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Parvovirus B19 (B19V) as a human pathogenic virus, would cause a wide range of clinical
manifestations. Besides the supportive and symptomatic treatments, the only FDA-
approved antiviral drug for the treatment of B19V is intravenous immunoglobulins,
which however, have limited efficacy and high cost. By far, there are still no virus-
specific therapeutics clinically available to treat B19V infection. Therefore, exploiting the
potential targets with a deep understanding of the life cycle of B19V, are pivotal to the
development of B19V-tailored effective antiviral approaches. This review will introduce
antiviral agents via blocking viral invasion, inhibiting the enzymes or regulatory proteins
involved in DNA synthesis, and so on. Moreover, nanotechnology-enabled approaches
against B19V will also be outlined and discussed through a multidisciplinary perspective
involving virology, nanotechnology, medicine, pharmaceutics, chemistry, materials
science, and other fields. Lastly, the prospects of the antiviral agents and nanosystems
in terms of fabrication, clinical translation and potential breakthroughs will be
briefly discussed.
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INTRODUCTION

Human parvovirus B19 (B19V) is a single-stranded DNA (ssDNA) virus in the family Parvoviridae
(Luo and Qiu, 2015). During the last few years, B19V has been recognized as the causative agent of
wide ranges of diseases, such as pure red cell aplasia (PRCA), inflammatory cardiomyopathy,
systemic autoimmunity, and so on (Heegaard and Brown, 2002; Abdelrahman et al., 2021). It causes
diverse clinical manifestations ranging from asymptomatic or mild to more severe outcomes,
depending on the interplay between the viral properties as well as the physiological and immune
status of the infected individuals. Indeed, in many clinical settings, there would be adverse clinical
outcomes without intervention, especially in immunosuppressed patients such as solid-organ-
transplant recipients (Eid et al., 2006). For immunocompromised patients, PRCA resulting from the
infection of erythroid progenitors cells (EPCs) is one of the most common clinical manifestation of
B19V infection (Inoue et al., 2021). Intravenous immunoglobulins (IVIG) is the only available
option for the treatment of B19V infection in case of chronic infections or more rarely severe acute
infections in the impaired immune system (Mouthon et al., 2005; Crabol et al., 2012). However, its
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high cost cannot be ignored and symptoms often recur when
IVIG treatment is interrupted (Ogawa et al., 2008). Therefore,
exploring specific anti-B19V agents and effective therapeutic
treatments is considered of intense importance.

This review will focus on the life cycle of B19V and effective
antiviral agents, aiming at providing a comprehensive overview
of the rational fabrication of B19V-tailored approaches. Firstly,
the life cycle of B19V and related potential therapeutic targets
will be discussed, laying the foundation for exploiting the
potential therapeutic approaches. Moreover, based on the
above analyses, the antiviral agents will be classified into
blocking viral invasion, inhibiting the enzymes or regulatory
proteins involved in DNA synthesis, and so on, and clearly
elaborated. Furthermore, nanotechnology-enabled approaches
against B19V will be outlined and discussed through a
multidisciplinary perspective encompassing virology,
nanotechnology, medicine, pharmaceutics, chemistry, materials
science, and other fields. Lastly, the prospects of the antiviral
agents and nanosystems in terms of fabrication, clinical
translation and potential breakthroughs will be briefly
discussed, in order to speed up the development of antiviral
agents and nanotechnology-enabled approaches against B19V.
VIRUS STRUCTURE, LIFE CYCLE AND
VIRUS-CELL INTERACTION OF B19V

The genome of B19V is a 5.6kb linear ssDNA, consisting of a
unique internal region with all the coding sequences (Qiu et al.,
2017). Wherein, B19V genome contains a 67-bp long minimum
origin of replication (Ori) with the same and reverse inverted
terminal repeats (ITRs) at each ends (Guan et al., 2009). Ori
contains ITRs, signal transducers and activators of transduction
5 (STAT5) binding site, non-structural proteins 1 (NS1) binding
elements (NSBE) and potential host factor binding sites (Sanchez
et al., 2016; Ganaie et al., 2017). The unique internal region
encodes three main kinds of proteins including colinear capsid
proteins (VP1 and VP2), NS1, and several other minor non-
structural proteins (7.5 kDa, 9 kDa and 11 kDa). The capsid that
is composed of 5-10% VP1 (minor capsid protein) and 90-95%
VP2 proteins (main capsid protein), forms an icosahedral
structure with T=1 arrangement and approximately 23-26 nm
in diameter, and is crucial for viral DNA encapsidation
(Gallinella, 2018). Besides, nonstructural proteins (i.e.,
phosphoproteins) are associated with efficient viral replication,
gene transcription, packaging and release of infectious viral
particles (Ganaie and Qiu, 2018).

The virus-host cell interactions of B19V are illustrated in
Figure 1. Since the main receptor of B19V is the neutral
glycosphingolipid globoside (Gb4, also known as P antigen) on
the surface of the EPCs, B19V shows a strong tropism for human
EPCs (Manaresi and Gallinella, 2019). Moreover, B19V would
elicit a complex set of effects in the infected EPCs, including
inducing cell apoptosis and cell cycle arrest, as well as human
erythrotopenia and anemia (Xu et al., 2017). The binding of
B19V capsid to membrane Gb4 is the first step for cell infection,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
then triggering the conformational changes to expose the VP1
unique region (VP1u) for binding an unknown co-receptor (Leisi
et al., 2016a, Leisi et al., 2016b). After endocytosis, B19V would
escape from lysosomal degradation and transfer to cell nucleus
(Caliaro et al., 2019). Inside the nucleus, the B19V virion uncoats
and releases the ssDNA genome, followed by a series of
macromolecular synthesis (e.g., DNA replication, RNA
synthesis (transcription), and protein synthesis (translation)) to
trigger a replicative cycle (Luo and Qiu, 2015; Ganaie and
Qiu, 2018).

The B19V replication is involved in double-stranded
(dsDNA) formation and rolling hairpin replication. Firstly, the
negative-sense ssDNA of the viral genome generates
complementary positive-sense DNA with the ITRs as a primer
under the action of cellular DNA polymerase, serving as a
template for DNA replication and transcription (Cotmore
et al., 2014). Indeed, since B19V does not encode DNA
polymerase, its genome replication is entirely dependent on
host cells (Luo and Qiu, 2015), where their DNA polymerase d
(Pol d) and Pol a are essential for viral replication (Zou et al.,
2018). Besides, B19V infection induces cell cycle arrest at S
phase, in which various S phase replication factors such as
proliferating cell nuclear antigen (PCNA), replication factor C
(RFC), the minichromosome maintenance (MCM) complex are
actively recruited to viral DNA replication centers (Zou et al.,
2018). In addition, it has been reported that B19V replication is
critically dependent on erythropoietin (EPO) and hypoxia (Chen
et al., 2011); thereinto, EPO could activate cellular signal
transduction under hypoxic condition and then phosphorylate
STAT5 protein. The phosphorylated STAT5 protein (pSTAT5)
could specifically bind to STAT5 binding sites in the Ori region,
and interact with MCM complex for initiation of viral DNA
replication by a rolling hairpin model (Sanchez et al., 2016;
Ganaie et al., 2017). In the process of rolling hairpin replication,
the NS1 protein would: 1) bind to the NSBE site, where pSTAT5
recruits the MCM complex, 2) nick one of the single strands, 3)
complete the annealing extension of the ITRs under the action of
the NS1 ATP helicase function, 4) form an open-ended double-
stranded DNA intermediate (Burnett et al., 2006; Guan et al.,
2009). The intermediate can be used as a new primer to initiate a
new round of viral genomic DNA replication (Burnett et al.,
2006; Guan et al., 2009; Tewary et al., 2014). As to the
transcription of B19V, mRNA encodes the NS1 protein in the
early phase, while constructs coding for structural VP1/2
proteins and 11 kDa proteins in the later phase (Manaresi and
Gallinella, 2019). Moreover, the accumulation of VP1/2 proteins
leads to the assembly of capsids for the encapsidation of progeny
single-stranded genomes and then the formation of virions,
which are consequently released from infected cells through
inducing cell lysis or apoptosis (Manaresi and Gallinella, 2019).
ANTIVIRAL AGENTS

B19V infection can cause significant morbidity especially in
immunosuppressed patients, such as solid-organ-transplant
June 2022 | Volume 12 | Article 916012
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recipients (Eid et al., 2006). Up till now, the treatment of B19V is
mainly involved in symptomatic or supportive therapy, in
particular blood transfusion that is required to overcome acute
or chronic anemia (Crabol et al., 2012). However, by far, there
are still no virus-specific therapeutics clinically available towards
B19V infection. Therefore, there is an urgent need to explore
B19V-specific therapeutics in both laboratory and clinical
studies. Based on the above analysis about life cycle and virus-
host cell interactions of B19V, the antiviral agents will be
classified into blocking viral invasion, inhibiting the enzymes
or regulatory proteins involved in DNA synthesis, and so on, for
further clear elaboration.

Viral Invasion Inhibition
Immunoglobulins and monoclonal antibodies have been
developed to inhibit viral invasion by preventing viral
attachment to the cellular receptors. IVIG is the only available
option for the treatment of B19V infection in case of persistent
infections or more rarely severe acute infections in the impaired
immune system (Mouthon et al., 2005; Crabol et al., 2012). It
prevents the infectivity of B19V possibly by directly binding to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
functionally relevant epitopes on the viral capsid as well as
immune modulatory mechanisms (Chaigne and Mouthon,
2017; Manaresi and Gallinella, 2019). However, the high cost
cannot be ignored and symptoms often recur when IVIG
treatment is interrupted (Ogawa et al., 2008).

To explore the alternative to IVIG, Gigler et al. studied the
potent neutralizing activity of human immunoglobulin G
monoclonal antibodies (MAbs), which are generated from
individuals suffering from persistent B19V infection. These
MAbs have proved to be the important therapeutic reagents
for B19V-infected pregnant women or chronically infected
patients (Gigler et al., 1999). Additionally, Pei et al. obtained
canine immunoglobulin F(ab′)2 fragments from inactivated-
feline parvovirus virus (FPV)-immune canine via extracting
IgG, pepsin digestion and purification. Interestingly, anti-FPV-
specific F(ab′)2 fragments have showed efficient neutralizing
activity against FPV in vitro, and could significantly alleviate
the clinical symptoms and reduce the viral loads in the intestinal
tract of FPV-infected cats (Pei et al., 2020). These studies might
become an available option and provide inspiration for the B19V
vaccine development.
FIGURE 1 | The life cycle and virus-host cell interactions of B19V in EPCs. I. B19V binds to membrane glycosphingolipid globoside (Gb4), virion uncoats and
releases the ssDNA genome. II. Virion synthesizes the second strand form inverted terminal repeats (ITRs) under the action of cellular DNA polymerase and so on.
III. Erythropoietin (EPO) and hypoxia activate and increase the phospho-signal transducers and activators of transcription (pSTAT5), which interacts with
minichromosome maintenance (MCM) complex for initiation of viral DNA replication by a rolling hairpin model. Then, the non-structural proteins 1 (NS1) protein binds
to the NS1 binding elements (NSBE) site, where pSTAT5 recruits the MCM complex and nicks one of the single strands. IV. An open-ended double-stranded DNA
intermediate is formed under the action of the NS1 ATP helicase function. V. The double-stranded ITRs intermediate initiates a new round of viral genomic DNA
replication. VI. Regarding the transcription of B19V, mRNA encodes the NS1 protein, VP1/2 protein and 11 kDa protein. VII. Capsids and single-stranded genomes
assemble into virions, which are ultimately released from host cells.
June 2022 | Volume 12 | Article 916012
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Inhibitor of Enzymes Involved in
DNA Synthesis
DNA polymerase inhibitors (e.g., nucleotide analogues,
pyrophosphate analogues), and ribonucleotide reductase
inhibitors (e.g., hydroxyurea) have been developed to directly
target the viruses and interfere with DNA synthesis of B19V.

Nucleotide Analogues
The replication of B19V depends on cellular DNA polymerase
that is essential for dsDNA replicative intermediate formation,
and thus is potentially inhibited by the nucleotide analogues
(Manaresi and Gallinella, 2019). The nucleotide analogues (e.g.,
cidofovir, brincidofovir, telbivudine, and tenofovir) as the
selective inhibitors of DNA polymerase, inhibit viral DNA
synthesis and thereby suppress viral replication (Kim et al.,
2006; Murphy and Valentovic, 2017; Manaresi and
Gallinella, 2019).

As for cidofovir, Bonvicini et al. studied its effect against B19V
in both UT7/EpoS1 cell line and EPCs that are generated from
peripheral blood mononuclear cells. Cidofovir showed a relevant
inhibitory activity on B19V replication within infected UT7/
EpoS1; while in EPCs, it provoked a significant reduction in
B19V DNA amounts (68.2–92.8%) and the viral infectivity after
being released from EPCs at the concentration of 500 mM
(Bonvicini et al., 2015). Besides, they further found cidofovir-
induced B19V replication inhibition could be further enhanced
by extending exposure time following infection (Bonvicini et al.,
2016). Moreover, Nair et al. reported a case of an 18-year-old
male with collapsing glomerulopathy (CG) associated with B19V
infection, who was treated by IVIG while rapidly progressed to
end-stage kidney disease. After combining with cidofovir, B19V
viremia was slowly cleared, thus allowing him receiving kidney
transplant and minimizing the risk of recurrent CG (Nair et al.,
2020). Although the positive inhibitory effect of cidofovir
towards B19V replication, some shortcomings including the
need of high concentration and extended exposure time in
primary EPCs in vitro, as well as the non-neglectable toxicity
prevent the widespread use in the effective treatment of B19V.

Furthermore, Bua et al. compared the antiviral activity of
brincidofovir (a lipid conjugated prodrug of cidofovir) and
cidofovir against B19V. Brincidofovir showed much lower EC
50 values (0.22–0.63 mM in UT7/EpoS1 cells, 6.6–14.3 mM in
EPCs) than cidofovir (16.1 mM in UT7/EpoS1 cells, > 300 mM in
EPCs) (Bua et al., 2019). The antiviral activity of brincidofovir
and cidofovir is directly correlated to cidofovir-diphosphate,
which acts as an alternate substrate for viral DNA synthesis
(Magee and Evans, 2012).

Telbivudine, a thymidine analogue for widely treating chronic
hepatitis B, possesses antiviral and anti-inflammatory properties
(Kim et al., 2006). Linthout et al. evaluated the endothelial-
protective potential of telbivudine in B19V-infected human
microvascular endothelial cells-1. Telbivudine (10 ng/mL)
decreased the apoptosis, endothelial-to-mesenchymal
transition, the expression of transforming growth factor-b1
and of tenascin-C, and the oxidative stress of B19V-induced
endothelial cell. Moreover, telbivudine improved chronic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
lymphocytic myocarditis patients with B19V transcriptional
activity in a single-use approach, whereas its effectivity should
be further proven in clinical placebo-controlled studies (Van
Linthout et al., 2018). Additionally, Zobel et al. found telbivudine
could reverse B19V-induced dysregulation of BIRC3 in early
outgrowth EPCs and endothelial colony-forming cells (ECFC),
and thus intervene in the apoptosis pathway and protect
susceptible cells from death. Therefore, telbivudine might be
an effective treatment option for B19V via protecting the host
cell from apoptosis (Zobel et al., 2019).

Regarding tenofovir, Koenig et al. reported a 19-year-old
female patient suffering from a fulminant B19V myocarditis
after chemotherapy, was completely recovered by tenofovir
disoproxil treatment (245 mg once daily for 6 months) in
combination with guideline-recommended heart failure
therapy. It demonstrated tenofovir disoproxil is a safe and
effective antiviral drug for B19V-induced acute myocarditis
(Koenig et al., 2022).

Therefore, nucleotide analogues have revealed the effective
inhibition of viral DNA synthesis for the treatment of B19V.
However, their inhibitory efficiency and biosafety should be
further ameliorated for the widespread use in the treatment of
B19V infection.

Pyrophosphate Analogue
Foscarnet is an organic analogue of inorganic pyrophosphate for
inhibiting viral replication (Zarrouk et al., 2021). Yu et al. studied
foscarnet therapy for kidney transplantation recipients with
parvovirus B19V-associated PRCA (B19V-PRCA). Among 11
patients who received foscarnet therapy, 10 patients responded
well to foscarnet with increased mean hemoglobin level (from
68.5 ± 9.3 g/L to 73.2 ± 8.8 g/L) and the mean percentage of
reticulocytes (from 0.1 ± 0.0% to 7.6 ± 2.9%), and the decrease of
median serum genome copy number of B19V. Therefore,
foscarnet might be an alternative option of IVIG for B19V-
PRCA in kidney transplantation recipients (Yu et al., 2021).

Inhibitor of Ribonucleotide Reductase
Hydroxyurea is an S phase inhibitor of DNA synthesis via
targeting cellular ribonucleotide reductase enzyme (Xu et al.,
2016). Bonvicini et al. reported hydroxyurea could not only
inhibit B19V replication in UT7/EpoS1 and EPCs (EC50 values:
96.2 µM and 147.1 µM, respectively), but also reduce cellular
DNA replication via the cytostatic effect. In this process,
hydroxyurea would prevent infected or uninfected cells from
the G1/S phases to G2/M, and arrest with a 2N DNA content to
interfere B19V active replication (Bonvicini et al., 2017).

Moreover, sickle cell disease (SCD) is a typical situation where
B19V infection exerts profound pathological effects, for example,
causing transient aplastic crisis, and often requires
hospitalization and intense supportive therapy (Obeid
Mohamed et al., 2019). Therefore, the drug with dual effects on
the course of the underlying disease and B19V infection would be
beneficial to the treatment. In treated SCD patients, hydroxyurea
can reach peak plasma concentrations of 250–400 mM (McGann
and Ware, 2015), ensuring the efficient suppression of B19V
June 2022 | Volume 12 | Article 916012
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replication as studied in vitro. More importantly, Hankins et al.
found hydroxyurea may reduce the requirements for blood
transfusion and attenuate the symptoms during transient
aplastic crisis episodes in children with SCD caused by B19V
infection in a clinical investigation. In addition, hydroxyurea
might also be associated with a prolonged lifespan of
erythrocytes (Hankins et al., 2016).

Inhibitor of Regulatory Proteins Involved in
DNA Synthesis
Inhibitors of the regulatory proteins involved in DNA synthesis,
for instance, STAT5 inhibitors (e.g., pimozide) and NS1 protein
inhibitors, are feasible to suppress the replication of B19V viral
genome for the treatment of B19V infection.

STAT5 Inhibitors
Since STAT5 phosphorylation is essential for DNA replication of
B19V (Ganaie and Qiu, 2018), pimozide as a FDA-approved
antipsychotic drug could dephosphorylate STAT5 and thus
inhibit B19V replication (Ganaie et al., 2017). Pimozide has an
EC50 of 2.7 ± 0.69 mM in inhibition of B19V infection in ex vivo
expanded EPCs (Ganaie et al., 2017). Besides, the development of
other STAT5 inhibitors is also essential to combat
B19V infection.

NS1 Protein Inhibitors
B19V replication follows a rolling-hairpin model, in which the
large nonstructural protein NS1 introduces a site-specific single-
strand nick in the origins of viral DNA replication, and NS1
performs endonuclease activity via the N-terminal initiation
binding domain (Luo and Qiu, 2015). Cutting off the origin of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
viral replication origin is a key step in rolling hairpin-dependent
viral DNA replication. Xu et al. developed a fluorophore-based in
vitro nicking assay of the replication origin using the origin-
binding domain of NS1 for high-throughput screening of small-
molecule compounds as anti-B19V drug candidates. They
screened 96 small-molecule compounds and identified 8
compounds that inhibited NS1 nicking of the B19V Ori via an
in vitro nicking assay. And among these, three compounds with a
similar flavonoid chemical structure inhibited the B19V DNA
replication in UT7/Epo-S1 cells (Xu et al., 2019). They further
screened 17,040 compounds based on the above fluorophore-
based in vitro nicking assay, and identified 84 compounds to
inhibit nicking in a dose-dependent manner. Among them, four
potential compounds (i.e., #P5, #P7, #B7, #B8) were further
studied and demonstrated evident inhibition of B19V replication
in CD36+ EPCs. And the purine derivative P7 (EC50, 1.46 mM;
CC50, 71.8 mM) and the pyrazole derivative B8 (EC50, 0.52 mM;
CC50, 66.1 mM) apparently outcompeted some reported active
identities (e.g., cidofovir, brincidofovir, flavonoid, and pimozide)
in inhibition of B19V infection in EPCs (Figure 2) (Ning et al.,
2022). However, the safety and efficacy of these compounds
should be further evaluated in preclinical and clinical trials.

Others
Regarding to some other broad spectrum antiviral agents, for
example, coumarin not only inhibits many proteins involved in
the transcription/translation in virus life cycle, but also modulates
the host cell signaling pathways for blocking the virus replication
(Mishra et al., 2020). Moreover, it has received a considerable
attention as a scaffold structure for designing novel orally non-
peptidic antiviral agents (Hassan et al., 2016). Conti et al.
A
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FIGURE 2 | Fluorophore-based in vitro nicking assay for high throughput screening of anti-B19V compounds. (A) B19V ssDNA genome. (B) B19V RF DNA.
(C) A diagram of B19V NS1 protein. (D) Minimal replication origin (Ori) of B19V. (E) Diagram of fluorophore-based in vitro nicking assay for high throughput screening
of anti-B19V antivirals. (F–I) Four selected compounds (#B7 (F2202-2973), #B8 (F2758-0214), #P5 (F5999-0027) and #P7 (F5955-0024)) for inhibition assay in
CD36+ EPCs. (F) Chemical structures. (G) Measured EC50 and IC50. (H) Immunofluorescent assay (green, anti-B19V capsid antibody). (I) Flow cytometry of EPCs
stained with a mouse anti-B19V capsid monoclonal antibody and a FITC conjugated secondary antibody. Reproduced with permission (Ning et al., 2022). Copyright
© 2022 American Society for Microbiology.
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synthesized a series of 3-(imidazo[2,1-b]thiazol-6-yl)-2H-
chromen-2-one derivatives based on the coumarin scaffold
structure. Through studying structure-activity relationship in
UT7/EpoS1 and EPCs, they found some compounds showed
predominant inhibitory activity on both cell viability and viral
replication (Conti et al., 2019).

Despite the above outcomes, proactive efforts towards the
development of anti-B19V agents are still urgently needed, which
selectively interfere with the virus without damaging the host’s
cells at low drug doses. Regarding the inhibitors of enzymes and/
or regulatory proteins involved in DNA synthesis, their
effectiveness and selectivity is still limited according to these
research results. On the one hand, we should focus on modifying
the chemical structures or developing nanomedicines to improve
the selectivity index and attenuate the side effects. On the other
hand, other drug targets such as uncoating inhibitors and
protease inhibitors can also been explored and evaluated for
the treatment of B19V infection.
NANOSYSTEMS

Nanotechnology is not only inspired by virology to develop novel
therapeutics and vaccines, but also at the forefront in combatting
dangerous viruses (Reis et al., 2020; Hu et al., 2021; An et al.,
2021; Lee et al., 2022). However, up to date, there is still a long
way to go to develop B19V-tailored nanosystems. Some anti-
B19V agents-encapsulated nanosystems and antiviral inorganic
nanosystems have been developed in the last few years, while
their anti-B19V efficacy should be further verified. Besides,
biotherapeutic and biomimetic nanosystems that have been
emerging as an attractive paradigm for antiviral therapeutics
and vaccine development, could also be explored to specifically
prevent and treat B19V infection in the future. Here, we try to
present the design and fabrication strategies of B19V-tailored
nanosystems, and offer some suggestions for its nanotechnology-
based therapeutics and vaccine development.
Antiviral Agents-Encapsulated
Nanosystems
Drug delivery nanosystems incorporating antiviral agents
embody the advantages in prolonging blood circulation time,
improving cellular selectivity and controlled release, and
consequently improving antiviral effects compared to free
antiviral agents (Cojocaru et al., 2020; Chen et al., 2021). And
nanosystems that encapsulate anti-B19V agents would pave the
way to the nanotechnology-aided B19V treatment.

Regarding the cell-proliferation inhibitor hydroxyurea with
amino groups, some drug delivery nanosystems based on organic
and/or inorganic nanomaterials have been developed. For
example, Tazhbayev et al. loaded hydroxyurea into human
serum albumin (HSA) nanoparticles (NPs) by crosslinking
HSA via urea and cysteine. The HSA-hydroxyurea-NPs had a
spherical morphology with an average size of less than 200 nm
and encapsulation efficiency of ~77% (Tazhbayev et al., 2019).
Moreover, Chaghervand et al. prepared functionalized Fe3O4/
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
SiO2-NH2 NPs with methoxy-PEGylated chitosan (Cs-g-
mPEG2000) to load hydroxyurea via electrostatic adsorption
(Chaghervand et al., 2022).

As to nucleotide analogues including cidofovir, brincidofovir,
telbivudine, and tenofovir, there are also various nanosystems
developed in recent decades. Actually, the majority of nucleotide
analogues are hydrophilic and thus possess a relatively low
affinity for hydrophobic block of polymers, thus it is hard to
encapsulate them into NPs via hydrophobic interaction. Varan
et al. loaded cidofovir into the poly(ethylene glycol)-
polycaprolactone (PEG-PCL) NPs using the W/O/W emulsion
technique (Varan et al., 2019). Moreover, the prodrug strategy by
conjugation to a hydrophobic molecule could convert the
hydrophobic drug into a lipophilic prodrug for enhanced
encapsulation and biodistribution in vivo (Gautam et al.,
2021). For instance, Mandal et al. formulated a biotinylated
lipid prodrug of cyclic cidofovir (B-C12-cCDF) within polymeric
micelles by using polyoxyethylene hydrogenated castor oil 40
(HCO-40) and octoxynol 40 (OC-40) (Figure 3A) (Mandal et al.,
2017). Therefore, numerous pharmaceutical formulation
strategies and chemical strategies could be utilized to develop
promising antiviral drug delivery nanosystems, which is worthy
of wide attention for anti-B19V therapy.

Additionally, foscarnet-encapsulated nanosystems have also
been developed for antiviral treatment. For instance, Russo et al.
prepared a ionotropic gelation of chitosan induced by foscarnet,
which served as an ionotropic agent in a manner similar to
tripolyphosphate anion. The foscarnet-chitosan crosslinked NPs
showed a controlled drug release and maintained the antiviral
activity in vitro (Russo et al., 2014). Moreover, Khorenko et al.
fabricated a foscarnet-, ZrO2+- and Gd3+-contained inorganic-
organic hybrid NPs (IOH-NPs) as a saline antiviral nanocarrier
(Figure 3B), which possessed a small size (20−30 nm), high
biocompatibility, and high drug loading (up to 44 wt %). The
antiviral activity of the foscarnet-type IOH-NPs significantly
outperformed that of free foscarnet at the level of clinical
formulations (Figure 3C) (Khorenko et al., 2022).

Although the feasible design and fabrication, the antiviral
potency of these drug delivery nanosystems against B19V both in
vitro and in vivo needs to be clearly evaluated. Moreover, the
combination of different types of antiviral agents may be worth
further research as well for the synergetic treatment of
B19V infection.

Antiviral Inorganic Nanosystems
In recent decades, different types of metal-based NPs have shown
antiviral properties (Lee et al., 2022). Metal-based NPs, such as
silver (Ag), selenium (Se), titanium dioxide (TiO2), graphene
oxide (GO), and so on, can be developed to inhibit the infection
of virus in cells or directly inactivate the viruses by releasing toxic
ions, generating reactive oxygen species, and/or eliciting photo-
based reactions (e.g., photothermal reaction) (Kerry et al., 2019;
Talebian et al., 2020). Among these, from the perspective of
chemical synthesis and viral life cycle, there are several effective
chemical strategies, for instance, tuning chemical composition,
size as well as surface chemistry of metal-based NPs, to
remarkably improve the antiviral effects.
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Chemical Composition
AgNPs reveal the highly great antiviral efficacy against different
types of viruses (Aschalew et al., 2016; Park et al., 2018). The
antiviral mechanisms of AgNPs might involve several processes:
1) interact with the viral surface to destruct the viral genomic
material or prevent it from penetrating the cell membrane; 2)
interfere with the interaction of the virus with the cell membrane
and block the viral attachment; 3) interact with the viral genomic
material, inhibit genome replication, and interrupt cellular
factors (e.g., protein synthesis) to inhibit viral replication
inside the host cell (Ratan et al., 2021).

Medicinal plants and active ingredients that have already
shown antiviral properties against viruses (Wintachai et al., 2015;
Sharma et al., 2019), could be further combined with Ag NPs for
antiviral treatment. For example, curcumin as a natural
polyphenol, which possesses the antiviral activity via
preventing the replication and budding of virus, has been
developed as a reducing agent and capping agent to synthesize
curcumin-modified AgNPs (cAgNPs, 11.95 ± 0.23 nm) against
respiratory syncytial virus (RSV) infection (Yang et al., 2016).
Additionally, based on epigallocatechin gallate (EGCG) that
interferes with viral membrane proteins and inhibits the early
stages of infection (Carneiro et al., 2016), Saadh et al. conjugated
EGCG with AgNPs (EGCG-AgNPs) and found the co-
administration with zinc sulfate (for blocking the protease
activity, polymerase enzymatic processes, and virus-cell
physical processes) (Read et al., 2019) showed much stronger
antiviral activities in vitro (Saadh and Aldalaen, 2021).

As for other inorganic NPs, SeNPs (Li et al., 2018) and AuNPs
(Lysenko et al., 2018) with the low toxicity and great antiviral
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
capabilities have attracted increasing attention in recent years.
Furthermore, the metal doping or multicomponent combination
has been developed to improve the antiviral activity. For
instance, Ag NPs doped titanium dioxide nanopowders
(AgNPs/TiO2) enhanced the photocatalysis of TiO2 by
trapping excited electrons to prevent charge recombination,
and improved the inactivation rate of bacteriophage MS2 by
more than 5 fold than base TiO2 through leaching toxic silver
ions and increasing the production of hydroxyl radicals (Liga
et al., 2011).

Size
Size-dependent interaction of NPs with virus surface has been
reported, which plays a pivotal role in inhibiting the virus
from binding to host cells. For instance, Bekele et al. evaluated
the antiviral properties of AgNPs (10, 75, and 110 nm) and
doses (25, 50, and 100 mg/mL) against feline calicivirus (FCV)
as a surrogate for norovirus. The AgNPs10 nm at 50 and
100 mg/mL concentrations inactivated the FCV beyond the
limit of detection, prevented the development of cytopathic
effects (CPEs), and downregulated expression of the viral
capsid protein; while no significant antiviral effect was
observed in AgNPs75 nm or AgNPs110 nm (Aschalew et al.,
2016). Also, AgNPs with the size of 2 nm and 15 nm instead
of 50-100 nm, potently inhibited viral entry step via
disrupting SARS-CoV-2 viral integrity as revealed by a
luciferase-based pseudovirus entry assay. Whereas, 2 nm
AgNPs showed a cytotoxicity even at 2 ppm while none of
the bigger AgNPs were cytotoxic at this concentration
(Jeremiah et al., 2020).
A

B C

FIGURE 3 | Antiviral agents-encapsulated nanosystems. (A) Fabrication of a biotinylated lipid prodrug of cyclic cidofovir (B-C12-cCDF) within polymeric micelles.
Reproduced with permission (Mandal et al., 2017). Copyright © 2017 American Chemical Society. (B) Fabrication of foscarnet (FCN)-, ZrO2+- and Gd3+-contained
inorganic-organic hybrid NPs (IOH-NPs). (C) FCN-type IOH-NPs presented the promising antiviral activity for the delivery of antivirals against viruses. Reproduced
with permission (Khorenko et al., 2022). Copyright © 2022, American Chemical Society.
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Surface Chemistry
The surface chemistry of NPs, including the surface ligands and
hydrophobic/hydrophilic characters, highly impacts on the
process of virus infection via affecting the attachment of virus
envelope to cell receptors (Elechiguerra et al., 2005). For
instance, Silva et al. focused on the hydrophobic/hydrophilic
characters of NPs and studied the surface interactions between
silica, cells and viruses via synthesizing mSiO2 NPs with various
polar areas (mSiO2-(3-aminopropyl) triethoxysilane (APTES)
> mSiO2- (3glycidyloxypropyl) trimethoxysilane (GPTMS) >
mSiO2-tetraethylorthosilicate (TEOS) > mSiO2-trimethoxy(2-
phenylethyl) silane (TMPES)). They found mSiO2-TMPES with
higher hydrophobicity would favor the interaction with HIV-
gp120 (with a hydrophobic core), while mSiO2-APTES with a
larger topological polar surface area would be beneficial to
interaction with VSV-G envelope (formed by neutral amino
acids) (de Souza e Silva et al., 2016). Therefore, the
hydrophobic/hydrophilic characters of NPs play a pivotal
role in transduction inhibition effect and antiviral activity,
and should be considered during the fabrication of
antiviral nanosystems.

Therefore, inorganic NPs might be highly potent antivirals
against B19V infection. Moreover, they could be combined with
small molecule antiviral agents via surface modification
or coencapsulation.
Biotherapeutic and Biomimetic
Nanosystems
From the perspective of nanomedicine and nanopharmacology,
virus-mimetic nanosystems could be designed by mimicking
viral surfaces and characteristics for anti-viral therapy
(Maslanka Figueroa et al., 2021). It is possible to construct
biomimetic nanosystems through modifying B19V capsid
(B19V-mimetic) or glylipidside (P antigen) on the surface of
the EPCs (EPCs-mimetic), in order to inhibit the binding of
B19V capsid to membrane glylipidside and thereby halt the
pathogenesis of the viral infection. Moreover, the vaccine
nanotechnologies might be also employed to encapsulate
genomic material or protein/peptide antigens in NPs, which
deliver nucleic acids (mRNA and DNA vaccines) to host
cells, and/or antigens (subunit vaccines) to immune cells
(Chung et al., 2020).

Additionally, exosome owns the attractive features like
cell targeting, low-immunogenicity, safety, and high
biocompatibility, thus potentiating their role as an appealing
therapeutic agent and/or a drug delivery nano-platform (Pinky
et al., 2021). For instance, Sengupta et al. studied exosomes
(ExoFlo™) that are derived from allogeneic bone marrow MSCs
(bmMSC) for treatment of severe COVID-19 in a prospective
nonrandomized open-label cohort study. bmMSC-derived
exosomes with a single intravenous dose could reverse hypoxia,
downregulate cytokine storm, and reconstitute immunity in
severe COVID-19 patients (Vikram et al., 2020). Thus,
bmMSC-derived exosomes might also be a promising
therapeutic candidate for B19V.
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CONCLUSION AND OUTLOOK

All in all, although several antiviral agents against B19V have
been reported, the majority of them are only tested in vitro and
have a long way to go (involving safety and efficacy tests, as well
as cost-effectiveness analyses) from lab to shelf. Apparently,
numerous efforts should be made in following years to lay the
foundations toward counteracting B19V via developing novel
therapeutic agents as well as the infection prevention of high
risk groups.

Firstly, the precise understanding related to the structural
morphology, virus–cell interactions, pathophysiology, and
related immunological response of B19V is vital for
pharmacology and nanotechnology scientists. Secondly, more
antiviral compounds that are already in use for other viruses
should be considered and evaluated against B19V. Besides, we
should be focused on exploring other targets (e.g. uncoating
inhibitors, and protease inhibitors) or modifying the reported
antiviral agents (e.g., DNA synthesis inhibitors) to improve the
selectivity and effectiveness of anti-B19V treatment. Thirdly, it
is equally important to explore a suitable nanocarrier delivery
technology (e.g., drug/antigen carriers, delivery technology) to
boost the effectiveness and biosafety of the therapeutics or
vaccines. Moreover, B19V-tailored functional nanosystems
that can be employed in the common noninvasive imaging
modalities would gain more prominence for monitoring
infectious sides and treatment responses (Wang et al., 2021;
Lee et al., 2022).

In this era of advanced bioscience and nanoscience, scientists
with incredible diverse backgrounds have converged in fruitful
cooperation, playing a frontline role in tackling this outbreak.
And the above attempts will offer novel opportunities for
exploring more efficient, targeted antiviral agents, which can be
translated to available therapeutic options in the near future.
AUTHOR CONTRIBUTIONS

KM and XH conceived the idea. XH, KM and CJ wrote about the
manuscript. KM, XH, JW, and JZ polished the manuscript. XH,
CJ, and ZJ prepared the figures. All authors read, discussed, and
approved this manuscript.
FUNDING

This work was supported by National Natural Science
Foundation of China (Grant number: 32000985, 81900683),
Zhejiang Provincial Natural Science Foundation (Grant
number: LQ21H300003), Zhejiang Province Medical and
Health Science Research Project (Grant number: 2021KY666),
Zhejiang Pharmaceutical Association (Grant number:
2019ZYY12), and Gansu Province Science Foundation for
Youths (Grant number: 21JR7RA431).
June 2022 | Volume 12 | Article 916012

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Hu et al. Therapeutic Strategies for Parvovirus B19
REFERENCES
Abdelrahman, D., Al-Sadeq, D. W., Smatti, M. K., Taleb, S. A., AbuOdeh, R. O.,

Al-Absi, E. S., et al. (2021). Prevalence and Phylogenetic Analysis of Parvovirus
(B19V) Among Blood Donors With Different Nationalities Residing in Qatar.
Viruses 13 (4), 540. doi: 10.3390/v13040540

An, H.-W., Mamuti, M., Wang, X., Yao, H., Wang, M.-D., Zhao, L., et al. (2021).
Rationally Designed Modular Drug Delivery Platform Based on Intracellular
Peptide Self-Assembly. Exploration 1 (2), 20210153. doi: 10.1002/
EXP.20210153

Aschalew, Z. B., Kuppan, G., Katherine, M. W., and Khare, S. (2016). Dose and
Size-Dependent Antiviral Effects of Silver Nanoparticles on Feline Calicivirus,
a Human Norovirus Surrogate. Foodborne Pathog. Dis. 13 (5), 239–244.
doi: 10.1089/fpd.2015.2054

Bonvicini, F., Bua, G., Conti, I., Manaresi, E., and Gallinella, G. (2017).
Hydroxyurea Inhibits Parvovirus B19 Replication in Erythroid Progenitor
Cells. Biochem. Pharmacol. 136, 32–39. doi: 10.1016/j.bcp.2017.03.022

Bonvicini, F., Bua, G., Manaresi, E., and Gallinella, G. (2015). Antiviral Effect of
Cidofovir on Parvovirus B19 Replication. Antiviral Res. 113, 11–18.
doi: 10.1016/j.antiviral.2014.11.004

Bonvicini, F., Bua, G., Manaresi, E., and Gallinella, G. (2016). Enhanced Inhibition
of Parvovirus B19 Replication by Cidofovir in Extendedly Exposed Erythroid
Progenitor Cells. Virus Res. 220, 47–51. doi: 10.1016/j.virusres.2016.04.002

Bua, G., Conti, I., Manaresi, E., Sethna, P., Foster, S., Bonvicini, F., et al. (2019).
Antiviral Activity of Brincidofovir on Parvovirus B19. Antiviral Res.
162, 22–29.

Burnett, E., Cotmore, S. F., and Tattersall, P. (2006). Segregation of a Single
Outboard Left-End Origin is Essential for the Viability of Parvovirus Minute
Virus of Mice. J. Virol. 80 (21), 10879–10883. doi: 10.1128/jvi.01501-06

Caliaro, O., Marti, A., Ruprecht, N., Leisi, R., Subramanian, S., Hafenstein, S., et al.
(2019). Parvovirus B19 Uncoating Occurs in the Cytoplasm Without Capsid
Disassembly and It Is Facilitated by Depletion of Capsid-Associated Divalent
Cations. Viruses 11 (5), 430. doi: 10.3390/v11050430

Carneiro, B. M., Batista, M. N., Braga, A. C. S., Nogueira, M. L., and Rahal, P.
(2016). The Green Tea Molecule EGCG Inhibits Zika Virus Entry. Virology
496, 215–218. doi: 10.1016/j.virol.2016.06.012

Chaghervand, M. M., Torbati, M. B., Shaabanzadeh, M., Ahmadi, A., and Tafvizi,
F. (2022). Hydroxyurea-Loaded Fe3O4/SiO2/chitosan-G-Mpeg2000
Nanoparticles; pH-Dependent Drug Release and Evaluation of Cell Cycle
Arrest and Altering P53 and LincRNA-P21 Genes Expression. Naunyn-
Schmiedeberg's Arch. Pharmacol. 395 (1), 51–63. doi: 10.1007/s00210-021-
02168-1

Chaigne, B., and Mouthon, L. (2017). Mechanisms of Action of Intravenous
Immunoglobulin. Transfus. Apher. Sci. 56 (1), 45–49. doi: 10.1016/
j.transci.2016.12.017

Chen, A. Y., Kleiboeker, S., and Qiu, J. (2011). Productive Parvovirus B19 Infection
of Primary Human Erythroid Progenitor Cells at Hypoxia is Regulated by
STAT5A and MEK Signaling But Not Hifa. PLoS Pathog. 7 (6), e1002088.
doi: 10.1371/journal.ppat.1002088

Chen, R., Wang, T., Song, J., Pu, D., He, D., Li, J., et al. (2021). Antiviral Drug
Delivery System for Enhanced Bioactivity, Better Metabolism and
Pharmacokinetic Characteristics. Int. J. Nanomed. 16, 4959–4984.
doi: 10.2147/ijn.S315705

Chung, Y. H., Beiss, V., Fiering, S. N., and Steinmetz, N. F. (2020). COVID-19
Vaccine Frontrunners and Their Nanotechnology Design. ACS Nano 14 (10),
12522–12537. doi: 10.1021/acsnano.0c07197

Cojocaru, F.-D., Botezat, D., Gardikiotis, I., Uritu, C.-M., Dodi, G., Trandafir, L.,
et al. (2020). Nanomaterials Designed for Antiviral Drug Delivery Transport
Across Biological Barriers. Pharmaceutics 12 (2), 171. doi: 10.3390/
pharmaceutics12020171

Conti, I., Morigi, R., Locatelli, A., Rambaldi, M., Bua, G., Gallinella, G., et al.
(2019). Synthesis of 3-(Imidazo[2,1-B]Thiazol-6-Yl)-2H-Chromen-2-One
Derivatives and Study of Their Antiviral Activity Against Parvovirus B19.
Molecules 24 (6), 1037. doi: 10.3390/molecules24061037

Cotmore, S. F., Agbandje-McKenna, M., Chiorini, J. A., Mukha, D. V., Pintel, D. J.,
Qiu, J., et al. (2014). The Family Parvoviridae. Arch. Virol. 159 (5), 1239–1247.
doi: 10.1007/s00705-013-1914-1
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Crabol, Y., Terrier, B., Rozenberg, F., Pestre, V., Legendre, C., Hermine, O., et al.
(2012). Intravenous Immunoglobulin Therapy for Pure Red Cell Aplasia
Related to Human Parvovirus B19 Infection: A Retrospective Study of 10
Patients and Review of the Literature. Clin. Infect. Dis. 56 (7), 968–977.
doi: 10.1093/cid/cis1046

de Souza e Silva, J. M., Hanchuk, T. D. M., Santos, M. I., Kobarg, J., Bajgelman, M.
C., and Cardoso, M. B. (2016). Viral Inhibition Mechanism Mediated by
Surface-Modified Silica Nanoparticles. ACS Appl. Mater. Interfaces 8 (26),
16564–16572. doi: 10.1021/acsami

Eid, A. J., Brown, R. A., Patel, R., and Razonable, R. R. (2006). Parvovirus B19
Infection After Transplantation: A Review of 98 Cases. Clin. Infect. Dis. 43 (1),
40–48. doi: 10.1086/504812

Elechiguerra, J. L., Burt, J. L., Morones, J. R., Camacho-Bragado, A., Gao, X., Lara,
H. H., et al. (2005). Interaction of Silver Nanoparticles With HIV-1. J.
Nanobiotechnol. 3 (1), 6. doi: 10.1186/1477-3155-3-6

Gallinella, G. (2018). The Clinical Use of Parvovirus B19 Assays: Recent Advances.
Expert Rev. Mol. Diagn 18 (9), 821–832. doi: 10.1080/14737159.2018.1503537

Ganaie, S. S., and Qiu, J. (2018). Recent Advances in Replication and Infection of
Human Parvovirus B19. Front. Cell. Infect. Microbiol. 8. doi: 10.3389/
fcimb.2018.00166

Ganaie, S. S., Zou, W., Xu, P., Deng, X., Kleiboeker, S., and Qiu, J. (2017).
Phosphorylated STAT5 Directly Facilitates Parvovirus B19 DNA Replication
in Human Erythroid Progenitors Through Interaction With the MCM
Complex. PLoS Pathog. 13 (5), e1006370. doi: 10.1371/journal.ppat.1006370

Gautam, N., McMillan, J. M., Kumar, D., Bade, A. N., Pan, Q., Kulkarni, T. A.,
et al. (2021). Lipophilic Nanocrystal Prodrug-Release Defines the Extended
Pharmacokinetic Profiles of a Year-Long Cabotegravir. Nat. Commun. 12 (1),
3453. doi: 10.1038/s41467-021-23668-x

Gigler, A., Dorsch, S., Hemauer, A., Williams, C., Kim, S., Young, N. S., et al.
(1999). Generation of Neutralizing Human Monoclonal Antibodies Against
Parvovirus B19 Proteins. J. Virol. 73 (3), 1974–1979. doi: 10.1128/jvi.73.3.1974-
1979.1999

Guan, W., Wong, S., Zhi, N., and Qiu, J. (2009). The Genome of Human
Parvovirus B19 can Replicate in Nonpermissive Cells With the Help of
Adenovirus Genes and Produces Infectious Virus. J. Virol. 83 (18), 9541–
9553. doi: 10.1128/jvi.00702-09

Hankins, J. S., Penkert, R. R., Lavoie, P., Tang, L., Sun, Y., and Hurwitz, J. L. (2016).
Original Research: Parvovirus B19 Infection in Children With Sickle Cell
Disease in the Hydroxyurea Era. Exp. Biol. Med. 241 (7), 749–754. doi: 10.1177/
1535370216636723

Hassan, M. Z., Osman, H., Ali, M. A., and Ahsan, M. J. (2016). Therapeutic
Potential of Coumarins as Antiviral Agents. Eur. J. Med. Chem. 123, 236–255.
doi: 10.1016/j.ejmech.2016.07.056

Heegaard, E. D., and Brown, K. E. (2002). Human Parvovirus B19. Clin. Microbiol.
Rev. 15 (3), 485–505. doi: 10.1128/CMR.15.3.485-505.2002

Hu, X., Li, F., Xia, F., Wang, Q., Lin, P., Wei, M., et al. (2021). Dynamic
Nanoassembly-Based Drug Delivery System (DNDDS): Learning From
Nature. Adv. Drug Delivery Rev. 175, 113830. doi: 10.1016/j.addr.2021.113830

Inoue, D., Oda, T., Iwama, S., Uchida, T., Kojima, T., Tomiyasu, T., et al. (2021).
Development of Pure Red Cell Aplasia by Transmission and Persistent
Infection of Parvovirus B19 Through a Kidney Allograft. Transpl. Infect. Dis.
23 (1), e13462. doi: 10.1111/tid.13462

Jeremiah, S. S., Miyakawa, K., Morita, T., Yamaoka, Y., and Ryo, A. (2020). Potent
Antiviral Effect of Silver Nanoparticles on SARS-CoV-2. Biochem. Biophys. Res.
Commun. 533 (1), 195–200. doi: 10.1016/j.bbrc.2020.09.018

Kerry, R. G., Malik, S., Redda, Y. T., Sahoo, S., Patra, J. K., and Majhi, S. (2019).
Nano-Based Approach to Combat Emerging Viral (NIPAH Virus) Infection.
Nanomedicine 18, 196–220. doi: 10.1016/j.nano.2019.03.004

Khorenko, M., Rand, U., Cicin-Sain, L., and Feldmann, C. (2022). Foscarnet-
Type Inorganic-Organic Hybrid Nanoparticles for Effective Antiviral
Therapy. ACS Biomater. Sci. Eng. 8 (4), 1596-1603. doi: 10.1021/
acsbiomaterials.2c00074

Kim, J. W., Park, S. H., and Louie, S. G. (2006). Telbivudine: A Novel Nucleoside
Analog for Chronic Hepatitis B. Ann. Pharmacother. 40 (3), 472–478.
doi: 10.1345/aph.1G027

Koenig, T., Kempf, T., Schultheiss, H.-P., Cornberg, M., Bauersachs, J., and
Schäfer, A. (2022). Fulminant Parvovirus B19 Myocarditis After
June 2022 | Volume 12 | Article 916012

https://doi.org/10.3390/v13040540
https://doi.org/10.1002/EXP.20210153
https://doi.org/10.1002/EXP.20210153
https://doi.org/10.1089/fpd.2015.2054
https://doi.org/10.1016/j.bcp.2017.03.022
https://doi.org/10.1016/j.antiviral.2014.11.004
https://doi.org/10.1016/j.virusres.2016.04.002
https://doi.org/10.1128/jvi.01501-06
https://doi.org/10.3390/v11050430
https://doi.org/10.1016/j.virol.2016.06.012
https://doi.org/10.1007/s00210-021-02168-1
https://doi.org/10.1007/s00210-021-02168-1
https://doi.org/10.1016/j.transci.2016.12.017
https://doi.org/10.1016/j.transci.2016.12.017
https://doi.org/10.1371/journal.ppat.1002088
https://doi.org/10.2147/ijn.S315705
https://doi.org/10.1021/acsnano.0c07197
https://doi.org/10.3390/pharmaceutics12020171
https://doi.org/10.3390/pharmaceutics12020171
https://doi.org/10.3390/molecules24061037
https://doi.org/10.1007/s00705-013-1914-1
https://doi.org/10.1093/cid/cis1046
https://doi.org/10.1021/acsami
https://doi.org/10.1086/504812
https://doi.org/10.1186/1477-3155-3-6
https://doi.org/10.1080/14737159.2018.1503537
https://doi.org/10.3389/fcimb.2018.00166
https://doi.org/10.3389/fcimb.2018.00166
https://doi.org/10.1371/journal.ppat.1006370
https://doi.org/10.1038/s41467-021-23668-x
https://doi.org/10.1128/jvi.73.3.1974-1979.1999
https://doi.org/10.1128/jvi.73.3.1974-1979.1999
https://doi.org/10.1128/jvi.00702-09
https://doi.org/10.1177/1535370216636723
https://doi.org/10.1177/1535370216636723
https://doi.org/10.1016/j.ejmech.2016.07.056
https://doi.org/10.1128/CMR.15.3.485-505.2002
https://doi.org/10.1016/j.addr.2021.113830
https://doi.org/10.1111/tid.13462
https://doi.org/10.1016/j.bbrc.2020.09.018
https://doi.org/10.1016/j.nano.2019.03.004
https://doi.org/10.1345/aph.1G027
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Hu et al. Therapeutic Strategies for Parvovirus B19
Chemotherapy: Full Recovery After Antiviral Therapy With Tenofovir. Clin.
Res. Cardiol. 111 (2), 233-236. doi: 10.1007/s00392-021-01955-3

Lee, J., Liao, H., Wang, Q., Han, J., Han, J.-H., Shin, H. E., et al. (2022). Exploration
of Nanozymes in Viral Diagnosis and Therapy. Exploration 2 (1), 20210086.
doi: 10.1002/exp.20210086

Leisi, R., Di Tommaso, C., Kempf, C., and Ros, C. (2016a). The Receptor-Binding
Domain in the VP1u Region of Parvovirus B19. Viruses 8 (3), 61. doi: 10.3390/
v8030061

Leisi, R., Von Nordheim, M., Ros, C., and Kempf, C. (2016b). The VP1u Receptor
Restricts Parvovirus B19 Uptake to Permissive Erythroid Cells. Viruses 8 (10),
265. doi: 10.3390/v8100265

Liga, M. V., Bryant, E. L., Colvin, V. L., and Li, Q. (2011). Virus Inactivation by
Silver Doped Titanium Dioxide Nanoparticles for Drinking Water Treatment.
Water Res. 45 (2), 535–544. doi: 10.1016/j.watres.2010.09.012

Li, Y., Lin, Z., Guo, M., Zhao, M., Xia, Y., Wang, C., et al. (2018). Inhibition of
H1N1 Influenza Virus-Induced Apoptosis by Functionalized Selenium
Nanoparticles With Amantadine Through ROS-Mediated AKT Signaling
Pathways. Int. J. Nanomed. 13, 2005–2016. doi: 10.2147/ijn.S155994

Luo, Y., and Qiu, J. (2015). Human Parvovirus B19: A Mechanistic Overview of
Infection and DNA Replication. Future Virol. 10 (2), 155–167. doi: 10.2217/
fvl.14.103

Lysenko, V., Lozovski, V., Lokshyn, M., Gomeniuk, Y. V., Dorovskih, A.,
Rusinchuk, N., et al. (2018). Nanoparticles as Antiviral Agents Against
Adenoviruses. Adv. Nat. Sci.: Nanosci. Nanotechnol. 9, 025021. doi: 10.1088/
2043-6254/aac42a

Magee, W. C., and Evans, D. H. (2012). The Antiviral Activity and Mechanism of
Action of (S)-[3-Hydroxy-2-(Phosphonomethoxy)Propyl] (HPMP)
Nucleosides. Antiviral Res. 96 (2), 169–180.

Manaresi, E., and Gallinella, G. (2019). Advances in the Development of Antiviral
Strategies Against Parvovirus B19. Viruses 11 (7), 659. doi: 10.3390/v11070659

Mandal, A., Cholkar, K., Khurana, V., Shah, A., Agrahari, V., Bisht, R., et al.
(2017). Topical Formulation of Self-Assembled Antiviral Prodrug
Nanomicelles for Targeted Retinal Delivery. Mol. Pharm. 14 (6), 2056–2069.
doi: 10.1021/acs.molpharmaceut.7b00128

Maslanka Figueroa, S., Fleischmann, D., and Goepferich, A. (2021). Biomedical
Nanoparticle Design: What We can Learn From Viruses. J. Control. Release
329, 552–569. doi: 10.1016/j.jconrel.2020.09.045

McGann, P. T., and Ware, R. E. (2015). Hydroxyurea Therapy for Sickle Cell
Anemia. Expert Opin. Drug Saf. 14 (11), 1749–1758. doi: 10.1517/
14740338.2015.1088827

Mishra, S., Pandey, A., and Manvati, S. (2020). Coumarin: An Emerging Antiviral
Agent. Heliyon 6 (1), e03217–e03217. doi: 10.1016/j.heliyon.2020.e03217

Mouthon, L., Guillevin, L., and Tellier, Z. (2005). Intravenous Immunoglobulins in
Autoimmune- or Parvovirus B19-Mediated Pure Red-Cell Aplasia.
Autoimmun. Rev. 4 (5), 264–269. doi: 10.1016/j.autrev.2004.10.004

Murphy, R. A., and Valentovic, M. A. (2017). Factors Contributing to the Antiviral
Effectiveness of Tenofovir. J. Pharmacol. Exp. Ther. 363 (2), 156. doi: 10.1124/
jpet.117.243139

Nair, V., Jandovitz, N., Jhaveri, K. D., Hirschwerk, D., Grodstein, E., Bijol, V., et al.
(2020). Treatment of Parvovirus B19 Viremia to Facilitate Kidney
Transplantation in a Patient With Collapsing Glomerulopathy. Clin.
Nephrol. Case Stud. 8, 41–45. doi: 10.5414/cncs110113

Ning, K., Roy, A., Cheng, F., Xu, P., Kleiboeker, S., Escalante, C. R., et al. (2022). High
Throughput Screening Identifies Inhibitors for Parvovirus B19 Infection of
Human Erythroid Progenitor. J. Virol. 96 (2), e0132621. doi: 10.1128/JVI.01326-21

Obeid Mohamed, S. O., Osman Mohamed, E. M., Ahmed Osman, A. A., Abdellatif
MohamedElmugadam, F. A., and Abdalla Ibrahim, G. A. (2019). A Meta-
Analysis on the Seroprevalence of Parvovirus B19 Among Patients With Sickle
Cell Disease. BioMed. Res. Int. 2019, 2757450. doi: 10.1155/2019/2757450

Ogawa, E., Otaguro, S., Murata, M., Kainuma, M., Sawayama, Y., Furusyo, N., et al.
(2008). Intravenous Immunoglobulin Therapy for Severe Arthritis Associated
With Human Parvovirus B19 Infection. J. Infect. Chemother. 14 (5), 377–382.
doi: 10.1007/s10156-008-0636-x

Park, S., Ko, Y.-S., Lee, S. J., Lee, C., Woo, K., and Ko, G. (2018). Inactivation of
Influenza A Virus via Exposure to Silver Nanoparticle-Decorated Silica Hybrid
Composites. Environ. Sci. pollut. Res. Int. 25 (27), 27021–27030. doi: 10.1007/
s11356-018-2620-z
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
Pei, Z., Sun, M., Zhang, X., Yan, Y., Meng, F., Mo, R., et al. (2020). Canine
Immunoglobulin F(ab′)2 Fragments Protect Cats Against Feline Parvovirus
Virus Infection. Int. Immunopharmacol. 86, 106752. doi: 10.1016/
j.intimp.2020.106752

Pinky,, Gupta, S., Krishnakumar, V., Sharma, Y., Dinda, A. K., and Mohanty, S.
(2021). Mesenchymal Stem Cell Derived Exosomes: A Nano Platform for
Therapeutics and Drug Delivery in Combating COVID-19. Stem Cell Rev. Rep.
17 (1), 33–43. doi: 10.1007/s12015-020-10002-z

Qiu, J., Söderlund-Venermo, M., and Young, N. S. (2017). Human Parvoviruses.
Clin. Microbiol. Rev. 30 (1), 43–113. doi: 10.1128/CMR.00040-16

Ratan, Z. A., Mashrur, F. R., Chhoan, A. P., Shahriar, S. M., Haidere, M. F., Runa,
N. J., et al. (2021). Silver Nanoparticles as Potential Antiviral Agents.
Pharmaceutics 13 (12), 2034. doi: 10.3390/molecules16108894

Read, S. A., Obeid, S., Ahlenstiel, C., and Ahlenstiel, G. (2019). The Role of Zinc in
Antiviral Immunity. Adv. Nutr. 10 (4), 696–710. doi: 10.1093/advances/
nmz013

Reis, A. S., Paltian, J. J., Domingues, W. B., Novo, D. L. R., Costa, G. P., Alves, D.,
et al. (2020). Advances in the Understanding of Oxaliplatin-Induced Peripheral
Neuropathy in Mice: 7-Chloro-4-(Phenylselanyl) Quinoline as a Promising
Therapeutic Agent. Mol. Neurobiol. 57 (12), 5219–5234. doi: 10.1007/s12035-
020-02048-4

Russo, E., Gaglianone, N., Baldassari, S., Parodi, B., Cafaggi, S., Zibana, C., et al.
(2014). Preparation, Characterization and in Vitro Antiviral Activity
Evaluation of Foscarnet-Chitosan Nanoparticles. Colloids Surf. B 118, 117–
125. doi: 10.1016/j.colsurfb.2014.03.037

Saadh, M. J., and Aldalaen, S. M. (2021). Inhibitory Effects of Epigallocatechin
Gallate (EGCG) Combined With Zinc Sulfate and Silver Nanoparticles on
Avian Influenza A Virus Subtype H5n1. Eur. Rev. Med. Pharmacol. Sci. 25 (6),
2630–2636. doi: 10.26355/eurrev_202103_25427

Sanchez, J. L., Romero, Z., Quinones, A., Torgeson, K. R., and Horton, N. C.
(2016). DNA Binding and Cleavage by the Human Parvovirus B19 NS1
Nuclease Domain. Biochemistry 55 (47), 6577–6593. doi: 10.1021/
acs.biochem.6b00534

Sharma, V., Kaushik, S., Pandit, P., Dhull, D., Yadav, J. P., and Kaushik, S. (2019).
Green Synthesis of Silver Nanoparticles From Medicinal Plants and Evaluation
of Their Antiviral Potential Against Chikungunya Virus. Appl. Microbiol.
Biotechnol. 103 (2), 881–891. doi: 10.1007/s00253-018-9488-1

Talebian, S., Wallace, G. G., Schroeder, A., Stellacci, F., and Conde, J. (2020).
Nanotechnology-Based Disinfectants and Sensors for SARS-CoV-2. Nat.
Nanotechnol. 15 (8), 618–621. doi: 10.1038/s41565-020-0751-0

Tazhbayev, Y., Mukashev, O., Burkeev, M., and Kreuter, J. (2019). Hydroxyurea-
Loaded Albumin Nanoparticles: Preparation, Characterization, and In Vitro
Studies. Pharmaceutics 11 (8), 410. doi: 10.3390/pharmaceutics11080410

Tewary, S. K., Zhao, H., Deng, X., Qiu, J., and Tang, L. (2014). The Human
Parvovirus B19 Non-Structural Protein 1 N-Terminal Domain Specifically
Binds to the Origin of Replication in the Viral DNA. Virology 449, 297–303.
doi: 10.1016/j.virol.2013.11.031

Van Linthout, S., Elsanhoury, A., Klein, O., Sosnowski, M., Miteva, K., Lassner, D.,
et al. (2018). Telbivudine in Chronic Lymphocytic Myocarditis and Human
Parvovirus B19 Transcriptional Activity. ESC Heart Fail. 5 (5), 818–829.
doi: 10.1002/ehf2.12341
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