International Journal of

ﬁ' Molecular Sciences

Article

Non-Permissive Parvovirus B19 Infection: A Reservoir and
Questionable Safety Concern in Mesenchymal Stem Cells

Gloria Bua !, Pasquale Marrazzo
and Giorgio Gallinella !

Francesco Alviano 3*

check for
updates

Citation: Bua, G.; Marrazzo, P.;
Manaresi, E.; Gamberini, C.; Bonsi, L.;
Alviano, E; Gallinella, G.
Non-Permissive Parvovirus B19
Infection: A Reservoir and
Questionable Safety Concern in
Mesenchymal Stem Cells. Int. J. Mol.
Sci. 2023, 24, 8204. https:/ /doi.org/
10.3390/ijms24098204

Academic Editors: Valentina Russo
and Tullia Maraldi

Received: 4 April 2023
Revised: 26 April 2023
Accepted: 27 April 2023
Published: 3 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 2

, Elisabetta Manaresi 1, Chiara Gamberini 2, Laura Bonsi 2,

Department of Pharmacy and Biotechnology, University of Bologna, 40138 Bologna, Italy;
gloria.bua2@unibo.it (G.B.); elisabetta.manaresi@unibo.it (E.M.); giorgio.gallinella@unibo.it (G.G.)
Department of Medical and Surgical Sciences, University of Bologna, 40138 Bologna, Italy;
pasquale.marrazzo2@unibo.it (P.M.); chiara.gamberinil5@unibo.it (C.G.); laura.bonsi@unibo.it (L.B.)
Department of Biomedical and Neuromotor Sciences, University of Bologna, 40126 Bologna, Italy

*  Correspondence: francesco.alviano@unibo.it

Abstract: Mesenchymal stromal/stem cells (MSCs) are multipotent cells with differentiation, im-
munoregulatory and regenerative properties. Because of these features, they represent an attractive
tool for regenerative medicine and cell-based therapy. However, MSCs may act as a reservoir of
persistent viruses increasing the risk of failure of MSCs-based therapies and of viral transmission,
especially in immunocompromised patients. Parvovirus B19V (B19V) is a common human pathogen
that infects bone marrow erythroid progenitor cells, leading to transient or persistent anemia. Charac-
teristics of B19V include the ability to cross the placenta, infecting the fetus, and to persist in several
tissues. We thus isolated MSCs from bone marrow (BM-MSCs) and fetal membrane (FM-MSCs) to
investigate their permissiveness to B19V infection. The results suggest that both BM- and FM- MSCs
can be infected by B19V and, while not able to support viral replication, allow persistence over time
in the infected cultures. Future studies are needed to understand the potential role of MSCs in B19V
transmission and the conditions that can favor a potential reactivation of the virus.
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1. Introduction

Mesenchymal stromal/stem cells (MSCs) constitute a heterogeneous population of
multipotent precursor cells with high in vitro expansion and self-renewal capacity. Their
typical functions are the ability to differentiate into multiple mesenchymal lineages, in-
cluding osteocytes, chondrocytes, adipocytes and endothelial-like cells, and to migrate to
sites of tissue injury and inflammation [1]. Because of these features, together with their
immunoregulatory and regenerative properties, they represent an attractive tool for tissue
engineering applications and cell-based therapy [2]. MSCs have been isolated from many
sources, including adult tissues, as well as several fetal and perinatal tissues [3,4]. Bone
marrow (BM) is the most common source of clinical application, and the properties of BM-
derived MSCs (BM-MSCs) have been extensively investigated. However, they constitute a
small percentage of the total number of BM-populating cells, and their isolation requires
invasive procedures. Searching for a valid alternative, the term placenta represents an
easily available and high-yielding source of stem cells [5]. Fetal membranes-derived MSCs
(FM-MSCs) have been shown to possess MSC minimal criteria, high plasticity and high
differentiation potential [6,7]. In addition, their low immunogenicity and fetal-maternal
tolerance make them promising in therapeutic applications without immunologic rejec-
tion [8]. Although clinical applications of MSCs transplantation have shown promising
achievements, the main drawbacks are the in vivo efficacy and safety profile. One of the
major concerns is the mostly hidden relationship between viruses and MSCs. The outcomes
of viral entry into MSCs could result in cell death, the alteration of cell properties that could
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impair their functionality and therapeutic efficacy, the transmission of viral agents, and
persistent infection with potential reactivation in the host patient.

Parvovirus B19 (B19V) is a human pathogenic virus with a specific tropism for bone
marrow erythroid progenitor cells (EPC) [9-11]. Although B19V infection is usually asymp-
tomatic or mild in healthy individuals, severe outcomes are possible according to the
physiological and immune status of the infected person [12]. Productive infection of EPC
exerts a cytotoxic effect and causes the blockage of erythropoiesis, which can manifest
as acute aplastic crises in subjects with high red cell turnover, or chronic pure red cell
aplasia in immunodeficient patients, including bone marrow or solid organ transplant
recipients [13]. Vertical transmission may also occur from mother to fetus, increasing the
risk of serious complications such as anemia, fetal death and non-immunologic hydrops
fetalis [14]. Knowledge regarding the mechanism by which the virus breaches the placental
barrier and the effects of B19V infection in cells of the maternal—fetal interface is still lacking.
Following a primary infection, the virus can be detected at high frequency, either silent or
associated with low-grade replication, in almost all solid tissues and organs [15-17]. This
close association is assumed to persist throughout life, posing questions about the biological
role of persistent DNA, as to whether re-activation can take place and the implications of
the latent state for the cellular environment, with a special focus on bone marrow. The
evaluation of the cell types that could be infected by B19V and the potential effects of the
resulting virus—cell interaction is thus particularly important, both in understanding the
pathogenic role of B19V and assessing safety issues concerning biological material for cell
therapy, such as MSCs.

To this end, in the present study, we investigated the susceptibility and permissiveness
of BM-MSCs and FM-MSCs to B19V infection.

2. Results
2.1. Characterization of Isolated MSCs

BM- and FM-MSCs were isolated as previously reported [7]. Cells met the minimal
criteria for defining MSCs recommended by the Mesenchymal and Tissue Stem Cell Com-
mittee of the International Society for Cellular Therapy [1]. Fibroblast-like morphology and
adherence to plastic were first confirmed by light microscopy (Figure 1).

Figure 1. Light microscopy images of expanded BM-MSCs (A) and FM-MSCs (B).

To further characterize the isolated MSCs, the expression of specific surface markers
was assessed by flow cytometry (Figure 2). The cells expressed the surface antigens CD29,
CD44, CD73 and CD90 (100% positive cells for all markers), indicating that these cells
were of the mesenchymal lineage. The intracellular expression of OCT4, a regulatory
transcription factor involved in the maintaining of stem cell renewal capacity and the
undifferentiated state of embryonic and adult stem cells, was also confirmed (positive
cells > 80%).
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Figure 2. Immunophenotype of BM-MSCs (top) and FM-MSCs (bottom). Selected mesenchymal
markers were analyzed by flow cytometry. Black line: control; colored line: specific antibody.

2.2. Expression of Viral Receptors on MSCs

To determine whether the MSCs were susceptible to B19V infection, the expression
of B19V receptors was investigated. B19V requires multiple steps to enter into cells and
achieve a productive replicative cycle. Globoside (Gb4) was historically identified as the
primary B19V receptor that mediates the interaction with the cell surface [18,19]. Virus
uptake, however, is not always possible even in the presence of Gb4, indicating that
interaction with co-receptors may be critical. as5(31 integrin was initially proposed as a
co-receptor [20], and recently, new evidence has emerged on the role of the VP1u region
that specifically binds a not-yet characterized receptor, named VP1uR. This interaction
is proposed as a crucial step for B19V uptake and productive infection in permissive
cells [21,22]. Thus, the presence of the indicated receptors was evaluated. Flow cytometry
data show that o531 integrin was widely distributed on both BM- and FM-MSCs, and
globoside was expressed in 50% of cells in both populations, suggesting that the virus may
enter into some of these cells (Figure 3).
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Figure 3. Expression of B19V receptors in BM-MSCs and FM-MSCs determined by flow cytometry.
(A) Globoside expression; events located in the up/left quadrant of dot-plot graphs represent positive
cells. (B) o531 integrin expression; black line: control; colored line: specific antibody. (C) Expression
of VP1u receptor; black line: control; colored line: specific antibody A truncated form of the B19V-
VP1u protein with a FLAG tag was used for detecting the unknown VP1uR. The functionality of the
VP1 construct was confirmed in UT7/EpoS1 cells that are known to express the receptor [23].
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A truncated form of the VP1u protein was used to stain the VP1uR (Figure 3C). In
contrast to the extended expression of the other receptors, the VP1uR was not detected in
MSCs. UT7/EpoSl cells that expressed the VP1uR were used as the control in the assay.

2.3. B19V Replication in FM-MSCs and BM-MSCs

We then assessed the permissiveness of MSCs to B19V. Cells were incubated with B19V
at an MOI of 10* geq/cell and then extensively washed to remove unbound virus. Infected
cells were collected at different times post-infection to determine the amount of B19V DNA
present within cells by qPCR (Figure 4). Viral DNA was quantified following absorption,
4.3 log and 5.2 log at 2 hpi in BM-MSCs and FM-MSCs, respectively, in spite of the extensive
washes undertaken to remove the inoculum. Then, no evidence of viral replication was
observed under our experimental conditions, since DNA decreased following 3 dpi and
without further significant changes up to 15 dpi (3 log decrease). It is worth noting that the
B19V DNA was still detected during the full course of infection, at the low but significant
level of (copies/cell). This observation indicates that both BM-MSCs and FM-MSCs are
susceptible to B19V infection, and constitute a non-permissive environment for achieving a
productive replicative cycle, but may act as a reservoir for the persistence of B19V.

%k %k %k
6-
[ 3 BM-MSCs
s M 3 FM-MSCs
®
E; -
o 41
S
o
¥
a
> 27
o
o 1 1 1 1 ]
3 Q Q Q Q
oS oS oS oS &

Figure 4. Amounts of B1I9V DNA in BM-MSCs and FM-MSCs. MSCs were infected with B19V at
the multiplicity of 10* geq/cell. The amount of B19V DNA was determined by qPCR at different
times post-infection and expressed as B19V genome copies /10,000 cells. Columns indicate the mean
values obtained from three independent experiments, bars are the standard error of means. Statistical
analysis was performed by a Tukey’s multiple comparison test (***, p < 0.001).

2.4. B19V Transcription in BM-MSCs and FM-MSCs

In vitro experimental studies suggest that limited genome expression may occur even
on a non-replicating template. We thus investigated the viral transcription activity by
gqRT-PCR using different primer pairs. The contiguous primer pair 2210-2355 detected
the whole set of viral transcripts, while the pair 1882-2033 detected the unspliced mRNA
coding for the NS protein. Viral RNA was not detected at any time points analyzed, despite
the intracellular persistence of viral DNA.

2.5. Immunophenotype of Infected MSCs

We next assessed whether the prolonged presence of B19V DNA affected the former
identity of cells. The morphology of infected MSCs was similar to that of cells growing
without the virus, and no cytopathic effect was visible during the course of infection. The
expression of specific MSC markers was evaluated in infected cells at 9 days post infection,



Int. J. Mol. Sci. 2023, 24, 8204 50f9

and compared to uninfected cells. The expression patterns of the selected markers showed
no alteration in response to B19V exposure (Figure 5).
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Figure 5. Inmunophenotype of infected MSCs (BM-derived). Selected mesenchymal markers were
analyzed by flow cytometry after 9 days of infection. Grey line: control; black line: specific antibody.

3. Discussion

In our study, we investigated the potential susceptibility and permissiveness to B19V
infection of MSCs derived from two sources with different availability, which are significant
in the context of B19V pathogenesis: human bone marrow and fetal membranes. MSCs have
been demonstrated to be susceptible to infection by a variety of viruses representing promi-
nent pathogens in immunocompromised hosts, including HSV-1, VZV, and CMV [24,25].
The pathogenic role of B19V in various MSC populations is poorly understood. B19V DNA
was found in MSCs isolated from BM aspirates of healthy donors, and the corresponding
B19V-positive MSCs were suggested to transmit the virus to bone marrow cells [26], while
cultured synovium MSCs were shown to be unable to support viral replication [27]. Hence,
whether MSCs of different sources are susceptible to B19V is still unclear.

MSCs may possess various surface receptors that can determine their susceptibility
to viral infection, so we first assessed the expression of cellular receptors related to B19V
tropism. Both BM- and FM-MSCs express globoside, which is thought of as the primary
attachment receptor of B19V and required for infectivity, and integrin o531, one of the
co-receptors proposed. Recently, the interaction of a cell receptor that specifically binds
the B19V-VP1u region has also been proposed to be crucial to the productive infection in
permissive cells. Using a truncated form of the B19V-VP1u protein, we thus evaluated
the presence of this VP1u-receptor (VP1uR) via flow cytometry. VP1uR expression was
not observed in both cellular types, although the detection of globoside and integrin a531
suggests that these MSCs populations might be susceptible to B19V infection. Indeed, B19V
DNA was found within MSCs following viral absorption (4.3 log and 5.2 log at 2 hpi in
BM-MSCs and FM-MSCs, respectively), confirming that viral entry/attachment can occur.
Nevertheless, in our experimental conditions, we did not observe a productive infection of
BM- and FM-MSCs. qPCR analysis showed that cells are not able to support viral replication,
and the amount of B19V DNA progressively decreased during the course of infection, up
to 15 dpi (3 log overall decrease). Permissiveness to B19V replication is known to be a
multifactorial process influenced by interaction with specific receptors, erythropoietin
pathway activation and host cellular factors. As a consequence, viral replication appears to
be highly restricted in different cell types [28]. Abortive infections can be characterized by
the production of low levels of viral transcripts without significant increases in B19V DNA
levels. Differential expression of the distinct classes of viral transcripts has been observed
in B19V permissive and nonpermissive cells. In nonpermissive cells, where a restricted
transcriptional activity can occur, mRNAs encoding capsid proteins are limited, leading to
the accumulation of NS transcripts [10]. We thus investigated the transcriptional activity
in infected MSCs by qRT-PCR, using two different primer pairs for the amplification of
total B19V RNA and specific mRNAs of the NS protein. Despite the BI9V promoter being
active in many cell types, viral RNA transcription was not allowed in BM- and FM-MSCs
under these experimental conditions. Virus—cell interactions can induce functional changes
in MSCs, affecting their expected differentiation and immunomodulatory properties [25].
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Since B19V DNA was still detected at late time points in the infected cultures, we analyzed
the maintenance of the expression pattern of mesenchymal markers in infected MSCs.
Flow cytometry data show that the presence of B19V DNA did not alter the specific MSC
markers’ expressions (such as CD29, CD44, CD73, CD90 and OCT4) after 9 days of infection
compared to the phenotype of uninfected cells. However, we cannot exclude the possibility
that different cellular conditions might alter the apparently quiescent state of B19V DNA
in MSCs. Moreover, the non-permissive MSCs with a persistent presence of B19V DNA
might act as a viral reservoir, increasing the risk of viral transmission, and for this reason,
they can represent a greater risk, especially for immunocompromised patients. Further
investigations should be performed to understand the role of B19V infection in MSCs,
for example, in co-cultures with erythroid progenitor cells and in 3D cell cultures, as
a more relevant model of in vivo conditions [29-31]. It has to be remembered that the
clinical efficacy of MSCs involves the cellular administration to a recipient subject, where
they can contribute to healing [32]. In this context, the potential reactivation of B19V
should be properly studied, as well as the experimental culture conditions, prior to the
cell transplantation, which could change the susceptibility of the in vitro manipulated
MSCs to the virus itself. In addition, MSCs play a crucial role in the maintenance of the
hematopoietic stem cell niche in the bone marrow; whether and how BM-resident stromal
cells targeted by B19V will be affected on their hematopoietic supportive capacity still
remains an open question. A second aspect of interest is the vertical transmission of B19V.
As far as we know, this is the first time that FM-MSCs have been infected with B19V
in vitro. Although FM-MSCs were found to be non-permissive to B19V infection, studying
virus—cell interactions at the maternal interface will provide more information about B19V
pathogenesis during pregnancy. Alternatively, by studying and comparing the MSCs with
similar properties but with different tissue localizations could help us to understand the
essential mechanisms at the basis of the susceptibility and permissiveness of MSCs to B19V.

4. Materials and Methods
4.1. MSCs Isolation and Culture

BM-MSCs were obtained from bone marrow aspirates of healthy adult volunteers. Sam-
ples were diluted 1:3 with PBS and layered over a Ficoll-Histopaque gradient (1.077 g/mL;
Sigma, St. Louis, MO, USA). The isolated mononuclear cells were seeded at 10 /cm? in Dul-
becco’s modified eagle’s medium (DMEM, Sigma) supplemented with 20% heat-inactivated
fetal bovine serum (FBS, Sigma), 200 U/mL penicillin and 200 pg/mL streptomycin, at
37 °Cin 5% CO;.

FM-MSCs were isolated from the term placenta of healthy donor mothers obtained
after written informed consent during cesarean section. This study was approved by
the Local Ethical Committee (IRCCS St. Orsola-Malpighi University Hospital Ethical
Committee, protocol n° 2481/2017, ref n° 68/2017/U/Tess). Fetal membrane samples were
prepared in accordance with a previously established protocol [7], and cells were finally
seeded in DMEM with 20% FBS, at 37 °C in 5% CO,. Cells were assessed for suitable
osteogenic and adipogenic differentiation, as previously described [33].

For both cultures, non-adherent cells were removed after one week, and subcultures
were maintained in DMEM supplemented with 10% FBS.

4.2. Flow Cytometry

Cells were characterized by flow cytometry for the expression of specific antigens
defining the identity of MSCs, as well as for B19V receptor moieties. Briefly, trypsinized cells
were stained for 30 min at 4 °C with the following monoclonal antibodies: anti-CD29-FITC,
anti-CD44-FITC, anti-CD73-PE and anti-CD90-PC5 (all from Beckman Coulter, Fullerton,
CA, USA). For the evaluation of Octamer binding transcription factor (OCT4) expression,
cells were first permeabilized using the IntraPrep Permeabilization Reagent (Beckman
Coulter), then incubated with the mouse monoclonal antibody anti-OCT3/4 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA), and subsequently with the anti-mouse-Alexa
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Fluor 488 antibody (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), performing
each step at room temperature for 30 min.

Globoside and «5(31 integrin expression was evaluated using polyclonal rabbit anti-
globoside (Matreya, State College, PA, USA) and monoclonal mouse anti-«531 (Immuno-
logical Sciences, Rome, Italy) antibody, followed by anti-rabbit-FITC (Dako, Glostrup,
Denmark) and anti-mouse-Alexa Fluor 488 (Invitrogen) antibody, respectively; each incu-
bation was performed at 4 °C for 30 min.

For VP1uR, trypsinized cells were blocked in PBS/10% FCS for 20 min at 4 °C, then
incubated for 1 h at 4 °C with the complex AC128 protein/anti-FLAG antibody (Agilent
Technologies, Cedar Creek, TX, USA), previously prepared in PBS/2% FCS at a ratio of
75 ng/300 ng. AC128 is a truncated form of the B19V-VP1u protein, corresponding to
the first 100 aa, which contain the receptor-binding domain (RBD) and a FLAG tag for
detection (a kind gift of Dr. Carlos Ros, University of Bern, Bern, Switzerland [23]). The
anti-rat-DyLight488 antibody (ImmunoReagents Inc., Raleigh, NC, USA) was used as a
secondary antibody for 1 h at 4 °C.

Labeled cells were washed twice in PBS before being analyzed with an FACSCalibur
cytometer using the Cell Quest Pro Software Version 1.0 (Becton Dickinson, East Rutherford,
NJ, USA).

4.3. Virus and Infection

A stock of B19V was generated in vitro, starting from a cloned synthetic construct
corresponding to the complete B19V genome, as previously described [34,35]. For infection
experiments, trypsinized cells were resuspended in PBS at a density of 107 cells/mL and
infected with stock virus at a multiplicity of infection (MOI) of 10* genome copies (geq)/cell.
After the absorption period of 2 h at 37 °C, infected cells were washed and seeded with
fresh medium at an initial density of 104 cell/cm?.

4.4. Nucleic Acids Purification

Cell cultures were collected at different times following infection and processed using
the Maxwell Viral Total Nucleic Acid Purification Kit on a Maxwell Instrument (Promega,
Fitchburg, WI, USA), in order to obtain a total nucleic acids fraction in elution volumes of
120 pL. For DNA analysis, an aliquot of the eluted nucleic acids was directly amplified,
while for RNA amplification, aliquots of experimental samples were treated with Turbo
DNAfree reagent (Ambion, Thermo Fisher Scientific, Waltham, MA, USA) before the
amplification step.

4.5. gPCR and qRT-PCR for Detection of B19V Nucleic Acids

Quantitative real-time PCR (qPCR) and RT-PCR (qRT-PCR) were performed using the
QuantiTect SybrGreen PCR Kit and QuantiTect SybrGreen RT-PCR Kit on a RotorQ system
(Qiagen, Hilden, Germany), including 0.5 uM of each specific primer pair, according to pre-
viously established protocols [10]. Quantitation of viral nucleic acids was obtained by the
absolute quantitation algorithm, converting quantification cycle (Cq) values to geq number
using external calibration curves obtained from respective standard targets. The primers
used for the amplification of B19V DNA and the whole set of viral transcripts were the pair
R2210-R2355, located in the central exon of the B19V genome, while determination of NS
transcripts was obtained by using the pair R1882-R2033. For control and normalization
with respect to the number of cells, a target sequence in the region of genomic DNA coding
for 185 rRNA (rDNA) was amplified. All primers used are listed in Table 1.
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Table 1. Primers used in qPCR and qRT-PCR assays.

Primer Sense Primer Antisense Target

18Sfor CGGACAGGATTGACAGATTG 18Srev TGCCAGAGTCTCGTTCGTTA Genomic 185 rDNA
R2210 CGCCTGGAACACTGAAACCC  R2355 GAAACTGGTCTGCCAAAGGT  Virus DNA/total RNA
R1882 GCGGGAACACTACAACAACT  R2033 GTCCCAGCTTTGTGCATTAC NS mRNA

4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (9.5 for Windows).
Data obtained from three independent experiments have been calculated as mean £ SD
and analyzed using ANOVA test. Differences were considered statistically significant when
p < 0.0001.
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editing, G.B., G.G., EA. and L.B.; supervision, G.G.; project administration, FA. and G.G.; funding ac-
quisition, F.A. and G.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Alma Idea 2022” granted by the University of Bologna
and this research was funded by the Italian Ministry of University and Research, grant PRIN 2017
9JHAMZ_007 to G.G.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Local Ethical Committee (IRCCS St. OrsolaMalpighi
University Hospital Ethical Committee, protocol n® 2481/2017, ref n°® 68/2017 /U /Tess).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.

11.
12.

Dominici, M.; Le Blanc, K.; Mueller, I; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E.
Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315-317. [CrossRef] [PubMed]

Mimeault, M.; Hauke, R.; Batra, S.K. Stem cells: A revolution in therapeutics-recent advances in stem cell biology and their
therapeutic applications in regenerative medicine and cancer therapies. Clin. Pharmacol. Ther. 2007, 82, 252-264. [CrossRef]
[PubMed]

Prockop, D.J. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997, 276, 71-74. [CrossRef]
Pierdomenico, L.; Bonsi, L.; Calvitti, M.; Rondelli, D.; Arpinati, M.; Chirumbolo, G.; Becchetti, E.; Marchionni, C.; Alviano, E;
Fossati, V.; et al. Multipotent mesenchymal stem cells with immunosuppressive activity can be easily isolated from dental pulp.
Transplantation 2005, 80, 836-842. [CrossRef] [PubMed]

Paris, F; Pizzuti, V.; Marrazzo, P,; Pession, A.; Alviano, F; Bonsi, L. Perinatal Stem Cell Therapy to Treat Type 1 Diabetes Mellitus:
A Never-Say-Die Story of Differentiation and Immunomodulation. Int. J. Mol. Sci. 2022, 23, 14597. [CrossRef] [PubMed]
Soncini, M.; Vertua, E.; Gibelli, L.; Zorzi, F.; Denegri, M.; Albertini, A.; Wengler, G.S.; Parolini, O. Isolation and characterization of
mesenchymal cells from human fetal membranes. |. Tissue Eng. Regen. Med. 2007, 1, 296-305. [CrossRef] [PubMed]

Alviano, F; Fossati, V.; Marchionni, C.; Arpinati, M.; Bonsi, L.; Franchina, M.; Lanzoni, G.; Cantoni, S.; Cavallini, C.; Bianchi,
E; et al. Term Amniotic membrane is a high throughput source for multipotent Mesenchymal Stem Cells with the ability to
differentiate into endothelial cells in vitro. BMC Dev. Biol. 2007, 7, 11. [CrossRef] [PubMed]

Portmann-Lanz, C.B.; Schoeberlein, A.; Huber, A.; Sager, R.; Malek, A.; Holzgreve, W.; Surbek, D.V. Placental mesenchymal stem
cells as potential autologous graft for pre- and perinatal neuroregeneration. Am. J. Obstet. Gynecol. 2006, 194, 664—673. [CrossRef]
Luo, Y; Qiu, J. Human parvovirus B19: A mechanistic overview of infection and DNA replication. Future Virol. 2015, 10, 155-167.
[CrossRef]

Bua, G.; Manaresi, E.; Bonvicini, F; Gallinella, G. Parvovirus B19 Replication and Expression in Differentiating Erythroid
Progenitor Cells. PLoS ONE 2016, 11, e0148547. [CrossRef]

Gallinella, G. Parvovirus B19 Achievements and Challenges. ISRN Virol. 2013, 2013, 898730. [CrossRef]

Manaresi, E.; Gallinella, G. Advances in the Development of Antiviral Strategies against Parvovirus B19. Viruses 2019, 11, 659.
[CrossRef] [PubMed]


https://doi.org/10.1080/14653240600855905
https://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.1038/sj.clpt.6100301
https://www.ncbi.nlm.nih.gov/pubmed/17671448
https://doi.org/10.1126/science.276.5309.71
https://doi.org/10.1097/01.tp.0000173794.72151.88
https://www.ncbi.nlm.nih.gov/pubmed/16210973
https://doi.org/10.3390/ijms232314597
https://www.ncbi.nlm.nih.gov/pubmed/36498923
https://doi.org/10.1002/term.40
https://www.ncbi.nlm.nih.gov/pubmed/18038420
https://doi.org/10.1186/1471-213X-7-11
https://www.ncbi.nlm.nih.gov/pubmed/17313666
https://doi.org/10.1016/j.ajog.2006.01.101
https://doi.org/10.2217/fvl.14.103
https://doi.org/10.1371/journal.pone.0148547
https://doi.org/10.5402/2013/898730
https://doi.org/10.3390/v11070659
https://www.ncbi.nlm.nih.gov/pubmed/31323869

Int. . Mol. Sci. 2023, 24, 8204 90f9

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kerr, J.R. A review of blood diseases and cytopenias associated with human parvovirus B19 infection. Rev. Med. Virol. 2015, 25,
224-240. [CrossRef] [PubMed]

Bonvicini, F; Bua, G.; Gallinella, G. Parvovirus B19 infection in pregnancy-awareness and opportunities. Curr. Opin. Virol. 2017,
27,8-14. [CrossRef] [PubMed]

Manning, A.; Willey, S.J.; Bell, J.E.; Simmonds, P. Comparison of tissue distribution, persistence, and molecular epidemiology of
parvovirus B19 and novel human parvoviruses PARV4 and human bocavirus. J. Infect. Dis. 2007, 195, 1345-1352. [CrossRef]
Adamson-Small, L.A.; Ignatovich, L.V.; Laemmerhirt, M.G.; Hobbs, J.A. Persistent parvovirus B19 infection in non-erythroid
tissues: Possible role in the inflammatory and disease process. Virus Res. 2014, 190, 8-16. [CrossRef]

Bua, G.; Gallinella, G. How does parvovirus B19 DNA achieve lifelong persistence in human cells? Future Virol. 2017, 12, 549-553.
[CrossRef]

Brown, K.E.; Anderson, S.M.; Young, N.S. Erythrocyte P antigen: Cellular receptor for B19 parvovirus. Science 1993, 262, 114-117.
[CrossRef]

Bieri, J.; Leisi, R.; Bircher, C.; Ros, C. Human parvovirus B19 interacts with globoside under acidic conditions as an essential step
in endocytic trafficking. PLoS Pathog. 2021, 17, €1009434. [CrossRef]

Weigel-Kelley, K.A.; Yoder, M.C.; Srivastava, A. Alpha5betal integrin as a cellular coreceptor for human parvovirus B19:
Requirement of functional activation of betal integrin for viral entry. Blood 2003, 102, 3927-3933. [CrossRef]

Leisi, R.; Di Tommaso, C.; Kempf, C.; Ros, C. The Receptor-Binding Domain in the VP1u Region of Parvovirus B19. Viruses 2016,
8, 61. [CrossRef]

Leisi, R.; Von Nordheim, M.; Ros, C.; Kempf, C. The VP1u Receptor Restricts Parvovirus B19 Uptake to Permissive Erythroid
Cells. Viruses 2016, 8, 265. [CrossRef] [PubMed]

Leisi, R.; Ruprecht, N.; Kempf, C.; Ros, C. Parvovirus B19 uptake is a highly selective process controlled by VP1u, a novel
determinant of viral tropism. J. Virol. 2013, 87, 13161-13167. [CrossRef]

Avanzi, S.; Leoni, V.; Rotola, A.; Alviano, F.; Solimando, L.; Lanzoni, G.; Bonsi, L.; Di Luca, D.; Marchionni, C.; Alvisi, G.; et al.
Susceptibility of human placenta derived mesenchymal stromal/stem cells to human herpesviruses infection. PLoS ONE 2013,
8, €71412. [CrossRef] [PubMed]

Smirnov, S.V.; Harbacheuski, R.; Lewis-Antes, A.; Zhu, H.; Rameshwar, P.; Kotenko, S.V. Bone-marrow-derived mesenchymal
stem cells as a target for cytomegalovirus infection: Implications for hematopoiesis, self-renewal and differentiation potential.
Virology 2007, 360, 6-16. [CrossRef]

Sundin, M.; Lindblom, A.; Orvell, C.; Barrett, A.].; Sundberg, B.; Watz, E.; Wikman, A.; Broliden, K.; Le Blanc, K. Persistence
of human parvovirus B19 in multipotent mesenchymal stromal cells expressing the erythrocyte P antigen: Implications for
transplantation. Biol. Blood Marrow Transplant. ]. Am. Soc. Blood Marrow Transplant. 2008, 14, 1172-1179. [CrossRef] [PubMed]
Watanabe, K.; Otabe, K.; Shimizu, N.; Komori, K.; Mizuno, M.; Katano, H.; Koga, H.; Sekiya, I. High-sensitivity virus and
mycoplasma screening test reveals high prevalence of parvovirus B19 infection in human synovial tissues and bone marrow.
Stem Cell Res. Ther. 2018, 9, 80. [CrossRef] [PubMed]

Gallinella, G.; Manaresi, E.; Zuffi, E.; Venturoli, S.; Bonsi, L.; Bagnara, G.P.; Musiani, M.; Zerbini, M. Different patterns of
restriction to B19 parvovirus replication in human blast cell lines. Virology 2000, 278, 361-367. [CrossRef] [PubMed]

Zhou, D.; Chen, L.; Ding, J.; Zhang, X; Nie, Z.; Li, X.; Yang, B.; Xu, T. A 3D engineered scaffold for hematopoietic progenitor/stem
cell co-culture in vitro. Sci. Rep. 2020, 10, 11485. [CrossRef] [PubMed]

Congrains, A.; Bianco, J.; Rosa, R.G.; Mancuso, R.I; Saad, S.T.O. 3D Scaffolds to Model the Hematopoietic Stem Cell Niche:
Applications and Perspectives. Materials 2021, 14, 569. [CrossRef]

Marrazzo, P.; Cricca, M.; Nastasi, C. Are the Organoid Models an Invaluable Contribution to ZIKA Virus Research? Pathogens
2021, 10, 1233. [CrossRef] [PubMed]

Marrazzo, P; Pizzuti, V.; Zia, S.; Sargenti, A.; Gazzola, D.; Roda, B.; Bonsi, L.; Alviano, F. Microfluidic Tools for Enhanced
Characterization of Therapeutic Stem Cells and Prediction of Their Potential Antimicrobial Secretome. Antibiotics 2021, 10, 750.
[CrossRef] [PubMed]

Leoni, V,; Gatta, V.; Palladini, A.; Nicoletti, G.; Ranieri, D.; Dall’'Ora, M.; Grosso, V.; Rossi, M.; Alviano, F.; Bonsi, L.; et al. Systemic
delivery of HER2-retargeted oncolytic-HSV by mesenchymal stromal cells protects from lung and brain metastases. Oncotarget
2015, 6, 34774-34787. [CrossRef] [PubMed]

Manaresi, E.; Conti, I.; Bua, G.; Bonvicini, F; Gallinella, G. A Parvovirus B19 synthetic genome: Sequence features and functional
competence. Virology 2017, 508, 54—62. [CrossRef]

Reggiani, A.; Avati, A.; Valenti, F; Fasano, E.; Bua, G.; Manaresi, E.; Gallinella, G. A Functional Minigenome of Parvovirus B19.
Viruses 2022, 14, 84. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/rmv.1839
https://www.ncbi.nlm.nih.gov/pubmed/25962796
https://doi.org/10.1016/j.coviro.2017.10.003
https://www.ncbi.nlm.nih.gov/pubmed/29096233
https://doi.org/10.1086/513280
https://doi.org/10.1016/j.virusres.2014.06.017
https://doi.org/10.2217/fvl-2017-0079
https://doi.org/10.1126/science.8211117
https://doi.org/10.1371/journal.ppat.1009434
https://doi.org/10.1182/blood-2003-05-1522
https://doi.org/10.3390/v8030061
https://doi.org/10.3390/v8100265
https://www.ncbi.nlm.nih.gov/pubmed/27690083
https://doi.org/10.1128/JVI.02548-13
https://doi.org/10.1371/journal.pone.0071412
https://www.ncbi.nlm.nih.gov/pubmed/23940750
https://doi.org/10.1016/j.virol.2006.09.017
https://doi.org/10.1016/j.bbmt.2008.08.003
https://www.ncbi.nlm.nih.gov/pubmed/18804048
https://doi.org/10.1186/s13287-018-0811-7
https://www.ncbi.nlm.nih.gov/pubmed/29587847
https://doi.org/10.1006/viro.2000.0673
https://www.ncbi.nlm.nih.gov/pubmed/11118359
https://doi.org/10.1038/s41598-020-68250-5
https://www.ncbi.nlm.nih.gov/pubmed/32661289
https://doi.org/10.3390/ma14030569
https://doi.org/10.3390/pathogens10101233
https://www.ncbi.nlm.nih.gov/pubmed/34684182
https://doi.org/10.3390/antibiotics10070750
https://www.ncbi.nlm.nih.gov/pubmed/34206190
https://doi.org/10.18632/oncotarget.5793
https://www.ncbi.nlm.nih.gov/pubmed/26430966
https://doi.org/10.1016/j.virol.2017.05.006
https://doi.org/10.3390/v14010084

	Introduction 
	Results 
	Characterization of Isolated MSCs 
	Expression of Viral Receptors on MSCs 
	B19V Replication in FM-MSCs and BM-MSCs 
	B19V Transcription in BM-MSCs and FM-MSCs 
	Immunophenotype of Infected MSCs 

	Discussion 
	Materials and Methods 
	MSCs Isolation and Culture 
	Flow Cytometry 
	Virus and Infection 
	Nucleic Acids Purification 
	qPCR and qRT-PCR for Detection of B19V Nucleic Acids 
	Statistical Analysis 

	References

