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Editorial

Rotaviruses and Rotavirus Vaccines: Special Issue Editorial

John T. Patton 1,* and Ulrich Desselberger 2

1 Department of Biology, Indiana University, 212 S Hawthorne Drive, Simon Hall 011,
Bloomington, IN 47405, USA

2 Department of Medicine, University of Cambridge, Addenbrooke’s Hospital, Hills Road,
Cambridge CB2 0QQ, UK; ud207@medschl.cam.ac.uk

* Correspondence: jtpatton@iu.edu

Species A rotaviruses (RVA) are a major cause of acute gastroenteritis in infants and
young children and in the young of various mammalian and avian species [1–3]. Since
2006, several live attenuated RV vaccines have been licensed and are now components of
childhood immunization programs in >100 countries worldwide [4,5]. However, vaccine
efficacy/effectiveness (VE) varies in different countries [6,7]. As summarized elsewhere,
much has been learned about many aspects of rotavirus biology, including its entry and
assembly pathways, mechanism of genome replication, the structure and function of its
proteins, and its basis of pathogenesis [2,3]. The study of rotavirus biology was signif-
icantly advanced about 6 years ago when reliable, plasmid-only-based reverse genetics
(RG) systems for species A RVs (RVA) were established [8–10]. In this Special Issue of
Viruses on Rotaviruses and Rotavirus Vaccines, novel data on the use of RVA RG, RVA replica-
tion, RVA molecular epidemiology, and RVA next-generation (NG) RV candidate vaccine
developments are presented in 21 contributions and assessed in the larger context.

RG procedures have been used to rescue recombinant (r)RVAs of simian, human,
murine, porcine, bovine and avian origin, as well as reassortants thereof, as summarized
in Table 1 [8,9,11–27]. Murine RVs (MuRVs) replicate well in their natural host and are
therefore an attractive animal model system. Using RG procedures, Kawagishi et al. [18]
succeeded in rescuing recombinant RVs containing all 11 RNA segments of murine origin
(rMuRV). Oligo-reassortants of rMuRV containing human VP7 and VP4 genes were shown
to replicate efficiently in mice and to elicit a robust antibody response to human rotavirus
antigens, whilst the control chimeric murine rotavirus did not [18,19]. Fukuda et al. [16]
generated an rRV from the RV vaccine strain RIX4414 (Rotarix®) which was live attenuated
in a mouse model. The porcine RV OSU strain (G5P[7]) was completely rescued as an
rRVA and also engineered to express the fluorescent reporter protein UnaG [21]. Recently,
an rRV of the Chinese Lanzhou lamb RV LLR was established [23]. These constructs
can be used in the gnotobiotic (gn) piglet model ([28,29], see below) and will permit the
development of urgently needed, next-generation porcine RV vaccines. Fluorescing rRVs
can be used in large-scale neutralization assays to assess antibody responses in vaccinees
([8,30], see below). These developments in RVA RG research should be seen in the larger
context of highly original recent work. Using a virus-like, codon-modified transgene,
it was possible to generate a stable dsRNA virus as a potential vector [31]. An rRVA
with a glycosylation-defective NSP4 gene showed attenuated replication in cultured cells
and also less pathogenicity than its corresponding wildtype virus in a mouse model [32].
Furthermore, the combination of the structure–function-based molecular data of RVA
proteins and RG techniques permitted the creation of an rRV which was infectious for only
a single round of replication and thus an interesting candidate for a next-generation RV
vaccine ([33], see below).

Viruses 2024, 16, 1665. https://doi.org/10.3390/v16111665 https://www.mdpi.com/journal/viruses1
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Table 1. Rescue of species A rotaviruses by reverse genetics.

Virus References

Simian SA11 G3P[2] [8,9]
Human rotavirus Ku G1P[8] [11]
Human rotavirus Odelia G4P[8] [12]
Human rotavirus CDC-9 G1P[8] [13]
Human rotavirus G2P[4] [14]
Human rotavirus RIX4414 G1P[8] [15,16]
Simian rotavirus RRV G3P[3] [17]
Murine rotavirus EW/ETD G3P[17] [17–19]
Avian rotavirus PO-13 G18P[17] [20]
Porcine rotavirus OSU G5P[7] [21]
Bovine RV RF G6P[1] [22]
Lanzhou lamb rotavirus LLR G10P[15] [23]
Species A rotavirus reassortants (selection) [17,19,23–27]

Regarding RV replication, the introduction of a point mutation into the VP4 gene of a
human/simian triple reassortant rRVA strain led to increased replication in cell cultures;
however, the effect was highly VP4 genotype-specific [34]. Human RVA clinical isolates
initially replicate poorly in continuous cell lines, e.g., MA104 cells, but can be adapted
to higher replication rates upon serial cell passage. This was observed with human RV
isolates of five different genotype constellations upon passage: Illumina NG sequencing
of the passaged viruses demonstrated the emergence of multiple point mutations, which,
however, were partially conserved for the VP4 genes throughout genotypes [35].

In search of antivirals specifically blocking cellular compounds, a small molecule,
ML241 (an ATPase inhibitor) was identified which blocked RVA replication at an IC50 of
22.5 uM in vitro and in vivo (suckling mouse model) via inhibition of MAPK signaling,
leading to activation of the NF-kB pathway [36].

Germfree gnotobiotic (gn) piglets were colonized with apathogenic-bacteria-expressing
histo-blood group antigens (HBGA+) that are well recognized in regard to binding to RVAs.
Upon RV infection, the HBGA+ colonized animals showed reduced disease severity and
virus shedding compared to the HBGA- animals. This finding can lead to further identifica-
tion of bacteria with substantial probiotic activity [37].

The formation and kinetics of viroplasms during RVA infection has been shown to
depend on interactions with cytoskeleton proteins (microtubules, kinesin E5, intermediate
filaments, myosin a.o.) [38]. In this context, the interaction of RV NSP5, a viroplasm
building block, with the tailless complex polypeptide I ring complex (TRiC), a cellular
chaperonin involved in the folding of cellular proteins, was discovered [39]. Inhibition
of TRiC expression was shown to reduce RV replication. There is also the interaction of
various components of cellular lipid metabolism with viral proteins not only during the
replication of RVAs but also with the proteins of many other RNA viruses, a discovery with
the potential to help in developing broadly active antivirals [40].

RV-encoded NSP2 interacts with NSP5 by liquid–liquid phase separation to form the
biomolecular condensates of viroplasms [41]. NSP2 and NSP5 have enzymatic activities
and are involved in RNA-RNA interactions during assortment in early RV morphogenesis;
in this, NSP2 acts as a viral chaperone for the viral RNAs [42]. There are still questions
about how the enzymatic activities of the viroplasm proteins are correlated with their
functions during RVA replication and how assortment of the 11 pregenomic ss(+)RNA
segments is controlled [42]. The groups of E Gaunt and P Digard joined forces to analyze the
molecular details of the transcription/replication machinery of species A rotaviruses [43].
They constructed a mini-replicon assay which can serve as an important tool in determining
the functional correlates of the viral RNA-dependent RNA polymerase (RdRp; [43]).

Hellysaz and Hagbom [44] reviewed what is known about the correlation of rotavirus
disease symptoms with pathophysiological data, emphasizing CNS responses to the en-
teric infection.
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The co-expression of RVA NSP5 with either NSP2 or VP2 in uninfected cells was found
to lead to the formation of viroplasm-like structures (VLSs) several decades ago [45]. The
knowledge gap regarding this structure–function relationship in non-RVA viroplasms is
due to the lack of specific antibodies and suitable cell culture systems. In a recent study, the
ability of the NSP5 and NSP2 of non-RVA species to form VLSs was explored [46]. While
co-expression of these two proteins led to globular VLSs in RV species A, B, D, F, G, and I,
in RVC, filamentous VLSs were formed. Remarkably, the co-expression of the NSP5 and
NSP2 of the RV species H and J did not result in VLS formation. Interestingly, interspecies
VLSs were formed between the relevant components of closely related RV species B with G
and D with F [46]. This innovative data set is considered to form the basis of numerous
follow-up experiments.

Rapid progress in nucleic acid sequencing techniques allows for more detailed analyses
of the molecular epidemiology of RVAs. Species A, B, and C RV isolates were obtained
from a pig farm in South Africa. Among thr 12 RVA isolates of G5 genotype, reassortment
with three different P genotype genes (encoding P[6], P[13], and P[23]) were detected on
an otherwise unchanged genetic background [47]. A G5P[23] porcine RV isolated from a
pig farm in China carried several genes closely related to the cogent (analogous) genes of
human RV isolates, strongly suggesting that it had emerged from a human–porcine RV
reassortment event [48]. In China, >20,000 RVA strains were isolated from pigs during
2022, with G9P[23]I5 virus strains being the most prevalent [49]. Some of the porcine
isolates were closely related genetically to human RVA strains, strongly suggesting that
zoonotic transmissions occurred [49]. Similar results were recorded in other areas of the
world [50]. G9P[6] and G9P[4] strains were isolated from children in Mozambique after the
introduction of RVA vaccines [51].

RG procedures were used to insert a reporter gene (encoding green fluorescent protein,
GFP, or others) downstream of NSP1 (or NSP5), separated by the 2A sequence from the
viral gene. These rRV were used in micro-neutralization assays, permitting screening of
large numbers of sera [30]. The procedure also demonstrated the presence of pre-existing
immunity to rotaviruses in the sera of humans and various animal species (rhesus monkey,
rabbit, mouse, guinea pig, and cotton rat).

Existing RV vaccines are live attenuated, can reassort with co-circulating RV wildtype
strains, and may revert to virulence. Therefore, present efforts for next-generation RV
vaccines are focused on antigens of non-replicating RVs [33,52,53]. In the search for a
broad-spectrum, non-replicating RV vaccine candidate with high immunogenicity and
cross-protection, a peptide containing a VP8* neutralizing epitope of a P[8] RV strain and
a 150 amino-acid long consensus sequence derived from a wide range of human P[8]
strains was constructed [54], expressed, and purified from recombinant E. coli [55]. This
fusion peptide was recognized by a large number of RV-infected patients’ sera, and its
immunogenicity was proven in pilot mouse experiments. The authors are aware that testing
for protective efficacy will be required and will be the subject of future work [55]. In this
context, it should be remembered that an rRV with VP6 mutations has been created which
does not produce infectious viral progeny while expressing viral proteins in immunogenic
concentrations [33].

High titers of maternal, RV-specific antibodies may be a factor contributing to a
decrease in vaccine efficacy in low- and middle-income countries. This possibility was
investigated in >500 mother–infant pairs as part of an RV3-BB vaccine trial in Malawi [56].
Maternal anti-RV IgG, but not IgA levels, were correlated with reduced takes after several
doses of the neonatal vaccine, but not at the end of the study, leading to the conclusion
that the RV3-BB 3-dose neonatal vaccine schedule may have the potential to protect against
severe RV disease [56].

Chimeric human–mouse recombinant rotaviruses [18,19] provide a new strategy for
studying human rotavirus-specific immunity and can be used to investigate factors causing
variability in rotavirus vaccine efficacy. The genome of the human RV vaccine strain
RIX4414 (Rotarix®) was used with the aim of generating an authentic live attenuated
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rRV [15] with biological characteristics very similar to those of the parental virus 89-12
(G1P[8]) [16]; this will enable the identification of attenuation mutations and the rational
design of NG RVA vaccines.

The use of mRNA-based therapeutics and vaccines [57,58] has led to the recent suc-
cesses of the mRNA-1273 SARS-CoV-2 [59] and the BNT162b2 mRNA COVID-19 [60]
vaccines. Lu et al. [61] constructed a recombinant plasmid containing a wildtype VP7
(G1) gene as insert from which RV RNA was transcribed and capped in vitro, followed by
purification and enclosure into lipid nanoparticles (LNPs). In mice, the VP7-LNP elicited
RV- specific antibodies and activated T cells. Testing for protective efficacy is underway [61].
Recently, mRNA-based RV-vaccine candidates were shown to exert partial protection in
the gn piglet model of RV Wa (G1P[8]) infection [62].

In order to understand the dynamics of systemic and mucosal immune responses early
in life, studies on T cells in mice have been initiated. It was shown that early life T cells have
a low capacity to generate long-term memory compared to those of adult mice. Similarly, T
cells in human neonates are immature and evolve only with age. At present, it is not clear
how T cell diversification in early life affects the development of clinical symptoms after
infection [63].

As co-guest editors, we are acutely aware that the >20 contributions to RV research
collated in this SI of RVs and RV vaccines represent only a relatively small sector of a
multitude of ongoing original work, implying that RV research still faces large gaps in
regard to knowledge and understanding. However, with the discovery and application of
new biological tools, including refined reverse genetics systems, many aspects of rotavirus
biology will become amenable to study. These include:

• Developing rotavirus vaccine candidates that are more immunogenic and grow to
high titers;

• Probing the usefulness of rotaviruses as vaccine vector systems through their capacity
to incorporate and express heterologous sequences;

• Understanding the molecular basis for partial gene duplications, and their selection,
in RVA isolates in vivo and in vitro;

• Revealing the contributions of cellular components to the RV–host relationship and
pathogenesis;

• Expanding rudimentary knowledge of the biology, epidemiology, and pathogenesis of
the non-species A RVs;

• Establishing the basis for the difference in efficiency of RV vaccines in different parts of
the world, an effort that is vital to improving protection in low socio-economic regions
where children are most at risk due to rotavirus disease.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Despite the success of rotavirus vaccines, rotaviruses remain one of the leading causes of
diarrheal diseases, resulting in significant childhood morbidity and mortality, especially in low- and
middle-income countries. The reverse genetics system enables the manipulation of the rotavirus
genome and opens the possibility of using rotavirus as an expression vector for heterologous proteins,
such as vaccine antigens and therapeutic payloads. Here, we demonstrate that three positions in
rotavirus genome—the C terminus of NSP1, NSP3 and NSP5—can tolerate the insertion of reporter
genes. By using rotavirus expressing GFP, we develop a high-throughput neutralization assay and
reveal the pre-existing immunity against rotavirus in humans and other animal species. Our work
shows the plasticity of the rotavirus genome and establishes a high-throughput assay for interrogating
humoral immune responses, benefiting the design of next-generation rotavirus vaccines and the
development of rotavirus-based expression platforms.

Keywords: rotavirus; high-throughput screening; microneutralization assay; neutralizing antibody;
pre-existing immunity

1. Introduction

Although rotavirus vaccines have substantially reduced rotavirus-related childhood
morbidity and mortality worldwide [1], rotaviruses remain one of the most common causes
of diarrheal diseases in children, with a higher disease burden in developing countries.
Rotaviruses are responsible for 128,500–215,000 deaths annually in children under 5 years
old [2,3]. The mechanisms underlying rotavirus vaccine-induced protection are not fully
understood, partially due to limitations in current animal models of rotavirus infection
and disease. The lower vaccine efficacy observed in low-income countries has been at-
tributed to multiple factors, including higher levels of maternally derived antibodies,
different intestinal microbiome resulting from chronic enteropathy, and/or poor nutritional
status [4]. To develop the next-generation vaccines with improved safety and efficacy, a
better understanding of pre-existing immunity, including neutralizing antibodies in human
and animal models and its impact on vaccine efficacy, is needed.

Rotaviruses are double-stranded, segmented RNA viruses. The 11 genome segments
encode 12 viral proteins, including six non-structural proteins (NSP1-NSP6) and six struc-
tural proteins (VP1–VP4, VP6, and VP7). Each segment encodes one open reading frame
(ORF), except segment 11, with NSP5, which contains an internal ORF for NSP6. Rotavirus
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particles consist of three concentric proteins shells (VP2, VP6, and VP7) and a spike protein,
VP4, which spans the VP6 and VP7 layers and extends out from the particle. Serologi-
cally, rotaviruses are grouped into distinct serogroups based on VP6 reactivity. Group A
rotaviruses (RVA), further classified into serotypes defined by VP7 (G) and VP4 [P], cause
the majority of disease in human. RVA strains are also found in animals, and infection has
been shown to be highly species-specific.

Rotavirus research has been hindered by the lack of a reverse genetics system, which
would allow for the generation and engineering of defined viral particles. Since the first
publication of a plasmid-only-based reverse genetics system for the simian rotavirus strain
SA11 [5], multiple groups have utilized the system to rescue recombinant rotaviruses with
different properties. These include the simian RRV strain; human CDC-9 strain; a murine-
like RV strain [6]; human Odelia strain [7]; human KU strain [8]; human HN126 strain [9];
bovine RF strain [10]; avian PO-13 strain [11]; chimeric strains with SA11 backbone and VP4,
VP7, and/or VP6 genes from human clinical samples [12]; and SA11 carrying NSP2 phos-
phorylation mutation [13]. Heterologous protein expression from rotavirus was explored
by replacing part of the NSP1 ORF with foreign genes [5]. Later, it was shown that genome
segment 7 could be re-engineered to encode NSP3 fused to a fluorescent protein [14].
Additionally, domains of SARS-CoV-2 spike protein were also expressed downstream of
NSP3 [15], suggesting that rotaviruses may serve as a vector for gene delivery. Recently,
the concept of using recombinant rotaviruses expressing norovirus capsid proteins as a
dual vaccine was established in an infant mouse model [16]. A solid understanding of
pre-existing immunity in human and animal models would further explore the feasibility
of using rotavirus to deliver therapeutic proteins or vaccine antigens.

Here, in addition to the previously published NSP3 site, we have demonstrated two
additional genomic locations in NSP1 and NSP5 of the simian rotavirus strain SA11 for
expressing heterologous proteins by reverse genetics. We utilized a recombinant rotavirus
expressing GFP from NSP1 (rSA11-GFP) to establish a high-throughput rotavirus mi-
croneutralization assay. This assay enabled us to determine the presence of pre-existing
neutralizing antibodies in human and other animal serum samples. Among the 50 human
donor samples [17] that were surveyed, 41 had detectable neutralization titers against
SA11, a serotype G3 virus. Additionally, all African green monkeys and rhesus monkeys
examined showed pre-existing immunity. In contrast, other animal models, such as rabbit,
mouse, guinea pig and cotton rat, either had much lower levels or no detectable neutral-
izing antibodies. Through the identification of novel approaches for heterologous gene
expression, we have demonstrated the plasticity of the rotavirus genome and developed a
high-throughput neutralization assay based on a GFP expressing virus.

2. Materials and Methods

2.1. Cell Culture

CV1, MA104, and baby hamster kidney cells expressing T7 RNA polymerase (BHK-T7)
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. All cultures were grown at 37 ◦C in a 5%
CO2 incubator.

2.2. Plasmid Construction

Sequences of all 16 plasmids used for the generation of the wild-type SA11 strain were
obtained from Addgene (https://www.addgene.org/Takeshi_Kobayashi/ (accessed on
29 September 2023)) [5]. pUC19 and pV1Jns served as the backbones of 11 plasmids, each
encoding one rotavirus genome segment (pT7/VP1SA11, pT7/VP2SA11, pT7/VP3SA11,
pT7/VP4SA11, pT7/VP6SA11, pT7/VP7SA11, pT7/NSP1SA11, pT7/NSP2SA11,
pT7/NSP3SA11, pT7/NSP4SA11, and pT7/NSP5SA11) and 5 helper plasmids
(pCMV/NSP2, pCMV/NSP5, pCMV/NBVFAST, pCMV/D12L, and pCMV/D1R), respec-
tively. For the expression of GFP, NSP open reading frames were fused with 2A peptide
GSGEGRGSLLTCGDVEENPGP and then GFP. After the stop codon, an NSP open read-
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ing frame sequence repeat was inserted when indicated. All plasmids were synthesized
using Genewiz.

2.3. Recombinant Rotavirus Rescue

Recombinant SA11 (rSA11) strains were generated by reverse genetics, as
described previously with modifications [5]. Monolayers of BHK-T7 cells in 6-well plates
(1 × 106 cells/well) were used for transfection. 16 plasmids (0.75 μg/plasmid except
0.015 μg pCMV/NSVFAST) in 150 μL of Opti-MEM were added to 150 μL of Opti-MEM
containing 12.5 μL of Lipofectamine 2000. Transfection complexes were incubated at room
temperature for 20 min and then added to BHK-T7 cells drop-wise. 24 h post transfec-
tion, the culture medium was changed into serum-free DMEM. 48 h post transfection,
1.5 × 105 CV1 cells were added to transfected cells, and TPCK-treated trypsin (1 mg/mL
stock) was added to culture medium to achieve a final concentration of 1 μg/mL. The
transfection reaction was monitored daily and harvested when a complete cytopathic effect
(CPE) was observed (typically three days after the addition of CV1 cells). To generate recom-
binant viruses with heterologous genes, pT7/NSP1SA11, pT7/NSP2SA11, pT7/NSP3SA11,
pT7/NSP4SA11, and pT7/NSP5SA11 were replaced with the corresponding plasmid with
heterologous gene insertion. rSA11/GFP was then plaque-purified for three rounds on
MA104 cells.

2.4. Virus Infection

Recombinant viruses were treated with 10 μg/mL TPCK-treated trypsin at 37 ◦C for
1 h. Monolayers of CV1 or MA104 cells were washed with serum-free DMEM three times
and then infected with trypsin-treated viruses in serum-free DMEM at 37 ◦C. After 1 h of
incubation, inoculums were removed.

2.5. Virus Stock Preparation

MA104 cells were infected with recombinant viruses and cultured in serum-free
DMEM containing 1 μg/mL trypsin. Once complete CPE was observed, viruses were
harvested by subjecting the infected cells to three freeze–thaw cycles. The virus suspension
was then filtered through 0.2 micro filters. Virus concentration and purification were
performed using an Amicon Ultra-15 50,000 NMWL centrifugal filter unit.

2.6. Plaque Assay

MA104 cells were infected with recombinant viruses and overlaid with phenol-red-free
MEM containing 0.8% agarose and 0.5 μg/mL trypsin. After 4 days of incubation, plaques
were visualized by adding 5 mg/mL MTT or picked directly for plaque purification.

2.7. Flow Cytometry and Data Analysis

CV1 cells were counted, infected with recombinant viruses, and cultured in DMEM
supplemented with 10% FBS. After overnight incubation, cells were harvested, fixed
with 4% paraformaldehyde, and stained with a primary antibody anti-RotaVP6 (UK1,
ThermoFisher) and then a secondary antibody Alexa Fluor 647 AffiniPure Goat Anti-Mouse
IgG (H + L) (Jackson Immuno Research Labs, West Grove, PA, USA). Staining and washing
steps were performed using Perm/Wash buffer (BD Biosciences, San Jose, CA, USA). Flow
cytometric data were acquired using a BD LSRII flow cytometer (BD Biosciences, San Jose,
CA, USA) and gated on single cells. Data analysis was conducted using FlowJo version
10 software (FlowJo LLC, San Jose, CA, USA). In the flow cytometry-based infectivity assay,
the percentage of VP6-positive cell population was numerated by FlowJo. Based on the
Poisson distribution, the infectious unit (IU)/mL was calculated as IU/mL = (# of cells at
infection) × [MOI/(ml of viral stock used at infection)].
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2.8. Growth Kinetics

MA104 cells were infected with recombinant viruses at a multiplicity of infection
(MOI) of 0.01 IU/cell and cultured in serum-free DMEM containing 1 μg/mL trypsin. At
24, 48, and 72 h post-infection, the viruses were harvested by subjecting the infected cells
to three freeze–thaw cycles. The virus titer was determined by a flow cytometry-based
infectivity assay (Supplementary Figure S1).

2.9. Genetic Stability

Viruses were serially passaged on MA104 cells. Monolayers of MA104 cells were infected
with viruses and cultured in serum-free DMEM containing 1 μg/mL trypsin. When complete
CPE was observed, the cell culture supernatant was used directly for the next round of
infection with 1:1000 final dilution. Viral RNA was extracted from 140 μL of the supernatant
using QIAamp viral RNA kit, and 15 μL RNA was used in the SuperScript IV one-step RA-
PCR system with forward primer 5′-CAACGGAGGAACTGATTGAAATGAAGAA-3′ and
reverse primer 5′-TTGCCAGCTAGGCGCTACT-3′ following manufacturers’ instructions.
PCR reactions were analyzed by 1.2% E-gel (ThermoFisher) along with E-Gel 1 Kb Plus
Express DNA Ladder. Sanger sequencing reactions were conducted by Genewiz using
primers 5′-GCTACTGATCTCCAACTCAGAAGATG-3′ and 5′-TAGTCTGGACGGTCTT
GTGA-3′.

2.10. ELISA

96-well assay plates were coated with wild-type SA11 (105 PFU/well) in DMEM at
4 ◦C overnight. The plates were then washed once with 300 μL/well Washing Buffer
(PBS + 0.05% Tween 20) and blocked with 200 μL/well Blocking Buffer (Alfa Aesar, Haver-
hill, MA, USA) at 4 ◦C overnight. Blocked plates were incubated with a series of 3-fold
diluted sera in Blocking Buffer (100 μL/well) at 4 ◦C overnight. Following sera incubation,
the plates were washed three times with 300 μL/well Washing Buffer and incubated with
100 μL/well 1:4000 diluted alkaline phosphatase conjugated Goat anti-Rhesus IgG H&L
(used for both African green monkey and human, Southern Tech, Ardmore, OK, USA)
in Blocking buffer with 0.1% Tween 20 for 1.5 h at room temperature. After washing the
plates three times with Washing Buffer, 100 μL/well Tropix CDP-Star Sapphire II substrate
(Applied Biosystem, Waltham, MA, USA) were added. After incubation at room temper-
ature for 10 min, the chemiluminescent signal from each well was read on PHERAstar.
The threshold value was 25 times the mean plate background. Interpolated titers were
calculated by drawing a line between the last point above the threshold and the first point
below the threshold and solving for the fold dilution where that line crosses the threshold.

2.11. rSA11-GFP Based Micro-Neutralization Assay

CV1 cells were seeded into 96-well plate (4 × 104 cells/well) and cultured overnight.
Serum samples were heat-inactivated at 56 ◦C for 30 min and serial diluted in PBS. rSA11-
GFP (used at MOI = 1) was activated with 10 μg/mL TPCK-treated trypsin at 37 ◦C for
1 h and then mixed with serial diluted animal serum samples at 37 ◦C for 1 h on an
orbital shaker. Pre-seeded CV1 cells in the 96-well plates were washed three times with
serum-free DMEM, infected with virus/serum mixtures at 37 ◦C for 1 h, and then cultured
in phenol-red-free DMEM supplemented with 10% FBS. For the 384-well neutralization
assay, CV1 cells were harvested and washed in serum-free DMEM. 1 × 104 CV1 cells in
suspension were added into virus/serum mixtures directly and incubated at 37 ◦C for
1 h. FBS was then added to the plate to achieve a final concentration of 10%. For both
96 well and 384 well plates, after overnight incubation at 37 ◦C, plates were read by an
Acumen high content screening (HCS) reader (TTP LabTech, Melbourn, UK) at 488 nm to
determine numbers of GFP positive cells in each well. The percentages of inhibition were
calculated based on control wells to which no animal serum was added. A sample 384-plate
map is provided in Supplemental Table S1. The plate had the following characteristics:
(1). The first column of the plate was reserved for “no serum” controls. (2). The last
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column of the plate contained mock infected controls. (3). Serum samples were diluted
threefold with an 11-point titration. (4). One serum sample was tested for each animal. (5).
Technical duplication was performed for each sample. (6). A positive control, cynomolgus
serum sample (enQuire Bioreagents AB155109, Littleton, CO, USA), was included on each
plate. This sample had an NT50 value around 100. NT50 was calculated by nonlinear
four-parameter curve fitting using Prism 8 (GraphPad, La Jolla, CA, USA) to determine
the serum dilution that resulted in a 50% reduction in GFP-positive cells compared to the
control.

2.12. Animal and Human Serum Samples

The serum samples used in the assay were obtained from various sources. Human
serum samples were reported before [17]. Serum samples from rabbit, mouse, guinea pig
and cotton rat were obtained from animals housed in the animal facility in the research
laboratories at Merck & Co., Inc., West Point, PA, USA. Simian serum samples were collected
from animals at the New Iberia Primate Research Center (NIRC, New Iberia, LA, USA). All
studies were conducted in accordance with relevant guidelines using protocols approved
by NIRC and the Institutional Animal Care and Use Committee of Merck & Co., Inc.,
Kenilworth, NJ, USA.

2.13. Serum Purification

African green monkey serum was diluted 1:25 in binding buffer and purified using
Nab™ Protein G Spin Kit (Thermo Scientific Cat# 89949, Waltham, MA, USA). Diluted
samples were incubated in immobilized protein G spin columns at room temperature with
end-over-end mixing for 10 min. Spin columns were then centrifuged for 1 min at 5000× g,
washed three times with binding buffer, and eluted three times with Elution Buffer into
Neutralization Buffer via centrifugation. Elution fractions were pooled and concentrated
using Amicon Ultra 0.5 mL centrifugal filters.

3. Results

3.1. The Utilization of Three Positions in Rotavirus Genome for Heterologous Gene Expression

We aimed to construct rotaviruses expressing heterologous proteins in addition to the
full set of rotavirus proteins. A plasmid-only system to rescue simian rotavirus strain SA11
enables the engineering of rotaviruses [5]. Because naturally occurring human rotaviruses
that contain rearranged genomes can package up to 1800 additional base pairs in virus
particles [18], and rearranged genome segments 7 and 11 with open reading frame (ORF)
sequence repeat at the C terminus of NSP3 and NSP5, respectively, are preferentially
packaged into rotaviruses [19], we reasoned that these two positions could tolerate foreign
gene insertion.

To systematically explore genomic positions that support heterologous protein expres-
sion, we fused a green fluorescent protein (GFP) after a 2A self-cleaving peptide to the
C terminus of every nonstructural protein (Figure 1A) except NSP6, given that NSP6 is
encoded by an internal ORF inside of NSP5. To keep the potential genome packaging signal
at the 3′end of ORF, after the stop codon, a 450 bp fragment of the NSP ORF 3′ sequence
was repeated upstream of the 3′UTR.

We tested each modified genome segment by replacing the corresponding wild-type
(WT) SA11 genome segment in the reverse genetics system [5]. We transfected cells
with plasmids, used supernatant to infect the CV-1 cells, and then determined the ex-
pression levels of GFP and rotavirus VP6 proteins from CV-1 cells by flow cytometry
(Figure 1B–H). As expected, compared to mock infected cells, CV-1 cells infected with the
WT virus showed a VP6 signal (Figure 1B,C). We failed to generate recombinant rotaviruses
that contained modified NSP2 or NSP4, as VP6-positive cells were not observed after
infecting CV-1 cells with the corresponding reverse genetics reactions (Figure 1E,G). In
contrast, double-positive cell populations that expressed VP6 and GFP were observed
when the rescue reactions contained modified NSP1, NSP3, or NSP5, indicating that we
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successfully generated a recombinant rotavirus with a GFP insertion at each of these lo-
cations (Figure 1D,F,H). We thus found three positions for heterologous gene insertion in
rotavirus genome. Among NSP1, NSP3, and NSP5, modified NSP1 and NSP5 led to a higher
percentage of VP6/GFP double positives (Figure 1D), suggesting a higher efficiency of
virus rescue.

Figure 1. Rescue effort of rSA11 strains expressing GFP from five genome locations. (A) Schematic
representation of plasmids used for the rescue of rSA11 viruses encoding GFP. (B–H) Representative
flow cytometry analysis of CV-1 cells infected with rSA11 rescue products. GFP sequence was inserted
at the indicated positions. Expressions levels of GFP and rotavirus protein VP6 were examined.
Pseudocolor plots were shown using color to denote areas of high and low population density.

We then deleted the NSP1 and NSP5 ORF 3′ sequence repeat after the stop codon to
avoid potential recombination events (Figure 2A). We still observed the double-positive
cell population that expressed GFP and VP6 (Figure 2B), indicating virus packaging does
not require the additional repeated sequence. Similar to recombinant rotaviruses rescued
in Figure 1, after deleting the repeated sequence, the NSP1 position still resulted in a
higher percentage of VP6/GFP double-positive population than NSP5 (Figure 2B). We thus
focused on viruses containing GFP downstream of NSP1 without a 3′ sequence repeat for
further characterization and referred to it as rSA11-GFP.

Using flow cytometry to examine VP6 expression, we also established a flow-cytometry-
based infectivity assay for determining rotavirus titers (Supplementary Figure S1). After
infection, CV-1 cells were cultured in media supplemented with FBS, but not trypsin, to
prevent multiple rounds of infection. Based on Poisson distribution, the multiple of infec-
tion (MOI) can be calculated after determining the percentage of VP6-positive cells. The
titer, as infectivity unit per ml (IU/mL), can then be calculated based on the number of cells
and the amount of viral stock used at infection.
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Figure 2. Generation of rSA11 strains expressing GFP at the C terminus of NSP1 or NSP5 without
3’ ORF repeats. (A) Schematic representation of plasmids used for the recovery of rSA11 viruses
encoding GFP downstream of NSP1 or NSP5. (B) Representative flow cytometry analysis of CV-1
cells infected with rSA11 strains generated with plasmids shown in (A). Expression levels of GFP and
rotavirus protein VP6 were examined. Pseudocolor plots were shown using color to denote areas of
high and low population density.

3.2. Characteristics of rSA11-GFP

To examine the genetic stability of rSA11-GFP, we passaged rSA11-GFP and rSA11-
WT on MA104 cells ten times, extracted viral RNA from passage one (reverse genetics
product) and ten, and performed RT-PCR using primers flanking the insertion site. RT-PCR
products were visualized by gel electrophoresis and sequenced by Sanger sequencing.
Fragments migrated to expected sizes (Figure 3A), and sequencing reactions showed that
no mutations were generated for ten passages. Our results thus indicated that rSA11-GFP
was genetically stable.

We also compared the growth kinetics of rSA11-GFP with rSA11-WT. MA104 cells
were infected with viruses at an MOI of 0.01 IU/cell and harvested at 24, 48, and 72 h
post infection (Figure 3B). The growth curves of rSA11-GFP and rSA11-WT were indistin-
guishable, indicating that the insertion of GFP did not affect the fitness of the recombinant
virus in vitro. In addition, plaques formed by rSA11-GFP and rSA11-WT were of similar
sizes (Figure 3C), further supporting that the insertion of GFP downstream of NSP1 had no
effects on rotavirus replication.
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Figure 3. Properties of rSA11-GFP. (A) Genetic stability of rSA11-GFP. rSA11 and rSA11-GFP were
serially passaged ten times on MA104 cells and analyzed by RT-PCR using primers flanking the
insertion site. The expected band sizes are indicated in parentheses. (B) Growth kinetics of rSA11
and rSA11-GFP. MA104 cells were infected with viruses at an MOI of 0.01 IU/cell and harvested at
indicated time points. Virus titer was determined in a flow cytometry-based infectivity assay using
CV1 cells. Data are expressed as the mean and range of duplicates. (C) Plaque formation on MA104
cells by rSA11and rSA11-GFP. Data representative of three independent experiments.

3.3. rSA11-GFP Based Microneutralization Assay

Because traditional neutralization assays, such as plaque reduction neutralization test
(PRNT) and fluorescent foci reduction neutralization test (FRNT), that rely on antibody
staining are time-consuming and labor intensive, we sought to develop a microneutraliza-
tion assay based on the GFP signal using rSA11-GFP. It is known that immunity against
rotavirus exists naturally in some monkey colonies [20]. We examined four rhesus monkey
serum samples in the 96-well format microneutralization assay and found that, as expected,
all four samples neutralized rSA11-GFP, with two showing higher neutralizing capacity
(Figure 4A).

We then converted the assay to a higher throughput format by adapting it to 384-well plates
and eliminating the CV-1 pre-seeding step (Figure 4B and Supplementary Table S1). In the
384-well plate format, CV-1 cells in suspension were applied directly to the virus/serum
mixtures for infection. We used this high-throughput assay to examine 12 African green
monkeys in our animal facility (Figure 4C). All animals showed pre-existing antibodies
against rotavirus based on neutralization assay and IgG ELISA assay that used SA11 for
coating. We observed a wide range of antibody titers with NT50 titers ranging from 9 to
545 and ELISA titers ranging from 5444 to 323,096. Our results indicated that all African
green monkeys we examined were seropositive for SA11. It is unlikely that we are detecting
maternal antibodies as all monkeys are 2–3 years old. To verify that the neutralization
ability was antibody-dependent, we performed polyclonal IgG purification on the serum
samples from seven African green monkeys using protein G beads. We obtained similar
titers before and after purification while the flow-through showed limited neutralization
capacity (Supplementary Figure S2). The high level of correlation (r = 0.9247, p < 0.0001)
between the neutralization titer and ELISA titer (Figure 4C) suggested that either almost all
antibodies captured by ELISA were neutralizing antibodies or the proportions of rotavirus
antibodies with neutralization capacity were consistent among African green monkeys.
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Figure 4. rSA11-GFP based microneutralization assay. (A) Representative serum neutralization
curves of four rhesus monkeys. rSA11-GFP, preincubated with serial diluted serum samples, was
used to infect CV-1 cells. After overnight incubation, numbers of GFP positive cells were numerated.
Median is shown from triplicated wells. (B) The conversion of the neutralization assay to a high-
throughput platform. rSA11-GFP, preincubated with serial diluted serum samples, was used to
infect CV-1 cells. After overnight incubation GFP positive cells were numerated by Acumen. A
representative review of a 384-well plate is shown. The plate map is provided in Supplemental Table
S1. No serum samples were used in the first column and the last column contained mocked infected
cells. Serum samples were diluted threefold with 11-point titration. Wells are colored based on
the numbers of GFP positive cells. Average for no serum, infected controls was ~100 objects/well
while average for cells only was ~3. (C) The correlation of neutralization titers and ELISA titers of
serum samples from 12 African green monkeys and its statistical analysis. **** means p value less
than 0.0001.

3.4. Pre-Existing Immunity in Human and Other Animal Species

We next determined neutralizing antibodies in human donors by the rSA11-GFP-
based microneutralization assay (Figure 5A). Group A rotavirus contains more than 40 G
(VP7) serotypes and more than 55 P (VP4) serotypes according to Rotavirus Classification
Working Group (RCWG [21]). SA11 was originally isolated from a healthy African green
monkey and belongs to G3P5B[2]. Serotypes G1, 2, 3, 4, 9, and 12 are epidemiologically
important for human. Although both VP4 and VP7 can elicit neutralizing antibodies, this
assay specifically reveals G3-specific antibodies as there is no known P5B[2] human strain.
Out of the twenty samples we initially examined, only one did not show a neutralization
titer above the limit of detection, suggesting the wide prevalence of G3 antibodies in human
population. The titers were similar to those of African green monkeys in the animal facility
and higher than those of the 11 rhesus monkeys we examined. We further tested 30 human
serum samples by ELISA binding and neutralization assays (Supplementary Figure S3). As
expected, we observed a weaker correlation between the neutralization titers and ELISA
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titers from human (r = 0.5322, p = 0.0025) compared to African green monkey. SA11 is a
simian RV origin isolated from an asymptomatic African green monkey. African green
monkeys are potentially infected with strains similar to SA11 naturally, while there are
many human rotavirus strains with different serotypes. The weaker correlation revealed
the complexity of human rotavirus immune status as repeated infections are common, with
secondar infections often involving different serotypes [22]. The observation that all rhesus
monkeys examined showed neutralization titers could be a result of natural infection as
rhesus monkey rotavirus RRV also belongs to G3 [23]. It is worth noting that the possibility
of heterotypic neutralization cannot be ruled out, as multiple studies of human and murine
neutralizing antibodies showed heterotypic immunity against both VP7 and VP4 [24–27].

Figure 5. Pre-existing immunity in human and other animal species. (A) Serum neutralization titers
of 20 human donors. (B) Serum neutralization titers of animal samples from indicated species. The
bars indicate the median.

Rotaviruses are a group of viruses impacting a variety of animals, including common
animal models used for vaccine or drug development. The microneutralization assay also
allowed us to evaluate rabbit, mouse, guinea pig and cotton rat serum samples (Figure 5B).
Several rabbit rotaviruses are G3 serotype viruses, and we indeed revealed neutralizing
antibodies in many of the rabbits (15 out of 22), although the titers were much lower than
those of human or simian origin. Although there is no known mouse rotavirus strain in the
same serotype as SA11 based on VP4 and VP7, we observed neutralization titers in some
of the mouse serum samples (16 out of 25) that could be caused by heterotypic immunity
or undiscovered mouse strains. Guinea pig and cotton rat are widely used in infectious
disease and vaccine research. No rotavirus has been reported in those two species. We
did not discover any neutralizing antibodies against SA11 in any guinea pig or cotton
rat we examined. In summary, the rSA11-GFP-based microneutralization assay enabled
us to evaluate pre-existing immunity in several animal species, including humans, in a
high-throughput manner.

4. Discussion

We extend prior studies [5,7] on rotavirus reverse genetics systems to demonstrate
three positions in monkey rotavirus strain SA11 genome that are permissive for the in-
sertion and expression of heterologous genes. Using SA11 expressing GFP, we develop a
high-throughput microneutralization assay that enables a rapid evaluation of pre-existing
antibodies in different animal species, including humans.

Our results show that rotavirus nonstructural proteins NSP1, NSP3, and NSP5 can
tolerate heterologous gene insertion at their C-termini without altering any rotavirus
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protein-coding sequences. The original publication on rotavirus reverse genetics explored
the modification of the C-terminus of NSP1 to express reporter proteins by partially deleting
NSP1 protein to accommodate split GFP fragment GFP11 or NanoLuc [5]. In our strategy,
we encoded the entire GFP after NSP1 along with a 2A cleavage sequence while keeping
NSP1 intact as it plays a role in intestinal viral replication, pathogenesis, and transmis-
sion [28]. In another publication on reverse genetics for rotavirus, the C-terminus of NSP3
was fused to heterologous antigens, including partial SARS-CoV-2 spike protein [14,15].
However, our experiments showed that rescuing NSP3-GFP was less efficient compared
to NSP1-GFP and NSP5-GFP, suggesting that the insertion of foreign sequences at this
position renders rotavirus more genetically unstable. The largest insertion at NSP3 has
been around 2 kb [15]. NSP1 and NSP5 positions may tolerate larger insertions, increasing
the capability of rotaviruses as an expression platform. Additionally, for the first time, we
demonstrate that NSP5 can also be manipulated to express a heterologous gene.

Neutralizing antibodies play a crucial role in the humoral immune response. Tra-
ditional rotavirus neutralization assays, such as the plaque reduction neutralization test
(PRNT) or fluorescent foci reduction neutralization test (FRNT), are laborious and time-
consuming, limiting the in-depth examination of neutralization antibodies in human
and animal models. Microneutralization assays based on GFP or other reporter pro-
teins have been established for a variety of viruses, including human metapneumovirus,
human cytomegalovirus, and respiratory syncytial virus [29–31]. These assays support a
high-throughput format compatible with robotic system, facilitating basic research and
vaccine development.

Neutralizing antibodies against rotaviruses have been discovered against VP4 and
VP7, two viral proteins that determine the serotype. Certain antibodies specific to VP6
have demonstrated the ability to neutralize rotaviruses intracellularly [32]. In our study, we
developed a microneutralization assay based on rSA11-GFP, a serotype G3P5B[2] virus. The
same concept and method can be applied to interrogate other serotypes. Strains, including
several human strains (KU [8], Odelia [7], CDC-9 [6] and HN126 [9]), have been rescued
by reverse genetics, and chimeric rotaviruses bearing VP4 and VP7 from clinical isolates
have been generated using SA11 as the backbone [12]. Alongside our findings, these results
imply the possibility of either constructing rotaviruses from different serotypes expressing
GFP or generating a panel of rotaviruses containing SA11 NSP1-GFP but with VP4, VP7
and VP6 from other strains/serotypes to tease out neutralizing antibodies against each
component in animal and human samples. Viruses with different serotypes expressing
other reporter proteins, such as BFP and RFP, can potentially be used in parallel with a GFP
virus, enabling multiplexed neutralization assays that detect NT50s against more than one
serotype in one assay.

The high level of correlation between ELISA titers and neutralization titers in our
African green monkey experiments suggest that the microneutralization assay can be used
as a surrogate assay for ELISA. By using this assay, we can bypass the requirement of
species-specific secondary antibodies in ELISA and compare neutralizing titers of sera
from different animal species. Consistent with previous reports [20], all simians we tested
showed neutralization titers above the limit of detection. Interestingly, the neutralizing
titers of human samples are similar to those of simian with only nine negative samples out
of 50, indicating the prevalence of G3-serotype-specific antibody in humans. In contrast,
no neutralizing antibodies were detected in cotton rats and guinea pigs, while more than
half of the mouse samples contained neutralizing antibodies above the limit of detection,
although the titers are lower than those of rabbit, in which several rotaviruses are of G3
type. Our results suggest either heterotypic neutralizing immunity is prevalent in mice,
or there might be mouse rotavirus strains with serotypes G3 or P5B[2] that have yet to
be discovered.

A high-throughput method to measure neutralizing antibodies enables two types of
studies. First, once a panel of recombinant rotaviruses with different serotypes containing
NSP1-GFP is established, it provides a toolset for seroepidemiology studies to characterize
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the prevalence of different serotypes of rotavirus in humans. Second, the method also
facilitates the selection of appropriate animal models for preclinical studies. These studies
will provide insights into the mechanisms underlying the low efficacy of rotavirus vaccines
in developing country, enabling the rational design of next-generation rotavirus vaccines.
Importantly, although SA11 is unlikely to be a suitable platform, now that it is established
that rotavirus can express heterologous proteins, these studies will explore the potential of
using rotaviruses as a vector for delivering vaccine antigens or therapeutic payloads.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15102034/s1, Figure S1: Flow cytometry-based infectivity assay;
Figure S2: Neutralization titers of African green monkey serum samples before and after antibody
purification; Figure S3: The correlation of neutralization titers and ELISA titers of 30 human serum
samples and its statistical analysis; Table S1: A sample 384-plate map.
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Abstract: Rotaviruses are a significant cause of severe, potentially life-threatening gastroenteritis in
infants and the young of many economically important animals. Although vaccines against porcine
rotavirus exist, both live oral and inactivated, their effectiveness in preventing gastroenteritis is less
than ideal. Thus, there is a need for the development of new generations of porcine rotavirus vaccines.
The Ohio State University (OSU) rotavirus strain represents a Rotavirus A species with a G5P[7]
genotype, the genotype most frequently associated with rotavirus disease in piglets. Using complete
genome sequences that were determined via Nanopore sequencing, we developed a robust reverse
genetics system enabling the recovery of recombinant (r)OSU rotavirus. Although rOSU grew to high
titers (~107 plaque-forming units/mL), its growth kinetics were modestly decreased in comparison
to the laboratory-adapted OSU virus. The reverse genetics system was used to generate the rOSU
rotavirus, which served as an expression vector for a foreign protein. Specifically, by engineering
a fused NSP3-2A-UnaG open reading frame into the segment 7 RNA, we produced a genetically
stable rOSU virus that expressed the fluorescent UnaG protein as a functional separate product.
Together, these findings raise the possibility of producing improved live oral porcine rotavirus
vaccines through reverse-genetics-based modification or combination porcine rotavirus vaccines that
can express neutralizing antigens for other porcine enteric diseases.

Keywords: rotavirus; reverse genetics; expression vector; porcine rotavirus

1. Introduction

Reverse genetics systems have been developed for several Rotavirus A strains, includ-
ing those that infect non-human primates (SA11 and RRV), humans (KU, CDC-9, HN126,
Odelia, and RIX4414-like), cattle (RF), mice (rD6/2-2g), and birds (PO-13) [1–10]. These sys-
tems can be used for producing next-generation live oral vaccines, dual vaccine platforms
that express foreign proteins, and diagnostic tools. Rotavirus (RV) accounts for a significant
disease burden within important livestock, highlighting the need for effective animal RV
vaccines. Nonetheless, no reverse genetics systems currently exist for any porcine RV,
including those with the G5P[7] genotype, which represents the most frequent cause of
disease in porcine populations [11,12].

RV is a major cause of acute gastroenteritis in piglets [11–13]. The virus is transmitted
via the fecal–oral route and damages small intestinal enterocytes; as such, milk consumed
by nursing piglets is not digested or absorbed into the intestines [12,13]. Moreover, RV is
resistant to environmental factors, such as temperature, pH, and common disinfectants,
which creates a persistent risk of infection [14–16]. Although RV-induced diarrhea is
associated with low mortality and high morbidity, productivity losses create a significant
economic burden on the global pork industry. Current vaccines only control diarrhea
among infected populations [12,13]. Thus, a need exists for vaccines that are more effective.
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Through modification of the RV genome though reverse genetics, the virus can be
used as an expression vector of foreign proteins [1–3,17–26]. The RV genome is composed
of 11 segments of double-stranded (ds)RNA. Each genome segment contains the coding
sequence for a single protein except for segment 11, which expresses two proteins [27]. As
one approach for using RV as an expression vector, the NSP3 open reading frame (ORF)
in the segment 7 RNA is replaced with a modified ORF that encodes NSP3 fused to a
foreign protein. In such modified segment 7 RNAs, the NSP3 stop codon is removed
and a ~19 amino acid porcine teschovirus 2A translational stop-restart element is intro-
duced between the coding sequences for NSP3 and the foreign protein. The 2A element
(ATNFSLLKQAGDVEENPG/P) contains a canonical PGP (underlined) motif [28,29]. Dur-
ing translation of the 2A element, a peptide bond typically fails to form between the G and
P residues of this motif. As a result, modified segment 7 RNAs generate two separate pro-
teins: (i) NSP3 with 18 residual resides of the 2A element (NSP3-2A); (ii) a foreign protein
that initiates with a P residue [2,3,19]. Modification of segment 7 RNAs in this manner
has allowed for the generation of recombinant RVs that express fluorescent reporters, such
as UnaG (green), mRuby (red), and TagBFP (blue), and other viral proteins, such as the
norovirus VP1 capsid protein and the severe acute respiratory coronavirus-2 (SARS-CoV-2)
S1 spike domain [2,3,17–22]. Notably, the segment 7 homolog of Rotavirus C strains encodes
two separate proteins (NSP3 and dsRNA-binding protein) through the presence of an
intervening naturally-occurring 2A element [30]. The modifications of RV segment 5 (NSP1)
and 11 (NSP5) RNAs, in some cases involving the use of 2A elements, have revealed that
recombinant Rotavirus A strains can express separate foreign proteins from at least three
genome segments [23–26]. The ability of recombinant RVs to express foreign proteins may
be useful in the generation of combination vaccines capable of inducing protective immune
responses against RV and a second pathogenic virus.

We report a robust reverse genetics system for The Ohio State University (OSU)
G5P[7] porcine RV. The sequences of its 11 dsRNA genome segments were determined via
Nanopore sequencing of a laboratory-adapted OSU strain [31–33]. Using T7 expression
plasmids designed using these sequences, we generated recombinant OSU (rOSU) and
11 rSA11/OSU monoreassortants. We also generated a rOSU isolate with a modified
segment 7 RNA (rOSU-2A-UnaG) that expressed NSP3 and the UnaG reporter protein
as separate products. Together, this work reveals (i) the first reverse genetics system
for a porcine RV; (ii) a platform for making targeted genetic modifications of OSU; and
(iii) a system that allows for the expression of foreign proteins during OSU infection.
This system will enable detailed studies on the molecular mechanisms of porcine RV
replication pathogenesis.

2. Materials and Methods

2.1. Cells and Virus

Embryonic monkey kidney (MA104) cells were grown in Dulbecco’s modified ea-
gle medium (DMEM) containing 5% fetal bovine serum (FBS, Gibco) and 1% penicillin
(10,000 U/mL)–streptomycin (10 mg/mL) (Quality Biological) at 37 ◦C in a 5% CO2 incu-
bator [34]. Baby hamster kidney cells that constitutively express the T7 RNA polymerase
(BHK-T7) were provided by Dr. Ulla Buchholz (Laboratory of Infectious Diseases, NIAID,
NIH) and were grown in Glasgow minimum essential medium (GMEM) containing 5%
heat-inactivated FBS, 1% penicillin–streptomycin, 2% 100X MEM-nonessential amino acids
(NEAA) (Gibco), and 1% glutamine (200 mM) at 37 ◦C in a 5% CO2 incubator [35]. BHK-T7
cells were grown in medium supplemented with 2% Geneticin (50 mg/mL) (Gibco) in
every other passage.

RVA/Pig-tc/USA/1975/OSU/G5P[7] was provided by Dr. Taka Hoshino (Laboratory
of Infectious Diseases, NIAID, National Institutes if Health, Bethesda, MD, USA). This virus
was activated by adjusting to a final concentration of 10 μg/mL porcine pancreatic trypsin,
type IX (Millipore Sigma, Burlington, MA, USA), and incubating at 37 ◦C for 60 min. The
activated virus was then propagated in MA104 cells maintained in serum-free DMEM with
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0.5 μg/mL trypsin. The infected cells lysates were clarified via low-speed centrifugation
at 1500× g for 15 min at 4 ◦C. Virus was isolated from the clarified lysates via extraction
with an equal volume of Vertrel-XF (TMC Industries, Waconia, MN, USA) followed by
ultracentrifugation at 100,000× g for 2 h at 4 ◦C. The pelleted virus [OSU-tc(MA104)] was
resuspended in 500 μL of Tris-buffered saline and stored at −80 ◦C.

2.2. Nanopore Sequencing

OSU-tc_(MA104) dsRNA was extracted from 250 μL of clarified infected cell lysate
using a Direct-zol RNA Miniprep Kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s instructions. Prior to library preparation, the dsRNA was denatured
with dimethylsulfoxide and poly(A)-tailed using New England Biolabs Escherichia coli
Poly(A) polymerase following the manufacturer’s instructions. The poly(A)-tailed RNA
was subjected to library preparation using an Oxford Nanopore Technologies (Oxford,
UK) direct cDNA sequencing kit (SQK-DCS109) following the manufacturer’s instructions.
The library was sequenced using an Oxford Nanopore Technologies MinION sequencer.
Sequence assemblies of the 11 genome segments of OSU-tc_(MA104) were prepared using
Geneious Primer software version 2023.2.1 [https://www.geneious.com/, accessed on
29 January 2024].

2.3. OSU Sequences Used in the Generation of T7 Expression Plasmids

The sequences of the OSU-tc_(MA104) genome segments were deposited in GenBank
[https://www.ncbi.nlm.nih.gov/genbank/, accessed on 29 January 2024] under the acces-
sion numbers OP978238-OP978248. The sequences of modified segment 7 RNAs of OSU
NSP3-2A (PP112343) and OSU NSP3-2A-UnaG (PP112344) were also deposited in GenBank.

2.4. Plasmids Used in This Study

Recombinant SA11 (rSA11) viruses were prepared using the plasmids pT7/SA11VP1,
pT7/SA11VP2, pT7/SA11VP3, pT7/SA11VP4, pT7/SA11VP6, pT7/SA11VP7, pT7/SA11NSP1,
pT7/SA11NSP2, pT7/SA11NSP3, pT7/SA11NSP4, and pT7/SA11NSP5 and pCMV/
NP868R [1,3]. Recombinant OSU (rOSU) viruses were prepared using the plasmids
pT7/OSUVP1, pT7/OSUVP2, pT7/OSUVP3, pT7/OSUVP4, pT7/OSUVP6, pT7/OSUVP7,
pT7/OSUNSP1, pT7/OSUNSP2, pT7/OSUNSP3, pT7/OSUNSP4, and pT7/OSUNSP5,
and pCMV/NP868R [3,35,36]. The pT7/OSU plasmids were made by Genewiz, Azenta
Life Sciences (Waltham, MA, USA), based on OSU sequences determined via Nanopore
sequencing. The plasmid pT7/SA11 NSP3-2A-UnaG was previously described [19]. The
plasmids pT7/OSU NSP3-2A and pT7/OSU NSP3-2A-UnaG were produced by fusing
DNA fragments for 2A or 2A-3xFLAG-UnaG, respectively, to the 3′-end of the OSU NSP3
open reading frame of pT7/OSU NSP3 using the In-Fusion cloning system (TaKaRa Bio,
San Jose, CA, USA). Primer synthesis and plasmid sequencing were performed by EuroFins
Scientific (Indianapolis, IN, USA) (Table 1).

2.5. Isolation, Amplification, and Analysis of Recombinant Viruses

RV reverse genetics was performed as previously described [3,35,37]. Briefly, BHK-
T7 cells in 12-well plates were transfected with the 11 SA11 or OSU T7 plasmids, or
combinations thereof, and with the capping enzyme plasmid, pCMV-NP868R, using Mirus
TransIT-LT1 transfection reagent (Madison, WI, USA. Transfection mixtures contained
0.8 μg each of the pT7 plasmids, except for pT7/NSP2 and pT7/NSP5, which were used
at 3-fold higher concentrations [2]. Two days post transfection, the BHK-T7 cells were
overseeded with MA104 cells, and trypsin was added to the medium to a final concentration
of 0.5 μg/mL. Three days later, the BHK-T7/MA104 cell mixtures were freeze–thawed
thrice, and the lysates were clarified via low-speed centrifugation at 800× g for 5 min at
4 ◦C. To amplify the recovered viruses, the lysates were adjusted to 10 μg/mL trypsin and
incubated for 1 h at 37 ◦C. MA104 cells in 6-well plates were then infected with 300 μL of
the trypsin-treated lysates and incubated at 37 ◦C in a 5% CO2 incubator until all cells were
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lysed (typically 3–5 days). Recombinant viruses were recovered from the lysates via plaque
isolation on MA104 cells [34,35]. Plaque-isolated viruses were initially grown on MA104
cells in 6-well plates and then, to generate larger pools, grown on MA104 cells in T175 tissue
culture flasks at low multiplicity of infection (<1 plaque-forming unit [PFU]/cell). Briefly,
100 μL of the plaque-amplified lysates were activated via incubation with 10 μg/mL trypsin
(final concentration). The activated lysates were diluted into 10 mL of serum-free DMEM
and then used as inoculum to infect MA104 cells in T175 flasks. The flasks were placed at
37 ◦C in a 5% CO2 incubator for 1 h with rocking to ensure equal coverage of the inoculum
over the monolayers. Following adsorption, the inoculum was removed and 25 mL of
serum-free DMEM containing 0.5 μg/mL trypsin was added to each flask. The flasks were
returned to the incubator until all cells were lysed (typically 3–5 days). The infected cell
lysates were collected, clarified via low-speed centrifugation at 800× g for 5 min at 4 ◦C, and
stored at −80 ◦C. Viral dsRNAs were recovered from the infected cell lysates via extraction
with TRIzol (ThermoFisher Scientific, Waltham, MA, USA), resolved via electrophoresis on
Novex 8% polyacrylamide gels (ThermFisher Scientific) in Tris-glycine buffer, detected via
staining with ethidium bromide, and visualized using a Bio-Rad ChemiDoc MP imaging
system (Hercules, CA, USA) [34,35,37]. Peak titers were determined from the infected cell
lysates via plaque assay.

Table 1. Primers used in constructing OSU segment 7 expression platforms.

Constructed
Plasmid

Template Plasmid
for PCR

Primer Sequence (5′ -> 3′)

pT7/OSU
NSP3-2A

pT7/OSU NSP3

Destination Vector—
Forward TAGTCACATAATTTAAATATATTAA

Destination Vector—
Reverse

TAAATTATGTGACTAAGGACCGGGGTTTTCTTCCAC
GTCTCCTGCTTGCTTTAACAGAGAGAAGTTC

GTTGCGCCGGCGCCTTCATATGTACATTCGTAGT

pT7/OSU
NSP3-2A-UnaG

pT7/OSU NSP3-2A

Destination Vector—
Forward TAGTCACATAATTTAAATATATTAA

Destination Vector—
Reverse TTCATATGTACATTCGTAGT

pT7/SA11
NSP3-2A-UnaG

Insert—Forward GAATGTACATATGAAGGCGCCGGCGCAACGAAC

Insert—Reverse TAAATTATGTGACTATTCTGTGGCCCTTCTGTAGCTC

2.6. Plaque Assay

RV plaque assays were performed as previously described [34,35]. At 5 days post infec-
tion, MA104 monolayers with agarose overlays were incubated overnight with phosphate-
buffered saline (PBS) containing 3.7% formaldehyde. The agarose overlays were then
removed, and the monolayers were stained with 1% crystal violet in 5% ethanol for 3 h. The
fixed and stained monolayers were rinsed with water and air dried. The plaque diameters
were measured using ImageJ software [38]. Statistically significant differences in titer and
plaque size were determined using ANOVA (GraphPad Prism, Boston, MA, USA).

2.7. Immunoblot Analysis

RV infections were performed as previously described [21,35]. Briefly, MA104 cells
in 6-well plates were infected with 5 PFU/cell of the indicated viruses. At 9 h post
infection, the infected cells were scraped into cold PBS. The infected cells were then washed
with cold PBS, pelleted via centrifugation at 5000× g for 5 min at 4 ◦C, and lysed via
incubation with nondenaturing lysis buffer (300 mM NaCl, 100 mM Tris-HCl [pH 7.4],
2% Triton X-100, and 1× EDTA-free Roche protease inhibitor cocktail [Sigma Aldrich,
St. Louis, MO, USA]) for 30 min on ice. For immunoblot analysis, lysates were resolved
via electrophoresis on 10% polyacrylamide gels in Tris-glycine buffer and transferred to
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nitrocellulose membranes [35,37]. After blocking with PBS containing 0.1% Tween-20 and
5% nonfat dry milk, the blots were probed with FLAG M2 antibody (F1804, Sigma Aldrich,
1:2000), 2A antibody (NBP2-59627, Novus, Centennial, CO, USA; 1:1000), RV VP6 antibody
(lot 53963, 1:2000), or β-actin antibody (D6A8, Cell Signaling Technology [CST], Danvers,
MA, USA; 1:2000). The bound primary antibodies were detected using 1:10,000 dilutions
of horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-mouse IgG
[CST], goat anti-guinea pig IgG [KPL/SeraCare, Milford, MA, USA], or goat anti-rabbit
IgG [CST]) in 5% nonfat dry milk. HRP signals were developed using the Bio-Rad Clarity
Western ECL substrate and developed using a Bio-Rad ChemiDoc imaging system [35,37].

2.8. Genetic Stability Analysis

Genetic stability experiments were performed as previously described [3,18–21].
Briefly, the indicated viruses were serially passaged five times using 1:100 dilutions of
infected cell lysates that were prepared in serum-free DMEM. When the cytopathic effect
reached completion (typically 3–5 days), the cells were freeze–thawed thrice. Viral dsRNAs
were recovered from the infected cell lysates via TRIzol extraction [35,37], resolved by
electrophoresis on 8% polyacrylamide gels in Tris-glycine buffer, detected by staining with
ethidium bromide, and visualized using a Bio-Rad ChemiDoc MP imaging system.

2.9. Assessment of Infectivity via Infectious Particle Production

RV infections were performed as previously described [21,35]. Briefly, MA104 cells
in 6-well plates were infected with 5 PFU/cell of the indicated viruses. Following adsorp-
tion, the infected cells were washed thrice with PBS and incubated in serum-free DMEM
containing 0.5 μg/mL trypsin at 37 ◦C in a 5% CO2 incubator. At the indicated times post
infection, the infected cells were freeze–thawed thrice, clarified via low-speed centrifu-
gation at 800× g for 5 min at 4 ◦C, and analyzed via plaque assay [34,35]. Statistically
significant differences in titer were determined using ANOVA (Graph Pad Prism).

2.10. Assessment of Fluorescent Reporter Expression

RV infections were performed as previously described [21,35]. Briefly, MA104 cells in
6-well plates were infected with 0.05 PFU/cell of rOSU and rOSU-2A-UnaG. Following
adsorption, the infected cells were washed thrice with PBS and incubated in serum-free
DMEM containing 0.5 μg/mL trypsin at 37 ◦C in a IncuCyte S3 Live-Cell Analysis System
(Sartorius, Bohemia, NY, USA). At 28 h post infection, images were acquired at 10× magni-
fication under phase and green (excitation [440–480 nm], emission [504–544 nm]) channels.

2.11. Statistical Analyses

The results from all experiments represent three biological replicates. Horizontal bars
indicate the means. Error bars indicate the standard deviations. p-values were calculated
using one-way analysis of variance with Bonferroni correction (GraphPad Prism).

3. Results and Discussion

3.1. Recovery of OSU G5P[7] Porcine Rotavirus via Reverse Genetics

Genotype G5P[7] is representative of most RVs that cause acute gastroenteritis in
suckling and weaned pigs, which leads to economic losses that plague the global pork in-
dustry [11,12]. Current treatments are generally ineffective at preventing disease [39–43]; thus,
a need exists for robust molecular tools to develop next-generation porcine RV vaccines.
Reverse genetics systems exist for several Rotavirus A strains [1–10]; however, no such
system is available for a porcine RV. To address this knowledge gap, we utilized the well-
studied Ohio State University (OSU) G5P[7] prototype strain [31–33]. Laboratory-adapted
OSU (OSU-tc_(MA104)) was grown in MA104 cells, and viral dsRNA was extracted from
infected cell lysates. The isolated RNA was then processed for Nanopore sequencing
to obtain the complete sequences of all 11 genome segments (deposited in GenBank).
Notably, the Nanopore sequences for 7 OSU-tc_(MA104) genome segments (VP2, VP3,
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VP6, VP7, NSP2, NSP3, and NSP5) were identical to those of the virulent (RVA/Pig-
tc/USA/1975/OSU/G5P7/virulent) and attenuated (RVA/Pig-tc/USA/1975/OSU/G5P7/
attenuated) strains. In contrast, VP1, VP4, and NSP1 were >99% identical, whereas NSP4
was >95% identical (nucleotide and amino acid sequence comparisons) [33]. The OSU-
tc_(MA104) sequencing information was used to construct plasmids for reverse genetics
experiments. Full-length cDNAs of each genome segment were positioned within T7 plas-
mids in between an upstream T7 RNA polymerase promoter and a downstream hepatitis
delta virus ribozyme [35,37]. In the presence of the T7 RNA polymerase, the OSU T7
plasmids produce full-length, positive-sense RNA with authentic 5′ and 3′ termini.

To confirm that each OSU T7 expression plasmid was functional, we generated 11 re-
combinant SA11/OSU (rSA11/OSU) monoreassortants. SA11 represents the prototype
strain of simian RV [44–46]. Reverse genetics experiments were performed as previously
described (Figure 1A) [35–37]. Briefly, 1 OSU T7 expression plasmid, 10 SA11 T7 expression
plasmids, and pCMV-NP868R were transfected into BHK-T7 cells, which were subsequently
overseeded with MA104 cells. Recombinant viruses generated in the transfected cells were
amplified and their dsRNA profiles analyzed via gel electrophoresis. All transfection
mixtures designed to produce monoreassortants resulted in the recovery of infectious virus
(i.e., viral dsRNA) and induced a cytopathic effect within 5 days of infection. Thus, the
genetic information obtained via Nanopore sequencing was functional for reverse genetics.
By comparing the banding patterns to rSA11, we also determined the migration distance
for each rOSU genome segment (Figure 1B, see red arrows). Functional differences between
the SA11 and OSU genome segments and protein products may be investigated using
the monoreassortants discussed here. Strikingly, we recovered recombinant virus that
was composed of all 11 OSU genome segments (Figure 1B, see rOSU lane). Thus, we
have developed a reverse genetics system for G5P[7] porcine RV that may be used for
the production of vaccines targeting the most common cause of porcine RV infections. In
contrast to current vaccines against porcine RV, which have been developed by serially
passaging virulent strains in tissue culture, a costly and time-consuming process, the OSU
reverse genetics system allows for the rapid generation of vaccine candidates and for the
introduction of directed attenuating genetic mutations [41,42,47].

3.2. Recovery of OSU G5P[7] Porcine Rotavirus Encoding a Foreign Protein

RV can be modified to express fluorescent reporters, such as UnaG (green), mRuby
(red), and TagBFP (blue), and other viral proteins, such as norovirus VP1 and SARS-COV-2
S1 [1–3,17–26]). These recombinant viruses are valuable for analyzing RV biology via
fluorescence-based imaging and may be used to induce protective immunity responses
against multiple pathogenic viruses. As a proof of concept, we explored the possibility
of expressing UnaG from OSU genome segment 7. The porcine teschovirus 2A-like (2A)
element was positioned at the 3′ end of the NSP3 coding sequence, followed by the in-frame
coding sequence of FLAG-tagged UnaG. Due to the activity of the 2A element [27–29],
translation of the RNA produces two proteins: NSP3 with remnants of the 2A element
and FLAG-tagged UnaG. We generated an additional expression plasmid with only the 2A
element following NSP3 (Figure 2A). Using RV reverse genetics (Figure 1A), we recovered
the rOSU-2A and rOSU-2A-UnaG viruses. For each, we observed a shift in the migration
pattern of genome segment 7 to a larger molecular form (Figure 2B, see red arrows). These
shifts are presumably due to the extra genetic material introduced into the segment 7 RNA
by addition of the 2A and 2A-FLAG-UnaG coding sequences. We also noted similar dsRNA
banding patterns for OSU-tc_(MA104) and rOSU, providing additional evidence for the
utility of the OSU reverse genetics system.

To develop OSU G5P[7] porcine RV as a vector for expressing foreign protein, the
recombinant virus must be genetically stable. This property is essential for scaling large
quantities for vaccine production and for other applications. To examine genetic stability,
we serially passaged rOSU-2A and rOSU-2A-UnaG at low multiplicity of infection. We
observed no differences in the pattern of viral dsRNA recovered from the infected lysates
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during passage (Figure 2C, see red arrows). Notably, the 2A-FLAG-UnaG coding sequence
is stable within the OSU background for at least five rounds of infection. This result is
consistent with the genetic stability noted for other recombinant RV strains with modified
segment 7 RNAs expressing UnaG (e.g., rSA11-2A-UnaG [19]). In contrast, insertion of
foreign sequences longer that the 0.5-base UnaG sequence has been correlated with genetic
instability, generating RV variants with segment 7 RNAs that retain the NSP3 ORF but
lack all or portions of the foreign sequence [3,18–21]. Future studies will be required to
determine if the introduction of longer foreign sequences into OSU segment 7 RNA likewise
leads to instability.

Figure 1. Production of OSU G5P[7] porcine rotavirus. (A) Rotavirus reverse genetics system [37].
Recombinant rotavirus was prepared by transfecting BHK-T7 cells with 11 T7 plasmids, which
contain full-length cDNAs of rotavirus genome segments, and the CMV-NP868R plasmid, which
encodes the African swine fever virus capping enzyme [3,36]. The BHK-T7 cells were overseeded
2 days post transfection with MA104 cells to facilitate the spread and amplification of recombinant
rotavirus. At 3 days post overseeding, recombinant virus in the cells lysates was amplified on MA104
cells. The amplified virus was analyzed via RNA gel electrophoresis followed by plaque purification.
Image was adapted from [37]. (B) Recovery of recombinant SA11/OSU monoreassortants via reverse
genetics. Viral dsRNAs from rSA11, rOSU, and 11 rSA11/OSU monoreassortants were resolved via
electrophoresis on an 8% polyacrylamide gel and stained with ethidium bromide. The migrations
of rOSU gene segments in rSA11/OSU monoreassortants are indicated with red arrows. Genome
segments 1–11 of rSA11 are indicated on the left side of the panel. Genome segments 1–11 of rOSU
are indicated on the right side of the panel.
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Figure 2. Production of recombinant OSU that encodes a foreign protein. (A) Modifications of
rotavirus genome segment 7. The schematics indicate the nucleotide positions of the coding sequences
for NSP3, the porcine teschovirus 2A element, 3X FLAG, and the fluorescent reporter UnaG (green).
The red arrows indicate the positions of the 2A translational stop-restart elements, and the asterisks
indicate the ends of the open reading frames. (B) Recovery of recombinant OSU-2A-UnaG via reverse
genetics. Viral dsRNAs from OSU-tc_(MA104), rOSU, rOSU-2A, and rOSU-2A-UnaG were resolved
via electrophoresis on an 8% polyacrylamide gel and stained with ethidium bromide. The migrations
of modified genome segment 7 are indicated with red arrows. Genome segments 1–11 of rOSU are
indicated on the left side of the panel. (C) Genetic stability. rOSU-2A and rOSU-2A-UnaG were
serially passaged on MA104 cells. Viral dsRNAs from a total of five passages (P) were resolved via
electrophoresis on an 8% polyacrylamide gel and stained with ethidium bromide. The migrations
of modified genome segment 7 are indicated with a red arrow. Genome segments 1–11 of rOSU are
indicated on the left side of the panels.

3.3. Growth Characteristics of rOSU G5P[7] Rotaviruses

The recombinant viruses generated in this work were derived from sequencing in-
formation gained for the laboratory-adapted strain. To determine if these viruses exhibit
similar growth characteristics, we compared their growth kinetics and plaque morpholo-
gies. The analysis showed that rOSU was a well-growing virus, reaching peak titers of
~107 in MA104 cells. However, the peak titer reached by rOSU was ~0.5 log less than that
reached by the OSU-tc_(MA104) virus. Moreover, single-step growth experiments indicated
that rOSU grew slower than the OSU-tc_(MA104) virus. Plaque analysis also showed that
the rOSU virus formed smaller plaques on MA104 cells than the OSU-tc_(MA104) virus
(Figure 3A–D). These results suggest that sequence differences exist between rOSU and
OSU-tc_(MA104) that impact virus growth. We conclude from this that the consensus
sequence information generated for OSU-tc_(MA104) genome via Nanopore sequencing
may not fully reflect the distribution and combinations of sequence variations in the
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OSU-tc_(MA104) population associated with the fittest, best-growing viruses. Indeed, the
OSU-tc_(MA104) population likely represents a quasi-species, of which rOSU may or may
not be a single variant. A recent study suggests that serial passage of clonal RV isolates
(vis-à-vis plaque isolates) results in the introduction of mutations that favor increased
growth kinetics [48]. In a similar vein, serial passage of the rOSU virus may lead to a
change in its phenotype that more closely resembles the OSU-tc_(MA104) virus. Such
experiments may reveal the nature of nucleotide and amino acid changes in the RV genome
correlated with growth characteristics.

 

Figure 3. Characterization of recombinant OSU that expresses a foreign protein. (A,B) Production
of infectious virus. MA104 cells were infected with the indicated viruses at an MOI of 5 PFU/cell.
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In panel (A), titers were determined via plaque assay at the indicated times post infection. In panel
(B), titers were determined via plaque assay upon complete cytopathic effect (typically 3–5 days).
Error bars indicate the standard deviations (A); horizontal bars indicate the means (B). In panel
(A), statistical analyses show the comparisons between OSU-tc_(MA104) and rOSU, rOSU-2A, and
rOSU-2A-UnaG; *, p < 0.05 (n = 3 biological replicate). (C,D) Plaque morphologies and sizes. In
panel (C), plaques on MA104 cells were detected via crystal violet staining. In panel (D), plaque
diameters were measured using ImageJ software [38]. Fifty plaques were measured for each virus;
*, p < 0.05 (n = 3 biological replicates). (E,F) Fluorescent reporter expression and activity of the 2A
translational stop-restart element. In panel (E), MA104 cells were infected with the indicated viruses
at an MOI of 5 PFU/cell. At 9 h post infection, infected cell lysates were prepared and analyzed via
immunoblot assay. FLAG-UnaG and the read through product, NSP3-2A-FLAG-UnaG, were detected
using anti-FLAG antibody, and NSP3-2A was detected using anti-2A antibody. Positions of molecular
weight markers are indicated on the left side of panels (n = three biological replicates). In panel (F),
MA104 were infected with the indicated viruses at an MOI of 0.05 PFU/cell. At 28 h post infection,
the infected cells were imaged at 10× magnification with an Incucyte live-cell analyzer (Satorius)
using phase and green channels. Scale bars represent 400 μm (n = three biological replicates).

We next examined the growth characteristics of recombinant viruses that encode for-
eign protein. Compared to the rOSU, rOSU-2A-UnaG produced ~1 log-unit less infectious
virus but generated similar plaque sizes (Figure 3A–D). This result is consistent with previ-
ous studies that show that the insertion of foreign genetic material into the segment 7 RNA
is correlated with reduced virus growth [18–21].

3.4. Expression of Foreign Protein by rOSU G5P[7] Porcine Rotavirus

To develop OSU as a dual-vaccine platform, the vector must express a foreign protein.
As such, the protein products made by rOSU-2A-UnaG in MA04-infected cells were probed
via immunoblot assay using anti-FLAG antibody (Figure 3E). This assay revealed high
levels of FLAG-UnaG (~18 kDa) expression, confirming that the rOSU-2A-UnaG virus
directed expression of the UnaG foreign protein and contained a functional 2A element. We
also detected minor amounts of the readthrough product, NSP3-2A-UnaG (~56 kDa); this
likely derives from the failure of the 2A element to prevent peptide bond formation as the
ribosome translates the PGP motif. Probing with an anti-2A antibody revealed a protein
product that migrated at the expected molecular weight for NSP3 linked to the remnant
residues of the 2A peptide (~38 kDa) (Figure 3E). Viral-protein VP6 and host-protein β-
actin were detected under all infection conditions; however, NSP3-2A-UnaG, FLAG-UnaG,
and NSP3-2A were not present in rOSU infected cell lysates. Finally, we used live cell
imagining to determine whether the FLAG-UnaG expressed product of rOSU-2A-UnaG
was functional. The results showed that in contrast to rOSU, rOSU-2A-UnaG produced
high levels of fluorescent signal within live cells (Figure 3F). Thus, the rOSU-2A-UnaG virus
expresses fluorescent UnaG protein, a feature not only enabling study of the replication
and spread of the virus via live cell imagining but also suggesting that it may be possible
to use recombinant OSU viruses as vectors in the development of combination vaccines.

4. Conclusions

The establishment of more effective porcine RV vaccines can be advanced through
the application of reverse genetics technologies to create candidates that are superior in
generating protective immunological responses. Such reverse genetics technologies allow
for targeted genetic modifications and avoid the costly and time-consuming process of
attenuating virulent strains through serially passage in vitro. Moreover, it may be possible
to design combination vaccines that are capable of protecting individuals against RV and
other pathogenic viruses. In this work, we developed a robust reverse genetics system for
the G5P[7] OSU strain of porcine RV. Using information obtained by Nanopore sequencing
the laboratory-adapted strain, we constructed 11 T7 expression plasmids that were sufficient
for generating recombinant OSU (Figure 1). We leveraged the reverse genetics system to

30



Viruses 2024, 16, 411

produce a recombinant virus that expressed UnaG within infected cells (Figures 2 and 3).
Recombinant viruses that express fluorescent reporters are valuable tools for monitoring
virus spread in infected animals and assessing immunological responses in pigs.

The development of the porcine OSU reverse genetics system also has possible ap-
plication for understanding the biology of human RVs, given the close similarity of the
genotype constellations of the OSU virus and the human Wa-like genogroup RVs (e.g.,
G1P[8], G3P[8], and G12P[8] RVs) [49]. Notably, the genotype of the genome segments
for the nonstructural proteins and the core structural proteins of OSU are generally the
same as found for the Wa-like viruses: R1-C1-M1-A1-N1-T1-E1-H1. Indeed, phylogenetic
analyses have indicated that the human Wa-like viruses evolved from OSU-like porcine
RVs [50]. Unlike many animal viruses, the NSP1 protein of the OSU virus reportedly relies
on a mechanism similar to that of the NSP1 proteins of the Wa-like viruses to antagonize
the interferon signaling system [51]. As a result of the ease of growing porcine RVs and
their genetic similarity to Wa-like viruses, the possibility of generating human RV vaccines
from porcine virus strains has been explored [52].

Author Contributions: Conceived and designed the experiments: A.J.S., C.A.A. and J.T.P. Performed
the experiments: A.J.S. and C.A.A. Analyzed the data: A.J.S., C.A.A. and J.T.P. Wrote the paper: A.J.S.,
C.A.A. and J.T.P. All authors have read and agreed to the published version of the manuscript.

Funding: Research reported in this publication was supported by GIVax, Inc. JTP was also supported
by Indiana University Start-Up Funding and the Lawrence M. Blatt Endowment.

Institutional Review Board Statement: Research reported in this study was approved by the Indiana
University Institutional Biosafety Committee (IBC Protocol BL-879-07). The study did not involve
animals or humans.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article. Sequences used in the generation of
recombinant OSU viruses are provided in NCBI GenBank {https://www.ncbi.nlm.nih.gov/genbank/,
accessed on 29 January 2024} under accession numbers OP978238-OP978248, PP112343, and PP112344.
Additional data related to this paper may be requested from the authors.

Acknowledgments: We thank members of the Indiana University virology community for their
helpful comments and suggestions. Special thanks to Ulla Buchholz (Laboratory of Infectious
Diseases, NIH, NIAID) for providing the BHK-T7 cells and to Taka Hoshino (Laboratory of Infectious
Diseases, NIH, NIAID) for providing RVA/Pig-tc/USA/1975/OSU/G5P[7].

Conflicts of Interest: A.J.S., C.A.A., and J.T.P. are inventors of an Indiana University patent applica-
tion related to the content of this work. J.T.P. has an interest in biotechnology companies developing
vaccines using recombinant rotaviruses.

References

1. Kanai, Y.; Komoto, S.; Kawagishi, T.; Nouda, R.; Nagasawa, N.; Onishi, M.; Matsuura, Y.; Taniguchi, K.; Kobayashi, T. Entirely
plasmid-based reverse genetics system for rotaviruses. Proc. Natl. Acad. Sci. USA 2017, 114, 2349–2354. [PubMed]

2. Komoto, S.; Fukuda, S.; Ide, T.; Ito, N.; Sugiyama, M.; Yoshikawa, T.; Murata, T.; Taniguchi, K. Generation of Recombinant
Rotaviruses Expressing Fluorescent Proteins by Using an Optimized Reverse Genetics System. J. Virol. 2018, 92, e00588-18.
[PubMed]

3. Philip, A.A.; Perry, J.L.; Eaton, H.E.; Shmulevitz, M.; Hyser, J.M.; Patton, J.T. Generation of Recombinant Rotavirus Expressing
NSP3-UnaG Fusion Protein by a Simplified Reverse Genetics System. J. Virol. 2019, 93, e01616-19. [CrossRef] [PubMed]

4. Sanchez-Tacuba, L.; Feng, N.; Meade, N.J.; Mellits, K.H.; Jais, P.H.; Yasukawa, L.L.; Resch, T.K.; Jiang, B.; Lopez, S.; Ding, S.; et al.
An Optimized Reverse Genetics System Suitable for Efficient Recovery of Simian, Human, and Murine-Like Rotaviruses. J. Virol.
2020, 94, e01294-20. [PubMed]

5. Komoto, S.; Fukuda, S.; Kugita, M.; Hatazawa, R.; Koyama, C.; Katayama, K.; Murata, T.; Taniguchi, K. Generation of Infectious
Recombinant Human Rotaviruses from Just 11 Cloned cDNAs Encoding the Rotavirus Genome. J. Virol. 2019, 93, e02207-18.
[CrossRef]

6. Kawagishi, T.; Nurdin, J.A.; Onishi, M.; Nouda, R.; Kanai, Y.; Tajima, T.; Ushijima, H.; Kobayashi, T. Reverse Genetics System for
a Human Group A Rotavirus. J. Virol. 2020, 94, e00963-19. [CrossRef]

31



Viruses 2024, 16, 411

7. Hamajima, R.; Lusiany, T.; Minami, S.; Nouda, R.; Nurdin, J.A.; Yamasaki, M.; Kobayashi, N.; Kanai, Y.; Kobayashi, T. A reverse
genetics system for human rotavirus G2P[4]. J. Gen. Virol. 2022, 103, 001816.

8. Philip, A.A.; Agbemabiese, C.A.; Yi, G.; Patton, J.T. T7 expression plasmids for producing a recombinant human G1P[8] rotavirus
comprising RIX4414 sequences of the RV1 (Rotarix, GSK) vaccine strain. Microbiol. Resour. Announc. 2023, 12, e0060323.

9. Diebold, O.; Gonzalez, V.; Venditti, L.; Sharp, C.; Blake, R.A.; Tan, W.S.; Stevens, J.; Caddy, S.; Digard, P.; Borodavka, A.; et al.
Using Species A Rotavirus Reverse Genetics to Engineer Chimeric Viruses Expressing SARS-CoV-2 Spike Epitopes. J. Virol. 2022,
96, e0048822.

10. Kanda, M.; Fukuda, S.; Hamada, N.; Nishiyama, S.; Masatani, T.; Fujii, Y.; Izumi, F.; Okajima, M.; Taniguchi, K.; Sugiyama, M.;
et al. Establishment of a reverse genetics system for avian rotavirus A strain PO-13. J. Gen. Virol. 2022, 103, 001760. [CrossRef]

11. Papp, H.; Laszlo, B.; Jakab, F.; Ganesh, B.; De Grazia, S.; Matthijnssens, J.; Ciarlet, M.; Martella, V.; Banyai, K. Review of group A
rotavirus strains reported in swine and cattle. Vet. Microbiol. 2013, 165, 190–199. [CrossRef]

12. Vlasova, A.N.; Amimo, J.O.; Saif, L.J. Porcine Rotaviruses: Epidemiology, Immune Responses and Control Strategies. Viruses
2017, 9, 48.

13. Saif, L.J.; Fernandez, F.M. Group A rotavirus veterinary vaccines. J. Infect. Dis. 1996, 174 (Suppl. S1), S98–S106. [CrossRef]
14. Estes, M.K.; Kang, G.; Zeng, C.Q.; Crawford, S.E.; Ciarlet, M. Pathogenesis of rotavirus gastroenteritis. Novartis Found. Symp.

2001, 238, 82–96; discussion 96–100.
15. Estes, M.K.; Graham, D.Y.; Smith, E.M.; Gerba, C.P. Rotavirus stability and inactivation. J. Gen. Virol. 1979, 43, 403–409. [CrossRef]
16. Meng, Z.D.; Birch, C.; Heath, R.; Gust, I. Physicochemical stability and inactivation of human and simian rotaviruses. Appl.

Environ. Microbiol. 1987, 53, 727–730. [CrossRef]
17. Philip, A.A.; Herrin, B.E.; Garcia, M.L.; Abad, A.T.; Katen, S.P.; Patton, J.T. Collection of Recombinant Rotaviruses Expressing

Fluorescent Reporter Proteins. Microbiol. Resour. Announc. 2019, 8, e00523-19.
18. Philip, A.A.; Hu, S.; Dai, J.; Patton, J.T. Recombinant rotavirus expressing the glycosylated S1 protein of SARS-CoV-2. J. Gen. Virol.

2023, 104, 001899. [CrossRef] [PubMed]
19. Philip, A.A.; Patton, J.T. Expression of Separate Heterologous Proteins from the Rotavirus NSP3 Genome Segment Using a

Translational 2A Stop-Restart Element. J. Virol. 2020, 94, e00959-20. [CrossRef] [PubMed]
20. Philip, A.A.; Patton, J.T. Rotavirus as an Expression Platform of Domains of the SARS-CoV-2 Spike Protein. Vaccines 2021, 9, 449.

[CrossRef] [PubMed]
21. Philip, A.A.; Patton, J.T. Generation of Recombinant Rotaviruses Expressing Human Norovirus Capsid Proteins. J. Virol. 2022, 96,

e0126222.
22. Kawagishi, T.; Sánchez-Tacuba, L.; Feng, N.; Costantini, V.P.; Tan, M.; Jiang, X.; Green, K.Y.; Vinjé, J.; Ding, S.; Greenberg, H.B.

Mucosal and systemic neutralizing antibodies to norovirus induced in infant mice orally inoculated with recombinant rotaviruses.
Proc. Natl. Acad. Sci. USA 2023, 120, e2214421120. [CrossRef]

23. Kanai, Y.; Kawagishi, T.; Nouda, R.; Onishi, M.; Pannacha, P.; Nurdin, J.A.; Nomura, K.; Matsuura, Y.; Kobayashi, T. Development
of Stable Rotavirus Reporter Expression Systems. J. Virol. 2019, 93, e01774-18. [CrossRef]

24. Pannacha, P.; Kanai, Y.; Kawagishi, T.; Nouda, R.; Nurdin, J.A.; Yamasaki, M.; Nomura, K.; Lusiany, T.; Kobayashi, T. Generation
of recombinant rotaviruses encoding a split NanoLuc peptide tag. Biochem. Biophys. Res. Commun. 2021, 534, 740–746. [CrossRef]

25. Wei, J.; Radcliffe, S.; Pirrone, A.; Lu, M.; Li, Y.; Cassaday, J.; Newhard, W.; Heidecker, G.J.; Rose Ii, W.A.; He, X.; et al. A Novel
Rotavirus Reverse Genetics Platform Supports Flexible Insertion of Exogenous Genes and Enables Rapid Development of a
High-Throughput Neutralization Assay. Viruses 2023, 15, 2034.

26. Kawamura, Y.; Komoto, S.; Fukuda, S.; Kugita, M.; Tang, S.; Patel, A.; Pieknik, J.R.; Nagao, S.; Taniguchi, K.; Krause, P.R.; et al.
Development of recombinant rotavirus carrying herpes simplex virus 2 glycoprotein D gene based on reverse genetics technology.
Microbiol. Immunol. 2024, 68, 56–64. [CrossRef]

27. Crawford, S.E.; Ramani, S.; Tate, J.E.; Parashar, U.D.; Svensson, L.; Hagbom, M.; Franco, M.A.; Greenberg, H.B.; O’Ryan, M.; Kang,
G.; et al. Rotavirus infection. Nat. Rev. Dis. Primers 2017, 3, 17083.

28. de Felipe, P.; Luke, G.A.; Hughes, L.E.; Gani, D.; Halpin, C.; Ryan, M.D. E unum pluribus: Multiple proteins from a self-processing
polyprotein. Trends Biotechnol. 2006, 24, 68–75.

29. Donnelly, M.L.L.; Hughes, L.E.; Luke, G.; Mendoza, H.; Ten Dam, E.; Gani, D.; Ryan, M.D. The ‘cleavage’ activities of foot-and-
mouth disease virus 2A site-directed mutants and naturally occurring ‘2A-like’ sequences. J. Gen. Virol. 2001, 82, 1027–1041.
[CrossRef] [PubMed]

30. Langland, J.O.; Pettiford, S.; Jiang, B.; Jacobs, B.L. Products of the porcine group C rotavirus NSP3 gene bind specifically to
double-stranded RNA and inhibit activation of the interferon-induced protein kinase PKR. J. Virol. 1994, 68, 3821–3829. [CrossRef]
[PubMed]

31. Bohl, E.H.; Theil, K.W.; Saif, L.J. Isolation and serotyping of porcine rotaviruses and antigenic comparison with other rotaviruses.
J. Clin. Microbiol. 1984, 19, 105–111. [CrossRef]

32. Theil, K.W.; Bohl, E.H.; Agnes, A.G. Cell culture propagation of porcine rotavirus (reovirus-like agent). Am. J. Vet. Res. 1977, 38,
1765–1768.

33. Guo, Y.; Wentworth, D.E.; Stucker, K.M.; Halpin, R.A.; Lam, H.C.; Marthaler, D.; Saif, L.J.; Vlasova, A.N. Amino Acid Substitutions
in Positions 385 and 393 of the Hydrophobic Region of VP4 May Be Associated with Rotavirus Attenuation and Cell Culture
Adaptation. Viruses 2020, 12, 408. [CrossRef]

32



Viruses 2024, 16, 411

34. Arnold, M.; Patton, J.T.; McDonald, S.M. Culturing, storage, and quantification of rotaviruses. Curr. Protoc. Microbiol. 2009, 15,
15C-3. [CrossRef]

35. Philip, A.A.; Dai, J.; Katen, S.P.; Patton, J.T. Simplified reverse genetics method to recover recombinant rotaviruses expressing
reporter proteins. J. Vis. Exp. 2020, 158, e61039.

36. Eaton, H.E.; Kobayashi, T.; Dermody, T.S.; Johnston, R.N.; Jais, P.H.; Shmulevitz, M. African Swine Fever Virus NP868R Capping
Enzyme Promotes Reovirus Rescue during Reverse Genetics by Promoting Reovirus Protein Expression, Virion Assembly, and
RNA Incorporation into Infectious Virions. J. Virol. 2017, 91, e02416-16. [CrossRef]

37. Agbemabiese, C.A.; Philip, A.A.; Patton, J.T. Recovery of Recombinant Rotaviruses by Reverse Genetics. Methods Mol. Biol. 2024,
2733, 249–263. [PubMed]

38. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

39. Dewey, C.; Carman, S.; Pasma, T.; Josephson, G.; McEwen, B. Relationship between group A porcine rotavirus and management
practices in swine herds in Ontario. Can. Vet. J. 2003, 44, 649–653. [PubMed]

40. Svensmark, B.; Nielsen, K.; Dalsgaard, K.; Willeberg, P. Epidemiological studies of piglet diarrhoea in intensively managed
Danish sow herds. III. Rotavirus infection. Acta Vet. Scand. 1989, 30, 63–70. [CrossRef] [PubMed]

41. Kim, H.J.; Park, S.I.; Ha, T.P.; Jeong, Y.J.; Kim, H.H.; Kwon, H.J.; Kang, M.I.; Cho, K.O.; Park, S.J. Detection and genotyping of
Korean porcine rotaviruses. Vet. Microbiol. 2010, 144, 274–286. [CrossRef]

42. Park, J.G.; Alfajaro, M.M.; Cho, E.H.; Kim, J.Y.; Soliman, M.; Baek, Y.B.; Park, C.H.; Lee, J.H.; Son, K.Y.; Cho, K.O.; et al.
Development of a live attenuated trivalent porcine rotavirus A vaccine against disease caused by recent strains most prevalent in
South Korea. Vet. Res. 2019, 50, 2. [CrossRef]

43. Bull, J.J. Evolutionary reversion of live viral vaccines: Can genetic engineering subdue it? Virus Evol. 2015, 1, vev005. [CrossRef]
[PubMed]

44. Malherbe, H.H.; Strickland-Cholmley, M. Simian virus SA11 and the related O agent. Arch. Gesamte Virusforsch. 1967, 22, 235–245.
[CrossRef] [PubMed]

45. Malherbe, H.; Harwin, R. Seven viruses isolated from the vervet monkey. Br. J. Exp. Pathol. 1957, 38, 539–541.
46. Malherbe, H.; Harwin, R. The cytopathic effects of vervet monkey viruses. S. Afr. Med. J. 1963, 37, 407–411.
47. Hanley, K.A. The double-edged sword: How evolution can make or break a live-attenuated virus vaccine. Evolution 2011, 4,

635–643. [CrossRef]
48. Kadoya, S.S.; Urayama, S.I.; Nunoura, T.; Hirai, M.; Takaki, Y.; Kitajima, M.; Nakagomi, T.; Nakagomi, O.; Okabe, S.; Nishimura,

O.; et al. Bottleneck Size-Dependent Changes in the Genetic Diversity and Specific Growth Rate of a Rotavirus A Strain. J. Virol.
2020, 94, e02083-19. [CrossRef]

49. Matthijnssens, J.; Ciarlet, M.; McDonald, S.M.; Attoui, H.; Bányai, K.; Brister, J.R.; Buesa, J.; Esona, M.D.; Estes, M.K.; Gentsch, J.R.;
et al. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus Classification Working Group (RCWG). Arch. Virol.
2011, 156, 1397–1413. [CrossRef]

50. Matthijnssens, J.; Ciarlet, M.; Heiman, E.; Arijs, I.; Delbeke, T.; McDonald, S.M.; Palombo, E.A.; Iturriza-Gómara, M.; Maes, P.;
Patton, J.T.; et al. Full genome-based classification of rotaviruses reveals a common origin between human Wa-Like and porcine
rotavirus strains and human DS-1-like and bovine rotavirus strains. J. Virol. 2008, 82, 3204–3219. [CrossRef]

51. Morelli, M.; Dennis, A.F.; Patton, J.T. Putative E3 ubiquitin ligase of human rotavirus inhibits NF-κB activation by using molecular
mimicry to target β-TrCP. mBio 2015, 6, e02490-14. [CrossRef]

52. Hoshino, Y.; Jones, R.W.; Ross, J.; Kapikian, A.Z. Porcine rotavirus strain Gottfried-based human rotavirus candidate vaccines:
Construction and characterization. Vaccine 2005, 23, 3791–3799. [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.

33



Citation: Valusenko-Mehrkens, R.;

Schilling-Loeffler, K.; Johne, R.;

Falkenhagen, A. VP4 Mutation

Boosts Replication of Recombinant

Human/Simian Rotavirus in Cell

Culture. Viruses 2024, 16, 565.

https://doi.org/10.3390/v16040565

Academic Editors: Ulrich

Desselberger and John T. Patton

Received: 23 February 2024

Revised: 22 March 2024

Accepted: 28 March 2024

Published: 5 April 2024

Copyright: © 2024 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/).

viruses

Article

VP4 Mutation Boosts Replication of Recombinant
Human/Simian Rotavirus in Cell Culture

Roman Valusenko-Mehrkens, Katja Schilling-Loeffler, Reimar Johne and Alexander Falkenhagen *

Department of Biological Safety, German Federal Institute for Risk Assessment, 10589 Berlin, Germany;
roman.valusenko-mehrkens@bfr.bund.de (R.V.-M.); katja.schilling-loeffler@bfr.bund.de (K.S.-L.);
reimar.johne@bfr.bund.de (R.J.)
* Correspondence: alexander.falkenhagen@bfr.bund.de; Tel.: +49-30-18412-24603

Abstract: Rotavirus A (RVA) is the leading cause of diarrhea requiring hospitalization in children
and causes over 100,000 annual deaths in Sub-Saharan Africa. In order to generate next-generation
vaccines against African RVA genotypes, a reverse genetics system based on a simian rotavirus
strain was utilized here to exchange the antigenic capsid proteins VP4, VP7 and VP6 with those of
African human rotavirus field strains. One VP4/VP7/VP6 (genotypes G9-P[6]-I2) triple-reassortant
was successfully rescued, but it replicated poorly in the first cell culture passages. However, the
viral titer was enhanced upon further passaging. Whole genome sequencing of the passaged virus
revealed a single point mutation (A797G), resulting in an amino acid exchange (E263G) in VP4. After
introducing this mutation into the VP4-encoding plasmid, a VP4 mono-reassortant as well as the
VP4/VP7/VP6 triple-reassortant replicated to high titers already in the first cell culture passage.
However, the introduction of the same mutation into the VP4 of other human RVA strains did not
improve the rescue of those reassortants, indicating strain specificity. The results show that specific
point mutations in VP4 can substantially improve the rescue and replication of recombinant RVA
reassortants in cell culture, which may be useful for the development of novel vaccine strains.

Keywords: rotavirus; Sub-Saharan Africa; reverse genetics system; triple-reassortant; point mutation;
next-generation sequencing; replication kinetics; cell culture

1. Introduction

Rotaviruses are double-stranded RNA viruses which belong to the family Sedoreoviri-
dae [1] and infect wild animals, livestock as well as humans [2]. Human Rotavirus A
(RVA) can cause severe gastroenteritis in infants and young children and is the leading
cause of diarrhea requiring hospitalization in children under five years of age in low- and
middle-income countries [3]. In the absence of symptomatic treatment, an infection can
become life-threatening due to dehydration [4]. Based on recent data, RVA causes over
100,000 annual deaths in Sub-Saharan Africa alone [5].

The RVA capsid contains three concentric protein layers. The inner layer is formed
by VP2, the middle layer by VP6 and the outer layer by VP7 and the VP4 spike protein [6].
Each viral spike is composed of three VP4 molecules that are anchored to the virus particle
by the interaction of the VP4 base with VP6 and VP7 [7,8]. Upon proteolytic cleavage of
the spikes, VP4 is divided into the N-terminal receptor-binding fragment VP8* and the
C-terminal membrane-penetrating fragment VP5*.

The rotavirus genome consists of 11 double-stranded RNA segments each encoding
one or two viral proteins [1]. A classification system for rotaviruses based on the complete
nucleotide sequences of all eleven genome segments has been established, enabling the
precise description of reassortant strains, in which the genotypes of the genome segments
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5 are represented by Gx-P[x]-
Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, respectively [9]. Upon co-infection of the same host cell
with two different RVA strains, the discrete genome segments can be shuffled, resulting in
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a novel rotavirus strain consisting of a mixture of segments from both parental strains [10].
This reassortment event greatly contributes to a high diversity in circulating RVA strains.
Especially the RVA genome segments encoding VP7 and VP4, which have a very high
genetic variability. To date, 42 different VP7 genotypes and 58 different VP4 genotypes
have been described [11].

VP4 and VP7 contain the major antigenic epitopes that elicit neutralizing antibody
responses [12], but VP6 has also been shown to induce protective immunity [13–15]. There
are two approved vaccines that have mainly been used in Africa (RotaTeq and Rotarix) [16].
RotaTeq is a pentavalent, live-attenuated vaccine consisting of five reassortants containing
VP4 (P[8]) or VP7 (G1, G2, G3 or G4) from human RVA strains in a bovine RVA back-
bone [17]. In contrast, Rotarix is a live-attenuated vaccine derived from only one human
G1P[8] RVA isolate [18]. Although the effectiveness of both vaccines ranges from 85-98%
in America, Europe and parts of Asia, they show a reduced efficacy and effectiveness
in low-income countries in Africa (50–64%) [19,20]. There are several possible reasons
proposed for the reduced vaccine effectiveness, including malnutrition, host genetic factors
such as histo-blood group antigens (HBGAs), differences in gut microbiota or co-infections
with other pathogens [20]. However, the high diversity and difference of RVA strains
circulating in Sub-Saharan Africa also have to be considered as possible reasons for a lower
vaccine efficacy [21,22]. Additional recently licensed rotavirus vaccines are Rotavac (mono-
valent human G9P[11] RVA, developed in New Delhi, India), RotaSIIL (pentavalent bovine
reassortants with human RVA G1–G4 and G9, developed in Pune, India), Rotavin-M1
(monovalent human G1P[8] RVA, developed in Hanoi, Vietnam) and Lanzhou (monovalent
lamb G10P[12] RVA, developed in Lanzhou, China). The introduction of vaccines led to
changes in circulating rotavirus strains and genotypes [23,24]. Before the rotavirus vaccine
was introduced in South Africa, G1P[8] was the most detected genotype. However, the
proportion of G1 strains decreased and the proportion of non-G1P[8] strains increased after
the vaccine’s introduction [25], leading to a higher variety of circulating strains and an
increase in uncommon genotype constellations.

Human RVA strains are difficult to adapt to replication in cell culture, which limits
the possibilities to investigate reassortment and generate vaccine strains. Recently, entirely
plasmid-based reverse genetics systems for RVA have been developed [26,27]. These
reverse genetics systems are based on transfecting cell lines that constitutively express
T7 RNA polymerase with plasmids encoding each rotavirus genome segment under the
control of the T7 RNA polymerase promoter followed by infection of a cell line that is
susceptible to rotavirus infection. The utilization of these reverse genetics systems enabled
the generation of several human RVA strains including G1P[8] KU, G4P[8] Odelia, G2P[4]
HN126 or G1P[8] CDC-9 [27–30]. The developed reverse genetics systems were also
used to investigate the reassortment of diverse animal rotavirus genome segments [30–34].
Additionally, several studies investigated the reassortment of the genome segment encoding
VP4 from human RVA strains in the backbone of the simian RVA strain SA11, resulting
in the generation of SA11 reassortants with VP4 from Odelia, CDC-9, HN126 or clinical
isolates (P[4] or P[8]) [28–30,35]. However, according to the mentioned studies, reassortants
with VP4 from human RVA strains tend to replicate poorly in cell culture. Recently,
two studies investigated whether different combinations of human RVA genome segments
encoding VP4, VP7 and VP6 in an SA11 backbone improved replication [29,35]. While
one study showed that combining human RVA P[8] VP4 with homologous G1 VP7 or with
homologous VP7 and VP6 did not improve the rescue of SA11 reassortants, another study
reported that the interaction of human RVA P[4] VP4 with homologous G2 VP7 contributed
to efficient virus infectivity.

Previously, we also investigated the generation of SA11 reassortants containing VP4
and/or VP7 from three African human RVA strains that have never been adapted to cell
culture: GR10924 (G9P[6]), Moz60a (G12P[8]) and Moz308 (G2P[4]) [36]. The strains were
chosen because they represented common genotypes circulating in Africa and complete
sequence data were available. We were able to rescue SA11 mono-reassortants with VP7
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from all three human RVA strains as well as one slowly replicating SA11 mono-reassortant
with P[6] VP4 from GR10924. However, the rescue of SA11 double-reassortants containing
VP4 and VP7 from human RVAs was not possible. Recently, we have shown that restoring
the natural interactions between VP4, VP7 and VP6 from the human RVA strain Wa
improved the rescue of SA11/Wa reassortants [37].

In the current study, we investigated whether restoring the natural interactions be-
tween VP4, VP7 and VP6 from the three African RVA strains would enable us to generate
viable reassortants containing their main antigens. Although this approach was of limited
success, one triple-reassortant was generated that changed its phenotype and started to
replicate to higher titers after initial cell culture passages. The sequencing of its whole
genome identified a unique point mutation in VP4, which could be shown to substantially
improve virus rescue and replication. The results may contribute to the improved genera-
tion of specific recombinant rotaviruses and may be useful for the development of novel
vaccine strains containing human RVA P[6] VP4.

2. Materials and Methods

2.1. Cell Lines and Viruses

All cell culture reagents and media were obtained from Pan-Biotech (Aidenbach,
Germany) unless indicated otherwise. Dulbecco’s Modified Eagle’s Medium and Minimal
Essential Medium were supplemented with 10% fetal bovine serum (FBS), 1× non-essential
amino acids, 2 mM L-glutamine and 0.1 μg/mL gentamicin (hereafter referred to as DMEM
and MEM, respectively). MA-104 cells were provided by the European Collection of
Authenticated Cell Cultures (Salisbury, UK) and cultured in MEM. BSR-T7/5 cells were
kindly provided by Dr. Karsten Tischer (Free University of Berlin, Berlin, Germany) and
maintained in DMEM containing 1 mg/mL G418 (Biochrome, Berlin, Germany). All cells
were incubated at 37 ◦C, 5% CO2 and 85% RH. The virus strain RVA/Simian-tc/ZAF/SA11-
L2/1958/G3P[2], referred to as SA11, was generated by using the plasmid-based reverse
genetics system as described below.

2.2. Plasmids

The plasmids encoding the eleven SA11 genome segments, as well as the three helper
plasmids pCAG-D1R, pCAG-D12L and pCAG-FAST-p10 encoding the vaccinia virus cap-
ping enzyme subunits D1R and D12L as well as the small fusion protein FAST were kindly
provided by Takeshi Kobayashi [26] and obtained from Addgene (Watertown, MA, USA).
The generation of the plasmids encoding VP4 and VP7 from the African human RVA strains
RVA/Human-wt/ZAF/GR10924/1999/G9P[6], RVA/Human-wt/MOZ/0060a/2012/G12P[8]
and RVA/Human-wt/MOZ/0308/2012/G2P[4] (referred to as GR10924, Moz60a and
Moz308, respectively) has been described previously [36]. Expression cassettes contain-
ing a T7 RNA polymerase promoter, VP6 from human RVA strain GR10924, Moz60a or
Moz308 (GenBank acc.-no. FJ183358.1, MG926762.1 or MG926729.1, respectively) [38,39],
the hepatitis delta virus ribozyme and a T7 terminator were synthesized by Integrated DNA
Technologies (IDT, Coralville, IA, USA) as dsDNA fragments. The promoter, hepatitis delta
virus ribozyme and terminator sequence were identical to a plasmid described previously
(Genbank: KT239165) [40]. The expression cassettes were cloned into pUC-IDT-Amp (IDT)
using standard cloning techniques and sequence verified by Sanger sequencing (Eurofins
Genomics GmbH, Ebersberg, Germany). Sequencing primers are available upon request.
The VP4-encoding plasmid of GR10924 containing the mutation A797G was generated as
described below. All plasmids were purified using the QIAfilter Plasmid Midi Kit (Qiagen
GmbH, Hilden, Germany).

2.3. Plasmid-Based Reverse Genetics System

BSR-T7/5 cells were seeded in a 6-well plate (3.5 × 105 cells per well) and incubated
for 24 h. At 90% confluency, the cells were co-transfected with the eleven plasmids encoding
the individual rotavirus genome segments and the three helper plasmids (2250 ng for the
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NSP2 and NSP5 encoding plasmids; 15 ng for the FAST-encoding plasmid and 750 ng
for the remaining plasmids) using 30 μL of TransIT-LT1 transfection reagent (Mirus Bio,
Madison, WI, USA). The transfected cells were incubated for 24 h before they were washed
once with DMEM without FBS. Next, DMEM without FBS containing 0.5 μg/mL trypsin
(Pan-Biotech) was added. After an additional 48 h of incubation, the transfected BSR-
T7/5 cells were co-cultured with MA-104 cells (1 × 105 cells per well) in the presence of
trypsin (2 μg/mL final concentration). After three days, the co-cultured cells including the
culture media were frozen at −20 ◦C and thawed at room temperature. After low-speed
centrifugation, clarified supernatants, referred to as freeze/thaw supernatants throughout
the manuscript, were collected and used to infect MA-104 cells as described below.

2.4. Passaging of Reassortants

The reassortant viruses were essentially passaged as described previously [41,42]. In
brief, for the first passage, trypsin (Pan-Biotech) was added to the entire (~2 mL) clarified
freeze/thaw supernatants (final concentration: 20 μg/mL) from co-cultures of transfected
BSR-T7/5 and MA-104 cells. These infection mixtures were incubated for one hour at
37 ◦C. Confluent MA-104 cells grown in a 6-well plate were washed twice with PBS and
the infection mixtures were added. After an additional hour of incubation at 37 ◦C, the
mixtures were removed from the cells, fresh MEM without FBS containing trypsin (final
concentration: 2 μg/mL) were added, and the cells were incubated for seven days. For
later passages, clarified freeze/thaw supernatants (~2 mL) were collected as described in
Section 2.3 and 150 μL samples were taken for RNA analyses. The remaining clarified
freeze/thaw supernatants were used to infect fresh MA-104 cells as described above.

2.5. RNA Extraction, qRT-PCR, RT-PCR and Sanger Sequencing

Viral RNA was extracted from freeze/thaw supernatants with the NUCLISENS easy-
MAG system (bioMérieux, Marcy-l’Étoile, France) and digested with RNase-free DNase
(Roche, Basel, Switzerland) according to the manufacturer’s instructions before analy-
ses by qRT-PCR or RT-PCR. The qRT-PCR was performed as described previously [43].
To determine the number of genome copy equivalents (GCEs)/mL culture supernatant,
qRT-PCR analyses were performed with RNA isolated from culture supernatants and a
pT7-NSP3SA11 plasmid standard with a known copy number. A quantification example is
shown in Supplementary Figure S1. RT-PCR analyses were used to determine the presence
of the expected virus genome segments and performed using the OneStep RT-PCR Kit
(Qiagen, Hilden, Germany) with primers as listed in Supplementary Table S1, according
to the manufacturer’s instructions. After RT-PCR, 1 μL of 5× DNA Loading Buffer, Blue
(meridian Bioscience, Cincinnati, OH, USA) was added to the RNA, loaded onto a 2%
agarose gel and separated at 100 V for 1 h. The gel was stained using ethidium bromide
(Carl Roth, Karlsruhe, Germany) and visualized under UV light. For Sanger sequencing,
PCR amplicons were cleaned up using the Monarch DNA Gel Extraction Kit (New England
BioLabs, Ipswich, UK) and sent to Eurofins Genomics GmbH.

2.6. Whole Genome Sequencing and Sequence Analysis

Nucleic acid extracts (see Section 2.5) were used for preparing libraries with the KAPA
RNA HyperPrep Kit (Roche Diagnostic, Mannheim, Germany) and the KAPA Unique
Dual-Indexed Adapter Kit for Illumina® platforms (Roche Diagnostic) as previously de-
scribed [44]. Resulting libraries were sequenced along with 119 libraries with 2 × 150 cycles
using the NextSeq 500/550 Mid Output Kit v2.5 (Illumina, San Diego, CA, USA) on the
NextSeq 500 Sequencer (Illumina). All of the sequence analysis was performed in Geneious
Prime® 2023.2.1 (Biomatters Ltd., Auckland, New Zealand). Raw reads were trimmed
using the BBDuk plugin. Segment sequences were assembled with the map to reference
function, where eleven selected segment sequences were used as references (accession
numbers: LC178570-LC178574, LC178564-LC178566, FJ183356, FJ183358 and FJ183360).
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2.7. Site-Directed Mutagenesis

To introduce the point mutation A797G into the plasmids encoding VP4 from human
RVA strains GR10924, Moz60a and Moz308, the Phusion Site-Directed Mutagenesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used in accordance with the manu-
facturer’s instructions. In brief, 5 ng of the targeted plasmid was amplified by PCR with
two 5′-phosphorylated primers. The primers were designed to anneal back-to-back to
the plasmid and the desired mutation was introduced into the forward primer. Primer
sequences are shown in Supplementary Table S1. The PCR conditions were: Initial denatu-
ration at 98 ◦C for 30 s (step 1); denaturation at 98 ◦C for 10 s (step 2); annealing at 65 ◦C
for 20 s (step 3); extension at 72 ◦C for 150 s (step 4); final extension at 72 ◦C for 5 min (step
5). Step 2 to step 4 were repeated 25 times. After the digestion of parental methylated and
hemimethylated DNA with FastDigest DpnI, the PCR product containing the mutation
was circularized by ligation with T4 DNA Ligase. Finally, chemically competent One Shot®

TOP10 E. coli (Thermo Fisher Scientific) was transformed as instructed by the manufacturer.
For verification of the introduced mutation, the corresponding region of the plasmid was
amplified by PCR using primers listed in Supplementary Table S1 and the PCR products
were subjected to Sanger sequencing (Eurofins Genomics GmbH).

2.8. Replication Kinetics

Confluent MA-104 cells grown in 6-well plates were infected with cell culture su-
pernatants containing viruses at 2 × 104 GCEs as described above. At the indicated time
points, 500 μL samples were taken and the same volume of fresh media containing 2 μg/mL
trypsin was added. Once all the samples were collected, viral RNA was extracted, digested
with RNase-free DNase and analyzed by qRT-PCR as described above.

2.9. Sequence Analyses and Protein Structure Visualization

Sequences were constructed and analyzed with the SeqBuilder Pro software (Version
17.0.2; DNASTAR Inc., Madison, WI, USA). Alignments were performed using the MUSCLE
method as implemented in MegAlign Pro (DNASTAR Inc.). Amino acid sequences were
deduced using the SeqBuilder Pro software and the NCBI non-redundant protein sequences
data base was screened using BLASTp search (https://blast.ncbi.nlm.nih.gov/Blast.cgi
(accessed on 14 March 2024)). Protein structures were visualized and analyzed using
Protean 3D (DNASTAR Inc.) or UCSF Chimera (University of California, San Francisco,
CA, USA) [45] on the basis of the published atomic model of an infectious rotavirus particle
(PDB 4v7q) [7].

2.10. Statistics

The data are presented as mean ± standard deviation. To determine statistical significance,
a two-tailed unpaired t-test was used. Results with a p-value below 0.05, 0.01 or 0.001 were
considered statistically significant and marked with one, two or three asterisks, respectively.

3. Results

3.1. Generation of Triple-Reassortants Carrying VP4, VP7 and VP6 from African Human
Rotavirus A Strains

We aimed to perform plasmid-based reverse genetics for RVA using simian RVA strain
SA11 as a backbone and replacing the genome segments encoding for VP4 (segment 4), VP7
(segment 9) and VP6 (segment 6) with the corresponding segments from African RVA strain
Moz60a (rSA11/triple-Moz60a), Moz308 (rSA11/triple-Moz308) or GR10924 (rSA11/triple-
GR10924). Rescue of recombinant simian RVA strain SA11 (rSA11) served as a positive
control. BSR-T7/5 cells were transfected with the respective plasmids in duplicates and
then co-cultured with MA-104 cells. Freeze/thaw supernatants from co-cultured cells
were passaged on MA-104 cells and the inoculated cells were monitored for signs of an
RVA-typical cytopathic effect (CPE). Figure 1a depicts an overview of the development of
CPEs upon passaging in MA-104 cells.
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Figure 1. Generation of SA11 triple-reassortants containing VP4, VP7 and VP6 from three African
human RVA strains. (a) Overview of the developed cytopathic effect (CPE) upon passaging in MA-
104 cells. (b) Analyses of the freeze–thaw supernatants by qRT-PCR after the indicated passages
in MA-104 cells. (c) Overview of the VP7 (G-type), VP4 (P-type) and VP6 (I-type) genotypes and
the number of successful rescue experiments. The first rescue experiment was performed in du-
plicates but counted as one experiment. Mock = Mock-infected cells; rSA11 = Recombinant SA11;
rSA11/triple-GR10924, rSA11/triple-Moz60a and rSA11/triple-Moz308 = Recombinant rotaviruses
carrying segment 4 (VP4), segment 9 (VP7) and segment 6 (VP6) from the indicated human RVA
strain in the backbone of SA11; P1–10 = Passages 1–10; red minus = No CPE; yellow O = Mild CPE;
green plus = Strong CPE; NA = Not analyzed; GCEs = Genome copy equivalents.

For rSA11 and the rSA11 duplicate, a clear cytopathic effect (CPE) was evident after
the first passage, indicating that rescue was successful. However, no CPE was observed
for any reassortant after passage 1. Cells infected with rSA11 were discarded to reduce the
risk of cross-contamination, while all reassortants were passaged until passage 5. After
the fifth passage, viral RNA was extracted from freeze/thaw supernatants of passage 1
to passage 5 and analyzed by qRT-PCR. No CPE was evident for rSA11/triple-Moz60a,
rSA11/triple-Moz308 or their duplicates. In contrast, a CPE developed for rSA11/triple-
GR10924 in the fourth passage and was clearly observable by passage 5, but no CPE was
observed for the rSA11/triple-GR10924 duplicate by passage 5. Analyses by qRT-PCR
showed that RVA RNA could be detected for rSA11/triple-GR10924 and the rSA11/triple-
GR10924 duplicate after each passage, but the RNA titer of the reassortant that caused a
CPE was higher after passages 2–5 (Figure 1b). For rSA11/triple-Moz60a, rSA11/triple-
Moz308 and their duplicates, RVA RNA declined after the first passage and was not
detectable anymore by passage 3 (Figure 1b), suggesting that the rescue of these triple-
reassortants failed. Both rSA11/triple-GR10924 and the rSA11/triple-GR10924 duplicate
were further passaged on MA-104 cells until passage 10, by which time the duplicate started
to develop a CPE and the RNA titers increased (Figure 1a,b), indicating the successful
rescue of rSA11/triple-GR10924 and the duplicate. Rescue experiments were repeated
two additional times for each reassortant, but not in duplicates. While similar results
were obtained for rSA11/triple-Moz60a and rSA11/triple-Moz308, we were unable to
re-rescue the rSA11/triple-GR10924 reassortant (Supplementary Figure S2), suggesting that
the rescue of this reassortant is possible but inefficient using the reverse genetics system.
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Those experiments were stopped after passage 3 as the first rescue experiment showed that
detection of RVA RNA corresponded with successful rescue at this passage number.

3.2. Next-Generation Sequencing Revealed Point Mutations in rSA11/triple-GR10924 and
the Duplicate

After ten passages in MA-104 cells, the rSA11/triple-GR10924 and the rSA11/triple-
GR10924 duplicate were analyzed by whole genome next-generation sequencing. For
rSA11/triple-GR10924 and the duplicate, 2,268,340 and 2,986,102 reads were obtained,
respectively. An overview of the average coverage, coverage range and the percentage of the
open reading frame (ORF) sequenced is shown in Supplementary Table S2. The complete
ORFs of each genome segment were covered, with the exception of genome segment 4
(VP4) from the rSA11/triple-GR10924 duplicate, where the first two nucleotides of the
ORF could not be sequenced. For the rSA11/triple-GR10924 reassortant that replicated
to a higher titer in early passages, only a single point mutation located in the ORF of
genome segment 4 (VP4) was identified. The adenine at position 797 was substituted by a
guanine, which led to an amino acid substitution of glutamic acid to glycine at position
263. For the duplicate, four mutations were located in ORFs: A1981G in genome segment 1
(VP1); C137T and G964T in genome segment 4 (VP4); C584T in genome segment 8 (NSP2).
However, only the mutations detected in the VP4 ORF were non-synonymous, resulting
in amino acid substitutions T43I and V322F. An overview of the identified mutations is
depicted in Figure 2a.

Figure 2. Sequence analyses of rSA11/triple-GR10924 and the duplicate. (a) Nucleotide (Nt) and
amino acid (Aa) substitutions in the open reading frames of the eleven rotavirus genome segments
identified by next-generation sequencing after passage 10. (b) Sanger sequencing analyses of the
VP4-encoding genome segment from the rSA11/triple-GR10924 reassortant that replicated to a higher
titer in early passages. Respective sequencing chromatograms of passage 4 and 5 are shown. The red
circle marks nucleotide position 797 in the VP4-encoding genome segment from human RVA strain
GR10924. The green line below the chromatograms indicates that the probability for a wrong base call
was equal to or less than 1 in 1000. rSA11/triple-GR10924 = Recombinant rotavirus carrying segment
4 (VP4), segment 9 (VP7) and segment 6 (VP6) from human RVA strain GR10924 in the backbone
of SA11.

Additionally, partial untranslated region (UTR) sequences were obtained. The
Supplementary Tables S3 and S4 show the identified UTR sequences for the genome seg-
ments encoding structural and non-structural proteins, respectively. No nucleotide substitu-
tions were detected in the UTRs of rSA11/triple-GR10924, but one nucleotide substitution
located in the 3′UTR of genome segment 10 encoding NSP4 (T705C) was identified for
the duplicate.
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The point mutation in the rSA11/triple-GR10924 reassortant that replicated to a higher
titer in early passages was further characterized. First, the presence of the mutation
in passage 10 virus was confirmed by Sanger sequencing. Analysis of passages 1–5 by
Sanger sequencing showed that the virus with the mutation A797G (E263G) in VP4 became
predominant in the fifth passage. Figure 2b shows VP4 sequencing chromatograms of
the corresponding region from passage 4 and passage 5 virus. Sequencing results from
passages 1–3 are shown in Supplementary Figure S3.

3.3. Introduction of Mutation A797G into the VP4-Encoding Plasmid of GR10924 Improves
Rescue of Reassortants

To determine whether VP4-E263G affects the rescue of reassortants, the A797G muta-
tion was introduced into the VP4-encoding plasmid of GR10924 by site-directed mutagene-
sis. Rescue experiments to generate rSA11/triple-GR10924 without and with VP4-E263G
(rSA11/triple-GR10924E263G) were performed as described above. An overview of the
appearance of CPEs during each passage is shown in Figure 3a. After the first passage, a
CPE appeared in rSA11/triple-GR10924E263G. In contrast, rSA11/triple-GR10924 without
the mutation did not develop a CPE by the end of passage 4. Analyses of freeze/thaw
supernatants collected at the end of every passage by qRT-PCR revealed that rSA11/triple-
GR10924E263G already replicated to a high titer in the first passage, while rSA11/triple-
GR10924 without the mutation could not be rescued again (Figure 3b).

We have previously been able to generate a recombinant rotavirus containing genome
segment 4 (VP4) from human RVA strain GR10924 in the backbone of SA11 (rSA11/mono-
GR10924) using a similar reverse genetics approach, but poor replication was observed
in MA-104 cells [36]. To analyze whether VP4-E263G also improved the rescue of this
mono-reassortant, the generation of rSA11/mono-GR10924 without and with VP4-E263G
(rSA11/mono-GR10924E263G) was attempted. While a CPE was only evident in passage
4 for rSA11/mono-GR10924 without the mutation, a CPE could already be detected in
passage 1 for rSA11/mono-GR10924E263G (Figure 3a). The rSA11/mono-GR10924E263G
reassortant also reached higher RNA titers than the reassortant without the mutation after
passages 1–4 (Figure 3b). All rescue experiments were repeated with similar results for the
rSA11/triple-GR10924, rSA11/triple-GR10924E263G and rSA11/mono-GR10924E263G, but
the second rescue attempt of the rSA11/mono-GR10924 reassortant without the mutation
was not successful (Supplementary Figure S4), suggesting that the rescue of this reassortant
was also not efficient using the reverse genetics system employed here.

In order to confirm the identity of the rescued reassortants, RVA RNA from the
generated reassortants was analyzed by RT-PCR using specific primer pairs for the genome
segments encoding VP4 and VP7 from human RVA GR10924 as well as for the segments
encoding VP4, VP7 and VP2 from simian RVA SA11. Analyses of the resulting PCR
products by agarose gel electrophoresis confirmed that the expected genome fragments
were present for each reassortant (Figure 3c). To confirm that the expected VP6-encoding
genome segment was present in the rescued viruses, a primer pair that could bind to the
VP6-encoding segment from SA11 and GR10924 was used in RT-PCR analyses and the PCR
products were analyzed by Sanger sequencing (Figure 3d).

Having shown that the amino acid substitution E263G improved the rescue of re-
assortants containing VP4 from GR10924, we were interested in examining whether the
mutation also improved the rescue of recombinant rotaviruses with VP4-encoding seg-
ments from the other African human RVA strains in the backbone of SA11. The mutation
was introduced into the VP4-encoding plasmids of Moz60a and Moz308. However, rescue
of Moz60a or Moz308 triple-reassortants with VP4-E263G (rSA11/triple-Moz60aE263G or
rSA11/triple-Moz308E263G, respectively) as well as mono-reassortants with VP4-E263G
(rSA11/mono-Moz60aE263G or rSA11/mono-Moz308E263G, respectively) was not success-
ful, as indicated by the absence of a CPE (Supplementary Figure S5a) and RVA RNA
(Supplementary Figure S5b) after four passages in MA-104 cells.
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Figure 3. Rescue of SA11 mono- and triple-reassortants containing VP4 from human RVA
strain GR10924 with and without the mutation A797G in the VP4-encoding genome segment.
(a) Cytopathic effect (CPE) upon passage in MA-104 cells. (b) Determined number of genome
copy equivalents (GCEs)/mL in freeze–thaw supernatant after each passage. (c) Detection of
VP4- and VP7-encoding genome segments from rSA11 and rescued reassortants via RT-PCR using
strain- and genome segment-specific primer pairs followed by agarose gel electrophoresis analysis.
(d) Detection of VP6-encoding genome segments from rSA11 and rescued reassortants via RT-PCR
using VP6-specific primer pairs followed by Sanger sequencing. The black squares mark nucleotide
differences between the VP6-encoding genome segment from SA11 and GR10924. The green line
below the chromatograms indicates that the probability for a wrong base call was equal to or less
than 1 in 1000. rSA11 = Recombinant SA11; rSA11/triple-GR10924 = Recombinant rotavirus car-
rying segment 4 (VP4), segment 9 (VP7) and segment 6 (VP6) from human RVA strain GR10924
in the backbone of SA11; rSA11/triple-GR10924E263G = rSA11/triple-GR10924 with VP4-E263G;
rSA11/mono-GR10924 = Recombinant rotavirus carrying segment 4 (VP4) from human RVA strain
GR10924 in the backbone of SA11; rSA11/mono-GR10924E263G = rSA11/mono-GR10924 with VP4-
E263G; gs = genome segment; P1–4 = Passages 1–4; red minus = No CPE; yellow O = Mild CPE; green
plus = Strong CPE; NA = Not analyzed; GCEs = Genome copy equivalents.

3.4. VP4-E263G Improves Replication of Reassortants

In order to determine the growth kinetics of the generated reassortants and to inves-
tigate whether VP4-E263G improves replication, MA-104 cells were infected with rSA11
and reassortants containing VP4 with and without the mutation. As we were unable to
rescue rSA11/triple-GR10924 without any mutation in the VP4-encoding genome segment,
the rSA11/triple-GR10924 duplicate that contained two other amino acid substitutions
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in VP4 (see Section 3.2) was used in this experiment. MA-104 cells were infected with
rSA11 and the respective reassortants using an equal number of GCEs, and cell culture
supernatants were collected at indicated time points post-infection, and the number of
GCEs/mL was determined by qRT-PCR (Figure 4). While higher mean titers were observed
for the rSA11/mono-GR10924E263G in comparison to the rSA11/triple-GR10924 without
the mutation throughout the experiment, the individual titers varied considerably on day 1
and day 2 post-infection. Titers became more consistent by day 3 post-infection. At that
time point, the titer of the rSA11/triple-GR10924E263G was 2.5 log10 higher than the titer of
rSA11/triple-GR10924 without the mutation (p < 0.01). Similarly, the titer of rSA11/mono-
GR10924E263G was 1.3 log10 higher than the titer of rSA11/mono-GR10924 without the
mutation (p < 0.05) on day 3 post-infection.

 
Figure 4. Replication kinetics in MA-104 cells. Cells were infected with 2 × 104 genome copy
equivalents (GCEs) corresponding to 0.04 GCEs/cell and the number of GCEs in culture su-
pernatants was determined by qRT-PCR at the indicated time points post-infection. Data are
means ± standard deviation from three independent experiments. rSA11 = Recombinant SA11;
rSA11/triple-GR10924 = Recombinant rotavirus carrying segment 4 (VP4), segment 9 (VP7) and seg-
ment 6 (VP6) from human RVA strain GR10924 in the backbone of SA11; rSA11/triple-GR10924E263G

= rSA11/triple-GR10924 with VP4-E263G; rSA11/mono-GR10924 = Recombinant rotavirus carry-
ing segment 4 (VP4) from human RVA strain GR10924 in the backbone of SA11; rSA11/mono-
GR10924E263G = rSA11/mono-GR10924 with VP4-E263G; ** p < 0.01 for rSA11/triple-GR10924E263G

versus rSA11/triple-GR10924 on day 3. * p < 0.05 for rSA11/mono-GR10924E263G versus rSA11/mono-
GR10924 on day 3.

3.5. Searching for the Presence of E263G, T43I and V322F Exchanges in Reported RVA Field
Strain Sequences

The NCBI non-redundant protein sequences data base was screened by BLASTp search
using the deduced complete amino acid sequence of the wildtype GR10924 VP4. It was
found that no sequence containing the E263G exchange was present in the 100 most closely
related hits, indicating that the mutation is not common in field strains. To search more
specifically for the mutation, a BLASTp search was performed with a short amino acid
sequence (residues 252–272 of GR10924 mVP4) including the E263G exchange. This search
resulted in 3/100 hits which contained the E263G exchange. This included two human
P[6] strains from Mali (AB938246) [46] and India (EU753965) [47], as well as one human
P[8] strain from China [48]. In all cases, the amino acid exchange resulted from an A797G
mutation in the VP4 gene. A BLASTp search was also performed with short amino acid
residues 33–53 and 312–332 of GR10924 VP4 including the T43I and V322F exchanges,
respectively. This search only identified one human P[6] strain with T43I from South Korea
(KF650088) [49] and no hit for V322F.
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4. Discussion

Cell culture isolation of human RVA strains is difficult and often not successful, leading
to a lack of cell culture isolates for many important human RVA genotypes and antigenetic
variants. The utilization of the recently established, plasmid-based reverse genetics system
facilitates the generation of recombinant rotaviruses, which can also contain antigens of
several human RVA genotypes. Using that system, we have previously generated diverse
reassortants with VP4, VP7 and VP6 in various combinations from human and non-human
rotavirus strains [31–34,36,37]. However, the generation of reassortants containing VP4
of human wildtype RVA was often not successful or resulted in only slowly replicating
viruses. Here, we adapted our latest insights to rotavirus strains that were identified in
Sub-Saharan Africa. By restoring the natural human RVA VP4, VP7 and VP6 interaction,
we hoped to improve the rescue of these strains. However, we were only able to rescue
one of those reassortants, rSA11/triple-GR10924. The rescue of rSA11/triple-GR10924
was inconsistent using our reverse genetics approach and replication to higher titers was
linked to the development of mutations in VP4, of which the A797G mutation identified
by NGS occurred at an early passage (P5) and was confirmed by reverse genetics. The
results indicate that single-point mutations in the VP4 gene of human wildtype RVA can
substantially improve cell culture replication. In addition, the availability of well-replicating
reassortants with human RVA P[6] VP4 may be useful for basic and applied research.

We have previously rescued an SA11 mono-reassortant carrying VP4 from human
RVA strain GR10924, but the rescue of SA11 double-reassortants containing both VP4 and
VP7 from GR10924 was unsuccessful [36]. We have also shown that combining the genome
segments encoding VP4, VP7 and VP6 from the cell culture-adapted human RVA strain Wa
in the backbone of SA11 improved the rescue of reassortants [37]. Here, we generated SA11
containing VP4 and VP7 from GR10924 by including VP6 from GR10924. However, the
rescue of SA11 triple-reassortants containing VP4, VP7 and VP6 from two other human
RVA strains of African origin was not successful. Kanai et al. also tested the generation of
SA11 reassortants carrying combinations of VP4, VP7 and VP6 from clinical isolate U14 in
the backbone of SA11 [35]. While a poorly replicating mono-reassortant with VP4 from U14
was generated, rescue attempts of an SA11 double-reassortant with VP4 and VP7 from U14
or SA11 triple-reassortant with VP4, VP7 and VP6 from U14 were unsuccessful. In contrast,
Hamajima et al. showed that the interplay of VP4 and VP7 from human RVA strain HN126
was important for the generation of SA11 reassortants [29]. Taken together, these results
confirm that the generation of reassortants highly depends on the interaction of the capsid
proteins, but that their interplay is complex and simply restoring the natural VP4, VP7 and
VP6 interaction is not sufficient in all cases. Other factors could be the varying ability of
VP4 from different wildtype human RVA strains to mediate entry into target cells, as shown
by exchanging the receptor-binding fragment of VP4 with that of a cell culture-adapted
strain [31]. In addition, interaction of VP6 with VP2 in the mature virus particles and VP6
interaction with NSP4 during virus assembly [50] may interfere with the generation of
viable reassortants.

The two rescued rSA11/triple-GR10924 reassortants developed non-synonymous
mutations in VP4 within ten passages in MA-104 cells, suggesting that there was selective
pressure on VP4. Indeed, most amino acid residue substitutions seem to be detected in
VP4 upon long-term passaging of human RVA strains in cell culture [51]. However, the
occurrence of a single amino acid sequence exchange in a very early passage number that
coincided with a steep increase in titer was intriguing. In comparison, when human RVA
strain CDC-9 was grown in MA-104 cells to passage 11 or 12, no nucleotide sequence
changes from the original virus in stool were detected [52]. Interestingly, the single-point
mutation that caused a titer increase was not detectable by Sanger sequencing at the end
of passage 4, but it was predominant at the end of passage 5. As we were using nearly
the entire clarified freeze/thaw culture supernatants for passaging, plaque-purifying the
virus from early passages could not be performed, but should be considered for future
rescue experiments to identify minor virus sub-populations. One possible explanation for
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the sudden dominance of the reassortant with the mutation in VP4 after passage 5 may be
that only a small proportion of the virus without the mutation was able to infect MA-104
cells going from one passage to the next, while the virus with the mutation was much more
efficient at infecting MA-104 cells, resulting in the selection of the virus with the mutation.
By introducing the mutation identified here into the VP4-encoding plasmid of GR10294 and
performing rescue experiments as well as replication kinetics analyses, we could confirm
that this mutation substantially improved rescue and replication in MA-104 cells. This
improvement was only found for VP4 from GR10924, but it did not improve virus rescue
when introduced into VP4 of strains Moz60a and Moz308, indicating strain specificity.

The mutation at VP4 position 263 was not present in other human RVA strains that
have been continuously passaged in cell culture, e.g., CDC-9, Wa, M or the Rotarix pre-
curser vaccine strain 89–12 [52–54]. However, mutations in close proximity (K262R, N267D
and R268T) were identified in a study comparing the cell culture adaptation of three
human strains in two different cell lines [51]. In addition, we could identify three human
wildtype RVA strains which contained the E263G exchange [46–48] by screening of the
NCBI sequence database. In each case, E263G was caused by an A797G mutation also found
in passaged rSA11/triple-GR10924. This indicates that this mutation may be rare in field
strains, but as it can be found in some of them it seems to also support replication in humans.
In contrast, we could only identify one field strain containing the T43I exchange [49] and
no strain that contained V322F, which indicates that these mutations are very rare in
field strains.

It is unclear how the amino acid substitution VP4-E263G improved replication. Glu-
tamic acid is a comparatively large, bulky and rigid amino acid that is negatively charged.
Meanwhile, glycine is the smallest amino acid, which is very flexible and does not have a
charge. There could be multiple explanations for the observed enhancement in replication.
VP4 is proteolytically cleaved by trypsin into VP8* and VP5*. The amino acid residue E263
is downstream of the trypsin cleavage site (residues 231–248 of VP4 from human RVA strain
GR10924) and located at the N-terminal region of VP5* (Figure 5a). As E263G is distant
from the cleavage site, an effect on proteolytic cleavage seems unlikely, but trypsin cleavage
analysis of VP4-E263G would be required to exclude this possibility with certainty.

VP5* plays a role in the perforation of the cellular membrane, but Dowling et al. have
shown that VP5* deletion mutants containing residues 265 to 474 or 265 to 404 of VP4
still retained cell permeabilization capabilities [55], suggesting that VP4-E263G is at least
not directly affecting cell permeabilization. However, membrane penetration requires the
VP4 spike to undergo conformational changes from an upright to a folded-back structure
following attachment mediated by VP8* [6,56]. Jenni et al. have reported that mutations
in VP5* had a stabilizing effect on the upright conformation of VP4, which resulted in
increased infectivity of human RVA CDC-9 [57]. E263G could also lead to changes in
the VP4 conformation. Protein structure analysis of the single VP4 molecule (Figure 5b)
predicted that a hydrogen bond is formed between glutamic acid at position 264 and
arginine at position 369 of VP4 from RRV, which corresponds to glutamic acid at position
263 and arginine at position 368 of VP4 from GR10924, respectively.

Additionally, the rotavirus spike is formed by three VP4 subunits (VP4A, VP4B and
VP4C). In VP4A and VP4B, the amino acid residue corresponding to E263 from GR10924
is distant from VP7 or VP6. However, E263 in VP4A is in contact with VP4B and vice
versa (Figure S6a). Interestingly, the mutation T42I identified in the rSA11/triple-GR10924
duplicate is close to the same VP4A/VP4B contact site (Figure S6a), which could alter the
VP4 subunit interaction with each other. The V322F mutation identified in the duplicate is
distant from other VP4 subunits, VP7 or VP6 in VP4A and VP4B (Figure S6a). In VP4C, the
N-terminal tip of VP5* lays in a gap formed by two VP7 trimers. In this conformation, it
has previously been reported that residue 267 of RRV VP4 (corresponding to residue 266 of
GR10924 VP4) is in contact with the RRV VP7 loop containing residue 200 [7]. The residue
T42 was not resolved in the VP4C structure, but V322 was in proximity to the N-terminal
region of VP4B (Figure S6b). It is of note that, aside from affecting the virion structure and
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entry, mutations could also impact other VP4 functions. For example, it has recently been
shown that VP4 interacts with actin and facilitates the viroplasm assembly process [58,59].

Figure 5. Location of E263 in VP4. (a) Schematic of VP4. VP4 is cleaved by trypsin into VP8* and
VP5*. The location of the trypsin cleavage site is indicated. VP8* is composed of an α-helix at the
N-terminus followed by the head region. The N-terminal helix interacts with the foot region of VP5*
and the head region contains the putative receptor-binding site. VP5* contains the body and stalk
region at the N-terminus and the foot region at the C-terminus. The location of E263G is shown
in red. (b) Three-dimensional structure of VP4 on the basis of the atomic model of an infectious
rhesus rotavirus (RRV) particle (PDB 4v7q, chain BX). VP8* is colored in magenta and VP5* in blue.
Predicted hydrogen bonds are in cyan. The location of E263 in VP4 from GR10924 corresponding to
E264 in VP4 from RRV is highlighted in red. R368 in VP4 from GR10924 corresponding to R369 in
VP4 from RRV is shown in orange.

Reverse-engineered rotaviruses could serve as next-generation rotavirus vaccine
strains and recent studies have already explored the generation of recombinant rotaviruses
that express foreign immunogens to use as multivalent vaccine vectors [60–63]. The
rSA11/triple-GR10924E263G reassortant generated in our study replicated to high titers
in cell culture and could have potential as a vaccine candidate as there are currently no
approved vaccines that contain human P[6] VP4, although the rotavirus vaccine candidate
RV3-BB (monovalent human G3P[6] RVA, Parkville, Australia) is being tested in in Blantyre,
Malawi [64,65]. VP4 contains multiple antigenic epitopes that induce neutralizing antibody
responses. Known VP5* antigenic epitopes [66] were mapped to the three-dimensional
structure of VP4 from RRV, showing that the amino acid residue corresponding to E263 in
VP4 from GR10924 is distant from these epitopes (Supplementary Figure S7). While the
mutation identified in VP4 was outside of known VP4 antigenic epitopes, immunization
and neutralization studies will have to be conducted to verify that this reassortant can
induce cross-neutralizing antibodies. The triple-reassortant could also be used to further
investigate factors that influence reassortment, e.g., compatibility with other human RVA
VP7 genotypes or other human RVA structural and non-structural proteins.
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In conclusion, we have successfully generated a triple-reassortant of an African human
RVA strain, where we included all major antigens into one virus by integrating the genome
segments encoding human RVA P[6] VP4, G9 VP7 and I2 VP6 into the backbone of the
simian RVA strain SA11. Additionally, we identified a mutation in human RVA P[6]
VP4 that substantially improved replication in cell culture by a yet unknown mechanism,
indicating that single-point mutations in human wildtype RVA VP4 genes can substantially
improve cell culture replication. In the future, the use of this triple-reassortant as a potential
next-generation vaccine strain should be investigated.
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S3: Sanger sequencing analyses of the VP4-encoding genome segment from the rSA11/triple-GR10924
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Abstract: Small-animal models and reverse genetics systems are powerful tools for investigating
the molecular mechanisms underlying viral replication, virulence, and interaction with the host
immune response in vivo. Rotavirus (RV) causes acute gastroenteritis in many young animals and
infants worldwide. Murine RV replicates efficiently in the intestines of inoculated suckling pups,
causing diarrhea, and spreads efficiently to uninoculated littermates. Because RVs derived from
human and other non-mouse animal species do not replicate efficiently in mice, murine RVs are
uniquely useful in probing the viral and host determinants of efficient replication and pathogenesis in
a species-matched mouse model. Previously, we established an optimized reverse genetics protocol
for RV and successfully generated a murine-like RV rD6/2-2g strain that replicates well in both
cultured cell lines and in the intestines of inoculated pups. However, rD6/2-2g possesses three out
of eleven gene segments derived from simian RV strains, and these three heterologous segments
may attenuate viral pathogenicity in vivo. Here, we rescued the first recombinant RV with all 11
gene segments of murine RV origin. Using this virus as a genetic background, we generated a panel
of recombinant murine RVs with either N-terminal VP8* or C-terminal VP5* regions chimerized
between a cell-culture-adapted murine ETD strain and a non-tissue-culture-adapted murine EW
strain and compared the diarrhea rate and fecal RV shedding in pups. The recombinant viruses with
VP5* domains derived from the murine EW strain showed slightly more fecal shedding than those
with VP5* domains from the ETD strain. The newly characterized full-genome murine RV will be a
useful tool for dissecting virus–host interactions and for studying the mechanism of pathogenesis in
neonatal mice.

Keywords: rotavirus; reverse genetics; small-animal model

1. Introduction

Rotavirus (RV) is the most common causative agent of severe acute diarrhea in infants
and small animals worldwide [1]. While RV has been isolated from many mammalian and
avian species, RV infection relatively infrequently demonstrates cross-species transmission
and persistence in a heterologous host species, a phenomenon known as host-range restric-
tion (HRR) [2–10]. For instance, the genome sequences of RV strains isolated from humans
generally belong to groups of human RV strains isolated before. RVs from other animal
species are occasionally isolated from humans but rarely spread or persist in the human
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population [11]. HRR has been exploited to generate two live-attenuated RV vaccines
currently used worldwide (i.e., RotaTeq (Merck) and RotaSiil (Serum Institute of India)),
using bovine RV strains as a genetic backbone [12].

Since HRR contributes to natural attenuation, the molecular basis of RV HRR has been
studied in animal infection models, especially in mice [2,3,6,10,13,14]. Homologous murine
RV strains replicate and spread efficiently in the mouse model; however, heterologous RV
strains (e.g., simian, bovine, porcine, and human RVs) do not. The RV genome consists of 11
segmented double-stranded RNAs that encode six structural proteins (VP1 to VP4, VP6, and
VP7) and six nonstructural proteins (NSP1 to NSP6). Previous studies, including research
by our group and others, have demonstrated that gene segments encoding VP3, VP4, VP7,
NSP1, NSP2, NSP3, and NSP4 proteins can all be associated with RV HRR [5,7,9,10,13,14].

A natural mono-reassortant RV D6/2 strain was isolated by plaque assays from an
intestinal homogenate of a suckling mouse co-infected with wild-type murine EDIM-
EW and the tissue-culture-adapted simian RRV strain [5]. Unlike wild-type murine RV,
D6/2 replicates in cultured cell lines while still efficiently causing diarrhea in inoculated
pups [5,10]. Of note, 10 of the 11 gene segments of D6/2 are derived from the EDIM-EW
strain; for the exception is gene segment 4, which encodes the cell attachment protein VP4
(Table 1). It has been shown that cell-culture-adapted murine RV strains do not cause
diarrhea as efficiently as the wild-type murine RV [6,15–17]. Therefore, D6/2 provides a
unique opportunity to further interrogate the viral determinants of HRR.

Table 1. Gene constellation of the D6/2 and recombinant viruses.

Gene Segment (Viral Protein) D6/2 rD6/2-2g rEW/ETD-VP4

Gene segment 1 (VP1) EW SA11 EW

Gene segment 2 (VP2) EW EW EW

Gene segment 3 (VP3) EW EW EW

Gene segment 4 (VP4) RRV RRV ETD

Gene segment 5 (NSP1) EW EW EW

Gene segment 6 (VP6) EW EW EW

Gene segment 7 (NSP3) EW EW EW

Gene segment 8 (NSP2) EW EW EW

Gene segment 9 (VP7) EW EW EW

Gene segment 10 (NSP4) EW SA11 EW

Gene segment 11 (NSP5/6) EW EW EW

Since the first plasmid-based reverse genetics was developed for simian SA11 strain [18],
reverse genetics has been established for several other animal RV strains [19–26]. We pre-
viously used D6/2 as a genetic backbone and rescued a recombinant murine-like RV by
introducing two more gene segments from the simian SA11 strain: gene segments 1 and 10,
which encode viral polymerase VP1 and viral enterotoxin NSP4, respectively (Table 1) [21].
The new recombinant virus D6/2 with the two additional genes derived from simian RV
(so-called rD6/2-2g) replicated in the intestine of inoculated pups and transmitted to their
uninoculated littermates. Using rD6/2-2g as the backbone, we have since demonstrated
that murine RV NSP1, an interferon antagonist, plays a critical role in viral replication
in vivo [27]. In addition, by comparing VP4s from heterologous RV strains in an isogenic
rD6/2-2g background, we demonstrated that VP4s from heterologous RV strains contribute
to HRR to varying degrees [14]. Furthermore, we rescued an rD6/2-2g RV expressing a
bioluminescent reporter, Nano-Luciferase, to characterize systemic dissemination of RV
in vivo in a non-invasive manner [28].

Despite the utility of rD6/2-2g, this recombinant murine-like RV is a compromise
between rescue efficiency and in vivo virulence. It still harbors three gene segments (gene
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segments 1, 4, and 10) from heterologous simian RV strains (Table 1). Considering that
these three gene segments may be potentially associated with HRR in mice, it is desirable to
create an RV that grows well in culture but has all 11 gene segments derived from a murine
strain to be used in a mouse model. Toward that objective, we attempted to replace the
three heterologous gene segments in rD6/2-2g with those from a murine-origin RV strain.

The obvious primary challenge for this objective is the RV structural protein VP4. It is
the spike protein present on the surface of RV virions and is required for cell attachment
and entry in host cells. VP4 is cleaved by trypsin into two distinct domains (Figure 1A).
The N-terminal VP8* domain forms the head structure of the virion spike and engages in
attachment to the target cell surface. The β-barrel domain in VP5* forms the body of the
spike, and the C-terminal region of the VP5* domain functions as the foot of the spike by
interacting with VP7 and VP6 proteins in the virion [29–31]. Here, we used reverse genetics
and improved the virulence of rD6/2-2g by rescuing a series of recombinant RVs with all
11 gene segments from a murine RV strain. We also generated murine RV VP4 chimeric
viruses between the cell-culture-adapted ETD_822 strain and the wild-type murine EW
strain and compared diarrheal diseases in the suckling mouse model. The data suggest
that murine RV reverse genetics offers a new tool to study molecular mechanisms of RV
replication, virulence, and spread in the homologous murine model.

Figure 1. Schematic presentation of the murine RV VP4 gene. (A) Schematic presentation of RV gene
segment 4. The 5′ and 3′ UTRs are shown as black boxes. VP8* and the body and foot regions of the
VP5* domain in the VP4 gene are shown in light blue boxes. The numbers above the box indicate the
amino acid positions. (B) Schematic presentation of the murine RV ETD_822 and EW strains and the
VP4 chimeric viruses generated in this study. The five amino acids that differ between the ETD_822
and EW strains are highlighted in red inside the blue boxes. The number above the box indicates the
amino acid positions.
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2. Materials and Methods

2.1. Cells and Viruses

Monkey kidney MA104 cells (ATCC CRL-2378.1) were grown in Medium 199 (Gibco)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 I.U./mL peni-
cillin, and 100 μg/mL streptomycin. Baby hamster kidney cells constitutively expressing
T7 RNA polymerase (BHK-T7 cells) were kindly gifted by Dr. Buchholz at the NIH [32] and
cultured in Dulbecco-modified essential medium (DMEM) (CORNING) supplemented with
10% FBS, L-glutamine (2 mM), penicillin (100 I.U./mL), and streptomycin (100 μg/mL).
The cells were cultured in the presence of Geneticin (1mg/mL) every other passage to
maintain the clone expressing T7 RNA polymerase. The natural reassortant D6/2 was
generated previously [5] and was propagated in MA104 cells. Briefly, the virus was acti-
vated by 5 μg/mL of trypsin (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C for 15 min and
propagated in MA104 cells in serum-free Medium 199 (SFM) with 0.5 μg/mL of trypsin.

2.2. Plasmid Construction

To construct rescue plasmids for D6/2 gene segments 1 (VP1) and 10 (NSP4), viral
dsRNAs were extracted from freeze-thawed stock of D6/2 with Trizol Reagent (Thermo
Fisher Scientific, Waltham, MA, USA). Viral gene segments were determined as previously
described [33]. Briefly, a self-anchoring primer was ligated to the 3′ termini of viral dsRNAs
with T4 RNA Ligase (New England Biolabs, Ipswich, MA, USA), and then viral cDNAs were
synthesized with High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). Gene segments 1 and 10 were amplified by PrimerSTAR HS DNA
Polymerase (Takara Bio, San Jose, CA, USA) and used to replace the cDNA of SA11 NSP4
in the pT7-SA11-NSP4 plasmid by the NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs, Ipswich, MA, USA). Nine rescue plasmids for D6/2 (pT7-D6/2-VP2,
-VP3, -VP4, -VP6, -VP7, -NSP1, -NSP2, -NSP3, and -NSP5) and the rescue plasmid encoding
ETD_822-VP4 (pT7-ETD_822-VP4) were previously constructed [14,21]. To generate the
rescue plasmid for EW VP4 (pT7-EW-VP4), the cDNA (GenBank accession number: U08429)
was synthesized and cloned between the T7 promoter and HDV ribozyme sequences in
the pT7-SA11-NSP4 plasmid by replacing the cDNA of SA11-NSP4 with that of EW-VP4.
To generate VP4 chimeric plasmids between the ETD_822 and EW strains (pT7-ETD-VP4-
EW-VP8*, pT7-ETD-VP4-EW-VP5*-body, and pT7-ETD-VP4-EW-VP5*-foot), sequences for
nucleotides 1 to 1000, 1001 to 1500, and 1500 to 2331 in pT7-ETD_822-VP4 were replaced
with those for EW VP4.

2.3. Reverse Genetics

Recombinant viruses were generated using an optimized reverse genetics protocol,
as reported previously [21]. Briefly, we mixed 11 rescue plasmids and one helper plasmid
(0.4 μg for nine of the rescue plasmids (excluding for NSP2 and NSP5), 1.2 μg of the two
rescue plasmids for NSP2 and NSP5, and 0.8 μg of C3P3-G1) in OPTI-MEM I Reduced-
Serum Medium (Thermo Fisher Scientific, Waltham, MA, USA). The mixture of the plasmids
was transfected into BHK-T7 cells using TransIT-LT1 (Mirus, Madison, WI, USA). The next
day, the medium was replaced with serum-free DMEM and cultured overnight. Then,
MA104 cells were added to the BHK-T7 cells and cultured in the presence of 0.5 μg/mL
of trypsin. To generate the VP4 chimeric viruses, we replaced the rescue plasmid for VP4
with the appropriate plasmids. Rescued viruses were amplified in MA104 cells, and the
VP4 sequence of the viruses was confirmed by DNA sequencing before use.
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2.4. Focus-Forming Unit Assays

MA104 cells were seeded on 96-well plates and cultured for 2 to 3 days. Virus samples
were activated with 5 μg of trypsin, serially diluted with SFM, and inoculated into MA104
cells. The cells were fixed with 10% formalin (Fisherbrand Waltham, MA, USA) 14 h after
inoculation, permeabilized with PBS with 0.05% Triton X-100, and stained with rabbit anti-
RV DLP and HRP-conjugated anti-rabbit IgG polyclonal antibody (Sigma-Aldrich, St. Louis,
MO, USA). RV antigen was visualized with the AEC Substrate Kit and peroxidase (Vector
Laboratories, Newark, CA, USA). The number of foci was counted under a microscope,
and the virus titer was expressed as FFU/mL.

2.5. Mouse Infection

129sv mice were purchased from Taconic Biosciences Inc. and maintained at the
animal facility in the Veterinary Medical Unit of the Palo Alto VA Health Care System.
Five-day-old 129sv pups were orally inoculated by gastric lavage with 1 × 103 FFU of
recombinant viruses or 1 × 103 DD50 of the wild-type EW strain. Mice were monitored
to collect stool samples by gentle abdominal pressure for 12 days. Stool samples were
collected in 40 μL of PBS (+) (CORNING) and stored at −80 ◦C until use. The animal
experiment protocol was approved by the Stanford Institutional Animal Care Committee.

2.6. ELISA

The relative quantity of RV fecal shedding was assessed by sandwich ELISA, as
previously described, using guinea pig anti-RV TLP antiserum and rabbit anti-RV DLP
antiserum generated in the Greenberg lab [34]. Briefly, ELISA plates (E&K Scientific
Products, Swedesboro, NJ, USA, cat. #EK-25061) were coated with guinea pig anti-RV TLP
antiserum and blocked with PBS supplemented with 2% BSA. After washing the plate
with PBS containing 0.05% Tween 20, 70 μL of PBS containing 2% BSA and 2 μL of the
fecal samples were added to the plate and incubated at 4 ◦C overnight. The RV antigen
in the stool samples was detected by rabbit anti-RV DLP antiserum, HRP conjugated anti-
rabbit IgG (Sigma-Aldrich, St. Louis, MO, USA, cat. #A0545), and peroxidase substrate
(SeraCare, Milford, MA, USA). The signal intensity at 450nm was measured with the
ELx800 microplate reader (BIO-TEK, Shoreline, WA, USA).

2.7. Statistical Analysis

Fecal shedding curves by RVs were analyzed by two-way ANOVAs with the Tukey
multiple comparison test using GraphPad Prism 8.

3. Results

3.1. Generation of Recombinant Murine RVs

In a previous study, we synthesized all 11 rescue plasmids from the D6/2 strain.
However, we were unable to rescue a completely recombinant D6/2 strain after multiple
trials [21]. Therefore, we used recombinant D6/2 with gene segments 1 and 10, which
encode VP1 and NSP4, from the simian SA11 strain as an alternative approach [21]. The
amino acid sequence identity of VP1 and NSP4 between the murine EW and the simian
SA11 strains showed 86.2% and 62.3% homology, respectively. To generate a recombinant
virus with a gene constellation closer to a fully murine RV, we reconstructed rescue plasmids
for gene segments 1 and 10 from the D6/2 strain. To our surprise, we obtained recombinant
D6/2 (rD6/2) with the new rescue plasmids, despite there being no difference in the
cDNA sequences of gene segments 1 and 10 compared with those in the previous failed
rescue plasmids.

We next attempted to further optimize gene segment 4 in rD6/2, which is derived from
the simian RRV strain. Wild-type murine RV strains (including the EW strain) propagated
in mouse intestines do not efficiently infect immortalized cell lines. Previous studies that
compared the nucleotide sequences of murine RV before and after adaptation to cultured
cells reported that gene segment 4 is one of the determinants for effective viral replication in
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cultured cell lines [17]. It suggests that murine RV from mouse intestines poorly replicates
in the cell line possibly due to a partial restriction at the attachment and entry process.
Therefore, we used the rescue plasmid for gene segment 4 of the cell-culture-adapted
murine ETD_822 strain, and we generated a recombinant virus with 10 gene segments from
murine EW and gene segment 4 from the ETD_822 strain (rEW/ETD-VP4) (Table 1).

We compared the nucleotide sequence of VP4 between the EW and ETD_822 strains
to better understand the difference in VP4 in the murine RV strain used in this study.
Sequence alignment shows that compared with the wild-type EW strain, ETD_822 has
only five non-synonymous amino acid substitutions (Y80H, D452N, S470L, T612A, and
A711T) in VP4. Y80H is the only amino acid difference found in the VP8* domain, and the
VP5* domain has two amino acid differences in either the body (D452N and S470L) or the
C-terminal foot (T612A and A711T) regions (Figure 1B). It is known that the cell-culture-
adapted EDIM murine RV strains are attenuated in suckling mice in terms of diarrheal
dose and duration of shedding while having acquired the ability to replicate in cultured
cell lines [6,15–17]. We speculated that some amino acids are strongly associated with
the adaptation to cultured cell lines, but not all amino acids are necessary for efficient
replication in cell lines. To test whether we could rescue a recombinant RV with a VP4
protein closer to the more virulent, non-cell-culture-adapted progenitor EW strain, we
constructed three VP4 chimeric plasmids between the ETD_822 and EW strains. These
plasmids harbor nucleotide sequences of the VP8*, VP5*-body, or VP5*-foot domains from
the EW strain in ETD_822 VP4 (Figure 1B). Of note, we successfully rescued all three
chimeric viruses, namely rEW/ETD-VP4-EW-VP8*, rEW/ETD-VP4-EW-VP5*-body, and
rEW/ETD-VP4-EW-VP5*-foot. These data suggest that amino acid differences in these three
regions in ETD_822 are not individually involved in the adaptation to cultured cell lines.

3.2. Comparative Analysis of Diarrhea Rate by Recombinant Murine RVs in a Suckling
Mouse Model

To assess the capacity of the rescued viruses to induce diarrhea, we inoculated 5-day-
old 129sv pups with 1 × 103 FFU of the recombinant murine RVs and 1 × 103 DD50 of the
highly virulent non-cell-culture-adapted murine RV EW strain as a control. We monitored
the mice for 12 days to compare the percentage and duration of diarrhea occurrence. The
wild-type, non-cell-culture-adapted murine EW strain caused 100% diarrhea in all inocu-
lated pups from 2 to 9 days post-inoculation (Figure 2A). Compared with EW, rD6/2 was
slightly attenuated and did not cause diarrhea in all the pups (Figure 2B), consistent with
the previous literature [10]. The new rEW/ETD-VP4 virus had a similar disease phenotype
in that it caused diarrhea but not in all pups over time (Figure 2C), suggesting that ETD VP4
is not more virulent than RRV VP4. The three VP4 chimeric viruses (rEW/ETD-VP4-EW-
VP8*, rEW/ETD-VP4-EW-VP5*-body, and rEW/ETD-VP4-EW-VP5*-foot) caused diarrhea
in inoculated pups but did not show a diarrhea phenotype as robust as that by murine EW
(Figure 2D–F). The data suggest that VP8* or the body or foot regions of VP5* from the EW
strain did not individually increase the diarrheal rates compared with the parental virus
with ETD-VP4 (rEW/ETD-VP4) in the suckling mouse model.
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Figure 2. Percentage of diarrhea caused by the wild-type murine RV and recombinant murine
RVs. Five-day-old 129sv pups were inoculated with (A) 1 × 103 DD50 of EW, or 1 × 103 FFU of
(B) rD6/2, (C) rEW/ETD-VP4, (D) rEW/ETD-VP4-EW-VP8*, (E) rEW/ETD-VP4-ETD-VP5*-body, or
(F) rEW/ETD-VP4-ETD-VP5*-foot. The infected mice were monitored for diarrheal stool for 12 days
by gentle abdominal pressure.

3.3. Comparative Analysis of Fecal RV Shedding by Recombinant Murine RVs in a Suckling
Mouse Model

Next, we compared the amount of fecal RV shedding among the various VP4 con-
structs. Wild-type murine RV caused a curve with a single peak of more than 2.0 at
OD450 at 4 days post-inoculation, demonstrating robust replication in the mouse intestine
(Figure 3A). In contrast, the fecal RV shedding curve from the rD6/2-inoculated pups
showed two peaks on days 2 and 6 post-inoculation, and the OD values did not reach as
high as those of the EW strain (Figure 3B). The other four viruses that had the murine
RV VP4 gene demonstrated three peaks on day 2, from day 5 to day 7, and from day 10
to 11 days post-inoculation, and none of these viruses reached the high levels of fecal
shedding as seen with the wild-type EW strain (Figure 3C–F). Statistical analysis of the
fecal RV shedding between the recombinant viruses and the EW strain confirmed that none
of the recombinant viruses were shed to the same level as that by the wild-type murine EW
strain (Table 2). We also found that, compared with rEW/ETD-VP4, two of the three VP4
chimeras, i.e., rEW/ETD-VP4-EW-VP5*-body and rEW/ETD-VP4-EW-VP5*-foot, caused
more fecal RV shedding, whereas rEW/ETD-VP4-EW-VP8* did not (Table 2). These results
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suggest that, among the five different amino acids in VP4 between the EW and ETD_822
strains, amino acids in the VP5* region are positively associated with efficient replication in
the mouse intestine.

Figure 3. Fecal RV shedding by wild-type murine RV and recombinant murine RVs. Five-day-old
129sv pups were inoculated with the same doses and viruses as in Figure 2. (A) 1 × 103 DD50 of EW,
or 1 × 103 FFU of (B) rD6/2, (C) rEW/ETD-VP4, (D) rEW/ETD-VP4-EW-VP8*, (E) rEW/ETD-VP4-
ETD-VP5*-body, or (F) rEW/ETD-VP4-ETD-VP5*-foot. The amount of RV in the stool samples was
determined by ELISA. Each dot shows data from one pup and the line shows the average score. The
dotted lines indicate the score of the limit of detection determined from the stool of uninfected pups.

Table 2. Summary of the statistical analysis of fecal RV shedding 1,2.

Virus
Fecal RV Shedding

(Compared with EW)

Fecal RV Shedding
(Compared with
rEW/ETD-VP4)

EW n.a. ***

rEW/ETD-VP4 *** n.a.

rEW/ETD-VP4-EW-VP8* ** n.s.

rEW/ETD-VP4-EW-VP5*-body ** ***

rEW/ETD-VP4-EW-VP5*-foot ** *
1. Fecal RV shedding curves were compared with either EW or rEW/ETD-VP4 by two-way ANOVA with the
Tukey multiple comparison test. 2. Statistical significance is indicated as n.s.: not significant; * p < 0.05; ** p < 0.01;
*** p < 0.001; n.a.: not applicable.
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4. Discussion

In this study, we leveraged an optimized reverse genetics system to improve the
virulence of the murine RV rD6/2-2g strain by exchanging the remaining three gene
segments from heterologous simian SA11 or RRV strains with its homologous murine
counterparts and rescued a recombinant RV with 11 gene segments all derived from a
murine RV strain (rEW/ETD-VP4). We previously attempted to rescue rD6/2 with rescue
plasmids of gene segments 1 and 10 constructed by DNA synthesis. After constructing the
plasmids, we performed reverse genetics with different clones and repeated this multiple
times; however, none of the rescue experiments were successful. In the current study,
we constructed the plasmids again by cloning the gene segments from the original D6/2
stock. Of note, the new plasmid sequences of the T7 promoter, RV cDNA, hepatitis delta
virus ribozyme, and T7 terminator, although identical to the original plasmids, led to
the successful rescue of rD6/2. It suggests that clonal differences might affect the rescue
efficiency in reverse genetics. It is uncertain whether there is a difference in some other
parts of the plasmid, and, if that is the case, whether this affects the reverse genetics
results. Whole-plasmid sequencing of the plasmids would be helpful to examine whether
there is any difference between the clones. It would be important to test multiple clones
prepared separately when some rescue plasmids do not work, even if the plasmid has the
correct sequence.

We replaced three gene segments, which encode the RNA-dependent RNA polymerase
VP1 (encoded by gene segment 1), the cell attachment protein VP4 (encoded by gene
segment 4), and the viral enterotoxin NSP4 (encoded by gene segment 10). Among these
gene segments, gene segment 4 has been implicated in RV HRR; however, the contribution
of gene segments 1 and 10 to HRR is less clear. VP1 interaction with VP2 is critical
for transcription and genome replication [35]. Group A RVs have 28 VP1 genotypes
and 24 VP2 genotypes (Rotavirus Classification Working Group: RCWG updated on
April 3rd 2023 (https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/
rcwg)) [36,37], and it is reported that the combination of VP1 and VP2 genotypes changes
the VP1 polymerase activity in some cases [38]. RV NSP4 is an enterotoxin that increases
host calcium levels in the cytoplasm and activates calcium-ion-dependent chloride channels,
and it is directly involved in causing diarrhea [39]. In light of the sequence differences
between the EW and SA11 strains, we preferred using gene segments 1 and 10 originating
from murine RV to specifically focus on studying viral replication, virulence, and spread of
murine RV in a mouse model.

In our previous study, we compared the role of VP8* and VP5* from heterologous
RV strains in virus replication and diarrhea in a suckling mouse model. We generated
VP8* and VP5* chimeric viruses between homologous ETD and heterologous bovine UK
strains on an rD6/2-2g background [14]. The results showed that, in the case of comparison
between homologous and heterologous VP4s, both VP8* and VP5* from ETD contributed to
increased diarrhea in the suckling mouse model [14]. In the present study, we evaluated the
role of VP8* and VP5* from murine RV strains in a murine RV backbone. This is important
because we are now testing VP4 in a genetic backbone identical to the homologous murine
RV backbone, as opposed to the murine-like condition used in the previous study. Despite
the different genetic background, we came to the same conclusion that ETD VP4 is not more
virulent than RRV VP4, suggesting that when ETD VP4 is not available, RRV VP4 can serve
as a robust surrogate for in vivo studies. To delineate the contributions of VP8* versus
VP5*, we generated VP4 chimeric viruses between a non-tissue-culture-adapted EW strain
and a tissue-culture-adapted ETD_822 strain and compared the role of VP8* and VP5* in a
homologous murine RV strain. Of interest, VP4 chimeric viruses with VP5* body or foot
regions, but not VP8*, slightly increased the amount of RV shedding in the feces compared
with a control virus with ETD-VP4 (Figure 3C,E,F and Table 2). It is possible that the
rEW/ETD-VP4-EW-VP5*-body and the rEW/ETD-VP4-EW-VP5*-foot replicate better than
rEW/ETD-VP4 in MA104 cells. Previous studies on host factors involved with RV entry
demonstrated that the VP8* domain of VP4 attaches to cell-surface glycans (e.g., sialic acid
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and histo-blood group antigens), while the VP5* domain interacts with other coreceptors
(e.g., integrins and heat-shock cognate protein 70). Subsequently, VP5* likely plays a role
in membrane penetration at a post-attachment step [31]. Our current results suggest that
the difference in VP4 between non-tissue-culture-adapted EW and cell-culture-adapted
ETD_822 occurs after the initial virion attachment step with cell-surface glycans. Of note,
none of the recombinant viruses caused the same severe diarrheal diseases as EDIM-EW
did (Figure 2). These data suggest that multiple mutations in VP4 or other viral proteins
are required for robust replication in the mouse intestine.

One can imagine that there are multiple avenues available to leverage this powerful
murine RV system to identify and study the molecular factors that modulate the severity of
diarrhea and viral replication. For example, it would be interesting to further passage these
recombinant viruses in mouse intestines, determine the nucleotide differences by next-
generation sequencing, and introduce the mutations into the rescue plasmids to pinpoint
the precise amino acids important for more robust replication in the mouse intestine without
losing the ability of the virus to replicate in cultured cells. It would also be of interest to
test these viruses in an adult mouse model to see if different results are obtained to those
in the neonatal mouse system. Finally, although human enteroid cultures have proven
a great tool for modeling primary human intestinal epithelial cells and for studying RV
infection [40–42], such a system is lacking for the murine enteroids, which would be useful
for teasing apart the stage of entry affected by VP8* and/or VP5* mutations. In conclusion,
we have developed a reverse genetics for murine RV. This system will provide a useful tool
for understanding the biology of RV in mouse models.
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Abstract: The live attenuated human rotavirus vaccine strain RIX4414 (Rotarix®) is used worldwide
to prevent severe rotavirus-induced diarrhea in infants. This strain was attenuated through the
cell culture passaging of its predecessor, human strain 89-12, which resulted in multiple genomic
mutations. However, the specific molecular reasons underlying its attenuation have remained
elusive, primarily due to the absence of a suitable reverse genetics system enabling precise genetic
manipulations. Therefore, we first completed the sequencing of its genome and then developed
a reverse genetics system for the authentic RIX4414 virus. Our experimental results demonstrate
that the rescued recombinant RIX4414 virus exhibits biological characteristics similar to those of
the parental RIX4414 virus, both in vitro and in vivo. This novel reverse genetics system provides
a powerful tool for investigating the molecular basis of RIX4414 attenuation and may facilitate the
rational design of safer and more effective human rotavirus vaccines.

Keywords: human rotavirus; live attenuated rotavirus vaccine; Rotarix®; reverse genetics

1. Introduction

Group A rotavirus (RVA), a member of Sedoreoviridae, is a primary cause of severe gas-
troenteritis in young children worldwide, accounting for approximately 128,500–215,000 deaths
annually in children aged under 5 years of age [1,2]. The virion contains an 11-segment double-
stranded RNA (dsRNA) genome encoding six structural proteins (VP1-VP4, VP6, and VP7)
and six non-structural proteins (NSP1-NSP6) [3]. Each dsRNA segment possesses one or two
protein-coding sequences flanked by untranslated regions (UTRs).

Currently, there are no specific antiviral treatments for RVA gastroenteritis, and pre-
vention through vaccination remains the most effective approach. Live oral human RVA
(HuRVA) vaccines have been developed through the serial passaging of clinical HuRVAs in
cell cultures and were found safe in neonates and infants. Rotarix® (GlaxoSmithKline), one
of the most widely used live attenuated vaccines globally, is licensed in >100 countries and
universally recommended for all infants in many of these [4–6]. This vaccine is based on the
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RIX4414 (G1P[8]) strain, which was derived from the HuRVA strain 89-12 (G1P[8]), isolated
from a child with diarrhea in the United States during the 1988–1989 rotavirus season. To
develop RIX4414, strain 89-12 was passaged 33 times in primary African green monkey
cells and further passaged in monkey Vero cells to acquire attenuating mutations in its
genome [7]. Infants orally administered the serially passaged strain 89-12 (strain RIX4414)
did not develop diarrhea, confirming its safety. However, the genetic basis for the attenu-
ation of vaccine strain RIX4414 remains unknown. Elucidating these mechanisms at the
molecular level will enhance our knowledge of RVA pathology and may contribute to the
development of new vaccines.

The advances in reverse genetics have allowed RVA genomes to be artificially manipu-
lated, significantly enhancing our ability to research these viruses. However, HuRVA strains
typically do not grow as robustly in cell culture (~106 plaque-forming units (PFU)/mL)
as various animal RVA strains, such as simian SA11 virus (~108 PFU/mL), making the
development of reverse genetics systems more challenging for HuRVAs than for animal
RVAs [8–10]. Despite these difficulties, reverse genetics systems have been developed
for several HuRVA strains. Strain KU (G1P[8]) [11] was the first HuRVA to be success-
fully manipulated by reverse genetics to generate an infectious virus [8]. Subsequently,
systems for a few other HuRVAs, including CDC-9 (G1P[8]) [9], HN126 (G2P[4]) [12],
and Odelia (G4P[8]) [13], have been described. However, none of these HuRVA strains
represent licensed, clinically validated attenuated vaccine strains. Given this, a reverse
genetics platform based on authentic vaccine strain RIX4414 would be highly valuable,
enabling targeted genetic manipulations to unravel the attenuation mechanisms of the live
HuRVAs vaccines.

Very recently, the rescue of the recombinant RIX4414-like virus by reverse genetics
was reported [14]. This RIX4414-like virus was mostly based on RIX4414 but incorporated
segments of the 5′- and 3′-UTRs from the wild-type HuRVA strain Wa (G1P[8]) [15], a
modification required because of incomplete sequence data for certain UTRs of strain
RIX4414 in the GenBank/EMBL/DDBJ data libraries. Additionally, the RIX4414-like virus
VP2 protein included residues shared with several wild-type HuRVAs (Wa (G1P[8]), KU
(G1P[8]), and Odelia (G4P[8])) instead of those found in RIX4414 VP2, because the originally
attempted rescue T7 plasmid carrying the VP2 gene of RIX4414 did not function in reverse
genetics [14]. The UTR regions and VP2 core shell protein are involved in all stages of
RVA replication and virion assembly [16–21]. Therefore, a more reliable and complete
understanding of the molecular mechanisms of attenuation in vaccine strain RIX4414
necessitates a more authentic reverse genetics system.

In this study, we determined the complete sequences of all 11 dsRNA segments of
RIX4414 using next-generation sequencing (NGS) and successfully developed a reverse
genetics system that accurately represents the authentic RIX4414 virus. This system pro-
vides a valuable genetic platform for elucidating the attenuated pathogenic mechanisms of
RIX4414.

2. Materials and Methods

2.1. Cells and Viruses

A baby hamster kidney cell line stably expressing the T7 RNA polymerase (BHK/T7-9) [22]
was cultured in Dulbecco’s modified Eagle medium (DMEM; Nacalai, Kyoto, Japan) supple-
mented with 5% fetal calf serum (FCS; Gibco, Tokyo, Japan) (complete medium) in the presence
of 600 ng/mL hygromycin (Invitrogen, Tokyo, Japan). Monkey kidney cell lines, MA104 and
CV-1, were cultured in complete medium. HuRVA vaccine strain RIX4414 (G1-P[8]-I1-R1-C1-
M1-A1-N1-T1-E1-H1) was obtained directly from a vial of Rotarix® (GlaxoSmithKline, Tokyo,
Japan). Strain RIX4414 and recombinant simian RVA strain SA11-L2 (G3-P[2]-I2-R2-C5-M5-A5-
N5-T5-E2-H5) (rSA11-L2) [23] were propagated as described previously [24]. Briefly, RIX4414
and rSA11-L2 viruses were pretreated with trypsin (type IX, from porcine pancreas; 10 μg/mL)
(Sigma-Aldrich, Tokyo, Japan) and then propagated in MA104 cells in Eagle’s minimum essen-
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tial medium (MEM; Nissui, Tokyo, Japan) without FCS (incomplete medium) but containing
trypsin (1 μg/mL).

2.2. cDNA Library Construction, Illumina MiSeq Sequencing, and Sequence Analysis of RIX4414 Virus

Construction of a cDNA library and Illumina MiSeq sequencing for RIX4414 virus
were conducted as described previously [25,26]. Viral genomic dsRNAs were directly
extracted from a suspension of RIX4414 virus in a vial of Rotarix®, without any passaging
in our laboratory, using a QIAamp Viral RNA Mini Kit (Qiagen, Tokyo, Japan). A 200-bp
fragment cDNA library ligated with bar-coded adapters was prepared using an NEBNext
Ultra RNA Library Prep Kit for Illumina v1.2 (New England Biolabs, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. The cDNA library was isolated using Agencourt
AMPure XP magnetic beads (Beckman Coulter, Tokyo, Japan). After assessing the quality
and quantity of the purified cDNA library, nucleotide sequencing was performed five times
on an Illumina MiSeq sequencer (Illumina, Tokyo, Japan) using a MiSeq Reagent Kit v2
(Illumina) to generate 151 paired-end reads. Analysis of the MiSeq sequencing data was
performed using a CLC Genomics Workbench v8.0.1 (CLC Bio, Tokyo, Japan). Contigs were
assembled from the yielded sequence reads (trimmed) by de novo assembly. Using the
assembled contigs as query sequences and the Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/Blast.cgi) for searching the non-redundant nucleotide
database of the National Center for Biotechnology Information (NCBI;
https://www.ncbi.nlm.nih.gov/, accessed on 1 September 2018), it was determined which
contigs represented the full-length nucleotide sequence for each segment of RIX4414
virus including the typical RVA-segment endings. The determined sequences have been
deposited in GenBank/EMBL/DDBJ, and the accession numbers for the nucleotide se-
quences of the VP1-VP4, VP6, VP7, and NSP1-NSP5 genes of strain RIX4414 are LC822556-
LC822566, respectively.

2.3. Construction of Rescue T7 Plasmids Carrying All 11 dsRNA Segments of RIX4414 Virus

To develop a reverse genetics system for the RIX4414 virus, we newly constructed
11 rescue T7 plasmids for transcription of each mRNA of the 11 dsRNA segments of
RIX4414 virus. For this, full-length cDNA fragments matching the 11 dsRNA segments
were biochemically synthesized by Eurofins Genomics (Tokyo, Japan) or GENEWIZ (Tokyo,
Japan) based on the full-length genomic sequences of the RIX4414 virus determined in this
study, and each was individually cloned into a pUC57-derived pUC57R vector that carries
the antigenomic hepatitis delta virus (HDV) ribozyme and T7 RNA polymerase terminator
sequences [23]. In each of the constructed T7 plasmids, a cDNA copy of a full-length
dsRNA segment is flanked by the T7 RNA polymerase promoter and HDV ribozyme
sequences [27], and followed by the T7 RNA polymerase terminator sequence. A rescue T7
plasmid containing a signature mutation to destroy the unique HindIII restriction enzyme
site in the VP3 gene at position 1039 (by a synonymous mutation) was also constructed
using artificial synthesis by GENEWIZ. The 12 rescue T7 plasmids containing the genome
of strain RIX4414 were pT7/VP1RIX, pT7/VP2RIX, pT7/VP3RIX, pT7/VP3RIX-ΔHindIII,
pT7/VP4RIX, pT7/VP6RIX, pT7/VP7RIX, pT7/NSP1RIX, pT7/NSP2RIX, pT7/NSP3RIX,
pT7/NSP4RIX, and pT7/NSP5RIX.

2.4. Reverse Genetics System

The protocol was basically as described previously [8,23]. For strain RIX4414, the
above-described rescue T7 plasmids were employed. As a comparison, 11 rescue T7 plas-
mids encoding the genome of simian laboratory strain SA11-L2 [28] were also employed,
namely, pT7/VP1SA11, pT7/VP2SA11, pT7/VP3SA11, pT7/VP4SA11-ΔPstI, pT7/VP6SA11,
pT7/VP7SA11, pT7/NSP1SA11, pT7/NSP2SA11, pT7/NSP3SA11, pT7/NSP4SA11, and
pT7/NSP5SA11 [23]. Briefly, the protocol was as follows. Monolayers of BHK/T7-9 cells in
6-well plates (Falcon, Bedford, MA, USA) were cotransfected with 11 T7 plasmids, repre-
senting the cloned cDNAs of 11 RVA dsRNA segments, in the following different quantities:
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pT7/VP1RIX (0.75 μg), pT7/VP1SA11 (0.75 μg), pT7/VP2RIX (0.75 μg), pT7/VP2SA11
(0.75 μg), pT7/VP3RIX-ΔHindIII (0.75 μg), pT7/VP3SA11 (0.75 μg), pT7/VP4RIX (0.75 μg),
pT7/VP4SA11-ΔPstI (0.75 μg), pT7/VP6RIX (0.75 μg), pT7/VP6SA11 (0.75 μg), pT7/VP7RIX
(0.75 μg), pT7/VP7SA11 (0.75 μg), pT7/NSP1RIX (0.75 μg), pT7/NSP1SA11 (0.75 μg),
pT7/NSP2RIX (2.25 μg), pT7/NSP2SA11 (2.25 μg), pT7/NSP3RIX (0.75 μg), pT7/NSP3SA11
(0.75 μg), pT7/NSP4RIX (0.75 μg), pT7/NSP4SA11 (0.75 μg), pT7/NSP5RIX (2.25 μg),
and/or pT7/NSP5SA11 (2.25 μg). To generate recombinant SA11-L2 x RIX4414 single
segment-reassortant viruses, the rescue T7 plasmid encoding the segment of SA11-L2 virus,
which was to be replaced, was exchanged with a rescue T7 plasmid representing the corre-
sponding dsRNA segment of RIX4414 virus; this process was carried out for each of the
11 individual dsRNA segments. Following a 1-day incubation, the transfected BHK/T7-9
cells were washed with incomplete medium and then cocultured with overlaid CV-1 cells
(5 × 104 cells/mL) for 3 days in incomplete medium containing trypsin (0.3 or 0.9 μg/mL).
After this, the cultures were subjected to two cycles of freezing and thawing and then
treated with trypsin (10 μg/mL) for RVA activation, followed by inoculation onto MA104
cells in a roller-tube culture [29]; after one additional passage in such a culture and a 1-day
incubation, recombinant RVAs were rescued and subsequently plaque purified in CV-1
cells, as previously described [30].

2.5. PAGE Analysis of Viral Genomic dsRNAs

Viral genomic dsRNAs were extracted from cell cultures using a QIAamp Viral RNA
Mini Kit (Qiagen). The extracted viral genomic dsRNAs were subjected to polyacrylamide
gel electrophoresis (PAGE) analysis: they were run in a 10% polyacrylamide gel for 16 h
at 20 mA at room temperature, followed by silver staining [24] to visualize the genomic
dsRNA migration profiles.

2.6. Multiple-Step Virus Growth

Monolayers of MA104 cells in 12-well plates (Thermo Fisher Scientific, Rochester,
NY, USA) were infected in triplicate with trypsin-pretreated RVAs at an MOI of 0.01, washed
twice with incomplete medium, and then incubated in incomplete medium containing
trypsin (1 μg/mL) over various time periods. The infected cells were frozen and thawed
twice before the measurement of viral titers by plaque assay.

2.7. Plaque Assay

The plaque assays were conducted as described previously [31]. Briefly, confluent
monolayers of CV-1 cells in 6-well plates (Falcon) were infected with trypsin-pretreated
RVAs, washed twice with incomplete medium, and then cultured with trypsin (1 μg/mL)
in primary overlay medium (0.7% agarose). After 2 or 3 days, the cells were stained
with secondary overlay medium containing 0.005% neutral red (Sigma-Aldrich) and 0.7%
agarose. Plaque sizes were determined by measuring the mean diameters of 25 plaques in
2 independent assays.

2.8. Mouse Experiment

The mouse experiment was basically performed as previously described [32–35].
Briefly, pregnant BALB/cCrSlc mice (16 days of gestation) were purchased from Japan
SLC Inc, Shizuoka, Japan. The mice were housed individually, and suckling mice were
born on day 19.5 of gestation on average. To assess the rate and score of diarrhea, 5-day-
old suckling mice were orally administered 50 μL of cell culture supernatant containing
RIX4414, rRIX4414, or rSA11-L2 (1.0 × 105 PFU/mouse), or cell culture medium without
RVA (mock), and were then monitored daily over a period of 5 days for diarrhea following
gentle abdominal palpation. Mock inoculations were performed using MEM without
additives. Rating of diarrhea (diarrhea score) was performed based on the following scale:
0, no diarrhea (normal stool or no stool); 1, soft orange stool; 2, soft mucous stool; and 3,
liquid stool [32,33]. In this study, the ‘diarrhea’ status was defined as diarrhea score: ≥1. To
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compare the pathological changes in intestinal tissues after RVA infection and confirm RVA
infection in the small intestines, suckling mice at 2–4 days post-infection were subjected to
analysis of histopathology and RVA antigen expression of the small intestines. The animal
experiment protocol was approved by the Fujita Health University Animal Care and Use
Committee (Approval No.: APU19037-MD2).

2.9. Histopathology and Immunochemistry of Small Intestines

Under anesthesia, the small intestines of RVA-inoculated suckling mice were har-
vested and fixed in 4% paraformaldehyde phosphate-buffered solution (FUJIFILM Wako
Chemicals, Osaka, Japan) for 1 day, followed by preparation of paraffin blocks, hematoxylin
and eosin (HE) staining, and immunohistochemistry. In immunohistochemistry, a major
RVA antigen was detected using BOND RX stainer (Leica, Tokyo, Japan). Deparaffinized
and rehydrated sections were used for detection of RVA VP6 protein by using a mouse
monoclonal antibody recognizing VP6 protein (YO-156 antibody [36]). HE-stained sections
and immunostained sections were used for observation of RVA-induced lesions and VP6
protein expression, respectively, using a BX51 optical microscope (Olympus, Tokyo, Japan).

2.10. Statistics

Virus titers were evaluated by means of a two-way ANOVA with Sidak’s post-test.
Statistical analyses were completed using GraphPad Prism 7 (GraphPad Software 7, Boston,
MA). p values of < 0.05 were considered statistically significant.

3. Results

3.1. Sequence Determination of the Full RIX4414 Genome

Sequence information for the 5′- and/or 3′-UTRs of multiple segments is absent in
the available sequence reports for the authentic RIX4414 virus (“Rotarix-A41CB052A”) in
the GenBank/EMBL/DDBJ data libraries (JN849113, JN849114, and KX954616-KX954624),
reflecting a focus on the gene coding sequences by Zeller et al. [37,38]. The reported lengths
of the sequences for VP1-VP4, VP6, VP7, and NSP1-NSP5 of Rotarix-A41CB052A virus are
3267, 2673, 2508, 2359, 1194, 978, 1461, 954, 933, 528, and 594 nucleotides, respectively. In
this study, we determined the complete nucleotide sequences of all 11 dsRNA segments of
vaccine RIX4414 virus in a vial of Rotarix® by performing deep sequencing with Illumina
MiSeq. This approach allowed the determination of the complete nucleotide sequences of
all 11 gene segments of the authentic RIX4414 virus. The lengths in nucleotides of the VP1-
VP4, VP6, VP7, and NSP1-NSP5 dsRNA segments of the RIX4414 were found to be 3302,
2717, 2591, 2359, 1356, 1062, 1566, 1059, 1074, 750, and 664, respectively. All the determined
genetic sequences of the RIX4414 were identical to those of the Rotarix-A41CB052A, the
exception being the VP4 gene that showed a one nucleotide difference (the residues are R
and G at nucleotide position 1112 for Rotarix-A41CB052A and RIX4414, respectively). The
genotype constellation of RIX4414 was identified as G1-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1.

3.2. Construction of 11 Rescue T7 Plasmids for Live Attenuated Vaccine RIX4414 Virus

Our strategy for constructing 11 rescue T7 plasmids for the RIX4414 virus was essen-
tially based on the approach used for the wild-type HuRVA strain KU, which established
the first HuRVA reverse genetics system [8]. To generate recombinant authentic RIX4414, 11
T7 rescue plasmids were created, each designed to express mRNA corresponding to one of
the full-length dsRNA segments as determined by our sequencing analysis. These segment
sequences were synthesized biochemically and cloned into individual T7-driven plasmids,
flanked by the T7 RNA polymerase promoter and HDV ribozyme sequences (Figure 1A).
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Figure 1. Generation of a panel of recombinant SA11-L2-based single-segment reassortants having
one gene segment from RIX4414. (A) Schematic presentation of an 11-plasmid reverse genetics
system to generate SA11-L2-based single-segment reassortants. The 11 rescue T7 plasmids include
the full-length segment of cDNA of each dsRNA segment of RVA, flanked by the T7 RNA polymerase
promoter (PT7) and the HDV ribozyme (Rib). To generate SA11-L2-based single-segment reassortants
having one gene segment from RIX4414, BHK/T7-9 cells were cotransfected with the 11 rescue T7
plasmids (10 for SA11-L2 plus one for RIX4414) with 3-fold increased amounts of the two plasmids car-
rying the NSP2 and NSP5 genes. A panel of recombinant SA11-L2-based single-segment reassortants
having one segment from RIX4414 were rescued from the cultures of the transfected BHK/T7-9 cells.
(B) PAGE analysis of recombinant SA11-L2-based single-segment reassortants with each of the 11
segments from RIX4414. Lanes 1 and 13, dsRNAs from rSA11-L2 (lane 1) and RIX4414 (lane 13); lanes
2–12, dsRNAs from rescued rSA11-VP1RIX (lane 2), rSA11-VP2RIX (lane 3), rSA11-VP3RIX (lane 4),
rSA11-VP4RIX (lane 5), rSA11-NSP1RIX (lane 6), rSA11-VP6RIX (lane 7), rSA11-NSP3RIX (lane 8),
rSA11-NSP2RIX (lane 9), rSA11-VP7RIX (lane 10), rSA11-NSP4RIX (lane 11), and rSA11-NSP5RIX
(lane 12). Red asterisks indicate the positions of the cDNA-derived RIX4414 segments. The numbers
on the left and right indicate the orders of the genomic dsRNA segments of rSA11-L2 and RIX4414,
respectively. (C) Infectivity of recombinant SA11-L2-based single-segment reassortants with each
of the 11 segments from RIX4414. MA104 cells were infected with RVAs at an MOI of 0.01 and then
incubated for 36 h. The viral titers in the cultures were determined by plaque assay. The data shown
are the mean viral titers and standard deviations (SDs) for three independent cell cultures. Asterisks
indicate significant differences between rSA11-L2 and recombinant single-segment reassortants;
*, p < 0.05 (as calculated by two-way ANOVA with Sidak’s post-test).

3.3. Generation of a Panel of Recombinant SA11-L2-Based Single-Segment Reassortant Viruses
Carrying One RIX4414-Derived Segment

To individually access the functionality of each of the newly constructed 11 rescue
T7 plasmids encoding the RIX4414 virus genome, we generated a panel of recombinant
SA11-L2 x RIX4414 single-segment reassortant viruses. These viruses utilized a simian
SA11-L2 genetic backbone, consisting of 10 T7 plasmids that each encoded a different

68



Viruses 2024, 16, 1198

SA11-L2 dsRNA-segment, and one T7 plasmid encoding the RIX4414 version of the missing
dsRNA-segment. These 11 T7 plasmids were co-transfected into BHK/T7-9 cells using the
11 plasmid-based reverse genetics system (Figure 1A) [8,23]. For each of the 11 individual
RIX4414 T7 plasmids, this method successfully produced recombinant SA11-L2-based
single-segment reassortant viruses, thereby demonstrating the functionality of all the
plasmids in reverse genetics.

In PAGE analysis, the viral genomic dsRNAs extracted from the 11 rescued recombi-
nant single-segment reassortants displayed migration patterns where each respective
RIX4414 segment was aligned with the corresponding segment in the RIX4414 virus
(Figure 1B). Furthermore, the nucleotide sequence analysis of the extracted viral genomic
dsRNAs validated the authenticity of each manipulated genomic segment. Thus, these
results collectively confirm the functionality in reverse genetics of all 11 rescue T7 plasmids
for RIX4414 that we constructed.

To estimate the growth potential of the rescued 11 recombinant SA11-L2-based single-
segment reassortants, viral titers of rSA11-L2, the 11 recombinant SA11-L2 x RIX4414
single-segment reassortants, and RIX4414 were determined at 36 h after infection of MA104
cells at an MOI of 0.01 PFU/cell (Figure 1C). Nine single-segment reassortants, rSA11-
VP2RIX, rSA11-VP3RIX, rSA11-VP6RIX, rSA11-VP7RIX, rSA11-NSP1RIX, rSA11-NSP2RIX,
rSA11-NSP3RIX, rSA11-NSP4RIX, and rSA11-NSP5RIX, exhibited virus growth similar
to rSA11-L2. On the other hand, two reassortants, rSA11-VP1RIX and rSA11-VP4RIX,
exhibited impaired growth, with titers that were ~10-fold and ~100-fold lower, respectively.
This is consistent with previous evidence that the HuRVA-derived spike VP4 proteins are
associated with reduced viral growth in cell culture [8,9,12,13,24,28,39,40]. The involvement
of HuRVA-derived RNA-dependent RNA polymerase VP1 proteins as a determinant of
viral growth in cell culture was reported for HuRVA strains KU (G1P[8]), CDC-9 (G1P[8]),
and Odelia (G4P[8]), but not for HuRVA strain HN126 (G2P[4]) [9,12,13,39], suggesting
a possible sub-optimal protein interaction between the exchanged HuRVA-derived VP1
protein and the other existing structural and/or non-structural proteins of simian SA11-L2
virus in a strain-specific fashion.

3.4. Generation of Recombinant Authentic Live Attenuated Vaccine Strain RIX4414 (rRIX4414)
from Cloned cDNAs

We proceeded using the 11 rescue T7 plasmids that encode the RIX4414 genome to
generate a replicative, authentic RIX4414 virus. Notably, for marking purposes, instead
of pT7/VP3RIX plasmid, we used a pT7/VP3RIX-ΔHindIII plasmid, in which a unique
HindIII site in the VP3 gene was eliminated via a silent G-to-A mutation as described in the
Materials and Methods section. The 11 plasmids were co-transfected into BHK/T7-9 cells
using a modified 11-plasmid reverse genetics system for HuRVAs [8]. While no striking
cytopathic effect (CPE) was observed in the first passage of the virus in MA104 cells using
lysates of the cocultures of transfected BHK/T7-9 cells and overlaid CV-1 cells, a typical
RVA CPE appeared in the MA104 cells during the second virus passage. This indicated the
successful generation of recombinant authentic RIX4414 virus, named rRIX4414, entirely
from cloned cDNAs.

To validate the genetic integrity of rRIX4414, we conducted PAGE, sequence, and
restriction analyses. PAGE analysis of the viral genomic dsRNAs extracted from the rescued
virus showed that rRIX4414 exhibited an RNA migration pattern indistinguishable from
that of the parental RIX4414 virus (Figure 2A). To confirm that the rescued virus was
generated from the cloned cDNAs, we confirmed the absence of a unique HindIII site,
a marker genetic mutation introduced into the VP3 gene of rRIX4414 (Figure 2B, upper
panel). The sequence analysis demonstrated that the VP3 gene from rRIX4414 had the
introduced mutation at nucleotide position 1039, whereas the VP3 gene amplified from the
parental RIX4414 virus did not (Figure 2B, lower panel). Furthermore, RT-PCR products
derived from the VP3 gene of rRIX4414 were resistant to HindIII digestion, unlike those
from the parental RIX4414 strain (Figure 2C). Whole-genomic sequencing using Illumina
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MiSeq also confirmed the presence of the expected G-to-A mutation in the VP3 gene and
verified the absence of additional mutations across all 11 segments of the rescued rRIX4414
virus. These results confirm that the recombinant authentic RIX4414 virus was successfully
generated via reverse genetics.

Figure 2. Generation of recombinant authentic rRIX4414 virus entirely from cloned cDNAs. (A)
PAGE of viral genomic dsRNAs extracted from the parental RIX4414 and rescued rRIX4414. Lane 1,
dsRNAs from the parental RIX4414; lane 2, dsRNAs from rescued rRIX4414. The numbers on the
left indicate the order of the genomic dsRNA segments of RIX4414. (B) Rescued rRIX4414 contains
a signature mutation (synonymous mutation) in its VP3 gene, because a nucleotide substitution
(G-to-A at nucleotide position 1039) was introduced to abolish a unique HindIII site. The VP3
genes of RIX4414 and rRIX4414 were amplified by RT-PCR using specific primers, and sequencing
electrograms show that indeed rRIX4414 possesses a G-to-A mutation at nucleotide position 1039. An
asterisk indicates the G-to-A mutation introduced into the VP3 gene of rRIX4414. (C) Confirmation
of the expected susceptibility to HindIII digestion. The 2591-bp VP3 gene RT-PCR products obtained
for RIX4414 (lanes 1 and 2) and rRIX4414 (lanes 3 and 4) were treated with HindIII (+) or not (−), and
separated in a 1% agarose gel. M, 1-kb DNA ladder marker.

3.5. Characterization of rRIX4414 Virus in Cultured Cells

To evaluate whether the rescued rRIX4414 virus possesses the replication characteris-
tics of the parental RIX4414 virus, multiple-step growth curves for RIX4414 and rRIX4414
were determined after infection of MA104 cells at an MOI of 0.01 PFU/cell. The growth
curves showed that the replication of rRIX4414 was virtually identical to that of the parental
RIX4414 (Figure 3A). We also compared the plaque sizes in CV-1 cells for these viruses by
measuring the mean diameters of 25 plaques each in two independent assay repeats (exam-
ples in Figure 3B); this revealed that the rRIX4414 virus produced plaques of virtually the
same size (diameter, 2.01 ± 0.46 mm) as those produced by the parental RIX4414 (diameter,
2.05 ± 0.42 mm). These results demonstrate that the replication characteristics of rRIX4414
in cultured cells are indistinguishable from those of the parental RIX4414.
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Figure 3. Growth properties of rRIX4414 virus in cultured cells. (A) Multiple-step growth curves
for RIX4414 and rRIX4414. MA104 cells were infected with RIX4414 or rRIX4414 at an MOI of
0.01 and then incubated for various times (0, 12, 24, 36, and 48 h). The viral titers in the cultures
were determined by plaque assay. The data shown are the mean viral titers and SDs from three
independent cell cultures. NS, p > 0.05 (as calculated by two-way ANOVA with Sidak’s post-test).
(B) Plaque formation by RIX4414 and rRIX4414. RIX4414 or rRIX4414 was directly plated onto
CV-1 cells to form plaques. The experiment was repeated three times with similar results, and
representative results are shown.

3.6. Characterization of rRIX4414 Virus in Suckling Mice

To estimate whether the rescued rRIX4414 virus also possesses the biological charac-
teristics of the parental RIX4414 virus in vivo, 5-day-old suckling mice were orally infected
with RIX4414 or rRIX4414. To the best of our knowledge, there was no prior information
about the pathogenicity of the vaccine strain RIX4414 in animal models including suckling
mice, and therefore rSA11-L2 was included as a positive control known to induce diarrhea
in suckling mice [32,33,35]. The RVA-inoculated mice were observed daily to check the
possible onset of diarrhea according to previously established criteria [32,33]. Diarrhea
was observed in the mice infected with RIX4414 and rRIX4414 solely on day 2 after infec-
tion, while those infected with rSA11-L2 experienced diarrhea on days 1–4 after infection
(Table 1). In the mice infected with rSA11-L2, the average diarrhea score during days 1–5
was +1.26, whereas the average diarrhea scores in the same period were only +0.03 and +0.11
in the mice infected with RIX4414 and rRIX4414, respectively (Figure 4A). This indicates a
reduced pathogenicity of RIX4414 and rRIX4414 relative to SA11-L2 in suckling mice.

Table 1. Pathogenicity of RIX4414, rRIX4414, and rSA11-L2 viruses in 5-day-old suckling mice.

Days after Infection RIX4414 rRIX4414 rSA11-L2 Mock

0 0% (0/23) * 0% (0/28) 0% (0/21) 0% (0/11)
1 0% (0/23) 0% (0/28) 66.7% (12/18) 0% (0/11)
2 13.0% (3/23) 35.7% (10/28) 58.8% (10/17) 0% (0/11)
3 0% (0/21) 0% (0/26) 73.3% (11/15) 0% (0/10)
4 0% (0/19) 0% (0/24) 23.1% (3/13) 0% (0/9)
5 0% (0/17) 0% (0/21) 0% (0/11) 0% (0/9)

* Rate of diarrhea (No. of diarrhea/inoculated).
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Figure 4. Biological properties of rRIX4414 virus in suckling mice. Five-day-old suckling mice were
orally administered 50 μL of cell culture supernatants containing RIX4414, rRIX4414, rSA11-L2, or
a mock infection. (A) Induction of diarrhea after infection with RIX4414, rRIX4414, or rSA11-L2.
Diarrhea scores for individual mice were monitored daily. The data presented are the mean diarrhea
scores and SDs for 9–28 pups. (B) Cytological changes in the small intestines. Small intestines were
removed daily from day 2 to 4 after infection. Paraffin-embedded sections were stained with HE
reagent. Two pups from each RVA-infected group were sacrificed for HE staining with similar results,
and representative results are shown. From the mock-infection group, only one pup was sacrificed for
HE staining. The bar represents 200 μm. (C) Histological analysis of rotaviral antigen expression in
the small intestines. Small intestines of the infected mice were prepared as described in (B). Sections
were stained by immunohistochemistry using a monoclonal antibody recognizing RVA VP6 antigen.
VP6 protein expression in villus enterocytes was detected. The bar represents 200 μm.

We examined the pathological changes in the small intestine of infected mice on days
2–4 after infection by using HE staining of thin section preparations. Unlike the mock-
infected mice, which showed no histological changes, significant epithelial vacuolization
and villus shortening were observed in the small intestines of RVA-infected mice (Figure 4B).
Notably, epithelial vacuolar degradation, a hallmark of RVA infection, was only observed
on day 2 in the mice infected with RIX4414 or rRIX4414, but persisted throughout days 2 to
4 after infection in the rSA11-L2-infected mice.

To confirm the RVA infection in the small intestine, immunohistochemistry was per-
formed using a mouse monoclonal antibody recognizing the VP6 protein, a major RVA
antigen. On days 2–4 after RVA administration, the VP6 protein was detected in epithelial
cells in the upper part of the villi of RVA-infected mice and not in mock-infected mice
(Figure 4C). A visual estimation of the numbers of small intestine villus epithelial cells
that expressed VP6 could not determine clear differences between rRIX4414-, RIX4414-, or
rSA11-L2-infected mice.

The important conclusion from the combined results is that the biological characteris-
tics of rRIX4414 in suckling mice are comparable to those of the parental RIX4414.

4. Discussion and Conclusions

We successfully established an authentic reverse genetics system for the HuRVA
vaccine strain RIX4414. The recombinant strain, rRIX4414, exhibited properties both in vitro
and in vivo that were indistinguishable from those of the original RIX4414 strain.

One of the limitations of this study is the comparison of the pathogenicity of rRIX4414
and RIX4414 with rSA11-L2 in suckling mice. Both HuRVA viruses, rRIX4414 and RIX4414,
belong to the G1P[8] genotype, while the simian rSA11-L2 virus belongs to the G3P[2]
genotype. This distinction is relevant for RVA infection because the P[8]-VP4 spike proteins
recognize fucosylated histo-blood group antigens such as H1 antigen, while the P[2]-VP4
spike proteins recognize sialic acid present in gangliosides [41–46]. Therefore, to confirm

72



Viruses 2024, 16, 1198

the attenuated phenotype of rRIX4414, it would have been preferable to compare the
vaccine strains with a human strain of the same P[8] genotype (e.g., the virulent Wa strain
(G1P[8])). In any case, it was observed that the biological characteristics of rRIX4414 in
suckling mice are comparable to those of the parental RIX4414 and that they were very
mild compared to a more virulent RVA.

One future application of the recombinant rRIX4414 system is the further improvement
of HuRVA vaccines. Currently, four live attenuated HuRVA vaccines are licensed and WHO-
prequalified: Rotarix® (G1P[8]), RotaTeq® (five reassortant viruses; G1, G2, G3, G4, and
P[8]), ROTAVAC® (G9P[11]), and ROTASIIL® (five reassortant viruses; G1, G2, G3, G4, and
G5). Although these vaccines generally provide cross-protection against heterotypic HuRVA
strains, outbreaks caused by strains heterotypic to the vaccines still occasionally occur [47–
51], and wider vaccine immunogenicity would be advantageous. Additionally, despite
several attempts, the attenuating mutations in the genome of RIX4414 have not yet been
identified [52,53], and knowing them could benefit the development of other RVA vaccines.
Furthermore, while the Rotarix® vaccine is safe and well-tolerated [54], its vaccine strain
RIX4414 is still capable of reversion to increased virulence due to mutations [55–58]. Hence,
the identification and modification of these risk factors by using our established RIX4414
reverse genetics system may yield a safer vaccine strain. In short, we envision that the
rRIX4414 reverse genetics platform will not only help uncover why RIX4414 is attenuated
but will also serve as a base for rationally enhancing vaccine safety and immunogenicity.

Another long-term goal of the rRIX4414 platform is to develop an RVA-based enteric
delivery vector. Since the advent of reverse genetics systems for RVA, it has been speculated
that recombinant RVA could be used as a vector to deliver foreign genes to intestinal cells.
Given the safety profile of Rotarix®, which is a vaccine licensed by the WHO, the rRIX4414
system is ideally positioned for exploring such possibilities.
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Abstract: The leading cause of gastroenteritis in children under the age of five is rotavirus infection,
accounting for 37% of diarrhoeal deaths in infants and young children globally. Oral rotavirus
vaccines have been widely incorporated into national immunisation programs, but whilst these
vaccines have excellent efficacy in high-income countries, they protect less than 50% of vaccinated
individuals in low- and middle-income countries. In order to facilitate the development of improved
vaccine strategies, a greater understanding of the immune response to existing vaccines is urgently
needed. However, the use of mouse models to study immune responses to human rotavirus strains
is currently limited as rotaviruses are highly species-specific and replication of human rotaviruses
is minimal in mice. To enable characterisation of immune responses to human rotavirus in mice,
we have generated chimeric viruses that combat the issue of rotavirus host range restriction. Using
reverse genetics, the rotavirus outer capsid proteins (VP4 and VP7) from either human or murine
rotavirus strains were encoded in a murine rotavirus backbone. Neonatal mice were infected with
chimeric viruses and monitored daily for development of diarrhoea. Stool samples were collected to
quantify viral shedding, and antibody responses were comprehensively evaluated. We demonstrated
that chimeric rotaviruses were able to efficiently replicate in mice. Moreover, the chimeric rotavirus
containing human rotavirus outer capsid proteins elicited a robust antibody response to human
rotavirus antigens, whilst the control chimeric murine rotavirus did not. This chimeric human
rotavirus therefore provides a new strategy for studying human-rotavirus-specific immunity to
the outer capsid, and could be used to investigate factors causing variability in rotavirus vaccine
efficacy. This small animal platform therefore has the potential to test the efficacy of new vaccines
and antibody-based therapeutics.

Keywords: rotavirus; antibody; reverse genetics; vaccine

1. Introduction

Rotavirus vaccines have been highly successful at reducing the burden of rotavirus-
induced gastroenteritis in children in high-income countries. Two oral vaccines were
first approved in 2006 and 2008, developed from a human rotavirus strain (Rotarix, GSK,
Rixensart, Belgium) and a human–bovine rotavirus reassortant virus (Rotateq, Merck &
Co., Rahway, NJ, USA) [1,2]. A total of four live attenuated rotavirus vaccines are now
pre-qualified with the World Health Organization, and a further two are country-specific [3].
However, live attenuated vaccines have failed to protect infants in low- to middle-income
countries, with vaccine efficacy often lower than 50% [4,5], leading to higher rates of
gastroenteritis deaths in unprotected infants. Consequently, there is a pressing need for the
development of improved vaccines.
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A major hurdle for vaccine development has been the absence of suitable pre-clinical
models to test new vaccine candidates. Rotavirus strains are highly species-specific, mean-
ing that human rotavirus strains are primarily pathogenic in humans, and murine rotavirus
strains only cause disease in mice [6,7]. This hinders the study of disease pathology and
immune responses to human rotavirus strains in mice, as human rotavirus strains only
replicate to low titres and cause minimal disease in this species.

In this study, we aimed to develop a new strategy to study the immune response to
human rotaviruses in a mouse model. To achieve this, we generated a chimeric rotavirus
strain that can replicate well in mice and contains key immunogenic proteins from a human
rotavirus strain. This approach builds on previous work that showed reassortment of
certain murine rotavirus genes with those from a non-murine rotavirus strain could still
permit virus replication in mice [6].

The advent of rotavirus reverse genetics has provided the field with the capacity to
rapidly generate chimeric rotaviruses with relative ease [8,9]. Rotaviruses have a triple-
layered structure with an outer capsid composed of two proteins, VP4 and VP7, which
become a major target of the adaptive immune response [10]. Chimeric rotaviruses have
previously been produced using reverse genetics with a murine backbone and human
rotavirus VP4 protein [11], and we have now extended this by successfully generating a
chimeric rotavirus with VP4 and VP7 from a human rotavirus strain. As a control, we also
generated a chimeric virus encoding the outer capsid proteins of a heterologous murine
rotavirus strain. We demonstrated that both viruses could infect neonatal mice and replicate
to comparable titres.

Antibody responses to human rotavirus proteins in chimeric rotaviruses have not
previously been studied in mice. We aimed to determine the magnitude and specificity of
the antibody response to human rotavirus outer capsid proteins using our small animal
model. We observed strong germinal centre formation in the draining lymph nodes of
mice infected with both chimeric viruses, which correlated with antibody production.
Neutralisation and ELISpot assays were used to clearly demonstrate that the chimeric virus
with human rotavirus outer capsid proteins induced antibodies with human rotavirus
specificity. This novel approach to studying human rotaviruses in a small animal model
will be valuable for pre-clinical evaluation of vaccine efficacy and therapeutics targeting
the outer capsid of human rotaviruses.

2. Materials and Methods

2.1. Cells and Viruses

MA104 African green monkey kidney cells, provided by Dr. John Parker (Baker
Institute for Animal Health, Cornell University, Ithaca, NY, USA), were grown in Dulbecco’s
Minimum Essential Media (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin (complete DMEM). Reagent
details are listed in Table 1.

The pre-existing rotavirus strains used in this study were the Rotarix vaccine strain
(G1P [8]) and the primate strain SA11 (G3P [2]). Two rotavirus chimeric strains were devel-
oped using a published plasmid-based reverse genetics system [12]. Using the reassortant
virus rD6/2-2g as the backbone, chimeric viruses were rescued with a human CDC-9
strain VP4 and VP7 (human outer capsid proteins), or a murine strain (ETD) VP4 and VP7,
validated by sequencing. All viruses were propagated in MA104 cells following activa-
tion with 10 μg/mL TPCK-treated trypsin at 37 ◦C for 30 min. Prior to in vivo infection,
viruses were diluted to the appropriate titre in sterile PBS without calcium chloride and
magnesium chloride.
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Table 1. Reagent details.

Reagent Source Identifier

Antibodies and Dyes
Alexa Fluor 488 Anti-Sheep IgG (Donkey) Invitrogen, Carlsbad, CA, USA CAT#A-11015

Anti-Mouse IgG Biotin (Goat) Mabtech, Cincinnati, OH, USA CAT#3825-6

Anti-Mouse IgG HRP (Goat) Sigma Aldrich,
St. Louis, MO, USA CAT#A0168

CD45 (BUV395 Rat Anti-Mouse) BD Biosciences, San Jose, CA, USA CAT#564279; Clone: 30-F11
CD45R (PerCP/Cyanine 5.5

Anti-Mouse/Human CD45R/B220) BioLegend, San Diego, CA, USA CAT#103236; Clone: RA3-6B2

CD95 (APC Anti-Mouse (Fas)) BioLegend, San Diego, CA, USA CAT#152603; Clone: SA367H8
Clarity Western ECL Substrate Bio-Rad, Hercules, CA, USA CAT#170-5060S

Fc Block (TruStain FcX Anti-Mouse
CD16/32) BioLegend, San Diego, CA, USA CAT#101320; Clone: 93

Fixable Viability Dye eFluor 780 Invitrogen, Carlsbad, CA, USA CAT#65-0865
GL7 Antigen (Pacific Blue

Anti-Mouse/Human) BioLegend, San Diego, CA, USA CAT#144614; Clone: GL7

Hoechst 33342 Invitrogen, Carlsbad, CA, USA CAT#H3570
Rotavirus Polyclonal Antibody (Sheep) Invitrogen, Carlsbad, CA, USA CAT#PA1-85845

Streptavidin–ALP Mabtech, Cincinnati, OH, USA CAT#3310-10
Chemicals

BCIP/NBT-plus for ALP Mabtech, Cincinnati, OH, USA CAT#3650-10
Dulbecco’s Modified Eagle’s Medium

(DMEM) Corning, Corning, NY, USA CAT#10-013

Fetal Bovine Serum (FBS) Corning, Corning, NY, USA CAT#28622001
Laemmli Sample Buffer (4×) Bio-Rad, Hercules, CA, USA CAT#1610747

Pierce Protease Inhibitor Mini Tablets Thermo Fisher Scientific, Waltham, MA,
USA CAT#A32953

Red Blood Cell Lysis Buffer (10×) BioLegend, San Diego, CA, USA CAT#420301

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific, Waltham, MA,
USA CAT#89900

RPMI 1640 Corning, Corning, NY, USA CAT#10-040-CV

TPCK-Treated Trypsin Worthington Biochemical, Lakewood, NJ,
USA CAT#LS003740

3,3’,5,5’-Tetramethylbenzidine (TMB)
Membrane Peroxidase Substrate Plus Avantor, Radnor, PA, USA CAT#K830

Commercial Assays

BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, MA,
USA CAT#23227

Luna Universal One-Step RT-qPCR Kit New England Biolabs, Ipswich, MA, USA CAT#E3006
Monarch Total RNA Miniprep Kit New England Biolabs, Ipswich, MA, USA CAT#T2010S

Neon Transfection System 100 μL Kit Invitrogen, Carlsbad, CA, USA CAT#MPK10025

2.2. Virus Quantification by Fluorescent Focus Assay (FFA)

A fluorescent focus assay was used to determine viral titre (in fluorescent focus units,
FFU) as previously described [13]. Briefly, MA104 cells were infected with the virus for
16 h, then cells were fixed with 1:1 methanol–acetone at −20 ◦C for 20 min. After blocking
with PBS-2%FBS for 20 min at room temperature, 10 μg/mL rotavirus polyclonal antibody
(sheep) diluted in PBS-2%FBS was added for 1 h at room temperature. After three washes
with PBS supplemented with 0.1% Tween-20 (PBS-T), 4 μg/mL Alexa Fluor 488 Donkey
Anti-Sheep IgG and Hoechst 33,342 diluted in PBS-2%FBS were added to each well, and the
plate was incubated for 1 h at room temperature. All plates were coated with PBS and kept
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at 4–6 ◦C prior to imaging. Quantification of rotavirus-infected cells was achieved using the
BioTek Cytation 7 Cell Imaging Multimode Reader and Gen5 Image Prime (v3.13) software.

2.3. Rotavirus Infection of Mice

129S6/SvEvTac mice (Taconic Biosciences, Germantown, NY, USA) were maintained
by an in-house breeding colony housed at the Baker Institute for Animal Health. All mouse
work was approved by the Cornell University Institutional Animal Care and Use Committee
(IACUC), Protocol 2022-0152. Seven-day-old pups were infected with 1 × 104 FFU of
virus by oral gavage. Pups were monitored for the development of diarrhoea, and scored
positive if mucus or liquid stool was observed. Stool samples were collected once daily post-
infection from each litter, then pooled and diluted 1:10 in PBS. Diluted stool was centrifuged
at 8000× g for 5 min to remove debris, and the supernatant was stored at −80 ◦C. Blood
samples were collected from the lateral saphenous vein at 4, 6, and 8 weeks old, and
by terminal cardiac puncture at 10 weeks of age. All blood samples were centrifuged
at 6000× g for 5 min, and sera were stored short-term at 4 ◦C. In separate experiments,
14-days-post-infection mice were humanely culled with terminal cardiac puncture samples
collected, and the Peyer’s patches (PPs), mesenteric lymph nodes (MLNs), and spleens
were harvested.

2.4. Quantification of Virus Shedding by RT-qPCR

RNA extraction from a clarified stool suspension was achieved using the Monarch
Total RNA Miniprep Kit according to manufacturer’s instructions. Each sample was eluted
in a total volume of 50 μL nuclease-free water, followed by denaturation of dsRNA at
95 ◦C for 5 min. RT-qPCR was performed using the Luna Universal One-Step RT-qPCR
Kit per the manufacturer’s instructions, with 5 μL of RNA in a total reaction volume of
20 μL using NSP5 forward primer CTGCTTCAAACGATCCACTCAC at 400 nM, NSP5
reverse primer TGAATCCATAGACACGCC at 400 nM, and NSP5 TaqMan probe FAM-
TCAAATGCAGTTAAGACAAATGCAGACGCT-TAMRA at 200 nM. The reaction was
carried out on a QuantStudio 3 thermocycler (Applied Biosystems, Waltham, MA, USA)
under the cycling conditions of 55 ◦C for 10 min, 95 ◦C for 1 min, and 40 cycles of 95 ◦C for
10 s and 60 ◦C for 30 s. A 10-fold serial dilution of SA11 total RNA was included on each
plate to quantify rotavirus genome copies per mL of stool supernatant using QuantStudio
Design & Analysis Software (v1.5.1). A lower limit of quantification of 100 genome copy
numbers was set and assigned to samples with no detectable virus.

2.5. ELISAs

ELISAs were performed to detect IgG-specific anti-rotavirus antibodies using an in-
house method as previously described [13]. MA104 cells were infected with rotavirus to
produce infected cell lysate, or phosphate-buffered saline (PBS) to produce control cell
lysate. Cells were collected and resuspended in Radio-Immunoprecipitation Assay (RIPA)
buffer supplemented with protease inhibitors. The Bicinchoninic Acid Kit for protein
determination was used to measure protein concentration following the manufacturer’s
instructions, and lysate stocks were diluted to 1 mg/mL in PBS.

Plates were washed three times using PBS-T between each step. High-binding 96-well
plates (Greiner Bio-One, Monroe, NC, USA) were coated with 5 μg/mL rotavirus-specific
polyclonal antibody (sheep) in PBS and incubated at 4–6 ◦C for 16 h. Plates were then
blocked with 5% milk–PBS-T at room temperature for 1 h. The purified cell culture lysates
(Rotarix- and SA11 virus-infected lysate or mock-infected control lysate) were diluted
to 10 μg/mL in PBS and incubated at 37 ◦C for two hours. Sera were diluted 1:200 in
5% milk–PBS-T and added in duplicate and incubated at 37 ◦C for 2 h. Positive and
negative control sera from known infected and uninfected mice were included on each
plate. The anti-mouse IgG HRP secondary antibody was diluted 1:1000 in 5% milk–PBS-T
and added before plates were incubated at 37 ◦C for 1 h. To detect the bound antibody,
3,3’,5,5’-tetramethylbenzidine (TMB) was incubated at room temperature for 10 min. The
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reaction was stopped with 1M sulfuric acid (H2SO4), and the optical density (OD) was
read at 450 nm using the BioTek Cytation 7 Cell Imaging Multimode Reader. The OD was
normalised by subtracting the OD of the mock-infected control cell lysate well from the OD
of the virus-infected cell lysate well.

2.6. Western Blot

Rotarix- and SA11-infected cell lysates were denatured in 4× Laemli buffer at 95 ◦C
for 5 min, then separated on a 4–15% Mini-PROTEAN TGX gel (Bio-Rad, CAT#456-1083).
Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane by a Trans-blot
Turbo Transfer System (Bio-Rad, Hercules, CA, USA). The membrane was blocked with
5% milk–PBS-T at room temperature for 1 h, then incubated with sera from mice infected
with either human outer capsid rotavirus or murine outer capsid rotavirus diluted 1:250
in 5% milk–PBS-T for 12 h at 4–6 ◦C. Following three washes in PBS-T, the membrane
was incubated with anti-mouse IgG HRP diluted 1:500 in 5% milk–PBS-T for 1 h at room
temperature. Blots were washed three times in PBS-T and visualised using clarity Western
ECL substrate and a ChemiDoc MP imaging system.

2.7. Extracellular Neutralisation Assay

MA104 cells were seeded in a 96-well black-sided plate (Corning 3340) at 2 × 104 per
well in complete DMEM and incubated at 37 ◦C for 4 h to allow cells to adhere. One
1:10 dilution of serum in serum-free media (SFM) was incubated with trypsin-activated
rotavirus at 37 ◦C for 1 h. The serum–virus mixture was then added in triplicate to seeded
cells. After 1 h at 37 ◦C, 50 μL complete DMEM was added to each well and the plate was
incubated at 37 ◦C for 16 h. Rotavirus neutralisation was quantified by FFA.

2.8. Intracellular Neutralisation Assay

A previously published intracellular neutralisation assay protocol was applied to sera
from mice infected with the human or mouse outer capsid chimeric viruses [9]. Using a
Neon Transfection System Kit, sera were diluted 1:3 in PBS and mixed with 2 × 105 MA104
cells suspended in Resuspension Buffer R. Sera were then electroporated with two pulses at
1400 V and a 20-pulse width using the Neon® Transfection System (Thermo Fisher Scientific,
Waltham, MA, USA). Electroporated cells were resuspended in complete DMEM and plated
onto a 96-well black-sided plate in duplicate. After incubation at 37 ◦C for 4 h, wells were
washed once with PBS, and trypsin-activated rotavirus in SFM was added to each well.
Infection and virus quantification then proceeded as for the extracellular neutralisation
assay, described above.

2.9. Isolation of Single Cells from Lymph Nodes and Spleens

Peyer’s patches (PPs), mesenteric lymph nodes (MLNs), and spleens were harvested
from infected mice 14 days post-infection or control uninfected mice. The tissues were
homogenised through 70 μm mesh cell strainers to obtain single-cell suspensions, and
then washed with RPMI supplemented with 2%FBS (RPMI-2%FBS) by centrifugation at
300× g for 5 min. The PP and MLN cell pellets were resuspended in 1 mL cold staining
buffer (PBS-1%FBS), then filtered through 70 μm mesh, and washed and resuspended in
100 μL staining buffer. Spleen cell pellets were resuspended in red blood cell lysis buffer
and incubated at room temperature for 3 min. These were then washed with PBS by
centrifugation and resuspended in RPMI-2%FBS.

2.10. Flow Cytometry

PP and MLN single-cell suspensions were incubated with Fc Block (1:100) in staining
buffer for 30 min at 4 ◦C, then cells were incubated with viability dye and fluorescently
conjugated antibodies targeting B220, GL7 Antigen, CD95, and CD45 in staining buffer for
30 min at 4 ◦C. Single-color controls were included using PP cells or compensation beads.
Cells were washed twice with staining buffer by centrifugation and resuspended in 100 μL
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4%PFA-PBS at 4 ◦C for 15 min to fix. Cells were then washed twice by centrifugation, and
the cell pellets were resuspended in 300 μL staining buffer. Cells were analysed using a BD
LSRFortessa X-20 (BD Biosciences, San Jose, CA, USA) and BD FACSDiva Software (v9.0),
and data analysis was performed in FlowJo (v10.9.0).

2.11. ELISpot Assay

Spleen single-cell suspensions were analysed by ELISpot to identify rotavirus-specific B
cell responses. PVDF-based membrane plates (MSIP white, Mabtech, Cincinnati, OH, USA)
were activated with 35% ethanol, followed by five washes with sterile water. All fur-
ther washing steps were performed five times with sterile PBS. Plates were coated with
2.7 × 104 FFU Rotarix per well and incubated at 4 ◦C for 16 h. Wells were washed to
remove excess antigen, and incubated with RPMI supplemented with 10% FBS, 100 IU/mL
penicillin, and 100 μg/mL streptomycin for 30 min at room temperature. The media was
removed, and 3 × 105 spleen cells were incubated in triplicate at 37 ◦C for 16 h. The plate
was then washed, and 1 μg/mL anti-mouse IgG biotin in PBS-0.5%FBS was incubated for
2 h at room temperature. After washing, 1:1000 streptavidin–ALP diluted in PBS-0.5%FBS
was incubated for 1 h at room temperature. The plate was washed a final time before
BCIP/NBT-plus for ALP was added and allowed to develop until distinct spots emerged.
Colour development was then stopped by rinsing the plate with water, and plates were
left to dry before imaging on the upright microscope of a BioTek Cytation 7 Cell Imaging
Multimode Reader.

2.12. Statistics

Statistical analysis was performed using GraphPad Prism (v10.2.0). Immune response
outcomes for two groups were analysed by unpaired two-tailed t-tests. Dependent out-
comes reported for three or more groups were analysed by one-way ANOVA and pair-wise
comparisons reported with Tukey’s adjustment for multiple comparisons. Outcomes re-
ported over time were analysed by repeated measures ANOVA and pair-wise comparisons
reported with Bonferroni’s correction for multiple comparisons. Statistical differences
were considered significant at p-values < 0.05 for all comparisons. Error bars indicate the
standard error of the mean.

3. Results

3.1. Construction and Characterisation of Chimeric Rotaviruses Expressing Murine or Human
Strain Outer Capsid Proteins

We previously generated a chimeric virus named rD6/2-2g, which has a murine
rotavirus backbone of the non-tissue-culture-adapted wild-type murine EW strain with
gene segment 4 (VP4) of the simian rotavirus RRV strain. Gene segments 1 (VP1) and
10 (NSP4) of simian rotavirus strain SA11 were introduced to enhance rescue by reverse
genetics. In addition, we generated a murine reassortant virus with gene segment 4
(encoding VP4) from the human rotavirus strain CDC9 (G1P [8]) that replicates in mice [11].
To generate a murine-like virus with an entirely human outer capsid composition, we
inserted both gene segment 4 and gene segment 9 (encoding VP7) of CDC-9 into the
murine-like rD6/2-2g backbone. As a control, we also produced a chimeric virus encoding
the VP4 of the cell-culture-adapted murine ETD strain. This generated two different
chimeric viruses that were identical except one encoded a human rotavirus outer capsid
and the other a murine rotavirus outer capsid, as depicted in Figure 1.
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Figure 1. Schematic diagram of segmented dsRNA genome of chimeric rotaviruses. Reverse genetics
was used to generate chimeric viruses encoding either human or murine outer capsid proteins.

3.2. Chimeric Rotaviruses with Human Outer Capsid Proteins Replicate in Mice

To examine the ability of chimeric rotaviruses to replicate and cause disease in mice,
two separate litters of five pups (mouse outer capsid rotavirus) or six pups (human outer
capsid rotavirus) were infected with virus by oral gavage at seven days old. For comparison
with an entirely human rotavirus strain, we used Rotarix (human vaccine strain) to infect
an additional litter of five pups at the same viral titre. Rotarix has an amino acid identity to
CDC-9 of 98.3% for VP4 and 94.5% for VP7, so serological cross-reactivity was expected.
All pups in each litter were monitored daily for the development of diarrhoea, and stool
samples were collected for quantification by qPCR.

As expected, Rotarix did not robustly replicate and was detectable at only low copy
numbers in pup stool (Figure 2A). In contrast, both chimeric rotaviruses showed strong
evidence of viral amplification from day 2 onwards. Viral shedding was detectable for at
least seven days. As shown in Figure 2B, diarrhoea was only detected in the litter of pups
infected with the chimeric virus expressing the murine rotavirus outer capsid proteins. The
chimeric virus with human rotavirus outer capsid proteins was significantly attenuated in
comparison. Given that the viral loads were comparable, this suggests that the outer capsid
proteins are important in the pathogenesis of diarrhoea in this model, but the mechanism
remains unclear.
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Figure 2. Virus shedding and clinical disease induced by oral infection of neonatal mice with chimeric
rotaviruses compared to a human rotavirus strain. (A) Viral load detected in stool by qPCR (dotted
line for lower limit of quantification). (B) Diarrhoea observed in neonatal mice infected at seven days
old. Numbers in brackets in the key indicate the number of pups per litter.

3.3. Human Rotavirus-Specific Antibody Responses Are Generated in Mice Infected with
Chimeric Rotaviruses

Antibody responses following the infection of three litters of seven-day-old mice
with different rotaviruses were analysed to determine the immunogenicity of the chimeric
strains. Serum samples were collected from mice infected with chimeric rotaviruses at
2 weeks post-infection and compared with samples from mice infected with Rotarix. An
in-house sandwich ELISA based on the SA11 primate rotavirus strain (therefore distinct
from both the human and murine strains) was used to show that rotavirus-specific IgGs
were readily detected in mice infected with the chimeric rotaviruses, but no antibody
response was evident in mice infected with Rotarix (Figure 3B).

Next, we wanted to determine if there were any differences between longitudinal
antibody responses in mice infected with either chimeric virus, so we infected two further
litters of six pups each. We demonstrated that antibody responses were detected for
over two months following infection (Figure 3C). Despite heterogeneity in the antibody
responses within litters, there were no significant differences between IgG titres in mice
infected with chimeric viruses expressing the murine or human outer capsid proteins from
weeks 6 to 10.

To determine whether a sandwich ELISA could differentiate between the antibody
responses of the two litters if a homologous antigen to one of the strains was used, we
generated a lysate of cells infected with the Rotarix strain. We analysed samples collected
at the 10-week timepoint and, as shown in Figure 3E, there was no significant difference
between IgG responses detected using the Rotarix-based ELISA. This likely reflects the
fact that the infected cell lysate used in the sandwich ELISA contains all rotavirus proteins,
and the chimeric viruses are identical except for VP4 and VP7. This supports previous
work that has shown this type of ELISA predominantly detects antibodies specific for the
inner capsid protein VP6 [14], an immunodominant antigen that is identical between both
chimeric virus strains. To confirm this, we performed a Western blot with the Rotarix- and
SA11-infected cell lysates and probed with sera from mice infected with either the murine
outer capsid rotavirus or human outer capsid rotavirus (Figure 3D). A distinct band of
~45 kD, corresponding to VP6, was detected by antibodies from both infected mice at a
comparable level for either lysate.
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Figure 3. Analysis of serum antibody responses in mice infected with chimeric rotaviruses. Mice
were infected with chimeric rotaviruses (murine outer capsid as black circles, human outer capsid
as orange squares) or Rotarix control (shown as purple triangles) at seven days old and serum
samples were collected for antibody analysis at the timepoints shown in the schematic diagram (A).
For all graphs, each point corresponds to an individual mouse; note that some samples were not
available for all assays due to limited sample volumes. (B) Analysis of serum from 21-day-old mice
by sandwich ELISA with primate lysate. (C) Longitudinal samples analysed by sandwich ELISA
with primate rotavirus. (D) Western blot of SA11- and Rotarix-infected cell lysates, probed with
sera from mice infected with either murine outer capsid rotavirus or human outer capsid rotavirus.
(E) Samples from 10-week-old mice analysed by sandwich ELISA with human rotavirus (Rotarix
strain). (F) Extracellular neutralisation of human rotavirus by serum samples from 10-week-old mice
as quantified by fluorescent focus assay. (G) Intracellular neutralisation of human rotavirus by serum
samples from 10-week-old mice as quantified by fluorescent focus assay. Dashed horizontal lines in
Figure (A–C) represent the positive threshold based on the OD450 of serum from uninfected control
mice. Statistical significance was determined by one-way ANOVA (B), repeated measures ANOVA
(C), or unpaired two-tailed t-tests (* p < 0.05; ** p < 0.01; **** p < 0.0001). Tukey’s adjusted pair-wise
comparisons (B) and Bonferroni-corrected pair-wise comparisons (C) are shown.
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To evaluate whether antibodies specifically targeting the human rotavirus capsid were
induced by the human chimeric strain, we next performed serum neutralisation assays.
Sera from 10-week-old mice were incubated with Rotarix for 1 h, and then the resulting
complexes were added to MA104 cells and infection was allowed to proceed overnight
(Figure 3F). Whereas sera from mice infected with entirely murine chimeric virus could
neutralise to a mean of 30.0% relative to the no-sera control, sera from mice infected with
virus containing human outer capsid proteins neutralised to 14.2% (p < 0.0001). This
provides clear evidence that a human-outer-capsid-specific antibody response was induced
by this chimeric virus.

To verify that this functional response was specific for the outer capsid and not for
other rotavirus proteins, we also performed an intracellular neutralisation assay. This
assay evaluates the activity of VP6-specific antibodies inside cells, achieved when serum
antibodies are electroporated into the cytoplasm of MA104 cells [13]. As the VP6 sequence
was identical for both chimeric viruses, we hypothesised that intracellular neutralisation by
sera from infected mice would be very similar. As shown in Figure 3G, there was indeed
no significant difference in intracellular neutralisation induced by the antibodies raised to
both chimeric viruses.

3.4. Chimeric Viruses Induced Human-Rotavirus-Specific B Cell Responses in Mice

To complement and extend the results obtained from the serum antibody analysis of
mice infected with chimeric viruses, we also characterised B cell responses to infection.
Two litters of mice were infected with chimeric viruses, and 14 days post-infection, cells
from the spleen and draining lymph nodes (PPs and MLNs) were analysed. A third litter of
mice was infected with an equal titre of the Rotarix vaccine strain to verify the inability of
an entirely human rotavirus strain to induce a detectable B cell response in mice. Two age-
matched uninfected mice were also included as controls. Flow cytometry on 50,000 cells
was used to identify the germinal centre B cells present in the PPs and MLNs of each
litter of mice (Figure 4A,B). No germinal centre formation was observed in pups infected
with Rotarix, in accordance with Figure 3A, and in line with the lack of virus replication
measured in Figure 2A. In contrast, germinal centre formation in draining lymph nodes
was readily observed in both litters of mice infected with the two chimeric rotavirus strains.
Interestingly, there was a small but significant difference (p = 0.0128) between the number of
germinal centre B cells measured in the MLNs. This indicates that the chimeric strain with
the human rotavirus outer capsid induces fewer germinal centre B cells than the entirely
murine strain.

Whilst germinal centre B cell quantification clearly shows a strong B cell response,
this approach does not identify antigen specificity of the B cells. To investigate this, we
performed ELISpot assays, using Rotarix as the antigen coated onto wells of an ELISpot
plate. Splenocytes from three mice from each litter, plus from two uninfected control mice,
were incubated in the antigen-coated wells overnight, then staining for IgG production
was completed the following day. Figure 4C,D show that mice infected with chimeric
virus encoding the human outer capsid generated B cells that produced significantly more
human-rotavirus-specific antibodies than the other viruses. This therefore confirms that a
human-rotavirus-specific B cell response can be readily induced and detected by infection
with a chimeric virus.
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Figure 4. Analysis of B cell responses in mice infected with chimeric (murine outer capsid as black
circles, human outer capsid as orange squares) or human Rotarix control (shown as purple triangles).
Seven-day-old mice were infected with the panel of viruses, and B cell analysis was performed
14 days later. (A) Representative flow plots of germinal centre (GL7 + FAS+) B cells identified in
Peyer’s patches (PPs) by flow cytometry. Numbers represent the percentage of total B220 + cells.
(B) Quantification of germinal centres in PPs and MLNs by flow cytometry. (C) Quantification of spot
forming unit (SFU) area by B cell ELISpot for Rotarix-specific B cells. (D) Representative images of B
cell ELISpot wells. Statistical significance was determined by one-way ANOVA. Tukey’s adjusted
pair-wise comparisons are shown for p < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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4. Discussion

The species-specificity of rotaviruses has made development of a small animal model
to study human rotavirus strains a significant challenge. This has hampered efforts to
characterise the immune responses to human rotavirus by experimental infections, and
means that a robust pre-clinical system to analyse the efficacy of vaccine candidates and
therapeutics has been lacking. To address this, we have successfully generated a novel
approach to permit replication of rotaviruses encoding human rotavirus proteins in mice,
and shown that these mice generate robust antibody responses to human rotavirus proteins.
This was achieved using reverse genetics to create a chimeric rotavirus that encodes the
outer capsid proteins of a human rotavirus. We verified that whereas human rotavirus
stains replicate poorly in mice and are not immunogenic, a chimeric rotavirus replicates
to a high titre and enables characterisation and quantification of human-rotavirus-outer-
capsid-specific antibody responses. These viruses could also facilitate future analysis of
additional immune responses to human outer capsid proteins, including B cell memory
induction and VP4- and VP7-specific T cells.

A common alternative approach to studying non-murine viruses in mouse models
is to use immunocompromised mice [15,16]. This has been used to permit replication
of non-murine rotaviruses in mouse models, e.g., STAT1 knockout mice [6,17], but this
does not provide a comprehensive overview of the interactions between the innate and
adaptive immune responses. Therefore, use of our chimeric virus system has an advantage
over the use of immunocompromised mice, as an immune response that more closely
resembles the complexity and functionality seen in humans is induced. This generates
a more representative picture of the multifaceted immune response to the outer capsid
epitopes that occurs in a human rotavirus infection. It is acknowledged that the use of
humanised mice could be a means of advancing this model further, but use of the widely
available wild-type 129S6/SvEvTac mouse strain makes our approach more accessible.

We propose a number of different situations where this chimeric rotavirus could be
valuable for advancing our understanding of how to control human rotavirus infections.
Firstly, the ability to study antibody responses to human rotavirus outer capsid proteins
could be valuable for investigating a number of factors that have been associated with
reduced rotavirus vaccine efficacy in low- and middle-income countries. For example,
maternal antibodies have been correlated with a reduced ability of infants to seroconvert
following vaccination in a number of vaccine clinical trials, yet the target of these interfering
maternal antibodies is unclear [18,19]. Infection of female mice with one strain, and then
infection of their pups with another would determine whether antibodies targeting the
outer capsid protein are responsible for interference. A second situation where these
viruses could be useful is in pre-clinical vaccine trials. Whereas immune responses to
mice vaccinated with new strategies targeting human rotaviruses, e.g., recently described
rotavirus VP8 * mRNA vaccines [20], can be readily studied in mice, the ability of these
immune responses to protect against human rotavirus infection is not possible using
standard strains. A chimeric virus infection would provide a solution for this. Finally,
chimeric viruses could be used to test new therapeutic strategies targeting the human outer
capsid protein. This would be especially useful for testing monoclonal antibodies specific
for human rotavirus strains [21,22].

One potential limitation of our model is the inability of the human chimeric virus to
recapitulate the gastrointestinal disease seen in natural species-specific rotavirus infections.
Current rotavirus vaccines do not induce sterilising immunity, but instead reduce the
severity of clinical signs following infection. The ideal model system would therefore
induce gastroenteritis in mice in order to enable testing of vaccine candidates or therapeutics
that aim to reduce the severity of clinical disease. Whilst the viral replication in mice
infected with rotaviruses with murine or human outer capsid proteins was similar, there
was an interesting decrease in pathogenicity when switching from mouse to human. We
found that the incidence of diarrhoea in pups infected with the rotavirus with a human
capsid was significantly reduced. It is known that the pathogenesis of diarrhoea in rotavirus
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infection is multi-factorial, with reduced epithelial absorption, NSP4 enterotoxins, and
activation of the nervous system all reported to be involved [23]. As the only difference
between our two chimeric viruses was the outer capsid protein, this eliminates a possible
role for NSP4, and instead suggests that the interaction of the outer capsid proteins and
the murine intestinal tract is important. We hypothesise that differences in outer capsid
proteins alter the region of the intestines where the virus preferentially binds and replicates.
This could be further explored by immunohistochemistry of the entire intestinal tract
post-infection.

An additional limitation of our outer capsid chimera approach is that this model does
not enable study of a human-rotavirus-VP6-specific immune response. This is an issue, as
the middle capsid protein VP6 is highly immunogenic and known to be the target of many
rotavirus-specific antibodies in humans [24,25]. Furthermore, VP6-specific antibodies have
been shown to be protective in mouse models [13,26]. The absence of human-rotavirus-
specific VP6 in our chimeric virus system means the repertoire of antibodies induced by
chimeric viruses will not fully recapitulate that induced by natural human rotavirus strains.
Similarly, any T cell responses to human strain VP6 will not be evident. One possible
solution to this issue could be to generate a chimeric rotavirus with human VP4, VP7, and
VP6 on a murine backbone. However, this is predicted to be technically challenging, as
VP6 plays a crucial role in the structure and function of rotaviruses, and therefore a human
strain VP6 may not be compatible with a murine rotavirus backbone.

5. Conclusions

In conclusion, we have shown that using reverse genetics to manipulate rotaviruses
can be an effective strategy to study human rotaviruses in an immunocompetent pre-clinical
model. This approach has the potential to facilitate future vaccine and therapeutic develop-
ment against a childhood pathogen whose global disease burden is still unacceptably high.
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Abstract: RNA virus polymerases carry out multiple functions necessary for successful genome repli-
cation and transcription. A key tool for molecular studies of viral RNA-dependent RNA polymerases
(RdRps) is a ‘minigenome’ or ‘minireplicon’ assay, in which viral RdRps are reconstituted in cells in
the absence of full virus infection. Typically, plasmids expressing the viral polymerase protein(s) and
other co-factors are co-transfected, along with a plasmid expressing an RNA encoding a fluorescent
or luminescent reporter gene flanked by viral untranslated regions containing cis-acting elements
required for viral RdRp recognition. This reconstitutes the viral transcription/replication machinery
and allows the viral RdRp activity to be measured as a correlate of the reporter protein signal. Here,
we report on the development of a ‘first-generation’ plasmid-based minigenome assay for species A
rotavirus using a firefly luciferase reporter gene.

Keywords: rotavirus; minigenome; RNA-dependent RNA polymerase; reporter assay

1. Introduction

Rotaviruses (RVs) are segmented, double-stranded RNA (dsRNA) viruses that cause
acute gastroenteritis in infants, young children and livestock worldwide [1]. Currently,
there are 11 distinct RV species (A–L, no E) with species A being the most predominant,
accounting for over 90% of infections in humans and animals [2–6].

The RV virion is a non-enveloped triple-layered particle (TLP) containing 11 segments
of dsRNA as its genome [7,8]. The core shell is formed by 60 asymmetric dimers of the
viral protein 2 (VP2) and is surrounded by an intermediate layer of VP6 forming the
transcriptionally active, non-infectious double-layered particle (DLP) [8,9]. The polymerase
complex, composed of the RNA-dependent RNA polymerase (RdRp) (VP1) and the RNA-
capping enzyme (VP3), is anchored at the five-fold axes through simultaneous interactions
with multiple subdomains of VP2 [10,11]. The dsRNA segments are thought to be organised
within the core in a way that each genome segment interacts with one specific polymerase
complex [9,12].

The RdRp has a cage-like structure, with four tunnels leading to a catalytic core
(residues 333–778) enclosed between the N-terminal (residues 1–332) and C-terminal do-
mains (residues 779–1088) [13]. During transcription, the RdRp synthesises the capped,
non-polyadenylated, positive-sense RNA ((+)RNA) transcripts from the minus strand of
the genomic dsRNA, which are extruded out of the DLP into the cytoplasm [14]. The
(+)RNA functions as mRNA for viral protein translation and as templates for the synthesis
of new dsRNA genomes [15]. The cap-binding site of the N-terminal domain of VP1 splits
the dsRNA genome through its interaction with the 5′ conserved m7GpppGGC residue of
(+)RNA present in all the RV segments [16,17]. After a short part of the helix is unwound,
the unpaired negative sense RNA ((−)RNA) traverses towards the active site of the RdRp
and immediately pairs with complementary NTPs within the core that form a backbone
of the nascent RNA [18]. The dsRNA genome is pushed along by the newly synthesised
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nascent RNA backbone until it reaches the C-terminal domain of VP1, where the coding
strand reanneals with the template and reforms the dsRNA genome [13]. The presence of
distinct exit tunnels ensures that the nascent RNA is released into the cytoplasm while the
(−)RNA is reused in subsequent rounds of (+)RNA synthesis [13,19].

In RVs, highly conserved cis-acting elements that enhance (−)RNA synthesis were also
shown to be present at the 5′-end of (+)RNA, which sometimes extended into the coding
region [17,20–23]. Previous studies using in vitro replication systems showed that the
complementary base pairing of 5′ and 3′ regions of each segment is predicted to facilitate
RNA circularisation by forming panhandle structures where the 3′-GACC conserved
terminal sequence extends as a single-stranded tail [17,24,25]. The RdRp specifically
recognises the conserved consensus sequences at the 3′-end of (+)RNA to initiate (−)RNA
synthesis during genome replication [16]. This interaction is catalytically inactive and
requires the N-terminal domain of VP2, which leads to conformational changes in the
priming loop within the catalytic core of VP1, stabilising the initiating nucleotide in the
priming site of RdRp [26–29]. This correct alignment results in the formation of the first
phosphodiester bond of the (−)RNA product [30]. Simultaneously, the priming loop
retracts, allowing elongation of the dsRNA product out of the polymerase [13]. The ratio of
VP1:VP2 required to achieve this replicase activity was shown to be 1:10, the same ratio
that forms the vertices of the core [17,31]. Studies showed that assembly of VP2 into cores
was required for RNA replication and encapsidation of VP1 and VP3, demonstrating its
direct role in core assembly and the packaging of newly made dsRNA products [16,29].

The above understanding is derived from in vitro biochemistry experiments, which
typically require laborious protein purification and which cannot easily interrogate host
interactions or rapidly test mutant viral polypeptides. While reverse genetics systems for
RVs now exist [32–35], they do not easily allow separate interrogation of viral transcription.
For other Baltimore groups, the study of the RdRp function of plus-strand viruses is readily
accessible due to minigenome assays developed in the 1990s [36], with the development
of assays for the study of minus-strand virus RdRps following shortly thereafter [37–39].
Thus, the lack of a minigenome system for dsRNA viruses is a major roadblock to the study
of the RdRps of dsRNA viruses.

In this study, we aimed to establish a plasmid-based minigenome assay to recapitulate
viral transcription and replication, using a luciferase reporter construct flanked by viral
UTRs. We found that the luciferase signal could be generated by expressing the subset of
viral structural proteins required for DLP formation, if the ratios of the VP1:VP2 constructs
were optimised. Mutations of the conserved residues in the catalytic core of the VP1 RdRp
only modestly reduced the reporter activity but negated the virus rescue, suggesting that
the reporter signal may also be amplified by viral proteins other than the VP1 RdRp. This
new ‘first generation’ plasmid-based minigenome system has established a potential model
for measuring the polymerase activity in vitro, with several avenues for how to improve
this system now possible.

2. Materials and Methods

Reporter segment construction. The constructs were designed to encode the firefly
luciferase gene in either a positive or negative orientation, flanked by 5′- and 3′-UTRs under
a bacteriophage T7 RNA promoter (T7P), containing sequences for antigenomic hepatitis
delta virus (HDV) ribozyme and T7 transcription terminator (T7T) sequences at the 3′-end.
These constructs were synthesised by Invitrogen GeneArt on pMA (ampicillin resistance)
vectors. The plasmids were amplified by transformation into chemically competent E. coli
DH5α and purified using the QIAGEN® Plasmid Midi Kit (QIAGEN, Manchester, UK)
according to the manufacturer’s protocol. The inserts in each plasmid were verified by
Sanger sequencing (GATC Biotech or Genewiz, Germany) using the primers listed in
Table 1. The sequence results were analysed in SSE v1.4 software [40].
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Table 1. Sequences of primers used in this study.

Target gene Sequence (5′ to 3′) Use

Fluc in pMA plasmid TAATACGACTCACTATAGGG
TCGTCCACTCGGATGGCTA Sequence 5′- and 3′-plasmids containing Fluc gene

VP1 plasmid GGAAGGAGAGATGTACCAGGA Sequence mutations of GDD motif in VP1 plasmid

Cell lines. BSR-T7 cells, a derivative of baby hamster kidney fibroblasts (BHK-21
cells), constitutively expressing T7 RNA polymerase, were cultured in complete cell culture
medium consisting of Glasgow’s Minimal Essential Medium (GMEM) (Gibco) supple-
mented with 1% tryptose phosphate broth (TPB) (Gibco), heat inactivated 10% foetal
bovine serum (FBS) (Gibco) and 1% penicillin–streptomycin (Gibco). The cells were a kind
gift from the laboratory of Prof. Massimo Palmarini (MRC-University of Glasgow Centre
for Virus Research, UK). The cells were passaged twice weekly and maintained at 37 ◦C,
5% CO2. At every fifth passage, the G-418 selection drug (1 mg/mL) (Scientific Laboratory
Supplies) was added to the cell media.

Site-directed mutagenesis. Site-directed mutagenesis was performed on the RF VP1
plasmid using the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies,
Cheadle, UK) according to the manufacturer’s instructions but using half-volume reactions.
The thermal cycling parameters were as follows: 2 min denaturing at 95 ◦C, followed by
18 cycles of 30 s denaturing at 95 ◦C, 1 min primer annealing at 55 ◦C, 6 min elongation at
68 ◦C, with final 10 min elongation at 68 ◦C. The PCR products were digested using 1 μL of
DpnI restriction enzyme to remove parental methylated DNA before transformation into
competent E. coli cells. The products were visualised using gel electrophoresis. Successful
mutagenesis was confirmed by Sanger sequencing.

Virus rescue. RV RF strain viruses and derivatives thereof were recovered using
our previously described protocol [32]. In summary, BSR-T7 cells in 6-well plates were
co-transfected with 11 plasmids corresponding to each RV genome segment (2.5 μg for
plasmids encoding NSP2 and NSP5; 0.8 μg for the remaining plasmids) using 16 μL
Lipofectamine 2000 (Invitrogen) per transfection. After 24 h incubation, MA104 cells
(1 × 105 cells/well) were added to the transfected BSR-T7 cells and co-cultured for 4 days
in FBS-free Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich, Gillingham, UK)
supplemented with 0.5 μg/mL porcine pancreatic trypsin type IX (Sigma-Aldrich). The
co-cultured cells were then lysed three times by freeze/thaw and the lysates were incubated
with trypsin at a final concentration of 10 μg/mL for 30 min to activate the virus. The lysates
were then transferred to fresh MA104 cells in T25 flasks with 0.5 μg/mL porcine pancreatic
trypsin type IX for up to 7 days and the viruses were harvested. Mock preparations with
the mutated segment omitted were generated for use as negative controls throughout. All
the rescue experiments were performed three times for each virus. The viruses were titred
by plaque assays, and the presence of mutations in the VP1 gene segment was confirmed
by Sanger sequencing (GATC Biotech or Genewiz, Germany).

Plaque assay. Plaque assays for RVs were performed using adapted methods [41,42].
Confluent monolayers of MA104 cells in 6-well plates were washed with FBS-free DMEM
and infected with 800 μL of ten-fold serially diluted virus for 1 h at 37 ◦C 5% CO2. Following
virus adsorption, 2 mL/well overlay medium was added (1:1 ratio of 2.4% Avicel (FMC
Biopolymer, Philadelphia, USA) and FBS-free DMEM supplemented with 0.5 μg/mL
porcine pancreatic trypsin type IX) and incubated for 4 days. The cells were then fixed for
1 h with 1 mL/well of 10% neutral buffered formalin (CellPath, Newtown, UK) and stained
for 1 h with 0.1% Toluidine blue (Sigma-Aldrich) dissolved in H2O.

Luciferase assay. At 70–80% confluency, BSR-T7 cells in a 24-well plate were trans-
fected with plasmid DNA using Lipofectamine 2000 reagent (Invitrogen, Loughborough,
UK) according to the manufacturer’s protocol. Plasmid DNA and Lipofectamine reagent
(1 μL of Lipofectamine for 1 μg of DNA) were separately diluted in 50 μL Opti-MEM. After
a 5 min incubation at room temperature, the diluted mixes were combined and incubated
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for a further 25 min. During this time, the complete cell culture medium was changed to
Opti-MEM (200 μL/well) and transfection mix was added to cells dropwise, which were
then incubated for 48 h at 37 ◦C, 5% CO2. Following incubation, the supernatant was
removed and the cells were lysed in 150 μL of Active Lysis Buffer (Promega, Chilworth,
UK). The luciferase activity was analysed using Luciferase Assay Reagent (Promega) and
the signal was read on a Cytation 3 plate reader (BioTek, Vermont, USA). A positive control
plasmid expressing the Fluc gene driven by the cytomegalovirus (CMV) immediate early
promoter, pVR1255, was used as a positive control throughout and is referred to as ‘+ve’.

Statistical analysis. GraphPad Prism v9 was used for all the statistical analyses. Data
are presented as the mean and standard error of the mean from at least three indepen-
dent experiments with technical duplicates unless otherwise stated. The p values were
determined by ratio-paired t-test and were considered statistically significant at <0.05.

3. Results

Minigenome reporter construct design. The highly conserved cis-acting signals in
the 5′- and 3′-UTRs of all the RV segments are recognised by the viral RdRp for (+)RNA
synthesis and dsRNA replication [16,17]. To set up a plasmid-based minigenome assay,
synthetic DNA constructs were initially designed to express the firefly luciferase (Fluc)
gene in either a positive or negative orientation flanked by the 5′- and 3′-UTRs from the
RF strain NSP1 gene (Figure 1A; positive and negative sense reporters were named 5′-
reporter and 3′-reporter respectively). NSP1 was selected by analogy with the influenza A
virus minigenome assay, in which the open reading frame of NS1, also a broadly acting
interferon pathway antagonist, is replaced by a reporter gene [43]. The viral UTRs were
flanked by T7P and HDV ribozyme sequences, as used successfully in the development
of the RV reverse genetics system [33]. Thus, transcription of the resulting vector would
generate full length viral (+) single-stranded RNA transcripts containing native viral 5′ and
3′ termini [44]. If these RNAs were transcribed and/or replicated by the viral RdRp, the
luciferase levels in the transfected cells would be expected to increase.

To determine the quantity of the reporter plasmids required that could be transfected
while generating only minimal background signal, increasing amounts were transfected
into BSR-T7 cells (Figure 1B). The positive control (‘+ve’) luciferase-expressing plasmid
produced a strong luciferase signal that increased with the plasmid dose. In contrast, the RV
reporter genes gave very low levels of signal, not significantly above the background of no
luciferase gene at doses of 100 ng and lower (Figure 1B). Both reporters gave levels of signal
that were above background at 200 ng, but this was still around 30 RLU or lower, so this was
chosen as the amount of reporter construct to take forward for further assay development.

Reporter expression by RV polymerase. During RV reverse genetics, 11 plasmids
(1 per genome segment) are co-transfected into BSR-T7 cells for successful virus rescue,
meaning that viral polymerase is functional and is able to copy both transcript polarities,
thereby generating the complete viral genome. We therefore predicted that co-transfection
of either of our luciferase reporters with the full complement of reverse genetics plasmids
would result in an amplification of the luciferase signal above the background. To test this, a
dose-dependent titration was performed for all 11 plasmids in the presence of 200 ng of the
5′- and 3′-reporters to determine the minimal amount of RV plasmids needed to generate
the strongest luciferase signal (Figure 2A; as in reverse genetics [32,34], NSP2 and NSP5
plasmids were used in 3.125X amounts relative to the other nine plasmids). The pVR1255-
positive control plasmid produced a strong luciferase signal (Figure 2B,C). Throughout,
both 5′- and 3′-reporter plasmids expressed alone gave similar levels of background to
those seen in Figure 1B, and so the cognate background reporter signals were subtracted
from all the readings from samples transfected with RV plasmids. The 5′-reporter yielded
a 2–3 log10 increase in luminescence above the background between 25 and 200 ng of the
11 RG plasmids, with apparent saturation at 200 ng and a decrease at 400 ng (Figure 2B).
The same trend was observed for the 3′-reporter, but the overall luminescence signals were
around one log10 lower than for the 5′-reporter. The 5′-reporter was therefore considered to
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be more suitable than the 3′-reporter for the minigenome assay, with 100–200 ng (312.5–625
ng for NSP2 and NSP5) of each reverse genetics plasmid being the optimal amount.

Figure 1. Minigenome reporter gene construct design. (A) Schematic of the reporter gene construct
for the minigenome assay. Plasmids under a T7 promoter (T7P) encoding the Fluc gene in either the
positive (5′-reporter) or negative sense (3′-reporter) flanked by the 5′- and 3′-UTRs. The plasmids
included HDV ribozyme and T7 terminator sequences (T7T). Pink boxes, UTRs; yellow box, firefly
luciferase ORF; blue box, HDV ribozyme sequence. (B) Dose-dependent titration of the 5′- and
3′-reporter plasmids. The pVR1255 plasmid expressing the Fluc gene was used as a positive control
(denoted as ‘+ve’). The mock sample contained transfection reagent only. Data are the mean ± SEM
from four independent experiments.
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Figure 2. Reporter expression by rotavirus polymerase. (A) Schematic of the proposed minigenome
assay. RV plasmids encoding each bovine RF stain gene were co-transfected with T7 reporter plasmids
expressing the Fluc gene in either the positive (5′-reporter) or negative sense (3′-reporter). Luciferase
activity was measured after 48 h post transfection. Dose-dependent titration of 11 RV plasmids with
200 ng of the 5′-reporter in (B) and with 200 ng of the 3′-reporter in (C), with the RLU values for
the reporter-only signal (‘background’) subtracted. As in reverse genetics, the amount of plasmids
expressing NSP2 and NSP5 genes was increased to scale.

Generation of an inactive RdRp. The increase in the luciferase signal in the presence
of all the RV polypeptides was suggestive but not conclusive evidence of viral polymerase
activity. Therefore, for further assay validation, we sought to generate a viral RdRp VP1
mutant lacking polymerase activity. The RV RdRp resembles a ‘right-handed’ architec-
ture made up of the N-terminal domain, the core and the C-terminal domain, where the
core is further split into the ‘palm, finger and thumb’ subdomains [19,27]. Ogden et al.
(2012) showed that the conserved aspartate residues within the ‘GDD’ motif in the palm
subdomain (Figure 3A) were critical for RNA synthesis [26]. These conserved aspartate
residues, D631 and D632, were mutated to alanine by site-directed mutagenesis, creating
the mutants D631A and D632A, respectively (Figure 3B). To test for successful inhibition of
viral RdRp activity, rescues of the VP1 mutants were attempted using reverse genetics, and
as expected, no virus was recovered in the presence of the mutated polymerase (Figure 3C).
This confirmed that the mutations rendered the virus replication incompetent. The same
VP1 mutants were therefore tested in the minigenome assay, with 11 RV gene segments
(100 ng each except 312.5 ng for NSP2 and NSP5), co-transfected into BSR-T7 with 200 ng of
the 5′-reporter. As before, a pVR1255-positive control produced a strong luciferase signal
(Figure 3D). Unexpectedly, however, only a modest decrease in signal was observed for the
D631A mutant and only the D632A mutant yielded a significant reduction. Thus, while the
entire GDD motif appears to be essential for viral rescue, single amino acid mutations were
tolerated in the minigenome assay. Combining D631A and D632A mutations emphasised
the reduction in luciferase signal, but this was still above the background (Figure 3D). The
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VP1 mutants possibly retained some polymerase activity, or some of the luciferase signal
was generated by other viral proteins.

Figure 3. Generation of inactive polymerase. (A) VP1 shown as a linear schematic and coloured
according to the domain organisation, with amino acid numbers labelled above. Adapted from [27],
with alignments for RVH-RVL updated/added based on their reference sequences (KT962027.1,
NC_026825.2, NC_055268.1, OQ934016.1, OM101015.1). The N-terminal and C-terminal domains
(deep blue) flank the core domain containing the fingers (pale blue), palm (mid blue) and thumb
(orange). Sequence-based alignment of RdRps across RV species and the related reovirus showing
the conserved catalytic ‘GDD’ site. Dots indicate amino acid conservation. Highlighted in yellow
are the two conserved aspartic acid residues targeted for mutagenesis. (B) Mutagenesis strategy for
evolutionarily conserved aspartic acid residues in the VP1 catalytic domain. (C) Viral titres of WT
RF and of VP1 mutants. (D) Minigenome assay for VP1 mutants. In all cases, all 11 RG plasmids
were transfected (with 3.125×X amounts of NSP2 and NSP5 plasmids) along with 200 ng 5′-reporter.
pVR1255 plasmid expressing Fluc gene was used as a positive control (denoted as ‘+ve’). The RLU
values for the reporter-only signal (‘background’) were subtracted. * p < 0.05; *** p < 0.001.

Exploring the minimal requirements for the RV minigenome assay. Although 11 plas-
mids are required for viral rescue, we considered the possibility that not all 11 segments
may be needed for the minigenome assay. During RV replication, upon cell entry, the loss
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of the outer protein layer of VP4 and VP7 triggers a conformational switch that induces
polymerase activity in the now double-layered virus particle (DLP) [45]. The DLP contains
a core comprising VP1, VP2 and VP3, surrounded by a shell of VP6. We therefore consid-
ered the possibility that reconstitution of the DLP alone may be sufficient for polymerase
activity and whether transfection of constructs delivering only these four proteins with
the 5′-reporter was sufficient to yield a luciferase signal. However, transfecting equimolar
amounts of the VP1-3 and VP6 plasmids resulted in a dramatic loss of signal relative to
the 11-plasmid system that was barely above the background (Figure 4A). Patton et al.
(1997) showed that a molar ratio of 1 VP1 to 11 VP2, similar to that found in virion cores,
produced the highest level of dsRNA synthesis in the cell-free system [46]. Therefore, we
also tested whether adjusting the VP1:VP2 ratio to 1:11 would improve the signal. Indeed,
when the amount of VP2 plasmid was increased 11-fold, the signal increased significantly
and was only slightly lower than that of the 11-plasmid system.

 

Figure 4. Measuring RdRp activity. Luciferase activity following co-transfection of RV plasmids with
200 ng of 5′-reporter. WT RF denotes co-transfection of all 11 RG plasmids (with 3.125× amounts
of NSP2 and NSP5 plasmids) with the reporter. The pVR1255 plasmid expressing the Fluc gene
was used as a positive control (denoted as ‘+ve’). The RLU values for the reporter-only signal
(‘background’) were subtracted. (A) To test whether the number of RG plasmids expressed could
be reduced, 4 plasmids corresponding to VP1, VP2, VP3 and VP6 were co-transfected with the
5′-reporter (‘4 plasmids + 5′ rep). To test whether the 4-plasmid system could be improved upon, the
amount of the VP2 plasmid was increased 11-fold (‘VP1:VP2 ratio’). (B) To test the dependency of
the system on VP1 and NSP3, polymerase assays were undertaken either by co-transfecting reporter
with VP1 or NSP3 alone, or with ten segments minus either VP1 or NSP3. * p < 0.05; **** p < 0.0001;
n.s, not significant.

We next sought to determine whether VP1 RdRp alone could support amplification
of the reporter signal, and whether NSP3 would serve to enhance the translation. To test
this, each of these constructs was expressed either alone with the luciferase reporter or
reporter was expressed with constructs representing the remaining ten segments in the
absence of VP1 or NSP3. However, in none of these cases was the signal significantly above
the background (Figure 4B).
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4. Discussion

Minigenome assays have been used to study the in-cell polymerase activity of a range
of RNA viruses with single-stranded genomes, including influenza A virus [46], respiratory
syncytial virus [47] and poliovirus [48]. As far as we are aware, in-cell reconstitution
of viral polymerase activity has not been achieved previously for a virus with a double-
stranded RNA genome, although polymerase activity has been assayed in a cell-free system
for bluetongue virus [49]. Minigenome assays have yielded significant breakthroughs
in the understanding of viral polymerase functions and domains, and this development
represents an opportunity for such research questions to be applied to RVs.

Through this work, we unexpectedly found that mutating the highly conserved cat-
alytic GDD motif of RV VP1 only modestly reduced the luciferase signal (Figure 3D). This
may suggest that a significant part of the luciferase signal generated in the polymerase assay
is attributable to the activity of viral protein(s) other than VP1. When either VP1 or NSP3
were excluded from the system but the remaining ten viral proteins were co-expressed with
the reporter, the luciferase signal was not significantly above the background (Figure 4B),
although some signal was observed in the ‘no VP1’ transfection. As exclusion of NSP3, or
expression of NSP3 or VP1 alone, did not increase the reporter signal above the background,
this suggests that if the reporter signal is indeed generated by viral proteins other than the
VP1 polymerase, the way this arises is complicated by interactions between multiple viral
proteins. The minor reduction in the luciferase signal brought about by the D631A and
D632A mutations in VP1 is likely insufficient to explain why the same mutations abrogated
virus production. Possibly, this domain of VP1 has multiple functions required to complete
a virus lifecycle beyond its well-characterised role in dsRNA replication, such as genome
packaging [19,26].

We have demonstrated that the reporter signal is generated when only components of
the DLP are expressed, with no absolute requirement for non-structural proteins. NSP2 and
NSP5 are together necessary and sufficient for the formation of viroplasms (or viroplasm-
like structures), which form a sequestered environment for the accumulation of viral
proteins and DLPs [45]. NSP3 replaces poly-A-binding protein in ribosomal complexes
to bind viral non-polyadenylated transcripts, thereby enhancing their translation (and
also reducing the translation of cellular polyadenylated transcripts) [50]; nevertheless,
in its absence, viral polymerase activity was apparent (Figure 4A), demonstrating that
translation of viral proteins occurs readily in NSP3’s absence. To improve the dynamic
range of this assay, co-expression of this subset of non-structural proteins could be explored.
Co-expression of capping enzymes such as that of African swine fever virus, shown to be
efficient in RV reverse genetics [51], may also augment the efficiency of this minigenome
assay. Alternatively, it may be possible to reduce the number of plasmids required; we have
shown that a signal can be generated when expressing only VP1, 2, 3 and 6, but it may be
possible to reduce this further by removing VP 3 and/or 6; expression of VP1 alone did not
yield a reporter signal significantly above the background (Figure 4B).

Further improvements to this system might include the co-expression of multiple
viral gene segments from the same plasmid. This would reduce the number of plasmids
being co-transfected and so theoretically increase the number of cells receiving the full
complement of viral proteins required for viral polymerase activity to occur. There may
be a trade-off due to the possibility of larger plasmids transfecting with poorer efficiency,
but we have found that analogous multi-segment plasmids improve the minigenome assay
efficiency in the influenza A virus system (unpublished data).

The polymerase assay system reported here was established using reverse genetics
plasmids and so all viral gene segments were under a T7 promoter, necessitating the use of
BSR-T7 cells. It is likely that higher transfection efficiencies would be achieved in HEK293T
cells (infectable with RV in our hands), which are used for other minigenome assays,
including that of influenza A virus. Testing this would require cloning of the constructs
used into a different backbone so that viral genes are expressed under a mammalian
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promoter such as CMV. Alternatively, the T7 polymerase would need to be expressed in
HEK293T cells.

Here, we have established a ‘first generation’ minigenome assay for the RF strain,
which is a widely used and well-characterised lab strain of RV. The generalisability of this
approach to other RV strains should be tested in the future using the analogous approach
of generating a reporter construct encoded by flanking NSP1 UTRs of the cognate strain,
analogous to strategies for maximising influenza A virus gene expression [52]. It is possible
that the use of UTRs from other viral segments would yield a higher translational efficiency,
which was not examined here. Reporter constructs comprising the UTRs from heterologous
RV strains should also be explored as this would negate the requirement for strain-specific
reporter constructs.
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Abstract: Rotavirus (RV) replicates within viroplasms, membraneless electron-dense globular cytoso-
lic inclusions with liquid–liquid phase properties. In these structures occur the virus transcription,
replication, and packaging of the virus genome in newly assembled double-layered particles. The
viroplasms are composed of virus proteins (NSP2, NSP5, NSP4, VP1, VP2, VP3, and VP6), single- and
double-stranded virus RNAs, and host components such as microtubules, perilipin-1, and chaper-
onins. The formation, coalescence, maintenance, and perinuclear localization of viroplasms rely on
their association with the cytoskeleton. A stabilized microtubule network involving microtubules
and kinesin Eg5 and dynein molecular motors is associated with NSP5, NSP2, and VP2, facilitating
dynamic processes such as viroplasm coalescence and perinuclear localization. Key post-translation
modifications, particularly phosphorylation events of RV proteins NSP5 and NSP2, play pivotal
roles in orchestrating these interactions. Actin filaments also contribute, triggering the formation of
the viroplasms through the association of soluble cytosolic VP4 with actin and the molecular motor
myosin. This review explores the evolving understanding of RV replication, emphasizing the host
requirements essential for viroplasm formation and highlighting their dynamic interplay within the
host cell.

Keywords: rotavirus; viroplasm; cytoskeleton; microtubule; actin; molecular motors; lipid droplets;
NSP5; NSP2; VP2; VP4

1. Rotavirus

Rotavirus (RV) was initially observed in 1963 via electron microscopy of feces sam-
ples of young monkeys and mice presenting diarrhea [1]. In humans, the virus was first
described in 1973 in the duodenal mucosa of infants with acute nonbacterial gastroen-
teritis [2]. Fifty years later, RV infections are the leading cause of severe gastroenteritis
and dehydration in infants and young animals [3]. In 2008, before worldwide RV vac-
cine programs, RV gastroenteritis led to 435′000 deaths worldwide, mainly in developing
countries, and high-cost hospitalization in developed countries [4]. The introduction of
vaccine programs reduced the disease burden by 85% in developed countries [5]; however,
developing countries show a much more modest reduction in disease burden [6].

RV is a nonenveloped virus belonging to the order of Reovirales within the family
Sedoreoviridae, where it forms the genus Rotavirus [7,8]. The genus Rotavirus currently entails
nine different RV species, A-D and F-J, distinguished by serological criteria, host range, and
sequence analysis [9]. The strains designated as RV species E were nonrecoverable from
long-term storage, and no sequence information is available to support its existence, being
consequently removed from the RV species list by the ICTV in 2019 [10]. Moreover, recent
reports indicate the identification and sequencing of RV species K and L [11,12]. However,
the ICTV has not yet approved them.

The mature RV virion is a nonenveloped, icosahedral (T = 13), triple-layered particle
(TLP) [13] of about 100 nm in diameter [14]. The virion encapsidates one copy of each of the
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eleven double-stranded RNA (dsRNA) genome segments. Each genome segment encodes
for one protein, six structural proteins (VP1, VP2, VP3, VP4, VP6, and VP7), which are
incorporated into the mature virion, and five (or six) nonstructural proteins (NSP1, NSP2,
NSP3, NSP4, NSP5, and, in certain strains, also NSP6) [15].

The spike protein, VP4, is cleaved in the intestine tract by a trypsin-like protease
in two main products, VP8* (28kDa, amino acids 1-247) and VP5* (60 kDa, amino acids
248–776), that remain noncovalently associated with the infectious particle allowing the
initiation of the RV entry [16,17]. In this context, VP8* initiates RV cell entry by attaching to
various cellular glycans [18], among them terminal sialic acids [19,20] and histo-blood group
antigens (HBGAs) [21]. After cell binding, RV favors entry to the cell via clathrin-mediated
endocytosis, although some strains also use clathrin-independent pathways [22,23].

A common step in RV entry is the localization of the virus particles into early endo-
somes, where they are exposed to environmental changes, such as an acidic pH, low calcium
concentrations, or other lysosomal components. Those factors seem to be involved in the
entrance of the virus into the cytosol [24], but they appear to be strain-dependent, as some
strains seem to profit from maturing endosomes, while others use late endosomes [25]. It is
thought that VP5* is involved in forming pore-like structures in the endosomes, eventually
allowing endosomal escape [26,27].

In this process, the outer layer of the virion is detached, and the double-layered
particles (DLPs) are released in the cytosol. These DLPs become transcriptionally active [28],
releasing into the cytosol capped, nonpolyadenylated (+)ssRNAs [29] for direct translation
of the virus proteins required to (i) block the innate immune response of the host (NSP1 and
VP3) and (ii) build viroplasms (NSP5, NSP2, and VP2) [30–33]. Moreover, increased levels
of virus mRNA transcripts inhibit the translation of the host polyadenylated mRNAs [34].

Specific RV proteins accumulate within specialized cytosolic inclusions called viro-
plasms, where newly synthesized RV genome segments are packaged in newly formed
cores, followed by the addition of a middle coat layer to form DLPs. Subsequently, DLPs
exit the viroplasms via a not fully understood pathway. The current proposed mechanism
involves the association of VP6 with NSP4 embedded in the membrane of the endoplasmic
reticulum (ER) [35,36]. Simultaneously, the spike protein VP4 localizes between the viro-
plasm and the ER, associating with NSP4 [37]. These associations with NSP4 bring VP6
and VP4 in proximity, leading to the formation of a transiently enveloped DLP (eDLP) in
the lumen of the ER [38]. In fact, eDLP reconstructions appear as DLPs with 60 trimeric
VP4 spikes, which connect the particles to the transient envelope where VP7 and NSP4 are
not discernible in images [38].

The assembly is completed in a poorly understood process by incorporating the outer-
layer protein VP7, which is present in the ER [37,38]. The fully formed TLPs are then released
either via cell lysis [39] or in an actin-dependent process from the cell surface [40–42].

2. Viroplasms

2.1. Spatial and Temporal Organization

Viroplasms are membraneless globular electron-dense cytosolic inclusions (Figure 1a).
These structures are responsible for virus genome replication and the generation of new
rotavirus virions. So far, only RVA has been shown experimentally to induce viroplasm
formation; their formation in other species remains to be demonstrated. The viroplasms
comprise NSP5, NSP4, NSP2, VP6, VP1, VP2, VP3, virus single- and double-stranded
RNA, and host components such as tubulin, perilipin, the host proteasome, and cellular
chaperonins [28,43–48]. Finally, viroplasms are adjacent to the ER, enriched in VP4 and
VP7 [43,49].

Viroplasms are detected as early as 2 h postinfection (hpi), and their size steadily
increases [50,51]. Interestingly, the number of viroplasms per cell decreases at 6 hpi,
indicating coalescence between the structures and their dynamic nature [50,52]. Indeed,
it has recently been shown that viroplasms are liquid-like inclusions [53]. Furthermore,
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during the infection, viroplasms move toward the perinuclear region of the cell in a process
that is dependent on the microtubule (MT) cytoskeleton [52].

Figure 1. Comparison of viroplasms and VLSs. (a) Electron micrograph of viroplasm (V) at 6 hpi.
The electron dense viroplasm structure is surrounded by the endoplasmic reticulum membrane filled
with TLPs at diverse stages of maturation. Scale bar is 200 nm. Immunofluorescence of images of
viroplasm (b), VLS (NSP2)i (c), and VLS (VP2)i (d) immunostained with anti-NSP5 (green). Nuclei
are stained with DAPI (blue). Scale bar is 10 μm for b–d.

Remarkably, the expression of NSP5 in the presence of NSP2 or VP2 induces the
formation of viroplasm-like structures (VLS) [54]. VLSs closely resemble the morphology
of RV viroplasms (Figure 1b–d). Due to their simplicity, VLSs are a valuable model for
studying viroplasms within a host using an in vivo approach, as they share characteristics
such as coalescence and perinuclear condensation [50,54].

2.2. Replication Steps within Viroplasms

The exact mechanism of genome packaging and assembly of virions within the viro-
plasms is unclear. The current model assumes that pregenomic (+)ssRNAs are organized
sequence-specifically through the assistance of NSP2 [55] in the viroplasms and packaged
in the assembling core while simultaneously being replicated into dsRNA [56]. The filled
cores move towards the periphery of the viroplasms, which are rich in VP6 for converting
the cores into DLPs. These DLPs would produce (i) more (+)ssRNA [57] or (ii) migrate to
the ER to become mature TLPs [58].

2.3. NSP5

Inhibition of NSP5 expression via RNA interference completely abolishes viroplasm
formation and synthesis of genomic dsRNA as well as progeny virus, revealing the es-
sential role of NSP5 in viroplasm formation [59]. While the complete structure of NSP5
remains unknown, it has been shown to form dimers and oligomers through its C-terminal
region [60,61]. In this context, NSP5 has been shown to be an intrinsically disordered
protein [60], which is consistent with a high propensity to phase separation of the vi-
roplasms [53]. NSP5 is a hyperphosphorylated protein in infected cells, achieved by
phosphorylation by cellular kinases, such as casein kinase (CK1alpha), and regulated via
autoregulation and interaction with NSP2 and VP2 [62–67]. The phosphorylation cascade
is critically dependent on the presence of a serine at position 67 [62]. A recombinant RV
(rRV) harboring a point mutation in NSP5 in serine 67 to alanine (S67A) shows aberrant
viroplasms. This observation suggests that hyperphosphorylation of NSP5 is crucial for
viroplasm morphology [68]. Additionally, the study highlights the significance of the
NSP5 tail region in the phosphorylation cascade and viroplasm formation [63,68]. Despite
the initial notion that autokinase activity could be described, no kinase activity could be
attributed to NSP5, which, in addition to being the primary driver of viroplasm formation,
displays ATPase activity [61,63,69].

2.4. NSP2

Another critical protein in viroplasm formation is NSP2. Similarly to NSP5, inhibition
of NSP2 expression also leads to impairment of viroplasm formation [70]. NSP2 self-
assembles into donut-shaped octamers, as denoted with crystallographic and cryogenic
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electron microscopy analyses for species A, B, and C [71–74]. These multimers can interact
with the RNA-dependent RNA polymerase VP1 and viral RNA [75,76]. Furthermore,
it has been demonstrated that NSP2 is an RNA chaperone, capable of binding to RNA
transcripts and consequently controlling their interaction and unfolding [77]. NSP2 has
been linked to several enzymatic activities, among them a nucleoside diphosphate kinase-
like activity [78], RNA-helix-destabilizing activities [78], and nucleoside triphosphatase
(NTPase) activity [71]. NSP2 plays a direct role in viroplasm coalescence events [50].
NSP2 is found to be dispersed in the cytosol (dNSP2), and its phosphorylated version is
exclusively found in the viroplasms (vNSP2) [79,80]. The phosphorylation of NSP2 occurs
uniquely in S313 by CK1 alpha. Notably, the phosphorylation of NSP2 has been implicated
in viroplasm formation, as evidenced by the delayed formation of viroplasms observed in a
rRV harboring an NSP2 S313D phosphomimetic mutant [81]. Additionally, studies using a
mutant NSP2 harboring a lysine-to-glutamic acid change in the C-terminal region revealed
the importance of a flexible tail in viroplasm biogenesis and coalescence properties [82].

2.5. VP2

An often-overlooked protein in the context of viroplasms is VP2. Silencing of VP2
expression in infected cells reduces the number of viroplasms per cell [83]. VP2, primarily
studied as the main structural core protein, is also an inducer of VLS formation when co-
expressed with NSP5 [44]. It has been shown that VLS formation is critically dependent on
the presence of the three amino acids, L124, V865, and I878, with residues highly conserved
in VP2 of RV species A-H [84]. Previous studies have demonstrated that NSP2 [64] and
VP2 [44,84] trigger the hyperphosphorylation cascade of NSP5. Additionally, VP2 has been
implicated in modifying viroplasm perinuclear localization [52].

3. Host-Cell Cytoskeleton

3.1. Microtubules

MTs are a significant component of the cytoskeletal network in eukaryotic cells, form-
ing a dynamic network of polymeric filaments distributed throughout the cytoplasm.
MTs play pivotal roles in numerous cellular processes, such as cell division, intracellular
transport, motility, and organelle positioning. MTs are hollowed-out tubes formed from
α-tubulin and β-tubulin (αβ-tubulin) heterodimers that are polarized and typically ori-
ented toward the cell periphery [85]. The polarity, a crucial requirement for MT function,
results from the head-to-tail polymerization of tubulin dimers with α-tubulin at the minus
end and β-tubulin at the plus end [86]. Notably, individual filaments can reach up to
5000 μm persistence length in vitro, much longer than actin filaments, which can only reach
persistence lengths of 15–20 μm [87].

An exciting feature of tubulins is their ability to undergo various reversible post-
translational modifications (PTMs), such as acetylation, phosphorylation, polyglycylation,
polyglutamylation, (de)tyrosination, and palmitoylation [88,89]. Most PTMs occur in the
carboxy-terminal tails of tubulin, with the notable exception of acetylation [89]. Acetyla-
tion mainly occurs after the assembly of MTs and is associated with stabilizing the MT
structure [89]. In addition, acetylation can improve the binding and transport of molecular
motors, such as kinesin-1 or dynein [90,91]. Another way to regulate MT functions is with
nonmotor MT-associated proteins (MAPs), classified as MT-stabilizers, destabilizers, or
plus-end tracking proteins [92,93]. MAPs also play a major role in MT bundling, a process
that further regulates the stability of MT filaments [94,95].

The MT cytoskeleton is exploited by numerous viruses throughout almost all stages of
the viral life cycle [96], including internalization [97], viral factory formation [98], assem-
bly [99], and virus release [100].

3.2. MT-Dependent Molecular Motors

Two main classes of molecular motors specialize in transport along the MT network,
corresponding to kinesin and dynein motors. Kinesin motors move towards the MT
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plus-end in what is known as anterograde transport. The diverse cargoes can either
associate directly with the heavy chain or bind to specific regions in the C-terminus of the
light chain [101]. In contrast, the molecular motor dynein moves towards the MT minus
end, performing retrograde transport [102]. The cargo can bind to dynein in numerous
ways, allowing for a wide range of client proteins [103,104]. Viruses, as cargoes, exploit
cytoplasmic dynein to facilitate their transport within the cell [101].

3.3. Actin

Actin is the most abundant protein in many eukaryotic cells. Accordingly, several
viruses subvert the actin cytoskeleton to spread and move over long distances [105].

Actin is expressed as a globular monomer known as G-actin [106]. When it polymer-
izes, it forms F-actin, filamentous structures that can form spontaneously in physiological
conditions. Actin fibers play a fundamental role in many cellular processes, including
motility, morphogenesis, cytokinesis, or endocytosis [107]. Actin-bundling proteins can
crosslink actin filaments into actin bundles, which are the main components of the actin
network [108]. When smaller filaments are organized into microvilli in the plasma mem-
brane protrusions and tightly packed into arrays, the filaments are referred to as brush
borders [109]. Within the cells, the force of actin is produced by myosin molecular mo-
tors that move along the long actin domains, referred to as stress fibers [107,110]. These
stress fibers are often anchored to focal adhesions corresponding to complex structures
responsible for crucial scaffolding interactions with actin [111].

3.4. Actin-Dependent Molecular Motors

Over forty classes of myosins are expressed in eukaryotes, divided into muscle and
nonmuscle myosins [112]. Known as “conventional myosin,” nonmuscle myosin-2 (NM2)
is present in almost every cell type, existing in three variants [113]. Therefore, it is not sur-
prising that NM2 has been shown to play a role in the life cycle of numerous viruses [112].

3.5. Intermediate Filaments

The intermediate filaments (IFs) are the third component of the eukaryotic cytoskeletal
network and are less studied than MTs and actin [114]. One reason is that the IFs are
polymers of two, three, or more different proteins. These proteins include, among others,
keratins, vimentin, lamins, and nestin, which form six subtypes of filaments [114]. Vimentin
and nestin play a role in cell migration, but other proteins have diverse functions depending
on the cell context [115]. Interestingly, IFs are formed in the cytoplasm and the nucleus [116].
So far, no motor proteins have been identified moving along IFs.

4. Viroplasm Interaction with the Host Cytoskeleton

Aside from the viral components, viroplasms interact with many cellular components,
including lipid droplets, proteins, and host nucleic acids. In this context, viroplasms are
found to recruit components of lipid droplets (LDs) during the replication cycle [117]. LDs
are spherical organelles that play a significant role in lipid homeostasis and contain mostly
perilipins [118]. Associations with LDs appear to be required to form viroplasms and
infectious virus progeny by serving as a scaffold for viroplasm assembly and allowing the
association between viroplasms and ER membranes [45,117,119].

However, viroplasms are also found to interact with many elements of the host-
cell cytoskeleton. All three primary cytoskeletal components (actin, MTs, and IFs) are
restructured during RV infection. The formation of viroplasms relies on several of these
reorganizations [120–125].

The reorganization of the MT cytoskeleton has been shown to directly influence
the coalescence and localization of viroplasms [52], which seems a trait common among
many viruses inducing the formation of membraneless replication compartments, such
as birnaviruses, reoviruses, or African swine fever viruses [98,126–129]. In this sense,
MT depolymerization drugs harm both perinuclear condensation and coalescence of the
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viroplasms. On the other hand, MT stabilizing drugs, such as taxol, showed no effect. In
fact (Figure 2a,b), RV infection increases stabilized MTs, as denoted by the rise of acetylated
tubulin in viroplasms [52]. Collectively, RV can subvert the cytoskeleton to assemble and
maintain viroplasms.

Indeed, RV NSP2 and NSP5 have been implicated in directly interacting with tubulin
in coimmunoprecipitation assays followed by Western blot or mass spectrometry. However,
while the interaction of NSP2 with tubulin appears very stable, the interaction between
NSP5 and tubulin is shown to be weak [52,80,130,131]. NSP5 has been pulled down with
tubulin as a contaminant in RV-infected cells due to its ability to bind to NSP2 [50,60]. It
seems that NSP5 and tubulin compete for binding to the same positively charged grooves
on the NSP2 octamer [130]. Interestingly, despite significant MT reorganization induced
by NSP2 transfection, the study does not observe considerable colocalization of NSP2 and
tubulin in NSP2-transfected cells [130]. Furthermore, NSP2 exhibits a robust binding to
nonacetylated tubulin compared to acetylated tubulin [80]. Still, acetylated tubulin seems
to accumulate in mature viroplasms [52].

A newly identified variant of NSP2 displays varying interactions with NSP5 and
acetylated tubulin, depending on the phosphorylation status of NSP2 [80]. These two NSP2
conformations have been distinguished using two different monoclonal antibodies targeting
different regions of NSP2. One conformation corresponds to viroplasmic NSP2 (vNSP2),
which localizes in viroplasms. The second conformation is a cytosolic dispersed pool of
NSP2 (dNSP2), which is phosphorylated at its C-terminus, specifically in S313. Additionally,
dNSP2 is weakly colocalizing with NSP5 and vNSP2 in viroplasms. Interestingly, dNSP2
resulted in the unphosphorylated precursor of vNSP2, where dNSP2 is phosphorylated
by CK1 alpha to generate vNSP2. Once NSP2 is phosphorylated (vNSP2), it can bind to
acetylated tubulin and NSP5. On the other hand, vNSP2 interacts with phosphorylated
NSP5 and only weakly with tubulin [80]. This outcome suggests a mechanism of viroplasm
formation and assembly coordinated by the phosphorylation of NSP5 and NSP2, with VP2
and tubulin acetylation. In this model, dNSP2, phosphorylated by CK1 alpha, and VP2
can bind nonphosphorylated NSP5, triggering NSP5 phosphorylation at Ser67, also by
CK1 alpha, leading to the initial nucleation steps required for viroplasm formation. Both
NSP2 and VP2 associate with unphosphorylated NSP5 [68,84]. These events concomitantly
initiate the reorganization of the MT network to induce favorable conditions. Following
this model, the destabilization of MTs during the early stages of infection hinders the
coalescence of viroplasms [52]. Additionally, the globular morphology of the viroplasms
seems dependent on the phosphorylation of NSP5, since unphosphorylated NSP5 leads to
aberrant viroplasms [68]. However, VP2 also plays a role in the morphology of viroplasms,
in which the inhibition of TRiC chaperonin leads to defective VLS composed of NSP5 and
VP2 without affecting VLS composed of NSP5 and VP2, suggesting that the proper folding
of VP2 is required for viroplasm structure [48]. Similarly, the expression of VP2 harboring
L124 mutated to alanine leads to defective viroplasm formation [84].

Interestingly, the interaction with the MT network is not only based on NSP2–tubulin
associations. In experiments using VLSs induced by coexpression of NSP5 with either
NSP2 or VP2 and treated with an MT-destabilizing drug, it was shown that NSP2 confers
the coalescence properties while VP2 mediates the perinuclear condensation properties.
Additional research provides evidence that transfected NSP4 also binds and reorganizes the
MT network [132–134]. Overall, the interaction of NSP5 and NSP2 with tubulin and their
phosphorylation-dependent effects on viroplasm formation remain to be fully discovered.

Some studies point to the involvement of dynein-mediated transport in the coalescence
of viroplasms [135]. NSP2 can interact with the dynein intermediate chain (DIC), mediating
the ability of the viroplasm to coalesce. These findings resemble measles virus replication
compartments, whose liquid–liquid phase-separated replication organelles depend on
dynein-mediated transport to form large inclusion and viral replication [136]—suggesting
a conserved reliance on dynein-mediated transport among diverse viruses to organize
replication structures. In addition, it has been shown that viroplasms can no longer coalesce
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or move to the perinuclear region when the molecular motor Eg5 of the kinesin-5 family is
inhibited [52]. So far, however, no direct interaction partner has been identified, as VLS
properties seem to be independent of the Eg5 function, regardless of VLS induction by NSP2
or VP2 [52]. Moreover, RV infection halts the host cell cycle in the S/G2 phase [137], a stage
that correlates with a stabilized MT network [138]. The RV-induced cell cycle arrest relies
on the kinesin motor Eg5 and the actin and MT networks. This connection underscores the
significance of a stabilized MT network for viroplasm formation, linking it with the cell
cycle arrest and, consequently, RV replication [137].

The actin cytoskeleton plays an additional important role in viroplasm dynamics and
formation. In this context, actin has mainly been found to interact with VP4, but NSP4 has
likewise been shown to induce actin remodeling [139–142]. VP4 is predominantly known
as a structural spike protein but is also expressed as a soluble protein in the cytosol [139].
The interaction of VP4 and actin is well known [42,139,141]. It has been found that VP4 can
induce actin remodeling when expressed in the absence of other virus proteins [141]. Thus,
VP4 has an actin-binding domain (ABD, amino acid region 713 to 773) at its C-terminus
and a coiled-coil domain, allowing association to actin filaments. The VP4 ABD is buried in
the assembled particle, pointing to the importance of soluble VP4 in the cytoplasm [139].
The use of a recombinant RV harboring a BAP tag in the VP8 region of VP4 (rRV/VP4-
BAP) (Figure 2c,d) demonstrated that cytosolic VP4 plays a critical role, either directly
or indirectly, in interacting with actin filaments to facilitate viroplasm formation [142].
Similarly, as observed for Negri bodies in rabies virus (RABV)-infected cells [143], the
treatment with cytochalasin B, an inhibitor of actin filament dynamics, leads to a reduced
number of viroplasms in RV-infected cells.

Additional studies proved that VP4 associates with MTs, potentially in an early step
of virus release [144]. Studies have also shown that VP4 colocalizes with β-tubulin in both
RV-infected and VP4-transfected cells, an interaction susceptible to disruption through
MT depolymerization [144]. Moreover, it has been hypothesized that VP4 is transported
to the plasma membrane via MT molecular motors [144]. It is plausible that the VP4
intracellular transport is differentially regulated, depending on the specific component
of the cytoskeleton. It is well known that various viruses, such as flaviviruses [145] or
influenza viruses [146], shift from actin-mediated transport to MT-associated transport at
different steps of their life cycle. Transportation along the actin cytoskeleton may direct
VP4 towards viroplasms to facilitate viroplasm formation. This process might involve
the regulation of actin filaments and stress-fiber formation by VP4, which are necessary
for initiating viroplasm assembly. In contrast, the MT network may transport VP4 away
from viroplasms for incorporation in the plasma membrane in an alternative TLP assembly
pathway [144]. The potential of VP4 to undergo differential transport opens new questions
regarding the regulation of host-cell factors.

Only sparse research is available on the interplay of RV infection and the intermediate
filaments. Infection with RV induces substantial restructuring of vimentin in adherent
kidney cells, whereas such reorganization is not observed in differentiated human intestinal
epithelial cells. Conversely, differentiated human intestinal epithelial cells display rear-
rangement of other cytoskeletal elements, a phenomenon not observed in undifferentiated
human intestinal epithelial cells. [122,147]. Further research on the role of intermediate
filaments is needed, as this is a relatively unexplored area.

Despite significant progress in the research on the assembly and maintenance of
viroplasms, there are still gaps in our understanding of the precise molecular mechanisms
involved in their formation and organization, as well as the interplay between different
cytoskeletal components and their regulatory mechanisms.
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Figure 2. Association of viroplasms with microtubules and actin. (a) Electron microscopy of SA11-
infected MA104 cells at 8 hpi, showing viroplasm. Black arrowheads indicate the MT bundles;
viroplasms (V). Scale bar is 0.5 μm. (b) Immunofluorescence of SA11-infected MA104 cells at 6 hpi
showing viroplasms (anti-NSP5, green), acetylated tubulin (mAb antiacetylated tubulin, red) and
nucleus (DAPI, blue), upper left image. The white-boxed area shows an enlarged photomicrograph in-
dicating the localization of the hyperacetylated MTs (white arrowheads) in the viroplasm region. Scale
bar is 15 μm. From Eichwald et al., 2012 [52]. (c) Immunostaining of noninfected and SA11-infected
MA104 cells. At 6 hpi, cells were fixed with methanol and immunostained to detect viroplasms
(anti-NSP5, green) and actin cytoskeleton (antiactin, cyan). Nuclei were stained with DAPI (blue).
The scale bar is 20μm. Immunostaining of noninfected and rRV/wt- or rRV/VP4-BAP-infected
MA104 cells. At 6 hpi, cells were fixed with methanol and immunostained for detection of (d) VP4
(anti-VP4, green) and actin cytoskeleton (antiactin, cyan). Nuclei were stained with DAPI (blue). The
scale bar is 20μm. Open yellow and red arrowheads point to stress fibers in the actin cytoskeleton
and VP4 fibers, respectively. From Vetter et al., 2022 [142].

5. Interaction of Viral Factories with Host Components in Other dsRNA Viruses

Studies on other dsRNA viruses apart from RV, such as reoviruses or bluetongue
virus, have revealed similar interactions between their viral factories and the host cell’s
cytoskeleton. Notably, research on mammalian reovirus (MRV) viral factories indicates
their reliance on the MT network for their perinuclear condensation, movement, and
structural assembly [98], properties observable in RV viroplasm formation as well [52].
It was found that both filamentous and globular MRV viral factories need an intact MT
network for proper function with dynein localizing in both viral factories [98]. Moreover,
the MT network is essential for forming large globular perinuclear inclusions via MRV
non-structural protein μNS, as nocodazole treatment, a tubulin depolymerizing agent, was
shown to disperse the filamentous viral factories into smaller inclusions [148]. These results
appear consistent with studies on RV showing inhibition of perinuclear condensation and
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coalescence upon treatment with nocodazole, suggesting similarities in the interaction of
viroplasms with the host cytoskeleton in other dsRNA viruses [52].

Further, the interaction between reovirus core protein μ2 and MTs stabilized by
bundling and hyperacetylation of α-tubulin determined the filamentous shape of reovirus
inclusion bodies, highlighting the dependency of a stabilized MT network for the distri-
bution of MRV viral factories in cells [127,149]. The direct association between MRV and
spindle tubules observed in L2 cells could explain the aggregates of the virus in extensive
perinuclear inclusions, although this association is not necessary for viral replication [150].
Furthermore, studies on both RV and MRV have shown that their infection disrupts and
reorganizes vimentin filaments without affecting MTs or microfilament bundles [122,151].
Likewise, bluetongue virus associates with the cytoskeleton. Linear arrays of virus particles
around viral inclusion bodies were found to be formed upon treatment with a chemi-
cal compound (colchicine), leading to aggregation of the vimentin filament network in
the perinuclear region, suggesting an association of the viral inclusion bodies with the
intermediate filaments [152].

6. Concluding Remarks

This review describes the crucial interactions between RV proteins and the cellular
cytoskeleton. It has become clear that phosphorylation, particularly the sequence of phos-
phorylation events, and other PTMs play a critical role in regulating the interaction between
RV proteins and the cytoskeleton, particularly between NSP5, NSP2, and tubulin. Addi-
tionally, the new role of VP4 in regulating viroplasm formation, through its interaction with
actin filaments as previously described, underscores the multifunctionality of RV proteins.
This highlights the significance of host-cell factors on the dynamics of viroplasms and
virus replication.

In conclusion, this review underlines promising research areas and aims to enrich
the ongoing discussion surrounding viroplasm assembly and maintenance. Addressing
these unresolved questions and conducting further studies in these areas will deepen
our comprehension of the complex interplay between RV and the host-cell cytoskele-
ton, potentially leading to the development of novel therapeutic strategies for combating
RV infections.
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Abstract: Rotaviruses (RVs) are 11-segmented, double-stranded (ds) RNA viruses and important
causes of acute gastroenteritis in humans and other animal species. Early RV particle assembly is a
multi-step process that includes the assortment, packaging and replication of the 11 genome segments
in close connection with capsid morphogenesis. This process occurs inside virally induced, cytosolic,
membrane-less organelles called viroplasms. While many viral and cellular proteins play roles during
early RV assembly, the octameric nonstructural protein 2 (NSP2) has emerged as a master orchestrator
of this key stage of the viral replication cycle. NSP2 is critical for viroplasm biogenesis as well as
for the selective RNA–RNA interactions that underpin the assortment of 11 viral genome segments.
Moreover, NSP2’s associated enzymatic activities might serve to maintain nucleotide pools for use
during viral genome replication, a process that is concurrent with early particle assembly. The goal of
this review article is to summarize the available data about the structures, functions and interactions
of RV NSP2 while also drawing attention to important unanswered questions in the field.

Keywords: rotavirus; nonstructural protein 2; viroplasm; particle assembly; genome segment assortment;
genome packaging; replication

1. Introduction

Rotaviruses (RVs) are 11-segmented, double-stranded (ds) RNA viruses belonging to
the Sedoreoviridae family within the Reovirales order [1]. Nine genetically divergent species
of RV (groups A-D and F-J) have been discovered to date; however, human infections are
typically caused by group A strains [2,3]. Notably, group A RVs induce severe, dehydrating
diarrhea and vomiting in infants and young children, which can be life-threatening in the
absence of medical care [4]. Despite the availability of several live-attenuated vaccines
against human group A RVs, it is estimated that infections still lead to ~128,000 child deaths
each year in developing world regions [4]. Continued research on RVs is warranted because
the outcomes of such work may inform new treatment measures to prevent childhood
diarrhea. In addition to infecting humans, group A RVs also infect a broad range of avian
and mammalian hosts in nature [5]. Because human strains are poorly cultivatable, the field
has predominantly relied on animal strains as models (e.g., simian strains SA11 and RRV,
bovine strains UK and RF, and porcine strain OSU) [6]. Structural and functional studies of
these model strains and their individual viral proteins have shed light on many aspects of
RV biology. In particular, the RV nonstructural protein 2 (NSP2) has been investigated by
a cadre of laboratories over the past several decades. Results of this work have revealed
multi-faceted roles for this protein during viral replication, particularly during the early
stages of particle assembly. This review article seeks to summarize the growing body of
published literature on RV NSP2 as well as emphasize the key gaps in knowledge for future
research studies.

Viruses 2024, 16, 814. https://doi.org/10.3390/v16060814 https://www.mdpi.com/journal/viruses118
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2. Virion, Genome and Replication Cycle

The RV virion is a ~100 nm non-enveloped, triple-layered particle that exhibits icosa-
hedral symmetry (Figure 1A) [7,8]. The outermost layer of the virion is comprised of the
VP7 glycoprotein, and it is embedded with numerous copies of the VP4 spike protein [7,8].
Proteolysis of VP4 by trypsin-like enzymes is required for RV attachment to cells and results
in the formation of VP8* and VP5* fragments [9]. The intermediate layer of the virion is
made up of VP6, and the innermost core shell is comprised of VP2 [7,8]. Within the VP2
core shell reside several copies of the VP1 RNA-dependent RNA polymerase and the VP3
RNA capping enzyme [8,10,11]. While the position of VP3 inside of the particle has not yet
been validated, VP1 is bound beneath the VP2 core shell, just off-center from each icosahe-
dral fivefold axis [8,11]. Also located within the VP2 core shell are the 11 dsRNA genome
segments, which range in size from ~0.5 kb to ~3.3 kb, together comprising a ~18–23 kb
viral genome [12] (Figure 1B). The extreme 5′ and 3′ termini of the 11 dsRNA genome
segments are conserved, and they abut more variable non-coding regions (NCRs) [12].
For each segment, the NCRs surround a central open-reading frame (ORF) that typically
encodes a single viral protein [12]. As such, most group A RV strains express 11 proteins:
(i) 6 structural proteins (VP1–VP4, VP6 and VP7) that make up the virion particle and
(ii) 5 nonstructural proteins (NSP1-NSP5) that play various roles during the viral replication
cycle but are not incorporated into particles [12] (Figure 1B). Some group A RV strains
express an additional protein (NSP6) from an alternative ORF in the NSP5-coding gene [12].

Figure 1. Rotavirus Virion, Genome and Proteins. (A) Cartoon image of the infectious rotavirus
virion, which is made up of six viral proteins (VP1–VP4, VP6 and VP7). The location of VP3 is
unknown. The 11 dsRNA genome segments are encased within the particle. (B) Rotavirus strain SA11
dsRNA genome segments are shown separated in a polyacrylamide gel. Each gene is numbered, and
the encoded protein and putative/known functions are listed to the right.

Like all members of the Reovirales order, the RV replication cycle is entirely cytoplas-
mic [12] (Figure 2). In humans and lab animals, RVs primarily infect the epithelial cells
of small intestinal villi [13,14]. However, most studies of RV replication are performed
using transformed monkey kidney epithelial cell lines (e.g., MA104 and COS-7) [6,14]. RV
infection is initiated by the binding of proteolytically activated virions (i.e., with cleaved
VP4 spikes) to protein and/or carbohydrate receptors on the host cell surface [15]. The
virus typically enters cells via receptor-mediated endocytosis [15–17]. In the low Ca2+

environment of the endosome, virions undergo shedding of their outer VP4/VP7 layer
concurrent with penetration of the endosomal membrane, resulting in the deposition
of double-layered particles (DLPs) into the cytosol [18–20]. As quickly as 15 min after
penetration, the VP1 polymerases within the interior of the DLPs initiate viral RNA tran-
scription [21]. More specifically, transcription is the synthesis of 11 different positive-sense,
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single-stranded RNA (+ssRNA) using the minus-strands (−ssRNAs) of the 11 dsRNA
genome segments as templates [21]. The nascent +ssRNAs receive a 5′ 7-methylguanosine
cap via the activities of VP3 prior to their egress from channels located at the fivefold axes
of the capsid [21–24]. Serving as messenger RNAs (mRNAs), the +ssRNAs are translated
into the 11 RV proteins by the host cell ribosomal machinery [25–27]. The exact sites of
RV protein synthesis are unknown but likely include cytosolic polysomes and the rough
endoplasmic reticulum (ER) [27].

Figure 2. Rotavirus Replication Cycle. The rotavirus virion attaches to the host cell and enters via
endocytosis. The outer VP7-VP4 layer is removed during the entry process, resulting in a tran-
scriptionally active double-layered particle (DLP). Transcripts (+ssRNAs) first serve as mRNAs for
protein synthesis. Once made, nonstructural proteins NSP2 and NSP5 interact to form viroplasms,
where the early stages of particle assembly occur. The hypothetical steps and putative assembly
intermediates involved in early assembly inside viroplasms are labeled. Specifically, the +ssRNAs
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recruited to the viroplasm are thought to be assorted in the context of pre-core RIs, and then they are
packaged into VP2-containing assembly intermediates called core RIs. In this core RI context, the
+ssRNAs are used for −ssRNA (red) synthesis by VP1 to recreate the dsRNA genome segments inside
a particle that morphs into a DLP. Nascent DLPs made in viroplasms acquire their outer VP7-VP4
layer in the endoplasmic reticulum prior to exiting from the cell.

Following protein synthesis, nonstructural proteins NSP2 and NSP5 nucleate the for-
mation of cytoplasmic inclusions, called viroplasms, which are the sites of early RV particle
assembly [28–30]. More simply, viroplasms can be thought of as “factories” wherein VP1,
VP2, VP3, VP6 and the 11 viral RNA segments come together in a highly coordinated manner
to form new DLPs (Figure 2). While the mechanistic details are incompletely understood,
the DLP assembly process can be described as having 4 interconnected, synergistic steps:
(i) assortment of the 11 distinct +ssRNAs, (ii) packaging of the 11 +ssRNAs along with the
VP1/VP3 into a morphing VP2-containing particle, (iii) VP1-mediated −ssRNA synthesis
(i.e., genome replication), converting the 11 +ssRNAs into the dsRNA genome segments
and (iv) completed assembly of VP2 and VP6 capsid layers to create the intact DLP [18]
(Figure 2). As we will detail in this review article, NSP2 plays several critical roles during
early RV particle assembly—it nucleates viroplasms, mediates the assortment/packaging
of the 11 +ssRNAs into the assembling capsid and may even help to maintain nucleotide
substrate pools for genome replication. The final stages of RV particle assembly occur in
the ER, where the VP4/VP7 capsid layer is added to newly formed DLPs, and the resulting
virions exit from the cell via non-lytic or lytic pathways, depending on cell type [31,32].

3. Discovery and Early Characterization of NSP2

RV NSP2 was first described in the early 1980s when polypeptides from SA11-infected
MA104 cells were analyzed via immunoprecipitation and partial proteolytic peptide map-
ping [33]. These experiments revealed the presence of a 35 kDa protein (originally called
NS35 and later renamed NSP2) that failed to immunoprecipitate using antisera raised
against DLPs, suggesting it to be a nonstructural protein [33]. Sequence analysis was used
to deduce that the NSP2 protein was a conserved, highly basic protein and was coded for
by strain SA11 segment 8; this assignment was experimentally confirmed by in vitro trans-
lation of viral mRNAs and RNA–RNA hybridization assays [34,35]. Following its discovery,
multiple studies sought to better understand the possible function(s) of NSP2 during RV
replication by investigating its intracellular localization and interactions. Immunocyto-
chemistry and colloidal gold labeling of SA11-infected MA104 cells showed that NSP2
localized to viroplasms, which were judged by electron microscopy to be the sites of DLP
assembly [36]. Moreover, NSP2 was reported to be a component of RV replication-assembly
intermediates (RIs) that were purified from SA11-infected MA104 cells using either native
gel agarose electrophoresis or immunoprecipitation [37–40]. Specifically, Patton and Galle-
gos reported that NSP2 was found in complexes called pre-core RIs, which lacked the VP2
core shell protein but contained VP1, VP3 and NSP5 [37]. NSP2 was also found in core RIs
that contained VP2 along with the components of the pre-core RI [38]. Upon incubation with
Mg2+ and NTPs, isolated core RIs (but not pre-core RIs) were found to be active for −ssRNA
synthesis, creating the 11 dsRNA genome segments in vitro [38–40]. These results suggested
that the assortment of the 11 genome segments (i.e., the 11 +ssRNAs), likely in the context of
the pre-core RI, preceded core RI-mediated genome replication (Figure 2) [41]. Furthermore,
these results indicated that the VP2 core shell protein was required for −ssRNA synthesis
by the VP1 polymerase, a finding that has been since validated [42–46]. The observation
that NSP2 was found in both pre-core RIs and core RIs suggested that it may function
during the earliest DLP assembly steps, namely +ssRNA assortment/packaging and pos-
sibly genome replication. Supporting this notion were studies of a temperature-sensitive
SA11 mutant virus that has a lesion mapping to segment 8 (tsE) [47]. tsE replicates well
when grown in cell culture at the permissive temperature of 31 ◦C, but its replication is
severely diminished at the non-permissive temperature of 39 ◦C [48,49]. Ramig and Petrie
showed an increase in the formation of empty RV particles and a decrease in the number
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of viroplasms in tsE-infected MA104 cells at 39 ◦C versus 31 ◦C [49]. Moreover, tsE was
reported to be phenotypically negative for −ssRNA synthesis at 39 ◦C, though it remains
unclear whether this phenotype was an indirect consequence of failed +ssRNA packaging,
which is pre-requisite to −ssRNA synthesis [50].

Early mechanistic insights into NSP2 functions were revealed by a series of biochem-
ical studies. Kattoura et al. employed UV-crosslinking to demonstrate that the protein
(i) assembles into higher-ordered oligomers in the cell, (ii) binds to +ssRNA (and to a
lesser extent dsRNA) in a sequence-independent manner and (iii) interacts directly with the
VP1 polymerase [51,52]. Both the oligomeric nature and RNA binding properties of NSP2
were confirmed by Taraporewala et al. using recombinant protein [53]. Specifically, by
employing gel shift assays the authors were also able to show that recombinant, multimeric
NSP2 bound to +ssRNA in discrete, cooperative steps [53]. Interestingly, the same authors
also showed that the octameric form of NSP2 exhibited a Mg2+-dependent nucleotide
triphosphatase (NTPase) activity, meaning that it could hydrolyze the γ-phosphate from
NTP to create an NDP in vitro [53,54]. Based on this result, the NTPase activity of NSP2 was
hypothesized to serve as a source of energy for incorporating the 11 +ssRNAs into morph-
ing RV particles [53,54]. Schuck et al. built upon the work of Taraporewala et al. and used a
variety of biophysical techniques to confirm the octameric status of NSP2, and to show that
it undergoes conformational changes upon binding to RNA, Mg2+ and NTP/NDPs [55].
In addition, NSP2 was reported to have RNA helix-destabilizing activity, as it disrupted
RNA–RNA duplexes in vitro [56]. This function was predicted to be important for unwind-
ing stem-loop structures in viral +ssRNAs during assortment and packaging [56]. Finally,
NSP2 was reported to bind directly to NSP5, and co-expression of these two proteins alone
induced the formation of viroplasm-like structures in the absence of infection [57,58]. Thus,
in addition to roles during the DLP assembly pathway itself, NSP2 also seemed to help
build the factories within which such assembly occurred. Altogether, these early studies
created a strong foundation for the following decades of structural and functional work,
revealing deeper insights into NSP2’s multifaceted roles during RV replication.

4. Structural and Enzymatic Studies of NSP2

Several structures of recombinant, octameric group A NSP2 have been solved by either
X-ray crystallography or by using single particle cryo-EM reconstruction techniques [59–64].
These studies show that each NSP2 monomer within the octameric unit has an N-terminal
domain (residues ~1–140) and a C-terminal domain (residues ~156–313) that are connected
by a short loop (residues ~141–155) (Figure 3A,B). Residues ~313–317 are unstructured
(Figure 3A). The N-terminal domain is described as having two sub-domains: (i) the first is
composed of two pairs of β-strands separated by two α-helices, and (ii) the second consists
of four α-helices (Figure 3B). The two N-terminal subdomains are connected by a loop that
is largely basic (Figure 3B). This loop and an α-helix from the N-terminal domain form a
large portion of one side of a 25 Å-deep electropositive cleft on the monomer (Figure 3B).
The C-terminal domain has a prominent twisted anti-parallel β-sheet followed by α-helices
(Figure 3B). The other side of the electropositive cleft consists of a C-terminal α-helix and a
loop that exists between residues ~248–265 (Figure 3B). The base of the cleft is composed of
C-terminal anti-parallel β-strands (residues ~186–191; 226–230), along with a loop structure
formed of residues ~221–226 (Figure 3B). The extreme C-terminal region (CTR; residues
~291–313) of NSP2 consists of a flexible linker region and a terminal α-helix (Figure 3A,B).
The functional NSP2 octamer is formed via tail-to-tail stacking of two tetramers in a manner
that creates a 35-Å wide central hole (Figure 3C,D).
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Figure 3. NSP2 Structure. (A) Linear schematic of strain SA11 NSP2 (317 amino acids in length).
The protein is comprised of two domains: an N-terminal (green) and a C-terminal domain (pink),
separated by a short loop (brown). The extreme C-terminal region (CTR; residues 291–317) is
represented in orange; however, CTR residues 314 to 317 are unstructured (white). A yellow star
represents the catalytic site H225. (B) SA11 NSP2 monomer (PDB no. 1L9V) is colored as in panel
(A) and is shown in both surface and ribbon representation. An arrow indicates the electropositive
cleft, and a yellow star represents the catalytic site H225. (C) SA11 NSP2 octamer structure (PDB
no. 1L9V) is shown in ribbon representation (cyan), which a single monomer highlighted in gray.
(D) SA11 NSP2 octamer from panel (C) is flipped “forward” 90 degrees to show the side view along
the two-fold axis. The electropositive groove that comprises RNA/NSP5 binding site is shown as
a dashed line. (E) SA11 NSP2 octameric structure from panel (D) is shown in electrostatic surface
representation. Red indicates negative charge, while blue indicates positive charge.
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In the functional octamer, the electropositive clefts of NSP2 monomers come together
in the context of two highly basic, 25 Å deep and 30 Å wide grooves that run diagonally
across each tetramer–tetramer interface [59] (Figure 3D,E). The histidine triad (HIT)-like
motif of NSP2, which includes the catalytic residue H225 that mediates the hydrolysis of the
γ-phosphate from an NTP to create NDP, is accessed within this region of the protein [59,65]
(Figures 3D and 4A). Using structural and biochemical approaches, Kumar et al. showed
that the hydrolyzed γ-phosphate is transferred to H225 of NSP2 [61]. The formation of
this phosphohistidine intermediate was found to be part of an in vitro NDP kinase activ-
ity, whereby NSP2 converts NDP to NTP via transfer of the bound γ-phosphate [61]
(Figure 4B). The observation that NSP2 has both NTPase and NDP kinase activities
suggested a possible role for NSP2 in maintaining pools of nucleotides in the viroplasm
for use during genome replication. It was further shown that recombinant NSP2 exhibits
an in vitro RNA triphosphatase (RTPase) activity, whereby it hydrolyzes the γ-phosphate
from an RNA molecule via a mechanism requiring H225 [62,65] (Figure 4A). Hu et al. inves-
tigated this RTPase mechanism by determining the X-ray crystal structure of recombinant
NSP2 in complex with the 5′consensus sequence of RV −ssRNA (i.e., 5′GG) [62]. Consistent
with previous studies, they found that the oligoribonucleotide interacted extensively with
highly conserved residues in the enzymatic cleft of the monomers, which are accessed in
the context of the grooves [62]. Indeed, cryo-EM reconstructions of NSP2 in complex with
RNA support the notion that the grooves are also major RNA-binding sites [60]. Moreover,
cryo-EM analysis of NSP2 in complex with a short fragment of NSP5 (residues 66–188)
indicated that NSP5 may interact with NSP2 via the grooves, competing with RNA [60]
(Figure 3D,E). The grooves have also been reported to bind tubulin, although it remains
unclear whether NSP2 is involved in microtubule depolymerization [66]. It is possible that
the highly charged nature of the groove and its geometry may accommodate the binding of
multiple charged ligands, including small RNAs and negatively charged proteins.

Figure 4. Enzymatic Activities of NSP2. (A) Nucleoside triphosphatase (NTPase) and RNA-
triphosphatase (RTPase) activities of NSP2 are cartoon. In this case, the terminal γ phosphate
of either a cellular NTP or a viral RNA is removed by NSP2, yielding inorganic phosphate and NDP.
(B) Nucleoside diphosphate kinase (NDPase) activity of NSP2 is cartooned, whereby the terminal γ
phosphate is added to a cellular NDP to form an NTP.

A separate, novel observation by Hu et al. was that the CTR of one NSP2 monomer in
the octamer unit exhibited an “open” conformation that was flipped outward relative to
the rest of the protein [62] (Figure 5A). The “open” conformation of the CTR was under-
pinned by flexible linker residues 293–295, allowing for a domain-swapping interaction
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that caused adjacent NSP2 octamers to interact within the crystal lattice [62] (Figure 5B).
However, octamer chains were not found in the cryo-EM structures of NSP2, and it remains
unknown whether such interactions occur in solution or in infected cells [64]. Still, as we
discuss in detail in the following sections, the flexible CTR of NSP2 has emerged as an
important functional domain of the protein for both viroplasm formation and for +ssRNA
segment assortment.

Figure 5. NSP2 CTR Conformations and Putative Inter-Octamer Chains. (A) SA11 NSP2 octamer
(PDB no. 4G0A) from Hu et al. is shown in ribbon form (cyan), with the flexible CTRs highlighted
in orange. Representative open and closed CTRs are labeled. (B) Cartoon image of putative NSP2
inter-octamer chains. Under some crystallography conditions, the open CTR of one octamer can
interact with the body of a neighboring octamer (and vice-versa) via a domain-swapping interaction.

5. Role of NSP2 in Viroplasm Formation

As mentioned previously, viroplasms are cytosolic inclusions that serve as sites for the
early stages of RV particle assembly, including the steps of +ssRNA assortment/packaging
and −ssRNA synthesis (i.e., genome replication). Viroplasms can be seen microscopi-
cally as early as 2–4 h p.i., and they appear as small cytoplasmic puncta (~0.1–1 μm in
diameter) [67–70] (Figure 6A). Over the course of infection, small viroplasms fuse together
to become larger, with some reaching >5 μm in diameter [67–70]) (Figure 6A). Notably,
Geiger et al. have shown that, at early stages, viroplasms are more dynamic and can
be readily and reversibly dissolved by the low-concentration aliphatic diol treatments
(e.g., 1,6-hexanediol or propylene glycol), suggesting that these structures are held by
relatively weak, multivalent interactions between NSP2 and NSP5 (Figure 6B) [71]. Ad-
ditionally, viroplasms contain all eleven types of +ssRNAs required for the assembly of
nascent DLPs, as shown by multiplexed single-molecule fluorescence in situ hybridization
(smFISH) analyses (Figure 6C) [72]. While viroplasms have also been shown to contain
several viral and cellular proteins and lipids, NSP2 and NSP5 are sufficient for their nucle-
ation [28–30,58,73]. Silencing of either NSP2 or NSP5 expression in RV-infected cells using
RNA interference (RNAi) was shown to prevent viroplasm formation, further demonstrat-
ing their importance [74,75]. Interestingly, alanine mutation of the NSP2 catalytic histidine
(H225A) did not affect the capacity of the protein to form viroplasms or viroplasm-like
structures in cells [76,77]. Thus, the NTPase/RTPase/NDP kinase activities of NSP2 appear
to be dispensable for viroplasm assembly.
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Figure 6. Viroplasms are Cytoplasmic Biomolecular Condensates Formed via LLPS. (A) Fixed
immunofluorescence images of SA11-infected MA104 cells at 4 and 24 h post-infection (HPI). Viro-
plasms were stained with a polyclonal antibody against NSP2 (αNSP2; red), and cell nuclei were
stained with Hoechst (blue). Scale bar = 10 μm. Images adapted from reference [70] with per-
mission. (B) Viroplasms formed in MA104 cells stably expressing NSP5-EGFP and infected with
strain SA11. Numerous small viroplasms can be dissolved when low concentrations of aliphatic
diols (4.7% propylene glycol or 4% 1.6-hexane diol) are applied directly to the cell culture medium
at 4 h post-infection (HPI). Removal of diols from the medium results in reassembly of multiple
smaller granules dispersed in the cytosol (right panel). At 12 HPI, viroplasms become larger and
less regular in shape. These larger viroplasms become resistant to the application of aliphatic di-
ols. Scale bar = 50 μm. Images adapted from [71] with permission. Copyright Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/). (C) RNA FISH imaging of
gene segment 3 +ssRNA (magenta, g3 +ssRNA) and gene segment 4 +ssRNAs (cyan, g4 +ssRNA)
in SA11-infected NSP5-EGFP-expressing MA104 cells fixed at 6 HPI. Viroplasms were treated with
4.7% (v/v) propylene glycol (middle) at 4 HPI, releasing +ssRNAs into the cytoplasm. These granules
reformed after replacing the propylene glycol-containing cell culture medium, resulting in the rapid
re-localization of g3 +ssRNA (magenta) and g4 +ssRNA (cyan) transcripts are detected via smFISH,
and colocalizing RNAs (white). Scale bar = 10 μm. Images adapted from [72] with permission.
Copyright Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
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How NSP2 nucleates viroplasms alongside NSP5 has been an active area of research
in recent years. Using conformation-specific monoclonal antibodies (mAbs), Criglar et al.
showed that two forms of NSP2 are present in RV-infected cells [78]. Specifically, a dif-
fuse form of NSP2 (dNSP2) predominantly localizes in the cytosol, while another form of
NSP2 (vNSP2) accumulates in viroplasms [78] (Figure 7A,B). The authors show evidence
to support the notion that dNSP2 interacts primarily with a hypo-phosphorylated NSP5,
while vNSP2 interacts with a hyper-phosphorylated form of NSP5 [78] (Figure 7C). Phos-
phorylation of serine 313 (S313) in the flexible C-terminus of NSP2 itself was found to
be enriched in the vNSP2 preparation, suggesting that it might contribute to differential
mAb recognition [78] (Figure 7C). Further structural characterization of the used mAbs and
their modes of recognizing distinct NSP2 conformations would substantiate the proposed
model. A separate study performed by the same group provided experimental evidence
that S313 phosphorylation of NSP2 was mediated by cellular casein kinase 1 (CK1α) [79].
Interestingly, silencing of CK1α resulted in vNSP2 displaying a diffuse phenotype similar
to that of dNSP2 [79]. This result led to the hypothesis that S313 phosphorylation might
underpin the switch from dNSP2 to vNSP2. It should be noted that silencing of CK1α is
also known to inhibit NSP5 phosphorylation, also resulting in similar viroplasm dispersal
and morphology alteration [80]. However, a mutant SA11 RV bearing a phosphomimetic
change at NSP2 position 313 (S313D) still produced dNSP2, indicating that the conforma-
tion change between these two forms of the protein may be more complicated than this
single post-translational modification [63]. Nevertheless, S313 appears to be important for
proper viroplasm formation, as the S313D mutant produced phenotypically “disorganized”
viroplasms early times p.i., and it was delayed in its overall replication [63]. Several stud-
ies have shown that lipid droplet markers co-localize with viroplasms, and Criglar et al.
revealed that phosphomimetic S313D NSP2 physically interacts with lipid droplet pro-
teins [63,81–83]. Thus, post-translational modifications of NSP2, such as phosphorylation
(and possibly other modifications), appear to regulate NSP2 interactions with NSP5 and
with cellular proteins during viroplasm biogenesis [28,63,84].

Figure 7. Intracellular Localizations and Interactions of vNSP2 and dNSP2. Fluorescence confo-
cal micrographs of SA11-infected cells stained with monoclonal antibody against dNSP2 (A) and
vNSP2 (B). Images taken from reference [78] with permission. (C) Cartoon model of vNSP2 and
dNSP2 phosphorylation status and interactions with NSP5.
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The NSP2 CTR is clearly an important determinant for viroplasm formation. Deletion
of nearly the entire CTR (residues 293–301) abrogates the efficient formation of viroplasm-
like structures in NSP2/NSP5 co-expressing cells [70,78]. As mentioned previously, the
NSP2 CTR has the capacity to adopt an “open” conformation and participate in a domain-
swapping interaction that links several octamers together, at least under crystallography
conditions [62]. While not recapitulating the “open” NSP2 CTR, the crystal structure
of S313D NSP2 showed enhanced lattice formation due to a hydrogen bond between
D313 and R287 of a neighboring octamer [63]. Moreover, an SA11 RV bearing a lysine-to-
glutamic acid change at the C-terminal position 294 (K294E) in NSP2 was found to exhibit
viroplasm defects, including smaller and more numerous viroplasms under fixed- and
live-cell conditions, as well as a delay in viroplasm fusion [70]. Residue K294 is located in
a linker region that mediates the “open” vs. “closed” conformations of the CTR [62,70].
Molecular dynamics simulations of the K294E NSP2 monomer structure suggested that
the mutation may have altered CTR flexibility, which in turn could have impacted inter-
octamer associations [70]. Still, the proposed role of inter-octamer interactions observed
in the crystal structure of NSP2 in the formation of viroplasms remains unclear and will
require further investigation.

While the importance of NSP2 in the formation of viroplasms is undeniable, it is
NSP5 that constitutes the primary component of viroplasms [85–87]. Using quantitative
Western blotting of SA11 RV-infected cells, Geiger et al. estimated that the intracellular
concentration of NSP5 exceeds that of NSP2, reaching >10 μM within 6 h p.i. [71]. NSP5
is a 22 kDa, serine/threonine-rich, intrinsically disordered and relatively acidic protein
that can assemble into several higher-order oligomers [88–90]. During infection, this
protein is O-glycosylated and differentially phosphorylated, causing it to migrate in sodium
dodecyl sulfate (SDS)-polyacrylamide gels as phosphoisoforms ranging in size from 26 to
35 kDa [88–90]. Phosphorylation of NSP5 is required for proper viroplasm morphology
and for viral replication [80,91,92]. Previous studies have shown that recombinant NSP5
can be phosphorylated by CK1α at serine 67 (S67), and only the hypo-phosphorylated
isoform of NSP5 is observed in CK1α silenced cells [63,80]. However, further experiments
revealed that CK1α is not sufficient for NSP5 hyper-phosphorylation [80]. Interestingly,
only when NSP2 is co-expressed with NSP5 do the hyper-phosphorylated NSP5 isoforms
appear, and in NSP2-silenced cells, only hypo-phosphorylated NSP5 is observed [57,63,93].
While it was proposed that NSP5 may undergo low levels of auto-phosphorylation through
its autokinase activity, its phosphorylation was increased almost 5–10-fold upon incubation
with recombinantly expressed NSP2 [76]. Interestingly, NSP2 mutants lacking NTPase
activity were still capable of promoting NSP5 phosphorylation [76]. This result suggests that
the mechanism of NSP5 phosphorylation may be linked to the conformational changes in
NSP5 upon binding of NSP2, independent of its enzymatic activities. While an NSP2/NSP5
phosphorylation cascade is critical for viroplasm formation in infected cells, it is dispensable
for viroplasm-like condensate formation in cells and in vitro [71,78]. Thus, phosphorylation
may represent a regulatory mechanism controlling the timing of viroplasm formation, but it
may not necessarily be a biophysical requirement for structure formation (see also below).

A recent model of viroplasm formation proposes that these replicative factories are
formed via the process of liquid–liquid phase separation (LLPS), primarily driven by
interactions between NSP2 and NSP5 [71]. Notably, Geiger et al. showed that recombi-
nant NSP2 and NSP5 spontaneously form droplets in vitro with biophysical properties
of LLPS condensates (Figure 8). Further evidence for RV viroplasms being biomolecular
condensates formed via LLPS includes (i) the ability of these organelles to fuse and relax
into larger droplets, (ii) the fast recovery after photobleaching of fluorescently labeled
NSP5 and NSP2 and (iii) rapid and reversible dissolution of droplets upon treatments of
RV-infected cells with low concentrations of aliphatic diols, including 1,6-hexanediol and
1,2-propanediol [71] (Figure 6B). Interestingly, the ability of aliphatic diols to dissolve viro-
plasms instantly and reversibly in cells decreased over the course of infection, with larger,
less round viroplasms being resistant to these solvents [71]. The loss in sensitivity towards
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the compounds that interfere with weaker hydrophobic and Van der Waals interactions in-
dicates changes in the nature of biomolecular interactions, potentially reflecting changes in
the apparent affinities between NSP2 and NSP5 as viroplasms mature [71]. These findings
suggest that viroplasms are RNA-rich biomolecular condensates that are nucleated by NSP5
(containing mostly intrinsically disordered regions) and the RNA-binding protein NSP2.

Figure 8. In Vitro LLPS Biomolecular Condensate Assay. (A) Recombinantly expressed, Atto 647-
dye-labelled NSP5 (NSP5-647; magenta) and Atto488-dye-labelled NSP2 (NSP2-488; green) are mixed
together in vitro to form droplets with LLPS characteristics. (B) Images showing either no condensate
formation with individual proteins (top images) but efficient condensates when NSP5-647 and NSP2-
488 are mixed (bottom images). Images modified from reference [71] with permission. Copyright
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).

Consistent with their liquid-like behavior, viroplasms initially coalesce over the course
of infection and increase in size, with some reports suggesting that they migrate toward
the perinuclear space [69–71]. Through experiments with microtubule destabilizing drugs,
the movement and, ultimately, the fusion and condensation of viroplasms to the perinu-
clear space were inhibited, suggesting a role of microtubules in the movement and fusion
of these structures [69,94]. Several studies corroborate this idea through immunofluo-
rescence and electron microscopy, whereby viroplasms were shown to co-localize with
microtubules [66,69,94]. This notion was further supported by co-immunoprecipitation
experiments showing that NSP2 interacted with tubulin and dynein intermediate chain [95].
Thus, it is likely that the movement and coalescence of viroplasms over the course of infec-
tion is mediated by NSP2 directly interacting with dynein and kinesin motors; however,
the functional significance of these interactions for RV replication remains unclear.
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6. Role of NSP2 during +ssRNA Assortment

Within the viroplasm itself, NSP2 likely plays several key roles, particularly at the
step of +ssRNA (i.e., genome segment) assortment/packaging in pre-core and core RIs.
In particular, the assortment of distinct +ssRNAs is thought to be mediated by the RNA
chaperoning activity of NSP2, including RNA helix destabilizing and RNA annealing
activities [56,64,96]. NSP2 can bind both folded RNA stem-loops and less structured RNAs,
exhibiting a helix-destabilizing activity that is independent of cofactors and energy require-
ments (i.e., Mg2+ or ATP) [56,64]. Originally, NSP2 was proposed to remove secondary
structures in +ssRNAs that would impede their packaging into core RIs as well as their
replication into dsRNA [56]. However, recent investigations of NSP2 uncovered its RNA
strand annealing activity in the context of long +ssRNAs in vitro, which may be conducive
to the formation of an RNA assortment complex containing all 11 distinct +ssRNAs [96]
(Figure 9). Specifically, Borodavka et al. showed that when incubated together, +ssRNAs
did not interact unless NSP2 was added in molar excess over +ssRNAs [96]. To confirm that
the +ssRNAs were interacting due to the inter-molecular base-pairing, the authors removed
NSP2 after the addition to the +ssRNA samples via proteinase K digestion [96]. They
found that the formation of inter-segment RNA–RNA complexes was indeed mediated by
NSP2 that can be removed afterwards, consistent with its role as an RNA chaperone [96].
Importantly, the RNA chaperone activity of NSP2 was unaffected by the addition of ATP to
reactions, which suggested that it was independent of NTPase activity [96]. Collectively,
this data provides evidence that sequence-specific inter-molecular base-pairing, mediated
by NSP2 binding to viral +ssRNAs, governs inter-segment RNA interactions and suggests
that NSP2 acts as a viral RNA chaperone (Figure 9).

Figure 9. Model of NSP2-dependent +ssRNA Assortment. RV +ssRNAs (here only 3 RNAs are shown
schematically) do not form stable RNA–RNA contacts with each other. NSP2 binding to +ssRNAs results
in their structural rearrangements concomitant with the exposure of otherwise sequestered complemen-
tary sequences (interspersed sequences shown in red, blue and green) capable of inter-segment base-
pairing. The exposed complementary sequences form stable sequence-specific inter-segment contacts
(RNA helices shown in red, green and blue) during the +ssRNA assortment process. The resulting multi-
RNA ribonucleoprotein complex (containing all 11 +ssRNAs) would then be encapsidated by a VP2
core assembly intermediate for genome packaging. Image modified from reference [96] with permission.
Copyright Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).

While the determinants within NSP2 required for its RNA chaperone activity remain
to be fully elucidated, Bravo et al. discovered that such activity also required the flexible
CTR (residues 295–317) [64]. Using cryo-EM and structural proteomics studies, including
hydrogen-deuterium exchange coupled with mass-spectrometry, the authors determined
that the NSP2 CTR was not directly involved in RNA binding, a finding that had been
previously reported [62,64]. Unexpectedly, the authors discovered that despite its reduced
RNA chaperone activity, a mutant lacking the CTR (NSP2-ΔC) had enhanced capacity
to unwind RNA stem-loops, and it was thus more efficient at destabilizing the RNA
structure [64]. This result suggests that RNA helix unwinding by NSP2 must be fine-tuned
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in order for the protein to function as an efficient RNA chaperone. Indeed, the CTR harbors
highly conserved negatively charged residues, which accelerate RNA dissociation from
NSP2 [64]. Interestingly, these negatively charged residues appear to cluster next to the S313
residue involved in viroplasm formation [79]. In this manner, the CTR would acquire an
extra negative charge due to phosphorylation, thus further promoting RNA dissociation via
the charge repulsion mechanism. Taken together, the recent biophysical and structural data
suggest that NSP2 may be a key RNA chaperone that relaxes intra-molecular RNA structure,
increasing its propensity for inter-segment RNA base-pairing (Figure 9). This model is
also in agreement with the results of in vitro RNA structure probing experiments that have
recently confirmed the increased RNA backbone flexibility in the presence of NSP2 [97].

7. Future Directions

Taken together, the existing structural and functional studies of RV NSP2 have pro-
vided detailed mechanistic insights into the multifaceted roles that this protein plays during
the viral replication cycle, particularly during early particle assembly. Notably, the current
body of work strongly supports a critical role for octameric NSP2 in the biogenesis of
viroplasms, which are cytoplasmic biomolecular condensates that serve as the sites of early
particle assembly. However, there are several gaps in knowledge regarding how NSP2
nucleates viroplasms alongside NSP5 and other factors. For example, the conformational
transition between the predominantly cytoplasmic dNSP2 and the viroplasm-localized
vNSP2 remains unknown. Future studies could employ EM affinity grids and specific
mAbs to capture dNSP2 vs. vNSP2 prior to cryo-EM single-particle reconstructions, thus
revealing their different conformations [98]. Moreover, the role that NSP2 inter-octamer
interactions play during viroplasm formation, if any, is not understood. Moving forward,
it will be important to test whether NSP2 can mediate inter-octamer interactions in bio-
logically relevant conditions. Approaches such as density gradient centrifugation, native
gel electrophoresis and size-exclusion chromatography with multi-angle light scattering
(SEC-MALS) could be used to detect the presence of NSP2 inter-octamer chains from lysates
of infected cells and/or with recombinant protein. Mutagenesis could also be used to ablate
the capacity of NSP2 to form inter-octamer chains in a manner that maintains other NSP2
interactions (e.g., with NSP5). Such experiments would be needed to unveil any effects of
higher-ordered NSP2 multimerization on viroplasm biogenesis. Finally, studies seeking
to identify other components that contribute to viroplasm formation (e.g., RNAs, cellular
components and other viral proteins like VP2) will be important to pursue in future work.
Quantitative in vitro reconstitution assays with individual interacting partners like that
shown by Geiger et al. will likely prove valuable, as they would allow for direct probing of
the sequence of events leading to the formation of these condensates [71].

In addition to its well-established role in viroplasm formation, the current literature
also supports the notion that NSP2 acts as a viral RNA chaperone whereby it (i) binds
viral +ssRNA, (ii) relaxes secondary structures via its helix-destabilizing activity and
(iii) promotes +ssRNA assortment that may underpin the selective incorporation of the
11 RV genome segments. Still, the assortment/packaging signals within the +ssRNAs that
allow for their selective enrichment into viroplasms and incorporation into particles are
not known, and it remains a mystery how NSP2 binding to +ssRNA would reveal such
signals [98]. Secondary structures within the +ssRNAs are beginning to be identified using
biochemical approaches like SHAPE-Map [97]. Such experiments could be combined with
the in vitro RNA–RNA interaction assay described by Borodavka et al. in order to validate
which structures underpin selective assortment [96]. Of course, the functional significance
of +ssRNA elements would need to be tested in the context of infected cells, perhaps by
using small complimentary oligos that block specific RNA–RNA interactions.

In contrast to the well-established roles of NSP2 in viroplasm formation and +ss-
RNA assortment, the functional significance of NSP2 as an enzyme remains unclear. The
NTPase/RTPase/NDP kinase enzymatic activities are dispensable for viroplasm forma-
tion as well as RNA chaperone activity, but they are clearly critical for viral replication.
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Understanding how these activities support RV replication has been difficult to tackle
experimentally, but it is interesting to speculate about several possibilities. One simple
explanation that has been put forth is that the NTPase/NDP kinase activities of NSP2 are
critical for maintaining pools of nucleotides for use during viral RNA synthesis, which
occurs inside viroplasms and in connection with early particle assembly. Specifically,
−ssRNA strand synthesis (i.e., genome replication) occurs in the context of a core RI as-
sembly intermediate containing NSP2. In this case, it is possible that the NTPase/NDP
kinase activities of NSP2 ensure that the polymerase is being “fed” sufficient NTPs for
−ssRNA strand synthesis. The observation that NSP2 has an RTPase activity might be
an in vitro artifact of its NTPase functionality. However, it is alternatively possible that
NSP2 plays a “moonlighting” role in helping RVs evade the host immune response. More
specifically, RV −ssRNAs are reported to lack a 5′ γ-phosphate, which is a potent acti-
vator of RIG-I and, thus, the interferon pathway of the host cell [99,100]. Recombinant
NSP2 was reported to bind VP1 near the dsRNA exit tunnel, at least in vitro, which could
theoretically bring the RTPase in proximity with the 5′ end of −ssRNA for γ-phosphate
removal [101]. Nevertheless, enzymatic NSP2 could have a more direct function in the
regulation of −ssRNA synthesis. NSP2 has been reported to have an inhibitory effect on
VP1/VP2-mediated dsRNA synthesis in vitro, and it would be of interest to test whether
the catalytic activity of NSP2 is required for this inhibition [102]. Future studies of NSP2
activities will also benefit from the fully plasmid reverse genetics system, but perhaps
in combination with trans-complementation approaches, as NSP2 mutant viruses would
likely have severe replication defects [103]. Altogether, such future work will enrich the
already deep knowledge base of this critical and multifaceted NSP2 protein during the RV
replication cycle. Such work may also serve to broadly inform an understanding of viral
factory formation, viral enzymology and viral RNA chaperone activities, as well as provide
a foundation for antiviral drug design.
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Abstract: Rotavirus (RV) is the main pathogen that causes severe diarrhea in infants and children
under 5 years of age. No specific antiviral therapies or licensed anti-rotavirus drugs are available.
It is crucial to develop effective and low-toxicity anti-rotavirus small-molecule drugs that act on
novel host targets. In this study, a new anti-rotavirus compound was selected by ELISA, and cell
activity was detected from 453 small-molecule compounds. The anti-RV effects and underlying
mechanisms of the screened compounds were explored. In vitro experimental results showed that
the small-molecule compound ML241 has a good effect on inhibiting rotavirus proliferation and
has low cytotoxicity during the virus adsorption, cell entry, and replication stages. In addition to
its in vitro effects, ML241 also exerted anti-RV effects in a suckling mouse model. Transcriptome
sequencing was performed after adding ML241 to cells infected with RV. The results showed that
ML241 inhibited the phosphorylation of ERK1/2 in the MAPK signaling pathway, thereby inhibiting
IκBα, activating the NF-κB signaling pathway, and playing an anti-RV role. These results provide
an experimental basis for specific anti-RV small-molecule compounds or compound combinations,
which is beneficial for the development of anti-RV drugs.

Keywords: rotavirus; ML241 (hydrochloride); MAPK signaling pathway; ERK1/2; NF-κB

1. Introduction

Rotavirus (RV) is the main pathogen that causes severe diarrhea in infants and children
under 5 years of age, with infection causing approximately 130,000 deaths annually [1].
Although licensed rotavirus vaccines provide more than 50% protection against rotavirus
infection [2], currently, there are no specific antiviral treatments. The available treatments
for the etiology of rotavirus-induced gastroenteritis are mainly symptomatic treatments and
the correction of water and electrolyte imbalances using oral solutions to prevent or treat
dehydration to reduce the duration and severity of diarrheal episodes [3,4]. Therefore, the
control of rotavirus-induced gastroenteritis is of great importance for targeted interventions,
such as the development of new small-molecule compound drugs to prevent and treat
rotavirus-induced gastroenteritis.

Research on anti-RV drugs has shown that 2′-C-methylnucleoside [2CMC], 2′-C-
methyladenosine [2CMA], 2′-C-methylguanosine [2CMG], and 7-deaza-2′-C-methyladenosine
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[7DMA] can inhibit rotavirus, sapoviruses, and norovirus by inhibiting viral genome tran-
scription [5]. Genipin, isolated from jasmine flowers, inhibits human rotavirus Wa strain
and simian rotavirus SA-11 strain in vitro by inhibiting two different stages of the viral repli-
cation cycle: attachment and penetration (early stage) in pre-treatment and assembly and
release (late stage) in post-treatment [6]. Deoxyshikonin can inhibit rotavirus replication by
inducing low SIRT1, ac-Foxo1, Rab7, and VP6 protein levels, low RV titers, low autophagy,
and oxidative stress [7]. The antiviral effect of Portulaca oleracea L. polysaccharide (POL-
P), an active component of Portulaca oleracea L(POL), inhibits rotavirus replication by
upregulating the expression of IFN-α [8]. Inhibitors of dihydroorotate dehydrogenase
(the rate-limiting enzyme for de novo pyrimidine synthesis) (BQR) can resist rotavirus
infection by inhibiting pyrimidine biosynthesis in cells and intestinal organoids [9]. The
small-molecule compound ML-60218 is an RNA polymerase III inhibitor that inhibits vi-
ral replication by destroying the viral cytoplasmic structure (viroplasm) [10]. The organ
transplant immunosuppressive drug, 6-thioguanine (6-TG), inhibits rotavirus replication
in Caco-2 cells and HIEs by interacting with the cellular drug target Rac1. Thiazolactones
inhibit viral proliferation by inhibiting the formation of viral cytoplasmic structures (viro-
plasms) [11]. Metformin hydrochloride significantly inhibited the expression of rotavirus
mRNA and protein in Caco-2 cells, small intestinal organoids, and lactational mouse
models [12]. Dyngo-4a can inhibit rotavirus infection in vivo and in vitro by affecting the
formation of dynamin-2 oligomers [13]. These studies screened compounds from animal
sources or laboratory rotavirus strains, explored the compounds’ mechanisms of action on
RV in vivo and in vitro, and provided treatment strategies for clinical symptoms caused by
RV infection.

To find effective and low-toxicity anti-rotavirus small-molecule drugs, a wild human
rotavirus ZTR-68 strain was used for drug screening from 453 small-molecule compounds.
The anti-rotavirus activity was tested using an Enzyme-Linked Immunosorbent Assay
(ELISA). The role of selected compounds in the adsorption, cell entry, and replication
stages of the virus was studied using NSP3 real-time quantitative PCR (RT-qPCR) for
rotaviral NSP3 and Western blot for rotaviral VP7 and NSP3. The antiviral mechanism of
the compound was analyzed through transcriptome sequencing and WB, and the signaling
pathway through which the compound exerted its inhibitory effect on rotavirus replication
was determined. Suckling mice were used as a model to study the in vivo anti-RV effects
of the compounds. In summary, this study discovered a small-molecule compound that
effectively inhibits rotavirus replication and the mechanism underlying this.

2. Materials and Methods

2.1. Cell Culture

African green monkey embryonic kidney cells (MA104) were provided by the Molecu-
lar Biology Department of the Institute of Medical Biology, Chinese Academy of Medical
Sciences, and Peking Union Medical College. The cells were cultured at 37 ◦C in a 5%
carbon dioxide atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum (FBS) and 1% double antibiotics (100 U/mL penicillin and 100 μg/mL
streptomycin).

2.2. Rotavirus Amplification and Titer Determination

The genotype of rotavirus ZTR-68 is G1P [8], and the genotype of the SA11 strain is
G3P [2]. They were isolated and preserved at the Molecular Biology Laboratory of the
Institute of Medical Biology, Chinese Academy of Medical Sciences, and Peking Union
Medical College. The virus titer was determined using the Kaerbar method with the
following formula: LgCCID50 = Xm-1/2d + d·∑pi/100. The cutoff value was 0.105. The
titer of the ZTR-68 strain was found to be 7.5 LgCCID50/mL, and that of the SA11 strain
was 7.0 LgCCID50/mL. The titer of the Wa strain was 6.5 LgCCID50/mL and that of the
Gottfried strain was 7.9 LgCCID50/mL. To analyze whether ML241 affects the entry of RV
into its host cells, the viruses were treated with ultraviolet irradiation at 220 nm (UV dose
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22.5 mJ/cm2). Irradiation with 220 nm of UV destroyed the nucleic acids in the viruses;
therefore, RNA replication and protein translation could not be performed. However, this
process did not affect virus entry into host cells or RNA release [14].

2.3. Enzyme-Linked Immunosorbent Assay

MA104 cells were transferred to a 96-well culture plate. When the cells grew to
form a dense monolayer, the RV was activated with 20 μg/mL acetylase and 600 μg/mL
CaCl2. The multiplicity of virus infection was MOI = 0.1, and different concentrations were
immediately added. After complete CPE was observed in the virus control group, the
culture was frozen and thawed three times. While conducting the large-scale screening of
the anti-RV small-molecule compounds and after exploring the optimal viral load of the
reference virus to determine the optimal MOI through multiple preliminary experiments,
we chose to use ELISA quantitative detection methods to screen the compounds [15–18]. A
total of 453 small-molecule compounds were screened for rotavirus proliferation using an
ELISA. The original solution of the inactivated rotavirus vaccine was used as the standard.
The antigen content was 1236 EU (ELISA unit, EU)/mL. A standard curve was constructed
using a 2-fold dilution of 12 standard gradients. A 50-fold-diluted standard was used as
the internal reference. The OD450–650 value was read using a microplate reader. GraphPad
Prism 9.3.1 software was used to run the sigmoidal 4PL; the antigen content of the virus
that proliferated was used as the virus control, and the virus that did not proliferate was
used as the blank control to calculate the inhibition rate of the virus by the small-molecule
compound. The calculation formula was as follows: inhibition rate (%) = (Acompound group
− Avirus group)/(Ablank group − Avirus group) × 100%. In this experiment, a purified goat anti-
rotavirus G1P [8] antibody (batch number: RVAB2020101), preserved by the Institute of
Medical Biology, Chinese Academy of Medical Sciences, was used as the primary antibody
in the ELISA experiment, and the secondary antibody was an HRP-labeled goat anti-mouse
purified antibody (batch number: RVAB2020101H).

2.4. Cell Viability Determination

A Cell Counting Kit-8 (CCK8) kit (CA1210, Solarbio, Beijing, China) was used to
measure the toxic effects of small-molecule compounds on cell proliferation. After the
small-molecule compounds were used for treatment with different concentration gradients
for 48 h, 10% CCK8 solution was added, and the absorbance at 450 nm was measured
using a microplate reader. The cell group without small-molecule compounds was used
as a control, and the group without cultured cells was used as a blank control. Cell
viability was calculated using the following formula: cell viability (%) = (Acompound group
− Ablank group)/(Acell group − Ablank group) × 100%. Then, the toxicity of small-molecule
compounds to cell proliferation was determined.

2.5. Immunofluorescence

We first transferred MA104 cells to a 12-well culture plate. When the cells grew to a
dense monolayer, the RV was activated with 20 μg/mL acetylase and 600 μg/mL CaCl2.
The multiplicity of virus infection was MOI = 0.1, and a combined ELISA experiment was
performed. Compounds with the optimal concentration measured in the CCK8 experiment
were incubated for 16 h at 37 ◦C and 5% CO2 and then taken out for immunofluorescence
experiments. In this experiment, 4% paraformaldehyde containing 0.2% Triton (batch
number RVAB2019101) was used. In this experiment, a purified goat anti-rotavirus antibody
(batch number: RVAB2020101), preserved by the Institute of Medical Biology, Chinese
Academy of Medical Sciences, was used as the primary antibody in the immunofluorescence
experiment. The secondary antibody used was a fluorescein isothiocyanate (FITC)-labeled
rabbit anti-goat antibody (Cat. No. 305-095-003, Jackson Immune Research, United States).
4′,6-diamidino-2-Phenylindole (DAPI) (Cat. No. C1005, Beyotime, Zhengzhou, China)
was used to stain the cell nuclei, and then we observed and collected images using a
fluorescence inverted microscope.
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2.6. Real-Time Fluorescence Quantitative PCR

The viral genomic dsRNA was detected using RT-qPCR [19]. After extracting the
viral genomic RNA, we used a HiScript® II One Step qRT-PCR SYBR Green Kit (Q222,
Novozant, Nanjing, China) to detect the Ct value of the genomic dsRNA, which was also
determined using RT-qPCR. In addition, to obtain a standard curve, the genomic dsRNA,
which was used as the standard, was diluted in a gradient and the copy number of genomic
dsRNA was detected using RT-qPCR. Finally, the number of virus copies was calculated
based on the standard curve. We designed specific primers and probes targeting the highly
conserved region of the NSP3 gene (Table 1).

The differentially expressed genes of the MA104 cells were also detected using RT-
qPCR. We added the RVs (MOI = 0.1) and ML241 (20μM) to MA104 cells. After 20 h of
infection, the cells were washed twice with PBS and then the RNA of the MA104 cells was
extracted using trizol. After extracting the RNA from the MA104 cells, we used a HiScript®

II One Step qRT-PCR SYBR Green Kit (Q221, Novozant, Nanjing, China) to detect the
differentially expressed genes of the MA104 cells using RT-qPCR. We measured the relative
expression level of the target gene using the gene of β-actin as the internal reference gene.

Table 1. NSP3 primer and probe sequence.

Name Sequence

ZTR-68
Forward primer ACCATCTACACATGACCCTC
Reverse primsr GGTCACATAACGCCCC
TaqMan probe FAM-ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-TAMRA

SA11
Forward primer GTTGTCATCTATGCATAACCCTC
Reverse primsr ACATAACGCCCCTATAGCCA
TaqMan probe FAM-ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-TAMRA

2.7. Western Blotting

Approximately 20 μM ML241 and RV were added to MA104 cells grown in a dense
monolayer in sequence, with MOI = 0.1. After 20 h of incubation, the cell surface was gently
washed twice with PBS, and a high-efficiency RIPA cell lysis buffer (R0010, Solarbio) was
used to extract the total cell proteins. The bicinchoninic acid (BCA) protein concentration
determination kit (P0012, Beyotime, Zhengzhou, China) was used to determine the protein
concentration, and then Western blotting was performed.

2.8. Animal Experiments

The experimental protocol was approved (DWLL202208006) by the Experimental
Animal Welfare Ethics Committee of the Institute of Medical Biology within the Chinese
Academy of Medical Sciences (Beijing, China). The SA11 strain was used to establish a
suckling mouse model to evaluate the in vivo anti-RV effects of ML241. The groups are
listed in Table 2. The diarrhea score was based on the scoring rules for diarrhea in suckling
rats proposed by BOSHUTZENJA et al. [20]. Diarrhea in suckling rats was scored from 0
to 4 based on the color, hardness, and quantity of feces. The score for no feces discharged
is 0 points; the score for brown formed stool is 1 point; the score for brown soft stool is
2 points; the score for yellow soft stool is 3 points; the score for yellow watery stool is
4 points; and the score for perianal fecal contamination is 4 points. A score greater than
2 points was considered an indication of diarrhea.
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Table 2. Grouping of suckling mice by gavage.

Group Quantity Virus (SA11) Dose
The Medicine
Dose (mg/kg)

Frequency of
Administration

Route of
Administration

RV− 11 PBS (100 μL) − − gavage
RV+ 11 105 pfu − − gavage

ML241 (1 h) + RV 11 105 pfu 20 QD gavage
ML241 + RV 11 105 pfu 20 QD gavage

RV (24 h) + ML241 11 105 pfu 20 QD gavage

2.9. HE Staining Experiment for Small Intestinal Tissue

The small intestinal tissue of neonatal mice was dissected and immediately placed in
a tissue fixative (Cat. No.: G1101, Servicebio, Wuhan, China), fixed for 24 h, dehydrated,
soaked in wax, embedded in paraffin, and then cooled on a −20 ◦C freezing table. Paraffin
sections were 4 μm thick. The paraffin sections were then dewaxed, covered with water,
stained with hematoxylin and eosin in sequence, dehydrated, and mounted for microscopic
observation to collect images.

2.10. Transmission Electron Microscopy Experiment of Small Intestinal Tissue

The small intestinal tissue of neonatal mice was dissected to a size of 1 mm3 and
stored in an electron microscope fixative (Cat. No.: G1102; Servicebio, Wuhan, China)
at 4 ◦C. Then, 1% osmic acid was prepared in 0.1 M phosphate buffer PB (PH 7.4) to
protect the samples from light and fixed for 2 h. After that, they were rinsed with 0.1 M
phosphate buffer (PB) (pH 7.4) and dehydrated at 24 ◦C. After permeation, embedding,
polymerization, and staining, transmission electron microscopy was used to observe the
small intestinal tissue and to collect images.

2.11. Statistical Analyses

GraphPad Prism 9.3.1 (GraphPad, La Jolla, CA, USA) was used for data analyses
and mapping. Experimental results are expressed as the geometric mean ± standard error.
Between-group differences were analyzed using the two-tailed Student’s t-test or Prapey
multiple comparison test. p < 0.05 was considered significant.

3. Results

3.1. Screening of Anti-RV Small-Molecule Compounds

It is critical to determine the viral infection dose for screening compounds. Through
pre-experimental screening, the small-molecule compounds that resisted the proliferation of
the rotavirus ZTR-68 strain were screened from a library of 453 small-molecule compounds,
and the optimal viral infection dose MOI = 0.1 was found. After determining the amount
of infectious virus, five concentration gradients of 10 μM, 1 μM, 100 nM, 10 nM, and
1 nM were set according to the recommended concentrations of the compound library.
The ELISA method was used to determine the effect of small-molecule compounds on
inhibiting rotavirus proliferation. The 126 compounds that could significantly inhibit the
proliferation of the rotavirus ZTR-68 strain at a concentration of approximately 10 μM
were further tested through cell toxicity testing. Compounds with high toxicity to MA104
cells were removed, and the remaining five compounds with relatively low toxicity were
subjected to a second round of screening.

Furthermore, five small-molecule compounds, namely 4-D10, 3-F8, 5-E9, 4-C4, and
ML241, were used in experiments on the inhibitory effect on rotavirus proliferation and cell
proliferation (survival). Toxicity testing was undertaken with eight concentration gradients
of 70, 60, 50, 40, 30, 20, 10, and 1 μM. The results showed that at a concentration of 20 μM,
compared with the other four compounds, ML241 had the best inhibitory effect on rotavirus
(Figure 1A) and was less toxic to MA104 cells, the host cells of rotavirus (Figure 1B). Based
on these results, ML241 was screened out. The molecular structural formula of ML241 is
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C23H25CIN4O (Figure 1C). It was calculated and measured that the half-toxic concentration
of the ML241 drug was CC50 = 45.42 ± 1.03μM, the half inhibitory concentration of the
drug IC50 = 24.38 ± 4.33 μM, and SI (CC50/IC50) = 1.93 ± 0.36 (Figure 1D).

Figure 1. Screening of anti-RV small-molecule compounds. (A) ELISA was used to detect the
inhibitory rate of five compounds against rotavirus. (B) CCK8 was used to measure the toxic effects
of the five compounds on the cells. (C) The structural formula of ML241 (hydrochloride). (D) Half of
the inhibitory rate of ML241 against rotavirus and half of its toxic effect on MA104 cells.

3.2. In Vitro Effects of ML241 on Rotavirus

To analyze the effect of the small-molecule compound ML241 on RV, immunofluores-
cence, R-qPCR, and WB were used to detect viral protein expression and viral replication
20 h after the addition of the drug and virus. The results showed that, compared with the
control group, the addition of ML241 inhibited the expression of viral proteins and viral
replication (Figure 2A–C).

To analyze whether ML241 affected the process by which RV entered a cell, the virus
copy number and NSP3 protein expression 2 h after viral infection were detected using RT-
qPCR and WB. The results showed that after adding ML241 for 2 h, the virus copy number
decreased (Figure 3A), and the expression of the NSP3 protein decreased (Figure 3B). To
analyze whether ML241 affected the process of RV entry into its host cells, the viruses were
treated with ultraviolet irradiation at 220 nm (UV dose 22.5 mJ/cm2) to disrupt their nucleic
acids and prevent them from RNA replication and protein translation. Compared with
the RV group without UV irradiation, the NSP3 copy number was significantly reduced
after UV irradiation (Figure 3C). After adding ML241 to the UV-irradiated RV group, NSP3
also decreased compared with the UV-irradiated RV group. This decrease (Figure 3D)
suggests that ML241 affected the process of RV entry into its host cells. RT-qPCR was used
to detect the NSP3 copy number at different time points, and it was found that ML241 had
a significant inhibitory effect at the early stage of RV infection (Figure 3E), and its inhibition
of rotavirus proliferation was still statistically significant until 48 h (Figure 2D).
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Figure 2. In vitro effects of ML241 on rotavirus. (A) Immunofluorescence experiments verified the
inhibitory effect of ML241 on RV. (B) Western blotting was used to detect the expression of NSP3 and
VP7 after adding ML241 for 20 h. (C) The RV copy number was measured by RT-qPCR using ML241
after 20 h of infection. (D) The RV copy number was measured by RT-qPCR using ML241 after 48 h of
infection. Data are presented as mean ± SD. Significant differences were determined by an unpaired
t test (** p < 0.01, *** p < 0.001).

Figure 3. In vitro inhibitory effects of ML241 on rotavirus. (A) The RV copy number was measured
by RT-qPCR using ML241 after 2 h of infection. (B) The expression of NSP3 was detected after adding
ML241 for 2 h by a Western blotting experiment and the value of NSP3/β-actin was 1.30 ± 0.18.
(C) RT-qPCR detection, with ML241, increased the rotavirus (RV) copy number following 20 h of UV
irradiation. (D) RT-qPCR detects the copy number of RV and UV-irradiated RV at 20 h. (E) RT-qPCR
is used to detect the copy number of RV at different times after the addition of ML241. Data are
presented as mean ± SD. Significant differences were determined by an unpaired t test (* p < 0.05,
**** p < 0.0001).
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To verify the inhibitory effect of ML241 on other rotavirus strains, we measured the
amount of antigen in different rotavirus strains after the administration of ML241 by ELISA.
The results showed that ML241 had inhibitory effects on the RV of SA11, UK, Wa, and
Gottfried strains (Figure 4).

Figure 4. In vitro inhibitory effects of ML241 on rotavirus SA11, Wa, Gottfried, and UK strains. The
anti-rotavirus activity was tested by Enzyme-Linked Immunosorbent Assay (ELISA). (A) In vitro
inhibitory effects of ML241 on rotavirus SA11 strains. (B) In vitro inhibitory effects of ML241 on
rotavirus Wa strains. (C) In vitro inhibitory effects of ML241 on rotavirus Gottfried strains. (D) In vitro
inhibitory effects of ML241 on rotavirus UK strains. Data are presented as mean ± SD. Significant
differences were determined by an unpaired t test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.3. In Vivo Effects of ML241 on Rotavirus

A 5-day-old BALB/c suckling mouse diarrhea model was established to test the
inhibitory effect of ML241 on rotavirus in vivo. The grouping information is presented
in Table 1. The body weight of the suckling mice was measured before and 24 h, 48 h,
72 h, 96 h, and 120 h after challenge with the SA11 strain of RV, and their diarrhea scores
were calculated. The results showed that, compared with the normal control group, the
weight gain of mice in the SA11 challenge group (model group) was slower, whereas the
weight gain of the ML241-treated group was significantly higher than that of the model
group (Figure 5A). Before the challenge, there was no statistical difference in diarrhea
scores between the groups (Figure 5B). Twenty-four hours after the challenge, the diarrhea
score of the RV model group was significantly higher than that of the normal control group,
indicating that a suckling mouse diarrhea model of RV infection was successfully created
(Figure 5C). After 48 h, compared to the model group, the scores of compound groups
decreased, and there were significant differences in all scores (Figure 5D), with the most
obvious being observed at 72 h (Figure 5E). There was no difference between the groups at
96 h and 120 h (Figure 5F,G). The results showed that prevention or treatment with ML241
can reduce the degree of diarrhea in suckling mice.

Two suckling mice were randomly dissected at 24 h, 48 h, 72 h, 96 h, and 120 h after
the challenge, and their hearts, livers, spleens, lungs, kidneys, stomachs, and intestines
were collected. Electron microscopy results at 72 h showed (Figure 6A) that the microvilli in
the small intestine of the unchallenged group (normal control group) of suckling mice were
densely arranged and neatly structured. The small intestinal microvilli of the challenge
group (model group) were shortened, loosely arranged, and disordered; the basal layer
was loose; the small intestinal villi were severely vacuolated; and in some places, they even
fell off and caused gaps. The microvilli in the small intestine of suckling mice in the ML241
intervention and challenge groups were slightly shortened and loosely arranged; however,
the situation was significantly better than that in the non-intervention challenge group.
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Figure 5. In vivo effects of ML241 on rotavirus. (A) Body weights of the suckling mice in each group.
(B) Diarrhea scores of suckling mice in each group before challenge. (C) Diarrhea scores of suckling
mice in each group 24 h after challenge. (D) Diarrhea scores of suckling mice in each group 48 h
after challenge. (E) Diarrhea scores of suckling mice in each group 72 h after challenge. (F) Diarrhea
scores of suckling mice in each group 96 h after challenge. (G) Diarrhea scores of suckling mice in
each group 120 h after challenge. Data are presented as mean ± SD. Significant differences were
determined by an unpaired t test (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001).

HE staining of the small intestinal tissue of suckling mice (Figure 6B) showed that the
small intestinal tissue of the unchallenged mice (normal control group) had a normal length
of intestinal villi (yellow arrow) and abundant intestinal glands in the lamina propria,
which were densely arranged and of a short tubular shape. The structure of the muscle
layer was clear and the muscle cells were regularly arranged. In the challenge group (model
group), the intestinal villous epithelium was occasionally lost in the small intestinal tissue
of the suckling mice (yellow arrow), a small amount of intestinal villous epithelium was
separated from the lamina propria (black arrow), the gap was widened, and the intestinal
glands in the lamina propria were numerous and densely arranged. A short tubular shape
was observed, with occasional scattered granulocytic infiltration (green arrow). The small
intestinal tissue of the ML241 intervention group showed long intestinal villi, abundant
intestinal villi, and an intact intestinal villus epithelium. Occasionally, the top of the
intestinal villous epithelium separated from the lamina propria (black arrow), and the
gap widened. There was a high number of intestinal glands in the lamina propria, which
was large; it was in the shape of a short tube, with a small amount of vascular congestion
(green arrow). Occasionally, a small focal accumulation of lymphocytes (gray arrow) was
observed, along with a clear muscle layer structure and a regular arrangement of muscle
cells. This shows that ML241 can significantly improve lesions in the small intestines of
suckling mice, reduce diarrhea symptoms, and play a protective role in suckling mice.

145



Viruses 2024, 16, 623

Figure 6. In vivo effects of ML241 on rotavirus. (A) Electron microscopic observation of small
intestinal lesions in the different treatment groups. (B) HE staining was used to observe small
intestinal lesions in the different treatment groups.

3.4. ML241 Antagonizes ERK 1/2 Activation of the MAPK Signaling Pathway by RV and Inhibits
Rotavirus Replication

To analyze the mechanism by which ML241 inhibits rotavirus replication, we per-
formed transcriptome sequencing (RNA-seq) in three groups: cell, RV, and ML241 + RV.
When using FC ≥ 2.0, compared with the RV group, there were 195 genes with upregu-
lated expression and 201 genes with downregulated expression in the group of ML241+RV
(Figure 7A). We performed RT-qPCR verification analysis on the top 15 genes with upregu-
lated and downregulated expression (FC ≥ 2.0) in each group of sequencing results, and the
results showed that they were consistent with the RV group; the addition of ML241 caused
an increase in the expression of interferon- and interleukin-related transcription factors,
such as GADD45G, IFNL1, IRF8, KLF4, RGS2, and RSADZ genes (Figure 7B). A gene
ontology (GO) enrichment of differentially expressed genes was performed (Figure 8A). A
set analysis showed that compared with the RV group, after adding ML241, the molecular
function was mostly the activation of cytokines, the cellular composition was the activa-
tion of protein phosphatase type I complex, and the biological process was negative for
transcription. The differential gene Encyclopedia of Genes and Genomes (KEGG) analysis
showed (Figure 8B) that after the addition of ML241, the differential genes were mostly
enriched in the MAPK signaling pathway. We speculated that the inhibitory effect of ML241
on RV proliferation may be mediated through the MAPK signaling pathway, which plays a
role. After clarifying that the MAPK signaling pathway may be involved, we detected the
key proteins in the MAPK signaling pathway through WB. The results showed that after
adding RV, RV significantly activated the phosphorylation of extracellular signal-regulated
kinase 1/2 (ERK1/2), and its downstream IκBα was significantly increased due to RV
infection. When ML241 was added, ERK phosphorylation was weakened (Figure 9A), IκBα
expression was reduced (Figure 9B), and NF-κB and pNF-κB were increased (Figure 9C).
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Figure 7. ML241 antagonizes ERK 1/2 activation of the MAPK signaling pathway via RV and inhibits
rotavirus replication. (A) Number of differentially expressed genes in each group. (B) Relative
expression of the differentially expressed genes in each group. (ns p > 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.001).

Figure 8. ML241 antagonizes ERK 1/2 activation of the MAPK signaling pathway via RV and inhibits
rotavirus replication. (A) GO enrichment analysis of the top 30 genes with upregulated expression in
ML241+RV vs. RV. (B) KEGG enrichment analysis of the top 20 genes with upregulated expression in
ML241+RV vs. RV.
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Figure 9. ML241 antagonizes ERK 1/2 activation of the MAPK signaling pathway via RV and inhibits
rotavirus replication. (A) Western blotting was used to detect the expression of phosphorylated
ERK1/2. (B) Western blotting was used to detect the expression of phosphorylated IκBα. (C) Western
blotting was used to detect the expression of NF-κB and phosphorylated NF-κB.

4. Discussion

In this study, we screened 453 small-molecule compounds for anti-RV wild strain
ZTR-68, which was isolated from humans using the ELISA assay. It was found that the
small-molecule compound ML241 (hydrochloride) can inhibit the replication of the human
rotavirus ZTR-68 strain, and the cytotoxicity test results showed that it has low toxicity
to MA104 cells, which is the RV host cell. In vitro experiments showed that its inhibitory
effect is particularly obvious in the early stages of RV infection, and it has inhibitory effects
on the virus adsorption, cell entry, and replication stages. The antiviral mechanism of
ML241 was analyzed through transcriptome sequencing and WB, and it was found that
ML241 antagonizes ERK 1/2 activation and inhibits rotavirus proliferation. Using suckling
mice as a model, we studied the in vivo anti-RV effect of ML241 and found that ML241
could reduce the severity of diarrhea in suckling mice and improve the degree of lesions in
the small intestines of suckling mice. This study discovered a small-molecule compound
that effectively inhibits rotavirus replication and studied its mechanism of action.

Small-molecule compounds are biologically active compounds with a molecular
weight of less than 1000 Da (especially less than 500 Da). They can enter cells through the
cell membrane, regulate targets in organelles, and carry out their corresponding biologi-
cal functions. Compared with macromolecular compounds, small-molecule compounds
have more advantages in terms of their targets (enzymes, ion channels, and receptors),
their preparations, their costs, and patient compliance and have been widely used in vi-
rology, oncology, immunology, and neurology. Important research areas include biology,
epigenetics, stem cells, organoids, apoptosis, ion channels, and signal transduction [21].
Antiviral small-molecule compounds mainly exert antiviral effects on virus adsorption,
invasion, replication, assembly, and release by regulating host proteins or directly inhibiting
viral proteins [22]. A variety of small-molecule drugs targeting SARS-CoV-2 have made
breakthrough progress [23–25], and a variety of therapeutic drugs have entered Phase III
clinical trials. To date, there are no specific antiviral therapies or marketed anti-rotavirus
drugs against rotavirus. The development of anti-RV drug treatments can effectively
prevent severe disease caused by viral infection, shorten the course of the disease, and
alleviate symptoms.

ML241 (hydrochloride), CAS 2070015-13-1, chemical formula C23H25ClN4O, screened
in this experiment, is an effective AAA ATPase p97 inhibitor [26]. The compound’s
half-inhibitory concentration value is 100 nM and it is widely used in anti-tumor and
anti-inflammatory research. AAA ATPase p97 maintains eukaryotic cell proteostasis by
promoting the degradation of ubiquitinated proteins via the proteasome and the maturation
of autophagosomes [27]. In this study, we found that ML241 inhibited RV proliferation
in vivo and in vitro, especially at the early stages of RV infection. The in vivo experimental
results showed that there was little difference in the therapeutic effect when ML241 was
administered before and after viral infection.
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Compared to the viral infection group, the differentially expressed genes were mainly
clustered in the MAPK signaling pathway. Further analysis revealed that they mainly clus-
tered in the mitogen-activated protein extracellular signal-regulated kinase/extracellular-
regulated kinase (MEK/ERK) signaling cascade. This signaling pathway mediates a variety
of processes, including cell adhesion, cell cycle progression, cell migration, cell survival,
differentiation, inflammation, metabolism, proliferation, and transcription [28]. Studies
have shown that RV promotes replication by regulating the MEK/ERK signaling path-
way [29]. The RV-induced apoptosis observed in the early stages of infection is inhibited
by RV nonstructural protein 1 through the activation of the PI3K/Akt and NF-κB pro-
survival pathways [30–32]. Many viruses, including DNA and RNA viruses, utilize the
MEK/ERK pathway to promote different stages of their life cycles [28]. In this study,
after adding ML241, the phosphorylation of ERK in the MAPK signaling pathway was
downregulated compared with that in the RV group. ML241 antagonizes the activation of
ERK phosphorylation induced by RV and inhibits viral proliferation.

NSP1 is an RNA-binding protein [33] that evades the innate immune response and
delays early apoptosis by inhibiting interferon (IFN) induction and activating the PI3K/Akt
pathway [34,35]. NSP1 interacts with TRAF2 to inhibit interferon-induced atypical NF-κB
activation and antagonizes virus-induced cytokine responses to promote virus reproduc-
tion [36]. In this study, we found that the downstream protein IκBα of ERK was inhibited.
IκBα is an inhibitory protein in the nuclear factor-κB (NF-κB) signaling pathway [37,38].
Cells respond to inflammatory stimuli via the NF-κB signaling pathway. When IκBα is
inhibited, the NF-κB signaling pathway is activated, which is consistent with our detection
of the expression of numerous inflammation-related genes.

5. Conclusions

In conclusion, in this study, a compound that effectively inhibited the proliferation of
the human rotavirus ZTR-68 strain at multiple replication stages was selected. The results
of the signaling pathways analysis showed that ML241 could inhibit viral proliferation
by antagonizing the activation of ERK in the MAPK pathway. Further, by using suckling
mice as an animal model, the in vivo effects of ML241 were studied, and it was found that
ML241 also has a good effect on inhibiting the proliferation of rotavirus in vivo and has
a good protective and therapeutic effect on suckling mice. This study helps us to further
understand the pathogenesis of rotavirus and provides research ideas for the development
of drugs to inhibit rotavirus, which is of significance for the development of clinical drugs
for the treatment of rotavirus diarrhea.
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Abstract: Rotavirus is infamous for being extremely contagious and for causing diarrhea and vomiting
in infants. However, the symptomology is far more complex than what could be expected from a
pathogen restricted to the boundaries of the small intestines. Other rotavirus sickness symptoms
like fever, fatigue, sleepiness, stress, and loss of appetite have been clinically established for decades
but remain poorly studied. A growing body of evidence in recent years has strengthened the idea
that the evolutionarily preserved defensive responses that cause rotavirus sickness symptoms are
more than just passive consequences of illness and rather likely to be coordinated events from the
central nervous system (CNS), with the aim of maximizing the survival of the individual as well
as the collective group. In this review, we discuss both established and plausible mechanisms of
different rotavirus sickness symptoms as a series of CNS responses coordinated from the brain. We
also consider the protective and the harmful nature of these events and highlight the need for further
and deeper studies on rotavirus etiology.

Keywords: rotavirus; gastroenteritis; CNS; sickness symptoms; behavioral responses; evolution

1. Introduction

Rotavirus infection is one of the leading causes of pediatric viral gastroenteritis. It
is highly contagious and has been estimated to infect every newborn child in the world
at least once before the age of five [1]. In healthy older children and adults, rotavirus
infections can be mild or even asymptomatic. Therefore, its role as a pathogen in adults
has been vastly underappreciated [2]. Nonetheless, it was recently found that in 1/3 of the
families of children hospitalized with rotavirus, a caregiver also becomes ill and suffers
from gastroenteritis [3]. Outbreaks among adults have also been reported from various
parts of the world recently [4–6].

The hallmark symptoms of rotavirus infection are diarrhea and vomiting, which in
children can lead to dehydration associated death if left untreated [7]. As such, most studies
on rotavirus have focused on the intestinal mechanisms of diarrhea. Conversely, other
relevant and common sickness symptoms like fever, nausea, malaise, headache, abdominal
discomfort, myalgias, fatigue and loss of appetite [8] have received far less attention. Severe
adult rotavirus gastroenteritis with multi-organ failure and critical management have in
rare cases also been reported [9], further highlighting the complexity of rotavirus etiology.

Most of our knowledge of rotavirus pathophysiology comes from animal studies,
which have established that the infection is commonly restricted to mature enterocytes of
the small intestine [10,11]. Extraintestinal spread only occurs in rare cases [12–14]. Contrary
to what could be expected from the symptomology, infection does not, however, induce
a distinctive cytokine response [10,15–18]. Instead, a growing body of evidence points
towards gut–brain crosstalk driving the defensive response against rotavirus infection [19].

The involvement of the brain in mediating rotavirus sickness symptoms has only
recently started to be investigated. This includes vomiting through activation of the
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vomiting center in the medulla oblongata of the brainstem [20], but also increased intestinal
motility by downregulation of the sympathetic nervous system, specifically to the ileum, but
not the duodenum or jejunum [21]. These new findings together with previous knowledge
about how sickness symptoms generally occur suggest the central nervous system (CNS)
as a driving force of defensive responses and consequently sickness symptoms during
rotavirus infection.

In this review, we focus on the clinically established rotavirus symptomology beyond
diarrhea. Although the precise mechanisms of most rotavirus sickness symptoms have not
been elucidated, we discuss them as results of a series of coordinated systemic events, that
are likely synchronized by the CNS, against the pathogen, to increase the survival of the
individual host as well as the collective group. We also consider evolutionary perspectives
and the advantages and the trade-offs of these defensive strategies, and discuss the harmful
and protective nature of rotavirus sickness symptoms.

2. Gut–Brain Crosstalk

The idea that the gut and the brain are connected has been a medically accepted
subject for a long time. Already in the 10th century, the great Iranian physician Ibn Sina,
also known as Avicenna (980-1037 AD), anatomically described the nervous connection
(Figure 1) of the peritoneum to the spine and the brain [22]. In his extended medical
encyclopedia Qānūn fı̄ al-Tibb (the Canon of Medicine), which was written in 1025 AD and
used as the main medical reference textbook in Europe until the 17th century [22–25], Ibn
Sina explained how imbalance in the gut could, via specific direct and indirect pathways,
be relayed to the brain and contribute to the pathogenesis of a number of diseases including
headache, melancholia, nausea, bowel incontinence [i.e., diarrhea], and vomiting [26].

 

Figure 1. The nervous system innervates the peritoneum. An illustration of the nervous system of
the human body by Ibn Sina (Avicenna) in Qānūn fı̄ al-Tibb (the Canon of Medicine). Image available
on the internet, open source, courtesy of the Wellcome Collection (Link: https://wellcomecollection.
org/works/mx97zpqj [accessed on 4 June 2024]).

Many aspects of these early medieval descriptions persist in current anatomy [27].
Molecular biological and mechanistic knowledge about the interconnectivity of the gastroin-
testinal tract and the CNS through direct and indirect ascending and descending pathways
(Figure 2) have been vastly extended in the last century, and the concept is well established
in modern medicine [28,29]. These pathways can explain how viral gastroenteritis can
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cause various sickness symptoms. Surprisingly, gut–brain crosstalk has remained poorly
studied in the context of rotavirus pathogenesis [19].

 

 

 

 

 

 

 

 

Figure 2. Bidirectional gut–brain crosstalk can occur via multiple independent chemical and electrical
pathways. During rotavirus infection, the information of the pathogenic presence can reach the
central nervous system (CNS) through ascending neural pathways, which include the vagus nerve
and the spinal pathways. Released chemicals, including peptides, hormones and toxins, can also carry
information and reach the brain through vascular or lymphatic systems. The brain processes these
signals and coordinates the defense and output back to the periphery through descending pathways.
While the autonomic nervous system, consisting of the sympathetic and the parasympathetic systems,
provides direct, specific, and rapid access to multiple organs, the endocrine system, by releasing
circulating hormones, performs the same role for broader systemic regulation at slower speed.

2.1. Ascending Pathways

Information to the CNS about the presence of a gastrointestinal pathogen can reach
the brain through three major types of pathways, which consist of (a) electrical nervous
signaling, (b) direct invasion by the pathogen into the brain, and (c) chemical signaling
by means of various messenger molecules like cytokines, hormones, peptides, and toxins,
which are transported to the brain in the vascular or lymphatic pathways [19]. Importantly,
these pathways operate at different speeds and temporal resolutions. They can occur at
different time points and last for shorter or longer periods of time over the course of the
disease. While nervous signaling provides instant communication that could elicit a quick
and short defensive response and consequent sickness symptoms, like vomiting, within a
short timeframe after infection, circulating messenger molecules like toxins, cytokines, and
hormones, which could affect multiple organs and for instance alter feeding behavior [30],
operate at a slower rate but persist for longer [19].

Of course, multiple ascending and local pathways could also interact to create the
complex rotavirus pathophysiology that is clinically observed. For instance, the rotavirus
non-structural protein 4 (NSP4) has been found to stimulate enterochromaffin (EC) cells of
the small intestine and induce local release of the neurotransmitter serotonin (5HT), which
activates the vagus nerve to elicit vomiting [20,31]. Released serotonin is also involved in
local regulation of intestinal motility by activating primary afferent nerves of the myenteric
plexus, which stimulate the nerves of the submucosa plexus to release vasoactive intestinal
peptide (VIP) from nerve endings adjacent to crypt cells [32,33].

2.1.1. Nervous Signaling from the Gastrointestinal Tract

The vagus nerve, extending from its origin in the brainstem, extensively innervates
different parts of the gastro-intestinal tract and provides nervous feedback from the diges-
tive system to the brain. This includes information from the enteric nervous system (ENS)
as well as direct sensory information from mechano-, chemo-, and tension receptors [34].
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The cell bodies of sensory afferents to the small intestine are located in the nodose ganglion
and project directly into the nucleus of the solitary tract (NTS).

There are similar spinal ascending pathways that directly project into other brain areas,
including the parabrachial area, the hypothalamus, and the amygdala [35]. The presence of
an infectious pathogen in the intestines can therefore be detected through multiple nervous
pathways and rapidly conveyed to the CNS for further processing. This also includes
possible interactions between the pathogen and the gut microbiome, which could elicit
nervous signaling to the CNS [36,37]. Locally produced cytokines can also activate primary
afferent nerves, such as the vagal nerves, during abdominal and visceral infections [38].

2.1.2. Direct Invasion of the Brain

Both viremia and extraintestinal infections of rotavirus in the liver, lungs, and kidneys
have been clinically reported [12]. In a prospective study of acute encephalitis in children
from Sweden, rotavirus RNA could be identified via PCR in stool samples in 10% of the
patients in the cohort [39]. Encephalopathy [40], acute cerebellitis [41], and other CNS
infection-associated complications have also been found to be concurrent with rotavirus
gastroenteritis. Based on these reports, direct invasion by rotavirus of the brain has been
theorized [42]. Nonetheless, the underlying disease causalities in these reports remain
unknown, and to the best of our knowledge, no substantiated evidence of rotavirus infection
of the human brain has been provided yet.

Recent immunohistochemical data from mice clearly show that the epidemic diarrhea
of infant mice (EDIM), rotavirus is restricted to the gastrointestinal tract up to 72 h post-
infection [43] and does not extend to the brain even though altered brain activity is observed
earlier [21]. Early studies performed by L. M. Kraft on EDIM before it was recognized as
a rotavirus [44] did however identify infectious virus in the lungs, liver, spleen, kidneys,
bladder, brain, and blood by 72 h post-infection [45–47]. Since these organs are highly
vascular, it was assumed that the presence of virus reflected the presence of blood rather
than actual infection of these organs. Nonetheless, extraintestinal rotavirus infection in
humans remains a controversy and is also likely to be attributed to premorbid characteristics
like immunodeficiency [45] or hereditary factors [39].

2.1.3. Chemical Signaling

Cytokines, hormones, and peptides function as signaling molecules and can be trans-
ported in the vascular and lymphatic systems from peripheral organs to the CNS. The
CNS constantly monitors for new or altered signaling molecules. Any induced alteration
caused by pathogenic infection can potentially elicit a CNS response. Cytokines are a
response to infection, and the main cytokines involved in sickness responses are the pro-
inflammatory cytokines IL-1 and TNF-α [38]. Moreover, anti-inflammatory cytokines
regulate the intensity and duration of sickness behavior.

Infection can affect the ENS and potentially alter regulating gut and brain peptides
and hormones like peptide YY (PYY), glucagon-like peptide-1 (GLP-1), cholecystokinin
(CCK), leptin, or ghrelin [30]. Cytokines have, through both direct and indirect actions, a
profound effect on systemic metabolism and the development of sickness behaviors [48].

2.2. Descending Pathways

The brain can coordinate defensive responses and output to the periphery through
either neural or humoral pathways [30]. The sympathetic and parasympathetic branches of
the autonomic nervous system are the main neural outputs that provide the brain direct
regulatory access to peripheral organs, including the gastrointestinal tract [49]. These two
antagonistic systems operate like “gas and brakes” for a multitude of peripheral organs
and systems.

Sympathetic activation increases, for instance, intestinal motility, blood sugar levels,
heart rate, blood pressure, and breathing rate, which can make one ready to combat or
fly from immediate danger. Activation of the parasympathetic nervous system, on the
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other hand, has opposing effects and is therefore known to drive the rest and digest
conditions [50]. Importantly, stable conditions are maintained through proper balance
between the two systems. For instance, increased intestinal motility can be achieved
by either increasing the sympathetic or reducing the parasympathetic signaling to the
intestines. The autonomic nervous system is an important part of an organism’s survival in
managing external danger, but also in combating internal pathogens [51].

The neuroendocrine system constitutes the main humoral output of the brain. It is
mainly regulated by the neurons of the hypothalamus, which, either directly or indirectly
through specialized endocrine cells of the pituitary, release hormones into circulating blood
where they can reach the entire body [52].

The neuronal and humoral pathways provide the brain with great versatility to co-
ordinate defense mechanisms against infections. While neuronal pathways provide a
near-instant signaling that can be directed to specific organs, the humoral pathways pro-
vide the means to, albeit at a slower speed, direct broad systemic signaling to the entire
body. It is also well accepted that the CNS is, through both neural and humoral pathways,
involved in complex bidirectional communication with the immune system and can control
peripheral immunity [53].

3. Central Coordination of Defense

Brain areas that receive primary ascending afferents to drive the peripheral inputs to
other brain regions are known as first-order nuclei [54]. The NTS is therefore often referred
to as a first-order nuclei for the vagus nerve [30]. Conversely, the area postrema (AP),
which contains a chemoreceptor trigger zone, is the first-order nuclei to detect circulating
emetic agents [55]. From these entry points, the signal can be relayed to a multitude
of other brain areas, including the amygdala, the thalamus, and the hypothalamus [49],
which are involved in regulating various outputs including mood [56], behavior, and
homeostatic balance.

Modulation of various brain structures following rotavirus infection in mice has
recently been reported. This includes increased cFos expression in the NTS and AP [20] as
well as reduced phosphorylated signal transducer and activator of transcription 5 (pSTAT5)
expression in the bed nucleus of the stria terminalis (BNST) [21]. The common denominator
for these structures is their role as first-order nuclei.

The NTS in the dorsal medulla is a major input for vagal afferents from various organs
including the gastrointestinal tract. It is part of the dorsal vagal complex and responsible
for triggering vomiting [49]. Furthermore, the NTS also projects into a large number of
other regions, including the hypothalamus, from which several other rotavirus sickness
symptoms like fever, fatigue, sleepiness, stress, and loss of appetite, could arise. Similarly,
the BNST receives direct vagal afferents from the periphery [35]. It is a center of integration
for limbic information and highly associated with reward, stress, and anxiety. Furthermore,
the BNST acts as a relay to the hypothalamic–pituitary–adrenal axis, which regulates acute
stress response.

The AP is a circumventricular organ located caudal to the floor of the fourth ventricle in
the medulla [55]. It is highly vascular, lacks a blood–brain barrier, and can sense circulating
chemicals in the blood and the cerebrospinal fluid. It projects into various other brain
regions including the NTS.

How the signal that arises from rotavirus infection propagates from these nuclei has
not been elucidated yet, and systemic investigation of the brain during rotavirus infection
is lacking. Nonetheless, these three nuclei together can potentially relay the signal from a
rotavirus infection to both neural and hormonal pathways. This does, however, not exclude
the possibility of the involvement of other first-order nuclei in rotavirus pathogenesis.

4. Sickness Symptoms

The feeling of sickness is not easily measurable and sometimes vaguely defined as
the perception of not feeling well. Sickness behaviors follow sickness feelings and include
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lethargy, social withdrawal, depression, and reduced exploration, but also loss of appetite,
sleepiness, and hyperalgesia [57]. It is now abundantly clear that sickness is an active
process and not merely a passive consequence of systemic infections [58]. Inducing sickness
feelings and monitoring behavioral responses in infants and children are not ethically
defensible; however, outbreaks and volunteer studies in adults have shown that sickness
symptoms and behaviors occur during rotavirus infection [2].

In a study of 18 rotavirus infected adult volunteers, Kapikan et al. [59] found that
22% develop sickness feelings and 28% shed rotavirus. Observed symptoms among the
subjects included diarrhea (22%), vomiting (11%), headache (22%), anorexia (22%), malaise
(17%), abdominal cramping (11%), and elevated body temperature (17%). In another study
of 83 college students from a rotavirus outbreak [60], the vast majority of the subjects
suffered from diarrhea (93%), abdominal pain or discomfort (90%), loss of appetite (83%),
and nausea (81%). Furthermore, more than 50% showed the following symptoms: fatigue,
vomiting, headache, myalgia, chills, and low-grade fever.

4.1. Diarrhea

Diarrhea is one of the hallmark symptoms of rotavirus infection [17]. It is an evolu-
tionarily preserved defense mechanism [61] for effectively driving pathogenic clearance
from the lower gastrointestinal tract [62], but simultaneously also very costly to the host, as
it can rapidly cause malnutrition and fatal dehydration if sustained over a long period of
time [63]. Diarrhea is very effective when it comes to flushing substances from the intestinal
lumen, but less so when it comes to getting rid of intracellular pathogens like viral agents,
which replicate inside the cells. Nonetheless, reduction of free infectious virus as well as
viral toxins from the lumen should some extent be beneficial to the host. In infants and
young children, who are less resilient to loss of electrolytes and fluid imbalance, diarrhea is,
however, more often harmful.

The onset of rotavirus diarrhea is between 24–48 h post-infection and has been found
to last on average for 6 days among Swedish children [64]. From a cross-sectional study
including five hospital-based studies, diarrhea average from the time of presentation ranged
from 2.3 to 7.4 days [65].

Rotavirus diarrhea was initially regarded to be osmotically driven and emerging by
excessive fluid and electrolyte loss due to malabsorption [66,67]. This model did not, how-
ever, provide a full explanation for rotavirus etiology. In 1999, the NSP4 enterotoxin was
shown to participate in the diarrhea response to rotavirus [68], and in 2000 Lundgren et al.
showed for the first time that rotavirus infection induce activation of the enteric nervous
system [18]. Today it is well accepted that the underlying mechanisms of rotavirus diarrhea
are multifactorial and involve activation of the enteric nervous system (ENS) [18,69,70].
Although the ENS can work independently and regulate many of the intestinal functions
such as motility and secretion, there is an autonomic control by the brain to ensure regu-
lation of intestinal homeostasis [71]. Recently, it has been shown that following infection,
descending sympathetic nerves from the CNS participate in rotavirus diarrhea by increas-
ing ileal motility [21]. This increase was observed in mice 16 h post-infection, which is
before the onset of diarrhea. The central pathways that induce this autonomic response
during rotavirus infection have, however, not yet been studied.

4.2. Vomiting

Evolutionarily, our physiological capabilities developed at a time when one had to
race across the savannah to hunt or catch the next meal [72]. It is only during the last
century in modern times that humans have been surrounded by a plethora of food which is
highly nutritious and largely free from pathogens and toxins. During evolution, vomiting
was probably the most important defense mechanism against food poisoning and uptake
of noxious chemicals. Vomiting rapidly and effectively empties the stomach and eliminates
the risk of gastric uptake of harmful particles [72]. The cost of falsely inducing vomiting,
when no harmful agent is present, is only a few calories [73]. However, the penalty for a
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single miss, when harmful toxins or pathogens are present in the food, is extremely high
and might even lead to death.

Vomiting is commonly the first symptom of rotavirus infection and occurs simulta-
neously with fever [74]. In a study of rotavirus-infected children, vomiting was the onset
symptom in 55% of the patients, preceding diarrhea by 24 h [64]. Interestingly, vomiting
usually lasts for only 2 days [64,75], even though virus replication continues for longer and
shedding persists for up to 10 days post-infection [76]. It is thus less likely for circulating
emetic agents to drive rotavirus vomiting through activation of chemoreceptors in AP. The
symptomology instead suggests direct nervous signaling to drive rotavirus vomiting.

Indeed, investigations in mice have identified activation of the NTS following rotavirus
infection, and it is now well accepted that rotavirus vomiting occurs through serotonergic
activation of the vagus nerve, which relays the signal to the NTS [20]. The serotonergic
surge in the intestines is caused by the release of rotavirus NSP4 enterotoxin, which induces
calcium increase in the enterochromaffin cells of the intestines, and therefore the release
of serotonin [20]. How the body quickly moderates this NSP4-5-HT vagal pathway to
alleviate rotavirus vomiting remains elusive. The anti-emetic 5-HT3 receptor antagonist
ondansetron, which blocks 5-HT binding to vagal afferent nerves, is clinically used to
viral gastroenteritis, although not an established treatment alternative for gastroenteritis.
There have been clinical trials of ondansetron use against viral gastroenteritis [77,78], but
more studies are needed to confirm positive or negative effects from inhibiting the host
vomiting response.

4.3. Fever

Fever is a common response to infection that has been conserved in vertebrates for
over 600 million years [79]. Fever even occurs in cold-blooded vertebrates like reptiles and
fish, which raise their core temperature during infection by altering their behavior and
seeking warmer environments, despite the risk of predation.

Fever is very common during rotavirus infection [64,75,80]. Rotavirus illness usually
begins with acute onset of fever and vomiting, and about 30–40% of children may expe-
rience temperatures above 39 ◦C [74]. In a prospective study of acute gastroenteritis in
Swedish children, about 84% of rotavirus-infected patients showed signs of fever, which
on average lasted for 2.2 days. Interestingly, fever was found to be much more frequent in
rotavirus-infected patients compared to patients with enteric adenovirus (44%) or bacterial
gastroenteritis (69%). In another Scandinavian study comprising 118 rotavirus-infected
children [75], elevated body temperature was measured in 86–90% of the patients (depend-
ing on subtype), with a mean duration of 2.1–2.3 days. Of these children, 47% were in the
range of 37.7–38.9 ◦C and 43% had temperatures above 39 ◦C.

An American study showed that children suffering from acute rotavirus gastroenteritis
exhibit higher levels of IL-6 in serum when also experiencing fever, and children with both
fever and more episodes of diarrhea also exhibit higher levels of TNF-α [81]. The study
also found that the levels of IL-6, IL-10, and IFN-γ were significantly higher in children
with acute rotavirus infection compared to healthy children without diarrhea [81].

Another study, from Turkey, comparing bacterial and rotavirus gastroenteritis found
that elevated IL-6 and TNF-α was lower in rotavirus-infected children compared to children
with bacterial gastroenteritis [80]. Rotavirus-infected children also had slightly elevated
fever compared to bacterially infected children and did not have any C-reactive protein
(CRP), leucocytes, or blood in their feces. It should be noted that these differences in
cytokine responses during rotavirus infection are detectable when compared to bacterial
infections. Standalone, cytokine and inflammatory elevations during rotavirus infection is
mostly modest [10,15–18]. Little is known about the role of cytokines in the pathogenesis
of rotavirus disease and needs to be further investigated.

The temperature homeostasis in mammals is regulated by neurons located in the
preoptic area of the hypothalamus, which function as a thermostat that keeps the body
temperature within an optimal preset range, despite varying ambient temperature [82,83].
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These neurons can respond to nervous input, cytokines, or circulating hormones like
prostaglandin, and slightly raise this setpoint to increase the efficacy of the immune re-
sponse during a pathogenic invasion [84,85]. Although acutely effective, sustained high
temperature can rapidly become harmful and even fatal [86].

Depression, loss of appetite, and anorexia, which reduce the overall metabolic rate, are
also common during fever [58,87]. This is rather counter-intuitive, as a systemic increase of
body temperature is extremely costly and requires a 10–12.5% increase of metabolic rate for
a single degree Celsius increase of body temperature [79]. However, the fact that fever has
been retained throughout vertebrate evolution strongly suggests that febrile temperatures
confer a survival advantage.

The induction and maintenance of fever during infection involves a tightly coordinated
interplay between the innate immune system and neuronal circuitries within the central
and peripheral nervous systems. Acetylcholine contributes to fever by stimulating muscle
myocytes to induce shivering, and norepinephrine elevates body temperature by increasing
thermogenesis in brown adipose tissue as well as inducing vasoconstriction to prevent
passive heat loss [79]. Release of prostaglandin E2 (PGE2) as well as pyrogenic cytokines
like IL-1, IL-6, and TNF-α, from innate immune cells, can also induce fever [88]. Where
and how these systems are perturbated during rotavirus infection remain elusive.

4.4. Fatigue and Sleepiness

Fatigue appears central in sickness behavior because it is a strong signal to rest and
focus the energy to combat infection or inflammation and regain health. Fatigue is a result
of the modification of metabolic pathways through an endocrine loop, initiated in the
hypothalamus and amplified by the pituitary gland. The release of corticotrophin-releasing
hormones, cortisol, and adreno-corticotropic hormones affect nutrient homeostasis in
tissues such as the liver, muscles, and adipose tissue. A meta-analysis of human sickness
behavior showed that fatigue was one of the most commonly reported symptoms and is
associated with IL-6 and IL-1 [89].

Fatigue should not be confused with sleepiness, i.e., sleep propensity, which is the
normal signal for sleep, and although sleepiness and fatigue are often used interchangeably,
they are two distinct responses [90]. Sleepiness is a driving force related to the need for
sleep, while fatigue is a more general signal to avoid activity [90].

Sleep is altered during infection, but it is unknown why [91]. However, it is known
that infection-induced alterations in sleep is a CNS response to IL-1 and TNF-α. Neurons
immunoreactive for IL-1 and TNF and involved in the regulation of sleep and wake
behavior are notably located in the hypothalamus, but also in the hippocampus and the
brainstem [91]. It is known that the regulation of body temperature is coupled to sleep
and the changes in sleep architecture that occur during infection, suppressed REM (rapid
eye moment) sleep and increased but more fragmented non-REM sleep, might have fever-
promoting benefits [91]. Sleep is proposed to be an acute-phase response and a sickness
behavior that promotes recovery and increases survival. Information about fatigue is not
easily accessed in children but in a rotavirus outbreak study among college students, 50%
of the 83 students with rotavirus infection declare that they experienced fatigue [2].

4.5. Stress

The sympathetic system works as fight or flight response and parasympathetic ac-
tivation induces the rest response. Rotavirus infection, like other viral pathogens, cause
infection-induced stress response, likely by activation of the sympathetic pathway to the
hypothalamus and the release of cortisol. Activation of the hypothalamic–pituitary–adrenal
(HPA) axis is well known to subserve the body’s response to a stressor, and viral infections,
in general, are physiologically stressful [88].

Catecholamines, the end-product of sympathetic nervous system activation, and
glucocorticoids orchestrate the “fight or flight” response, with rapid mobilization of energy
to critical muscles and the brain, concomitant with increased heart rate, blood pressure, and
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breathing rate to facilitate rapid transport of nutrients and oxygen to relevant tissues. At the
same time the HPA axis also assists in shunting metabolic resources from growth, digestion,
reproduction, and certain aspects of immunity to the more immediate and acute functions.

The physiological function of stress–induced increases in glucocorticoid levels is to
protect against the normal defense reactions, e.g., immune response/inflammation that are
activated by stress; glucocorticoids accomplish this function by turning off those defense
reactions, thus preventing them from overshooting. This can be seen as the glucocorticoid
actions may help mediate the recovery from the stress response, rather than mediate the
stress response itself. In a systematic review of 15 studies of acute illness [92], it was found
that cortisol levels were more than 3-fold higher in the group with severe gastroenteritis
than in the control group [92]. Activation of the HPA axis is well known to subserve the
body’s response to a stressor, and viral infections, in general, are physiologically stressful,
as indicated by the concomitant activation of the HPA axis [88,93].

4.6. Loss of Appetite

Loss or lack of appetite, also referred to as anorexia, are common during infection
conditions, and have been reported as high as 83% in an rotavirus outbreak among college
students [2]. The brain continuously receives information from the periphery regarding
energy stores and energy needs and processes this information in order to regulate feeding
behavior [94]. The brain also senses and responds to peripheral infection and inflammatory
processes, which in turn, affect feeding and metabolism, indicating that during inflam-
mation and or infection the immune response largely depends on the energy status of
the host [94]. Understanding the mechanisms through which the brain regulates appetite
and feeding behavior will provide insights into the metabolic adaptation for therapeutic
intervention [94].

Reducing the level of food intake is a good strategy to rest and enable evacuation of
existing pathogens from the gastric system. It also reduces the risk of introducing new
pathogens. This might be perceived as counter-intuitive, as access to nutrients is crucial for
successfully combating an infectious pathogen.

The hypothalamic melanocortin system is heavily involved in the regulation of ap-
petite, and has been considered as a promising target to control appetite during disease
conditions [94]. Another key region controlling appetite is the dorsal vagal complex (DVC),
a brain structure that comprises the area postrema (AP), the nucleus of the solitary tract
(NTS) and the dorsal motor nucleus of the vagus (DMV) [94]. Several peripheral mecha-
nisms, including motor functions of the stomach as well as released peptides and hormones,
provide feedback to the hypothalamic circuitry and vagal complexes of the brain to reg-
ulate appetite and thereby balance consumed and expended body energy [95]. There are
cytokines, and prostaglandin E, involved in appetite regulation and these signals can reach
the brain through vagal sensory nerve receptor or by the circulation [94].

Although several microorganisms are known for their ability to manipulate host de-
fenses to their own advantage, the role of anorexia induced by pathogens is not clear yet. It
may also be that access to nutrition can have different effects depending on the pathogen
itself. While fasting appear protective during bacterial infection, it seems to have detrimen-
tal effects during viral infection, highlighting divergent metabolic requirements [96]. Low
nutrition status has been associated with risk for more severe rotavirus infection, however
not yet proved and studies have shown opposing results [97,98]. However, in children with
metabolic disorders, rotavirus infection was associated with increased morbidity and mor-
tality [99]. Weather if the host response of reduced appetite with a fasting state promotes
rotavirus recovery, or if nutrition supplement is beneficial, needs to be further investigated.

5. Evolution of Defense Strategies

Characteristics that benefit our survival have been preserved during evolution. Hu-
mans and animals evolved with viruses, and up to 2/3 of the human genome is derived
from viruses and transposable elements [100]. Early in human evolution, the means to
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properly store food was lacking, and food quality was uncontrolled. The ability to handle
ingestion of toxic and pathogenic agents was literally a matter of life and death.

Successful host defense strategies against viral pathogens were, and to large extent still
are, strongly favorable for the survival of the species and thus evolutionary conserved [58].
These facts have led to the evolution of complex physiological and behavioral defense
strategies against ingulfed harmful substances, like rotavirus.

Defensive responses like fever, sleepiness and loss of appetite are not weaknesses
due to the infection per se, but rather an acquired adaptive strategy for survival [58].
Counter-intuitively, viral infections, which normally enter cells, are considered more likely
to induce vomiting, than bacterial infections, which normally do not enter cells [64]. It
should, however, be noted that the mechanism underlying rotavirus vomiting is at least
partly driven by the NSP4 enterotoxin, and in an essence similar to the mechanism of toxin
producing bacteria that also induce vomiting [101], indicating that the neuronal pathways
have evolved against toxins rather than specific pathogenic agents. Interestingly, virus is
the Latin word for poison.

Gastrointestinal bacterial infections usually cause prolonged bloody diarrhea [64].
Acute viral gastroenteritis, on the other hand, is characterized by watery diarrhea and a low
inflammatory response with mild elevation of serum inflammatory markers [102]. These
characteristics are also recapitulated in the symptomology as viral gastroenteritis are more
acute, but resolve faster than bacterial infections [102].

6. Conclusions

The question of whether sickness symptoms are harmful or protective during rotavirus
gastroenteritis has no straightforward answer. It is case-specific and depends on many
variables. From an evolutionary point of view, sickness symptoms are indeed manifesta-
tions of survival strategies and adaptive host defensive responses against different kinds of
danger. This should be considered, particularly when prescribing therapies and treatments
against sickness symptoms, rather than the pathogen and its toxic components. While it
is possible in modern medicine to identify specific pathogens like rotavirus and provide
targeted therapies, adequate knowledge about the body defense mechanisms is in many
aspects largely lacking.

Blocking sickness symptoms, without adequate knowledge about the underlying
mechanisms, could have negative impact, introduce adverse effects, and lead to prolonged
recovery. In cases when a therapy does not have an obvious and direct benefit, it might
thus be better to let the host carry on its evolved adaptive responses, despite any temporary
discomfort that might arise. At the same time, excessive defensive host measures could
also become harmful. Such is the case with prolonged rotavirus diarrhea and vomiting,
which arguably provide little to no benefit to the host during the later stages of the disease
but pose an imminent risk of fatal outcome. In such a case, blocking the sickness symptom
is directly beneficial and should be considered.
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Abstract: (1) Background: Group A rotaviruses (RVAs) are the primary cause of severe intestinal
diseases in piglets. Porcine rotaviruses (PoRVs) are widely prevalent in Chinese farms, resulting in
significant economic losses to the livestock industry. However, isolation of PoRVs is challenging, and
their pathogenicity in piglets is not well understood. (2) Methods: We conducted clinical testing on
a farm in Jiangsu Province, China, and isolated PoRV by continuously passaging on MA104 cells.
Subsequently, the pathogenicity of the isolated strain in piglets was investigated. The piglets of
the PoRV-infection group were orally inoculated with 1 mL of 1.0 × 106 TCID50 PoRV, whereas
those of the mock-infection group were fed with an equivalent amount of DMEM. (3) Results: A
G5P[23] genotype PoRV strain was successfully isolated from one of the positive samples and named
RVA/Pig/China/JS/2023/G5P[23](JS). The genomic constellation of this strain was G5-P[23]-I5-R1-
C1-M1-A8-N1-T1-E1-H1. Sequence analysis revealed that the genes VP3, VP7, NSP2, and NSP4 of
the JS strain were closely related to human RVAs, whereas the remaining gene segments were closely
related to porcine RVAs, indicating a reassortment between porcine and human strains. Furthermore,
infection of 15-day-old piglets with the JS strain resulted in a diarrheal rate of 100% (8 of 8) and a
mortality rate of 37.5% (3 of 8). (4) Conclusions: The isolated G5P[23] genotype rotavirus strain,
which exhibited strong pathogenicity in piglets, may have resulted from recombination between
porcine and human strains. It may serve as a potential candidate strain for developing vaccines, and
its immunogenicity can be tested in future studies.

Keywords: porcine rotavirus; G5; virus isolation; pathogenicity

1. Introduction

Rotaviruses (RVs) are the most common cause of viral gastroenteritis in infants and an-
imals. RVs are primarily transmitted through the fecal–oral route and infected individuals
typically present with symptoms such as diarrhea, vomiting, and decreased appetite. The
infection can spread between humans and animals, posing a serious threat to both human
health and animal husbandry [1–4]. In 1969, bovine RV was first isolated and cultured in
cells and was confirmed to be the primary cause of diarrhea in cattle [5]. The first human
RV was discovered in 1973 [6]. RVs were subsequently identified in pigs and poultries [7,8].
Cultivating RVs in cell cultures was quite challenging until 1984. Subsequently, RVs were
successfully cultured in African Green Monkey kidney cells (MA104) after treatment with
trypsin, which accelerated the processes of RV isolation and cultivation [9]. Furthermore,
subsequent studies have reported that RVs could replicate in cells such as Vero cells [10,11].

Porcine rotavirus infection mainly causes diarrhea in suckling piglets, manifesting
as watery diarrhea, weight loss, and dehydration [12]. Porcine rotavirus infection occurs
in piglets aged 1 to 4 weeks, and PoRV is co-infected with other viral pathogens such as
Porcine Epidemic Diarrhea Virus (PEDV) and Transmissible Gastroenteritis Virus (TGEV),
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as well as bacterial pathogens such as Escherichia coli, causing significant losses to the
pig farming industry [13,14]. Porcine rotaviruses (PoRVs) infection can damage the small
intestines in pigs, leading to villous atrophy and reduced digestive absorption capacity [15].
The most important mechanism for RVA to cause secretory diarrhea is that NSP4 serves as
an enterotoxin that increases chloride secretion through a calcium-dependent mechanism,
and it also activates the enteric nervous system and blocks the intestinal sodium/glucose
cotransporter [16,17].

The genus rotavirus belongs to the family Reoviridae and order Reovirales. Their genome
consists of 11 double-stranded RNA segments, encoding 11 proteins, including 6 structural
proteins (virion protein [VP]1–VP4, VP6, and VP7) and 5 nonstructural proteins (NSP1–
NSP5/6) [15]. RVs are classified into 10 subgroups (A–J) based on the VP6 antigen [18]. The
outer shell proteins VP7 and VP4 induce neutralizing antibodies and form the basis for the G
and P dual classification system [19]. The most common groups infecting Porcine are Group A
RV (RVA), Group B RV (RVB), and Group C RV (RVC), with RVA having the highest prevalence
and causing the most significant harm [15]. For RVA strains with high genetic diversity, the
dual (G/P) typing system was expanded in 2008 to a complete genome sequence-based
classification system. A nomenclature for the comparison of complete rotavirus genomes was
considered in which the notations Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx are used for the
VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 encoding genes, respectively.
Subsequently, the Rotavirus Classification Working Group (RCWG) was established to develop
classification guidelines and maintain the proposed classification system of RVs [20]. To date,
42 “G” and 58 “P” genotypes have been reported in the RCWG database (https://rega.
kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg, accessed on 1 October 2023).
RVA strains with G3, G5, G9, and G11 genotypes in combination with P[9], P[6], P[13], P[23],
P[27], and P[28] genotypes are considered the most common worldwide [21].

In this study, a G5P[23] genotype PoRV strain was isolated from the diarrheal samples of
piglets on a farm in Jiangsu Province, China, and named RVA/Pig/China/JS/2023/G5P[2](JS).
The whole genome of the JS strain was sequenced, and its genetic evolution was determined.
The JS strain was also used to infect 15-day-old piglets to investigate its pathogenicity.

2. Materials and Methods

2.1. Clinical Samples, Cells, and Antibodies

On 6 January 2023, 28 diarrheal samples were collected from piglets in a pig farm in-
fected by PoRV in Jiangsu Province, China. The virus isolated from these samples was iden-
tified as PoRV through Reverse Transcription-Polymerase Chain Reaction (RT–PCR) and
Quantitative real-time polymerase chain reaction (qRT–PCR) using VP6 (Supplementary
Table S1) [22–24]. Samples of the intestinal contents were homogenized in serum-free
Dulbecco’s modified Eagle medium [DMEM] (Invitrogen, Carlsbad, CA, USA) containing
1% penicillin–streptomycin [10,000 units/mL penicillin and 10,000 μg/mL streptomycin]
(Gibco™, New York, MT, USA) and 0.3% trypsin phosphate broth (Sigma-Aldrich, St. Louis,
MO, USA). The samples were then centrifuged for 30 min at 3500 rpm and 4 ◦C. The super-
natant was filtered through a 0.22 μm pore filter (Merck Millipore, Darmstadt, Germany)
to remove the bacteria and was stored at −80 ◦C until use as an inoculum for virus isola-
tion. MA104 cells were cultured in DMEM supplemented with 10% heat-inactivated fetal
bovine serum [FBS] (Invitrogen, Carlsbad, CA, USA) and 1% antibiotics [10,000 units/mL
penicillin, 10,000 μg/mL streptomycin, and 25 μg/mL Fungizone®] (Gibco™, New York,
MT, USA). These cells were maintained at 37 ◦C in a humidified incubator under 5% CO2.
Mouse monoclonal antibodies (McAbs) against PoRV VP6 protein (Zoonogen®, Beijing,
China) were purchased and stored in the laboratory.

2.2. Virus Isolation Assay

PoRV isolation was performed using MA104 cells via a previously described method
with modifications [25]. Specifically, prior to inoculation, cells were rinsed thrice with
sterile phosphate-buffered saline (PBS; pH 7.2) to remove FBS completely. Simultaneously,
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the stored inoculum was briefly vortexed and used for cultivation. In total, 300 μL of the
inoculum was added to 6-well plates. After incubation at 37 ◦C for 1 h, the inoculum
was removed, and the maintenance medium containing trypsin at a final concentration
of 4 μg/mL was added. The inoculated cells were maintained at 37 ◦C in a humidified
incubator under 5% CO2, and the CPEs were monitored daily. When CPEs were observed
in 90% of the cells, the flask was subjected to three rounds of freezing and thawing. The
cells and the supernatant were mixed with a pipette, aliquoted, and stored at −80 ◦C. The
harvested cell culture was used as the seed stock for the next generation. For successive
passages, the scale of the culture was gradually increased until the PoRV strains were
properly propagated and continuously passaged using T-25 flasks. Subsequently, the virus
was purified using the limited-dilution method.

2.3. Titration and Growth Curve Determination

The growth curve of the 10th generation of the virus was constructed. Initially, the
virus was inoculated onto a 96-well plate at a multiplicity of infection (MOI) of 0.01. Cell
culture supernatants were collected at 6, 12, 18, 24, 30, 36, 42, and 48 hpi. Subsequently,
based on the Reed–Muench method [26], the viral titers of these samples were determined
using the TCID50 assay. After washing thrice with PBS, 100 μL of the experimental
supernatant was mixed with 900 μL of DMEM to obtain serial dilutions ranging from 10−1

to 10−10. Each dilution was added to a monolayer of MA104 cells in 10 vertical wells of a
96-well plate. The plate was then placed in a cell culture incubator at 37 ◦C for 5 days, and
the viral titers were determined by observing the CPEs under a microscope. Finally, the
growth curves for each virus were constructed based on the viral titers at different time
points post-infection.

2.4. Immunofluorescence Assay (IFA)

MA104 cells cultured in 6-well plates were either mock-infected or infected with PoRV
at a MOI of 0.01. At 0, 12, and 24 hpi, the cells were fixed with 4% paraformaldehyde at
4 ◦C for 30 min, followed by permeabilization with 0.25% Triton X-100 (Solarbio, Beijing,
China) for 10 min at room temperature (RT). Blocking was performed using 5% bovine
serum albumin (Solarbio, Beijing, China) in PBS at RT for 1 h. McAbs against the PoRV VP6
protein and Alexa Fluor® 488-conjugated goat anti-mouse IgG (Abcam, Cambridge, UK)
were used as primary and secondary antibodies, respectively. Nuclei were stained with
4′,6-diamidino-2-phenylindole (DAPI) (VectorLabs, Newark, CA, USA) for 20 min at RT.
After washing with PBS, the stained cells were observed under a fluorescence microscope
(Olympus, Tokyo, Japan).

2.5. Transmission Electron Microscopy (TEM)

To visualize PoRV particles, MA104 cells were harvested when CPEs were observed
in 90% of the cells. The cell culture was subjected to three freeze–thaw cycles, followed
by centrifugation for 30 min at 4000× g and 4 ◦C. The supernatant was filtered through a
0.22 mm filter to remove cell debris and was then mixed overnight with polyethylene glycol
8000 [PEG-8000] (Solarbio, BeiJing, China) at a final concentration of 10%. The mixture was
subsequently ultracentrifuged for 2 h at 118,000× g and 4 ◦C to obtain the PoRV particles.
These particles were then resuspended in Tris-buffered saline and negatively stained with
2% phosphotungstic acid. The viruses within the infected MA104 cells were examined
using a transmission electron microscope (TEM) (Leica, Wetzlarm, Germany), and further
fixation and imaging were performed based on the methods described in previous studies.

2.6. Sequence Analysis

The complete genome of the RVA strain JS was sequenced using the MiSeq high-
throughput sequencing platform (Illumina, San Diego, CA, USA). The total RNA from the
cell culture supernatant was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. rRNA was removed using RiBo-Zero Magnetic
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Gold kit (Epicenter Biotechnologies, Madison, WI, USA), and the remaining RNA was se-
quenced using NEBNext® Ultra™ Directional RNA Library Prep Kit (New England Biolabs,
Ipswich, MA, USA) and the Illumina MiSeq platform (GENEWIZ, Guangzhou, China).

The obtained raw reads were trimmed using Trimmomatic v0.39 software [16] and
then aligned with the Sscrofa 11.1 reference genome using Bowtie2 v2.4.1 software [17] to
eliminate the reads corresponding to the sequences of the pig genome. The remaining reads
were reassembled into contigs using MEGAHIT v1.2.9 software [18]. Viral sequences were
identified using BLASTn and BLASTx searches against a custom-built virus nucleotide
reference database from GenBank or UniProt virus classification database.

The genotypes of the isolated strains were determined using the automatic genotyping
tool provided by ViPR (https://www.viprbrc.org/, accessed on 6 October 2023), with a
nucleotide truncation threshold of 80% [27]. To further explore the genetic origin of JS,
phylogenetic trees were constructed using the neighbor-joining method using MEGA11
software with the default settings (1000 bootstrap replicates) based on the PoRV VP4 and
VP7 gene sequences sequenced in this study and reference sequences collected in GenBank.

2.7. Recombination Analysis

The sequences involved in recombination were analyzed using RDP4 software version 4 [28].
DP4: Detection and analysis of recombination patterns in virus genomes. Virus Evol. 1,
vev003 [28]. The RDP, GENECONV, Chimaera, MaxChi, Bootscan, SiScan, and 3Seq meth-
ods were employed with their default parameters.

2.8. Animal Experiments

Sixteen conventional piglets, 15 days old, were purchased from a commercial pig
farm with no history of PoRV outbreaks or vaccination. Additionally, various virus tests,
including qRT-PCR and enzyme-linked immunosorbent assay (ELISA), yielded negative
results for these piglets. The tested viruses included PoRV, PEDV, TGEV, Porcine Repro-
ductive and Respiratory Syndrome Virus (PRRSV), Porcine Circovirus (PCV), Classical
Swine Fever Virus (CSFV), and Pseudorabies Virus (PRV). All animal experiments were
approved by the Ethics Committee of the South China Agricultural University, Guangzhou,
China (approval ID: SYXK-2019-0136). The 18 piglets were randomly divided into 2 groups,
with 8 piglets in each group: PoRV-infection and mock-infection groups. The piglets of
the PoRV-infection group were orally inoculated with 1 mL of 1.0 × 106 TCID50 PoRV,
whereas those of the mock-infection group were fed with an equivalent amount of DMEM.
The animals were manually fed with a milk replacer every 4 h during the experiment. In
piglets showing signs of anorexia, 60–100 mL of milk replacer was administered by gavage
every 4 h. Clinical symptoms such as diarrhea, vomiting, anorexia, and depression were
recorded daily. Fecal consistency was assessed daily using a scoring system based on solid
(0 points), paste-like (1 point), semiliquid (2 points, mild diarrhea), and liquid (3 points,
severe diarrhea) standards. Three piglets from the virus-infected group and three piglets
from the mock group were euthanized at 9 d post-infection (dpi).

Histopathological and immunohistochemical examinations were performed on the
small intestines. Intestinal tissue samples from a randomly selected piglet were examined
and collected 9 dpi. After fixation in 4% formaldehyde at RT for 48 h, the processed tis-
sue samples were embedded in paraffin, sectioned using a microtome (Leica, Germany),
deparaffinized with xylene, and washed with reducing concentrations of ethanol. Subse-
quently, conventional Hematoxylin and Eosin (BaSo, Zhuhai, China) [H&E] staining was
performed for HE, and PoRV-VP6-specific monoclonal antibody was used IHC [29].

Rectal swabs were collected daily for the qRT–PCR detection. The animals were
euthanized 9 dpi, and the tissues of the lungs, duodenum, jejunum, ileum, etc., were
collected for HE, IHC, and qRT–PCR examination.
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2.9. Statistical Analysis

All statistical analyses were performed using the GraphPad Prism software version 8.0
(graphpad.com). The statistical significance of the differences between the experimen-
tal groups was ascertained using the Student’s t-test. The differences were considered
statistically significant at p < 0.05.

3. Results

3.1. Virus Isolation

The collected piglet diarrhea samples were tested using RT-PCR and qRT-PCR, and
all 28 diarrhea samples showed positive results for porcine rotavirus. Inoculate these
28 positive samples into MA104 cells for three blind passages to isolate the virus. Only one
strain was successfully isolated from positive samples, while the remaining samples could
not be continuously passaged on MA104 cells.

The PoRV-positive samples at a 10-fold dilution were inoculated into MA104 cells.
Visible cytopathic effects (CPEs) were observed in the second generation, 24 h post-infection
[hpi]. Complete CPE was observed at 48 hpi (Figure 1a). Compared with mock-inoculated
cells, the inoculated cells were initially characterized by syncytium and vacuole formation,
followed by elongation, detachment, and cessation of growth (Figure 1a). The isolate was
named RVA/Pig/China/JS/2023/G5P[23](JS).

Figure 1. (a) Observation of CPEs in MA104 cells infected with the PoRV JS strain at 24 and 48 h
post-infection (hpi). (b) Immunofluorescence staining (green) of PoRV VP6 in MA104 cells infected
with the JS strain at 12 and 24 hpi. (c) Electron micrograph of the PoRV particles detected in the
culture medium of MA104 cells infected with the JS strain, as indicated by arrows. Scale bar = 100 nm.
(d) Growth curve of the JS strain at the 12th passage of MA104 cells. Multiplicity of infection
(MOI) = 0.01.
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Furthermore, the isolated strain was identified via IFA using PoRV-VP6-specific mono-
clonal antibodies. From 12 hpi, pronounced green signals were observed in the infected
MA104 cells but not in the uninfected cells. These signals tended to intensify markedly
with time (0, 12, and 24 hpi) (Figure 1b).

TEM was also conducted to identify PoRV particles obtained from the MA104 cell
culture medium and MA104 cells infected with the JS strain. The typical RV particles were
observed in the cell culture medium (Figure 1c). The viral particles appeared wheel-shaped,
with a diameter of 70–100 nm, exhibiting characteristic surface projections unique to RVs.
TEM confirmed the successful reproduction of PoRV in MA104 cells. The growth curves of
the JS strain at different time points post-infection were plotted based on the 50% tissue
culture infective dose (TCID50). The results indicated that the viral replication titer peaked
at ~1 × 106/mL TCID50, and the titer enhanced rapidly from 6 to 36 hpi (Figure 1d).

3.2. Sequence Analysis

According to the latest classification and naming system established by the RCWG,
the nucleotide identity cutoff values for 11 gene segments of Rotavirus Group A are as
follows: 80% (G), 80% (P), 85% (I), 83% (R), 84% (C), 81% (M), 79% (A), 85% (N), 85% (T),
85% (E), and 91% (H) [30]. The genotype of JS was identified as G5-[P23]-I5-R1-C1-M1-
A8-N1-T1-E1-H1 (Supplementary Table S2). The sequences of all 11 gene segments were
uploaded to GenBank with accession numbers OR644644 to OR644654.

Homology and phylogenetic analyses were conducted between the closely related ref-
erence RVA strains of the same genotype. Several gene segments were highly homologous
with RV strains of porcine origin, including VP1, VP2, VP4, VP6, NSP1, NSP3, and NSP5.
Additionally, some segments such as VP3, VP7, NSP2, and NSP4 exhibited an even higher
homology with RV strains of human origin, suggesting that the JS-G5P[23] strain was likely
a recombinant human–porcine virus (Supplementary Table S2).

Sequence analysis of VP7 revealed that it comprised 981 nucleotides (nts), encoding
326 amino acids (aa). A phylogenetic tree was constructed using the full-length VP7
sequence (981 nts) and selected G genotype sequences obtained from GenBank. The VP7
of the JS strain is grouped within the G5 genotype (glycolated), primarily consisting of
strains of porcine origin. However, the segment from the JS strain formed a smaller clade
within this genotype, containing sequences derived from both pig and human sources. The
most closely related sequence to the JS strain fragment was identified to be derived from a
human RVA strain, RVA/Pig-wt/THA/CMP-001-12/2012/G5P[13] (KT727252.1), which
was isolated from a patient in Thailand in 2014 (Figure 2a) [31]. The nucleotide identity
rates between the selected G5 genotypes in GenBank range from 86.6% to 91.4%, and the
amino acid identity rates range from 92.0% to 95.6%. Furthermore, using ViPR automatic
genotyping tool, we revealed that RVA/Pig/China/JS/2023/G5P[23] was closely related
to multiple RVA G5 strains [27]; this sequence belongs to the G5 genotype (glycolated),
with the most similar query sequence being RVA/Human-tc/BRA/IAL28/1992/G5P[8]
(EF672588) (Supplementary Table S2) [32].

Sequence analysis of VP4 revealed that it comprised 2331 nts, encoding 776 aa. A
phylogenetic tree was constructed using the full-length VP4 sequence from the JS strain
and selected P genotype sequences obtained from GenBank. JS was most closely re-
lated to a porcine-origin RVA strain, RVA/Pig/CHN/SX-2021/P23 (OP650547.1), isolated
from China (Figure 2b). The nucleotide identity rates between the selected [P13] geno-
types in GenBank range from 80.0% to 89.6%, and the amino acid identity rates range
from 72.0% to 83.1%. Additionally, the ViPR automatic genotyping tool revealed that
RVA/Pig/China/JS/2023/G5P[23] was closely related to RVA P[23] strains [21]; this se-
quence belongs to the P[23] genotype, with the highest similarity to the PoRV strain
P23-RVA/Pig-tc/VEN/A34/1985/G5P[23] (AY174094) (Supplementary Table S2) [27,33].

171



Viruses 2024, 16, 21

Figure 2. (a) Phylogenetic tree constructed using the segments of VP7; G = glycolated. (b) Phyloge-
netic tree constructed using the segments of VP4; P = protease-sensitive. • Display JS strain sequence.

3.3. Recombination Analysis

To analyze the association between NSP2 from JS and the existing isolates further, a
genetic analysis was conducted between them using RDP4 software [28]. The sequence of
NSP2 from JS is indicated in Figure 3. Crossover points for a potential recombination zone
were located at nucleotides 1–494 and 939–994 of NSP2 (Figure 3), but no recombination
was detected in other genes encoding viral proteins. The major parental strain for the
recombination was RVA/Human-tc/KOR/CAU14-1-262/2014/G3P[9] (KR262156.1), and
the minor strain was RVA/Dog-wt/GER/88977/2013/G8P1/(KJ940158.1), indicating that
C1 of JS was the gene recombination product of C3 and C2 RVAs [34,35].

Figure 3. Analysis of the recombination of NSP2 from RVA/Pig/China/JS/2023/G5P[23] and other
PoRV strains such as RVA/Human-tc/KOR/CAU14-1-262/2014/G3P9/(KR262156.1) and RVA/Dog-
wt/GER/88977/2013/G8P1/(KJ940158.1). JS represents RVA/Pig/China/JS/2022/G3P[7] (OR232953),
CAU14 represents RVA/Human-tc/KOR/CAU14-1-262/2014/G3P[9] (KR262156.1), and 88977. repre-
sents RVA/Dog-wt/GER/88977/2013/G8P1/(KJ940158.1). Recombination crossover points are located
at nucleotides 1–494 and 939–994.

3.4. Clinical Signs and Histological Changes

The piglets of the JS strain infection group showed diarrhea symptoms, manifested as
dark green, watery feces (Figure 4a). One piglet succumbed on day 3 post-infection and
two piglets on day 6. On autopsy, the lungs showed congestion and swelling, the intestinal
wall became thin and transparent, and the intestines bulged and were filled with yellow
water-like liquid (Figure 4a). On the contrary, in the simulated infection group, except for
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a few piglets whose feces briefly appeared pasty, none experienced diarrhea, and none
succumbed at the end of the experimental cycle. No pathological changes were found in
the lungs and intestinal tissues of these piglets during autopsy (Figure 4a).

Figure 4. (a) Intestinal and lung sections of the piglets in the mock-infected and JS-infected groups.
(b) Histopathological sections of the piglets in both groups. (Green indicates thickening of alveolar
walls, while black indicates an increase in inflammatory cells) (c) Immunohistochemical staining of
the tissues collected from the piglets in both groups.

The HE results indicate that the lung exhibited thickening of the alveolar walls, sug-
gesting interstitial pneumonia (as shown by the green arrow in Figure 4b). The villi lamina
propia shows an increased number of inflammatory cells, predominantly lymphocytes
(as shown by the black arrow in Figure 4b). The intestinal tissue pathology of piglets in
the control group was normal (Figure 4b). In addition, IHC examination revealed that in
specific segments of the small intestine with villous atrophy, cytoplasmic staining of the
PoRV antigen was dominant, with the highest antigen content in the jejunum (Figure 4c).
No PoRV antigen was detected in the small intestines of piglets in the negative control
group (Figure 4c).

3.5. Viral Load in Stool Samples and Tissues

One piglet developed diarrhea on day 2 post-oral inoculation with the JS strain
(Figure 5a). By day 3, all eight piglets exhibited diarrhea; one of them succumbed to
the infection on day 3 and two on day 6 (Figure 5b). From day 7 onward, most piglets
began to eat, which continued until day 9, when the symptoms of diarrhea began to subside.
The piglets infected with JS had a diarrheal rate of 100% (8 of 8; Figure 5a) and a mortality
rate of 37.5% (3 of 8; Figure 5b). In contrast, the control group, apart from a brief period of
loose stools in a few piglets, did not show any significant signs of diarrhea, and no deaths
occurred (Figure 5a,b).

qRT–PCR results showed that the viral RNA was detectable in the feces of infected
piglets as early as 24 h post-infection (hpi). Viral shedding in rectal swabs of piglets
continued to increase from day 1 to day 5 post-infection, reaching its peak on day 5
(Figure 5c). From day 7, viral shedding began to decline and decreased until the end of
the experiment. Additionally, the viral load in the lungs was significantly lower than in
various parts of the small intestine (p < 0.05), with the highest viral load detected in the
ileum (Figure 5d). No viral shedding was detected in the feces of the control group, and no
viral load was identified in the intestinal tissues (Figure 5c,d).
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Figure 5. (a) Diarrhea scores of the piglets in the mock-infected and JS-infected groups. (b) Survival
curves of the piglets in both groups. (c) Viral loads in the swabs of the piglets in both groups. (d) The
viral RNA copy number per mg of each tissue collected from the piglets in both groups. Asterisk (*)
indicates significant differences between different tissues. (* p < 0.05; ** p < 0.01).

4. Discussion

Approximately 50 years ago, RVs were considered the primary cause of diarrhea in
infants and young animals [6]. According to the World Health Organization, RVs cause
~450,000 deaths annually, with 90% of them occurring in developing countries in Asia
and Africa [4,36,37]. PoRVs are prevalent worldwide and result in significant economic
losses to the swine industry [15]. Isolation and cell-based cultivation of PoRV can help
understand their pathogenicity in piglets [38]. In this study, PoRV-positive samples from a
pig farm, suffering from diarrhea in suckling piglets, were treated with 10 μg/mL trypsin
for 1 h, and the optimal conditions for the isolation of PoRV were established by adding
trypsin to a final concentration of 4 μg/mL in the maintenance medium. A PoRV strain was
successfully isolated under these conditions and named JS. After three-blind-passaging
in MA104 cells, stable CPEs, including cell elongation and detachment, were observed
(Figure 1a), similar to previous studies [12,25]. IFA confirmed the replication of the 10th
generation of the JS strain in MA104 cells (Figure 1b). TEM revealed typical RV particles of
70–100 nm in diameter in the cell culture medium (Figure 1c). The viral titer at the 10th
passage was ~1 × 106/mL TCID50 (Figure 1d).

The complete genome sequence of JS was obtained using high-throughput sequencing.
Analysis of genetic evolution revealed that the JS strain was a G5P[23] genotype RV. The
genotype G5 PoRV is more common in pigs than in horses, cows, or other animals. It was
identified in children in Brazil in the 1980s [39,40]. Although the G5 genotype RV has been
reported in multiple countries, research on its pathogenicity is limited [19]. ViPR-based
analysis revealed that the genotype of JS strain is G5-P[23]-I5-R1-C1-M1-A8-N1-T1-E1-H1.
The structural proteins VP3 and VP7, along with the nonstructural proteins NSP2 and NSP4
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of the RVA/Pig/China/JS/2023/G5P[23], were closely related to human RVAs. However,
the structural proteins VP1, VP2, VP4, and VP6, along with the nonstructural proteins
NSP1, NSP3, and NSP5, were closely related to porcine RVAs. This suggests that the JS
strain is a recombinant strain of human and porcine RVAs (Supplementary Table S2). The
NSP2 of the JS strain may be a product of recombination between human and dog strains
(Figure 3).

A previous study reported severe watery diarrhea in 3-day-old piglets within 24 h of
infection with the HN03 (G9P[23]) strain and recovery after 72 h [12]. Similarly, diarrhea
was observed in 4-day-old piglets at 16–24 h after infection with the JS-01-20149 (G9P[7])
strain, followed by skin redness and death [41]. In a previous study, diarrhea was reported
in piglets infected with PRG942 (G9P[23]) and PRG9121 (G9P[7]) strains at 1–8 dpi [42].
Furthermore, Miao et al. reported diarrhea in 1-day-old piglets infected with the CN127
strain after 6–24 h, which continued until euthanization at 48 h, but none of them died due
to the infection [38].

In this study, the pathogenicity of the JS strain was investigated by infecting 15-day-old
piglets. Diarrhea and dark green, foamy feces were observed on day 2 post-infection. On
day 3, one piglet succumbed to the infection (Figure 4a). A postmortem examination of
the piglets in the JS-infected group showed transparent, distended intestines filled with
yellowish fluid and the accumulation of gastric and intestinal gases. RVA infections are
not restricted to the intestines and further induce the formation of extraintestinal lesions
in humans and animals [43]. After dissection, the lungs of infected piglets also showed
significant lesions, manifested as local congestion (Figure 4a). The HE results indicate
that the lung exhibited thickening of the alveolar walls, suggesting interstitial pneumonia.
The villi lamina propia shows an increased number of inflammatory cells, predominantly
lymphocytes (Figure 4b). The intestinal tissue pathology of piglets in the control group
was normal (Figure 4b). In addition, IHC examination revealed that in specific segments
of the small intestine with villous atrophy, cytoplasmic staining of the PoRV antigen was
dominant, with the highest antigen content in the jejunum (Figure 4c). No PoRV antigen
was detected in the small intestines of piglets in the negative control group (Figure 4c).

At the end of the experimental period, the diarrheal and mortality rates of infected
piglets were 100% (8 of 8) and 38.5% (3 of 8), respectively. In contrast, piglets in the
control group did not exhibit any apparent symptoms of diarrhea, and no deaths occurred
(Figure 5a,b). TaqMan qRT–PCR detected viral RNA shedding in the feces of infected
piglets as early as 24 hpi. Viral shedding in the rectal swabs of piglets continued to increase
from day 1 to day 5 post-infection but decreased from day 6 onward (Figure 5c). The viral
load in the lungs was significantly lower than in various parts of the small intestine, such
as the duodenum, jejunum, and ileum (p < 0.05). The highest viral load was detected in the
ileum, consistent with the IHC results (Figure 5d). Throughout the entire experiment, no
viral shedding was detected in the feces, and no viral load was identified in the intestinal
tissues of the control group animals (Figure 5c,d).

There are differences between using artificial milk feeding instead of breastfeeding
during the experimental period and production in this study. The study is based on
samples collected from a specific farm in Jiangsu Province, China. The findings may not be
representative of PoRVs in other regions or countries. In clinical pathology, the infection
of porcine rotavirus is more complex, and it occurs in different age groups of pigs [15]. In
addition, PoRV is co-infected with other viral pathogens, such as PEDV and TGEV, as well
as bacterial pathogens, such as Escherichia coli [13]. These phenomena have brought new
challenges to this research study.

5. Conclusions

In summary, we successfully isolated and identified a strain of G5P[23] genotype PoRV.
This strain exhibited excellent adaptability to MA104 cells and demonstrated high virulence
in piglets. These findings hold significant importance for understanding the characteristics
of PoRV in China and developing novel and effective PoRV vaccines.
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Abstract: Porcine rotavirus A (PoRVA) is an enteric pathogen capable of causing severe diarrhea in
suckling piglets. Investigating the prevalence and molecular characteristics of PoRVA in the world,
including China, is of significance for disease prevention. In 2022, a total of 25,768 samples were
collected from 230 farms across China, undergoing porcine RVA positivity testing. The results showed
that 86.52% of the pig farms tested positive for porcine RVA, with an overall positive rate of 51.15%.
Through the genetic evolution analysis of VP7, VP4 and VP6 genes, it was revealed that G9 is the
predominant genotype within the VP7 segment, constituting 56.55%. VP4 genotypes were identified
as P[13] (42.22%), P[23] (25.56%) and P[7] (22.22%). VP6 exhibited only two genotypes, namely I5
(88.81%) and I1 (11.19%). The prevailing genotype combination for RVA was determined as G9P[23]I5.
Additionally, some RVA strains demonstrated significant homology between VP7, VP4 and VP6
genes and human RV strains, indicating the potential for human RV infection in pigs. Based on
complete genome sequencing analysis, a special PoRVA strain, CHN/SD/LYXH2/2022/G4P[6]I1,
had high homology with human RV strains, revealing genetic reassortment between human and
porcine RV strains in vivo. Our data indicate the high prevalence, major genotypes, and cross-
species transmission of porcine RVA in China. Therefore, the continuous monitoring of porcine RVA
prevalence is essential, providing valuable insights for virus prevention and control, and supporting
the development of candidate vaccines against porcine RVA.

Keywords: porcine rotavirus A (RVA); serotypes; molecular characteristics; prevalence; cross-
species transmission

1. Introduction

Rotaviruses (RVs), which belong to the Reoviridae family, are a significant cause of
diarrhea in children and young animals globally [1,2]. RVs were identified more than
60 years ago in rectal swabs from monkeys and intestinal biopsies from mice [3]. Soon after,
in 1973, human RV was discovered in duodenal biopsies from nine children [4]. Rotavirus A
(RVA) infects humans and animals and is the most common subtype that causes diarrhea in
sucking piglets. It accounts for more than 90% of diarrhea cases caused by RV in commercial
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pig populations [5,6]. The World Health Organization (WHO) estimates that RV causes
approximately 450,000 deaths each year, with more than 90% of these deaths occurring
in developing countries in Asia and Africa [3]. Porcine RV infection is a common enteric
infectious disease with watery diarrhea, vomiting, anorexia, and dehydration as the main
clinical features [7]. Current studies have suggested that porcine RVs may be the pathogen
of RV infection in humans, dogs and other species [8,9]. Patterns of RV genotypes have
evolved through interspecies transmission and recombination events [10].

The mature RV particle encapsulates a genome of 11 segments of double-stranded
(ds) RNA encoding six structural proteins (VP1 to VP4, VP6 and VP7) and five or six
non-structural viral proteins (NSP1 to NSP5/6) [5]. RVs are classified into ten groups (A–J)
based on the antigenic relationships of the VP6 protein, which can stimulate the body
to produce IgA and determine the specificity of the RV serotype [11,12]. The structural
proteins VP7 and VP4, which determine the G and P genotypes of RV, together form the
outer capsid of RV, and are important antigens that neutralize and induce the production
of neutralizing antibodies [13]. Porcine RVA (PoRVA) encompasses a diverse array of
genotypes, including G, P and I genotypes. Twelve G genotypes (G1 to G6, G8 to G12 and
G26), fifteen P genotypes (P[1] to P[8], P[11], P[13], P[19], P[23] and P[26] to P[28]) and
four I genotypes (I1, I2, I5 and I14) of porcine RVA have been reported worldwide [14–16].
G genotypes (i.e., G3 to G5, G9 and G11) are often freely combined with P genotypes
(i.e., P[5] to P[7], P[13] and P[28]). G5P[7], G4P[6] and G4P[7] were the most common
genotype combinations worldwide. Few studies have focused on the genotype of VP6 in
pigs, resulting in limited reports on the combination of dominant G/P/I genotypes [5].

The diversity of RV strains poses significant challenges for vaccine development [10].
The trivalent live attenuated vaccine, based on the pandemic G/P combination, was found
to be safe and effective in protecting piglets against diarrhea caused by homologous
virulent strains. However, bivalent vaccines (containing G5P[7] and G9P[7] strains) were
not effective in preventing infections caused by G8P[1], G9P[23] and G8P[7] RVA strains [17].
Therefore, understanding genetic diversity is essential for the development, optimization
and improvement of vaccines, as there is limited cross-protection against heterologous
strains. Therefore, in this study, we reported the prevalence of RVA in fecal samples
collected from 23 provinces in China in 2022, and analyzed the proportions of genotypes in
different regions to understand the prevalence characteristics of RVA in China, the largest
pig-farming country.

2. Materials and Methods

2.1. Sample Preparation

In 2022, a total of 25,768 fecal samples from sucking piglets with diarrhea were
collected from 230 different industrial farms in 23 provinces across China. These samples
were diluted with two volumes of cold phosphate-buffered saline (PBS) and purified by
centrifugation at 5000× g for 1 min. A 300 μL aliquot of supernatant was extracted from
each sample, and the total RNA was then extracted using the Virus DNA/RNA Extraction
Kit from Bioer (Hangzhou, China), following the manufacturer’s instructions.

2.2. Reverse Transcription-Quantitative PCR (RT-qPCR)

To determine the viral load in each sample, RT-qPCR was performed by using the
TransScript Probe One-Step qRT-PCR Kit (TransGen, Beijing, China) on a Step One Plus
instrument (ABI). Briefly, the procedure involved an initial reverse transcription at 45 ◦C
for 5 min, followed by pre-denaturation at 94 ◦C for 30 s. The qPCR reactions were run for
40 cycles with denaturation at 94 ◦C for 5 s, annealing and extension at 60 ◦C for 30 s. The
sample was considered positive for PoRVA if the CT value was less than 35 or between
35 and 40 in two repeated assays. The farm was considered positive for PoRVA if one or
more diarrheal samples tested positive for PoRVA. The primers and probes utilized for the
detection of PoRVA nucleic acid were specifically designed to target the conserved region
of the NSP3 gene, as outlined in Supplementary Table S1.
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2.3. Amplification of PoRVA Genes

Specific primers targeting the VP1 to VP4, VP6, VP7 and NSP1 to NSP5 genes of PoRVA
were designed based on the conserved regions (Supplementary Table S1) and synthesized
by Sangon Bioengineering Co., Ltd. (Shanghai, China). The reverse transcription and
amplification of the selected RNAs were performed by using the HiScript II One-Step
RT-PCR Kit (Dye Plus) following the manufacturer’s instructions (Vazyme, Nanjing, China).
The standard program was below: initial reverse transcription at 45 ◦C for 25 min, pre-
denaturation at 94 ◦C for 5 min, 32 cycles of denaturation at 94 ◦C for 30 s, annealing
at 55 ◦C for 30 s, extension at 72 ◦C for 1, 2, or 1.5 min (for VP7, VP4 and VP6 genes,
respectively) and final extension at 72 ◦C for 8 min. All RT-PCR products were subjected
to gel electrophoresis on a 1.5% agarose gel, and the target bands were finally verified
using a UV transilluminator. The fragments of VP7, VP4 and VP6 genes were cloned into
the pMD-18T vector (TaKaRa, Beijing, China) followed by successful transformation into
E. coli DH5α competent cells. The plasmids were sequenced using the Sanger approach by
Sangon Bioengineering Co., Ltd.

2.4. Genotyping and Phylogenetic Analysis

The genotypes of individual genes of the study strains were determined with the
Virus Pathogen Resource (ViPR) automated genotyping tool (https://www.viprbrc.org/brc/
rvaGenotyper.spg?method=ShowCleanInputPage&decorator=reo, accessed on 17 June 2023).
The sequence similarities were analyzed by using BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi, accessed on 12 April 2023). The complete sequences of the RVA VP7, VP6
and VP4 genes, along with the complete genome-wide sequences of the LYXH2, were
utilized to construct a phylogenetic tree. Reference sequences downloaded from GenBank
were also incorporated in the analysis. The neighbor-joining method with 1000 bootstrap
replicates for each gene was applied using MEGA 11 software. The initial tree was drawn to
scale, with branch lengths representing the number of substitutions per site. Visualization
was conducted using iTOL v6 (Interactive Tree of Life, http://itol.embl.de/, accessed
on 28 February 2024). To assess the genomic characteristics of the LYXH2, its nucleotide
sequences were compared to the complete genome sequences of rotavirus A (RVA) present
in the GenBank database.

2.5. Nucleotide Sequence Accession Numbers

The nucleotide sequence data obtained in this study have been uploaded to the
GenBank database. The accession numbers for VP7, VP4 and VP6 gene sequences
are OQ743847-OQ743991, OQ799656-OQ799745 and OQ799746-OQ799879, respectively
(Supplementary Table S2). The accession numbers of the CHN/SD/LYXH2/2022/G4P6I1
genome (except for VP4, VP6 and VP7) are OQ799880-OQ799887.

3. Results

3.1. Prevalence of PoRVA in China, 2022

In 2022, a total of 25,768 diarrhea samples were collected from 230 pig farms in
23 provinces across China and tested for PoRVA by qRT-PCR. The results showed that the
prevalence among provinces significantly varied with positive rates ranging from 29.94%
to 87.10%. Additionally, the average frequency of positive samples was found to be 51.15%.
More than half of the samples tested positive for PoRVA in 52.17% (12/23) of the provinces.
Furthermore, the prevalence of positive farms ranged from 70% to 100% in all of the tested
provinces. Moreover, in 82.61% (19/23) of the provinces, more than 80% of the farms
tested positive for PoRVA. The average prevalence rate of PoRVA at the farm level in China
in 2022 was 86.09% (Table 1).
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Table 1. PoRVA positive samples and farms in China, 2022.

China
Region

Province
No. of
Tested

Samples

No. of
Positive
Samples

Positive Rate
at the

Sample
Level (%)

No. of
Tested Farms

No. of
Positive
Farms

Positive Rate
at the Farm
Level (%)

Northern

Hebei 627 250 39.87 6 5 83.33
Heilongjiang 155 135 87.10 2 2 100.00

Liaoning 1490 891 59.80 21 19 90.48
Inner

Mongolia 915 558 60.98 11 10 90.91

Tianjin 182 97 53.30 10 7 70.00
Total 3369 1931 57.32 50 43 86.00

Central

Gansu 1585 819 51.67 14 13 92.86
Henan 1440 843 58.54 11 10 90.91
Shanxi 1411 1217 86.25 4 4 100.00

Shaanxi 1894 567 29.94 9 8 88.89
Hubei 1682 1351 80.32 11 10 90.91
Total 8012 4797 59.87 49 45 91.84

Eastern

Anhui 894 475 53.13 5 4 80.00
Shandong 1302 452 34.72 17 13 76.47

Jiangsu 1212 538 44.39 10 9 90.00
Zhejiang 1310 563 42.98 12 11 91.67

Total 4718 2028 42.98 44 37 84.09

Southern

Fujian 329 208 63.22 4 3 75.00
Guangdong 1333 735 55.14 7 6 85.71

Guangxi 1645 816 49.60 16 13 81.25
Hainan 264 97 36.74 5 4 80.00
Hunan 1548 466 30.10 11 10 90.91
Jiangxi 1597 728 45.59 12 11 91.67
Total 6716 3050 45.41 55 47 85.45

Southwestern

Sichuan 1746 677 38.77 21 18 85.71
Guizhou 1100 649 59.00 7 6 85.71
Yunnan 107 48 44.86 4 3 75.00

Total 2953 1374 46.53 32 27 84.38
Total 25,768 13,180 51.15 230 199 86.52

To analyze the patterns of PoRVA prevalence, the pig farms were categorized into
five groups based on their geographical location: northern, central, eastern, southern and
southwestern China (Figure 1). The positive rates of PoRVA were higher in central China,
both in samples (59.87%) and farms (91.84%), compared to other regions. The prevalence of
PoRVA in eastern China was relatively lower than in the other four regions, as indicated by
the positive rate at the sample and farm levels (Table 1).

3.2. Genotypes and Distribution of PoRVA

To elucidate the genetic characteristics of PoRVA circulating in China, the VP7, VP4
and VP6 genes of 180 positive samples (CT value less than 30) from different farms
were amplified using one-step RT-PCR. Full-length VP7 (n = 145), VP4 (n = 90) and
VP6 (n = 134) genes were sequenced, followed by phylogenetic analysis presented in
Figures 2a, 3a and 4a. The VP7 gene sequences were clustered into nine branches: G9
(56.55%), G5 (14.48%), G1 (8.97%), G26 (6.90%), G4 (6.21%), G3 (3.45%), G12 (2.07%), G11
(0.69%) and G2 (0.69%) (Figure 2a,c). The P genotypes were clustered into five branches,
including P[13] (42.22%), P[23] (25.56%), P[7] (22.22%), P[6] (8.89%) and P[3] (1.11%)
(Figure 3a,c). Only two I-genotypes (I5 and I1) were identified with proportions of 88.81%
and 11.19% (Figure 4a,c).
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Figure 1. Numbers of collected samples and farms in each of the geographical divisions of China
defined in this study. Northern China included Hebei, Heilongjiang, Liaoning, Inner Mongolia and
Tianjin. Central China included Gansu, Henan, Shanxi, Shaanxi and Hubei. Eastern China including
Anhui, Shandong, Jiangsu and Zhejiang. Southern China included Fujian, Guangdong, Guangxi,
Hainan, Hunan and Jiangxi. Southwestern China included Guizhou, Sichuan and Yunnan.

Figure 2. (a) The genotype distribution and genetic and phylogenetic analysis of the VP7 gene in
different regions from diarrheal pigs. The trees of the VP7 gene were created via neighbor-joining
analysis using MEGA 11 software with 1000 bootstrap replicates. Sequences of the various G
genotypes of reference RVA strains were obtained from GenBank. The reference sequence was shown
in red. (b) The genotype proportions of the VP7 gene at the farm level in different regions in 2022.
(c) Proportional distribution of genotypes in the VP7 gene in 2022.
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Figure 3. (a) Genotype distribution and genetic and phylogenetic analysis of the VP4 gene in different
regions from diarrheal pigs. The trees of the VP4 gene were created via neighbor-joining analysis
using MEGA 11 software with 1000 bootstrap replicates. Sequences of the various P genotypes of
reference RVA strains were obtained from GenBank. The reference sequence was shown in red. (b) The
genotype proportions of the VP4 gene at the farm level in different regions in 2022. (c) Proportional
distribution of genotypes in the VP4 gene in 2022.

3.3. Distribution of PoRVA Genotypes in Different Regions in China

The G9 genotype was predominant in all five regions, with proportions ranging from
50.00% to 64.71%. The G5 genotype was also detected in five regions, but its prevalence
was significantly lower than that of G9. The G1, G4 and G26 genotypes showed regional
distribution in China. G1 was not detected in northern China, and G4 and G26 were not
found in central China (Figure 2b). P[13] was the major genotype in all regions except
central China, where P[23] was the dominant genotype. The proportion of P[13] and P[23],
along with P[7], was 90%. These strains were circulating in all five regions of China. The
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other two genotypes of VP4, P[6] and P[3], were found in three regions and one region of
China, respectively (Figure 3b). The I5 genotype was the dominant genotype in all of the
regions, ranging from 80.65% to 100%. The I1 genotype of PoRVA was only circulating in
southern, eastern, and southwestern China (Figure 4b).

Figure 4. (a) Genotype distribution and genetic and phylogenetic analysis of the VP6 gene in different
regions from diarrheal pigs. The trees of the VP6 gene were created via neighbor-joining analysis
using MEGA 11 software with 1000 bootstrap replicates. Sequences of the various I genotypes of
reference RVA strains were obtained from GenBank. The reference sequence was shown in red. (b) The
genotype proportions of the VP6 gene at the farm level in different regions in 2022. (c) Proportional
distribution of genotypes in the VP6 gene in 2022.

3.4. Main Genotype Combinations of VP7, VP4 and VP6 Genes

The combinations of the VP7, VP4 and VP6 genes of PoRVA were obtained, and
79 samples were detected for the G/P/I genotypes. G9P[23]I5 (22.78%) was the most
common combination of PoRVA, followed by G9P[13]I5 (15.19%), G5P[13]I5 (13.92%) and
G9P[7]I5 (10.13%) (Table 2). The results demonstrated that the combinations of VP7 and
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VP4 genes exhibited significant diversity. Nonetheless, it was noticeable that the majority
of these combinations were linked with the I5 genotype of VP6.

Table 2. PoRVA genotype combination analysis.

P3 P6 P7 P[13] P[23]

G1
I1

5 I5

G3
I1

4 I5

G4
3 4 I1
1 I5

G5
1 I1

11 4 I5

G9
1 I1

8 12 18 I5

G11
1 I1

I5

G12
I1

1 I5

G26
I1

1 4 I5

3.5. Homology Analysis of PoRVA in China, 2022

The highest sequence similarity of the VP7, VP4 and VP6 genes obtained in this
study was submitted to the standard nucleotide BLAST program on NCBI. As shown
in Supplementary Table S2, approximately 73.79% of the VP7 sequences, 93.33% of the
VP4 sequences and 78.36% of the VP6 sequences were closely related to the PoRVAs
reported previously. Interestingly, it was found that 18.62% of VP7 sequences, 6.67%
of VP4 sequences and 21.64% of VP6 sequences were similar to human RVA sequences.
All three genes of two strains (G4P[6]I1) from Shandong and one strain (G9[P6]I1) from
Guizhou showed high homology with human RVA strains instead of PoRVA strains. Among
the analyzed PoRVA strains, eight strains exhibited the highest similarity to the VP7 gene
of the strains isolated from giant pandas. Additionally, three RVA strains demonstrated the
highest homology of VP7 genes with the strains isolated from dogs. These data indicate
the possibility of interspecific transmission.

3.6. Complete Genomic Analysis of the Special PoRVA Strain

We attempted to sequence the complete genomes of three RVA strains that were
suspected to have originated in humans. These strains displayed the greatest homology
with human RVA strains, specifically in relation to the VP7, VP4 and VP6 genes. However,
only the G4P[6]I1 strain from Shandong province was successfully sequenced. This strain
was designated as CHN/SD/LYXH2/2022/G4P6I1 (LYXH2 for short), and its genotypes
were identified as G4-P[6]-I1-R1-C1-M1-A8-N1-T1-E1-H1 (Figure 5).

Phylogenetic analyses were conducted between the closely related reference RVA
strains of the same genotype. The sequence most closely related to the VP7 gene frag-
ment of LYXH2 was identified from the human RVA strain RVA/human-WT/CHN/SZ18-
2049/2018/G4P[6] (Figure 5a). Homology analysis revealed that the strain with the
highest similarity to the VP7 fragment was also SZ18-2049 (Supplementary Table S3).
The strain most closely associated with the genetic evolution of VP4 and NSP1 frag-
ments was RVA/Human-wt/CHN/R1954/2013/G4P[6] (Figure 5b,g), which was docu-
mented as a porcine-like human strain in 2015 [18]. The VP6 gene fragment exhibited
a high degree of similarity to the R946 strain (Figure 5c), showing 100% amino acid
homology (Supplementary Table S3). The RVA/Human-wt/CHN/R946/2006/G3P[6]
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strain was identified in 2015 as a potential recombinant, incorporating a human RVA-
like gene fragment into the genetic background of the porcine RVA strain [18]. Gene
fragments VP1, VP2, NSP2 and NSP5 shared a close genetic relationship with RVA/Human-
wt/CHN/LL3354/2000/G5P[6] (Figure 5d,e,h,k), an isolate obtained from the fecal samples
of children under 5 years old suffering from diarrhea in China [19]. The remaining genes
showed close relationship to porcine strains (Supplementary Table S3).

Figure 5. Phylogenetic dendrogram based on the nucleotide sequences of VP7 (a), VP4 (b), VP6 (c),
VP1 (d), VP2 (e), VP3 (f), NSP1 (g), NSP2 (h), NSP3 (i), NSP4 (j) and NSP5 (k) from LYXH2 and
reference strains. The trees were created via neighbor-joining analysis using MEGA 11 software with
1000 bootstrap replicates. � The sequences in this study.

Remarkably, seven genes of the LYXH2 genome, including VP1, VP4, VP6, VP7, NSP2,
NSP3 and NSP5, showed a high degree of homology with human RVA strains rather
than other previously-reported PoRVA strains (Table 3). These data provide evidence for
interspecies transmission and reassortment events between porcine and human RVAs.
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Table 3. Comparison of CHN/SD/LYXH2/2022/G4P6I genes with those of human and animal
rotaviruses.

Strain Host
Genotypes of Viral Protein Genes and Nucleotide Sequence Identities (% *) to LYXH2

VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

LYXH2 Pig G4 - # P6 - I1 - R1 - C1 - M1 - A8 - N1 - T1 - E1 - H1 -
ET8B/2015 Pig G5 72.4 P[13] 63.7 I5 84.2 R1 85.8 C1 86.9 M1 86.5 A8 89.7 N1 89.6 T7 83.6 E1 90.8 H1 98.3
HeNNY Pig G4 85.2 P[23] 71.1 I5 82.8 R1 90.4 C1 86.9 M1 97.4 A8 81.2 N1 89.9 T1 93.6 E1 95.3 H1 96.1
LNCY Pig G3 73.6 P[13] 68.2 I5 83.5 R1 86.0 C1 87.5 M1 97.0 A8 81.4 N1 89.6 T1 94.2 E1 98.7 H1 97.6

CMP-011 Pig G4 84.0 P6 93.9 I1 90.8 R1 86.8 C1 86.6 M1 87.8 A8 85.4 N1 89.5 T1 91.4 E1 89.2 H1 96.6
SD-1 Pig G9 74.9 P[23] 71.4 I5 83.6 R1 85.7 C1 95.5 M1 95.3 A8 81.9 N1 90.3 T1 94.0 E1 94.5 H1 97.3

CN127 Pig G12 72.1 P7 68.3 I1 94.6 R1 85.9 C1 86.3 M1 95.1 A8 88.7 N1 87.8 T1 88.0 E1 96.5 H1 97.0

SCLSHL Pig G9 74.6 P[23] 71.9 I1 --
& R1 88.2 C1 86.5 M1 95.6 A8 95.8 N1 93.0 T1 94.1 E1 92.5 H1 97.8

SCMY Pig G9 74.4 P[23] 72.2 I5 83.5 R1 92.8 C1 86.6 M1 97.5 A8 82.8 N1 87.6 T1 92.3 E1 87.9 H1 97.0
LS00008 Pig G4 83.6 P6 84.5 I1 90.8 R1 86.1 C1 86.5 M1 86.6 A8 87.2 N1 90.4 T1 87.6 E1 89.5 H1 97.0

GX54 Human G4 84.7 P6 96.3 I1 94.6 R1 88.1 C1 86.9 M1 96.4 A8 95.3 N1 89.4 T1 88.1 E1 93.0 H1 98.0
SCLS-R3 Human G3 74.3 P[13] 69.9 I5 81.3 R1 88.6 C1 86.6 M1 93.4 A8 95.7 N1 88.6 T7 86.6 E1 93.2 H1 98.0

E931 Human G4 84.3 P6 96.5 I1 96.5 R1 88.6 C1 87.4 M1 85.0 A8 86.1 N1 89.9 T1 88.3 E1 93.7 H1 98.0
R946 Human G3 72.9 P6 94.9 I1 96.7 R1 88.2 C1 86.9 M1 84.8 A1 77.1 N1 94.5 T1 94.4 E1 92.1 H1 97.0
R1954 Human G4 84.8 P6 96.7 I1 96.6 R1 88.4 C1 86.5 M1 95.8 A8 95.8 N1 94.7 T1 94.6 E1 93.0 H1 97.5
R1207 Human G4 96.0 P6 94.7 I1 96.6 R1 86.1 C1 87.2 M1 95.1 A1 77.0 N1 91.6 T1 87.6 E1 89.0 H1 96.8

LL3354 Human G5 73.1 P6 95.5 I5 83.7 R1 93.8 C1 95.5 M1 95.8 A1 77.0 N1 96.0 T1 94.4 E1 93.7 H1 98.5
R479 Human G4 84.4 P6 95.2 I5 82.9 R1 88.6 C1 86.9 M1 95.3 A1 77.5 N1 88.9 T7 85.5 E1 89.2 H1 98.5

KNA/08979 Simian G5 72.1 PX --
& I5 84.3 R1 86.7 C1 86.7 M1 86.5 A8 89.7 N1 89.2 T7 83.6 E1 90.8 H1 98.3

SCCD-A Dog G9 75.2 P[23] 72.2 I5 83.3 R1 92.9 C1 86.5 M1 97.3 A8 80.4 N1 87.4 T7 86.8 E1 87.9 H1 97.8

* The nucleotide (nt) sequence identity value (nt/aa), expressed as a percentage, was calculated based on the
complete ORF sequence of each genetic fragment. The distance matrix for nucleotide (nt) sequences was generated
using the p-distance algorithm in Mega 7.0. # Self-homology is 100%, which is meaningless. & Gene sequences not
obtained in the original research.

4. Discussion

RV is a zoonotic pathogen that causes severe diarrhea in young animals, weakening
their immune system and making them susceptible to other pathogens, which results in
substantial economic losses in the pig industry [20]. Epidemiological survey data have
shown that PoRVA is endemic and widespread in large-scale pig farms worldwide [15,16].
Until now, there has been no nationwide epidemiological investigation specifically target-
ing multiple genes of PoRVA in China, except a few studies that reported the positive rate
of pig samples and farms in individual provinces [21–23]. For instance, a study conducted
from 2013 to 2019 reported an RVA positive rate of 7% in Zhejiang, Shandong, Jiangsu and
Shanxi provinces [24]. Another study conducted from 2017 to 2019 found an RVA positive
rate of 16.83% (100/394) in East China [23]. In 2022, a study conducted in Heilongjiang
province reported an RVA positive rate of 4.3% (12/280) [25]. Additionally, a study con-
ducted in Jiangsu province in 2022 reported an RVA positive rate of 12.5% (11/88) [26].
For a comprehensive understanding of the prevalence of PoRVA in China, a large number
of porcine diarrheal samples were collected from the major provinces in pig production.
Our study showed that the positive rates of the samples and farms in 2022 were 51.70%
and 86.26%, suggesting that PoRVA infections are widespread in China (Table 1). The
high positive rates observed further emphasize the significance of addressing the potential
harm caused by rotavirus infection, highlighting the importance of further research and
intervention. The significant increase in the prevalence of RVA in recent years can be
attributed to various factors. The complexity of pig diseases, the constant turnover of pig
herds resulting in varying levels of neutralizing antibodies in sows and the increasingly
complex overall disease burden on pig farms have all contributed to the rise in morbidity
and high viral load in the environment. This makes it challenging to completely eliminate
RV viral nucleic acids with disinfectants, and even after disinfection, the virus persists,
leading to piglet infection due to viral enrichment. Additionally, existing inactivated RVA
vaccines have shown limited efficacy in boosting neutralizing antibody levels in sows.
Cross-protection limitations also exist between different RVA genotypes, rendering vac-
cines targeting specific genotypes ineffective against others. This scenario could potentially
drive the emergence of new genotypes. Furthermore, the increasing occurrence of rotavirus
recombination in recent years can also contribute to higher infection rates [2,27,28].
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RVs are always distinguished by different G, P and I genotypes based on VP7, VP4
and VP6 genes. Due to the segmented genome, different genotypes of RVs tend to form
random combinations. G9 as an emerging genotype in pigs and humans worldwide is
often associated with P[7], P[13], P[19] and P[23] [29]. G9P[23] was the dominant genotype
combination in Germany, Japan and Korea [13,30,31]. Interestingly, we found that the most
prevalent genotypes for VP7, VP4 and VP6 in China were G9, P[13] and I5. In addition,
the dominant genotype combination was G9P[23]I5, followed by G9P[13]I5 and G5P[13]I5
(Table 2). The dominance of the G9 and I5 genotypes was evident in all five regions of China,
while the P[13] genotype was prominent, but not the sole leader. It has been reported that
the potential for cross-protection between different genotypes of RV strains is limited [32].
Given the constant evolution of rotavirus genotypes [5], it is imperative to develop vaccines
based on the prevailing epidemic genotypes. Therefore, our results would contribute to
understanding the prevalence of RVA in pigs in China and to develop novel vaccines
against the dominant genotypes. In addition, only two I genotypes were detected in this
study, suggesting that universal methods could be developed to target VP6 nucleic acids or
antibodies for assessing RV infection in pigs. The success rates of sequencing targeting the
VP7, VP4 and VP6 genes were 80.56%, 50.00% and 74.44%, respectively. More conservative
and genotype-specific primers should be developed in future studies.

Previous studies have shown that certain PoRVA strains are highly similar to human
RVAs and often experience interspecies recombination and reassortment events [8,33]. The
existence of interspecific transmission and recombination between pigs and humans could
be demonstrated by conducting whole genome sequencing of RVs [8,18,27]. In line with
this evidence, the homology analysis of our data showed that one or more genes of certain
strains exhibited a higher homology with human RVA strains rather than porcine RVA
strains. Furthermore, based on the whole genome of the LYXH2 strain from a piglet with
RVA-induced diarrhea, seven out of eleven genes showed high homology to human RVA
strains, but not to PoRVA strains. In addition, genetic evolutionary analysis indicated that
several gene segments of LYXH2 shared close relationships with human strains R1954,
R946 and LL3354, all of which have been identified as recombinant strains originating from
both humans and pigs [18,19]. This phenomenon suggests instances where pig strains
reinfect pigs following recombination with human strains, underscoring the dynamic
interplay between human and porcine rotaviruses. These data suggest that during the long
evolutionary process, human and porcine RVAs have continuously crossed species barriers
and frequently recombined with each other. Despite interspecific barriers and limitations in
host range, interspecific transmission plays a significant role in the diversity and evolution
of rotaviruses. Pigs have served as hosts for potential zoonotic disease transmission and
the emergence of new genotypes [2,27,28]. Future research should focus on the virulence
and transmissibility of recombinant strains between humans and pigs.

We conducted an epidemiological survey of probable RVA-positive samples collected
from 23 provinces in 2022. The results showed that PoRVA was widespread in different
regions of China, with a high prevalence in both samples and farms. The dominant
genotypes were G9, P[13] and I5. The most prevalent genotype combination was G9P[23]I5.
Furthermore, interspecies transmission of RVA and complex reassortment involving human
and porcine RVAs were demonstrated. Monitoring the epidemiology of PoRVA can provide
insights for the development of vaccines and other preventive measures.
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Abstract: The suboptimal performance of rotavirus (RV) vaccines in developing countries and in
animals necessitates further research on the development of novel therapeutics and control strategies.
To initiate infection, RV interacts with cell-surface O-glycans, including histo-blood group antigens
(HBGAs). We have previously demonstrated that certain non-pathogenic bacteria express HBGA- like
substances (HBGA+) capable of binding RV particles in vitro. We hypothesized that HBGA+ bacteria
can bind RV particles in the gut lumen protecting against RV species A (RVA), B (RVB), and C (RVC)
infection in vivo. In this study, germ-free piglets were colonized with HBGA+ or HBGA- bacterial
cocktail and infected with RVA/RVB/RVC of different genotypes. Diarrhea severity, virus shedding,
immunoglobulin A (IgA) Ab titers, and cytokine levels were evaluated. Overall, colonization with
HBGA+ bacteria resulted in reduced diarrhea severity and virus shedding compared to the HBGA-

bacteria. Consistent with our hypothesis, the reduced severity of RV disease and infection was not
associated with significant alterations in immune responses. Additionally, colonization with HBGA+

bacteria conferred beneficial effects irrespective of the piglet HBGA phenotype. These findings are the
first experimental evidence that probiotic performance in vivo can be improved by including HBGA+

bacteria, providing decoy epitopes for broader/more consistent protection against diverse RVs.

Keywords: probiotics; rotavirus infection; histo-blood group antigens; glycans; diarrhea; shedding

1. Introduction

Rotavirus (RV) is the major causative agent of acute gastroenteritis and is associated
with an increased risk of secondary bacterial infections in children and young animals
globally [1]. In children younger than 5 years of age, severe RV-induced diarrhea may
lead to hospitalization and even death [2,3]. RV mainly targets the mature terminally
differentiated intestinal epithelial cells (IECs), primarily of the ileum and jejunum [4,5].
Among a variety of RV receptors, cellular glycans have been shown to play a major role
as attachment sites [5]. Specifically, histo-blood group antigens (HBGAs), including the
antigens of the ABO blood group system, have been shown to play a critical role in
determining RV species/genotype-specific binding and disease [5–8]. O and A but not B
have been described for pigs (AO system) [9,10]. This is determined by the presence of
only two alleles, A and O, in the porcine ABO gene [11,12], resulting in the existence of
four phenotypes: A, Aweak, O, and “H-A-” [10]. Based on reactivity with “anti-A” and
“anti-H” antibodies, pigs can be H−A+ (A phenotype), H+A+ (Aweak phenotype), H+A− (O
phenotype), and H−A- (H−A- phenotype) [12]. Our previous studies have demonstrated
that the piglet HBGA phenotype affects RVA/RVC replication levels in vitro (in porcine
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ileal enteroids) [6,7]. This underscores the importance of considering the AO phenotype as
an important factor influencing RV replication in vivo.

Before reaching its principal target, IECs, RV must penetrate the mucus layer, which
protects IECs against enteric pathogens, including RV [13], and provides a niche for
intestinal commensals [14]. There is growing evidence that several members of non-
pathogenic bacteria produce glycans recognized by human HBGA-specific monoclonal
antibodies [15–19]. Thus, while cellular HBGAs aid RV attachment, bacterial HBGAs might
act as decoy epitopes, preventing RV attachment to the IECs. Our recent study has demon-
strated the ability of some Gram-positive and Gram-negative non-pathogenic bacteria to
express a variety of HBGAs and bind RV of different species (RVA/RVC) and genotypes in
a genotype-specific manner [16,20], suggesting the potential role of these bacteria as decoy
receptors for RV (Table S1). However, the impact of these HBGA-expressing bacteria on RV
infection and disease in vivo remains unknown.

While probiotic supplementation is generally beneficial in terms of the overall perfor-
mance of livestock animals [21], feed conversion efficiency, and in reducing post-weaning
diarrhea in pigs [21,22], it does not always meet producer expectations mostly due to the
inconsistent outcomes [23–26]. This is likely due to variable dosages and types of probiotics
used, animal diet, and age. While most studies on the impact of probiotics demonstrate
immune-mediated decreases in viral shedding and clinical disease severity [20,27–29],
the data on the role of direct bacteria–RV interactions are limited. We hypothesized that
colonization of germ-free (GF) piglets with HBGA expressing (HBGA+) vs. non-expressing
(HBGA-) bacteria would lead to decreased replication of RV, resulting in reduced diarrhea
severity and virus shedding after virus inoculation, and that these beneficial effects will
be independent of the probiotic-induced immunomodulation. Thus, the goal of this study
was to evaluate the protective effects of HBGA+ vs. HBGA- bacteria against RVA, RVB, and
RVC infection in vivo.

2. Materials and Methods

2.1. Commensal Bacteria

We used two commensal facultative anaerobic bacteria (L. brevis, S. bovis) and four
obligate anaerobes (B. adolescentis, B. longum, B. thetaiotaomicron, and C. clostridioforme)
previously isolated from the gut of healthy pigs (kindly provided by Dr. David Francis,
South Dakota State University, Brookings, SD, USA). An additional facultative anaerobe,
E. coli G58 (kindly provided by Dr. Carlton Gyles, University of Guelph, Guelph, ON,
Canada) was also included in this study. All strains were cultured under aerobic (E. coli
G58) and anaerobic conditions (S. bovis, B. thetaiotaomicron, B. adolescentis, L. brevis, C.
clostridioforme, B. longum); the latter were generated using the GasPakTM EZ Anaerobe
Container System Sachets (BD, Franklin Lakes, NJ, USA). All bacteria were enumerated as
described previously [30]. Selected media and growth conditions for preparing bacterial
cultures were reported previously [16].

2.2. Rotaviruses

Intestinal contents of GF piglets containing rotavirus A (RVA): Wa G1P[8] [31], RV0084
G9P[13] [32], Gottfried G4P[6] [33], OSU G5P[7]; rotavirus B (RVB): Ohio [34] (non-typed);
and rotavirus C (RVC): Cowden G1P[1] [35]; RV0104 G3P[18]; RV0143 G6P[5] [32], were
used to orally inoculate piglets at a dose of 1 × 106 fluorescent focus units (FFU).

2.3. Animal Experiments

All our animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) at Ohio State University (protocols #2009A0146, #2010A00000088).
Near-term sows (Landrace × Yorkshire × Duroc crossbred) were purchased from the Ohio
State University swine center facility/Shoup Brothers Farm LTD, Orville, OH, USA. GF
piglets were derived by cesarean section and maintained as described previously [36]. On
the 2nd day of life, rectal swabs were taken from all the piglets, and sterility was confirmed
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by culturing of rectal swabs in blood agar plates and thioglycolate broth culture. The
presence of bacteria in the intestine vs. GF conditions has been shown to play a crucial
role in nutrient absorption [37], immune system development [38], glycosylation profiles,
and maintaining intestinal epithelial cell integrity [39], thus impacting immune responses
to pathogens, including RV [40–42]. Therefore, to evaluate the anti-RV properties of the
HBGA+ bacterial cocktail, instead of using non-colonized piglets, we used the HBGA-

bacterial cocktail as a control. Five- to seven-day-old GF piglets were supplemented for
5 consecutive days with one of the commensal bacteria cocktails (1 × 105 colony-forming
units, CFU, of each strain per pig) containing (1) HBGA-expressing bacteria (HBGA+): Es-
cherichia coli G-58, Bifidobacterium adolescentis, Bacteroides thetaiotaomicron, Streptococcus bovis,
and Clostridium clostridioforme; (2) HBGA-non-expressing bacteria (HBGA-): Lactobacillus
brevis and Bifidobacterium longum. The HBGA expression profiles of the bacterial strains
used in this study were evaluated in our previous study [16]. On day 5 of supplementa-
tion, rectal swabs were collected for enumeration of fecal bacterial shedding [30] in the
colonized pigs. Additionally, the presence of each bacterial strain was confirmed using
PCR, as described previously [43] (primers [44–49] are listed in Table S2). On day 5 of
supplementation, all piglets were inoculated with individual RVA/RVB/RVC strains at
a dose of 1 × 106 FFU/piglet. After the RV challenge, rectal swabs were collected daily
to assess RV shedding and diarrhea severity, as previously described [50]. Blood samples
were collected on days 0, 3, 7, and 11 post-infection (dpi) to evaluate the IgA Ab titers
and canonical innate and pro-inflammatory cytokine responses to RV infection. An innate
immune response early-response cytokine IFN-α was evaluated at dpi 0 and dpi 3, while
TNF-α, IL-10, and IL-22 were assessed at dpi 0 and dpi 11 to capture the late phase of
the immune response [51–53]. All piglets were euthanized at dpi 11, and small and large
intestinal contents (SIC and LIC) were collected, resuspended at a 1:1 ratio in MEM with
a protease inhibitor cocktail containing 250 μg/mL of trypsin inhibitor and 50 μg/mL of
leupeptin (Sigma, Saint Louis, MO, USA), and stored at −70 ◦C to evaluate the local IgA
response. Ileum sections were collected to determine porcine HBGA phenotype.

2.4. Rotavirus Fecal Shedding

Cell culture immunofluorescence (CCIF) assay was used to quantify RVA as previously
described [54]. The final RV titers were calculated and expressed as the reciprocal of the
highest dilution showing positive fluorescing cells. To detect/quantify RVC and RVB,
real-time RT-PCR was used as previously described [55,56] (primers are listed in Table S2).

2.5. Rotavirus A-Specific Antibody (Ab) ELISA Assay

Cell-culture-adapted RVA OSU G5P[7] and Wa G1P[8] strains were used to inoculate
MA-104 cells, as described previously [57]. Infected cells were frozen/thawed 3 times,
and after centrifugation, the supernatant was used as an antigen for IgA Ab ELISA (mock-
infected MA-104 cells were used as a control). RV IgA ELISA was performed as described
previously [58]. The RVA-specific IgA Ab titers were expressed as the reciprocal of the
highest dilution that had a corrected optical density (OD)450 value (sample OD450 in the
RVA antigen-coated well minus sample OD450 in the mock antigen-coated well) greater
than the cut-off value (the mean + three standard deviations of negative control samples).

2.6. RVC ELISA

Ninety-six-well plates (Nunc Maxisorp, Thermo Scientific Pierce, Rockford, IL, USA)
were coated with lysates (normalized for total protein content) of High-Five cells (Mock) or
High-Five cells infected with the recombinant baculovirus containing the VP6 gene of RVC
G1P[1] diluted 1:50 in carbonate–bicarbonate (coating) buffer (pH 9.6). After overnight
incubation at 4 ◦C, the plates were rinsed twice with PBS containing 0.05% Tween-20 (PBST)
and blocked with PBST containing 2% non-fat dry milk, and then incubated at 37 ◦C for
1 h. After rinsing the plates 5 times with PBST, seven 3-fold dilutions of serum samples
(starting at 1:5) were added to both Mock/VP6-coated plates and incubated at 37 ◦C for
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1 h. The plates were rinsed 5 times with PBST, and the secondary antibody, horseradish
peroxidase-conjugated goat anti-porcine IgA antibody (Bio-Rad, Hercules, CA, USA), was
added and incubated at 37 ◦C for 1 h. Then, the plates were rinsed 5 times with PBST,
developed with TMB 2-Component Microwell Peroxidase Substrate Kit, and stopped with
TMB Stop Solution (both from SeraCare Life Sciences Inc. Milford, MA, USA), and the OD
values were read at 450 nm using SoftMax Pro 7.1 (Molecular Devices, LLC., San Jose, CA,
USA). The antibody titers were determined as described previously [57].

2.7. Cytokine ELISA

Porcine TNF-α, INF-α, IL-10, and IL-22 ELISA kits were used as described in the
manufacturer’s recommendations (Thermo Scientific Pierce, Rockford, IL, USA).

2.8. HBGA Immunohistochemistry

To determine porcine HBGA phenotype, formalin-fixed ileal sections [59] were stained
with HBGA-A- or -H-specific mouse monoclonal antibodies (mAb) (Biolegend, San Diego,
CA, USA) as described previously [6].

2.9. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8 (GraphPad
Software, Inc., La Jolla, CA, USA). The mean duration of diarrhea and fecal RV shedding
post-challenge were analyzed using an unpaired t-test. Log-transformed RV-specific IgA Ab
antibodies were analyzed using two-way ANOVA followed by Duncan’s multiple range test.
The area under the curve (AUC) analysis was conducted to compare diarrhea severity and
shedding among the groups [60]. A Kruskal–Wallis rank sum test was then performed to
compare the total AUC values between the groups. Differences were considered significant
at p ≤ 0.05.

3. Results

3.1. HBGA-Expressing Bacteria (HBGA+) Cocktail Reduces Diarrhea Severity and Virus Shedding

The presence of individual strains of both HBGA+ and HBGA− bacterial cocktails
in rectal swabs was confirmed by using species-specific primers in PCR analysis. Total
aerobic bacterial counts in piglets colonized with HBGA− vs. HBGA+ bacteria did not
differ, while the numbers of anaerobic bacteria were significantly higher in the piglets
colonized with HBGA− bacteria (Figure S1, p < 0.05). Diarrhea onset after infection with
RVA (G5P[7], G4P[6]), RVC G3P[18], and RVB strains was significantly delayed in the
HBGA+ vs. HBGA− piglets (Table 1). Further, the RV-induced diarrhea lasted significantly
longer in the piglets colonized with HBGA− bacteria, in groups infected with RVA G4P[6]
and RVB strains (Table 1, p < 0.05). In addition, piglets colonized with HBGA+ bacteria
displayed a significant reduction in the mean cumulative fecal score (Table 1, p < 0.05),
in the RVB-infected piglets. A significantly lower AUC value was noted in the piglets
colonized with the HBGA+ bacterial cocktail after infection with RVA G4P[6], G9P[13],
and RVB (Table 1, p < 0.05). Further, statistically significant decreases in diarrhea severity
were noted at dpi 1 for the RVB-infected piglets (Figure 1E, p < 0.05); at dpi 6 for the
RVA G9P[13]-infected piglets (Figure 1D, p < 0.01), and at dpi 7 for the RVA G4P[6]- and
G9P[13]-infected piglets (Figure 1C,D, p < 0.05).
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Table 1. Diarrhea in piglets orally inoculated with virulent RVs.

N
Mean Days to

Diarrhea Onset
1

Mean Diarrhea
Duration (Days) 2

Mean Cumulative
Fecal Score 3 AUC 4

RV Strains HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA−

Wa G1P[8] 4 4 2.0 2.8 3.3 4.8 13.0 13.8 12.50 12.88

OSU G5P[7] 4 4 3.3 2.5 5.5 6.0 15.0 17.0 14.38 16.50

Gottfried G4P[6] 3 3 2.0 1.0 3.3 5.7 11.7 15.3 11.17 14.83

RV0084 G9P[13] 4 4 1.0 1.0 2.3 3.8 8.8 13.8 8.625 13.75

RVB Ohio 4 4 2.0 1.0 5.3 7.3 13.5 19.0 13.50 19.00

Cowden G1P[1] 4 4 2.7 2.8 2.7 4.5 10.3 13.5 9.833 12.75

RV0104 G3P[18] 4 4 4.5 3.8 3.8 5.3 14.3 16.3 13.75 15.83

RV0143 G6P[5] 4 8 2.3 2.1 6.0 5.3 16.3 16.0 15.75 15.50
1 Diarrhea onset is defined as the number of days between the virus inoculation and the first manifestation of
diarrhea (e.g., fecal consistency score of ≥2). 2 Duration of diarrhea is defined as the number of days that the
fecal consistency score was ≥2. Fecal diarrhea was scored as follows: 0, normal; 1, pasty; 2, semiliquid; 3, liquid.
3 Mean cumulative fecal score [(sum of fecal consistency score for 11 days postinoculation)/N], where N is the
number of pigs receiving the inoculation. Means in the same row were analyzed by unpaired t-test. 4 Area
under the curve (AUC) was calculated using the area under the curve analysis function in the Prism software.
A Kruskal–Wallis rank sum test was then performed to compare the total AUC between the groups. Significant
differences (bold) are indicated as calculated by an unpaired t-test.

A B C D

E F G H

HBGA+ HBGA-

Figure 1. Diarrhea in piglets following RVA (A–D), RVB (E), and RVC (F–H) inoculation. Individual
RV strains were used to inoculate (1 × 106 FFU) piglets after 5 consecutive days of supplementation
with HBGA+ or HBGA- bacteria. Fecal consistency was scored as follows: 0, normal; 1, pasty;
2, semiliquid; 3, liquid; and diarrhea was considered as a score of ≥2. The error bars represent the
standard deviations; significant differences (* p < 0.05, ** p < 0.01) are indicated as calculated by
two-way ANOVA followed by Duncan’s multiple comparisons test.

Consistent with the clinical data, we observed a significantly delayed onset of virus
shedding in the piglets colonized with HBGA+ bacteria after infection with RVC strains
G6P[5] and G3P[18] (Table 2, p < 0.05) compared to the piglets colonized with HBGA−
bacteria. In addition, HBGA+-inoculated piglets had a significantly shortened duration
of virus shedding in piglets infected with RVA G1P[8] and RVC G6P[5] (Table 2, p < 0.05).
Significantly lower viral shedding titers in this group were observed on dpi 1 after infection
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with RVA G4P[6], G9P[13], RVB (Figure 2C–E, p < 0.001), and RVC G6P[5] (Figure 2H,
p < 0.05); on dpi 2 after infection with RVA G4P[6] (Figure 2C, p < 0.05); and at dpi 6 after
infection with RVA G5P[7] and RVC G1P[1] (Figure 2B,F, p < 0.05).

Table 2. Virus shedding in piglets orally inoculated with virulent RVs.

N
Mean Days to

Shedding Onset
Mean Shedding
Duration (Days)

Avg Peak Titer
(FFU/mL)

AUC 1

RV Strains HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA− HBGA+ HBGA−

Wa G1P[8] 4 4 2.0 2.0 6.3 8.5 5.58 × 104 6.14 × 104 6.04 × 104 2.50 × 105

OSU G5P[7] 4 4 2.0 2.0 6.8 6.5 7.41 × 106 9.01 × 106 2.16 × 107 2.18 × 107

Gottfried G4P[6] 3 3 2.0 1.7 4.7 5.7 6.63 × 105 4.83 × 106 6.62 × 105 4.82 × 106

RV0084 G9P[13] 4 4 1.3 1.0 7.5 8.3 8.02 × 106 9.85 × 106 8.04 × 106 9.87 × 106

RVB Ohio 4 4 1.0 1.0 7.0 7.0 7.00 × 102 1.74 × 103 2.07 × 103 2.64 × 103

Cowden G1P[1] 4 4 2.0 2.0 10.0 10.0 3.76 × 105 4.12 × 105 9.60 × 105 8.29 × 105

RV0104 G3P[18] 4 4 2.0 1.0 9.8 10.3 5.07 × 104 3.94 × 104 1.32 × 105 9.23 × 104

RV0143 G6P[5] 4 8 3.5 1.1 8.0 10.5 1.60 × 105 1.83 × 106 3.97 × 105 3.53 × 106

Means in the same row were analyzed by unpaired t-test. 1 Area under the curve (AUC) was calculated using the
area under the curve analysis function in the Prism software. A Kruskal–Wallis rank sum test was then performed
to compare the total AUC between the groups. Significant differences (bold) are indicated as calculated by an
unpaired t-test.

A B C D

E F G H

HBGA+ HBGA-

Figure 2. Mean virus shedding titers in piglets following RVA (A–D), RVB (E), and RVC (F–H)
inoculation. Individual RV strains were used to colonize (1 × 106 FFU) piglets after 5 consecutive
days of supplementation with HBGA+ or HBGA− bacteria. The error bars represent the standard
deviations; significant differences (* p < 0.05, *** p < 0.001) are indicated as calculated by two-way
ANOVA followed by Duncan’s multiple comparisons test.

3.2. There Was No Evidence That the Protective Effect of HBGA+ Bacteria Was Immune-Mediated

To confirm that the observed protective effect of HBGA+ bacteria on RV infections
was not associated with bacteria-mediated immunomodulation, we evaluated the local
(intestinal content) and systemic (serum) RV-specific IgA Ab responses. Data on the mean
RVA/RVC-specific IgA Ab titers in the blood (Figure 3) and intestinal contents (Figure 4)
revealed that colonization with HBGA+ bacteria did not result in significantly higher
IgA Ab titers (compared to piglets colonized with HBGA− bacteria) after infection with
RVA/RVC strains. In addition, significantly lower IgA Ab titers in the blood of HBGA+
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bacteria-colonized piglets were observed after infection with RVA G1P[8] (Figure 3A,
p < 0.01), RVA G5P[7] (Figure 3B, p < 0.001), and RVC G1P[1] (Figure 3E, p < 0.05). This
coincided with significantly lower IgA Ab titers in the intestinal contents of the piglets
colonized with HBGA+ bacteria after infection with RVA G1P[8] and G9P[13] (Figure 4A,D,
p < 0.01).

A B C D

E F G

HBGA+ HBGA-

Figure 3. IgA Ab titers in blood samples collected on dpi 0, 3, 7, 11 following RVA (A–D), and RVC
(E–G) infection. ELISA IgA Ab titers were analyzed using two-way ANOVA followed by Duncan’s
multiple comparisons test (* p < 0.05, ** p < 0.01, *** p < 0.001).

A B C D

E F G

HBGA+ HBGA-

Figure 4. IgA Ab titers in piglet small/large intestinal content (SIC/LIC) samples collected at
necropsy 11 days after RVA (A–D), and RVC (E–G) infection. ELISA IgG Ab titers were analyzed
using two-way ANOVA followed by Duncan’s multiple comparisons test (** p < 0.01).

We also evaluated the cytokine profiles in blood samples collected before (dpi 0) and
after (dpi 3) virus inoculation (Figures S2 and S3). In piglets colonized with HBGA- bacteria,
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we observed a higher IFN-α concentration compared to those colonized with HBGA+

bacteria after infection with RVA G5P[7] (Figure S2B, p < 0.05). The TNF-α concentrations
were higher following RVC G3P[18] infection in the piglets colonized with HBGA+ vs.
HBGA− bacteria (Figure S3G, p < 0.05). However, the rest of the data on TNF-α and
IL-22/IL-10 responses did not allow for discrimination between piglets colonized with
HBGA+ vs. HBGA- bacterial cocktails.

3.3. The Protective Effect of HBGA+ Bacteria Did Not Vary with the Piglet HBGA Phenotype

Although previous studies suggested that the host HBGA phenotype plays an im-
portant role in RV infection and evolution [61,62], there are no in vivo data for porcine
RVs [6,7]. Here, we aimed to establish whether the protective effect of the bacterial cocktail
was independent of the piglet HBGA phenotype. In our study, the data for piglets with the
Astrong (A+H−) and Aweak (A+H+) phenotypes were combined and compared with the O
phenotype (A−H+). Our analysis demonstrated that there were no significant differences in
diarrhea severity and virus shedding associated with the A+ vs. A− phenotypes (Table S3).
This indicates that the protective effect of HBGA+ bacteria on RV infection was not affected
by piglet HBGA phenotype.

4. Discussion

The tripartite RV–host–commensal bacteria interactions have been demonstrated to
have profound impacts on RV infection and disease [13,18,63]. In addition to the known
mechanisms of protection, such as immunomodulation [64], metabolic and enzymatic
support [65], and improved barrier function [66] utilized by probiotics, studies have shown
that certain non-pathogenic bacteria possess the ability to directly bind certain viruses [67],
including RVs [13,68]. For RVs, this phenomenon has been shown to be associated with the
ability of bacteria to express structures similar to what RV uses as attachment sites on IECs,
such as HBGAs [16]. However, there is no consensus opinion on the significance of these
interactions in vivo [13,69,70]. The current study aimed to evaluate whether direct binding
of RV by HBGA+ bacteria is associated with reduced or enhanced RV infection and disease.

Our current data suggest that HBGA+ bacteria improved protection against RVA, RVB,
and RVC infection compared to HBGA- bacteria [16]. Although several studies have shown
that the presence of bacterial HBGA-like structures enhanced viral replication [71,72], our
study demonstrated that the direct binding of RV virions may represent an additional
mechanism of antiviral protection conferred by probiotic/commensal bacteria. These
contrasting findings may be attributed to the use of in vitro models (cell culture) in other
studies, which lack a key component of the RV–host–bacteria interactions, the mucus, and,
thus, may not be physiologically relevant. While RV binding by bacteria can facilitate RV
particle delivery to target cells in vitro, the intestinal mucus in the gut may significantly
restrict direct contact between bacteria and IECs [73,74], thus limiting the ability of bacteria
to serve as a “Trojan horse” for viruses.

There are multiple studies on the use of probiotics against RV infection in which the
beneficial/protective effects of certain bacteria are linked to the immunomodulatory effects
of bacteria [75–78]. Our findings indicated that in most cases, the IgA Ab titers and IFN-α
concentrations following RV infection were either similar or lower in the piglets colonized
with HBGA+ bacteria. This suggests that the beneficial effect of HBGA+ bacteria was not
associated with improved immune responses. In contrast, increased IgA Ab titers and
cytokine concentrations in most cases could be associated with increased virus replication
in the piglets colonized with HBGA- bacteria.

Our study has several limitations related to the inability to control all the aspects of the
bacteria–RV interactions between the two different bacterial cocktails. First, in this study,
we utilized a different number of bacterial strains in probiotic cocktails (five in the HBGA+

and two in the HBGA−). However, our previous study demonstrated that an increased
number of probiotics in treatment does not result in superior anti-RV protection compared
to an individual probiotic treatment [20]. In our current study, both HBGA+ and HBGA-
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bacteria colonized GF piglets effectively, with higher total bacterial counts observed in
piglets colonized with HBGA- bacteria, which could be due to the individual growing
characteristics of bacterial strains. This indicates that the higher number of bacterial
strains used in the HBGA+ bacterial cocktail did not result in a higher bacterial load in the
colonized piglets. Next, while we did not have any evidence that the protective effect of
the HBGA+ probiotic cocktail was immune-mediated, there are other bacteria-mediated
effects on the host and RV infection that were not evaluated in this study. For example,
bacteria can regulate the mucus composition by stimulating the production or degradation
of mucin-type glycans, altering the ability of mucus to provide decoy epitopes for RV
attachment. Several probiotics have been shown to up- (Lactobacilli) and down-regulate
(Bifidobacteria and Streptococci) mucin secretion [79]. In addition, B. thetaiotaomicron, which
was used in this study as a component of the HBGA+ bacterial cocktail, was previously
shown to stimulate mucin secretion in vitro [80]. In addition, various commensal bacteria,
including B. thetaiotaomicron and B. longum were shown to produce sialidases, a group of
enzymes responsible for sialic acid removal and mucin degradation, thus affecting the
protective role of the intestinal mucus [81,82]. Thus, more studies are needed to dissect the
roles of individual/combined HBGA+ bacteria in RV infection.

Nevertheless, this is the first study that evaluated a probiotic cocktail broadly pro-
tective against genetically distinct RVA, RVB, and RVC strains and demonstrated the role
of the HBGA-mediated interactions in this protection in vivo. Thus, our data provide a
proof-of-concept that probiotic/commensal bacteria can act as decoy receptors reducing
the severity of RV infection and disease in vivo. Further studies are needed to validate the
feasibility of this concept in conventional animals.

5. Conclusions

In conclusion, we demonstrated the ability of the HBGA+ bacteria to reduce species
A, B, and C RV infection in vivo. This may represent a novel mechanism for protection
against RV-associated diarrhea. However, the protective effects of the HBGA+ bacteria
in conventional animals, where HBGA+ bacteria would need to compete with already
established microbiota, remain to be evaluated. In addition, other aspects of RV–host–
bacteria interactions, such as enzymatic and metabolic alterations associated with the
HBGA+ bacterial cocktail and their effects on IEC integrity, must be further investigated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v16050660/s1, Table S1: Data on the ability of individual HBGA+
and HBGA- bacterial strains to bind virulent RVs; Figure S1: Fecal probiotic bacterial shedding from
probiotic colonized piglets. An asterisk indicates a significant difference (p < 0.05) in fecal probiotic
counts among treatment groups; Figure S2: IFN-α concentrations in piglet blood samples collected
on dpi 0 and dpi 3 following RVA (A–D), RVB (E), and RVC (F–H) infection. Significant differences
(* p < 0.05) are indicated as calculated by two-way ANOVA followed by Sidak’s multiple comparisons
test; Figure S3: TNF-α concentrations in piglet blood samples collected on dpi 0 and 11 following
RVA (A–D), RVB (E), and RVC (F–H) infection. Significant differences (* p < 0.05) are indicated as
calculated by two-way ANOVA followed by Duncan’s multiple comparisons test; Table S2: Primers
used in this study; Table S3: Diarrhea and virus shedding in gnotobiotic piglets after oral inoculation
with virulent RVs.
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Abstract: Rotaviruses (RVs) are known to infect various avian and mammalian hosts, including
swine. The most common RVs associated with infection in pigs are A, B, C and H (RVA-C; RVH). In
this study we analysed rotavirus strains circulating on a porcine farm in the Western Cape province
of South Africa over a two-year period. Whole genomes were determined by sequencing using
Illumina MiSeq without prior genome amplification. Fifteen RVA genomes, one RVB genome and a
partial RVC genome were identified. Phylogenetic analyses of the RVA data suggested circulation of
one dominant strain (G5-P[6]/P[13]/P[23]-I5-R1-C1-M1-A8-N1-T7-E1-H1), typical of South African
porcine strains, although not closely related to previously detected South African porcine strains.
Reassortment with three VP4-encoding P genotypes was detected. The study also reports the first
complete RVB genome (G14-P[5]-I13-R4-C4-M4-A10-T4-E4-H7) from Africa. The partial RVC (G6-
P[5]-IX-R1-C1-MX-A9-N6-T6-EX-H7) strain also grouped with porcine strains. The study shows the
continued circulation of an RVA strain, with a high reassortment rate of the VP4-encoding segment,
on the porcine farm. Furthermore, incidents of RVB and RVC on this farm emphasize the complex
epidemiology of rotavirus in pigs.

Keywords: porcine rotavirus; rotavirus A, B, C; P-type reassortment; South Africa

1. Introduction

Rotavirus (RV) causes acute gastroenteritis in various mammalian, including humans
and livestock, and avian species. Nine species of rotaviruses have been classified based
on VP6 variation, namely A–D and F–J, according to the International Committee on
Taxonomy of Viruses (ICTV) ([1]; https://talk.ictvonline.org/taxonomy/ (accessed on
9 March 2024)). RVA has by far the biggest public health impact and is therefore the
best studied of all RVs. The virus contains a segmented, double-strand RNA genome,
consisting of 11 segments and encoding 6 structural proteins and 5/6 non-structural
proteins [2]. These proteins have been classified according to genotype: VP7 (G)—VP4
(P)—VP6 (I)—VP1 (R)—VP2 (C)—VP3 (M)—NSP1 (A)—NSP2 (N)—NSP3 (T)—NSP4 (E)—
NSP5/6 (H) with 42G, 58P, 32I, 28R, 24C, 24M, 39A, 28N, 28T, 32E and 28H genotypes
assigned to RVA (Rotavirus Classification Working Group: (RCWG). Available online:
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg (accessed on
9 March 2024)).

Compared to RVA, knowledge of RVB and RVC is limited despite the impact of these
viruses on mortality rates and economic loses in the agricultural sector [3–7]. Advancements
in next-generation sequencing initiatives have, however, led to proposals for whole-genome
classification of RVB and RVC similar to that for RVA. An RVB classification system was
first described in 2018, while revised genotyping was proposed in 2023. Currently, 27G, 6P,
13I, 7R, 6C, 5M, 8A, 10N, 6T, 4E, and 7H types have been identified [8,9]. These genotypes
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are, for the most part, host–specific for porcine, human, bovine, caprine and murine hosts.
Similarly, genotypes described for RVC are also host-specific with only a few exceptions.
In 2021, 31G, 26P, 13I, 5R, 5C, 5M, 12A, 10N, 9T, 8E and 4H types were described for RVC
strains detected in porcine, human, bovine, canine and ferret [10].

Rotaviruses are endemic in pig populations and varying detection rates have been
reported [11–14]. Infected pigs can have clinical or subclinical symptoms with neonatal and
suckling piglets worst affected. Rotaviruses A, B, C and H have all been detected in pigs.
RVA and RVC are associated with diarrhoea in piglets and weaning animals, whereas RVB
has been more associated with older animals [11,14]. Twelve G and 16 P RVA types have
been detected in pigs, of which G5P [7] was reported to be the most frequently detected
genotype combination [15]. Similarly, 15 G and 16 P RVC types and 27 G and 3 P RVB
types have been detected in pigs [9,11]. The probability that porcine populations can act
as reservoirs for human infection has been discussed before, and multiple studies have
reported evidence of zoonotic transmission and reassortment events of RVA strains [16–19].

Porcine rotavirus was first identified in 1977 in South Africa in faecal samples using
electron microscopy [20]. Between 1992 and 1993, rotavirus A, B, and C were identified in
porcine faecal samples throughout South Africa [21–23]. This was also the first detection of
any non-RVA in Africa [24]. African human RVA strains exhibit a high degree of genotype
diversity. Proximity to livestock and the frequency of co-infections with bovine or porcine
strains leading to human–animal reassortment events contribute to the diversity [25–27].
However, very little is known about the animal RVA strains in Africa and no surveillance
is performed in South Africa. Even less is known about RVB and RVC, and it remains to
be seen how Africa compares to developed countries. At the beginning of 2018, we were
approached to confirm the occurrence of rotavirus on a porcine farm in the Western Cape
of South Africa. The first sample we received tested positive for rotavirus, which prompted
further sample testing. Since samples were received infrequently, rotavirus prevalence
could not be determined; rather, the study aimed to determine genetic variation in rotavirus
on the porcine farm over the course of two years.

2. Materials and Methods

2.1. Sampling and Rotavirus Detection

This animal study was conducted with the approval of the Animal Research Ethics
Committee at the University of the Free State (UFS) (UFS-AED2018/0030). One hundred
and twenty-one samples were collected on a porcine farm in the Western Cape province
of South Africa between January 2018 and February 2020. The farm is a born-to-finish
and all in–all out system with a 370-sow unit. At the time of sampling, the average born
alive per sow was about 12 piglets. Piglets were weaned at 28 days, moved to a weaner
house where they were housed up to 60 days, in their respective groups, after which
they were moved to a porker house and stayed there until 84 days, before finally being
moved to the grower house until slaughter at 154 days. Samples, both symptomatic
(liquid) and asymptomatic (solid), were collected directly from the surface of porcine pens
of the farrowing (>28 days) and weaner houses (28–60 days). Total RNA was extracted
from the 121 stool samples using Tri-reagent (Sigma Aldrich, St. Louis, MO, USA), and
single-stranded RNA was precipitated with 1 M lithium chloride [28]. Extracted RNA was
examined by gel electrophoresis on 1% agarose gel and samples with typical rotavirus
migration patterns were recorded as positive.

2.2. cDNA Synthesis and Next-Generation Sequencing

The dsRNA of samples with rotavirus profiles were treated with 9 U of DNase I
(Sigma Aldrich, St. Louis, MO, USA). An anchor primer was annealed to the dsRNA
before sequencing in order to obtain full-length gene segments as previously described [28].
Complementary DNA was synthesized with the Maxima H Minus Double Stranded cDNA
kit (Thermo Fisher Scientific, Waltham, MA, USA) using random hexamers. Minor modifi-
cations to the manufacturer’s instructions included denaturing of the dsRNA at 95 ◦C for
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5 min and first-strand synthesis for two hours at 50 ◦C [29]. Purified cDNA was submitted
for sequencing at the UFS Next-Generation Sequencing Unit (UFS-NGS, Bloemfontein,
South Africa). To perform whole-genome sequencing, an Illumina Miseq sequencer (Il-
lumina, Inc., San Diego, CA, USA) was used. Sequencing was performed using a Miseq
Reagent kit V2 (500 cycles) with 251 × 2 paired end reads.

2.3. Data Assembly and Analysis

All paired-end reads were screened for poor-quality nucleotides, which were removed
using Trimmomatic [30]. Sequencing adapters were clipped and reads shorter than 50 bp
were discarded. Additionally, a sliding window of four base pairs was used to remove
flanking nucleotides if the average quality score dropped below 20. The overall quality
of the reads was assessed before and after trimming using FastQC. De novo assembly of
the high-quality paired-end reads was carried out using SPAdes and its default param-
eters [31]. The identities of the assembled contigs were determined by comparing them
to the nucleotide BLAST database, specifying rotavirus A, B, and C. Database matches
were used to select possible reference sequences to perform reference mapping for more
reliable consensus sequences (Table S1). Reference mapping against the reference sequences
was performed locally using Bowtie 2 [32]. Strict mismatch parameters were selected to
ensure high-accuracy reference mapping. Calculation of mapping coverage and extraction
of consensus sequences was performed using Samtools [33].

Consensus sequences were analysed in BLASTn and RVA genotypes were identified
with the Virus Pathogen Database and Analysis Resource (ViPR) [34]. Reference sequences
for RVA, B, and C were obtained from GenBank for phylogenetic analyses. The sequences
of each segment were aligned with the appropriate reference sequences using MUSCLE in
MEGA X [35]. Maximum-likelihood trees were generated using IQtree using the optimal
substitution model and ultrafast bootstrap approximation approach [36,37]. Nucleotide
distance matrixes were calculated using the p-distance algorithm in MEGA X. Genotypes
for RVB and RVC were assigned based on the most recent classification [8,10]. The nu-
cleotide sequence data presented have been deposited in GenBank under the following
accession numbers PP669365-PP669534 (RVA), PP669283-PP669293 (RVB) and PP669294-
PP669301 (RVC).

3. Results

3.1. Sequencing of Rotavirus-Positive Samples

Electrophoretic analysis of the extracted dsRNA suggested the presence of rotavirus
in 16 of the 121 samples collected (Table 1). All positive samples detected in the farrowing
and weaner houses were diarrhetic and detected during each of the five sampling dates.
These 16 samples were subjected to next-generation sequencing (NGS), which revealed
that 15 samples contained RVA strains. Two of the 15 samples had a co-infection with
RVC (UFS-BOC009 and UFS-BOC035) and one with RVB (UFS-BOC124) (Table 1). The
remaining sample contained rotavirus B (UFS-BOC050). The co-infected samples were
detected during separate sampling trips, indicating circulation of different RV groups over
time. The RVB sample detected in December 2019 was also detected in the same pen where
RVA was detected (Table 1).

Complete open reading frames (ORFs) were obtained for all RVA genome segments.
Average coverage (sequence depth) for the RVA consensus sequences ranged from 107.1
to 6562.86 (Table S2). A complete genome was determined for an RVB strain in sample
UFS-BOC050. All genome segments were full length except segments 1 and 10 (99.97%
and 88.3%, respectively). Average coverage for the RVB segments ranged from 1932.9 to
4688.0. Although all the segments were detected for an RVB strain in UFS-BOC124, with
genome segment lengths ranging from 66.3% to 99.9%, a very low number of sequencing
reads (average coverage ranged between 4.5 to 11.1) was obtained (Table S2). Sample
UFS-BOC009 contained an RVA strain as well as an RVC strain. The average coverage for
the RVA strain ranged from 886.7 to 3687.9, whereas the RVC coverage ranged from 31.8 to
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131.3. RVC was also identified in sample UFS-BOC035, but similarly to the RVB strain in
UFS-BOC124, the average coverage for the RVC strain in UFS-BOC035 was low (5.1 to 18.9)
(Table S2).

Table 1. Detection of rotavirus A, B, and C in porcine samples.

Collection Date
Samples
Collected

Positive
Samples

Age of Positive
Piglets

Sample Rotavirus

10 January 2018 1 1 >28 days # UFS-BOC001 RVA

24 December 2018 11 1 >28 days # UFS-BOC009
RVA
RVC

19 February 2019 25 1 >28 days # UFS-BOC035
RVA

RVC *

24 December 2019 34 5 5 days

UFS-BOC050 RVB
UFS-BOC060 RVA
UFS-BOC063 RVA
UFS-BOC064 RVA
UFS-BOC071 RVA

20 February 2020 50 8

28 days
UFS-BOC076 RVA
UFS-BOC077 RVA
UFS-BOC078 RVA

28 days UFS-BOC079 RVA

27 days
UFS-BOC081 RVA
UFS-BOC082 RVA
UFS-BOC083 RVA

30 days UFS-BOC124
RVA

RVB *
# Exact date-of-birth unknown, but samples obtained from farrowing houses. * Insufficient number of reads to
genotype (Table S2).

3.2. Genotyping and Phylogenetic Analyses
3.2.1. Rotavirus A

The rotavirus A strains were identified as G5-I5-R1-C1-M1-A8-N1-T7-E1-H1 in combi-
nation with P[6], P[13] or P[23] (Table 2). All the sequences for each segment, apart from
those encoding VP4, are nearly identical to each other (Figures 1 and S1). The closest rela-
tives to VP7, VP6, VP1, VP3, NSP1, NSP2, NSP3 and NSP4 encoding genome segments are
all derived from South African RVA strains detected in porcine samples (Figure 1). These
strains also grouped together in the phylogenetic trees, and in most instances with previ-
ously described South African strains (Figure S1). The exception was the NSP5-encoding
sequences determined in this study, which grouped separately from previously described
South African strains with strains from non-South African countries. The strains were,
however, still closely related to the previously described South African porcine strains with
nucleotide identities ranging from 96.63% to 99.83% (Figure 1; Table S3).

The variation in the VP4-encoding genotypes detected on the farm is an interesting
observation. Two different P[13] (a and b) sequences were detected during the study.
The first sample collected in January 2018 contained a P[13]a genotype (UFS-BOC001). A
highly similar P[13]a was detected almost two years later in December 2019 in four samples
sourced from the same pen (Table 2; Figure 1). These samples had co-infections with P[23].
The P[13]a sequences had approximate 99.5% nucleotide identity with those detected in
January 2018 (Table S3). During December 2018 and February 2019, another two P[13]b

strains were detected on the farm with co-infections with P[6] (Table 2). However, these
sequences grouped separately from the P[13]a sequences in the phylogenetic tree and only
shared an approximate 83.5% nucleotide identity with these strains (Figure 1; Table S3).
Interestingly, the closest relative to the P[13]a sequences was from Canada—RVA/Pig-
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wt/CAN/F7P4-A/2006/GXP[13], with only 90.12% nucleotide identity. Similarly, the
closest relative to the P[13]b sequences, RVA/Pig-wt/CHN/SCYA-C7/2019/G9P[13], was
from China, with 90.5% nucleotide identity (Table S3).

Table 2. Genome constellations of South African porcine rotavirus A strains.

Collection Date Pen Strain

V
P

7

V
P

4

V
P

6

V
P

1

V
P

2

V
P

3

N
S

P
1

N
S

P
2

N
S

P
3

N
S

P
4

N
S

P
5

10 January 2018 unknown UFS-BOC001 G5 P[13]a I5 R1 C1 M1 A8 N1 T7 E1 H1
24 December 2018 unknown UFS-BOC009 G5 P[6]P[13]b I5 R1 C1 M1 A8 N1 T7 E1 H1
19 February 2019 unknown UFS-BOC035 G5 P[6]P[13]b I5 R1 C1 M1 A8 N1 T7 E1 H1

24 December 2019 19134

UFS-BOC060 G5 P[13]aP[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC063 G5 P[13]aP[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC064 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC071 G5 P[13]aP[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC076 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC077 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H118202
UFS-B0C078 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1

18212 UFS-BOC079 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC081 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
UFS-BOC082 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H118119
UFS-BOC083 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1

20 February2020

18197 UFS-BOC124 G5 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1
a and b represent two different P[13] sequences.

The P[6] sequences detected in December 2018 and February 2019 (UFS-BOC009 and
UFS-BOC035) were identical and clustered in a group with both human and porcine strains
from Asia (Figure 1C). The closest relative was a strain from China: RVA/sewage/CHN/B24-
R2/2019/GXP[6], with 95.5% nucleotide identity (Table S3). The two P[6] sequences shared
only 91.4% nucleotide identity with a P[6]-containing porcine strain from Mozambique
(RVA/Pig-wt/MOZ/MZ-MPT-115/2016/G4P[6]), approximately 89% nucleotide identity
with porcine strains from South Africa, and approximately 91% nucleotide identity with
South African human strains (Table S3).

Twelve P[23] sequences were detected in December 2019 and February 2020 and were
all identical. The closest relative was another South African porcine strain, RVA/Pig-
wt/ZAF/MRC-DPRU1487/2007/G3G5P[23], with a nucleotide identity of 95.19%.

3.2.2. Rotavirus B

Due to the low sequence coverage obtained for UFS-BOC124 only UFS-BOC050 was
genotyped. The genome constellation was identified as G14-P[5]-I13-R4-C4-M4-A8-T4-E4-
H7 (RVB/Pig-wt/ZAF/UFS-BOC050/2019/G14P[5]) using distance matrices and phylo-
genetic trees for each segment (Figures 2 and S2; Table S4). The pairwise identity of the
closest relatives fell within the ranges for the segments as described in 2018 and updated
in 2023 (Figure 2) [8,9]. These genotypes are typically associated with RVB detected in
porcine samples, and the closest relatives were all of porcine origin. Segments encoding
for VP7, VP4, VP6, VP1 and VP3 were all related to strains from the USA [8,9] detected
between 2009 and 2015. Segments encoding for VP2, NSP1 and NSP3 were related to
Spanish strains [38], and the remaining segments (NSP2, 4 and 5) were related to Asian
strains [16]. The nucleotide identities ranged between 82.1% and 88.5%, indicating that the
South African strain is diverse from the previously sequenced RVB strains.

209



V
ir

us
es

2
0
2
4
,1

6,
93

4

 

(A
) 

(B
) 

F
ig

u
re

1
.

C
on

t.

210



V
ir

us
es

2
0
2
4
,1

6,
93

4

 

 

(C
) 

(D
) 

F
ig

u
re

1
.

R
ot

av
ir

us
A

ph
yl

og
en

et
ic

an
al

ys
es

.(
A

):
V

P4
(P

[1
3]

),
(B

):
V

P4
(P

[2
3]

),
(C

):
V

P4
(P

[6
])

;(
D

):
co

m
pa

ri
so

n
of

BO
C

00
1

w
ith

ot
he

r
st

ud
y

st
ra

in
s

an
d

ot
he

r
So

ut
h

A
fr

ic
an

st
ra

in
s.

T
he

he
at

m
ap

in
d

ic
at

es
th

e
si

m
ila

ri
ty

be
tw

ee
n

th
e

st
ud

y
st

ra
in

s
(g

re
en

)a
nd

cl
os

el
y

re
la

te
d

st
ud

y
st

ra
in

s
(y

el
lo

w
to

re
d

).
T

he
So

ut
h

A
fr

ic
an

st
ud

y
st

ra
in

s
in

th
e

ph
yl

og
en

et
ic

tr
ee

s
ar

e
in

di
ca

te
d

in
bl

ue
an

d
pr

ev
io

us
ly

de
sc

ri
be

d
So

ut
h

A
fr

ic
an

st
ra

in
s

ar
e

in
di

ca
te

d
in

gr
ee

n.
Ea

ch
ge

ne
w

as
co

m
pa

re
d

w
ith

se
qu

en
ce

s
av

ai
la

bl
e

in
G

en
Ba

nk
an

d
nu

cl
eo

ti
de

al
ig

nm
en

ts
w

er
e

co
ns

tr
uc

te
d

us
in

g
th

e
M

U
SC

LE
al

go
ri

th
m

in
M

EG
A

X
[3

5]
.P

hy
lo

ge
ne

ti
c

tr
ee

s
w

er
e

ge
ne

ra
te

d
us

in
g

IQ
tr

ee
im

pl
em

en
ti

ng
th

e
m

ax
im

u
m

-l
ik

el
ih

oo
d

m
et

ho
d

w
it

h
M

od
el

Fi
nd

er
,a

nd
th

e
tr

ee
s

w
er

e
st

at
is

ti
ca

lly
su

pp
or

te
d

u
si

ng
10

00
u

lt
ra

fa
st

bo
ot

st
ra

p
ru

ns
.F

or
P

[2
3]

an
d

P
[6

],
K

3P
u

+
F

+
I+

G
4

w
as

u
se

d
,a

nd
fo

r
P

[1
3]

,G
T

R
+

F
+

I+
G

4
w

as
u

se
d

.T
he

tr
ee

s
ar

e
d

ra
w

n
to

sc
al

e,
w

it
h

br
an

ch
le

ng
th

s
in

th
e

sa
m

e
u

ni
ts

as
th

os
e

of
th

e
ev

ol
ut

io
na

ry
di

st
an

ce
s

us
ed

to
in

fe
r

th
e

ph
yl

og
en

et
ic

tr
ee

.

211



Viruses 2024, 16, 934

Sampling 
date Pen Sample V

P7
 

V
P4

 

V
P6

 

V
P1

 

V
P2

 

V
P3

 

N
SP

1 

N
SP

2 

N
SP

3 

N
SP

4 

N
SP

5 

24 Decem-
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(A) 
Encoding gene 

segment Genotype 
Nucleotide 
Cut-off % %ID Closest relative 

VP7 G14 80 84.58 MF522401.1/RVB/Pig-wt/USA/MT139/2015/G14P[X] 
VP4 P[5] 80 83.06 MG272151.1/RVB/Pig-wt/USA/IL14/2013/G16P[5] 
VP6 I13 81 88.34 KF882539.1/RVB/Pig-wt/USA/IA09-67/2009/G16P[X] 
VP1 R4 79 82.20 MG272093.1/RVB/Pig-wt/USA/KS2/2012/GXP[X] 
VP2 C4 79 84.06 MK953186.1/RVB/Pig-wt/ESP/P2B/2017/GXP[4] 
VP3 M4 77 83.46 MG272135.1/RVB/Pig-wt/USA/KS2/2012/GXP[X] 

NSP1 A8 76 85.46 MK953232.1/RVB/Pig-wt/ESP/B378/2017/GXP[X] 
NSP2 N10 83 88.46 KX362385.1/RVB/Pig-wt/VNM/14151_62/2012/GXP[X] 
NSP3 T4 78 82.06 MK953213.1_RVB/Pigwt/ESP/B304/2017/G12P[X] 
NSP4 E4 76 83.73 MK379206.1/RVB/Pig-wt/CHN/GZ04/2017/GXP[X] 
NSP5 H7 79 84.00 AB713981.1/RVB/Pig-wt/JPN/PB-68-C17/2007/GXP[X] 

 

(B) 

  
(C) (D) 

Figure 2. Rotavirus B phylogenetic analyses. (A): Genome constellation of UFS-BOC050, (B): nu-
cleotide identities of the closest relatives of RVB genes, (C,D): phylogenetic trees based on the
RVB VP4 (C) and VP7 (D) genes. The South African study strain in the phylogenetic tree is indi-
cated in blue. The sequence was compared with sequences available in GenBank and nucleotide
alignments were constructed using the MUSCLE algorithm in MEGA X [35]. The phylogenetic
tree was generated using IQtree implementing the maximum-likelihood method with ModelFinder
(VP4: TIM3 + F + I + G4; VP7: GTR + F + I + G4) and statistically supported using 1000 ultrafast
bootstrap runs. The trees are drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.

3.2.3. Rotavirus C

Similarly to RVB, the sequence data obtained for UFS-BOC035 were deemed insuffi-
cient for genotyping. In addition, the average coverage for VP6-, VP3- and NSP4-encoding
sequences of UFS-BOC009 ranged between 31 and 43 and was therefore also excluded from
further analysis (Table S2). The partial genome constellation of the RVC strain (RVC/Pig-
wt/ZAF/UFS-BOC009/2018/G6P[5]) was identified as G6-P[5]-IX-R1-C1-MX-A9-N6-T6-
EX-H7 (Figures 3 and S3; Table S5). The nucleotide identities of the remaining segments
were in range with the most recently described cut-off levels [10]. The closest relatives to
the study strain segments were all detected in pigs from Asia and the USA. The only excep-
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tion was NSP5 (nucleotide identity: 90.41%), which was related to a South African strain
(RVC/Pig-wt/ZAF/BSF3/2021/GXP[X]) detected in the oral virome of a pig [39]. The oral
virome study was conducted in KwaZulu Natal province in South Africa in 2021 and two
partial RVC strains were identified. However, most of the sequences were too short to in-
clude in the phylogenetic analyses of the present study, since only 19–50% of the sequences
were determined [39]. Significant diversity from known RVC strains was again observed,
with only the VP1-encoding gene of the study strain exhibiting a comparatively high
nucleotide identity of 95.84% with RVC/Pig-wt/CHN/VIRES_HeB02_C/2017/GXP[X].
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24 Decem-
ber 2018 

Unknown UFS-BOC009 G6 P[5] IX R1 C1 MX A9 N6 T6 EX H1 
 

(A) 
Encoding gene 

segment 
Genotype Nucleotide 

Cut-off % 
%ID Closest relative 

VP7 G6 85 88.65 MF522701.1_RVC/Pig-wt/USA/MN-265/201/GXP[X] 
VP4 P[5] 85 87.50 MG451617.1_RVC/Pig-wt/USA/MN29/2012/G6P[5] 
VP1 R1 85 95.84 MK379289.1_RVC/Pig-wt/CHN/VIRES_HeB02_C2/2017/GXP[X] 
VP2 C1 84 89.48 LC307108.1_RVC/Pig-wt/JPN/CJ59-32/2003/G5P[4] 

NSP1 A9 84 86.01 KX362451.1_RVC/Pig-wt/VNM/12129_51/GXP[X] 
NSP2 N6 87 93.38 MG451167.1_RVC/Pig-wt/USA/MO36/2012/G5P[4] 
NSP3 T6 85 89.27 LC307026.1_RVC/Pig-wt/JPN/87-G2/2008/GXP[X] 
NSP5 H1 79 90.41 OM104995.1_RVC/Pig-wt/ZAF/BSF3/2021/GXP[X] 

 

(B) 

  
(C) (D) 

Figure 3. Rotavirus C phylogenetic analyses. (A): Genome constellation of UFS-BOC009, (B): nu-
cleotide identities of the closest relatives of the RVC genes, (C,D): phylogenetic trees based on the
RVC VP4 (C) and VP7 (D) genes. The South African study strain in the phylogenetic tree is indi-
cated in blue. The sequence was compared with sequences available in GenBank and nucleotide
alignments were constructed using the MUSCLE algorithm in MEGA X [35]. The phylogenetic
tree was generated using IQtree implementing the maximum-likelihood method, with ModelFinder
(VP7: TIM2 + F + I + G4; VP4: GTR + F + G4) and statistically supported using 1000 ultrafast boot-
strap runs. The trees are drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
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4. Discussion

The characterisation and genetic surveillance of porcine rotavirus strains are impor-
tant on two fronts: firstly, to determine the presence and diversity of the virus causing
economic loses in the pork industry for risk analyses and management strategies; and
secondly, to understand the influence that porcine rotaviruses might have on the genetic
diversity of human strains and their impact on public health. This study describes the
genetic diversity of rotavirus strains detected over a two-year period on a porcine farm in
the Western Cape province of South Africa. Study limitations include low sample numbers,
inconsistent sample sizes, infrequent sampling dates and the fact that samples could only
be linked to a pen and not a specific animal. We therefore did not set out to systemati-
cally analyse the prevalence of rotavirus, but rather determine the genetic variance of the
rotavirus population.

The ability of pigs to harbour species A, B, C, and H (not detected in this study) is well
known [11], and the simultaneous detection of multiple species on a farm is not unique
either [14]. In a study conducted in Eastern Australia, species A, B, and C were detected in
piggeries as mono-infections, but also co-infections. The study reported a higher prevalence
for RVA in young pigs (piglets and weaners) whereas RVB and RVC were also detected in
older animals (>11 weeks) [14]. Since most of the samples analysed in the current study
were obtained from pens housing >28-day-old piglets and weaners, it could explain the
higher detection rate for RVA compared to RVB and RVC.

The similarity and consistency between the sequences of the VP7-encoding segment
and those of the backbones indicate that there was one dominant RVA strain circulating on
the farm for at least two years. Phylogenetic and distance matrix analysis suggested that
this porcine RVA strain was similar but not closely related to other South African porcine
strains, suggesting the detection of a new porcine strain. The NSP5-encoding segment was
the only segment that grouped with non-South African strains, which indicates a possible
historical reassortment event for genome segment 11.

The variation in the VP4-encoding segments is of great interest. The origin of the
various P types detected in the study is unclear and could indicate that additional RVA
strains were present on the farm during the two-year study period. Inconsistency in sample
size and infrequent sampling are possible factors that could have contributed to the non-
detection of such strains. In the mature virion, the VP4 spike protein fits into a pocket
created by VP7 and VP6, and multiple protein–protein interactions ensure the stability of
the spike protein [40]. Therefore, the variation in VP4 in the presence of the same VP7 and
VP6 proteins warrants further investigation to understand the ability of the porcine strain
to harbour different P types.

The P types detected in this study are often reported in porcine RVA studies [11]. It
is important to note, though, that in Africa the P[6] genotype is also frequently detected
in humans [24,41]. Human and porcine P[6] sequences often cluster together during
phylogenetic analysis [41], as was also the case for the P[6] detected in this study, which
highlights the zoonotic potential of this genotype. The P[13] sequences identified in the
study were not only diverse from each other but also from previously described African
P[13] sequences from Uganda and Mozambique [42,43]. Genetic diversity among P[13]
sequences has previously been reported for strains detected in piglets in the USA [44]. The
only P type detected in the study that was relatively closely related to a South African strain
was the P[23], with 95% identity to RVA/Pig-wt/ZAF/MRC-DPRU1487/2007/G3G5P[23].
The P[23] genotype was first detected in December 2019. The P[13]a sequence, first detected
in January 2018, was also detected in December 2019, but by February 2020, only the P[23]
genotype was detected. It is possible that the P[23] sequences were only introduced to the
farm in 2019 and outcompeted the other P genotypes. However, only 12 samples were
collected during 2018, and it is therefore possible that an earlier P[23] introduction could
have been missed.

This study reports the first full-length genome sequence for a porcine RVB strain
from Africa. RVB/Pig-wt/ZAF/UFS-BOC050/2019/G14P[5] was detected in the same
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pen with various P[13]- and P[23]-containing RVA strains in December 2019, whereas traces
of RVB was detected in the RVA/Porcine-wt/ZAF/UFS-BOC124/2020/G5P[23]-containing
sample collected two months later, in February 2020. The partial RVC/Pig-wt/ZAF/UFS-
BOC009/2018/G6P[5] was also co-detected in a sample containing RVA/Porcine-wt/ZAF/UFS-
BOC009/2018/G5P[6]P[13]b during December 2018. Traces of RVC were detected two
months later during the February 2019 sampling collection. The low number of reads for
the RVB and RVC sequences in samples UFS-BOC124 and UFS-BOC035 could be due to
ineffective virus replication.

However, since the traces of both these RVB and RVC strains were detected within two
months of RVB/Pig-wt/ZAF/UFS-BOC050/2019/G14P[5] and RVC/Pig-wt/ZAF/UFS-
BOC009/2018/G6P[5], it is possible that these infections were clearing. The low nucleotide
identities to closest relatives observed for most of the RVB and RVC genome sequences
emphasises the lack of sequence data for these strains not only from Africa but also globally.

5. Conclusions

The detection of three rotavirus species (A, B, and C) during a two-year period on
a porcine farm in the Western Cape province of South Africa highlights the complex
epidemiology of rotavirus in porcine populations. The phylogenetic analyses revealed that
the RVB and RVC sequences represent unknown strains and will contribute to the little
genetic information available for these groups.
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Abstract: Mozambique introduced the Rotarix® vaccine into the National Immunization Program
in September 2015. Following vaccine introduction, rotavirus A (RVA) genotypes, G9P[4] and
G9P[6], were detected for the first time since rotavirus surveillance programs were implemented
in the country. To understand the emergence of these strains, the whole genomes of 47 ELISA RVA
positive strains detected between 2015 and 2018 were characterized using an Illumina MiSeq-based
sequencing pipeline. Of the 29 G9 strains characterized, 14 exhibited a typical Wa-like genome
constellation and 15 a DS-1-like genome constellation. Mostly, the G9P[4] and G9P[6] strains clustered
consistently for most of the genome segments, except the G- and P-genotypes. For the G9 genotype,
the strains formed three different conserved clades, separated by the P type (P[4], P[6] and P[8]),
suggesting different origins for this genotype. Analysis of the VP6-encoding gene revealed that seven
G9P[6] strains clustered close to antelope and bovine strains. A rare E6 NSP4 genotype was detected
for strain RVA/Human-wt/MOZ/HCN1595/2017/G9P[4] and a genetically distinct lineage IV or
OP354-like P[8] was identified for RVA/Human-wt/MOZ/HGJM0644/2015/G9P[8] strain. These
results highlight the need for genomic surveillance of RVA strains detected in Mozambique and the
importance of following a One Health approach to identify and characterize potential zoonotic strains
causing acute gastroenteritis in Mozambican children.

Keywords: rotavirus A; G9P[4], G9P[6], NSP4 E6 genotype; Mozambique

1. Introduction

Rotavirus remains one of the primary causative agents of gastroenteritis in children
under five years of age, exerting a substantial global health burden [1,2]. It is estimated
that rotavirus infections resulted in 128,500 deaths in 2016, of which 104,733 occurred in
Sub-Saharan Africa [3].
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Rotavirus is a member of the Sedoreoviridae family [4]. The virus has an icosahedral
capsid formed by three concentric protein layers and a genome comprising 11 double-
stranded ribonucleic acid (dsRNA) segments, encoding six viral and structural proteins
(VP) and five or six non-structural proteins (NSP) [5]. The gene segments encoding the
external capsid proteins, VP7 and VP4, of rotavirus group A (RVA) are used in a binary
classification system defining G and P genotypes, respectively [2,5]. Currently, 42 G and 58 P
genotypes have been described [6]. Globally, G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and
G12P[8] are the most frequently detected genotype combinations, with varying prevalence
observed across different countries [7–10].

A whole-genome classification system (based on nucleotide percent cut-off values)
allows for the classification of all 11 RVA genes into genotype constellations designated
as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, with “x” indicating the number of genotypes
assigned. These genotypes correspond to genome segments encoding VP7-VP4-VP6-VP1-
VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 proteins [11]. To date 32I, 28R, 24C, 24M, 39A,
28N, 28T, 32E and 28H genotypes have been described [6]. The most prevalent genotype
constellations in humans are the Wa-like (I1-R1-C1-M1-A1-N1-T1-E1-H1) and DS-1-like
(I2-R2-C2-M2-A2-N2-T2-E2-H2) constellations. A third group known as AU-1-like (I3-R3-
C3-M3-A3-N3-T3-E3-H3) is also detected in humans, albeit at a lower frequency [11–13].

Four rotavirus vaccines have received prequalification from the World Health Or-
ganization (WHO): Rotarix®, RotaTeq®, Rotavac® and Rotasiil®. These vaccines have
demonstrated significant efficacy in reducing diarrheal morbidity and mortality on a global
scale [8]. In September 2015, Mozambique introduced the Rotarix® vaccine into the National
Immunization Program. Since then, the prevalence of rotavirus infection in Mozambique
has decreased from 40.6% to 19.1% [14,15], the vaccine effectiveness has been estimated to
be lower than what was reported in many other African countries, with an effectiveness of
30% against G1P[8] strains and 35% against non-G1P[8] strains [16].

Prior to vaccine implementation, G9P[8] and G1P[8] had been the most predominant
genotypes in Mozambique [15,17]. Whole-genome analyses (WGA) of human Mozambican
RVA strains before vaccine introduction have suggested genetic diversity was partially
driven by reassortment events between animal and human strains [18,19]. However, post-
vaccine introduction, G1P[8] became the predominant genotype nationwide [15,17], despite
the use of a G1P[8]-based vaccine, although WGA of these G1P[8] strains indicated no
significant mutations in epitope regions that might lead to vaccine escape, and no distinct
clustering was observed between pre- and post-vaccine strains [20].

During the post-vaccine period, G9P[4], G9P[6], G3P[8] and G3P[4] have emerged as
predominant genotype combinations. However, the origin of these strains, as well as their
relation to the G9P[8] strains reported before vaccine introduction, remains unclear [14].
Therefore, the whole genomes of strains detected between 2015 and 2018 were determined
and analyzed in the current study in order to elucidate the origin of the G9 genotype
detected following vaccine introduction in Mozambique.

2. Materials and Methods

2.1. Sample Collection

Fifty-seven fecal samples collected between 2015 and 2018 as part of ongoing hospital-
based sampling within the National Diarrhea Surveillance System (ViNaDia) in Mozam-
bique [15] were selected for WGA. The samples collected in 2015 represent the pre-vaccine
period and those collected in 2016–2018, the post-vaccine period (Table S1). These samples
had previously tested positive for RVA by ELISA (Prospect EIA rotavirus, Basingstoke,
United Kingdom) and the binary genotype combination was determined by multiplex
Reverse Transcriptase (RT)-PCR [21–23].

2.2. Viral Genomic dsRNA Extraction, cDNA Library Building and Illumina MiSeq Sequencing

Total RNA was extracted from stool samples with TRI-reagent (Sigma, Darmstadt, Ger-
many), and single-stranded RNA was precipitated with lithium chloride. The self-priming
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PC3-T7 loop primer (Integrated DNA Technologies, Coralville, IA, USA) was ligated to
dsRNA to obtain full-length sequences. Complementary DNA (cDNA) was synthesized
using the Maxima H Minus double-stranded cDNA kit (Thermo Fisher Scientific, Mas-
sachusetts, MA, USA) as previously described [19]. The cDNA was synthesized at the
Next Generation Sequencing Unit at the University of the Free State in Bloemfontein, South
Africa. In brief, the cDNA library was made by NEBNext Ultra RNA Library Prep Kit for
Illumina v1.2 (New England Biolabs, Ipswich, MA, USA), and NEBNext Multiplex Oligos
for Illumina (New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions and purified using Agencourt AMPure XP magnetic beads (Beckman Coulter,
Brea, CA, USA). Nucleotide sequencing was performed using an Illumina MiSeq sequencer
(Illumina, San Diego, CA, USA) using a MiSeq Reagent Kit V3 (Illumina, San Diego, CA,
USA) [19].

2.3. Data Analysis
2.3.1. Genome Assembly

A de novo assembly was performed for all samples using CLC Bio Genomics Work-
bench (12.0.3; Qiagen, Aarhus, Denmark); all contigs with an average coverage above
100 were identified on the Nucleotide Basic Local Alignment Search Tool (BLASTn at the
National Center for Biotechnology Information—NCBI). Reference sequences were chosen
based on the BLASTn results for reference mapping and extraction of consensus sequences
for each segment [19].

2.3.2. Determination of RVA Genotypes

The genotype of each of the 11 genes for each strain was determined using the Virus
Pathogenic database and analysis resource (ViPR) according to the guidelines proposed by
the Rotavirus Classification Working Group [6,13].

2.3.3. Phylogenetic Analysis

Multiple sequence alignment of each gene was carried out using Multiple Sequence
Comparison by Log Expectation (MUSCLE) alignment available in Molecular Evolutionary
Genetic Analysis X (MEGA X) [24].

The best nucleotide substitution model, considered as having the lowest Bayesian
Information Criterion, was calculated through Maximum Likelihood, as implemented in
Mega X, for phylogenetic analysis and the models selected for each gene were: Tamura-3-
parameter (T92+G+I) for VP7-G9, VP4-P[6], VP6-I2, VP3-M2, VP7-G1 and VP2-C1, T92+G
for VP4-P[8], VP7-G3, VP7-G2, NSP1-A2 and NSP3-T2, T92+I for VP4-P[4], NSP4-E2 and
NSP4-E1, T92 for NSP4-E6, NSP1-A1 and NSP2-N1, General Time Reversible (GTR+G+I)
for VP1-R2, NSP2-N2 and VP3-M1, GTR+G for VP2-C1 and NSP5/6-H2, GTR+I for VP1-R1
and NSP5/6-H1. Maximum likelihood gene trees based on phylogenetic analysis of the
complete ORF of the 11 genome segments for all strains were constructed using MEGA
X using 1000 bootstrap replicates to estimate branch support. Pairwise distance matrix
nucleotides were obtained in MEGA X using the p-distance algorithm [24]. Mozambican
strains previously characterized as DS-1-like and Wa-like constellations were included in
the analyses, as well as other genetically similar reference strains obtained from GenBank.
The lineages were defined by previously published designations [25–32].

The computational tools for comparative genomics (mVISTA) online platform were
used to visualize the sequence similarities of concatenated full genomes of the G9P[4] and
G9P[6] exhibiting a DS-1 backbone using RVA/Human-wt/MOZ/HCN1347/2016/G9P[6]
strain as reference [33].

2.3.4. Nucleotide Sequence Accession Numbers

The nucleotide sequence data presented were deposited in GenBank under the follow-
ing accession numbers: PP585813-PP586043 and PP848501-PP848786.
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3. Results

3.1. Genome Constellations

Of the 47 successfully sequenced samples, 61.7% (29/4) were collected in males,
53.3% (25/47) were from children between 0–11 months old and 38.3% (18/47) were from
children aged between 12–23 months old; 29.7% (14/47) were from unvaccinated children,
27.7%(13/47) from children who received two doses of the vaccine and 4.3% (2/47) were
from children that received a single dose of the Rotarix®; 91.5% (43/47) were hospitalized
due to their clinical presentation (Table S1).

Twenty-nine strains were identified as G9 strains (Table 1). The G9P[6] (n = 9) and
G9P[4] (n = 6) strains presented a typical DS-1-like constellation (-R2-C2-M2-I2-A2-N2-T2-
E2-H2), except the strain RVA/Human-wt/MOZ/HCN1595/2017/G9P[4] which contained
an E6 NSP4 gene (Table 1). The 14 G9P[8] strains contained a Wa-like constellation (-R1-C1-
M1-I1-A1-N1-T1-E1-H1) (Table 1). The remaining strains (n = 18) characterized as G2P[4]
(n = 2), G2P[6] (n = 7) G3P[4] (n = 4), G3P[8] (n = 3) and G1P[8] (n = 2) presented typical
DS-1-like and Wa-like constellations (Table S2).

3.2. Phylogenetic Analysis
3.2.1. VP7 Encoding Gene
G9 Genotype

The G9 strains, in combination with P[4], P[6] and P[8], formed three different con-
served clades within lineage III (Figure 1). The G9P[4] strains from the post-vaccine period
grouped with G9P[4] strains from India detected in 2013 and 2014. The nine G9P[6] strains
detected in the post-vaccine introduction period clustered with strains from Zimbabwe
(2009 and 2011) and South Africa (2008 and 2010), but in combination with P[8] and no
other G9P[6] strains previously detected in Southern Africa. The 13 G9P[8] strains, detected
before the introduction of the rotavirus vaccine, clustered together with G9P[8] strains
from Japan that circulated in 2013. Seven of the nine G9P[6] strains were detected in unvac-
cinated children. One G9P[8] strain (RVA/Human-wt/MOZ/HGJM0644/2015/G9P[8]),
clustered distinctly from other Mozambican strains and shared 99.1–99.2% nucleotide (nt)
identity and 98.8–99.1% amino acid (aa) identity with the other 12 G9P[8] Mozambican
strains (Table S3). This Mozambican strain clustered with a Japanese strain from 2016
(Figure 1).

G3, G2 and G1 Genotypes

The seven G3 strains clustered in lineage III (Figure S1) and shared an identity of
98.7–99.9% (98.2–100%) nt (aa). The three G3P[8] detected in vaccinated children were closely
related to G3P[8] strains from Japan and Kenya detected in 2017 and 2019 (RVA/Human-
wt/JPN/Tokyo17-21/2017/G3P[8] and RVA/Human-wt/KEN/KLF0929/2019/G3P[8]). The
four G3P[4] were closely related to RVA/Human-wt/PAK/PAK663/2016/G3P[4] from Pak-
istan (Figure S1). Two Mozambican G3P[8] strains previously described from a rural site
in Mozambique (RVA/Human-wt/MOZ/MAN1811450.8/2021/G3P[8] and RVA/Human-
wt/MOZ/MAN1811463.8/2021/G3P[8]) clustered between the G3P[8] and G3P[4] study
strains and shared an identity of 97.5–98.5% (98.4–99.0%) nt (aa).

All G2 strains from pre (2015) and post-vaccine introduction (2016) grouped together in
lineage IV sub lineage a-3 III (Figure S1). These strains were closely related to G2P[4] strains
from Southern Africa, including Malawi (RVA/Human-wt/MWI/BID115/2012/G2P[4])
as well as three Mozambican G2P[4] strains that circulated in 2013 (Figure S1).

The G1P[8] strains, RVA/Human-wt/MOZ/HGJM0408/2015/G1P[8] (pre-vaccine pe-
riod) and RVA/Human-wt/MOZ/HCN1556/2017/G1P[8] (detected in a vaccinated child),
clustered in a highly conserved clade of previously characterized G1P[8] Mozambican
strains in lineage II (Figure S1).
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VP7-G9 

Figure 1. Phylogenetic tree based on the open reading frame (ORF) nucleotide sequence of the VP7-G9
encoding gene of strains circulating in Mozambique compared to global strains obtained from GenBank.
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The tree was constructed based on the maximum likelihood method implemented in MEGA X [24],
applying Tamura-3-parameter (T92+G+I) as the model. Bootstrap values (1000 replicates) ≥70% are
shown with Wa-like strain serving as an out-group. The scale bar indicates genetic distance expressed
as the number of nucleotide substitutions per site. G9P[4] Mozambican strains are indicated by blue
circles, G9P[6] by red circles and G9P[8] by green circles.

3.2.2. VP4 Encoding Gene
P[4], P[6] and P[8] Genotypes

All P[4] genotypes detected in the study were compared to rotavirus sequences
representing the five lineages of the P[4] encoding gene, and the results showed that
all sequences were grouped in lineage IV. It was observed that five of the G9P[4] and
one G3P[4] strains grouped with the G2P[4] strains from Kenya that circulated in 2012
(RVA/Human-wt/KEN/KLF0569/2012/G2P[4] and RVA/Human-wt/KEN/KLF0593/
2012/G2P[4]) and G9P[4] strains from India reported in 2011 (RVA/Human-wt/IND/
RV11/2011/G9P[4]) and 2013 (RVA/Human-wt/IND/Kol-047/2013/G9P[4]) and a
G3P[4] strain from Pakistan (Figure 2). Interestingly, the remaining G9P[4] strain,
RVA/Human-wt/MOZ/HCN1598/2017/G9P[4], detected in northern Mozambique,
clustered with G3P[4] Mozambican strains detected in southern Mozambique and shared
a % nt (aa) identity of 99.7–100% (99.6–100%) (Figure 2).

All nine P[6] strains in combination with G9 clustered closely together in lineage I
with the G2P[6] strains described in this study and with other G12P[6] and G2P[6] strains
previously described from Mozambique and other Southern and Eastern African countries.
The exception was RVA/Human-wt/MOZ/HCN1328/2016/G2P[6] that grouped sepa-
rately from the rest of the study strains with G12P[6] Mozambican strains detected in 2012
(Figure 3).

Thirteen G9P[8] strains from 2015 (pre-vaccine period) formed a conserved clade in
lineage III and grouped close to G9P[8] strains from Japan and China, as well as G1P[8]
strains from Australia and the USA. The three G3P[8] strains were also grouped in lineage
III, although in a separate cluster from the G9P[8] strains. The two G1P[8] (RVA/Human-
wt/MOZ/HGJM0408/2015/G1P[8] and RVA/Human-wt/MOZ/HCN1556/2017/G1P[8])
strains formed clusters with Mozambican G1P[8] strains reported between 2012 and 2017.
One G9P[8] strain, RVA/Human-wt/MOZ/HGJM0644/2015/G9P[8], clustered separately
in the rare lineage IV with G1P[8] and G3P[8] strains from Belgium and Russia (2008 and
2009, respectively) (Figure 4).

3.2.3. VP1–VP3 and VP6 Encoding Genes
VP1–VP3

For genotypes R2 (VP1) and C2 (VP2), the G9P[6] and G9P[4] strains grouped into
the same cluster with G2P[6] and G3P[4] study strains, and was closely related to Mozam-
bican G2P[4] strains that circulated in 2013. An exception was observed for the C2 geno-
type, where the G3P[4] strains formed a separate cluster with one of the G9P[6] strains,
(RVA/Human-wt/MOZ/HGM1782/2017/G9P[6]) and G3P[4] strains from Pakistan which
circulated in 2016 (Figure S1).

Similar groupings were observed for the M2 (VP3) genotype. where the G9P[4]
and G9P[6] clustered in the same major clade with the G2P[6] study strains and G2P[4]
that circulated in 2013 and 2015. The exception was two study strains, (RVA/Human-
wt/MOZ/HGM1782/2017/G9P[6] and RVA/Human-wt/MOZ/HCN1595/2017/G9P[4]),
that clustered separately with the study G3P[4] strains from Mozambique (Figure S1).
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The I2 genotype of G9P[4] strains grouped into a conserved cluster in lineage V and were
closely related to Malawian (RVA/Human-wt/MWI/BID1JK/2013/G2P[4] and RVA/Human-
wt/MWI/BID2DE/2013/G1P[8]) and Indian (RVA/Human-wt/IND/CMC00024/2012/G2Px)
strains.

Seven of the G9P[6] strains that circulated between 2016 and 2018 shared an nt (aa)
identity of 99.9% (100%). These strains grouped into lineage IX in a cluster that con-
tained animal strains, such as antelope (RVA/Antelope-wt/ZAF/RC-18-08/G6P[14]),
with which it shared nt (aa) identity of 98.8% (100%). Also included in this cluster
were bovine strains RVA/Cow-wt/ZAF/1604/2007/G8P[1], RVA/Cow-wt/ZAF/MRC-
DPRU1604/2007/G6P[1] and RVA/Cow-wt/ZAF/MRC-DPRU3010/2009/G6P[5] with an
average nt (aa) identity of 98.3% (99.6%). A VP6-encoding sequence of a human mixed in-
fection strain (RVA/Human-wt/MOZ/0060b/2012/G12P[8]P[14]), previously reported to
be of animal origin, also clustered in lineage IX, whereas bovine strains from Mozambique
(RVA/Cow-wt/MOZ/MPT-93/2016/G10P[11] and RVA/Cow-wt/MOZ/MPT-307/2016/
G10P[11]) clustered in lineages VI and X, respectively, with an average nt (aa) identity of
94.8% (99.6%) to the study strains (Figure 5).

Two G9P[6] strains were grouped in separated clusters; one strain (RVA/Human-
wt/MOZ/HGQ1296/2016/G9P[6]) shared an nt identity of only 93.8% with the other
seven G9P[6] strains, and formed a cluster with G2P[6] and G2P[4] study strains. Study
strain RVA/Human-wt/MOZ/HGJM1782/2017/G9P[6] detected in a vaccinated child
shared an average nt identity of 92.5%, with the rest of the G9P[6] strains and grouped with
G3P[4] Mozambican study strains (detected in unvaccinated children) and with G3P[4]
from Pakistan as in the other segments (Figure 5).

3.2.4. NSP1-NSP5/NSP6 Encoding Genes

The conserved clade observed in the VPs encoding genes, formed by eight G9P[6] and
five G9P[4], clustered together with G2P[4] strains from Mozambique that circulated in 2013,
2015 and 2016 for the NSP-encoding genes. The RVA/Human-wt/MOZ/HCN1595/2017/
G9P[4], RVA/Human-wt/MOZ/HGM1782/2017/G9P[6] and RVA/Human-wt/MOZ/
HGQ1296/2016/G9P[6] strains, continued to show varied clustering patterns across the
trees. In the NSP1-encoding gene tree RVA/Human-wt/MOZ/HCN1595/2017/G9P[4]
clustered separately with a G9P[4] strains from India, RVA/Human-wt/MOZ/HGM1782/
2017/G9P[6] grouped with the four G3P[4] Mozambican strains and RVA/Human-wt/MOZ/
HGQ1296/2016/G9P[6] was closely related to the major clade of the G9P[6] and G9P[4]
study strains (Figure S1).

In the NSP2, NSP3 and NSP5 trees, only the RVA/Human-wt/MOZ/HCN1595/2017/
G9P[4] strain diverged from the group and clustered separately from the major clade. This
strain was closely related to G1P[8], G2P[6] and G9P[4] Mozambican study and Asian
strains across the trees. The major clade was related to G2P[4] and G2P[6] strains from
Mozambique and Kenya (Figure S1).

The E2 NSP4 genotypes were identified in all 15 strains with the exception of RVA/
Human-wt/MOZ/HCN1595/2017/G9P[4] strain (Table 1). Five G9P[4] and eight G9P[6]
clustered with four G8P[4] and G2P[4] Mozambican strains from 2012 (Figure S1). The rare E6
genotype partial ORF of NSP4 encoding RVA/Human-wt/MOZ/HCN1595/2017/G9P[4] strain
clustered with a G9P[4] Indian strain RVA/Human-wt/IND/RV0903/2009/G9P[4] detected
in 2009 with nt (aa) identity of 99.6 (98.7)% (Figure S1). This study strain was detected in a
vaccinated 8-month-old male child from Nampula province, northern Mozambique (Table S1).
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VP4-P[4] 

Figure 2. Phylogenetic tree based on the open reading frame (ORF) nucleotide sequence of the
VP4-P[4] encoding gene of strains circulating in Mozambique compared to global strains obtained
from GenBank. The tree was constructed based on the maximum likelihood method implemented in
MEGA X [24], applying Tamura-3-parameter (T92+I) as the model. Bootstrap values (1000 replicates)
≥70% are shown with Wa-like strain serving as an out-group. The scale bar indicates genetic distance
expressed as the number of nucleotide substitutions per site. G9P[4] Mozambican strains are indicated
by blue circles, G3P[4] by purple circles and G2P[4] by yellow circles.
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VP4-P[6] 

Figure 3. Phylogenetic tree based on the ORF nucleotide sequence of the VP4-P[6] encoding gene
of strains circulating in Mozambique compared to global strains obtained from GenBank. The tree
was constructed based on the maximum likelihood method implemented in MEGA X [24], applying
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T92+G+I as the model. Bootstrap values (1000 replicates) ≥70% are shown with Wa-like strain
serving as an out-group. The scale bar indicates genetic distance expressed as the number of
nucleotide substitutions per site. G9P[6] Mozambican strains are indicated by red circles and G2P[6]
by brown circles.

VP4-P[8] 

Figure 4. Phylogenetic tree based on the ORF nucleotide sequence of the VP4-encoding genes (P[8])
of strains circulating in Mozambique compared to global strains obtained from GenBank. The tree
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was constructed based on the maximum likelihood method implemented in MEGA X [24], applying
T92+G as the model. Bootstrap values (1000 replicates) ≥70% are shown with DS-1-like strains
serving as an out-group. The scale bar indicates genetic distance expressed as the number of
nucleotide substitutions per site. G3P[8] Mozambican strains are indicated by red circles and G9P[8]
by green circles.

VP6-I2 

Figure 5. Phylogenetic tree based on the ORF nucleotide sequence of the VP6-encoding I2 genes of
strains circulating in Mozambique compared to global strains obtained from GenBank. The best-fit
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nucleotide substitution model T92+G+I was used. The tree was constructed based on the maximum
likelihood method implemented in MEGA X [24]. Bootstrap values (1000 replicates) ≥70% are shown
with Wa-like as out-group. The scale bar indicates genetic distance expressed as the number of
nucleotide substitutions per site. G9P[4] Mozambican strains are indicated by blue circles, G9P[6] by
red circles, G3P[4] by purple circles, G2P[4] by yellow circles and G2P[6] by brown circles.

3.3. Mvista Analyses

To further study the reassortment events suggested by the phylogenetic analysis,
the concatenated DS-1-like genetic backbone (VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4
NSP5/6) of the G9P[4] and G9P[6] where aligned by Mvista, using the RVA/Human-
wt/MOZ/HCN1347/2016/G9P[6] strain as reference. The results showed that all nine
genes of the Mozambican strain exhibited a relatively high degree of conservation, with
the exception of the VP6-encoding gene. The VP6 of the G9P[4] strains was conserved in
all strains, but showed differences when compared to G9P[6] strains except RVA/Human-
wt/MOZ/HGQ1296/2016/G9P[6] and RVA/human-wt/MOZ/HGM1782/2017/G9P[6].

In addition, the VP1–VP3, NSP1, NSP3 and NSP4 encoding genes of the RVA/Human-
wt/MOZ/HCN1595/2017/G9P[4] and RVA/Human-wt/MOZ/HGM1782/2017/G9P[6]
strains showed a different pattern compared to the other study strains, which likely derived
through reassortment events (Figure 6).

Figure 6. Nucleotide sequence similarities of the G9P[4] and G9P[6] concatenated genomes using the
RVA/Human-wt/MOZ/HCN1347/2016/G9P[6] strain as reference. The name of the Mozambican
strains is indicated on the left, and the positions of the 11 genes are indicated at the top. The scale
indicates the distance in kb.

4. Discussion

In the present study, WGS was performed for 47 strains with specific focus on strains
identified as G9P[6], G9P[4] and G9P[8], obtained from Mozambican children with gas-
troenteritis between 2015 and 2018.

The report of G9P[8] strains as the most predominant genotype in the country before
vaccine introduction and the first detection of G9P[4] and G9P[6] genotypes after the
vaccine introduction in Mozambique [15], led to the need to monitor changes in strain
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diversity at gene level. Phylogenetic analysis of the G9 Mozambican strains showed that
G9P[8] strains had a Wa-like constellation and the G9P[6] and G9P[4] strains, a DS-1-like
constellation with the exception of strain RVA/Human-wt/MOZ/HCN1595/2017/G9P[4]
which contained an E6 NSP4 gene. These results highlight the increase of the DS-1 backbone
strains after vaccine introduction following the global trend at the time that the strains
were detected [10,34–37].

The 13 G9P[8] strains, detected before the introduction of the rotavirus vaccine, clustered
together in lineage III. The P[8] lineage III is described as the most common globally [25].

Strain RVA/Human-wt/MOZ/HGJM0644/2015/G9P[8] clustered in a genetically
distinct lineage known as lineage IV or OP354-like P[8]. This lineage has been reported in
different parts of Europe, Africa and Asia [25,27]. In fact, the Mozambican P[8] lineage IV
strain in this study was detected in a 9-month-old female child and could not be detected
by RT-PCR, being non-typable for the P genotype. The same observation was reported in
Ghana, where 10.4% of non-typeable rotavirus VP4 genes were identified as rare OP354-like
P[8] by full-genome sequencing of this rare strain [27,38].

The phylogenetic analysis of the G9 Mozambican strains showed a common pattern be-
tween the G9P[4] and G9P[6] strains since most of them clustered together for all gene
segments. These results indicate a common ancestral strain with the exception of the
RVA/Human-wt/MOZ/HCN1595/2017/G9P[4], RVA/Human-wt/MOZ/HGQ1296/2016/
G9P[6], RVA/Human-wt/MOZ/HGM1782/2017/G9P[6] and RVA/Human-wt/MOZ/
HCN1598/2017/G9P[4] strains, which clustered distinctly from the larger clade in some
segments.

Interestingly, the RVA/Human-wt/MOZ/HGM1782/2017/G9P[6] strain clustered
with the G3P[4] strains in segments encoding VP6, VP2, VP3 and NSP1. HGM1782 was
detected in the Maputo province, in the same geographic location as the G3P[4] strains,
which could explain the similar clustering for the four genome segments. The RVA/Human-
wt/MOZ/HCN1598/2017/G9P[4] strain from the northern region of the country, clustered
with G3P[4] Mozambican strains from the southern region of Mozambique, for the VP4
encoding gene. These results were confirmed in the Mvista analysis, where these strains
were diverse in relation to the others, thus suggesting that they originated through reas-
sortment events. Most of the G9P[4] study strains were detected in vaccinated children,
unlike the G9P[6] study strains, which were mostly obtained from unvaccinated children.
Regardless, no different clusters were observed between strains detected in vaccinated and
unvaccinated children for both genotypes.

The segment encoding for VP6 had the most distinct clustering pattern among the
strains. In this segment, seven G9P[6] strains had a higher genetic identity and formed
a cluster with animal strains from South Africa and a human Mozambican strain, which
had previously been reported as a mixed infection of animal origin [18]. The antelope
strain, which was similar to the G9P[6] study strains, was highlighted as having a common
origin with the G6P[14] human strains in some segments, excluding the VP6 encoding
gene [39]. Three of these Mozambican strains were isolated from children who had contact
with animals, including horses, sheep and cats. These results suggest that interspecies
transmission occurred.

Unusual G9P[4] RVA strains have been reported in several countries, such as India, Italy,
Japan, Benin and Ghana, during pre- and post-vaccine introduction periods [31,32,34–37,40–42].
It has been hypothesized that reassortment events among contemporary human rotavirus strains
generated these unusual G9P[4] strains [43]. The E6 NSP4 genotype was first identified in 2000
in India, and the analysis showed that the most common recent ancestor was likely to have been
around 1981 in Asia [31]. A recent study in Benin and Ghana described this genotype in Africa
for the first time [34,40]. The G9P[4] E6-NSP4 Mozambican strain was identified in the same
period as the Benin and Ghanian strains; however, it was related to strains from India. Only one
of the characterized strains exhibited the E6 genotype, which indicates a single inter-genotype
reassortment event or a sporadic event in Mozambique [37]. Further analyses are necessary to
compare diarrhea severity and changes in the NSP4 protein; for example, an evaluation of the

231



Viruses 2024, 16, 1140

E6 genotype in an animal model could possibly determine if the observed chances are linked to
increased pathogenesis of the genotype. In addition, continued genome surveillance is needed
to monitor the occurrence of such unusual strains and the possibility of becoming predominant
in the country causing severe acute gastroenteritis in children.

Limitations of the study include the short period analyzed (2015–2018) and the inability
to calculate the Vesikari score to compare the severity of strains from the post-vaccine period.
There is a need to expand the whole-genome analysis to strains detected after 2018 to fully
comprehend the genetic diversity of rotavirus strains detected after vaccine introduction.

5. Conclusions

The study results indicate that G9P[4] and G9P[6] strains exhibited a DS-1-like ge-
netic constellation after Rotarix® vaccine introduction in Mozambique. The occurrence of
unusual genotypes and close relationship with animal strains, suggesting inter-genotype re-
assortment and interspecies events, highlight the need for continuous genomic surveillance
of RVA strains detected in Mozambique and the importance of following a One Health ap-
proach to identify and characterize potential zoonotic strains causing acute gastroenteritis
in children.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16071140/s1, Figure S1: Phylogenetic trees based on the ORF
nucleotide sequence of the Mozambican strains compared to global strains obtained from GenBank;
Table S1: Vaccination status of the Children infected by G2P[6], G2P[6], G3P[4], G3P[8] and G1P[8]
Mozambican strains; Table S2: Genotype constellation of Mozambican G2P[6], G2P[6], G3P[4], G3P[8]
and G1P[8] strains; Table S3: Nucleotide and amino acid identities of the Mozambicans trains.
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Abstract: Human rotaviruses exhibit limited tropism and replicate poorly in most cell lines. At-
tachment protein VP4 is a key rotavirus tropism determinant. Previous studies in which human
rotaviruses were adapted to cultured cells identified mutations in VP4. However, most such studies
were conducted using only a single human rotavirus genotype. In the current study, we serially
passaged 50 human rotavirus clinical specimens representing five of the genotypes most frequently
associated with severe human disease, each in triplicate, three to five times in primary monkey kidney
cells then ten times in the MA104 monkey kidney cell line. From 13 of the 50 specimens, we obtained
25 rotavirus antigen-positive lineages representing all five genotypes, which tended to replicate
more efficiently in MA104 cells at late versus early passage. We used Illumina next-generation
sequencing and analysis to identify variants that arose during passage. In VP4, variants encoded
28 mutations that were conserved for all P[8] rotaviruses and 12 mutations that were conserved for
all five genotypes. These findings suggest there may be a conserved mechanism of human rotavirus
adaptation to MA104 cells. In the future, such a conserved adaptation mechanism could be exploited
to study human rotavirus biology or efficiently manufacture vaccines.

Keywords: rotavirus; VP4; genotype; serial passage; culture adaptation

1. Introduction

Rotavirus is the leading cause of diarrheal mortality for children under 5 years of
age worldwide, leading to estimates of 130,000 to more than 200,000 infant and child
deaths each year [1,2]. Rotaviruses cause diarrheal disease in many animal species, but
exhibit narrow host and cell tropism [3,4], which has limited studies in fundamental
biology and vaccine design and manufacture for human rotaviruses. A key evolutionary
mechanism for RNA viruses, including rotavirus, is misincorporation of nucleotides by
the viral RNA polymerase (genetic drift). Like influenza virus, rotavirus has a segmented
genome, and can also reassort segments during co-infection (genetic shift) [5]. Evidence
suggests there have been frequent rotavirus interspecies transmission events, sometimes
with subsequent adaptation [6–9]. Together, genetic drift and shift promote evolution and
can potentiate the emergence of antigenically novel rotaviruses and disease outbreaks in naïve
populations [10,11]. Understanding adaptive genetic changes for human rotavirus may
enhance our capacity to work with these viruses in laboratory settings or to manufacture
live-attenuated vaccines at scale.

Rotavirus outer-capsid proteins determine the viral genotype. Rotaviruses are non-
enveloped, triple-layered virions with a genome composed of 11 segments of double-
stranded RNA [3]. The outer capsid consists of 260 VP7 glycoprotein trimers, with
60 VP4 trimers that project from the surface [12]. VP7 and VP4 determine the viral G
and P type, respectively, and are the primary targets of neutralizing antibodies, which
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may be generated in response to infection or vaccination [13–15]. Although at least
42 G types and 58 P types have been defined to date, only a subset of G/P type com-
binations infect and cause disease in humans with varying degrees of severity ([16] and
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg accessed on
6 June 2024). Predominant human rotavirus genotypes vary by geographic region, but his-
torically G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8] cause the majority of human
disease [17]. In recent years, several less common rotavirus genotypes, including G1P[4],
G2P[8], G9P[4], G12P[4], G8P[6], G8P[8], and G12P[6], have increasing epidemiological
relevance in some parts of Africa, Asia, and South America [7].

While decades of studies have yielded a wealth of knowledge about rotavirus at-
tachment and entry [18], much remains unknown about receptor-dependent cell tropism,
especially for human rotaviruses. Trimeric attachment protein VP4 primarily dictates
receptor-dependent rotavirus tropism, but major outer-capsid glycoprotein VP7 can inter-
act with integrin coreceptors to mediate internalization [19–24]. VP4 cleavage by intestinal
trypsin-like proteases separates the receptor-binding ‘head’ domain (VP8*) from the stalk
domain (VP5*) [23,25]. Glycans serve as attachment receptors and bind VP8* [26,27]. Many
animal rotaviruses bind glycans with terminal sialic acid, but most human rotaviruses
bind internal sialic acid or histo-blood group antigens, sometimes in a genotype-specific
manner [18,26,28–30]. In the monkey kidney epithelial (MA104) cells historically used for
rotavirus studies, post-attachment receptors, which interact with VP5* and VP7, contribute
to cell specificity and include integrins, heat shock cognate protein hsc70, and in some cases
JAM-A and occludin [18,23,24,31,32]. Differences in the capacity of monoclonal antibod-
ies to neutralize human rotaviruses in MA104 cells and human intestinal epithelial cells
suggest interactions required for entry differ among these cell types [33]. The VP5* stalk is
composed of ‘body’ and ‘foot’ domains and helps mediate membrane penetration via con-
formational rearrangements akin to those of enveloped virus fusion proteins [23,25,34,35].
In the current model, after binding glycan receptors, VP8* head domains separate from
VP5*, exposing hydrophobic loops [35]. VP5* rearranges on the surface of the infectious
virus particle from an ‘upright’ to a ‘reversed’ conformation, which promotes interaction of
VP5* hydrophobic loops with target membranes and outward projection of the VP5* foot
that was formerly buried in the intermediate capsid layer. VP5* in the reversed information
remains tethered to the rotavirus particle, inserts into membranes, and enables Ca2+ to
cross and promote virus uncoating [35,36]. Thus, interactions of VP4 and VP7 with host
molecules and factors that influence VP4 conformational rearrangements may contribute to
the types of cells that rotavirus can infect and the efficiency of infection, but factors that limit
or enhance human rotavirus infection in specific cell types are incompletely understood.

Human rotaviruses replicate poorly in continuous cell lines unless adapted during
serial passage [37]. Consistent with the important role of VP4 in receptor-dependent cell
tropism, monoreassortant rotaviruses containing human VP4, engineered using reverse
genetics, replicate poorly in most cultured cells [38–40]. Reassortant genetics studies
implicate VP4 and VP7 in pathogenesis outcomes in animals, with VP4 specifically linked
to tropism [41–46]. While adaptive mutations have somewhat rarely been reported for
human rotaviruses, 33 passages in African green monkey kidney (AGMK) cells yielded five
non-synonymous changes in the VP4 segment of strain 89-12 [47]. These adaptive changes
permitted development of the live, attenuated ROTARIX vaccine. For human rotavirus
strains Wa, DC3695, and DC5685, many changes following serial passage in human colonic
epithelial HT29 cells or AGMK cells arose in VP7, VP4, and NSP4 segments [48]. Passage
of human rotavirus strains Wa and M in MA104 cells yielded attenuation of disease in
piglets and more polymorphisms in VP4 than any other segment, including six and eight
respective amino acid changes [49]. While 11 or 12 serial passages of human rotavirus
vaccine candidate CDC-9 in MA104 cells resulted in no detected nucleotide or amino acid
sequence changes, 28 or 44 passages in another monkey kidney epithelial cell line (Vero)
resulted in five or six amino acid changes, respectively, in the VP4 gene [50]. These VP4
mutations correlated with both adaptation and attenuation, indicated by increased viral
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replication in cultured cells, upregulated expression of immunomodulatory cytokines,
and reduced virus shedding and diarrhea in neonatal rats. Interestingly, cryo-electron
microscopy revealed that at early passages, most VP4 molecules occupied the ‘reversed’
conformation on CDC-9 virus particles, which is unlikely to be capable of mediating
cell entry, whereas at later passages, about half of the VP4 spikes occupied the ‘upright’
conformation associated with infectious virions [51]. It is hypothesized that an adaptive
mutation in VP4 may stabilize the ‘upright’ conformation. Together, these studies further
implicate VP4 in tropism and have advanced rotavirus vaccine candidates. However, all
the human rotaviruses for which adaptive mutations have been reported represent a single
genotype (G1P[8]), with the exception of the M strain (G3P[8]).

In the current study, we serially passaged supernatants of rotavirus-positive stool
samples from pediatric patients treated at Vanderbilt University Medical Center (VUMC) be-
tween 2005 and 2013 in cultured cells. The specimens contained rotaviruses with completely
sequenced genomes and represented five of the six genotypes most commonly associated
with human disease, G1P[8], G2P[4], G3P[8], G9P[8], and G12P[8] [17]. High-passage
rotaviruses tended to replicate more efficiently than low-passage rotaviruses, suggesting
that passaged virus populations had adapted to the cells. Using next-generation sequencing
and variant analysis, we identified sets of VP4 amino acid mutations that were conserved
across passaged specimens and genotypes, suggesting a potentially conserved mechanism
of cell culture adaptation. Conserved mutations were located primarily near the VP5*
hydrophobic loops, which interact with membranes during entry, including in a residue
previously identified in several other studies of rotavirus adaptation and attenuation, and
near the ‘waist,’ which is adjacent to the VP7 layer in the reverse conformation. In some
cases, these mutations might influence the stability of the upright conformation of VP5* on
the particle. These findings help generate new hypotheses about conserved mechanisms by
which rotavirus can overcome tropism barriers and replicate efficiently in cultured cells.

2. Materials and Methods

2.1. Rotavirus-Positive Clinical Specimens

Fecal specimens were collected from eligible children presenting with acute gastroen-
teritis at the Monroe Carell Junior Vanderbilt Children’s Hospital and Clinics during the
years 2005 to 2013, and complete rotavirus genomes from rotavirus-positive specimens
were previously sequenced as described [52–54]. In all cases, collection was performed in
accordance with New Vaccine Surveillance Network (NVSN) protocols approved by the
Center for Disease Control and Prevention (CDC), VUMC, and the Institutional Review
Board. Informed consent, including future specimen use, was provided by a parent or
guardian at the time of enrollment. For the current study, we selected 50 specimens repre-
senting five genotypes (G1P[8], G2P[4], G3P[8], G9P[8], G12P[8]). The abbreviated strain
name, genotype, and year of collection for each specimen used in the current study are
listed in Table S1.

2.2. Cells

Primary rhesus (Macaca mulatta) monkey kidney (RhMK) cells (Diagnostic Hybrids,
Inc., Athens, OH, USA, Cat # 49-0600A) were initially grown in 16 mm glass roller tubes
in Eagle’s minimum essential medium (EMEM) supplemented with HEPES, fetal bovine
serum (FBS), SV5/SV40 antisera, and gentamicin at concentrations proprietary to the
manufacturer, as shipped. MA104 and Vero cells were purchased from the American Type
Culture Collection (ATCC). We use the lot-specific validation criteria, including cytochrome
C oxidase I gene analysis, provided by ATTC, together with visual inspection of cell
morphology, culture conditions, and virus susceptibility to validate cell identity. MA104
cells and Vero cells were cultured in EMEM with Earle’s salts and L-glutamine (Corning,
Corning, NY, USA) supplemented to contain 5% FBS (Gibco, Grand Island, NY, USA).
Cells were cultured in serum-free media during serial passages as described in Section 2.4.
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All cells were maintained at 37 ◦C in 5% CO2. Primary RhMK cells in roller tubes were
incubated with slow rotation. Cells were tested for mycoplasma regularly by PCR.

2.3. Enzyme-Linked Immunosorbent Assay (ELISA)

The Rotaclone (Meridian Bioscience, Inc., Cincinnati, OH, USA) ELISA was used to
detect rotavirus in lysates from RhMK, MA104, and Vero cells according to manufacturer
instructions. Samples with absorbance units (A450) of 0.1 or greater were considered
positive.

2.4. Serial Passaging of Clinical Rotavirus Specimens

For an initial passage in primary RhMK cells (P1), 0.1 mL of a 10% (w/v) homogenate of
stool suspension in Earle’s balanced salt solution (Sigma, Burlington, MA, USA) in triplicate
for a rotavirus-positive clinical specimen was clarified by centrifugation at 10,000× g
for 15 min. Clarified supernatants, medium alone, and a laboratory stock of SA11-4F
rotavirus (0.1 mL at 5 × 106 PFU/mL), were activated with 10 μg/mL trypsin (Worthington
Biochemical Corporation, Lakewood, NJ, USA; LS003708) for 1 h at 37 ◦C then diluted
in serum-free EMEM to a final trypsin concentration of <2 μg/mL. Primary RhMK cells
were washed three times with serum-free EMEM and adsorbed in roller tubes with each
activated specimen for 1 h at 37 ◦C with slow rotation. Following absorption, inocula were
removed, monolayers were washed, and fresh serum-free EMEM containing 0.5 μg/mL of
trypsin was added. Cells were incubated with constant rotation at 37 ◦C for up to 7 days or
until cytopathic effect (CPE) was visible, and the cell monolayer was disrupted due to lysis.
Cells then were subjected to three rounds of freezing at −80 ◦C and thawing prior to storage
at 4 ◦C. In two to four subsequent passages, 0.2–1 mL of lysate from each previous lineage
and passage was activated with 1 μg/mL trypsin and used as the inoculum for adsorption.
The presence of rotavirus in lysates was determined by ELISA following passages one,
three, and/or five. For passages subsequent to ELISA, a 1 mL inoculum was used for
lysates with values <0.2; 1 mL of a 1:2.5 diluted inoculum was used for lysates with values
between 0.2 and 1; and 1 mL of a 1:5 diluted inoculum was used for lysates with values >1,
if additional passages were conducted.

After three to five passages in primary RhMK cells, 0.5 mL of rotavirus-positive lysates
were activated with 1 μg/mL trypsin for 1 h at 37 ◦C. Confluent MA104 or Vero cell
monolayers in T25 flasks were washed with serum-free EMEM and adsorbed with 0.5 mL
(MA104) or 0.3 to 1 mL (Vero) of P3 or P5 RhMK cell lysates for 1 h at 37 ◦C with occasional
rocking. Following absorption, inocula were removed, monolayers were washed, and fresh
serum-free EMEM containing 0.5 μg/mL of trypsin was added. Cells were incubated at
37 ◦C for up to 7 days or until CPE was visible. Cells then were subjected to three rounds of
freezing at −80 ◦C and thawing prior to storage at 4 ◦C. In up to nine subsequent passages,
lysate from each previous passage was activated with 1 μg/mL trypsin and used as the
inoculum for adsorption. The presence of rotavirus in lysates was determined by ELISA,
typically following P3, P6, and P10. For passages subsequent to ELISA, a 1 mL inoculum
was used for lysates with values <1; 1 mL of a 1:10 diluted inoculum was used for lysates
with values between 1 and 2; and 1 mL of a 1:100 diluted inoculum was used for lysates
with values >2. For rotavirus passages attempted in Vero cells subsequent to passage
in MA104 cells, the initial inoculum was 1 mL of rotavirus-positive lysate from MA104
passage 6 or 10 that had been activated with 1 μg/mL trypsin for 1 h at 37 ◦C.

2.5. Replication Time Course

MA104 cells (~1.7 × 105/well) were seeded in 24-well plates and incubated at 37 ◦C
until confluent. Rotavirus-positive P3 or P10 lysates were diluted to 2.5 × 104 FFU/mL in
serum-free EMEM, to achieve a multiplicity of infection (MOI) of 0.01 fluorescent focus
units (FFU)/cell with a 0.1 mL inoculum, assuming ~2.5 × 105 MA104 cells per well.
Lysates were used neat if titer was less than 2.5 × 104 FFU/mL. Diluted rotavirus-positive
lysates were activated with 1 μg/mL trypsin for 1 h at 37 ◦C. Cells were washed twice and
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adsorbed with activated viruses for 1 h at 37 ◦C. Cells were washed to remove unbound
virus and incubated with serum-free medium plus 0.5 μg/mL trypsin at 37 ◦C for 0, 24, or
48 h. Plates were frozen at −80 ◦C and thawed three times prior to determining virus titer
by fluorescent focus assay on MA104 cells. Virus yield was determined by dividing titer at
24 h or 48 h by titer at 0 h.

2.6. Fluorescent Focus Assay (FFA)

MA104 cells (~1 × 105/well) were seeded in black-walled, clear-bottom, 96-well plates
and incubated at 37 ◦C overnight. Virus was activated with 1 μg/mL trypsin for 1 h at
37 ◦C and serially diluted 1:10 in serum-free EMEM. Following two washes, cells were
adsorbed with virus dilutions for 1 h at 37 ◦C. Cells were washed and incubated at 37 ◦C
for 16–18 h prior to methanol fixation. Cells were stained to detect nuclei using DAPI
(Invitrogen, Carlsbad, CA, USA) and rotavirus proteins using sheep α-rotavirus polyclonal
serum (Invitrogen) prior to imaging and quantification using an ImageXpress Micro XL
Widefield High-Content Analysis System (Applied Biosystems, Waltham, MA, USA). Virus
titer was quantified from total and infected cells quantified in four fields of view/well. To
determine whether P3 and P10 yield differed at 24 h or 48 h, we used two-way ANOVA
followed by Šídák’s multiple comparisons test. Statistical analyses were conducted using
GraphPad Prism 9.

2.7. RNA Extraction, RT-PCR, and Nucleotide Sequencing

Rotavirus-positive culture lysates were processed for RNA extraction, library prepa-
ration, and RNA sequencing. Two × 0.25 mL aliquots of each of MA104 P10 lysate were
treated with 1 μL of DNase I (New England Biolabs, Ipswich, MA, USA) for 30 min at
37 ◦C then with EDTA to a final concentration of 5 mM to inactivate DNase I prior to
RNA extraction using TRIzol LS (Invitrogen) according to manufacturer instructions. RNA
pellets were resuspended in RNase-free water and incubated in a heat block set at 55 ◦C
for 5–10 min, with small aliquots set aside for RNA quantitation by Qubit. RNA library
preparation for Illumina sequencing was conducted using 5 μL of input RNA and the
NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs), according
to the manufacturer’s instructions. Briefly, RNA was fragmented prior to first-strand and
second-strand synthesis, AMPure XP Bead clean up, and end repair. PCR enrichment
of adaptor ligated DNA was conducted using NEBNext Multiplex Oligos for Illumina
(New England Biolabs). Illumina-ready libraries were sequenced by paired-end sequencing
(2 × 150) on a NovaSeq 6000 Sequencing System (Illumina, San Diego, CA, USA). Assis-
tance with quality control and next-generation sequencing was provided by the Vanderbilt
Technologies for Advanced Genomics (VANTAGE) research core.

2.8. Illumina RNA-Seq Data Analysis and Variant Calling

Raw reads were processed by first removing the Illumina TruSeq adapter using Trim-
momatic default settings [55]. Reads shorter than 36 bp were removed and low-quality
bases (Q score < 30) were trimmed from read ends. The raw FASTQ files were aligned
to rotavirus reference genome segments (Table S2) using Bowtie2, with the following pa-
rameters: bowtie2-p 32-q-x {ref}-1 {sample}_R1_paired.fastq-2 {sample}_R2_paired.fastq-U
{sample}_R1_unpaired.fastq,{sample}_R2_unpaired.fastq-S {sample}_bowtie2.sam [56]. The
SAMtools [57] suite was used to calculate read depth at each genomic coordinate. LoFreq [58]
was used to call single nucleotide variants and indels with the following parameters: lofreq
call-parallel--pp-threads 32-f {ref}-d 100000-o {sample}.vcf {sample}_bowtie2.sort.bam. Vari-
ants were filtered at a threshold frequency of 0.001, consistent with previous reports [59].
Parsing of variants common across samples was performed via the command line. Identi-
fication of encoded amino acid mutations based on published open reading frames and
computationally identified variants was performed manually. Putative locations of vari-
ants were visualized using UCSF Chimera, developed by the Resource for Biocomputing,
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Visualization, and Informatics at the University of California, San Francisco, with support
from NIH P41-GM103311 [60].

3. Results

3.1. Human Rotaviruses of Different Genotypes Can Adapt to Replication in Monkey Kidney Cells

To identify polymorphisms that enhance replication in cultured cells, we serially
passaged supernatants of rotavirus-positive stool samples from pediatric patients treated
at Vanderbilt University Medical Center [61]. Each patient stool sample was considered
a ‘specimen’ and contained rotavirus with a sequenced genome [54]. We attempted to
adapt 50 specimens to primary rhesus monkey kidney (RhMK) cells in glass roller tubes.
While adaptation historically has been done in primary AGMK cells [48,62], these primary
cells were unavailable commercially. The initial inocula were 0.1 mL of trypsin-activated,
clarified 10% stool homogenates of rotavirus-positive clinical specimens, each in triplicate
parallel ‘lineages’ (Figure 1). In subsequent passages, we used 0.2–1 mL of lysate as
inoculum, based on ELISA score. We also passaged simian laboratory strain SA11 and
medium containing trypsin as controls. Following up to five passages in primary RhMK
cells, 35 lineages representing 18 distinct specimens tested positive for rotavirus antigen by
ELISA, suggesting they had adapted to replication in these cells (Tables S1 and S3). The
specimens that tested positive included two (of 15) G1P[8], four (of 11) G3P[8], one (of one)
G9P[8], eight (of 14) G12P[8], and three (of 9) G2P[4] rotaviruses.

Figure 1. Workflow for rotavirus serial passaging. Each human rotavirus clinical specimen was
serially passaged in triplicate lineages in primary RhMK cells in roller tubes three to five times. Most
rotavirus-positive lineage lysates from RhMK passage were serially passaged ten times in monkey
kidney epithelial MA104 cells in tissue culture flasks. Numbers of input lineages and specimens in
each series and of rotavirus positive lineages and specimens at the end of each series are indicated.

To adapt the human rotaviruses to continuous monkey kidney cell culture, we used
a subset of 14 of the 18 rotavirus-positive lysates from RhMK cells representing all five
genotypes as inocula for a passage series in MA104 cells in T25 culture flasks (Figure 1).
We included the 29 rotavirus-positive lineages representing these 14 specimens. The initial
inocula were 0.5 mL of trypsin-activated, rotavirus-positive primary RhMK lysates. In
subsequent passages, we used 10 μL–1 mL of lysate as inoculum, based on ELISA score.
We also passaged simian laboratory strain SA11 and medium containing trypsin as controls.
For most specimens and lineages, ELISA scores tended to increase over the passages
(Table S4). Following ten passages in MA104 cells, 25 lineages representing 13 distinct
specimens tested positive for rotavirus antigen by ELISA, suggesting they had adapted
to replication in these cells (Tables S1 and S4). Positive specimens included one (of one)
G1P[8], three (of three) G3P[8], one (of one) G9P[8], five (of six) G12P[8], and three (of three)
G2P[4] rotaviruses.

We also attempted to adapt the human rotaviruses to Vero cells, which are monkey
kidney cells approved for vaccine manufacture. Our reasoning was that identification of
sets of mutations that allow human rotaviruses to replicate efficiently in Vero cells could be
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used in the future to rationally design attenuated vaccine strains that retain many antigenic
epitopes of circulating pathogenic human rotaviruses, but replicate more efficiently. To
adapt the human rotaviruses, we first used a subset of seven rotavirus-positive lysates
from RhMK cells as inocula for a passage series in Vero cells in T25 culture flasks with a
methodology identical to that used for MA104 cell passage (Figure 1). Although ELISA
scores for about half of the passaged lysates were rotavirus positive after P4, by P10
all were negative (Table S5). We hypothesized that adaptation to MA104 cells might
promote adaptation to Vero cells. Therefore, we used MA104 lysates from rotavirus positive
specimens and lineages as inocula for a passage series in Vero cells. The initial inocula
were 1 mL of trypsin-activated, rotavirus-positive P6 or P10 MA104 lysates. In subsequent
passages, we used 10 μL–1 mL of lysate as inoculum, based on the ELISA score. We
also passaged simian laboratory strain SA11 and medium containing trypsin. For most
specimens and lineages, ELISA scores in early passages were positive, possibly due to
the presence of residual rotavirus in diluted inocula (Table S6). ELISA scores tended to
decrease over the passages, and none were positive by P10 (Tables S1 and S6). Thus, the
human rotavirus clinical specimens in our collection failed to efficiently adapt to Vero cells
under the given conditions after primary RhMK passage or primary RhMK and MA104
cell passage.

3.2. Late-Passage Human Rotaviruses Replicate More Efficiently Than Some Early-Passage Viruses

To directly assess whether serially passaged human rotaviruses had adapted to MA104
cells, we compared the replication efficiencies of early- and late-passage viruses for several
specimens. We adsorbed MA104 cells with trypsin-activated rotaviruses in P3 or P10
lysates at an MOI of 0.01 FFU/cell. After adsorption, we washed to remove unbound virus,
then incubated the cells for 24 or 48 h and quantified virus yield. After 10 passages, the
replication efficiency of laboratory strain SA11 was not statistically or appreciably different
than that of a pre-passage virus stock at 24 or 48 h (Figure 2). For G1P[8], G9P[8], and
G2P[4] human rotaviruses at 48 h, titers of P10 viruses were significantly higher than those
of P3 viruses. Although the numbers did not reach statistical significance for G3P[8] and
G12P[8] human viruses, likely due to the spread of data points from the many lineages and
specimens, at 48 h, titers of P10 viruses were appreciably higher than those of P3 viruses.
Consistent with increasing ELISA titers, these observations suggest that human rotaviruses
of all genotypes adapted to MA104 cells during serial passage.

Figure 2. Replication of early- and late-passage rotaviruses in MA104 cells. MA104 cells were
adsorbed for 1 h at 37 ◦C with trypsin-activated, rotavirus-positive P3 or P10 lysates at an MOI of
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0.01 FFU/cell or with undiluted lysate if an MOI of 0.01 FFU/cell could not be reached. Cells were
washed to remove unbound virus and incubated with serum-free medium plus 0.5 μg/mL trypsin at
37 ◦C for 0, 24, or 48 h. Plates were frozen at −80 ◦C and thawed three times prior to determining
virus titer by FFA on MA104 cells. The mean and individual data points are shown. Virus yield was
determined by dividing titer at 24 h or 48 h by titer at 0 h. *, p < 0.05; **, p < 0.01; ****, p < 0.0001 by
two-way ANOVA with Šídák’s multiple comparisons.

3.3. Human Rotaviruses Acquire Polymorphisms in VP4 during Serial Passage

In published studies, adaptive mutations in human rotaviruses have been detected
following 30–60 passages [47–50]. However, after three to five passages in RhMK cells and
10 passages in MA104 cells, ELISA scores were high, and replication assays suggested the
capacity of the viruses to replicate in MA104 cells had substantially improved (Table S4 and
Figure 2). Therefore, we decided to determine whether sequence changes had arisen in the
genomes of passaged human rotaviruses. To determine the genome sequences of MA104-
adapted viruses, we isolated RNA from P10 stocks of 24 lineages representing 13 distinct
specimens that tested positive for rotavirus antigen by ELISA, constructed libraries, and
used Illumina next-generation sequencing. We also extracted and sequenced RNA from
mock-infected MA104 cell lysates and P10 SA11-infected MA104 lysates as controls. When
we aligned the resulting viral sequences to the reference genomes (Table S2), we found
that for the human rotaviruses, sequence coverage was consistently high for g4, which
encodes VP4, and g11, which encodes NSP5 and NSP6 (Figure S1). Coverage for the
remaining segments was highly variable and often quite low. However, we obtained high
sequence coverage for all segments of SA11, which was prepared using the same method
and passaged at similarly high titers (Figure S1). Both g4 and g11 from adapted human
rotaviruses contained synonymous and nonsynonymous polymorphisms. However, since
g4 sequence coverage was high for all human rotaviruses, and VP4 is an important tropism
determinant, we focused our subsequent analyses on this segment and particularly on
polymorphisms encoding amino acid mutations.

To identify genetic polymorphisms associated with adaptation to cultured cells, we
conducted variant-calling analysis with LoFreq [58]. This approach will identify differences
from the reference sequence detected at varying frequencies, not just those that have
become fixed in the population. In some cases, we detected polymorphisms at a lower
frequency, but the majority were detected at frequencies >95%. While changes were
detected throughout the genome, the highest concentration of variants was in g4, with
168 nucleotide polymorphisms encoding 41 amino acid changes in the VP4 protein per
sequenced lineage, on average (Tables 1 and S7). G2P[4] virus populations contained the
highest numbers of g4 variants, and most P[8] virus populations contained similar numbers
of polymorphisms (Tables S7 and S8). While variants were detected in each of the P10 SA11
segments, the number in SA11 g4 (17) was very low relative to the numbers in the human
P10 rotavirus g4 segments, and it was unremarkable compared to the number of variants
detected in any other P10 SA11 segment. No viral sequences were detected in control
P10 cell lysates. Together, these findings suggest that human rotaviruses of all genotypes
serially passaged in RhMK cells then MA104 cells acquired polymorphisms in g4, some of
which encoded VP4 amino acid changes. We were unable to confidently assess the changes
acquired in most other segments.
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Table 1. Variant summary.

Genotype G1P[8] G3P[8] G9P[8] G12P[8] G2P[4]

Specimens 1 3 1 5 3
Total lineages 1 6 3 7 7

Average total variants 315 224 319 291 837
Average mutation frequency 0.019 0.020 0.027 0.042 0.023

Average g4 variants 152 149 178 176 183
VP4 amino acid changes 35 42 37 39 54

3.4. Putative VP4 Adaptive Polymorphisms Are Conserved across Genotypes

In previous studies, amino acid mutations in the VP4 protein have been associated
with tissue culture adaptation [47–50]. We identified several nonsynonymous nucleotide
polymorphisms in g4 of P10 MA104-passaged human rotaviruses (Tables 1 and S8). Some
of these were located at positions that had been identified in prior studies, although
many were not (Tables 2 and S9). We rationalized that if human rotaviruses share a
common mechanism of tissue culture adaptation, we might identify VP4 mutations that
are conserved for adapted human rotaviruses across genotypes. So, we compared the
identities of VP4 mutations in MA104 P10 human rotaviruses and the frequency with
which they were detected among the virus lineages. Since we only had a single sequenced
rotavirus-positive MA104 P10 G1P[8] rotavirus, all detected VP4 mutations were present in
100% of lineages (Tables 1 and S8). For the other genotypes, we calculated the frequency
of mutation detection among individual sequenced lineages. Among the P[8] viruses, we
identified 28 VP4 mutations that were conserved in at least half of all sequenced lineages
(Table 2). Of these 28 VP8 mutations, 15 were detected in 100% of sequenced lineages.
Seven of the 28 mutations in P[8] rotaviruses (S78I, G145S, V390L, V580I, A587I, V604L,
and T738I) were encoded by two nucleotide polymorphisms for at least some genotypes,
while the rest were encoded by a single nucleotide polymorphism (Tables S10–S26). Among
all five rotavirus genotypes, including both P[8] and P[4], we identified 12 VP4 amino
acid polymorphisms that were conserved in at least half of all sequenced lineages. Four
of the mutations in P[4] rotaviruses (Y295F, D385H, F467L, and V604L) were encoded
by two nucleotide polymorphisms, while the rest were encoded by a single nucleotide
polymorphism (Tables S10–S33). For each given mutation, the frequency of detection of
the variants encoding the mutation among sequenced reads for each lineage was >99%
(Tables S10–S33). For each genotype, we identified additional mutations in VP4 encoded
by sequence polymorphisms detected in more than 50% of lineages, some of which were
conserved among a subset of genotypes (e.g., Y19H) and some of which were unique
(e.g., I130V) (Table 2). Polymorphisms conserved among P[8] viruses map to four main
regions of VP4, (i) the VP8* head domain, (ii) within or adjacent to the VP5* hydrophobic
loops, (iii) clustered around the VP5* ‘waist’, and (iv) within the VP5* foot (Figure 3A).
Polymorphisms conserved among all five rotavirus genotypes map primarily to the three
regions of VP5* described above (Figure 3B–D). In the reversed conformation, mutations
located in the VP4 waist can be seen adjacent to the VP7 layer of the capsid, and the
ring of mutations in and adjacent to the hydrophobic loops is discernable, whereas these
clusters are less obvious in the upright conformation of VP4. Together, these observations
reveal multiple polymorphisms encoding VP4 amino acid mutations arising during serial
passage, a subset of which is conserved across genotypes. Recurrent amino acid changes
appearing independently in lineages of different genotypes may contribute to tissue culture
adaptation via a common mechanism.
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Table 2. VP4 amino acid changes acquired during serial passage by genotype.

G1P[8] G3P[8] G9P[8] G12P[8] G2P[4] G1P[8] G3P[8] G9P[8] G12P[8] G2P[4]

- Y19H 1 Y19H Y19H - - - A430T - -
H52Y * H52Y * H52Y * H52Y * - - - - - I439L

T78I S78I S78I T78I - - - - - M444V
- - - G/N99S - - - - - V463I

I106V I106V I106V I106V - F467L F467L F467L F467L F467L

V108I V108I V108I V108I - - - - - N498T *
- D113N D113N - - S546N - S546N - -

N120T N120T N120T N120T - V560I V560I V560I V560I -
- I130V - - - - - - - A578V

G145S G145S G145S G145S - V580I V580I V580I V580I -
- - - T149N - - K581R - - -

D150E D150E D150E D150E - - - - - L584I
R162K R162K R162K - - - A586T A586T - -

- - - - M166I V587I V587I V587I A587I -
V173I - - - V173I W590L W590L W590L W590L W590L

- - - - S189N - - - - S591T
- - - - D192N - - - - D592N
- S194N - - - I593V * - - - A593V *

G195D 2 G195D G195D G195D N195D - - - - K595N
T199I T199I T199I T199I - - - - - S596D

- - - - R245K - - - - L598S
D252E D252E D252E D252E D252E - S599N - - -

R268S * R268S * R268S * R268S * R268S * - - - L600V -
- - - - V280I - - - - D602N
- I281V I281V I281V I281V V604L V604L V604L V604L V604L

Y295F Y295F Y295F Y295F Y295F - A608S A608S - -
- - - - S303N - - - R616K -
- - - - S305L N617K N617K N617K S617R -

V338I - - - - K621R K621R K621R K621R K621R

- - - - I352V - - - - I629M
A360V A360V A360V A360V A360V - A642T - - -
T380A T380A T380A T380A - - - - - V674I
S383R S383R S383R S383R S383R - - - - V683I

D385H * D385H * D385H * D385H * D385H * F689V F689V F689V F689V -
- - - - R387S - - - - I704V

I388L * I388L * I388L * I388L * - T708A - T708A - -
V390L V390L V390L V390L V390A/L I711V - - - -

- - - - E392A - - - - D713N
- - - - I395V T738I T738I T738I T738I -

1 Amino acid mutations were included in the table if they were detected in a minimum of 50% of sequenced
lineages for a given genotype. 2 Bold, underlined text indicates amino acid mutations that are conserved for at
least 50% of sequenced lineages per genotype for all five adapted rotavirus genotypes. * Position identified as an
adaptive mutation in a prior study [47–50].
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Figure 3. Locations of conserved VP4 amino acid mutations. VP4 of human G1P[8] vaccine candidate
CDC-9 is shown in an upright ((A–C); PDB ID 7UMS) or reversed ((D); PDB ID 7UMT) conforma-
tion [51]. In (C,D), VP4 is shown relative to VP7 (yellow) and VP6 (green) rotavirus capsid layers.
Monomers of trimeric VP4 are shown as red and orange ribbons, with hydrophobic loops colored
green, or as red and orange ovals when the structure is unresolved. Locations of VP4 polymorphisms
detected following serial passage in MA104 cells that are conserved for P[8] rotaviruses (A) or across
all tested genotypes (B–D) are shown as spheres and colored cyan.

4. Discussion

We serially passaged supernatants of rotavirus-positive stool samples in RhMK cells
and MA104 cells. We successfully adapted rotaviruses from genotypes predominantly
associated with human disease, including G1P[8], G3P[8], G9P[8], G12P[8], and G2P[4].
For P[8] rotaviruses, genome segments other than those encoding the outer-capsid proteins
typically belong to the same genogroup and are more genetically similar to one another
than those of G2P[4] rotaviruses, whose segments belong to a distinct genogroup [63]. Thus,
it is not surprising that many more mutations were shared among the P[8] rotaviruses in our
study than between a given P[8] rotavirus and the G2P[4] rotaviruses (Table 2). Nonetheless,
the identification of a subset of VP4 mutations conserved across all five genotypes suggests
there may be shared mechanisms of tissue culture adaptation for rotaviruses. We attempted
to passage lysates from both RhMK and MA104 serial passages in Vero cells but were unable
to adapt the lysates under the conditions used. Thus, in some cases, culture adaptation
mechanisms may be cell line specific. Accordingly, in published studies, human rotavirus
strain Wa (G1P[8]) acquired different sets of adaptive mutations following serial passage in
distinct monkey kidney epithelial cell lines (Table S9) [48,49].

Additional studies are needed to define the steps at which infectivity may be enhanced
by VP4 mutations that are conserved across all genotypes. However, their predicted
locations based on structures of CDC-9 in upright and reversed conformations on rotavirus
particles provide insights that allow some speculation (Figure 3) [35,51]. Mutations in
VP5* residue D385 have been identified in multiple culture-adapted human rotaviruses,
including 89-12, CDC-9, M, and Wa, all of which are P[8] rotaviruses [47,49,50,64]. D385
is located adjacent to one of the hydrophobic loops that interacts with the lipid bilayer
during rotavirus permeabilization of the endosome [36]. While mutations that reduce the
hydrophobicity of these loops inhibit viral entry [65], it is unclear how a charge-altering
mutation adjacent to one of the loops influences this process. Nonetheless, detection of
D385H in VP4 in the majority of successfully passaged G1P[8], G3P[8], G9P[8], G12P[8],
and G2P[4] rotaviruses in the current study underscores the importance of this residue
for tissue culture adaptation (Table 2). In addition to D385, we identified mutations at
conserved amino acid positions Y295, S383, and V390 for most passaged rotaviruses of
all genotypes, which also are predicted to reside in or adjacent to the hydrophobic loops
(Figure 4B). V390L within one of the loops is predicted to retain its hydrophobicity, and
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Y295F will retain its bulkiness. However, S389R will introduce a charged rather than polar
residue near the hydrophobic loops, which could potentially influence interactions with
membranes. Adaptive mutations in residues 331 and 388 in the hydrophobic loops have
been identified for other human rotaviruses, further highlighting the importance of this
region (Table S9) [47–50].

Figure 4. Locations and potential interactions of conserved VP4 amino acid mutations. VP4 of human
G1P[8] vaccine candidate CDC-9 is shown in an upright conformation relative to VP7 (yellow) and
VP6 (green) rotavirus capsid layers ((A); PDB ID 7UMS) [51]. Areas that are magnified in panels (B–D)
are indicated. Monomers of trimeric VP4 are shown as red and orange ribbons, with hydrophobic
loops colored green. Locations of VP4 polymorphisms detected following serial passage in MA104
cells that are conserved across all tested genotypes are shown as cyan spheres in (A) or as ball-and-
stick representations in (B–E). In (E), the VP4 head domain of CDC-9 (dark red) onto which locations
of conserved VP4 mutations from this study have been mapped, has been aligned with a human P[8]
VP8* domain (light gray) bound to the secretory H type-1 antigen (green) (PDB ID 6HA0) [66].

Other conserved VP5* mutations are predicted to localize to the foot and waist regions
(Figure 3). The VP5* foot is buried in the VP6 capsid layer in the upright conformation, and
its structure in the reverse conformation is unknown, likely because it is unstructured [35,51].
Conserved mutations in the foot domain at V604 and K621 largely maintained their charged
or hydrophobic character following adaptation, suggesting only fine-tuning of molecular
properties is likely to result from the changes (Table 2). However, it is possible that mutation
of K621 alters other functions, such as lysine-linked ubiquitination. Although the specific
functions of mutations in the waist region are unknown, several have been detected in prior
studies of adapted human rotaviruses, including at residues 262, 267, 268, 364, 368, 471,
and 474, suggesting an important role for this region in adaptation (Table S9) [48–50]. For
CDC-9, an S331F mutation in VP5* has been proposed to stabilize the upright conformation
of VP4, thereby enhancing infectivity [51]. Interestingly, some of the conserved mutations
we detected in the VP5* waist might destabilize inter-subunit interactions in the upright
conformation. For example, R268 or its equivalent residue in one monomer of VP5* interacts
with VP7 in upright RRV and CDC-9 VP4 structures (Figure 4C) [35,51]. In the upright
VP4 conformation of CDC-9, D252 and R268 from different VP5* monomers appear to
interact ionically (Figure 4D) [51]. In either case, the conserved R268S mutation we detect in
adapted human rotaviruses might reduce the stability of interactions with adjacent residues,
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permitting easier triggering from the upright to reverse conformation (Table 2). It is possible
that in addition to having more VP4 molecules in the upright conformation, as proposed
by Jenni et al. [51], the capacity to more easily transition to the reversed conformation
following interaction of the hydrophobic loops with membranes also increases rotavirus
replication efficiency. Adaptation might involve fine adjustments to achieve an optimal
metastable state of VP4 that balances binding efficiency with fusogenic conformational
transitions.

VP8* is the receptor binding domain of VP4. Although we identified few VP8* poly-
morphisms that were conserved for both P[4] and P[8] genotypes, several were conserved
among P[8] genotypes (Table 2). Mutations we identified in the VP8* head domain of
P[8] rotaviruses are not located in known glycan-binding sites [27,66–69]. Alignment of
CDC-9 VP8*, onto which locations of conserved P[8] mutations we identified had been
mapped, with the structure of a human P[8] VP8* domain bound to the secretory H type-1
antigen, shows that the mutations are distinct from the ligand binding site (Figure 4E) [66].
Residues 145 and 150 are located near the sialic acid binding cleft of some animal rotavirus
strains but are not critical for sialic acid binding [27,67]. Thus, detected VP8* mutations
are not expected to directly alter the glycan binding capacity of the virus. Conserved
TNFR-associated factor (TRAF) binding motifs have been identified in VP4 and VP8* that
bind TRAFs and increase in NF-κB activity [70]. Mutations we identified in the VP8* head
domain of P[8] rotaviruses are not located in the two conserved TRAF binding motifs
that have been identified for human rotaviruses. Previous studies of adapted human
rotaviruses have also identified mutations outside of receptor binding regions, including
near the base of VP8*, adjacent to VP5*. These include residues 51, 52, 77, 79, 167, 205, and
205 (Table S9) [47–50].

There are several caveats to our findings. In our passage series, we initially inoculated
cells with dilutions of stool specimens based on volume rather than virus concentration.
Based on the range of ELISA A450 values, which are available for stools collected from
2010–2013, specimens varied widely in virus concentration (Table S34). While MOI could
influence adaptation, a low ELISA A450 value in the inoculum did not preclude adaptation,
nor did a high value guarantee successful adaptation in our study. After the initial passages,
we made some adjustments to inoculum volume based on the outcome of ELISAs. However,
more frequent ELISAs and higher inoculum dilutions between passages might have reduced
the effective MOI, allowing for fewer coinfections and increasing selection for individual
viruses that replicate efficiently in non-human cells. Reasons for low sequence coverage
across regions of the adapted human rotavirus genomes are unclear. We think that problems
with our library preparation or the sequencing run are unlikely, since coverage for SA11 is
excellent for all segments (Figure S1). Passaged human rotavirus libraries were prepared
and sequenced alongside the SA11 library using identical protocols. Adjustments to the
SA11 protocol may be needed for efficient library preparation for human rotaviruses.
However, differences in %GC content do not necessarily explain virus- or segment-specific
differences (Table S35). In many cases, SA11 segments have slightly higher GC content than
human rotaviruses. Segments that had good sequence coverage have similar GC content to
other segments that had poor coverage. Instead, differences in the quantities of segments
present, their stability, or the efficiency of random priming of specific segments or regions
might have caused the observed differences in coverage. Our initial rationale for using
Illumina sequencing followed by analysis with LoFreq was that we would achieve coverage
of the entire genome with depth that would enable sensitive detection of polymorphisms.
We reasoned that if identical polymorphisms arose in multiple lineages, even if they had
not become fixed in all lineages, their presence might indicate that they were biologically
meaningful. In the end, we achieved deep coverage only for g4 and g11, and most conserved
polymorphisms in g4 were present in the population at an extremely high frequency. VP4
is a key rotavirus receptor-dependent tropism determinant [23,24,30], but it is possible
that synonymous or nonsynonymous changes at other loci contribute to the enhanced
replication we observed for human rotaviruses following serial passage (Figure 2). For
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example, CDC-9 exhibited significantly reduced STAT-1 activation following adaptation
to Vero cells and contained amino acid mutations in proteins other than VP4, including a
single mutation in innate immune antagonist protein NSP1 [50]. Culture-adapted CDC-
9 replicated to higher titers than the parent virus in Caco-2 and Vero cells. While we
failed to detect an identical mutation in NSP1 of any of our passaged viruses adapted to
MA104 cells, sequence read counts were low in NSP1-encoding g5 for most adapted viruses
(Figure S1). Other potential mechanisms of adaptation involve enhanced viral replication or
spread. Indeed, the greater difference in replication at 48 h than 24 h for several P10 human
rotaviruses compared with P3 (Figure 2) suggests that these viruses may have adapted more
efficiently to some aspect of replication or spread in culture following infection, rather than
simply enhancing attachment or entry. In the current study, we passaged human rotaviruses
three to five times in primary RhMK cells, then 10 times in MA104 cells. Adaptation has
historically been initiated in primary AGMK cells, which may yield different results or
promote adaptation to Vero cells [48,62]. Nonetheless, our results suggest primary RhMK
cells are suitable for human rotavirus adaptation, at least to MA104 cells. For some human
rotaviruses, greater passage numbers have been used to identify adaptive polymorphisms
or generate vaccine candidates [47,48,50]. With additional passages, a subset of critical
adaptive polymorphisms might have become fixed in our virus populations.

Poor replication of contemporary human rotaviruses in cultured cells is an important
deterrent to bespoke rotavirus vaccine engineering, and VP4 is a primary rotavirus tropism
determinant. In the current study, we were unable to adapt human rotaviruses to Vero
cells, which are used for rotavirus vaccine manufacturing. Nonetheless, the detection of
conserved polymorphisms upon human rotavirus adaptation to MA104 cells suggests there
may be conserved, genotype-independent mechanisms of tissue culture adaptation that
can be identified in future studies and used towards this end. The recovery of human
rotaviruses and animal rotaviruses containing human outer-capsid antigens by reverse
genetics systems underscores their potential as future vaccine platforms [38,39,71–73].
A combination of structural and functional analyses that involve the use of rotavirus
reverse genetics systems may allow us to elucidate fundamental mechanisms by which
polymorphisms acquired during serial passage enhance rotavirus replication.
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13-31 (G12P[8]); Table S25: Conserved, non-synonymous variant frequency for VU12-13-3 lineage
1 (G12P[8]); Table S26: Conserved, non-synonymous variant frequency for VU12-13-3 lineage 2
(G12P[8]); Table S27: Conserved, non-synonymous variant frequency for VU08-09-11 lineage 1

248



Viruses 2024, 16, 978

(G2P[4]); Table S28: Conserved, non-synonymous variant frequency for VU08-09-11 lineage 2 (G2P[4]);
Table S29: Conserved, non-synonymous variant frequency for VU12-13-145 lineage 1 (G2P[4]);
Table S30: Conserved, non-synonymous variant frequency for VU12-13-145 lineage 2 (G2P[4]);
Table S31: Conserved, non-synonymous variant frequency for VU12-13-145 lineage 2 (G2P[4]);
Table S32: Conserved, non-synonymous variant frequency for VU12-13-14 lineage 1 (G2P[4]);
Table S33: Conserved, non-synonymous variant frequency for VU12-13-14 lineage 2 (G2P[4]);
Table S34: ELISA A450 values for input inocula; Table S35: Percent GC content of genome segments;
Figure S1: Nucleotide coverage by genotype.

Author Contributions: Conceptualization, K.M.O. and M.H.C.; methodology, K.M.O. and M.H.C.;
software, J.G.; validation, M.H.C. and J.R.D.; formal analysis, M.H.C. and K.M.O.; investigation,
M.H.C., J.G. and J.R.D.; resources, K.M.O., M.R.D., J.D.C. and N.B.H.; data curation, M.H.C. and J.G.;
writing—original draft preparation, M.H.C. and K.M.O.; writing—review and editing, J.G., J.R.D.,
M.R.D., S.A.M., J.D.C. and N.B.H.; visualization, K.M.O.; supervision, K.M.O. and J.R.D.; project
administration, K.M.O.; funding acquisition, K.M.O. and N.B.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by a Turner-Hazinski award from the Department of Pediatrics at
VUMC (to K.M.O.) and by the National Institutes of Health (R21 AI146698 to K.M.O.). Collection and
sequencing of specimens was supported by the Centers for Disease Control and Prevention (1U01
IP001063-01, 3U01 IP001063-01S1, 5U01 IP000464-05, 3U01 IP000464-05S1, and 3U01 IP000464-05S2 to
N.B.H.). The findings and conclusions in this report are those of the authors and do not necessarily
represent the official position of the Centers for Disease Control and Prevention or the National
Institutes of Health.

Informed Consent Statement: At the time of enrollment for stool specimen collection, informed
consent was obtained for future use of samples from all subjects involved in the study [61].

Data Availability Statement: Data generated from Illumina RNA-seq can be accessed at the NCBI
Sequence Read Archive (SRA) under BioProject accession number PRJNA1100611. Code utilized in
this report can be accessed at https://github.com/ogdenlab1/OrthoreoVariant accessed on 6 June
2024.

Acknowledgments: We acknowledge Matthew B. Scholz and Kimberly R. Drake at Vanderbilt
Technologies for Advanced Genomics (VANTAGE) for preliminary analyses of RNA sequencing data.
We acknowledge Rendie McHenry and Laura Stewart for project support.

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

References

1. Du, Y.; Chen, C.; Zhang, X.; Yan, D.; Jiang, D.; Liu, X.; Yang, M.; Ding, C.; Lan, L.; Hecht, R.; et al. Global burden and trends of
rotavirus infection-associated deaths from 1990 to 2019: An observational trend study. Virol. J. 2022, 19, 166. [CrossRef] [PubMed]

2. Troeger, C.; Khalil, I.A.; Rao, P.C.; Cao, S.; Blacker, B.F.; Ahmed, T.; Armah, G.; Bines, J.E.; Brewer, T.G.; Colombara, D.V.; et al.
Rotavirus Vaccination and the Global Burden of Rotavirus Diarrhea among Children Younger Than 5 Years. JAMA Pediatr. 2018,
172, 958–965. [CrossRef] [PubMed]

3. Desselberger, U. Rotaviruses. Virus Res. 2014, 190, 75–96. [CrossRef]
4. Greenberg, H.B.; Estes, M.K. Rotaviruses: From pathogenesis to vaccination. Gastroenterology 2009, 136, 1939–1951. [CrossRef]

[PubMed]
5. McDonald, S.M.; Nelson, M.I.; Turner, P.E.; Patton, J.T. Reassortment in segmented RNA viruses: Mechanisms and outcomes. Nat.

Rev. Microbiol. 2016, 14, 448–460. [CrossRef]
6. Carossino, M.; Vissani, M.A.; Barrandeguy, M.E.; Balasuriya, U.B.R.; Parreño, V. Equine Rotavirus A under the One Health Lens:

Potential Impacts on Public Health. Viruses 2024, 16, 130. [CrossRef]
7. Omatola, C.A.; Olaniran, A.O. Genetic heterogeneity of group A rotaviruses: A review of the evolutionary dynamics and

implication on vaccination. Expert. Rev. Anti Infect. Ther. 2022, 20, 1587–1602. [CrossRef] [PubMed]
8. Doro, R.; Farkas, S.L.; Martella, V.; Banyai, K. Zoonotic transmission of rotavirus: Surveillance and control. Expert. Rev. Anti Infect.

Ther. 2015, 13, 1337–1350. [CrossRef]
9. Martella, V.; Banyai, K.; Matthijnssens, J.; Buonavoglia, C.; Ciarlet, M. Zoonotic aspects of rotaviruses. Vet. Microbiol. 2010, 140,

246–255. [CrossRef]
10. Kirkwood, C.D. Genetic and antigenic diversity of human rotaviruses: Potential impact on vaccination programs. J. Infect. Dis.

2010, 202, S43–S48. [CrossRef]

249



Viruses 2024, 16, 978

11. Desselberger, U.; Iturriza-Gomara, M.; Gray, J.J. Rotavirus epidemiology and surveillance. Novartis Found. Symp. 2001, 238,
125–147; discussion 147–152.

12. Settembre, E.C.; Chen, J.Z.; Dormitzer, P.R.; Grigorieff, N.; Harrison, S.C. Atomic model of an infectious rotavirus particle. EMBO
J. 2011, 30, 408–416. [CrossRef] [PubMed]

13. Taniguchi, K.; Urasawa, T.; Kobayashi, N.; Ahmed, M.U.; Adachi, N.; Chiba, S.; Urasawa, S. Antibody response to serotype-
specific and cross-reactive neutralization epitopes on VP4 and VP7 after rotavirus infection or vaccination. J. Clin. Microbiol. 1991,
29, 483–487. [CrossRef]

14. Nair, N.; Feng, N.; Blum, L.K.; Sanyal, M.; Ding, S.; Jiang, B.; Sen, A.; Morton, J.M.; He, X.S.; Robinson, W.H.; et al. VP4- and
VP7-specific antibodies mediate heterotypic immunity to rotavirus in humans. Sci. Transl. Med. 2017, 9, eaam5434. [CrossRef]
[PubMed]

15. Jiang, B.; Gentsch, J.R.; Glass, R.I. The role of serum antibodies in the protection against rotavirus disease: An overview. Clin.
Infect. Dis. 2002, 34, 1351–1361. [CrossRef] [PubMed]

16. Matthijnssens, J.; Ciarlet, M.; McDonald, S.M.; Attoui, H.; Banyai, K.; Brister, J.R.; Buesa, J.; Esona, M.D.; Estes, M.K.; Gentsch, J.R.;
et al. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus Classification Working Group (RCWG). Arch. Virol.
2011, 156, 1397–1413. [CrossRef] [PubMed]

17. Amin, A.B.; Cates, J.E.; Liu, Z.; Wu, J.; Ali, I.; Rodriguez, A.; Panjwani, J.; Tate, J.E.; Lopman, B.A.; Parashar, U.D. Rotavirus
genotypes in the post-vaccine era: A systematic review and meta-analysis of global, regional, and temporal trends in settings
with and without rotavirus vaccine introduction. J. Infect. Dis. 2023, 229, 1460–1469. [CrossRef]

18. Arias, C.F.; López, S. Rotavirus cell entry: Not so simple after all. Curr. Opin. Virol. 2021, 48, 42–48. [CrossRef]
19. Coulson, B.S.; Londrigan, S.L.; Lee, D.J. Rotavirus contains integrin ligand sequences and a disintegrin-like domain that are

implicated in virus entry into cells. Proc. Natl. Acad. Sci. USA 1997, 94, 5389–5394. [CrossRef]
20. Graham, K.L.; Fleming, F.E.; Halasz, P.; Hewish, M.J.; Nagesha, H.S.; Holmes, I.H.; Takada, Y.; Coulson, B.S. Rotaviruses interact

with alpha4beta7 and alpha4beta1 integrins by binding the same integrin domains as natural ligands. J. Gen. Virol. 2005, 86 Pt 12,
3397–3408. [CrossRef]

21. Guerrero, C.A.; Méndez, E.; Zárate, S.; Isa, P.; López, S.; Arias, C.F. Integrin alpha(v)beta(3) mediates rotavirus cell entry. Proc.
Natl. Acad. Sci. USA 2000, 97, 14644–14649. [CrossRef] [PubMed]

22. Hewish, M.J.; Takada, Y.; Coulson, B.S. Integrins alpha2beta1 and alpha4beta1 can mediate SA11 rotavirus attachment and entry
into cells. J. Virol. 2000, 74, 228–236. [CrossRef]

23. Baker, M.; Prasad, B.V. Rotavirus cell entry. Curr. Top. Microbiol. Immunol. 2010, 343, 121–148. [CrossRef]
24. Lopez, S.; Arias, C.F. Multistep entry of rotavirus into cells: A Versaillesque dance. Trends Microbiol. 2004, 12, 271–278. [CrossRef]

[PubMed]
25. Estes, M.K.; Greenberg, H.B. Rotaviruses. In Fields Virology, 6th ed.; Knipe, D.M., Howley, P.M., Eds.; Lippincott Williams &

Wilkins: Philadelphia, PA, USA, 2013; Volume 2, pp. 1347–1401.
26. Coulson, B.S. Expanding diversity of glycan receptor usage by rotaviruses. Curr. Opin. Virol. 2015, 15, 90–96. [CrossRef] [PubMed]
27. Ramani, S.; Hu, L.; Venkataram Prasad, B.V.; Estes, M.K. Diversity in Rotavirus-Host Glycan Interactions: A “Sweet” Spectrum.

Cell Mol. Gastroenterol. Hepatol. 2016, 2, 263–273. [CrossRef]
28. Marionneau, S.; Cailleau-Thomas, A.; Rocher, J.; Le Moullac-Vaidye, B.; Ruvoën, N.; Clément, M.; Le Pendu, J. ABH and Lewis

histo-blood group antigens, a model for the meaning of oligosaccharide diversity in the face of a changing world. Biochimie 2001,
83, 565–573. [CrossRef]

29. Venkataram Prasad, B.V.; Shanker, S.; Hu, L.; Choi, J.M.; Crawford, S.E.; Ramani, S.; Czako, R.; Atmar, R.L.; Estes, M.K. Structural
basis of glycan interaction in gastroenteric viral pathogens. Curr. Opin. Virol. 2014, 7, 119–127. [CrossRef]

30. Amimo, J.O.; Raev, S.A.; Chepngeno, J.; Mainga, A.O.; Guo, Y.; Saif, L.; Vlasova, A.N. Rotavirus Interactions With Host Intestinal
Epithelial Cells. Front. Immunol. 2021, 12, 793841. [CrossRef]

31. Graham, K.L.; Halasz, P.; Tan, Y.; Hewish, M.J.; Takada, Y.; Mackow, E.R.; Robinson, M.K.; Coulson, B.S. Integrin-using rotaviruses
bind alpha2beta1 integrin alpha2 I domain via VP4 DGE sequence and recognize alphaXbeta2 and alphaVbeta3 by using VP7
during cell entry. J. Virol. 2003, 77, 9969–9978. [CrossRef]

32. Torres-Flores, J.M.; Silva-Ayala, D.; Espinoza, M.A.; Lopez, S.; Arias, C.F. The tight junction protein JAM-A functions as coreceptor
for rotavirus entry into MA104 cells. Virology 2015, 475, 172–178. [CrossRef] [PubMed]

33. Feng, N.; Hu, L.; Ding, S.; Sanyal, M.; Zhao, B.; Sankaran, B.; Ramani, S.; McNeal, M.; Yasukawa, L.L.; Song, Y.; et al. Human
VP8* mAbs neutralize rotavirus selectively in human intestinal epithelial cells. J. Clin. Investig. 2019, 129, 3839–3851. [CrossRef]
[PubMed]

34. Dormitzer, P.R.; Nason, E.B.; Prasad, B.V.; Harrison, S.C. Structural rearrangements in the membrane penetration protein of a
non-enveloped virus. Nature 2004, 430, 1053–1058. [CrossRef] [PubMed]

35. Herrmann, T.; Torres, R.; Salgado, E.N.; Berciu, C.; Stoddard, D.; Nicastro, D.; Jenni, S.; Harrison, S.C. Functional refolding of the
penetration protein on a non-enveloped virus. Nature 2021, 590, 666–670. [CrossRef] [PubMed]

36. de Sautu, M.; Herrmann, T.; Jenni, S.; Harrison, S.C. The rotavirus VP5*/VP8* conformational transition permeabilizes membranes
to Ca2+. PLoS Pathog 2024, 20, e1011750. [CrossRef]

37. Ward, R.L.; Knowlton, D.R.; Pierce, M.J. Efficiency of human rotavirus propagation in cell culture. J. Clin. Microbiol. 1984, 19,
748–753. [CrossRef] [PubMed]

250



Viruses 2024, 16, 978

38. Falkenhagen, A.; Patzina-Mehling, C.; Gadicherla, A.K.; Strydom, A.; O’Neill, H.G.; Johne, R. Generation of Simian Rotavirus
Reassortants with VP4- and VP7-Encoding Genome Segments from Human Strains Circulating in Africa Using Reverse Genetics.
Viruses 2020, 12, 201. [CrossRef]

39. Kanai, Y.; Onishi, M.; Kawagishi, T.; Pannacha, P.; Nurdin, J.A.; Nouda, R.; Yamasaki, M.; Lusiany, T.; Khamrin, P.; Okitsu, S.; et al.
Reverse Genetics Approach for Developing Rotavirus Vaccine Candidates Carrying VP4 and VP7 Genes Cloned from Clinical
Isolates of Human Rotavirus. J. Virol. 2020, 95, e01374-20. [CrossRef]

40. Greenberg, H.B.; Wyatt, R.G.; Kapikian, A.Z.; Kalica, A.R.; Flores, J.; Jones, R. Rescue and serotypic characterization of noncul-
tivable human rotavirus by gene reassortment. Infect. Immun. 1982, 37, 104–109. [CrossRef]

41. Bridger, J.C.; Tauscher, G.I.; Desselberger, U. Viral determinants of rotavirus pathogenicity in pigs: Evidence that the fourth gene
of a porcine rotavirus confers diarrhea in the homologous host. J. Virol. 1998, 72, 6929–6931. [CrossRef]

42. Feng, N.; Sen, A.; Wolf, M.; Vo, P.; Hoshino, Y.; Greenberg, H.B. Roles of VP4 and NSP1 in determining the distinctive replication
capacities of simian rotavirus RRV and bovine rotavirus UK in the mouse biliary tract. J. Virol. 2011, 85, 2686–2694. [CrossRef]
[PubMed]

43. Ijaz, M.K.; Sabara, M.I.; Alkarmi, T.; Frenchick, P.J.; Ready, K.F.; Longson, M.; Dar, F.K.; Babiuk, L.A. Characterization of two
rotaviruses differing in their in vitro and in vivo virulence. J. Vet. Med. Sci. 1993, 55, 963–971. [CrossRef] [PubMed]

44. Kirkwood, C.D.; Bishop, R.F.; Coulson, B.S. Attachment and growth of human rotaviruses RV-3 and S12/85 in Caco-2 cells depend
on VP4. J. Virol. 1998, 72, 9348–9352. [CrossRef] [PubMed]

45. Tsugawa, T.; Tatsumi, M.; Tsutsumi, H. Virulence-associated genome mutations of murine rotavirus identified by alternating
serial passages in mice and cell cultures. J. Virol. 2014, 88, 5543–5558. [CrossRef] [PubMed]

46. Wang, W.; Donnelly, B.; Bondoc, A.; Mohanty, S.K.; McNeal, M.; Ward, R.; Sestak, K.; Zheng, S.; Tiao, G. The rhesus rotavirus
gene encoding VP4 is a major determinant in the pathogenesis of biliary atresia in newborn mice. J. Virol. 2011, 85, 9069–9077.
[CrossRef] [PubMed]

47. Ward, R.L.; Kirkwood, C.D.; Sander, D.S.; Smith, V.E.; Shao, M.; Bean, J.A.; Sack, D.A.; Bernstein, D.I. Reductions in cross-
neutralizing antibody responses in infants after attenuation of the human rotavirus vaccine candidate 89-12. J. Infect. Dis. 2006,
194, 1729–1736. [CrossRef] [PubMed]

48. Tsugawa, T.; Tsutsumi, H. Genomic changes detected after serial passages in cell culture of virulent human G1P[8] rotaviruses.
Infect. Genet. Evol. 2016, 45, 6–10. [CrossRef]

49. Guo, Y.; Wentworth, D.E.; Stucker, K.M.; Halpin, R.A.; Lam, H.C.; Marthaler, D.; Saif, L.J.; Vlasova, A.N. Amino Acid Substitutions
in Positions 385 and 393 of the Hydrophobic Region of VP4 May Be Associated with Rotavirus Attenuation and Cell Culture
Adaptation. Viruses 2020, 12, 408. [CrossRef]

50. Resch, T.K.; Wang, Y.; Moon, S.; Jiang, B. Serial Passaging of the Human Rotavirus CDC-9 Strain in Cell Culture Leads to
Attenuation: Characterization from In Vitro and In Vivo Studies. J. Virol. 2020, 94, e00889-20. [CrossRef] [PubMed]

51. Jenni, S.; Li, Z.; Wang, Y.; Bessey, T.; Salgado, E.N.; Schmidt, A.G.; Greenberg, H.B.; Jiang, B.; Harrison, S.C. Rotavirus VP4 Epitope
of a Broadly Neutralizing Human Antibody Defined by Its Structure Bound with an Attenuated-Strain Virion. J. Virol. 2022, 96,
e0062722. [CrossRef]

52. Dennis, A.F.; McDonald, S.M.; Payne, D.C.; Mijatovic-Rustempasic, S.; Esona, M.D.; Edwards, K.M.; Chappell, J.D.; Patton, J.T.
Molecular epidemiology of contemporary G2P[4] human rotaviruses cocirculating in a single U.S. community: Footprints of a
globally transitioning genotype. J. Virol. 2014, 88, 3789–3801. [CrossRef] [PubMed]

53. McDonald, S.M.; McKell, A.O.; Rippinger, C.M.; McAllen, J.K.; Akopov, A.; Kirkness, E.F.; Payne, D.C.; Edwards, K.M.; Chappell,
J.D.; Patton, J.T. Diversity and relationships of cocirculating modern human rotaviruses revealed using large-scale comparative
genomics. J. Virol. 2012, 86, 9148–9162. [CrossRef]

54. Ogden, K.M.; Tan, Y.; Akopov, A.; Stewart, L.S.; McHenry, R.; Fonnesbeck, C.J.; Piya, B.; Carter, M.H.; Fedorova, N.B.; Halpin,
R.A.; et al. Multiple introductions and antigenic mismatch with vaccines may contribute to increased predominance of G12P [8]
rotaviruses in the United States. J. Virol. 2018, 93, e01476-18. [CrossRef] [PubMed]

55. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

56. Langmead, B.; Wilks, C.; Antonescu, V.; Charles, R. Scaling read aligners to hundreds of threads on general-purpose processors.
Bioinformatics 2019, 35, 421–432. [CrossRef] [PubMed]

57. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence Align-
ment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]

58. Wilm, A.; Aw, P.P.; Bertrand, D.; Yeo, G.H.; Ong, S.H.; Wong, C.H.; Khor, C.C.; Petric, R.; Hibberd, M.L.; Nagarajan, N. LoFreq:
A sequence-quality aware, ultra-sensitive variant caller for uncovering cell-population heterogeneity from high-throughput
sequencing datasets. Nucleic Acids Res. 2012, 40, 11189–11201. [CrossRef] [PubMed]

59. Nakamura, K.; Oshima, T.; Morimoto, T.; Ikeda, S.; Yoshikawa, H.; Shiwa, Y.; Ishikawa, S.; Linak, M.C.; Hirai, A.; Takahashi, H.;
et al. Sequence-specific error profile of Illumina sequencers. Nucleic Acids Res. 2011, 39, e90. [CrossRef]

60. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef]

251



Viruses 2024, 16, 978

61. Bowen, M.D.; Mijatovic-Rustempasic, S.; Esona, M.D.; Teel, E.N.; Gautam, R.; Sturgeon, M.; Azimi, P.H.; Baker, C.J.; Bernstein,
D.I.; Boom, J.A.; et al. Rotavirus Strain Trends During the Postlicensure Vaccine Era: United States, 2008–2013. J. Infect. Dis. 2016,
214, 732–738. [CrossRef]

62. Arnold, M.; Patton, J.T.; McDonald, S.M. Culturing, storage, and quantification of rotaviruses. Curr. Protoc. Microbiol. 2009, Unit
15.C.3, 15C.3.1–15C.3.24. [CrossRef]

63. Matthijnssens, J.; Ciarlet, M.; Heiman, E.; Arijs, I.; Delbeke, T.; McDonald, S.M.; Palombo, E.A.; Iturriza-Gomara, M.; Maes, P.;
Patton, J.T.; et al. Full genome-based classification of rotaviruses reveals a common origin between human Wa-Like and porcine
rotavirus strains and human DS-1-like and bovine rotavirus strains. J. Virol. 2008, 82, 3204–3219. [CrossRef] [PubMed]

64. Ward, R.L.; Bernstein, D.I. Rotarix: A rotavirus vaccine for the world. Clin. Infect. Dis. 2009, 48, 222–228. [CrossRef] [PubMed]
65. Kim, I.S.; Trask, S.D.; Babyonyshev, M.; Dormitzer, P.R.; Harrison, S.C. Effect of mutations in VP5 hydrophobic loops on rotavirus

cell entry. J. Virol. 2010, 84, 6200–6207. [CrossRef]
66. Gozalbo-Rovira, R.; Ciges-Tomas, J.R.; Vila-Vicent, S.; Buesa, J.; Santiso-Bellón, C.; Monedero, V.; Yebra, M.J.; Marina, A.;

Rodríguez-Díaz, J. Unraveling the role of the secretor antigen in human rotavirus attachment to histo-blood group antigens. PLoS
Pathog. 2019, 15, e1007865. [CrossRef] [PubMed]

67. Sun, X.; Li, D.; Duan, Z. Structural Basis of Glycan Recognition of Rotavirus. Front. Mol. Biosci. 2021, 8, 658029. [CrossRef]
[PubMed]

68. Hu, L.; Sankaran, B.; Laucirica, D.R.; Patil, K.; Salmen, W.; Ferreon, A.C.M.; Tsoi, P.S.; Lasanajak, Y.; Smith, D.F.; Ramani, S.; et al.
Glycan recognition in globally dominant human rotaviruses. Nat. Commun. 2018, 9, 2631. [CrossRef]

69. Xu, S.; Ahmed, L.U.; Stuckert, M.R.; McGinnis, K.R.; Liu, Y.; Tan, M.; Huang, P.; Zhong, W.; Zhao, D.; Jiang, X.; et al. Molecular
basis of P[II] major human rotavirus VP8* domain recognition of histo-blood group antigens. PLoS Pathog. 2020, 16, e1008386.
[CrossRef]

70. LaMonica, R.; Kocer, S.S.; Nazarova, J.; Dowling, W.; Geimonen, E.; Shaw, R.D.; Mackow, E.R. VP4 differentially regulates TRAF2
signaling, disengaging JNK activation while directing NF-kappa B to effect rotavirus-specific cellular responses. J. Biol. Chem.
2001, 276, 19889–19896. [CrossRef]

71. Hamajima, R.; Lusiany, T.; Minami, S.; Nouda, R.; Nurdin, J.A.; Yamasaki, M.; Kobayashi, N.; Kanai, Y.; Kobayashi, T. A reverse
genetics system for human rotavirus G2P[4]. J. Gen. Virol. 2022, 103, 001816. [CrossRef]

72. Kawagishi, T.; Nurdin, J.A.; Onishi, M.; Nouda, R.; Kanai, Y.; Tajima, T.; Ushijima, H.; Kobayashi, T. Reverse Genetics System for
a Human Group A Rotavirus. J. Virol. 2020, 94, e00963-19. [CrossRef] [PubMed]

73. Sánchez-Tacuba, L.; Feng, N.; Meade, N.J.; Mellits, K.H.; Jaïs, P.H.; Yasukawa, L.L.; Resch, T.K.; Jiang, B.; López, S.; Ding, S.; et al.
An Optimized Reverse Genetics System Suitable for Efficient Recovery of Simian, Human, and Murine-Like Rotaviruses. J. Virol.
2020, 94, e01294-20. [CrossRef] [PubMed]

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.

252



Citation: Lu, C.; Li, Y.; Chen, R.; Hu,

X.; Leng, Q.; Song, X.; Lin, X.; Ye, J.;

Wang, J.; Li, J.; et al. Safety,

Immunogenicity, and Mechanism of a

Rotavirus mRNA-LNP Vaccine in

Mice. Viruses 2024, 16, 211. https://

doi.org/10.3390/v16020211

Academic Editors: Ulrich

Desselberger and John T. Patton

Received: 16 December 2023

Revised: 22 January 2024

Accepted: 22 January 2024

Published: 31 January 2024

Copyright: © 2024 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/).

viruses

Article

Safety, Immunogenicity, and Mechanism of a Rotavirus
mRNA-LNP Vaccine in Mice

Chenxing Lu †, Yan Li †, Rong Chen, Xiaoqing Hu, Qingmei Leng, Xiaopeng Song, Xiaochen Lin, Jun Ye,

Jinlan Wang, Jinmei Li, Lida Yao, Xianqiong Tang, Xiangjun Kuang, Guangming Zhang, Maosheng Sun,

Yan Zhou *,‡ and Hongjun Li *,‡

Institute of Medical Biology, Chinese Academy of Medical Science & Peking Union Medical College, Yunnan Key
Laboratory of Vaccine Research and Development on Severe Infectious Disease, Kunming 650118, China;
luchenxing@student.pumc.edu.cn (C.L.); yjlz2314@163.com (Y.L.); chenrong@imbcams.com.cn (R.C.);
huxiaoqing@imbcams.com.cn (X.H.); lqm212855240@163.com (Q.L.); igtheshy131@gmail.com (X.S.);
linxiaochen@imbcams.com.cn (X.L.); yejun@imbcams.com.cn (J.Y.); lanlingyu@student.pumc.edu.cn (J.W.);
lijinmei917@163.com (J.L.); adayao0926@163.com (L.Y.); tangxq8859@163.com (X.T.);
kuangxiangjun@imbcams.com.cn (X.K.); zhangguangming@imbcams.com.cn (G.Z.);
sunmaosheng@imbcams.com.cn (M.S.)
* Correspondence: zhouxiaobao_850@163.com (Y.Z.); lihongjun@imbcams.com.cn (H.L.);

Tel.: +86-13888340684 (Y.Z.); +86-13888918945 (H.L.)
† These authors contributed equally to this work.
‡ These authors contributed equally to this work.

Abstract: Rotaviruses (RVs) are a major cause of diarrhea in young children worldwide. The currently
available and licensed vaccines contain live attenuated RVs. Optimization of live attenuated RV
vaccines or developing non-replicating RV (e.g., mRNA) vaccines is crucial for reducing the morbidity
and mortality from RV infections. Herein, a nucleoside-modified mRNA vaccine encapsulated in
lipid nanoparticles (LNP) and encoding the VP7 protein from the G1 type of RV was developed. The
5′ untranslated region of an isolated human RV was utilized for the mRNA vaccine. After undergoing
quality inspection, the VP7-mRNA vaccine was injected by subcutaneous or intramuscular routes into
mice. Mice received three injections in 21 d intervals. IgG antibodies, neutralizing antibodies, cellular
immunity, and gene expression from peripheral blood mononuclear cells were evaluated. Significant
differences in levels of IgG antibodies were not observed in groups with adjuvant but were observed
in groups without adjuvant. The vaccine without adjuvant induced the highest antibody titers
after intramuscular injection. The vaccine elicited a potent antiviral immune response characterized
by antiviral clusters of differentiation CD8+ T cells. VP7-mRNA induced interferon-γ secretion to
mediate cellular immune responses. Chemokine-mediated signaling pathways and immune response
were activated by VP7-mRNA vaccine injection. The mRNA LNP vaccine will require testing for
protective efficacy, and it is an option for preventing rotavirus infection.

Keywords: rotavirus; mRNA vaccine; structural protein VP7; lipid nanoparticles; neutralizing antibody

1. Introduction

Rotaviruses (RVs) are classified as a genus in the family of Reoviridae. RVs are a major
cause of diarrhea in young children worldwide [1]. Each year, infection by RVs results
in ~114 million cases of acute gastroenteritis in children under 5 years of age. Diarrhea
due to RV infection accounts for 5% of all global deaths in this age group, leading to
~200,000 infant fatalities [2,3]. Specific treatment is lacking, but vaccination is an effective
means of preventing RV infection and the resulting gastroenteritis.

Seven live RV vaccines are in use: Rotarix (G1P [8]) [4]; RotaTeq (G1P [5], G2P [5],
G3P [5], G4P [5], G6P [8]) [5]; Rotavac (G9P [11]) [6]; ROTASIIL (G1P [5], G2P [5], G3P
[5], G4P [5], and G9P [5]) [7]; Lanzhou lamb rotavirus vaccine (G10P [12]) [8]; Rotalan
(G2P [12], G3P [2], and G4P [12]) [9]; and Rotavin-M1 (G1P [8]) [7]. These vaccines have
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very important roles in reducing the burden of gastroenteritis caused by RV infection. These
vaccines offer partial protection against infection, but their efficacy varies across different
regions worldwide [10,11]. The risk of intussusception must also be considered [12].
Therefore, further optimization of live attenuated RV vaccines, or development of non-
replicating RV vaccines to replace live attenuated RV vaccines (e.g., inactivated vaccines,
recombinant subunit vaccines) is of great importance to further reduce the morbidity and
mortality caused by RV infection.

Messenger (m)RNA vaccines are the third generation of nucleic acid vaccines after
traditional (inactivated, live attenuated) vaccines and new (subunit, viral vector) vaccines.
By introducing mRNA encoding one or more target antigenic proteins into the cytoplasm of
host cells, antigenic proteins are expressed in host cells and then presented to the immune
system of the host. This action activates the immune system to produce antibodies. This
strategy has attracted extensive attention and research [13,14] due to its short development
cycle, easy industrialization, simple and controllable production process, easy response to
new variants, and better induction of humoral immunity and cellular immunity. Hence,
vaccines based on the mRNA of viruses, bacteria, parasites, and tumor cells are being
investigated [15].

In the early days of the COVID-19 outbreak, two mRNA vaccines of the novel coro-
navirus achieved great success, so mRNA vaccine technology has received widespread
attention [16,17]. Research and development of mRNA vaccines are active worldwide, with
the focus on treatment of infectious diseases and cancer [18]. In addition to severe acute
respiratory syndrome coronavirus-2, mRNA technology is being used to create vaccines
for influenza viruses [19], Zika virus [20], human immunodeficiency virus [21–24], respi-
ratory syncytial virus [25], herpes simplex virus [26], varicella zoster virus [27], human
cytomegalovirus [28], rabies virus [29], and Dengue virus [30]. A recent study showed
that monovalent and trivalent LS-P2-VP8* induced superior humoral responses to P2-
VP8* in guinea pigs, with encouraging responses detected against the most prevalent P
genotypes [31].

RV is an unenveloped double-stranded RNA virus. The genome comprises 11 seg-
mented double-stranded RNAs that encode six structural proteins (VP1–VP7) and six
non-structural proteins (NSP1–NSP6) [32–34]. The VP7 protein, encoded by the structural
gene VP7, along with the structural protein VP4, constitutes the outermost layer of the
RV structure. VP7 and VP4, two capsid proteins, harbor neutralizing epitopes and have
vital roles in invading and infecting target cells [35]. Consequently, they are utilized fre-
quently as candidates for genetically engineered RV vaccines [36]. Glycoprotein VP7 is a
structurally neutralizing antigen of RVs that can elicit the production of immunoglobulin
(Ig)G antibodies, which are associated with protection afforded by the immune system [37].

Herein, we assessed the immunogenicity of an mRNA vaccine for RVs. Our approach
involved creating an mRNA vaccine with an encoded G1P [8] RV VP7 protein and envelop-
ing it in lipid nanoparticles (LNP). Subsequently, mice were immunized with doses (2, 5,
or 10 μg) through intramuscular (IM) or subcutaneous (SC) routes. Finally, humoral and
cellular immunity were assessed following three immunizations. The VP7 mRNA vaccine
could elicit production of RV-specific antibodies and activate T-cell immune responses. The
mRNA LNP vaccine will require testing for protective efficacy.

2. Materials and Methods

2.1. Ethical Approval of the Study Protocol

The experimental protocol was approved (DWLL202208007) by the Experimental
Animal Welfare Ethics Committee of the Institute of Medical Biology within the Chinese
Academy of Medical Sciences (Beijing, China). Bodyweight and temperature were moni-
tored daily. Animals exhibiting significant reductions in these parameters (as well as other
severe health issues) were killed humanely to enable sample collection.
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2.2. Cells and Viruses

The virus named “ZTR-68-A” (G1P [8]) was obtained from a child suffering from
diarrhea in Yunnan Province (China). ZTR-68-A (G1P [8]) was preserved by the Molecular
Biology Laboratory in the Institute of Medical Biology within the Chinese Academy of
Medical Sciences. HEK293 cells were obtained from OBIO Technology (Shanghai, China).
MA104 cells were stored in the Laboratory of Molecular Biology, Institute of Medical
Biology, Chinese Academy of Medical Sciences (Kunming, China).

2.3. Generation of mRNA and mRNA-LNP

Wild-type rotaviral VP7 (GenBank: JX509940.1) was synthesized by Integrated DNA
Technologies (Coralville, IA, USA) and constructed in the pUC57-Kan-SapI-free vector by
Genscript Biotech (Piscataway, NJ, USA). The construct contained a T7 promoter site for
in vitro transcription of mRNA, a 5′ untranslated region (UTR) derived from rotavirus,
a full-length sequence of VP7 CDS, a 3′UTR derived from human β-globin [38,39], and
a poly A tail with 115 nucleosides. The plasmid was extracted and linearized using
BspQI enzyme (DD4302; Vazyme, Nanjing, China). After completion, DNA magnetic
beads (N411; Vazyme) were used for purification. RNA was amplified using the T7 High
Yield RNA Transcription Kit (N1-Me-Pseudo UTP) (DD4202; Vazyme). RNA magnetic
beads (N412; Vazyme) were used to purify IVT production. Then, the mRNA was capped
with Vaccinia Capping Enzyme (DD4109; Vazyme) and 2’-O-Methyltransferase (DD4110;
Vazyme). Subsequently, mRNA was purified using RNA magnetic beads (N412; Vazyme)
and dissolved in RNase-free water. The mRNA concentration was determined using an
ultra-micro-spectrophotometer (Thermo Fisher Technologies, Waltham, MA, USA). After
purification, mRNA was stored at −80 ◦C until use.

After determining the expression effect of VP7, the capped and purified mRNA was di-
luted with 50 mmol/L sodium acetate buffer (pH5.5) to 200 ng/μL, and then LNP-wrapped.
LNP’s components can be divided into ionizable lipid, DSPC, cholesterol and polyethylene
glycol-lipid (AVT, Shanghai, China). The preparation method is to dissolve the above
four lipid components in anhydrous ethanol according to a molar ratio of 50:10:38.5:1.5 and
then form LNP after blowing and mixing. mRNA-LNP was obtained using a microfluidic
mixer (INano™L; Apenzy Biosciences, Shrewsbury, MA, USA) to complete the process, and
the flow rate ratio of LNP and mRNA was 1:3. Meanwhile, empty LNP was also included
as a control. The obtained mRNA-LNP vaccine was diluted 100 times with Tris-HCL
buffer (PH7.5), and then the vaccine was concentrated to the original volume using an
ultrafiltration tube (100 K) to complete the replacement of anhydrous ethanol. Finally, the
preparation was passed through a 0.22 μm filter and stored at 4 ◦C until use. The size and
potential of LNP were analyzed with a laser particle-size analyzer (Malvern Instruments,
Malvern, UK). A RiboGreen® assay (Thermo Fisher Technologies) was employed to deter-
mine the encapsulation and concentration of mRNA. Transmission electron microscopy
(JEM-1200EX, JEOL, Tokyo, Japan) was used to observe the morphology and size of LNP.

2.4. Transfection and Viral Protein Expression

mRNA was transfected into HEK293 cells using a transfection reagent (jetMESSEN-
GER™; PolyPlus, Brant, France). After 24 h, total cell protein and whole-cell supernatants
were collected. Each lysate sample underwent sodium dodecyl sulfate–polyacrylamide
gel electrophoresis on 10% gels using TRIS-HCl. Then, proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes, which were enclosed in TBST (Tris-buffered
saline containing Tween 20) solution with 5% skimmed milk. PVDF membranes were
treated with primary (rabbit anti-VP7) antibody, followed by addition of a secondary an-
tibody (horseradish peroxidase-coupled goat anti-rabbit IgG; Abcam, Cambridge, UK),
followed by incubation for 1 h at room temperature. After washing, treated PVDF mem-
branes were exposed to a highly sensitive luminescence solution (PK10003; Proteintech,
Chicago, IL, USA) and imaged using an electrochemiluminescence system (Thermo Fisher
Scientific, Waltham, MA, USA).
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2.5. Mouse Experiments

Vaccines were mixed with/without an equal volume of aluminum hydroxide. Then,
vaccines were injected in female Balb/c mice aged 6–8 weeks. Mice were divided into three
groups: IM injection with adjuvant (group A); SC injection with adjuvant (group B); and IM
injection without adjuvant (group C). Each group had dosage subgroups of 2, 5 and 10 μg.
Subgroups were named with their group number–injection method–dose. In the three
vaccine groups, sera were collected at days 0, 20, 41, and 56 to evaluate the immunogenicity
of the vaccine. The immunization scheme is shown in Figure 1.

 

Figure 1. Vaccine characterization and immunization strategy. (A) Model of vaccine construction.
(B) Detection of mRNA expression after transfection of Cap-mRNA to HEK293 cells by Western
blotting; β-Actin was used as an internal reference. (C) Particle size detection with a Malvin laser
granmeter. (D) Electric potential of the mRNA-LNP. (E,F) Shape of mRNA-LNP particles observed
by transmission electron microscopy. The scale of (E,F) are 500 nm and 200 nm, respectively. (G) Per-
centage encapsulation of the encapsulated vaccine. Data are represented as mean ± SD. (H) PDI of
the encapsulated vaccine. Data are represented as mean ± SD. (I) Schedule of immunization with the
VP7-mRNA vaccine and blood collection. Mice were divided into three groups: IM injection with
adjuvant; SC injection with adjuvant; and IM injection without adjuvant. Each group had a dosage
subgroup of 2, 5 and 10 μg. The immunization procedure was three doses with an interval of 21 days,
and the spleen was removed 14 days after the final immunization.

2.6. Detection of IgG Antibody and Neutralizing Antibody

For IgG antibodies’ detection, the RV concentrate was added to an enzyme-linked
immunosorbent assay-coated solution (C1050; Solarbio, Beijing, China) at a ratio of 1:100.
Next, the mixture was coated onto a 96-well plate (Corning, NY, USA) with a flat bottom
at a volume of 100 μL per well. The plate was kept overnight at 4 ◦C and subsequently
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washed and sealed with 3% bovine serum albumin for 1 h. Serum samples were diluted in
buffer and incubated for 1 h at 37 ◦C, followed by five washings. Horseradish peroxidase-
conjugated goat anti-mouse IgG antibody (HA1006; Huabio, Woburn, MA, USA) was
diluted in 3% BSA at 1:20,000 and incubated for 1 h. The plates were evaluated using an
EPOCH microplate reader (BioTek, Winooski, VT, USA) at an absorbance of 450 with a
reference wavelength of 650 nm. If the A450 values of the serum dilution were higher
than 0.105, the IgG/IgA antibody was considered to be positive, while the reciprocal of the
highest positive serum dilution was considered as the IgG/IgA titer.

To detect neutralizing antibodies, sera with different dilutions were mixed with RV
and incubated at 37 ◦C for 2 h. The mixture was then added to a 96-well plate filled with
MA104 cells and incubated at 37 ◦C for 7 days. After freezing and thawing twice, the lysate
was transferred to a 96-well plate coated with RV antibody, incubated at 37 ◦C for 1 h,
then washed with PBST 5 times and added RV enzyme labeled antibody at 1:3000 dilution.
Absorbance was measured by Biotek at 450 nm and 650 nm using an enzyme-labeling
instrument (Biotek).

2.7. Flow Cytometry

The whole blood of mice was collected using collection vessels coated with anticoagu-
lant (heparin sodium). Then, surface markers were stained with CD3ε-PerCP, CD4-APC,
and CD8-PE (Biolegend, San Diego, CA, USA) for 30 min. Next, red blood cell lysate (R1010;
Solarbio) at 3 × volume was added, followed by gentle vortex-mixing or tube inversion.
After cooling on ice for 15 min, centrifugation (450× g, 10 min, 4 ◦C) was undertaken.
The supernatant was discarded and red blood cell lysate (2 × volume) was added. The
mixture was agitated gently and centrifuged (450× g; 10 min, 4 ◦C). The supernatant was
discarded and the cell pellet resuspended with 500 μL cell-staining buffer (420201; Darco,
Syracuse, NY, USA) for analyses on a high-speed flow cytometer (BD LSRFortessa™; BD
Biosciences, Franklin Lakes, NJ, USA). The resulting data were analyzed using FlowJo V10
(BD Biosciences).

Mouse spleens were isolated and ground following strict aseptic procedures. Splenic
lymphocytes were isolated using Mouse Lymphocyte Isolation Solution (7211011; Darko,
Bedford Heights, OH, USA) and fixed with Cyto-Fast Fix/Perm Buffer (426803; Darko)
and CD3ε-PerCP. Surface markers were stained for 30 min using CD4-APC and CD8-PE
(BioLegend). After centrifuging for 350× g, 5 min, 500 μL of cell-staining buffer (420201;
Darco) was added, and the sample was analyzed on a high-speed flow cytometer (BD
LSRFortessa). FlowJo V10 was used for data analyses.

2.8. Enzyme-Linked Immunosorbent Spot (ELISpot)

Spleen lymphocytes (2 million cells/well from immunized mice) were cultured in
96-well plates for measurement of IFN-γ expression using an ELISpot assay kit (3321-
4AST-2; Mabtech, Stockholm, Sweden) following the manufacturer’s instructions. A VP7
peptide (final concentration = 20 μg/mL) was utilized to stimulate specific T-cell responses.
An identical volume of PMA + ionomycin was utilized as a positive control. Spots were
enumerated using an ELISpot reader system (Autoimmun Diagnostika, Strasbourg, France).

2.9. Detection of Cytokines in Serum

After the slide chip had dried completely, the cytokine standard was prepared. Sample
diluent (100 μL) was added to each hole of the chip. The quantitative antibody chip was
incubated on a shaker for 1 h at room temperature before being closed. After cleaning, a
detection antibody was added to each well followed by incubation overnight on a shaker
for 2 h at 4 ◦C. After cleaning, CY3-streptaavin was added to each well and the slide
wrapped in aluminum foil and incubated on a shaker for 1 h at room temperature. After
additional cleaning, fluorescence detection was undertaken using a laser scanner (InnoScan
300 Microarray Scanner; Innopsys, Chicago, IL, USA). Data analyses were carried out using
QAM-CYT-1 (Raybiotech, Norcross, GA, USA).
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2.10. Transcriptome Sequencing of Peripheral Blood Mononuclear Cells (PBMCs)

Samples of PBMC from two groups of mice (mRNA-LNP-immunized and control)
were collected 14 days after the third immunization. Total RNA was extracted using TRIzol®

Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocols. Then,
mRNA libraries were constructed using the VAHTS Universal V6 RNAseq Library Prep
Kit according to manufacturer’s (Vazyme) instructions. Sequencing and analyses of the
transcriptome were conducted by OE Biotech (Shanghai, China). Raw reads in fastq format
were processed using fastp’ (https://github.com/OpenGene/fastp, accessed on 8 April
2020). Low-quality reads were removed to obtain clean reads. Then, ~6.97 million clean
reads for each sample were retained for subsequent analyses. Clean reads were mapped
to the reference genome using HISAT22 (https://github.com/DaehwanKimLab/hisat2,
accessed on 8 June 2017). The fragments per kilobase million (FPKM)3 of each gene
was calculated. The read counts of each gene were obtained by HTSeq-count4 (https:
//github.com/htseq/htseq/blob/main/doc/htseqcount.rst, accessed on 8 October 2023).
Analyses of differential expression were undertaken using DESeq25 (https://github.com/
thelovelab/DESeq2, accessed on 8 October 2023). Q < 0.05 and fold change (FC) > 1.5
or <0.67 were set as thresholds for significantly differentially expressed genes (DEGs).
Based on the hypergeometric distribution, enrichment analyses of DEGs were carried out
based on the Gene Ontology (GO; https://geneontology.org, accessed on 8 October 2023),
Kyoto Encyclopedia of Genes and Genomes (KEGG; www.genome.jp accessed on 8 October
2023), Reactome (https://reactome.org, accessed on 8 October 2023), and WikiPathways
(https://www.wikipathways.org, accessed on 8 October 2023) databases using R 3.2.0
Institute for Statistical Computing (Vienna, Austria).

2.11. Statistical Analyses

Prism 9.0.2.161 (GraphPad, La Jolla, CA, USA) was used for data analyses and map-
ping. Experimental results are expressed as the geometric mean ± standard error. Between-
group differences were analyzed using a two-tailed Student’s t-test or Tukey’s multiple
comparison test. p < 0.05 was considered significant.

3. Results

3.1. Construction, Characterization, and Protein Expression of RV VP7 mRNA-LNP

The plasmid was synthesized according to the design strategy for the mRNA vaccine,
as shown in Figure 1A. The capped products were transfected with 2 μg of vaccine into
HEK293 cells, and mRNA expression was analyzed at the cellular level via Western blotting.
The resulting Cap-mRNA was expressed in cells (Figure 1B). After the Cap-RNA had been
encapsulated with LNP using microfluidic technology, the particle size and potential were
measured and observed under an electron microscope. The particle size of the obtained
LNP-mRNA was ~100 nm (Figure 1C) and the electric potential was ~0 mV (Figure 1D). The
product demonstrated spherical particles with round edges according to TEM (Figure 1E,F).
The percent encapsulation of the vaccine was 91.28% according to the RiboGreen kit
(Figure 1G). Furthermore, the average polydispersity index was < 0.105 (Figure 1H).

3.2. RV mRNA Vaccine Elicited Effective Humoral and Cellular Immune Responses

The serum level of IgG antibody in mice was measured to evaluate the immunogenicity
of the VP7-mRNA vaccine. Sera from mice were collected at days 0, 20, 41, and 56 for
measurement of IgG antibody for the three-dose group. Sera from mice were collected at
days 0, 20, and 35 for measurement of IgG antibody for the two-dose group. A four-fold
increase in the serum IgG antibody titer induced by doses of 2, 5, and 10 μg indicated that
the conversion was 100%. After two immunizations, in group A, the IgG antibody titer
(log2) (GMT) increased in the 2, 5, and 10 μg groups by 8.05, 10.77, and 11.27 (Figure 2A),
whereas in group B it increased by 8.89, 10.62, and 12.56 (Figure 2B), respectively. In
group C, the IgG antibody titer increased by 8.79, 8.59, and 14.18 (Figure 2C). After three
immunizations, in group A, the IgG antibody titer (log2) (GMT) increased in the 2, 5, and
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10 μg groups by 11.23, 12.32, and 11.28; in group B, it increased by 9.21, 10, and 10.91;
and and in group C, it increased by 11.8, 13.59, and 11.55, respectively (Figure 2A,C).
After comparing the three immunization routes, the IgG antibody level was highest in
the intramuscular injection group without adjuvant. There was no statistically significant
difference in the IgG antibody level between the two-dose and three-dose immunization
groups with adjuvant, while there was a statistically significant difference in the two-dose
and three-dose immunization groups without adjuvant (Figure 2D).

Figure 2. The vaccine triggered humoral immune responses in mice. (A) Levels of IgG antibodies that
the vaccine triggers in 2, 5, and 10 μg groups after intramuscular injection with adjuvant. (B) Levels
of IgG antibodies that the vaccine triggers in 2, 5, and 10 μg groups after subcutaneous injection
with adjuvant. (C) Levels of IgG antibodies that the vaccine triggers in 2, 5, and 10 μg groups
by intramuscular injection without adjuvant. (D) The effects of the three immunization routes
were compared in the 10 μg dose group. Data are presented as geometric mean with geometric
SD. Significant differences were determined by a two-way ANOVA (* p < 0.05, ** p < 0.01 and
**** p < 0.0001; ns. indicates not significant).

To explore if the VP7-mRNA vaccine could induce a cellular immune response after
immunization of mice, splenic lymphocytes were collected for flow cytometry and ELISpot
detection. In the group of 5 μg by intramuscular injection without adjuvant, VP7-specific
IFN-γ responses could be elicited according to the ELISpot assay (Figure 3A). A statistical
chart of the number of spots is displayed (Figure 3B). Hence, in the group with 5 μg by
intramuscular injection without adjuvant, the vaccine stimulated a T helper (Th)1 cell
immune response in mouse lymphocytes. In the group of 10 μg by intramuscular injection
without adjuvant, after the third injection, the neutralizing antibody titer (log2) (GMT)
increased by 4.23 (Figure 3C). For the 10 μg group, flow cytometry revealed that the
percentage of CD8+ cells increased after vaccine immunization of mice, which suggested
an increase in the number of CD8+ T cells (Figure 3D–F).
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Figure 3. The vaccine triggered cellular immunity and neutralizing antibodies in mice. (A) In the
group of 5 μg by intramuscular injection without adjuvant, the amount of interferon-γ produced
by splenic lymphocytes in the control group and vaccine group was measured by ELISpot. (B) The
number of spots in the control group and vaccine group was mapped and counted in ELISpot. Data
are represented as mean ± SD. (C) In the group of 10 μg by intramuscular injection without adjuvant,
the vaccine triggered neutralizing antibodies after the third immunization. Data are presented
as geometric mean with geometric SD. Significant differences were determined by an unpaired t
test. (*** p < 0.001). (D) The percentage of CD8+ cells in total spleen lymphocytes in the group of
10 μg by intramuscular injection with adjuvant. (E) The percentage of CD8+ cells in total spleen
lymphocytes in the group of 10 μg by subcutaneous injection with adjuvant and (F) the group of
10μg by intramuscular injection without adjuvant. Data are presented as mean ± SD. Significant
differences were determined by an unpaired t test (* p < 0.05).

3.3. Transcriptome Sequencing of Peripheral Blood Mononuclear Cells (PBMCs)

To investigate the gene expression changes in PBMCs after vaccine injection, tran-
scriptome sequencing on the splenocytes of mice that received 10 μg of the vaccine with-
out adjuvant was performed. Transcriptome sequencing was carried out 14 days after
vaccination. Then, DEGs were identified through FC. The threshold set for genes with
upregulated and downregulated expression was FC ≥ 2.0. Compared with the genes in
the control group, 65 genes had upregulated expression and 200 genes had downregulated
expression after one immunization. The top 10 genes with upregulated expression were
LOC115488350, Nup62cl, Vpreb1, Tspan18, Plxna4os1, Gm36614, Gm39234, Stfa1, and Kcnq4.
The top 10 genes with downregulated expression were Lcn12, 1700122E12Rik, Gm35611,
Gm41061, Amy2a1, Gm34771, Pnlip, Gm41061, Ceacam18, and 4631405J19Rik. Among these
DEGs, LOC115488350 had the highest upregulation after one dose of vaccine, and Lcn12
had the highest downregulation (Figure 4A).
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Figure 4. Changes in gene expression of PBMCs. (A) The differences generated by the comparison
are reflected in the volcano map. Gray shows genes with a non-significant difference in expression.
Red and blue are genes with a significant difference in expression. The horizontal axis is log2 fold
change. The vertical axis is −log10 of the p-value. (B) Analyses of functional enrichment (using the
GO database) of the top 30 genes (based on selection of GO items corresponding to PopHits ≥ 5 in
the three categories and ranking 10 items from largest to smallest according to the corresponding
−log10 p-value of each item).

The DEGs after each immunization were subjected to analyses of functional enrich-
ment using the GO database based on biological process (BP), cellular component (CC),
and molecular function (MF). For BP, the DEGs were enriched mainly in “extracellular
matrix organization”, whereas they were enrieched mainly in “extracellular space” in
CC, and “peptidase activity” in MF (Figure 4B). Enrichment of the signaling pathways
of DEGs was assessed using the KEGG database. DEGs showed enrichment in “immune
system”, “infectious disease: viral”, “signaling molecules and interaction”, and “signal
transduction”. The “immune system” pathway was clustered in four terms: “chemokine
signaling pathway”, “complement and coagulation”, “NOD-like receptor signaling path-
way” and “intestinal immune network for IgA production”. C-C motif chemokine 28 (CCL28;
FC = 2.9), serpin f2 (FC = 10.3), and caspase 12 (FC = 3.0) were involved in the “immune
system” pathway. The “infectious disease: viral” pathway was clustered in three terms:
“hepatitis B”, “human cytomegalovirus infection” and “Kaposi sarcoma-associated herpes
virus infection”. Caspase 12 (FC = 3.0), platelet-derived growth factor receptor a (Pdgfra)
(FC = 9.5), and Cd200r2 (FC = 2.9) were involved in the “infectious disease: viral” pathway
(Figure 5).

3.4. Vaccine Safety

To evaluate the safety of the vaccine, body weight monitoring of mice was performed
after immunization. The weight of the mice was measured once a week. The body weight of
mice in each group did not decrease significantly, and maintained a stable increase (Figure 6).
The results showed that the mice grew normally during immunization. Immunizing mice
with the vaccine did not affect body weight, indicating that the vaccine had no serious
side effects.
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Figure 5. KEGG pathway classification. The horizontal axis is the percentage of the total number of
genes annotated to each pathway (differentially expressed genes (DEGs)) and all genes annotated to
the KEGG database (DEGs). The vertical axis represents the pathway name, and the number on the
right side of the column represents the number of DEGs annotated to this pathway.

Figure 6. Changes in the body weight of mice. Starting at week 0, weight was measured weekly until
the end of week 7. The weight of mice in different dose groups was divided into a (A) 2 μg group,
(B) 5 μg group, and (C) 10 μg group. The weight data are presented in the form of mean ± SD.

4. Discussion

mRNA technology has been utilized to develop vaccines for different infectious dis-
eases. The first mRNA vaccine was created for influenza viruses [40]. Moderna completed
phase I clinical trials using LNP as a carrier for the influenza vaccines H10N8 and H7N9.
This mRNA vaccine prevented and protected against influenza A infection while exhibit-
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ing strong immunogenicity, safety, and tolerance in humans [41]. Meyer and colleagues
administered two mRNA vaccines that encode Ebola virus (EBOV) glycoproteins to guinea
pigs infected with EBOV. Those guinea pigs could produce EBOV glycoprotein-specific IgG
antibodies and EBOV-neutralizing antibodies. These phenomena resulted in all the guinea
pigs infected with EBOV surviving [42]. Roth et al. developed an LNP-modified mRNA
vaccine that encoded the non-structural protein of Dengue virus type I as the target antigen.
Then, they immunized mice with human leukocyte antigen class-I molecules. Virus-specific
CD8+ T cells (which have a crucial protective role) [43] were generated.

RV infection is a significant contributor to diarrhea among infants and young children
worldwide. It accounts for 5% of deaths among children under 5 years of age [2,44]. Live
attenuated RV vaccines can prevent RV infection to a certain extent, but are hampered
by safety issues (e.g., intestinal adverse reactions), efficacy differences between countries
(developed countries have higher efficacy than developing countries), and expenses (e.g.,
problems in cold-chain transportation). Development of RV vaccines faces significant
challenges [45–49]. To further reduce the risk of the morbidity and mortality caused by RV
infection, development of a new RV (e.g., mRNA) vaccine is imperative because it could
supplement the use of live vaccines.

The VP7 protein serves as the structural protein for, and determines the G type of,
RVs. It plays a crucial part in the infection process of RV cells and in the assembly of RV
particles. It also contains several neutralizing epitopes, making it a key neutralizing antigen
for RVs [1]. We developed and formulated a VP7-mRNA vaccine expressing the UTR of
RVs and investigated its immunogenicity in terms of dose response and immune pathway.
Immunization with the VP7-mRNA vaccine (2, 5, or 10 μg) induced a humoral immune
response and cytotoxic T-cell response. Furthermore, adjuvant-free vaccination with 10 μg
of the vaccine resulted in higher IgG antibody levels. The group of mice that did not receive
adjuvant consistently outperformed the group receiving adjuvant. Non-replicating vaccines
primarily activate the innate immune response at the inoculation site, which highlights
the importance of the site and route of inoculation. In the present study, IM injection of
the VP7-mRNA vaccine produced greater stimulation of humoral immunity than that by
SC injection. This effect occurred because of the abundance of antigen-presenting cells
(APCs) in muscle blood vessels. APCs can trigger the immune response rapidly after
capturing the antigen, whereas adipose tissue contains fewer APCs, thereby making IM
injection more effective than SC injection. Furthermore, it has been reported that IM
injection of mRNA-LNP is safer than cortical or intravenous injection for inducing the
production of anti-LNP antibodies. Our ELISpot results indicated that interferon-γ could
be stimulated by the VP7-mRNA vaccine. This vaccine immunization could also stimulate
the proliferation of activated T cells, activate CD4+ T cells to differentiate into Th0 cells,
promote the differentiation of Th0 cells to Th1 cells, and secrete interferon-γ. The amount
of neutralizing antibody is relatively low. In the future, the VP7 sequence and structural
optimization are needed to facilitate the production of more highly neutralizing antibodies.

The total RNA of PBMC samples was extracted for transcriptome sequencing to
explore the gene expression changes in PBMCs after vaccine injection. Among the top
10 DEGs, the protein encoded by Vpreb1 belongs to the Ig superfamily and is expressed
selectively at the early stages of B-cell development in pro-B and early pre-B cells. This
gene encodes the iota polypeptide chain that is associated with the μ chain of the Ig
molecule to form a molecular complex which is expressed on the surface of pre-B cells.
This molecular complex is thought to regulate Ig rearrangements in the early steps of B-cell
differentiation. Immunization by the vaccine can cause changes in levels of chemokines
and immune regulation-related genes. Among them, CCL28 (FC = 2.9) and Pdgfra (FC = 9.5)
have important regulatory roles in triggered immune system- and infectious disease-
related pathways. CCL28 is a β or CC chemokine. The chemokine encoded by this gene
displays chemotactic activity for resting CD4 T cells or CD8 T cells and eosinophils and
IgA production of the intestinal immune network. Pdgfra acts as a cell surface receptor for
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platelet-derived growth factor (PDGF)A, PDGFB, and PDGFC, and has an essential role in
the regulation of embryonic development, cell proliferation, cell survival, and chemotaxis.

5. Conclusions

In conclusion, we designed a novel VP7-mRNA vaccine carrying the viral UTR-
encoded VP7 protein of RV. The mRNA vaccine could express the rotaviral VP7 protein and
induce humoral and cellular immunity by regulating immune system-related genes and
multiple signaling pathways. It is feasible to use VP7 as an immunogen for rotavirus mRNA
design. The protective efficacy of the novel RV candidate vaccine should be determined
before further development. In addition, multivalent and multi-target vaccines also should
be considered.
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Abstract: Rotavirus infection is a leading cause of severe dehydrating gastroenteritis in children
under 5 years of age. Although rotavirus-associated mortality has decreased considerably because of
the introduction of the worldwide rotavirus vaccination, the global burden of rotavirus-associated
gastroenteritis remains high. Current vaccines have a number of disadvantages; therefore, there
is a need for innovative approaches in rotavirus vaccine development. In the current study, a
universal recombinant rotavirus antigen (URRA) for a novel recombinant vaccine candidate against
rotavirus A was obtained and characterised. This antigen included sequences of the VP8* subunit of
rotavirus spike protein VP4. For the URRA, for the first time, two approaches were implemented
simultaneously—the application of a highly conserved neutralising epitope and the use of the
consensus of the extended protein’s fragment. The recognition of URRA by antisera to patient-
derived field rotavirus isolates was proven. Plant virus-based spherical particles (SPs), a novel,
effective and safe adjuvant, considerably enhanced the immunogenicity of the URRA in a mouse
model. Given these facts, a URRA + SPs vaccine candidate is regarded as a prospective basis for a
universal vaccine against rotavirus.

Keywords: rotavirus; rotavirus vaccine; recombinant vaccine; recombinant antigen; structurally
modified plant viruses; tobacco mosaic virus; plant virus adjuvants; spherical particles

1. Introduction

Group A rotaviruses (RVA) remain a leading cause of acute gastroenteritis in young
children and infants throughout the world. Rotavirus infection is responsible for an esti-
mated 258 million episodes of diarrhoea and 130,000 deaths among children under 5 years
of age annually, with a disproportionately high occurrence in low-income countries [1].
The best way to prevent rotavirus infection is vaccination. Since 2006, four attenuated
rotavirus vaccines have been licensed in more than 100 countries worldwide. All these
vaccines are live-attenuated and require an oral route of administration [2]. Two of these
vaccines are used most widely: RotaTeq® (Merck & Co., Rahway, NJ, USA) and Rotarix™
(GlaxoSmithKline, Rixensart, Belgium). RotaTeq® is a live-attenuated pentavalent vaccine
based on human–bovine reassortant rotavirus strains (with antigens G1, G2, G3, G4, and
P[8]). Rotarix™ is a monovalent live-attenuated vaccine based on the human RVA strain
G1P[8]. Both vaccines have been shown to be highly effective in preventing severe ro-
tavirus infection in middle- and high-income countries, but post-licensure studies have
demonstrated that existing vaccines have been far less efficacious in low-income countries,
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where the incidence of rotavirus-associated diarrhoea is already high [3]. Presumably,
this is related to the high titres of maternally-derived antibodies, co-infections with other
enteropathogens, and the greater diversity of rotavirus circulating in these countries [2].
The disadvantages of existing rotavirus vaccines include some serious side effects, such
as intestinal intussusception [4–7], a wide range of contraindications, the risks of chronic
infection [8–10], the reversion of the vaccine strain to a virulent phenotype [11], and the
recombination of the vaccine strain with wild-type strains [12–14]. The latter poses risks of
the emergence of new, more pathogenic rotavirus strains [15]. The extent to which existing
live rotavirus vaccines provide protection against non-vaccine genotypes is currently a
controversial issue. Several studies reported substantial changes in the composition of
circulating RVA strains and an increase in the proportion of heterotypic genotypes in the
post-vaccination era [16,17]. However, it is not yet known whether these changes are due
to the selective pressure of vaccines or natural evolutionary processes [18,19].

The shortcomings of the existing vaccines highlight the need for newer approaches
to rotavirus vaccine development. One of the most promising directions of research in
this field is the creation of non-replicating recombinant vaccines with a parenteral route of
administration. The use of such vaccines avoids the multiplication of the vaccine strain in
the intestine, which minimises the risk of side effects, chronic infection, and reassortment
with wild-type RVA. The advantages of these vaccines also include greater safety and
purity of the preparation [20,21]. For the development of a recombinant RVA vaccine, it is
advisable to use rotavirus structural proteins, which are essential for an effective immune
response. The rotavirus virion is composed of three protein shells—an outer capsid, an
inner capsid, and an internal core—that enclose 11 segments of double-stranded RNA. Two
rotaviral structural proteins of the outer capsid, the spike protein VP4 (protease-cleaved
protein, P), and VP7 (glycosylated protein, G), define both the serotype and the genotype
of rotavirus strains [22] and are considered to be crucial for vaccine development [23,24].
During infection, the VP4 spike protein is cleaved by intestinal trypsin into two subunits:
VP8* and VP5*. Both of them provide a good basis for the development of a recombinant
rotavirus vaccine [25–29]. In particular, it has been shown that a VP8*-induced immune
response is sufficient for disease prevention [30]. However, studies have revealed that such
subunit vaccine candidates generate low cross-reactive immune responses to heterologous
strains of RVA [27]. In an attempt to provide broader protection, multivalent vaccines
based on antigens from several RVA genotypes have been formulated [31], but further
evaluations of efficiency are required to better understand the ability of such vaccines to
provide cross-serotype protection.

Peptides corresponding to the neutralising epitopes of rotavirus antigens are also
being considered as a potential basis for a recombinant vaccine against rotavirus. It is
assumed that the use of peptides that mimic pathogen’s epitopes allows the production
of antibodies against specific regions of antigens, including sites that may be otherwise
inaccessible to the immune system [32,33]. In addition, it is assumed that immunisation
with constructs containing highly conserved epitopes induces the production of cross-
reactive antibodies, which is essential since strain diversity is one of the most fundamental
problems in the development of a vaccine against RVA [34]. Despite such possibilities,
the development of peptide-based vaccines remains limited. This is most likely related to
the poor immunogenic activity of peptides themselves and the lack of effective and safe
adjuvants available for use in humans [32].

The present work is devoted to the development of a novel, broad-spectrum, highly
immunogenic RVA vaccine candidate. A new recombinant rotavirus antigen was designed
as the basis for the vaccine candidate. For this, two methods were combined: the application
of a conserved neutralising epitope and the use of the consensus of the extended protein’s
fragment. The resulting antigen, named URRA (Universal Recombinant Rotavirus Antigen),
consists of a short peptide ep8 corresponding to a neutralising epitope (from 1 to 10 aa
VP8*) highly conserved among RVA strains [34,35] and ΔVP8*, the truncated VP8* subunit
(from 65 to 223 aa of VP8*), obtained using the consensus approach on the base of a wide
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range of RVA isolates of genotype P[8] [28]. The coding sequences of ep8 and ΔVP8*
were designed previously [28]. The potential impact of vaccines’ selective pressure on
RVA strains’ genetic diversity and distribution, the emergence of previously uncommon
RVA strains, and rapid evolutionary changes in the RVA population are all concerns that
are widely discussed [14,16–19,36,37]. Because of this, the current research focused on
the antigenic properties of the URRA protein. The correspondence of URRA to currently
circulating RVA variants was examined using antisera to patient-derived field RVA isolates.

The proposed vaccine candidate contains a special adjuvant, spherical particles (SPs)
obtained from the tobacco mosaic virus (TMV). Previous studies have demonstrated the
properties of TMV SPs as an adjuvant and a platform for the adsorption and stabilisation
of various antigens [38–40]. SPs are also known to be safe in a wide variety of animal
models and biodegradable [41–43]. Here, the immunogenicity of the vaccine candidate was
evaluated in a murine model and compared with the immunogenicity of the individually
formulated URRA. The immunogenicity of SPs was measured separately to estimate the
immune response to the adjuvant. The data obtained show that a vaccine candidate based
on a URRA + SPs composition provides a possible solution to the fundamental challenges
of recombinant RVA vaccine development. Such a vaccine could be a prospective subject
for further research.

2. Materials and Methods

2.1. Expression and Purification of Rotavirus Recombinant Antigen

Escherichia coli strain XL1-Blue was applied for rotavirus recombinant antigen expres-
sion. The cultures were grown in 3 mL of a 2YT medium containing 1.6% (w/v) tryptone,
1% (w/v) yeast extract, 0.5% (w/v) NaCl, and 100 μg/mL of ampicillin at a temperature
of 37 ◦C with shaking at 180 rpm overnight. The cultures were added to 200 mL of 2YT
with the same composition and were grown at 37 ◦C with shaking at 180 rpm for 3 h. After
that, cultures were induced with IPTG to a final concentration of 2 mM and were cultured
for 5 h at 37 ◦C and shaking at 180 rpm. Cell pellets were centrifugated for 10 min at
5000× g (JA-14 rotor, Avanti JXN-30 centrifuge, Beckman Coulter Inc., Brea, CA, USA) at
4 ◦C, then stored at −20 ◦C and subsequently used for chromatographic isolation and the
purification of recombinant protein. Metal affinity chromatography with Ni2+-NTA resin
(Qiagen, Hilden, Germany) under denaturing conditions was applied. For this, sediment
cell pellets were resuspended and lysed in 5 mL of a solution containing 6 M GuHCl and
0.2% (w/v) natrium deoxycholate at 25 ◦C with shaking at 120 rpm for 1 h. The recombinant
protein was eluted from the column according to the manufacturer’s protocol (Qiagen) and
then dialysed against deionised water (for 2 h) and Milli-Q (for 2 h) (Simplicity UV, Merck
Millipore, Darmstadt, Germany) in the ratio 1:250, with hourly water replacement, and
then stored at −20 ◦C.

2.2. Obtaining Sera to Untyped Field Rotavirus Isolate

Serum №1 and Serum №2 were obtained from two corresponding groups of outbreed
CD-1 mice. Each group consisted of 10 individual males aged 6–8 weeks old. Mice were
immunised with RV strains RVV-5 (Serum №1) and RRV-6 (Serum №2). These strains are
stored in the collection of the Rostov Research Institute of Microbiology and Parasitology
(Rostov-On-Don, Russian Federation). The strains were isolated from the material obtained
from children with laboratory-confirmed rotavirus gastroenteritis who were undergoing
hospital treatment in the infectious diseases department of the City Hospital of Rostov-on-
Don. The bacterial and fungal flora-free material was adapted to growth on continuous
mammalian cell cultures VERO and SPEV and purified by high-speed centrifugation.
Both strains were assigned to RVA by PCR and ELISA using appropriate test systems
(manufactured by Vector-Best, Russian Federation; AmpliSens, Russian Federation). Mice
were immunised twice intramuscularly in two pelvic limbs in equal amounts (100 μL in
each limb). No adjuvants were used for the immunisation.
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2.3. Western Blot Analysis

First, an SDS-PAGE with an 8–20% acrylamide linear gradient was performed. Proteins
separated by electrophoresis were then transferred to a PVDF membrane (Invitrogen,
TM, ThermoFisher Scientific, Waltham, MA, USA) using a MINI PROTEAN II (Bio-Rad
Laboratories Inc., USA) transfer system. The membrane was blocked with 5% (w/v) non-fat
dry milk in TTBS (0.01 M Tris-HCl (pH 7.4), 0.15 M NaCl, and 0.05% (v/v) Tween-20). Then,
the membrane was treated with primary mice polyclonal Abs (Serum №1 and Serum №2;
a description is given in Section 2.2 of the “Materials and Methods”) to untyped patient-
derived rotavirus isolates in a 1:500 dilution, and then with secondary Abs to mouse IgG
conjugated with horseradish peroxidase (Jackson Immunoresearch Inc., West Grove, PA,
USA) in a 1:20,000 dilution. WesternBright ECL substrate (Advansta Inc., San Jose, CA,
USA) was applied, and the signal was detected using the ChemiDoc™ XRS documentation
system with Image Lab™ Software Version 6.1 (Bio-Rad Laboratories, Hercules, CA, USA).

2.4. Enzyme-Linked Immunosorbent Assay (ELISA) for Qualitative Assessment of
Protein-Serum Interaction

For the qualitative assessment of the interaction of URRA with Serum №1 and Serum
№2, incubation and washing schedules were consistent with the protocol described by
Kovalenko et al. (2022) [39]. URRA or SPs were used as an antigen for coating a 96-well
plate in concentrations of 10 μg/mL, 50 μg/mL, 100 μg/mL, or 200 μg/mL. Analyses were
conducted in two replicates for each antigen concentration for each serum analysed. Serum
№1 or Serum №2 were used in a dilution of 1:100. Anti-mouse total IgG HRP conjugate
(#ab6728, Abcam, Cambridge, UK) was used in a dilution of 1:10,000.

2.5. TMV Isolation and Spherical Particles Generation

The TMV and the SPs were obtained according to the protocol described by
Trifonova et al. (2015) [44], with some modifications. A TMV solution with a concen-
tration of 2 mg/mL was used for SPs formation. The TMV solution was aliquoted into
1.5 mL polypropylene tubes (Greiner Bio-One GmbH, Frickenhausen, Germany). Aliquots
of 500 μL each were heated to 98 ◦C in a “Termite” thermostat (DNA technology, Moscow,
Russia) and incubated at 98 ◦C for 10 min. After cooling the aliquots at 4 ◦C for 5 min, the
preparations were vortexed and re-incubated at 98 ◦C for 10 min.

2.6. Immunofluorescence Analysis

URRA + SPs or SPs samples formulated in PBS were loaded onto the coverslips coated
with formvar. The loaded samples were incubated for 10 min. Then, the excess of the samples
was removed. Then, the coverslips were dried in the air for 10 min. The resulting coverslips
with the loaded samples were incubated for 1 h with a blocking solution (1% bovine serum
albumin (BSA) and 0.05% Tween-20 in PBS); then, for 1 h with 1:50 dilution of polyclonal anti-
URRA serum obtained from mice immunised with URRA twice with a two-week interval
between immunisations. During the first immunisation, complete Freund’s adjuvant was
applied, while during the second, the incomplete version was used. For controls without
primary antibodies, the coverslips were incubated with a blocking solution for an additional
hour instead. The coverslips were washed three times with a washing solution (0.25% BSA
and 0.05% Tween-20 in PBS) and subsequently incubated for 1 h with Alexa 546 fluorophore-
conjugated secondary antibodies to mouse IgG (Invitrogen, USA; 1:100 dilution in the
blocking solution). After that, the coverslips were washed three times with the washing
solution, once with PBS, and finally rinsed with pure water and dried in air. Immediately
prior to the examination of the samples, the preparations were treated with a photo-protector
1,4-diazabicyclo[2.2.2]octane and studied under an Axiovert 200 M fluorescence microscope
(Carl Zeiss, Oberkochen, Germany) equipped with an ORCAII-ERG2 integrated camera
(Hamamatsu Photonics, Shizuoka, Japan).
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2.7. Immunisation of Mice for the Immunogenicity Studies

To study the immunogenicity of the vaccine candidate and the individually formulated
URRA, four groups of BALB/c mice were used. Each group consisted of 25 individual
females. The non-immunised control was represented by group 1. Group 2 served as
an adjuvant control, and the mice were immunised with SPs and TMV in an amount of
250 μg per dose. Group 3 mice were immunised with individual rotavirus antigen URRA
in an amount of 15 μg per dose. Those in Group 4 were immunised with a URRA + SPs
composition. For this group, one dose contained 15 μg of URRA protein and 250 μg
of SPs; therefore, the ratio of antigen to SPs, by mass, was 15:250. A description of the
immunisation groups and the scheme of the experiment are provided in Section 3.4 of
the “Results”. All samples administered were prepared in PBS. The final volume of one
dose was 260 μL/animal. The mice were immunised intramuscularly in a pelvic limb with
260 μL of the solution. The pelvic limb selected for the immunisation was changed between
the immunisations. Blood collection and euthanasia were carried out by decapitation [45].

2.8. Ethical Statement

The immunogenicity evaluation experiments on mice were approved by the Ethics
Committee of the Sechenov First Moscow State Medical University (Protocol №111 dated
21 October 2022). The experiments for obtaining Serum №1 and Serum №2 were approved
by the Ethics Committee of the Rostov Scientific Research Institute of Microbiology and
Parasitology (Protocol №05/17 dated 23 May 2023).

2.9. Statistical Analysis

The Mann–Whitney Test with the Holm–Bonferroni correction was used for multiple
comparisons. The Mann–Whitney Test was used for a single pairwise comparison. Compari-
son results were considered to be significant with a probability value (p-value) of less than
0.05. Statistical processing of the results and the plotting of graphs were carried out using the
GraphPadPrism 9.1.0 program (GraphPad Software, La Jolla, San Diego, CA, USA).

2.10. Enzyme-Linked Immunosorbent Assay (ELISA) for Titre Measurement

For the measurement of anti-URRA and anti-SPs antibody titres, an ELISA was per-
formed according to the protocol described by Kovalenko et al. (2022) [39]. URRA or SPs
were used as an antigen for coating the 96-well plates with a concentration of 10 μg/mL. All
sera samples collected were titrated in three-fold serial dilutions, starting from 1:30. Anti-
mouse total IgG HRP conjugate (#ab6728, Abcam, Cambridge, UK), anti-mouse IgG1 HRP
conjugate (#ab97240, Abcam, Cambridge, UK), anti-mouse IgG2a HRP conjugate (#ab97245,
Abcam, Cambridge, UK), anti-mouse IgG2b HRP conjugate (#ab97250, Abcam, Cambridge,
UK), or anti-mouse total IgG3 HRP conjugate (#ab97260, Abcam, Cambridge, UK) was used
in a dilution of 1:10,000. The serum titre was defined as the reciprocal of the serum dilution
at which A450 was equal to the mean of the background signal + 3 SD. The background
signal was taken as the mean value obtained from 24 wells for each plate separately, into
which no test serum was added (neither experimental nor non-immune). If the A450 in a
1:30 dilution was below the mean value of the background signal + 3 SD, the serum titre
was considered to be 30. If the sera titre was measured in more than one replicate, the
geometric mean of these values was used for further calculations and presentation.

3. Results

3.1. Designing Universal Recombinant Rotavirus Antigen URRA

A Universal recombinant rotavirus antigen (URRA) was designed for the purpose
of the current research (Figure 1). The amino acid sequence of the URRA is based on the
sequence of the rotavirus VP8* protein (one of two subunits formed following rotavirus
spike protein VP4 cleavage by trypsin). It consists of two parts. The N-terminus of
the protein is represented by a short peptide ep8 corresponding to a linear neutralising
B cell epitope with the sequence 1MASLIYRQLL10 (1–10 aa of VP8*), which is highly
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conserved among the vast majority of RVA strains of all genotypes. The ep8 peptide
sequence is followed by the sequence of the ΔVP8*P[8] towards the C-terminus of the
protein. The ΔVP8*P[8] is the truncated VP8* subunit (65–223 aa of VP8*) obtained using a
consensus approach based on a wide range of RVA isolates of genotype P[8], as described
previously [28]. The C-terminus of the URRA contains a hexahistidine tag-coding sequence.
The estimated molecular weight of the URRA, calculated by amino acid sequence using the
ProtParam EXPaSy proteomics server, Swiss Institute of Bioinformatics, http://expasy.org/
(accessed on 6 February 2024), was 20.397 kDa.

Figure 1. Rotavirus spike protein structure and graphical overview of a URRA. (a) Linear diagram
of rotavirus VP4 spike protein (1–776 aa) showing the location of fragments VP8* (1–232 aa), VP5*
(247–776 aa), ΔVP8* (65–223 aa), epitope ep8 (1–10 aa) (not to scale). VP4 fragment 232–247 aa is being
removed during VP4 in vivo proteolysis. (b) Structural model of the rotavirus VP4 protein trimer
showing fragment ΔVP8* and epitope ep8. The protein VP4 structure was visualised using Mol*,
https://molstar.org/ (accessed on 6 February 2024). based on cryo-electron microscopy data (Protein
Data Bank [PDB]: 6WXE). (c) Schematic representation of the URRA’s structure. (d) The amino acid
sequence of a URRA. All images (a–d) use the following colour code: ΔVP8*, green; epitope ep8, red.

3.2. Interaction of URRA with Antisera to Patient-Derived Field Rotavirus Isolates

The ability of the recombinant rotavirus antigen, URRA, to interact with polyclonal
antisera to untyped patient-derived field rotavirus isolates circulating in the Russian
Federation was evaluated. Serum №1 and Serum №2, described in Section 2.2 of the
“Materials and Methods”, were used for the analyses. The interaction of the URRA with
both antisera was qualitatively assessed by means of an ELISA, as described in Section 2.4
of the “Materials and Methods”, and a Western blot analysis. The results of the ELISA and
Western blot analysis performed using Serum №1 and the ELISA performed using Serum
№2 are presented in Figures 2–4, respectively. For Serum №1, the recognition of the URRA
by the serum was demonstrated by both the ELISA (Figure 2, Table S1) and the Western
blot analysis (Figure 3a, lane 3). For Serum №2, the recognition of the URRA by the serum
was demonstrated by the ELISA (Figure 4, Table S2), but the Western blot analysis did not
reveal any interaction between the antigen and the serum.
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Figure 2. Interaction of URRA with mice antiserum to field rotavirus isolate (Serum №1). The
efficiency of interaction was estimated based on absorbance at wavelength 450 nm (A450), as evaluated
by indirect ELISA. A parallel experiment with SPs as an antigen was performed as a negative control.
Secondary HRP-conjugated antibodies to mouse IgG were used. The analyses were carried out using
four different concentrations of antigen for adsorption on a microplate. Antigen concentrations
are marked on the figure near the corresponding point (10 μg/mL, 50 μg/mL, 100 μg/mL, and
200 μg/mL, respectively). •, geometric means of A450 values for certain antigen concentrations. The
analyses were conducted in two replicates for each antigen concentration. The complete data on A450,
for each replicate and for all analyses, are presented in Table S1.

Figure 3. Interaction of URRA with antiserum to field rotavirus isolate (Serum №1). (a) Western
blot analysis with primary antiserum №1 to field rotavirus isolate (1:500) and secondary HRP-
conjugated antibodies (1:10,000). 1—SPs (negative control), 2—heterologous hexahistidine tag-
containing recombinant protein (negative control), 3—URRA. (b) Electrophoresis analysis in 8–20%
SDS-PAGE, staining by Coomassie G-250. 1—SPs (negative control), 2—heterologous hexahistidine
tag-containing recombinant protein (negative control), 3—URRA, L—protein molecular weight
markers ladder (molecular weights, in kDa, are indicated on the right).
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Figure 4. Interaction of URRA with mice antiserum to field rotavirus isolate (Serum №2). The
efficiency of interaction was estimated based on absorbance at wavelength 450 nm (A450), as evaluated
by indirect ELISA. A parallel experiment with SPs as an antigen was performed as a negative control.
Secondary HRP-conjugated antibodies to mouse IgG were used. The analyses were carried out using
four different concentrations of antigen for adsorption on a microplate. Antigen concentrations
are marked on the figure near the corresponding point (10 μg/mL, 50 μg/mL, 100 μg/mL, and
200 μg/mL, respectively). •, geometric means of A450 values for certain antigen concentrations. The
analyses were conducted in two replicates for each antigen concentration. The complete data on A450,
for each replicate and for all analyses, are presented in Table S2.

3.3. The Adsorption of URRA to SPs

In this study, the authors propose the use of spherical particles (SPs), obtained from
the tobacco mosaic virus through heat treatment, as an adjuvant for the URRA in a vaccine
candidate formulation. The ability of the URRA to form composition with SPs by adsorbing
to their surface was examined by indirect immunofluorescence analysis (Figure 5. Negative
controls are presented in Figure S1). The URRA:SPs mass ratio within the composition was
15:250. The results obtained demonstrated that the URRA was able to effectively adsorb
to SPs. The presence of the fluorescent signal indicates that the rotavirus antigen URRA
maintains its antigenic properties while being adsorbed to SPs.

3.4. The Immunogenicity of Individual URRA and of a Vaccine Candidate (URRA + SPs)

The immunisation of the mice was carried out to evaluate the immunogenicity of
the vaccine candidate and the impact of SPs on the immunogenicity of the URRA. The
immunisation schedule and a brief description of the groups of mice are presented in
Figure 6. Four groups of mice, each consisting of 25 animals, were used in the experiment.
Group 1 was not immunised and served as a control group. Groups 2, 3, and 4 were
immunised with SPs (which served as an adjuvant control), URRA, or the URRA + SPs
composition, respectively. For all groups, ten mice were immunised once, and blood was
collected on the 21st day after immunisation; 15 mice were immunised twice, with a 21 day
interval between immunisations, and the blood was collected on the 42nd day after the
second immunisation.
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Figure 5. Immunofluorescence analysis of the URRA + SPs composition. (a,b) are the same image,
presented in fluorescence and phase contrast modes, respectively. The URRA + SPs composition was
obtained in PBS. The URRA:SPs mass ratio within the composition was 15:250. The URRA + SPs
composition was treated with polyclonal mouse anti-URRA serum, obtained using Freund’s adjuvants
and secondary antibodies conjugated to Alexa Fluor® 546. Scale bars, 5 μm. Negative controls are
presented in Figure S1.

Figure 6. Immunisation schedule and description of mice groups involved in the experiment to
evaluate the immunogenicity of URRA individually and in composition with spherical particles (SPs).
The control group (group 1) was not immunised. Other mice groups were immunised intramuscularly.
Ten mice in each group were immunised once, and 15 mice were immunised twice, with a 21-day
interval between immunisations. Mice in group 2 were immunised with 250 μg of SPs, in group 3
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with 15 μg of URRA, and in group 4 with 250 μg of SPs and 15 μg of URRA. All samples were
administered with PBS in a total volume of 0.26 mL. SPs, spherical particles obtained by the thermal
remodelling of TMV; n, number of mice participating in the corresponding stage of the experiment;
*, in group 4, only 14 mice were involved in the second immunisation, while nine mice were involved
in blood sampling after the second immunisation.

The sera were obtained from all blood samples collected. Total anti-URRA IgG titres
were measured for all sera samples obtained using an ELISA, as described in Section 2.10
of the “Materials and Methods”. The results of the ELISA and statistical analyses carried
out for sera from mice after the first immunisation are presented in Figure 7 (complete
data on titres are presented in Table S3). Those for sera obtained after the second im-
munisation are presented in Figure 8 (complete data on titres are presented in Table S4).
The Wilcoxon–Mann–Whitney Test with the Holm–Bonferroni correction was used for
subsequent comparisons for sera obtained from both once- and twice-immunised mice.
Anti-URRA total IgG titres elicited by the individually formulated URRA (group 3) or
the URRA + SPs composition (group 4, vaccine candidate) were subjected to pairwise
comparison with those in the non-immunised group (group 1). Anti-URRA IgG titres
elicited by the individual URRA and the URRA + SPs composition were compared with
each other to evaluate the impact of SPs on the immunogenicity of the URRA. Finally,
titres from groups immunised with SPs-containing formulations (groups 2 and 4) were also
compared with each other.

Figure 7. Immunogenicity of URRA individually and in composition with spherical particles (SPs)
after the first immunisation. Anti-URRA IgG titres in four groups of mice are presented. The scheme of
the study is presented in Figure 6. Sera titres were evaluated using indirect ELISA. The concentration
of antigen used for adsorption on a microplate was 10 μg/mL. p-values were calculated using the
Wilcoxon–Mann–Whitney Test with the Holm–Bonferroni correction. •, IgG titres of individual
mice; NI, non-immunised group; **, p < 0.01; ****, p < 0.0001; —, median. Error bars represent the
interquartile range. Formulations used for the immunisation of corresponding groups of mice are
marked under the horizontal axis. The complete data on anti-URRA sera titres for corresponding
mice are presented in Table S3.
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Figure 8. Immunogenicity of URRA individually and in composition with spherical particles (SPs)
after the second immunisation. Anti-URRA IgG titres in four groups of mice are presented. The
scheme of the study is presented in Figure 6. Sera titres were evaluated using indirect ELISA.
The concentration of antigen used for adsorption on a microplate was 10 μg/mL. p-values were
calculated using the Wilcoxon–Mann–Whitney Test with the Holm–Bonferroni correction. •, IgG
titres of individual mice; NI, non-immunised group; **, p < 0.01; ****, p < 0.0001; —, median. Error
bars represent the interquartile range. Formulations used for the immunisation of corresponding
groups of mice are marked under the horizontal axis. The complete data on anti-URRA sera titres for
corresponding mice are presented in Table S4.

After the first immunisation (Figure 7, Table S3), of all the pairwise comparisons
conducted, significant differences in anti-URRA IgG titres were revealed between sera from
the group immunised with the URRA + SPs composition (group 4, median titre 4.5 × 102)
and two control groups: the non-immunised group (group 1, median titre 6.94 × 101) and
the group immunised with SPs (group 2, adjuvant control, median titre 6.73 × 101). There
was no significant difference between anti-URRA IgG titres of mice immunised with the
individual antigen URRA (group 3, median titre 1.59 × 102) and either the sera titres of
mice from the non-immunised group (group 1) or those from the group immunised with
the vaccine candidate (group 4).

After the second immunisation (Figure 8, Table S4), the significant difference found in
anti-URRA IgG titres between the non-immunised control group (group 1, median titre
2.05 × 102) and the group immunised with the vaccine candidate (group 4, median titre
2.18 × 104) was again demonstrated. In contrast to sera obtained after the first immunisa-
tion, a significant difference was demonstrated between anti-URRA IgG titres induced by
the URRA (group 3, median titre 1.99 × 103) and those induced by the vaccine candidate,
which were 11 times higher. The significant difference between the groups immunised with
SPs only (group 2, median titre 2.03 × 102) and those immunised with the URRA + SPs
composition was also repeated.
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In the present study, the immunogenicity of the vaccine candidate and the individual
URRA after the second immunisation was assessed not only by total IgG titres but also
separately by IgG1, IgG2a, IgG2b, and IgG3 isotype titres. The ELISA and statistical
analyses were carried out in the same manner as they were for the assessment of total
IgG titres. The results of the ELISA and statistical analyses are presented in Figure 9
(the complete data on anti-URRA IgG1, IgG2a, IgG2b, and IgG3 sera titres are presented
in Tables S5, S6, S7, and S8, respectively). For IgG2a, IgG2b, and IgG3, no significant
differences were revealed between any of the groups compared. Both the individual
URRA (group 3, median titre 1.5 × 103) and the vaccine candidate (group 4, median titre
4.51 × 104) elicited a significant number of anti-URRA IgG1 antibodies, compared with
the non-immunised control group (group 1, median titre 8.65 × 101). The sera IgG1 titres
induced by the vaccine candidate were 30 times higher than those induced by the individual
URRA. The significant difference in anti-URRA IgG1 titres was also revealed between the
group immunised with the vaccine candidate and the group immunised with SPs only
(group 2, median titre 1.46 × 102).

Figure 9. Comparison of anti-URRA IgG isotypes’ (IgG1, IgG2a, IgG2b, IgG3) titres in groups af-
ter the second immunisation. The scheme of the experiment is presented in Figure 6. Sera titres
were evaluated using indirect ELISA. The concentration of antigen used for adsorption on a mi-
croplate was 10 μg/mL. p-values were calculated using the Wilcoxon–Mann–Whitney Test with the
Holm–Bonferroni correction. •, IgG isotype titres of individual mice; NI, non-immunised group;
***, p < 0.001; ****, p < 0.0001; —, median. Formulations used for the immunisation of corresponding
groups of mice are marked under the horizontal axis. The IgG isotypes are marked above the cor-
responding graphs. The complete data on anti-URRA IgG1, IgG2a, IgG2b and IgG3 sera titres are
presented in Tables S5, S6, S7 and S8, respectively.

The ratio of the immune response to an antigen and an adjuvant is an important
characteristic of a vaccine. Thus, the anti-URRA and anti-SPs total IgG titres elicited
after two immunisations with the vaccine candidate were measured with an ELISA and
compared using the Wilcoxon–Mann–Whitney Test. The results are presented in Figure 10
(the complete data on titres are presented in Table S9). It was revealed that the titres of
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anti-URRA IgG (median titre 2.18 × 104) were 14 times higher than those of anti-SPs IgG
(median titre 1.52 × 103).

Figure 10. Comparison of anti-URRA and anti-SPs immune responses induced by the URRA + SPs
composition after the second immunisation. The scheme of the study is presented in Figure 6. Sera
titres were evaluated using indirect ELISA. The concentration of antigen used for adsorption on a
microplate was 10 μg/mL. p-values were calculated using the Wilcoxon–Mann–Whitney Test. •, IgG
titres of individual mice; NI, non-immunised group; **, p < 0.01; —, median. Error bars represent the
interquartile range. The complete data on anti-SPs sera titres for corresponding mice are presented in
Table S9.

4. Discussion

In the present work, a recombinant rotavirus A (RVA) antigen was developed based
on the VP8* subunit of the VP4 spike protein. VP4 is one of the components of the rotavirus
capsid’s outer layer. During infection, VP4 is cleaved by intestinal trypsin into two subunits,
VP8* and VP5*, which are rotavirus antigens containing various neutralising epitopes. Here,
to obtain a universal RVA antigen URRA, two approaches were combined—the application
of the extended protein’s fragment and the use of a conserved neutralising epitope. Thus,
the antigen URRA is composed of two parts. The larger part is ΔVP8*P[8], the truncated
VP8* subunit (65–223 aa of VP8*) obtained using a consensus approach on the base of
a wide range of RVA isolates of genotype P[8]. The coding sequence of ΔVP8*P[8] was
designed as described previously [28]. The consensus sequence of ΔVP8*P[8] represents
the “spike head”, the concanavalin-like domain of the VP8* subunit, and contains 159
amino acid residues. Both VP8* and its truncated forms are known to be highly immuno-
genic and stimulate the production of virus-neutralising antibodies, which makes VP8* a
promising basis for a vaccine candidate against RVA [27,31]. One of the most advanced
developments in this area is the trivalent subunit vaccine P2-VP8* [31]. It consists of a
truncated VP8* segment (65–223 aa) of the three most common RVA genotypes—P[8], P[4],
and P[6]—fused to the Th2 epitope of the tetanus toxoid to enhance immunogenicity. This
vaccine candidate has successfully passed phase 1 and 2 clinical trials and is currently in
phase 3 (ClinicalTrials.gov NCT04010488). The vaccine candidate P2-VP8* was shown to
induce a high immune response and elicit the production of neutralising antibodies to the
P[4], P[6], and P[8] genotypes of RVA strains [31]. At the same time, 58 P-genotypes of

279



Viruses 2024, 16, 438

rotavirus have already been described in humans and animals worldwide [46], and more
research is required to evaluate the ability of subunit vaccines to provide sufficiently broad
cross-serotype protection. A promising approach to extending the vaccine’s protection
is the application of short peptides that mimic neutralising epitopes, highly conserved
among a wide range of RVA strains. For this reason, the lesser, N-terminal part of the
URRA is represented by the short peptide ep8 corresponding to a linear neutralising B-cell
epitope with the sequence 1MASLIYRQLL10 (1–10 aa of VP8*) [34,35], which is highly
conserved among the vast majority of RV strains of all genotypes. The sequence of ep8 was
obtained as described previously [28]. Peptide vaccines are supposed to induce specific
immune responses to pathogens’ neutralising epitopes, including those epitopes that are
otherwise inaccessible to the immune system. Conversely, owing to the relatively small size
of peptides, they are often weakly immunogenic and, therefore, require carrier platforms
for delivery and adjuvating [32,33]. In the study by Kovacs-Nolan et al. (2006), the immuno-
genicity of a peptide with the sequence 1MASLIYRQLL10 (1–10 aa VP8*) was evaluated in
an animal model [34]. The peptide was covalently linked to a thioredoxin carrier protein
fused with the P2 epitope of the tetanus toxin in order to boost immunogenicity. The
authors of this paper believe that immunisation with such constructs has the potential to
induce broad-spectrum immunity against multiple serological variants of RVA.

The global introduction of rotavirus vaccines has resulted in a considerable reduction
in rotavirus-related deaths and hospitalisations. However, recent studies revealed changes
in the composition of circulating RVA strains and the emergence of previously uncommon
rotavirus strains after the introduction of the vaccines [14,16,17,47]. This may be due to
either vaccine selective pressure or natural evolutionary processes [18,19]. One way or
another, this situation raises concerns and highlights the necessity to focus on currently
relevant RVA strains when developing a new vaccine. For this reason, the authors decided
to examine the antigenic specificity of the URRA protein using polyclonal antisera (Serum
№1 and Serum №2) to patient-derived field RVA isolates currently circulating in the Russian
Federation. The possibility of the URRA interacting with these sera was proven using
the Western blot and indirect ELISA analyses. In the ELISA assay, Serum №1 interacted
effectively with the URRA (Figure 2). The Western blot analysis performed with Serum
№1 also revealed the recognition of the URRA (Figure 3a, lane 3). Thus, the results of
the Western blot and ELISA analyses with Serum №1 coincided, revealing that the URRA
corresponds to a relevant RVA field isolate. Serum №2 interacted effectively with the URRA
in the ELISA assay (Figure 4). However, no recognition of the antigen in the Western
blot analysis was observed. In this case, the results of the Western blot analysis and
ELISA are contradictory. This may be explained by the fact that Serum №2 recognised some
conformational epitopes in the URRA, which are well-preserved under the native conditions
of an ELISA but are not preserved under the denaturing conditions of the Western blot
analysis. Certainly, the authors’ assumption requires further research. Nevertheless, it is
concluded that the results of the experiments indicate the ability of the URRA to interact
with both antisera and currently circulating field RVA isolates.

The authors proposed a vaccine candidate, URRA + SPs, that represents the com-
position of URRA and spherical particles (SPs) generated by the thermally-induced rear-
rangement of the tobacco mosaic virus (TMV). Previous studies have demonstrated the
properties of TMV SPs as a prospective safe and biodegradable adjuvant and a platform
for the adsorption and stabilisation of various antigens [38–44]. To examine the antigenic
properties of the URRA in the URRA + SPs composition, immunofluorescence analysis with
primary polyclonal sera to the URRA was carried out, revealing that the URRA adsorbs ef-
fectively to SPs while maintaining antigenic specificity. This suggests that SPs could be used
as a platform for the URRA-based vaccine candidate. The immunogenicity of the vaccine
candidate was evaluated and compared with the immunogenicity of the individual URRA.
The experiments were carried out in mice. After the first immunisation, the anti-URRA total
IgG titres induced by the URRA + SPs composition were significantly higher than the titres
elicited in control groups. In contrast, the differences between anti-URRA IgG titres elicited
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by individual URRA and the titres elicited in control groups were not significant. This
indicates the low immunogenicity of the URRA by itself and points to the necessity of using
adjuvants in general and SPs as an adjuvant in particular. After the second immunisation,
it was revealed that anti-URRA IgG titres elicited by the URRA + SPs were significantly
higher than those elicited by the URRA individually. This indicates that SPs increase the
immunogenicity of the URRA considerably when co-administered and that SPs could serve
as an appropriate adjuvant for the URRA in the vaccine candidate. Anti-URRA IgG titres
induced by vaccine candidate, URRA + SPs, after the second immunisation were 48 times
higher than anti-URRA titres in the corresponding group after the first immunisation. The
results have revealed that at least double immunisation with the vaccine candidate URRA
+ SPs is required to provide high immunogenicity. Experiments studying the titres of IgG
isotypes separately demonstrated that immune responses to both the vaccine candidate
and individual antigens are mostly represented by the IgG1 isotype. This indicates that SPs
do not alter the polarisation of the immune response to rotavirus antigen URRA. According
to various estimates, a natural RVA infection in mice (EDIM, epizootic diarrhoea of infant
mice) induces an IgG1 predominant [48], or IgG1/IgG2 balanced [49], immune response.

Protein adjuvants and carriers are known to be able to activate a self-immune response.
In the current study, the immunogenicity of SPs was evaluated after double immunisation
with the URRA + SPs vaccine candidate. Total IgG titres to SPs were shown to be 14 times
less than to the URRA after the second immunisation with the URRA + SPs composition.
The prevalence of anti-URRA antibodies confirms the possibility of applying SPs as an
adjuvant for a rotavirus vaccine candidate. These results are consistent with previous
studies on SPs-based vaccines against rubella, COVID-19, and anthrax [38–40]. In all
these cases, IgG titres to SPs were significantly lower than to the antigen of interest. A
possible limitation of using URRA + SPs as a vaccine composition is the immunity to SPs
adjuvant, which is induced during the first immunisation and can potentially reduce the
effectiveness of each subsequent one. Pre-existing immunity to a platform or an adjuvant is
a serious issue in the vaccine research field. However, it is known that the problem with
the effectiveness of booster immunisations does not always arise. Some studies on protein
immunopreparations based on plant viruses demonstrated that pre-existing immunity did
not reduce the effectiveness of such drugs [50,51], or even increased it [52]. In the current
research, a considerable increase in anti-URRA antibody titres was detected after the second
immunisation with the URRA + SPs composition compared to the first immunisation
(Tables S4 and S3, respectively). Presumably, these data indicate that in the case of SPs, the
antibodies to a platform might not affect the effectiveness of further immunisations.

5. Conclusions

In this research, a sequence of the universal recombinant rotavirus antigen, URRA,
was designed based on a wide variety of rotavirus strains, combining two approaches to
achieve the goal of creating an antigen able to provide an effective immune response.

In serological studies, URRA demonstrated consistency with rotavirus strains circulat-
ing in the Russian Federation. This makes this protein a promising basis for a recombinant
rotavirus vaccine. The immunogenicity of the URRA was assessed in individual form
and when combined with spherical particles (SPs) obtained from the tobacco mosaic virus.
Individual URRA was only able to elicit anti-URRA titres after two immunisations. At the
same time, when paired with SPs, the URRA induced a significant immune response, even
after a single immunisation. Moreover, SPs were able to enhance the immunogenicity of
the URRA after two immunisations. Combined with the fact that the immune response to
spherical particles themselves was shown to be significantly lower than that to the rotavirus
antigen, the results obtained indicate that they may be considered an appropriate adjuvant
for the URRA. Therefore, the recombinant rotavirus antigen, URRA, paired with spherical
particles obtained from the tobacco mosaic virus in a 15:250 mass ratio might provide an
elegant solution to the challenge of recombinant rotavirus vaccine development.
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6. Limitations of the Current Study

The present study mainly focuses on the assessment of the immunological properties
of the vaccine candidate, including the ability to interact with the antisera to existing
rotavirus strains and immunogenicity. In this regard, this research has several strengths
and limitations. The main strengths of the study are the demonstrated ability of the
URRA to interact with two patient-derived strains of rotavirus circulating in the Russian
Federation and the detailed analyses of the total IgG and all IgG subclasses titres elicited
after the two-step immunisation of mice with the individual URRA and with a vaccine
candidate. In terms of limitations, first and foremost, the immunogenicity data has to be
additionally supported by the protectiveness assessment, which is the subject of further
investigation. Secondly, comparing the adjuvant effect of SPs on the immunogenicity of
the URRA to the effect of other adjuvants might provide an overall picture for the further
rotavirus vaccine design. Finally, the assessment of IgA titres in the vaccinated mice may
enable us to draw deeper conclusions about the effectiveness of the vaccine candidate.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/v16030438/s1, Figure S1: Controls for immunofluorescence analysis of the
URRA + SPs composition. (a–f) are the same image, presented in fluorescence and phase contrast
modes, respectively. All samples were formulated in PBS. (a,b). The URRA + SPs composition.
URRA:SPs mass ratio within the composition was 15:250. The URRA + SPs composition was only
treated with secondary antibodies conjugated to Alexa Fluor® 546. (c,d). SPs. SPs were treated with
polyclonal mouse anti-URRA serum, obtained using Freund’s adjuvant, and secondary antibodies
conjugated to Alexa Fluor® 546. (e,f). SPs. SPs were only treated with secondary antibodies
conjugated to Alexa Fluor® 546. Scale bars: 5 μm; Table S1: Absorbance at wavelength 450 nm (A450),
evaluated by indirect ELISA performed with mice antiserum to field rotavirus isolate (Serum №1)
and URRA as an antigen. A parallel experiment with SPs antigen was used as a negative control.
The analyses were carried out using four different concentrations of antigen for adsorption on a
microplate (10 μg/mL, 50 μg/mL, 100 μg/mL and 200 μg/mL). The analyses were conducted in
two replicates for each antigen concentration; Table S2: Absorbance at wavelength 450 nm (A450),
evaluated by indirect ELISA performed with mice antiserum to field rotavirus isolate (Serum №2)
and URRA as an antigen. A parallel experiment with SPs antigen was used as a negative control.
The analyses were carried out using four different concentrations of antigen for adsorption on a
microplate (10 μg/mL, 50 μg/mL, 100 μg/mL and 200 μg/mL). The analyses were conducted in
two replicates for each antigen concentration; Table S3: Total IgG titres to URRA in blood sera of
mice after the first immunisation. Groups of mice were immunised with SPs (group 2), URRA
(group 3) and URRA + SPs (group 4). The control group (group 1) was not immunised. The scheme
of the experiment is presented in Figure 6. Sera titres were evaluated using indirect ELISA. The
concentration of antigen used for adsorption on a microplate was 10 μg/mL; Table S4: Total IgG titres
of URRA in blood sera of mice after the second immunisation. Groups of mice were immunised with
SPs (group 2), URRA (group 3) and URRA + SPs (group 4). The control group (group 1) was not
immunised. The scheme of the experiment is presented in Figure 6. Sera titres were evaluated using
indirect ELISA. The concentration of antigen used for adsorption on a microplate was 10 μg/mL;
Table S5: IgG1 titres of URRA in blood sera of mice after the second immunisation. 6 Groups of
mice were immunised with SPs (group 2), URRA (group 3) and URRA + SPs (group 4). The control
group (group 1) was not immunised. The scheme of the experiment is presented in Figure 6. Sera
titres were evaluated using indirect ELISA. The concentration of antigen used for adsorption on a
microplate was 10 μg/mL; Table S6: IgG2a titres of URRA in blood sera of mice after the second
immunisation. Groups of mice were immunised with SPs (group 2), URRA (group 3) and URRA +
SPs (group 4). The control group (group 1) was not immunised. The scheme of the experiment is
presented in Figure 6. Sera titres were evaluated using indirect ELISA. The concentration of antigen
used for adsorption on a microplate was 10 μg/mL; Table S7: IgG2b titres of URRA in blood sera of
mice after the second immunisation. Groups of mice were immunised with SPs (group 2), URRA
(group 3) and URRA + SPs (group 4). The control group (group 1) was not immunised. The scheme
of the experiment is presented in Figure 6. Sera titres were evaluated using indirect ELISA. The
concentration of antigen used for adsorption on a microplate was 10 μg/mL; Table S8: IgG3 titres of
URRA in blood sera of mice after the second immunisation. Groups of mice were immunised with
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SPs (group 2), URRA (group 3) and URRA + SPs (group 4). The control group (group 1) was not
immunised. The scheme of the experiment is presented in Figure 6. Sera titres were evaluated using
indirect ELISA. The concentration of antigen used for adsorption on a microplate was 10 μg/mL;
Table S9: Total IgG titres of SPs and of URRA in blood sera of mice immunised with the URRA + SPs
composition (group 4) after the second immunisation. The scheme of the experiment is presented
in Figure 6. Sera titres were evaluated using indirect ELISA. The concentration of antigen used for
adsorption on a microplate was 10 μg/mL.
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Abstract: Rotavirus infection continues to be a significant public health problem in developing
countries, despite the availability of several vaccines. The efficacy of oral rotavirus vaccines in
young children may be affected by significant immunological differences between individuals in
early life and adults. Therefore, understanding the dynamics of early-life systemic and mucosal
immune responses and the factors that affect them is essential to improve the current rotavirus
vaccines and develop the next generation of mucosal vaccines. This review focuses on the advances in
T-cell development during early life in mice and humans, discussing how immune homeostasis and
response to pathogens is established in this period compared to adults. Finally, the review explores
how this knowledge of early-life T-cell immunity could be utilized to enhance current and novel
rotavirus vaccines.

Keywords: rotavirus; vaccine; T cell; regulatory T cell; early life; layered immunity

1. Introduction

Despite having a very important impact on human health, oral rotavirus (RV) vaccines
need improvement [1], especially in developing countries where they underperform and
where RV diarrhea represents a high burden of disease [2,3]. In these settings, protective
immune responses against pathogens are influenced, amongst other factors, by malnutri-
tion and chronic gut inflammation (associated with microbial dysbiosis) that manifest as
environmental enteric dysfunction (EED). In turn, EED is thought to affect oral vaccine im-
munogenicity and efficacy, and we currently do not have validated EED biomarkers [4–8].
In addition, the heterogeneity in the results of EED studies in children receiving oral RV
vaccines highlights the need for more preclinical animal studies to support clinical re-
search [8]. Oral RV vaccines face an important challenge related to the age of the intended
recipients they must protect (infants and young children). In adult mice, CD8+ T cells are
important in mediating short-term protection against reinfection, while antibodies (whose
production largely depends on CD4+ T-cell help) mediate long-term protection [9]. Thus,
T cells are key players in antiviral protection. Very little is known about immunity and
T-cell responses to RV in early-life mice, particularly in local intestinal responses [10,11],
and recent advances in this area suggest that early-life T cells are different from adult T
cells [12,13]. Here, we will review recent advances in early-life T-cell responses in mice
(a tractable model in which most T-cell studies have been performed) and humans that
may impact the improvement or development of new RV vaccines. We will focus on T cells
expressing the αβ antigen receptor (TCR), both effector and regulatory (Treg) cells, and,
when available, we will highlight specific aspects of mucosal/intestinal T cells in this age
group. We will refer to the neonatal and infant periods in humans, while we will use the
term early life to refer to the neonatal and pre-weaning periods in mice.

Excellent recent reviews on T-cell responses to RV [14], immunity to intestinal viruses
including RV [15], immunity in neonates [16,17], CD8+ T-cell immunity in early life [12],
intestinal immunity in early life [13], and intestinal Treg cells [18] have recently been
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published. Here, we will review recent advances in the three aspects of T-cell development
that are shared by both mice and humans: (a) “Layered immunity” and “neonatal window
of opportunity” theories that aim to explain how immune homeostasis is established in
early life (Figure 1); (b) the critical role of Treg cells to maintain tolerance to dietary and
microbial components; (c) the phenotypic and functional differences in early-life effector
T cells relative to adult cells. We will focus on studies that may have an impact on our
understanding of T-cell responses to RV vaccines.

 

Figure 1. Layered development of CD8+ T cells and CD4+ Treg cells in early-life mice. Many cells
of the immune system appear progressively as layers of cells with distinct functions [19]. A small
fraction of each layer persists in adults [19]. Recently, this has been shown to occur for early-life CD8+

T cells, which express Lyn28b, the master regulator of fetal lymphopoiesis [12]. Particularly, early-life
CD8+ T cells are characterized by bystander activation by innate cytokines and the acquisition of an
effector-like profile. On the other hand, in early life, CD4+ T cells are biased towards the development
of Treg cells that also seem to develop in layers [18]. The first layer of Treg cells to appear seems
to be enriched in Helios+ thymus-derived Treg (tTreg) cells that are mostly selected to mediate
self-tolerance [18]. Between day 10 of life and the moment of weaning (day 21 of life), a second
layer of RORγ+ peripheral Treg (pTreg) cells develops, and they mediate tolerance mostly to gut
bacteria [20]. Figure designed with Biorender.

2. Early-Life T Cells in Mice

2.1. Layered T-Cell Immunity in Early-Life Mice

Neonates and infants suffer more infections compared to adults [13], and have poorer
responses to vaccines [21], suggesting they have an impaired ability to develop long-lasting
protective immunity. Historically, it was assumed that this was due to an “immature”
immune system. However, recent studies suggest that neonates can develop robust im-
mune responses in epithelial barriers to tolerate food antigens, to permit colonization by
commensal microorganisms, or for pathogen elimination. However, early-life T cells have
a lower capacity to generate long-term memory compared to adult T cells [13,22,23]. These
functions adapted to early life are thought to be mediated by multiple populations of
immune cells that appear progressively as layers with different phenotypes and functions
according to the environments and challenges to which they must adapt [17,19,24]. The
existence of layers of immune cells like B cells [25] and γδ T cells [26] has been known for
some time but has only recently become appreciated for αβ TCR CD8+ T cells [12,24] and
Treg cells [18,27] (Figure 1). Although the concept of a specific lineage of early-life CD8+ T
cells is not completely clear [28], in CD8+ T cells (analogous to B cells [25]), the expression
of Lyn28b (the master regulator of fetal lymphopoiesis [29]) is associated with features
of early-life CD8+ T cells in mice [30]. In addition, these cells are prone to respond in a
bystander, non-antigen-specific manner [28]. In humans, Lyn28b was also associated with
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the development of early-life Treg cells [31]. An important feature of the immune cell layers
is that they can persist and modulate the response in adulthood [12]. Thus, intrinsic and
environmental factors that occur in early life determine a “window of opportunity” that
may influence tolerogenic versus effector-type responses that may persist and determine
immune responses in the adult.

2.2. Mouse Treg Cells in Early Life

Early-life CD4+ T cells have a propensity to develop into Treg cells, and these account
for the tolerogenic milieu necessary for self-discrimination and sensing of commensal
microbiota [12,13]. Broadly speaking, two major Treg cell subsets can be identified in mice:
those that develop in the thymus (tTreg) and those that develop in the periphery (pTreg).
These subsets are difficult to differentiate phenotypically. However, tTreg cells mainly
express the transcription factor Helios, while pTreg cells express the transcription factor
RORγ [18]. RORγ+ Treg cells are strongly modulated by gut bacteria, mediate tolerance to
commensals, are partially dependent on FoxP3, and are predominant in the colon relative
to the small intestine. In contrast, Helios+ Treg cells require FoxP3, are not modulated by
microorganisms, and are dominant in the small intestine [18]. The following three phases
of early-life tolerance induction and development of Treg cells have been proposed [20]:

1. Neonatal phase (from 0 to 10 days of life): During this period, gut antigens and
bacteria are poorly translocated into the small intestine or colon, and the development
of self-tolerance probably relies on tTreg cells. Thymectomy performed during the first
2–3 days of life (but not later) in mice leads to overt multi-organ autoimmunity [27]. Self-
tolerance generated at this period is mediated by a subset of Treg cells that develop in the
thymus and remain in adult mice [18,27]. These Treg cells have a distinct transcriptome,
activation profile, and TCR repertoire compared to adult cells [27]. Moreover, they may also
play an active role in suppressing effector responses to pathogens such as herpes simplex
virus more efficiently than adult Tregs [32].

2. The pre-weaning period (from 10 to 21 days of life), during which, bacteria and
luminal antigens transiently traverse the intestinal epithelium. In this phase, pTreg cells
(RORγ+) begin to generate, and they are responsible for tolerance to gut bacteria [20]. If
bacteria are not encountered during this period, antigen-specific effector responses will
occur in inflammatory settings [20]. During the pre-weaning period, the generation of
Treg cells that mediate tolerance to the microbiota is influenced by coordinated internal
and external factors in the mouse pup. The principal external factor is maternal milk:
during this period, maternal milk decreases the concentration of epidermal growth factor
that indirectly regulates the capacity of bacteria to traverse the colon and induce pTreg
cells [20,33]. Maternal milk antibodies produced by B cells stimulated in the intestine
that have migrated to the breast recognize specific subsets of bacteria and are key in
the development of Treg cells, that in turn are linked to the frequency of naive (CD44−)
intestinal T cells [23,34]. In addition, while the proportion of gut RORγ+ versus Helios+ Treg
cells is determined genetically, it is also influenced by maternal antibodies, and this effect
can be transmitted through multiple generations of mice [18,35]. Another factor regulating
the development of RORγ+ Treg cells is the interplay with intestinal IgA-producing B cells
during weaning. Indeed, RORγ+ Treg cells and IgA-producing B cells have a reciprocal
regulation: RORγ+ Treg cells inhibit the development of intestinal IgA-producing B cells
and thus the coating of the microbiota by secretory IgA. In turn, the secretory IgA coating of
intestinal bacteria inhibits the development of RORγ+ Treg cells [35]. Mammary gland IgA
is produced by cells that originally develop in the intestine, thus generating a feedback loop
between RORγ+ Treg cells and the mother’s IgA-producing B cells specific for intestinal
bacteria [35].

Synchronously with these external factors in mouse pups, during the pre-weaning
period, a specialized subset of antigen-presenting cells (denominated Thetis cells) appears
in the colon. A subset of these cells (of unknown function) resembles thymic antigen-
presenting cells, as the cells also express the transcription factor autoimmune regulator
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(AIRE) [36]. Another subset of Thetis cells expresses the integrin αvβ8, which, together
with αvβ6, activates latent extracellular transforming growth factor (TGF)-β. Importantly,
the induction of pTreg cells by Thetis cells via TGF-β signaling is a critical process to
avoid autoimmunity and colitis [36]. Other populations of tolerogenic antigen-presenting
cells may also participate in the process [13]. Finally, a critical event that occurs during
the pre-weaning period is the appearance of mature microfold (M) cells in gut-associated
lymphoid tissues, which facilitates antigen transport and the promotion of pTreg cells [13].

3. The post-weaning phase (day 21 of life onwards) is the phase in which the transloca-
tion of intestinal bacteria and the capacity to develop tolerance to gut microbiota is stopped.
After weaning, mice start to eat solid foods, and this event promotes the diversification of
the microbiota, maturation of the mucosal immune cell composition, and the formation of
germinal centers in lymphoid tissues [13].

The role of microbiota in the development of tolerogenic versus effector responses
has important implications in the settings of enteric viral infections and EED. For instance,
antibiotic microbiota ablation in mothers and their mouse pups resulted in reduced homol-
ogous RV infection/diarrhea in the pups, which was associated with a more pronounced
antiviral antibody response [37]. However, a delicate balance must be maintained between
commensal and non-commensal bacteria in the gut. In keeping with this notion, antibiotic
exposure in early-life mice induces intestinal microbiota alterations (dysbiosis), reducing
antibody responses to five parenteral human vaccines. This vaccine hyporesponse can be
rescued by the restoration of commensal microbiota, but this effect is not seen in adult
mice [38]. In addition, the mice that received antibiotics in early life had enhanced T-cell
cytokine recall responses in vitro [38]. Thus, the level and composition of gut microbiota
in early life influence the quality of antigen-specific adaptive immune responses, likely
related to changes in Treg cell populations.

Malnutrition and the dysbiosis of microbiota are associated with EED, which could be
associated with the reduced immunogenicity of oral RV vaccines in infants [4–7]. Recently,
an EED mouse model was developed by colonizing malnourished 21-day-old mice with a
single adherent-invasive E. coli isolate [39]. When these mice are vaccinated orally with E.
coli-labile toxin, antigen-specific CD4+ T-cell responses are dampened in the small intestine
but not the mesenteric lymph nodes, and vaccine efficiency is reduced. Moreover, EED mice
exhibit increased frequencies of small-intestine RORγt+ FoxP3+ Treg cells. The deletion
of this Treg subset restores small-intestine CD4+ T-cell responses and the capacity of the
vaccine to protect from challenge. However, the removal of Treg cells results in increased
EED-related stunting, suggesting a fine equilibrium between the capacity of the organism
to thrive and defend itself from microorganisms. This model illustrates that the decreased
efficacy of oral vaccines in EED may depend on RORγt+ FoxP3+ Treg cells, an effect that is
restricted to local but not systemic immunity [39].

2.3. Effector/Memory T Cells in Early Life

Early-life effector memory CD4+ and CD8+ T cells differ from those of adults in
phenotype, function, and TCR repertoire [17]. Mouse T cells begin to express the terminal
deoxynucleotidyl transferase enzyme (that augments TCR variability) at one week of age,
making neonatal TCRs shorter and more cross-reactive than those of adults [12]. Moreover,
they express more innate Toll-like receptors (TLRs) and have increased bystander activation
by innate cytokines such as interleukin (IL)-12 and IL-18 [17,28]. Consistently, early-life
effector T cells have a greater capacity to proliferate to pathogens compared to adult
cells [22,40,41]. However, compared to adult mice, neonatal mice have a reduced capacity
to generate long-lived memory T-cell responses [12].

In the case of CD4+ T cells, enhanced TCR-mediated signaling enables them to respond
to low antigen doses [41]. Moreover, early-life CD4+ T cells have a propensity to develop
into Treg or Th2 cells [12]. In contrast, early-life CD8+ T cells can mount fast, short-lived
effector responses [22]. As mentioned above, neonatal CD8+ T cells express Lyn28b and
persist and modulate immune responses in adults [24,30]. In addition, a population of

289



Viruses 2024, 16, 818

naïve (non-antigen-experienced) cells that express some memory markers (CD122+ CD44+

CD49d−) has been characterized in early life, and these cells also persist in adult mice and
modulate responses to pathogens [24].

In addition, metabolism is an important regulator of T-cell function and differentiation.
It is known that, upon activation, naïve T cells switch their metabolism infection from
oxidative phosphorylation to glycolysis in response to infection to mobilize their tran-
scriptional and translational machinery and to undergo clonal expansion. However, when
infection is cleared, T cells must decrease anabolic activity to become a more quiescent
memory cell, switching from glycolysis back to fatty acid oxidation [42]. Nonetheless,
it was demonstrated that neonatal CD8+ T cells are biased to exhibit higher glycolytic
activity than their adult counterparts after infection, which limits the formation of memory
cells [43]. Most likely, other metabolic pathways may be implicated in the regulation of
neonatal T-cell responses, which could be promising targets to improve memory formation
in early life [44].

T-cell development in the intestinal mucosa differs from that in peripheral blood and
non-mucosal lymphoid organs and is thought to be coordinated with the abovementioned
weaning factors [13]. Very few studies have addressed the development of intestinal
T cells in early-life mice [23,45,46]. At birth, intestinal T cells are infrequent, and their
differential isolation from intestinal lamina propria and intraepithelial compartments is
a technical challenge [23]. Thus, we do not have a clear picture of the frequencies and
numbers of CD4+ and CD8+ T cells in these individual compartments in early life [23].
Before weaning, TCR αβ+ cells seem to be enriched in CD4+ over CD8αβ+ cells in the
small intestine (evaluated as a whole) [23]. In addition, T cells in lamina propria, and to
some degree in the intraepithelial compartment, have low expression of typical markers of
tissue-resident memory T cells (TRM), like CD69. Indeed, this marker is only fully acquired
post-weaning [45]. The expression of the memory marker CD44 is also reduced in lamina
propria CD4+ T cells [23,34], but it is increased in CD8+ T cells due to the presence of
atypical naïve cells [24].

In general, two types of effector/memory T-cell subsets exist, circulating T cells and
non-circulating TRM cells, that are difficult to differentiate phenotypically [47]. As an
alternative, the two cell subsets are differentiated using in vivo intravascular staining (TRM
cells are not stained by the intravascular antibody) [47,48]. Importantly, TRM cells are
critical in the mucosal response against several types of pathogens [47,48]. However, while
multiple studies of antiviral intestinal T cells [15,49] and studies of intestinal TRM cells
with model microorganisms have revealed a protective role of these subsets in mucosal
tissues [50,51], very few studies have explored the role of intestinal TRM cells specific for a
natural intestinal pathogen. In this regard, experiments in adult mice showed that intestinal
CD8+ TRM cells modulate norovirus persistence [52]. In addition, compared to intestinal
RV-specific T cells of adult mice, those of neonatal mice differ in kinetics and fine specificity,
while both have a relatively short persistence [53]. Furthermore, previous studies in
neonatal mouse T cells have shown that these cells may play a role in protection after RV
vaccination [10] and that Treg cells expressing the latency-associated peptide (precursor
of TGF-β) may modulate vaccine-induced protection [11]. The formal characterization of
intestinal RV-specific TRM cells in neonatal mice and their capacity to mediate protection
has not been performed.

Currently, early-life mucosal TRM responses have only been evaluated in the lung. As
such, it has been described that, compared to adult mice, neonatal mice respond to respira-
tory syncytial virus (RSV) infection with variable levels of CD8+ TRM cells (intravascular
negative cells) in the lungs. In addition, neonatal mice fail to maintain lung CD8+ TRM cells
at 40 days post-infection and are less protected upon viral rechallenge [54]. However, if
neonatal mice are primed and boosted with RSV in the presence of CpG (TLR9 ligand), an
adult-like induction of CD8+ TRM cells is observed, and protection is established [54]. In
a second model, it was observed that, after influenza virus infection, two-week-old mice
developed virus-specific CD4+ and CD8+ effector responses comparable to those in adult
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mice [40]. However, six weeks after primary influenza infection, the frequencies of lung
virus-specific TRM cells were reduced in neonatal mice relative to adults, and they were
less protected upon viral challenge [40]. Interestingly, the propensity to generate fewer
lung TRM cell responses in early-life mice was associated with an increased expression
of the transcription factor T-bet (associated with effector-like T-cell responses), and the
reduction in T-bet levels in infant mice increased lung TRM development [40]. These data
are in line with the tendency of neonatal T cells to develop short-lived effector responses,
which comes at the expense of the generation of long-term memory. In addition, these
studies indicate that the limitation to establishing protective TRM cells in neonates can be
overcome by augmenting both innate immune activation and antigen exposure, as well as
by modulating T-bet expression.

3. T Cells in Human Neonates and Infants

Given the difficulty of sampling blood and tissues from neonatal humans and infants,
our knowledge of T-cell dynamics in early life has been scarce. However, recent studies
using samples from pediatric and adult tissues have revealed how age, location, and several
other variables shape T-cell function [13,48]. In humans, the neonatal period goes up to
the first 28 days of life. Although there are no equivalent stages between neonatal mice
and humans, and important anatomical, physiological, and microbial differences are found
between both species [13], they do share some mechanisms of immune development. In this
section, we will discuss key insights from neonatal and infant T-cell responses in humans.

Similar to mouse T cells, neonatal human T cells have intrinsic properties that evolved
to exert a specialized role for the host. As previously discussed, the layered immune
system hypothesis postulates that the temporal emergence of hematopoietic stem cells
(HSCs) gives rise to diverse cell populations at different stages of life [19]. Supporting
this hypothesis in humans, it has been shown that fetal CD4+ T cells are functionally
and transcriptionally different from adult cells [55–57]. Specifically, fetal cells are prone to
proliferation and preferentially become Treg cells [55]. In addition, fetal and adult HSCs also
have different gene signatures that determine the matured T-cell profile [56]. Interestingly,
preliminary findings indicate that T-cell tolerance induced in utero may be maintained
until early adulthood through the establishment of long-lived Treg cells [55]. More recently,
a transcriptomic analysis of naive CD4+ T cells revealed that cells derived from cord blood
are closely related to fetal cells but distinct from circulating adult cells [58]. Moreover, cord
blood cells were enriched in genes associated with a rapid proliferative response [58]. In
line with these data, the single-cell transcriptomic analysis of naïve-phenotype CD8+ T cells
from fetal, neonatal, and adult individuals revealed that multiple and distinct innate-like
fetal clusters are present at birth, and some of them disappear with age [28]. These findings
suggest that the human T-cell compartment is highly diverse and evolves with age. In
contrast, it has been proposed that T-cell composition may progressively change from fetal-
like properties towards a more adult phenotype with age. This “gradual change model”
is supported by the recent single-cell transcriptomic profiling of fetal, neonatal, and adult
human T cells [59]. As such, newborn cells appeared to be relatively homogeneous, and
their developmental stage was placed intermediate between fetal and adult cells. Moreover,
the authors propose that this divergence between the three life stages was not explained by
distinct waves of HSC progenitors [59].

Relative to adults, increased frequencies of human Treg cells are found in fetal blood
and lymphoid tissues, and they play an important role in suppressing effector CD4+ and
CD8+ T-cell proliferation and cytokine secretion [60]. Importantly, within the first two years
of life, this 6-to-10-fold higher frequency of Treg cells is also observed in multiple lymphoid
and mucosal tissues (including the gut), compared with adult tissues [61], consistent with
the maintenance of a tolerogenic environment during early human life. In addition, in
infant blood and most of the tissues, the predominant T-cell subset exhibits a naïve CD31+

phenotype, consistent with recent thymic emigrants [61]. In contrast, effector memory T
cells can only be found in the lungs and intestine [61]. These data illustrate the in situ
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control of immune responses by regulatory mechanisms in early life. In addition, the
intestinal mucosa, with lower Treg/effector cell ratios, seems to constitute a hotspot of
effector immune surveillance for the rapid response against exogenous antigens.

In addition to varying grades of diversity, similar to what occurs in mice [16], neonatal
human T cells are biased toward broadly cross-reactive (and self-reactive) TCRs. As
such, human naïve T cells in cord blood exhibit higher CD5 expression than adult cells,
a marker associated with the strength of self-peptide major histocompatibility complex
reactivity [62]. In line with this, T cells specific for leukemia-associated self-antigens are
found in higher frequency in cord blood than in adult blood [63]. This TCR cross-reactivity
might facilitate a more rapid response against different types of antigens during early life.
Importantly, in addition to TCR-mediated stimulation, neonatal human T cells express
several pattern recognition receptors, including TLR 2, 3, and 5, as well as complement
receptors, which induce their activation, proliferation, and cytokine production [64,65].
In keeping with these observations, naïve CD8+ T cells from human neonates have a
transcriptional and chromatin landscape that predispose them to innate-like functions [66],
such as the production of interleukin-8 (CXCL8) [67]. Overall, these characteristics of
neonatal T cells are reminiscent of other innate-like populations, such as B1 cells [25] and
γδ T cells [26].

The above studies indicate that neonatal T cells are armed with innate immune features
that could contribute to a rapid host defense upon infection. Nonetheless, a consequence
of this lower activation threshold in human neonatal T cells is increased proliferation
and more rapid differentiation towards short-lived cells [40,41,68], as has been described
for neonatal mice cells [22]. These intrinsic properties could affect the development of
long-term memory, with important consequences for secondary immune responses. On
the one hand, it has been described that this different program of human newborn T cells
facilitates Treg cell differentiation [31]. In addition, it was shown that CXCL8+ CD4+ T cells
from neonates are direct precursors of Th1 cells upon sustained proliferation [69]. On the
other hand, recent studies have demonstrated that, similar to mouse cells, human infant
T cells are intrinsically programmed for short-term responses, driven by the increased
expression of the transcription factor T-bet [40] and other transcription factors [28,70]. As
such, infant cells exhibit higher levels of T-bet relative to adult cells in vivo and after in vitro
activation, which negatively correlates with the expression of the long-lived memory
marker CD127 [40]. In agreement with these findings, CD8+ T cell responses of children
(less than 4 years old) to an inactivated vaccine at day 10 after vaccination are similar to
those of adults; however, contrary to adults, the response had practically disappeared by
day 28 after vaccination [71]. Also, in keeping with these data, a recent study reported
that children maintain a novel CD8+ T cell subset epigenetically poised for rapid effector
responses, and this subset is lost with age [72]. Of note, the predisposition for effector-like
responses in the neonatal period also impacts the generation of CD69+ CD103+ TRM cells in
the respiratory tract. Indeed, the frequency of this tissue-resident population increases with
age, suggesting that the aforementioned transcriptional program of neonatal T cells directly
regulates the generation of this memory population [73]. A similar dynamic seems to occur
for TRM cells in the human neonatal gut [74]. In the early weeks of human life, there is
a low frequency of αβ TRM-phenotype cells in the gut, and this population accumulates
progressively with age, peaking at around 1.4 years and remaining stable thereafter [75,76].

In summary, neonatal human T cells are intrinsically programmed for rapid differ-
entiation to effector-like responses. Enhanced TCR signaling and localized effector-like
responses could protect newborns from newly encountered pathogens. However, a higher
proportion of effector-phenotype T cells in infants could contribute to tissue injury during
viral infection [77]. Moreover, short-lived effector responses in neonates are generated
at the expense of the induction of long-term memory. As a result, the generation of TRM
cells at the site of infection during early life may undermine the immune response, re-
sulting in recurrent symptomatic disease. Likely, the promotion of localized effector-like
immune responses, such as in bronchus- and gut-associated lymphoid tissues [78], could
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be a beneficial vaccine strategy in early life to prevent infection or illness, waiting for the
developmental maturation and acquisition of adult immune traits.

4. Conclusions and Future Directions: How May Early-Life T-Cell Immunity Impact
RV Vaccines?

Recent studies have provided important insights into the influence of the neonatal
period on the establishment of enduring immune responses and the implications for health
and disease. Beyond the inherent attributes of mouse and human T cells discussed above,
various additional elements modulate and shape the neonatal immune system. Within this
“neonatal window of opportunity”, environmental factors, such as commensal microbiota or
some specific pathogens, may shift immune responses towards more tolerizing or effector-
type responses and thus predispose an individual to immune-mediated and other diseases
in adult life [79]. For instance, it has recently been shown that early microbial exposure
modulates and programs mouse CD8+ T-cell development, and fetal-derived cells in a
dirty environment are more responsive to stimulation, acquiring an effector-like profile [80].
Considering that RV vaccines provide non-sterilizing immunity in children and they are
less effective in low-income countries [9], it is possible that poor environmental conditions
in these settings influence early-life immunity. A potential outcome of these processes is the
generation of monofunctional effector-like responses [81] and low frequencies of long-lived
memory RV-specific cells [82], thus impairing long-term immunity in adult life [83]. Likely,
poor tissue-resident memory responses are also affected.

As mentioned previously, protection against RV reinfection in adult mice is mediated
by CD4+ T cell-dependent antibodies and by short-lived CD8+ T cells [9], and the role of
early-life T cells is much less well known. The following studies of early-life T cells may be
envisioned for preclinical basic research or clinical studies that could have an impact on
the improvement/development of new RV vaccines:

1. Promotion of TRM-cell responses: The improvement of antigen delivery to the gut
tissue by oral vaccines [78] or using parenteral vaccines to boost after priming with an oral
vaccine could be beneficial strategies in early life.

2. Innate immune activation simultaneously with mucosal antigen administration [54].
Double-stranded RNA and dmLT are two mucosal adjuvants that are being tested in
ongoing clinical trials with orally administered vaccines [84].

3. The modulation of transcriptional circuits to promote long-lived memory T cells in
early life, like reducing T-bet expression [40]. Moreover, other transcriptional or metabolic
pathways could be modulated to promote memory-like cells. In this regard, previous
studies have shown that inhibition of the mTORC1 (mammalian target of rapamycin com-
plex 1) pathway promotes memory T-cell differentiation in mice [85], as well as enhances
immune function and the response to influenza vaccination while reducing infections in
the elderly [86].

4. The study of Treg cells in EED and RV-vaccinated children [39]. In this regard, since
the evaluation of RORγt+ Treg cells (or their elimination seeking a benefit) is difficult given
the need for tissue isolation [35], measuring antibody-coated bacteria in stool samples could
be a more accessible and useful correlate of Treg cells [85], as well as a potential biomarker
in children [87]. Given the impact of maternal milk on the thymus and T cells in general [88],
these studies would need to be performed with breast-fed and formula-fed children as
separate groups, but in both groups, levels of IgA-covered bacteria may correlate with
Treg cells.

5. Phenotypic and functional innate-like features of T cells may be used as biomarkers
of anti-RV immune responses and vaccine responses.

6. Our lack of understanding of basic aspects of early-life T cells highlights our need
for more basic studies in neonatal mouse models of RV infection/vaccination [11]. As
observed in this review (and summarized in Table 1), several basic aspects of the early-life
immune response of mice also seem to occur in human neonates and infants, justifying
these studies.
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Table 1. Summary of characteristics shared by human and mouse early-life T cells.

T cells are functionally and transcriptionally different from adult T cells, supporting the
hypothesis of the layered immunity theory.

T cells exhibit increased expression levels of innate-like receptors and respond in a
bystander fashion.

TCRs are cross-reactive/autoreactive with limited diversity due to a lack of expression of TdT.

CD8+ T cells are prone to rapidly proliferating and differentiating in short-lived cells depending
on the expression of T-bet.

Long-lived memory T-cell responses are diminished.

CD4+ T cells are prone to become Treg cells, and both humans and mice have comparable Helios+

and RORγ+ Treg subsets.

Both seem to have reduced capacity for the generation of mucosal TRM.

However, some important differences between human and mouse early-life T cells
exist; for example, the diversification of the T-cell repertoire occurs earlier in humans than
in mice and the post-thymic maturation of T cells is shorter in mice [17]. For this reason,
the extrapolation of results from mice to humans should be carried out with caution.

In conclusion, we are just starting to understand how the gradual diversification of
the T-cell compartment and functions in early life may determine the clinical outcome
after infection. To improve RV vaccines, it is crucial to consider environmental factors
such as diet, microbiome, and the level of exogenous antigen exposure, which can alter
T-cell immune ontogeny, along with the regulatory mechanisms that govern this layered
immunity. The use of advanced molecular techniques for global immune monitoring could
provide valuable tools for developing next-generation RV vaccines. These vaccines should
not only target antigen-specific responses but also promote effective tissue-localized and
long-lived memory responses.
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Abstract: High titres of rotavirus-specific maternal antibodies may contribute to lower rotavirus
vaccine efficacy in low- and middle-income countries (LMICs). RV3-BB vaccine (G3P[6]) is based
on a neonatal rotavirus strain that replicates well in the newborn gut in the presence of breast milk.
This study investigated the association between maternal serum antibodies and vaccine response
in infants administered the RV3-BB vaccine. Serum was collected antenatally from mothers of
561 infants enrolled in the RV3-BB Phase II study conducted in Blantyre, Malawi, and analysed for
rotavirus-specific serum IgA and IgG antibodies using enzyme-linked immunosorbent assay. Infant
vaccine take was defined as cumulative IgA seroconversion (≥3 fold increase) and/or stool vaccine
shedding. Maternal IgA or IgG antibody titres did not have a negative impact on vaccine-like stool
shedding at any timepoint. Maternal IgG (but not IgA) titres were associated with reduced take post
dose 1 (p < 0.005) and 3 (p < 0.05) in the neonatal vaccine schedule group but not at study completion
(week 18). In LMICs where high maternal antibodies are associated with low rotavirus vaccine
efficacy, RV3-BB in a neonatal or infant vaccine schedule has the potential to provide protection
against severe rotavirus disease.

Keywords: rotavirus vaccine; maternal antibodies; RV3-BB vaccine

1. Introduction

Rotavirus vaccines are recommended for all children and have been introduced in
126 countries worldwide, providing a cost-effective pathway to reduce hospitalization and
death among young children [1,2]. However, despite this significant achievement, rotavirus
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gastroenteritis remains the most common cause and still accounts for a quarter of global
diarrheal deaths in children less than 5 years of age [3]. Barriers to the success of rotavirus
vaccines include challenges to vaccine access (such as cost, supply, health prioritization,
and service delivery), timely administration, and vaccine safety concerns [1,4]. A significant
disparity in vaccine efficacy and effectiveness has been observed for the licensed vaccines
Rotarix® (GlaxoSmithKline, Rixensart, Belgium) and RotaTeq® (Merck, Whitehouse Station,
NJ, USA) when rotavirus vaccines have been implemented in low- and middle-income
countries (LMICs) compared to high-income countries (HICs) [5]. The median vaccine effec-
tiveness of the Rotarix® vaccine is estimated at 57% when implemented in LMICs compared
to 84% in HICs. A similar pattern has been reported with the RotaTeq® vaccine at 45% and
90% for LMICs and HICs, respectively [6]. It has been postulated that co-administration
with oral polio vaccine, interference in replication by other enteric pathogens, immaturity
of the immune system, and malnutrition could contribute to this disparity [5–7].

Maternal serum (IgG) and breast milk (IgA) antibodies are critical to provide passive
immunity while infants establish their own immune defences and have been proposed as
a major factor contributing to lower rotavirus vaccine efficacy in LMICs [5,7–10]. Serum
IgG antibodies are transferred across the placenta and provide systemic passive immunity
for a newborn during their first few months of life, with high titres commonly observed
at birth followed by a decline over time, with a half-life of 3 to 4 weeks (Figure 1) [8]. The
rate of this decline is influenced by the initial antibody titre, maternal health and nutrition,
and exposure to wild-type infection [8,11]. High titres of maternal serum rotavirus-specific
IgG antibodies have consistently been associated with reduced immunogenicity after
administration of rotavirus vaccines and have been proposed to be associated with reduced
vaccine efficacy in LMICs [8,9,12,13]. Serum IgA antibodies are detected in maternal
serum but not transmitted transplacentally. Infants rely on maternal breast milk IgA to
provide local immunity to the gut mucosa and support protection from enteric pathogenic
bacteria and viruses [8]. Reduced immunogenicity in response to a rotavirus vaccine was
reported in infants of mothers with high rotavirus-specific IgA titres in breast milk in
Vietnam and Zambia but not in Nicaragua [12–14]. However, clinical trials of withholding
breastfeeding (30 min to 60 min) prior to administration of the Rotarix® vaccine in South
Africa, Pakistan, and India failed to show a difference in seroconversion in those infants
who had breastfeeding withheld compared to those who did not [15–17].

Figure 1. Timing of administration of rotavirus vaccines in association with age-related changes in
titres of maternal serum and breastmilk antibodies and infant serum IgG and IgA titres. Neonatal
vaccine schedule (first dose at birth) (red arrows) with RV3-BB vaccine; infant vaccine schedule (first
dose at 6–8 weeks of age) (black arrows): WHO-prequalified rotavirus vaccines (Rotarix®, RotaTeq®,
Rotavac® (Bharat Biotech, Hyderabad, India) and Rotasiil® (Serum Institute of India, Pune, India)
and RV3-BB vaccine administered in the infant schedule). Adapted from: Otero CE, Langel SN, Blasi
M, Permar SR. PLoS Pathogens 2020 16(11):e1009010 [8].
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Administration of a rotavirus vaccine at birth or soon after birth has the potential
to address some of the current challenges to vaccine implementation and to improve the
performance and safety of a rotavirus vaccine [18]. However, administration of an oral
rotavirus vaccine from birth maximises exposure to high levels of maternal serum IgG
antibodies and breast milk IgA [8] (Figure 1). The RV3-BB rotavirus vaccine is based on an
asymptomatic neonatal rotavirus strain (RV3: G3P[6]) that replicates well in the newborn
gut despite the presence of breast milk [19,20]. Clinical trials have shown that RV3-BB is well
tolerated in a neonatal vaccine schedule, is immunogenic, and was associated with a vaccine
efficacy of 75% against severe rotavirus disease at 18 months in Indonesia [21,22]. In clinical
trials in New Zealand and Indonesia, there was no association between maternal rotavirus-
specific IgG antibody titre, colostrum or breast milk IgA antibodies, and vaccine take, serum
IgA response, or stool vaccine virus shedding after three doses of RV3-BB vaccine [23,24].

Infants living in Malawi are often exposed to rotavirus infection early in life [25]. High
titres of maternal rotavirus-specific antibodies have been reported in mothers in Malawi
and were negatively correlated with response to Rotarix® vaccine, in particular vaccine
virus shedding [7]. The primary aim of this study was to determine whether maternal
serum rotavirus-specific IgA and IgG antibody titres in mothers in Malawi are associated
with vaccine take (serum IgA response and/or vaccine virus shedding) in their infants
following administration of the RV3-BB rotavirus vaccine in a neonatal vaccine schedule
(with the first dose within 5 days of birth) or infant vaccine schedule (with the first dose
administered at 6 weeks of age).

2. Materials and Methods

2.1. Study Design and Participants

The Maternal Antibody study was an exploratory analysis nested within the Phase
II RV3-BB trial, a randomized, double-blind, placebo-controlled four-arm parallel-group,
dose-ranging study of oral human neonatal rotavirus vaccine (RV3-BB) administered at a
titre of 1.0 × 106 FFU per mL (low-titre group), 3.0 × 106 FFU per mL (mid-titre group), or
1.0 × 107 FFU per mL (high-titre group) as a three-dose neonatal schedule, or administered
at a titre of 1.0 × 107 FFU per mL as a three-dose infant schedule (Figure 2) [26]. The
study was conducted between September 2018 and January 2020, and involved 711 infants
recruited from three primary healthcare centres in Blantyre, Malawi [26]. All mothers of
the 711 eligible participants recruited to the Phase II study were invited to participate in
the Maternal Antibody study. A two-stage consent process was followed. Pregnant women
provided consent for the collection of a pre-birth maternal blood and stool sample and
an after-birth infant cord blood and stool sample. Written informed study consent was
obtained after birth from parents or guardians. Study exclusions were the same as for the
main study [26]. Participants from the Phase II study per protocol population who received
three doses of vaccine according to the protocol and with maternal blood samples available
for analysis were included in the Maternal Antibody study.

The study was conducted in accordance with the International Council for Harmo-
nization of Good Clinical Practice Guidelines. The protocols were approved by the Ethics
Committees of the Royal Children’s Hospital Melbourne and the University of Liverpool,
the National Health Science Research Committee, and the Pharmacy and Medicines and
Poisons Board of Malawi. This trial is registered at ClinicalTrials.gov (NCT03483116).

2.2. Sample Collection and Processing

Maternal venous blood (5–10 mL) was collected in the second or third trimester of
pregnancy. Serum was isolated from whole blood and stored at −70 ◦C until analysed.
Blood was collected from the cord (baseline for neonatal schedule comparison) immediately
before IP dose 2 (baseline for infant schedule comparison), 28 days after IP dose 3, and
28 days after IP dose 4. A pre-dose infant blood sample was also collected at IP doses 2,
3, and 4 and at 18 weeks of age [26]. The serum was frozen at −70 ◦C and shipped to the
Murdoch Children’s Research Institute laboratory for analysis. Rotavirus-specific IgA and
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IgG antibody titres were measured by enzyme-linked immunosorbent assay (ELISA) using
rabbit anti-RV3 polyclonal antisera as the coating antibody and RV3-BB virus or Vero cell
lysate as the capture antigen [27]. The antigen–antibody complexes were detected with
biotinylated anti-human IgA and streptavidin–horseradish peroxidase [27]. Concentrations
of rotavirus-specific IgA were measured using a standard curve generated from known
positive serum samples arbitrarily assigned a titre of 250,000 units per millilitre (U/mL).
The lower limit of detection was 20 U/mL.

Figure 2. Study design.

Rotavirus shedding was assessed in stool samples collected at baseline, before admin-
istration of the first dose of IP, and between days 3 to 7 after administration of each dose of
IP. Samples were assessed using a rotavirus VP6-specific reverse transcriptase polymerase
chain reaction (PCR). PCR products were analysed by electrophoresis with the Invitrogen
one-step RT-PCR key (Invitrogen, Carlsbad, CA, USA) and Rot3 and Rot5 oligonucleotide
primers [28]. Sequence analysis was used to confirm the presence of the RV3-BB vaccine
(Sequencher Software program version 4.1, Gene Codes Corp Inc., Ann Arbor, MI, USA)
and identity determined by GenBank database [28].

2.3. Definition of Vaccine Response

IgA seroconversion was defined as serum anti-rotavirus IgA antibody titre equal to
or greater than three times the titre of the baseline titre and was assessed after each dose
of IP. Stool shedding was defined as the presence of RV3-BB vaccine-like virus detected
in the stool collected between 3 to 7 days after a dose of IP. Vaccine take was defined as
a serum immune response (≥3-fold increase in titre from baseline) of anti-rotavirus IgA
28 days following IP administration, and/or the presence of vaccine-like virus in stool
3 to 7 days following IP administration [26]. Cumulative vaccine serum response, stool
shedding, and/or vaccine take was defined as a positive result following one, two, or three
IP doses for the neonatal vaccine group, and following two, three, or four IP doses for the
infant vaccine schedule group.

2.4. Statistical Analysis

Demographic characteristics of participants are presented using means and standard
deviations (SDs) for continuous variables and proportions for categorical variables. Mean
maternal serum IgA and IgG titres are presented as log (natural) transformed data. Infant
serum IgA response, stool excretion, and cumulative vaccine take are presented as numbers
and proportions for each schedule group and the combined neonatal vaccine group (low-
titre, mid-titre, and high-titre neonatal groups combined). Separate linear regression models
were used to explore the relationship between maternal serum IgA and IgG titres against
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infant anti-rotavirus serum IgA antibody titre and seroconversion after dose 1 and dose
3. Statistical analyses were performed with Prism (GraphPad Software, Inc., La Jolla, CA,
USA, version 10.0.1) by use of the unpaired Mann–Whitney test due to data not fitting the
normal distribution. A p value of less than 0.05 was considered to be significant.

3. Results

3.1. Study Population

A total of 711 infants were recruited to the Phase II study. Of these, 565 participants
received three doses of the RV3-BB vaccine according to the protocol, therefore fulfilling
criteria for inclusion in the per-protocol analysis population [26]. All 565 infants were
eligible to be included in the Maternal Antibody study; however, four mother–infant pairs
were excluded, as insufficient or no blood was available from the mother for analysis,
resulting in an analysis study population of 561 infants (Figure 3). There were no significant
differences in characteristics between infants recruited to the Maternal Antibody study
compared to the Phase II study, or between treatment allocation groups (Table 1).

Figure 3. Infant participant flow for the Maternal Antibody study.

Table 1. Infant participant characteristics.

Neonatal Vaccine Schedule
(n = 422)

Infant
Vaccine

Schedule
(n = 139)

Low Titre Mid Titre High Titre
(n = 141) (n=142) (n = 139) (n = 139)

Gestational age (weeks): mean (min, max) 37.5 (34, 41) 37.3 (36, 40) 37.6 (35, 43) 37.6 (36, 45)
Birth weight (grams): mean (SD) 3121.9 (359.59) 3117.9 (384.39) 3089.4 (344.49) 3150.8 (362.65)

Sex (male): number (%) 70 (49.6) 67 (47.2) 81 (58.3) 74 (53.2)
Ethnicity (Black African): number (%) 141 (100) 142 (100) 139 (100) 139 (100)

Exclusive breastfeeding duration: number (%)
Day 1–6 141 (100) 142 (100) 139 (100) 139 (99.3)

Week 1–6 141 (100) 142 (100) 139 (98.6) 139 (99.3)
Week 10 141 (100) 142 (100) 139 (98.6) 139 (100)
Week 14 139 (98.6) 140 (97.9) 139 (98.6) 139 (100)
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3.2. Maternal Antibodies and RV3-BB Vaccine Response
3.2.1. Maternal Antibodies and RV3-BB Vaccine Stool Shedding

Maternal rotavirus-specific IgA and IgG antibody titres were not negatively associated
with RV3-BB vaccine virus shedding in the stool at any timepoint in the neonatal and
infant vaccine schedule. A positive association between high maternal IgA titres and
stool shedding observed after the third dose of RV3-BB vaccine (IP dose 3) and at study
completion at week 18 (IP dose 4) in the neonatal vaccine schedule (Figure 4a).

3.2.2. Maternal Antibodies and RV3-BB Vaccine Anti-Rotavirus IgA Seroconversion

Maternal serum IgA antibody titres were inversely associated with anti-rotavirus IgA
seroconversion in infants after three doses of RV3-BB vaccine (IP dose 3 and IP dose 4 in the
combined neonatal group (Figure 4b) and in the high-titre neonatal vaccine schedule group
(p = 0.03) (Supplementary Table S1). High maternal IgG antibody titres were associated
with a lower proportion of infants who had anti-rotavirus serum IgA seroconversion
after one dose (IP dose 1) and three doses of RV3BB vaccine (IP dose 3 and IP dose 4)
administered in the neonatal vaccine schedule group (p = 0.0013, p < 0.001, and p < 0.001,
respectively) (Figure 4b). This was also observed when analysed in the three vaccine
titre groups (Supplementary Table S1). No significant association was observed between
maternal rotavirus-specific serum IgA or IgG antibody titres (log transformed) and anti-
rotavirus serum IgA antibody titres in their infant after dose 1 or dose 3 in the neonatal
vaccine schedule (Figure 5). In contrast, there was no significant association observed
between maternal serum IgA or IgG antibody titres and IgA seroconversion in infants
administered RV3-BB in the infant vaccine schedule (Figure 4b). However, a significant
association was observed between maternal serum IgA and IgG antibody titres and the
anti-rotavirus serum IgA titres of their infant after vaccine dose one (IP dose 2), and with
maternal serum IgG antibody titres and anti-rotavirus serum IgA antibody titres in their
infant after the third vaccine dose (IP dose 4) (Figure 5).

3.2.3. Maternal Antibodies and RV3-BB Vaccine Take

Maternal rotavirus-specific IgA antibody titres were not significantly different in
participants with a positive or negative vaccine take after dose 1 or 3 of vaccine in the
combined neonatal schedule group (IP dose 1 and IP dose 3) or at study completion at
18 weeks of age (IP dose 4) (Figure 4c). In the neonatal vaccine schedule group, there
were no significant differences observed when analysed according to vaccine titre groups
(Supplementary Table S1) or in the infant schedule group (p > 0.05 for all comparisons)
(Supplementary Table S1). An association between high maternal IgG antibody titres and
vaccine take in the infant were observed after dose 1 and dose 3 in the combined neonatal
vaccine schedule group (p = 0.005 and p = 0.04, respectively), but this association was
not sustained at study completion at 18 weeks of age (IP dose 4) (p > 0.05) (Figure 3).
No association between maternal IgG antibody titre and vaccine take in the infant was
observed when analysed according to vaccine titre group (p > 0.05 for all comparisons) or
in the infant schedule group (p > 0.05) (Supplementary Table S1).
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Figure 4. (a–c) Mean maternal rotavirus-specific serum IgA and IgG antibody titres (log transformed)
in association with vaccine response in participants administered RV3-BB vaccine in the combined
neonatal vaccine schedule group and the infant vaccine schedule group. The “y” axis denotes the
serum maternal serum IgA and IgG antibodies titres (log). The “x” axis denotes the study groups
according to neonatal or infant vaccine schedule group, per Investigation product (IP) dose, and
according to vaccine response with the positive vaccine response variable (“Yes”) or negative vaccine
response variable (“No”). Data are presented in a box-and-whisker plot, with the box extending
from the 25th to the 75th percentile and the line in the middle plotted at the median. The whiskers
represent the 10–90th percentiles, with all datapoints outside the 10–90th percentiles shown. Statistics
and plotting were performed in Prism 9 for MacOs. Non-normally distributed data were analysed
using the Mann–Whitney test. Maternal rotavirus-specific serum IgA antibody titres (log).
Maternal rotavirus-specific serum IgG antibody titres (log).
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Figure 5. Maternal rotavirus-specific serum IgA and IgG antibody titres are plotted against the
anti-rotavirus serum IgA antibody titres of their infant after (a) the first dose (post vaccine dose 1)
and (b) the full three-dose course (post vaccine dose 3) in each of the four treatment allocation
groups. Separate linear regression models were used to explore the relationship between maternal
rotavirus-specific serum IgA and IgG antibody titres (log transformed) against infant anti-rotavirus
serum IgA antibody titre after vaccine dose 1 and dose 3. Statistical analyses were performed
with Prism (GraphPad Software, Inc., version 10.0.1) by use of the unpaired Mann–Whitney test
due to data not fitting the normal distribution. A p value of less than 0.05 was considered to
be significant. 95% CI = 95% confidence interval. * = significant p < 0.05. ns = not significant
p > 0.05. 1.0 × 106 neonate = low-titre neonatal vaccine schedule group. 3.0 × 106 neonate = mid-titre
neonatal vaccine schedule group. 1.0 × 107 neonate = high-titre neonatal vaccine schedule group.
1.0 × 107 infant = infant vaccine schedule group.
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4. Discussion

In this study, maternal rotavirus-specific serum IgA antibody titres did not reduce the
take of the RV3-BB rotavirus vaccine when administered in a neonatal vaccine schedule
(with the first dose at birth) or an infant vaccine schedule (first dose at 6 weeks of age) in
infants in Malawi. High maternal IgG antibodies reduced take after one and three doses of
vaccine in the neonatal schedule, although this was not observed at study end (week 18),
suggesting that any inhibition was not sustained. Stool shedding of vaccine virus was not
impacted by high maternal rotavirus-specific IgA or IgG antibody titres. The results of this
study reflect findings of previous RV3-BB clinical trials conducted in New Zealand and
Indonesia and suggests that this finding is not specific to a region or a population [23,24].

High maternal rotavirus-specific serum and breastmilk antibody levels have been
reported in a number of studies from LMICs, including from India, Nicaragua, Mexico,
Indonesia, and South Africa, compared to mothers from the USA [7–10,12–15,29,30]. The
inverse relationship between serum maternal IgG and/or IgA antibody titres and infant
immune responses has previously been reported following administration of rotavirus
vaccines [8,9,13]. High maternal pre-vaccination serum IgG antibody titres were nega-
tively associated with infant seroconversion (p = 0.031) and infant serum IgA antibody
titres following administration of the first dose of the Rotarix® vaccine in South African
infants, although this inhibition was overcome by the second dose of the vaccine [30].
Similar observations between rotavirus-specific maternal IgG antibody titres and infant
seroconversion were reported following the first dose of the RotaTeq® vaccine in infants
from Nicaragua (p = 0.02) [12] and after three doses of the Rotavac® vaccine in infants in
India [31]. Although we observed a negative association between the titres of maternal
antibody and anti-rotavirus IgA antibody titres in the infant vaccine schedule, this did
not translate to a lack of anti-rotavirus IgA seroconversion in these infants. It has been
proposed that the negative relationship between high maternal antibodies in mothers from
LMICs and infant serum IgA response after the first vaccine dose but not consistently
observed after a complete two- or three- dose vaccine schedule likely relates to the normal
exponential decline in transplacental IgG antibodies [24,25,32]. Delaying the first dose of a
rotavirus vaccine schedule in an effort to avoid the inhibitory effect of maternal antibodies
has been suggested, but this would leave young infants unprotected, particularly in high
rotavirus disease burden regions in LMICs where severe rotavirus disease still occurs,
despite the presence of high titres of maternal antibodies. Delaying the administration
of rotavirus vaccines also may have other implications, including an increased risk of
vaccine-associated intussusception [33].

Maternal IgG antibodies have been associated with an inhibition of seroconversion
with all vaccine types for a range of viral and bacterial pathogens—not only live-attenuated
vaccines but also inactivated, subunit, and protein vaccines [11]. Inhibition of vaccine
responses by maternal antibodies has been reported for a number of childhood vac-
cines, including measles and polio vaccine [11]. It has been proposed that inhibition of
vaccine antigen-specific B-cell activation by maternal IgG occurs via the development
of a vaccine–antibody complex involving cross-linking the B-cell receptor and the in-
hibitory/regulatory Fcγ-receptor IIB and/or epitope masking, neutralization of vaccine
virus, and removal of vaccine antigen by phagocytosis [11]. But if, or how, these mecha-
nisms may differ in children in LMICs compared to children in HICs is not known.

The lack of an accurate serologic correlate of protection presents a challenge in compar-
ing results between rotavirus vaccine studies [34,35]. Anti-rotavirus serum IgA antibody
levels after acute infection are currently considered the best serological marker of protection;
however, they are an indirect marker, as intestinal IgA is considered as the key mecha-
nism for clearance of infection [36,37]. Anti-rotavirus serum IgA response is commonly
used as a serological marker of immunogenicity in clinical vaccine trials, although the
laboratory method for analysis and definitions of vaccine response vary across vaccine
studies [38]. Higher titres of infant serum IgA correlate with a lower risk of rotavirus
infection, although this is not always a consistent measure of protection against rotavirus
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disease across studies [34,35,38]. Rotavirus serum-neutralising antibodies have also been
measured as a serum marker of vaccine response [34,35]. In New Zealand infants, serum-
neutralising antibody responses were not impacted by colostrum or breastmilk IgA titres
after three doses of RV3-BB vaccine [23]. Although not validated as a correlate of protection,
vaccine virus shedding detected in the stool after immunisation with a rotavirus vaccine
reflects gut replication of the vaccine virus and has been proposed as a marker of the
mucosal immune response [7,21,22,26,39]. In a comparative study of rotavirus vaccine
responses in Malawi and India, the negative correlation between maternal rotavirus-specific
serum and breastmilk IgA antibodies and rotavirus vaccine response was suggested to be
driven by a reduction in vaccine virus replication and shedding [7]. Interestingly, in the
United Kingdom cohort in the same study, vaccine virus shedding was not inhibited in
the presence of similar titres of maternal serum IgA antibodies [7]. In contrast, our study
did not identify a negative impact on RV3-BB vaccine virus shedding by high maternal
antibody titres. On the contrary, increased shedding was observed in the presence of high
maternal IgA antibody titres in the neonatal vaccine schedule group. The RV3-BB vaccine
is a human, neonatal rotavirus vaccine based on the naturally attenuated, asymptomatic
human neonatal strain (RV3: G3P[6]). Neonatal P[6] strains are phenotypically different
from pathogenic wildtype rotavirus strains [40]. The VP4 outer capsid proteins of neonatal
P[6] rotavirus strains differ at a number of amino acid positions compared to pathogenic
strains isolated from older infants and children. The wildtype RV3 strain has six amino
acid changes located on the basal surface of the VP8* core, which sits outside the putative
neutralization domain [40]. It has been proposed that these changes may allow neonatal
strains to bind more efficiently to carbohydrate molecules or proteins found on enterocytes
in the newborn gut and potentially evade neutralisation by maternal IgG antibodies [40].
Importantly, in Indonesia, the RV3-BB vaccine provided robust protection against severe
rotavirus disease in the first 18 months of life (75%) when administered in the neonatal
vaccine schedule, despite a negative association observed between cord blood IgG antibody
titres and serum IgA seroconversion and vaccine take after the first dose [21,24].

A limitation of this study reflects the lack of a perfect serological surrogate for protec-
tion against rotavirus infection or for the assessment of the response to a rotavirus vaccine.
To address this limitation, we have presented results of “vaccine take,” which takes into ac-
count anti-rotavirus IgA seroconversion and vaccine virus shedding in the stool [21,22,26].
To understand the characteristics of the influence of maternal antibodies on infant vaccine
response, it would be ideal to measure maternal antibodies at a number of time points
antenatally, during labour and cord blood, and also to assess a broader panel of immune
factors. Unfortunately, this was not feasible within the confines of this study. As serum
maternal IgA antibodies are not transferred via the placenta, breastmilk IgA antibodies
would have also provided further information but were not measured in the current study.
However, we did not find an association between IgA antibodies in colostrum or breastmilk
and vaccine take after three doses of RV3-BB vaccine when administered in either the
neonatal or infant vaccine schedules in New Zealand or Indonesia [23,24].

In summary, maternal rotavirus-specific IgG (but not IgA) antibody titres were associ-
ated with reduced vaccine take at after dose 1 and dose 3 in the neonatal vaccine schedule
group but not at study completion (week 18). Maternal IgG and IgA antibody titres were
inversely associated with IgA seroconversion in the neonatal vaccine schedule group but
had no impact on vaccine shedding at any timepoint in either schedule. These results are
consistent with observations from RV3-BB vaccine studies conducted in Indonesia and
New Zealand, where there was no association between IgA in colostrum and breastmilk
and vaccine take after three doses of RV3-BB vaccine when administered in the neonatal
or infant vaccine schedules. Using a neonatal vaccine schedule RV3-BB vaccine has the
potential to address the disparity in rotavirus vaccine performance that currently persists
in LMICs.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v16091488/s1, Table S1: Comparisons between maternal rotavirus-
specific IgA and IgG antibodies titres (log transformed) and vaccine responses in their infants who
had been administered RV3-BB in the neonatal vaccine schedule group presented according to vaccine
titre groups.
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