/EpoS1 cells transfected with the indicated inserts were sampled at 24 hpt, and NS1 or VP1/2

proteins were detected by IIF. Results obtained for insert CH10-A1.1 were analogous to what obtained for CH10-

A1.2 (not in figure). Original magnification 400×.

5. Extracellular Vehiculation of Minigenomes

Following transfection of UT7/EpoS1 cells, measurable amounts of viral DNA were detectable in the cell culture

medium until 6 days post-transfection, not associated to cells but partially resistant to nuclease treatment. The

possibility that this genetic material could be transferrable to susceptible EPCs was investigated. For the purpose,

CH10-pAs1 and CH10-A1.1/2 inserts were transfected in UT7/EpoS1 cells in the different combinations as

described, and expression of NS and VP proteins first confirmed for all competent combinations. Then, after a 6

day course, the supernatant of transfected cell cultures was collected and added to in vitro differentiated EPCs

cells, as a test system. After a further 48 h course of incubation, EPCs were collected and analysed for any

presence of B19V DNA, RNA or expression of NS protein. For all experimental samples, a low measurable amount

of DNA was found associated to EPCs (<10  copies/10  cells). However, no transcriptional activity could be

detected in EPCs in any tested combination and no NS protein production could be observed. The obtained results

imply that the vehiculation of genetic material from cells transfected with the CH10 derived clones may not be due

to the formation of transducing viral particles, and that the process is not functionally relevant to a measurable

extent. The hypothesis that such transfer should be attributed to simple carry-over in a nuclease-resistance form,

or to the formation of extracellular vesicles or exosomes, and whether a limited number of transducing viral

particles is actually produced, requires further investigation.
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