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(1D) VP1 gene
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B RVA/Human-tc/USA/DS-1/1976/G2P1B[4]
R2 subcluster-2

0.05

RVA/Pigeon-tc/JPN/PO-13/1983/G18P[17] (outgroup) —> R4

Fig. 1. (continued)
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nucleotide sequence identities (<91%) with those of other DS-1-
like RVAs. Phylogenetically, the NSP5 genes of strains 57M, 69M
and B37 clustered together to form a distinct lineage (shown as
H2b) within the DS-1-like H2 genotype (Fig. 1K).

Taken together, human G4P[10] RVA strain 57M appeared to
have originated from intergenogroup reassortment events involv-
ing acquisition of 69M-like VP4, NSP3 and NSP5 genes by a co-cir-
culating typical human Wa-like G4 RVA strain. This was
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C1 subcluster-1 (Human RVAs)
T RVA/Human-tc/GBR/ST3/1975/G4P2A[6]
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(1F) VP3 gene
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109/l RVA/Cow-tc/USAINCDV/1967/G6P6[1]
RVA/Cow-tc/VEN/BRV033/1990/G6P6[1]
RVA/Human-tc/USA/Se584/1998/G6P[9]
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RVA/Human-tc/GBR/A64/1987/G10P11[14]
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corroborated by the high levels of genetic relatedness observed in

the VP4, NSP3 and NSP5 genes between

detection of these strains in the same city and in the same year

Fig. 1. (continued)

57M and 69M, and the

(Hasegawa et al.,, 1984). On the other hand, the VP1-VP3, VP6,
NSP2 and NSP4 genes of 69M were found to be more closely re-
lated to those of artiodactyl or artiodactyl-like human P[14] strains
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(1G) NSP1 gene
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RVA/Human-wt/BEL/BE00047/2009/G1P[8]

100t RVA/Human-wt/BEL/BE00028/2007/G1P[8]
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00) RVA/Human-wt/COD/DRC86/2003/G8P[6]
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RVA/Human-wt/BEL/BE00009/2005/G1P[8]
RVA/Human-wt/IND/613158/2006/G1P[8]
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RVA/Guanaco-wt/ARG/Rio Negro/1998/G8P[1]
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89

0.05

Fig. 1. (continued)

to the A2, T2 and H2 genotype, respectively, that consists of human

(Martella et al.,, 2010; Matthijnssens et al., 2009b) than those of
DS-1-like RVA strains (Fig. 1C-K; Supplementary Table S2).

other RVAs, whereas its NSP1, NSP3 and NSP5 genes were assigned
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(11) NSP3 gene
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RVA/human-wt/AUS/MG6/1993/G6P[14]
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RVA/Pigeon-tc/JPNIPO-13/1983/G18P[17] (outgroup) ——> E4
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0.05

Fig. 1. {continued)

Therefore, although the origin of the VP4 gene of 69M could not be G8P[10] strain 69M might have originated from reassortment
established, the present analysis clearly indicated that human events involving at least the artiodactyl or artiodactyl-like human
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4,00\" RVA/Human-tc/IDN/69M/1980/G8P4[10] (Matsui et al., 1990) H2b
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Fig. 1. (continued)

strains and the typical human DS-1-like RVAs. Based on these
observations, it may be hypothesized that a 69M-like animal strain
was first introduced in humans, subsequently acquired its NSP3
and NSP5 genes from human DS-1-like RVAs through reassortment
events, and then again reassorted with a co-circulating human Wa-
like G4 RVA strain, resulting in strain 57M.

The Wa-like genotype constellation is believed to represent one
of the stable RVA genetic backbones (Ghosh and Kobayashi, 2011;
Matthijnssens and Van Ranst, 2012). On the other hand, the stable
Wa-like genetic backbone has been found to also possess gene(s)
derived from other RVA genogroups, as evident from the whole
genomic analyses of strain 57M and a few other RVA strains
(Matthijnssens and Van Ranst, 2012), pointing towards the
complex genetic diversity of RVAs. Whole genomic analyses of a
large number of human RVAs might be required to confirm the
actual prevalence and stability of these intergenogroup reassortant
strains under natural conditions. Our analysis of strain 69M
revealed the importance of detailed phylogenetic analysis within
the RVA genotypes in pinpointing the true origin of a strain, and
once again exposed the vulnerability of humans to artiodactyl
RVAs under poor hygienic conditions, especially in developing
countries, such as Indonesia.

In conclusion, the present study provided rare evidence for
intergenogroup reassortment events involving co-circulating typi-
cal human Wa-like RVAs and unusual RVAs of the DS-1-like geno-
group, and revealed the presence of artiodactyl-like genes in a
human P[10] strain, highlighting the complex evolutionary pat-
terns of the P[10] RVAs. Based on the available data, the origin of
the RVA P[10] VP4 gene still remains obscure. Proper detection of
P[10] strains in humans and animals, and whole genomic analyses
of several of these RVAs may be required to elucidate the exact ori-
gin of the P[10] genotype.
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Genetics and reverse genetics of rotavirus
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Rotavirus is a member of the family Reoviridae, which have
genomes consisting of 10-12 double-stranded RNA segments.
The functions of proteins encoded by each segment of the
rotavirus genome have been studied extensively by several
methods including reassortants, temperature-sensitive
mutants, isolates with rearranged RNA segments, RNAI
analysis, and other procedures. However, as found for most
RNA viruses, the technique of reverse genetics is required for
precise genotype/phenotype correlation, for the analysis of the
role of specific mutation in replication process and
pathogenesis, and for the development of vectors and
vaccines. In 2006, we presented the first description of a
reverse genetics system for rotavirus, although a helper virus
and a selection system are required. Since then, two other
approaches have been reported for rotavirus reverse genetics,
both requiring the presence of a helper virus. A tractable, helper
virus-free reverse genetics system for rotavirus has not been
developed so far, in contrast to the recent developments of
plasmid only-based reverse genetics systems for other
members of the Reoviridae.
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Introduction

Extensive studies on rotavirus genetics have been carried
out since the discovery of human rotavirus in 1973 [1,2].
Progress in methodology enhanced the genetic studies.
This has included the cultivation of human rotavirus in
cell culture, preparation of reassortants and femperature (1s)
mutants, # vitro transcription involving double-layered
particles (DLPs), RNA-RNA hybridization, recombinant
baculovirus expression systems, the application of specific
RNAI, and other procedures. When a report on iz vitro
RNA replication of rotavirus involving open cores
appeared in 1994 [3], most rotavirus researchers thought
that the development of rotavirus reverse genetics would

follow soon. However, it took more than 10 years for a
report on the successful development of such a system. In
2006, we succeeded in the establishment of a reverse
genetic system of rotavirus, although it required a helper
virus and a strong selection system [4°°,5]. This success
for rotavirus triggered the development of reverse
genetics for other members of the Reoviridae. In 2007,
a plasmid only-based reverse genetics was developed for
orthoreovirus [6°°], the efficiency of which was later
improved further [7,8]. By applying this reverse genetics
system to orthoreovirus, various new contributions were
made to elucidate different steps of the viral replication
cycle [9,10]. Furthermore, for bluetongue virus and Afri-
can horse sickness virus of the genus Orbivirus in the
family Reoviridae, the transfection of iz vitro transcribed
RNA from cDNA or of mRNA prepared iz vitro from
single-shelled core particles into cultured cells yielded
infectious viruses [11,12°°13]. For rotavirus reverse
genetics, two other methods were developed in 2010
[14°,15°°]. However, all systems including the one devel-
oped by our group [4°°] require a recombinant vaccinia
virus expressing 'I'7 RNA polymerase and particular ways
to exert selection pressure. So far, a generally applicable
plasmid only-based reverse genetics of rotavirus has not
been developed for rotavirus, despite extensive efforts of
many research groups. This is a mystery. Why is it so
difficult to develop a tractable, true reverse genetics
system for rotavirus?

In this review, after touching upon the classical genetics
of rotavirus, we summarize the reverse genetics for multi-
segmented double-strandes (ds)RINA viruses such as
members of the Birnaviridae (2 segments), Cystoviridae
(3 segments) and the viruses of the Reoviridae. Then, we
describe the development of reverse genetics for rotavirus
in different systems and provide a few examples of its
application by site-directed mutagenesis of the rotavirus
VP4 gene. Finally, we envisage the future developments
of rotavirus reverse genetics.

Genetics of rotavirus

Rotavirus has a genome consisting of 11 dsRNA seg-
ments, which encode six structural proteins and six
non-structural proteins. The function of each protein
has been elucidated by various means such as preparation
of reassortants, viruses with rearranged gene segment,
and # mutants, and knockdown of a given viral protein
using siRNAs or intrabodies.

Reassortants
When cells are co-infected with two different but com-
patible rotaviruses (of the same group/species), a high
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percentage of progeny viruses contain novel assortments
of gene segments (reassortants). Studies involving a num-
ber of reassortants derived from two strains with different
phenotypes contributed very effectively to mapping of
the phenotypes to specific viral segmental gene products
[16,17,18°]. For example, VP4 and NSP1 were found to
determine the distinctive replication capacities in the
mouse biliary tract [19]. VP3, VP4, VP7, and NSP4 were
found to be associated with virulence and host range
restriction [20,21].

Rearrangement

Rearrangement denotes alterations of considerable por-
tions of the sequence within single genome segments,
sometimes in the form of deletions, and often as partial
duplication. Several variants with rearranged segments
and altered phenotypes have been isolated [22]. Since the
virus with a rearranged gene 5 (encoding NSP1) with an
abrogated open reading frame of only 40 amino acids
grows well in cell cultures and induces diarrhea in mice,
NSP1 was found not to be essential for virus growth 7
vitro and in vivo [23].

Temperature-sensitive mutants

Various # mutants have been prepared by treatment of
rotavirus with mutagenic chemicals. Rotavirus # mutant
groups (A to G, ] and K) have now been mapped to 9 of
the 11 rotavirus genome segments [18°], and the amino
acid mutations on each protein have been identified. The
two reassortment groups H and I will be assigned to the
remaining segments encoding NSP3 and NSP4 in the
near future. Greenberg e al. [24] first identified VP4
being the hemagglutinin and the virus protein that is
responsible for noncultivatability of human rotavirus by
using /s mutants.

Intrabodies ,
Intracellular antibodies or intrabodies have great poten-
tial as protein knockout strategies for intracellular anti-
gens. Expression of intracellular antibody to NSP5 was
found to largely reduce the assembly of viroplasms,
cellular cytopathic effect and the titer of infectious viral
progeny [25].

siRNAs

"The highly specific and efficient inhibition of viral gene
expression by siRNAs offers the potential to elucidate the
function of a given viral protein, first analyzed for VP4
[26]. By RNAI analysis NSP5 was found to have a pleio-
tropic effect on virus replication [27]. The siRNA
approach showed that NSPS5 is essential for the assembly
of viroplasms that are associated with the utilization of
lipid droplet components for rotavirus replication [28].
Silencing of NSP4 was found to have unexpected global
consequences for virus replication as well as protein
localization in infected cells [29,30]. NSP4 knockdown
dramatically increased levels of viral transcription and

inhibited formation of packaged virus particles [29]. By
NSP4 silencing, it was confirmed that NSP4 is the main
protein responsible for the changes in Ca®* homeostasis in
cultured cells [31]. In other studies, silencing NSP4
downregulated VP7 and VP4, and resulted in a decreased
incidence of biliary atresia [32].

Thus, the major functions of each protein were analyzed
by the various methods described above. However,
analyses involving forward genetics have limitations such
as the inability to identify the precise functional region in
the genome by using virions with genomes that have
arbitrary substitutions, insertions, or deletions.

Reverse genetics is a powerful technique for studying
precisely the function of each segment and its protein
product in an otherwise unchanged genetic background
and for identifying the regions of the segments important
for RNA transcription, replication and packaging.

Reverse genetics of dsRNA viruses with a
segmented genome

There are many viruses with multi-segmented dsRNA as
a genome. Since the packaging mechanism of multiple
dsRNA segments is unknown, genetic modification has
been notoriously difficult. Since the success for bacterio-
phages &6 and &8 with a genome of three dsRNA seg-
ments [33-40], however, much progress has been made
on the reverse genetics for multi-segmented dsRNA
viruses.

Bacteriophages ¢6 and ¢8

Bacteriophages ¢6 and $8 are members of the family
Cystoviridae, which have three dsRNA segments: L, M,
and S. In 1990, Olkkonen ¢ 4/. [33] developed a reverse
genetics system. They prepared cDNA-derived single-
stranded (ss) RNNA of M segment by using a plasmid
encoding M segment under the control of T7 RNA
polymerase promoter. After mixing with natural L. and
S ssRNAs, the cDNA-derived M ssRNA was subjected
to in vitro packaging-replication system that has been
developed by Gottlieb e @/. [34]. After coating on outer
shell protein P8, the nucleocapsids were infected onto
Psendomonas phaseolicola spheroplasts, yielding infec-
tious bacteriophage ¢6. Onodera ¢z @/. [35] modified
this first system. They prepared a replication-incompe-
tent &6 derivative containing the L. segment with a
deletion by the i vitro packaging-replication system.
The P. phaseolicola expressing the intact $6 L segment
ssRINA transcribed by SP6 RNA polymerase was then
infected with the replication-incompetent ¢6 deriva-
tive. As a result, they could obtain the reverted infec-
tious ¢6 that possess the functional cDNA-derived L
segment. Later, Onodera e @/. could prepare novel
engineered viable viruses that possess genomic
segments joined together so that the number of the
segment can be only one or two [36].
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Finally, it is now possible to produce infectious virions by
electroporating three plasmids encoding L, M and S
segment, respectively, under T'7 or SP6 RNA polymerase
promoter into the spheroplasts expressing 17 or SP6
RNA polymerase [40].

Birnavirus

Infectious bursal disease virus (IBDV) and infectious
pancreatic necrosis virus (IPNV) are members of the
Birnaviridae, and have a genome consisting of two dsRINA
segments. By transfection of mRNA prepared in vitro
from cores or ssRNA prepared iz vitro from cDNA clones
into Vero cells, a cell line from African green monkey
kidney epithelial cells, infectious IBDV and IPNV were
recovered [41,42]. Later, QM5 cells were infected with
chicken pox virus expressing T7 RNA polymerase, and
two transcription plasmids encoding each of the two RNA
segments of IBDV were transfected, and an infectious
IBDYV derived entirely from ¢cDINA was recovered [43].

Orthoreovirus

The basis for reverse genetics for ortho reovirus with a
genome of 10 dsRINA segments was the discovery in 1990
that ortho reovirus RNA is infectious [44]. This system is
unique and complicated. A lysate of rabbit reticulocyte in
which ssRNA has been translated, and ssRNA and/or
dsRNA from serotype 3 ortho reovirus (ST3) were trans-
fected into 1.929 cells, and then the cells were infected
with serotype 2 ortho reovirus (ST2). On day 5 after the
infection, plaques of ST3 virus were recovered, since ST2
virus needs at least 12 days for plaque formation. By this
and its modified method, packaging signals were identified
[45] and a foreign CAT gene was incorporated into the
genome [46]. However, these methods are delicate and
tricky to handle, and have not been reproduced in other
laboratories. In 2007, a plasmid only-based reverse genetics
system not requiring a helper virus nor a selection system,
was developed for orthoreovirus [6°°]. In this system,
transcription of each gene segment located downstream
of the T'7 RNA polymerase promoter is driven by T7 RNA
polymerase, supplied transiently by recombinant vaccinia
virus (rDIs-T7pol) or by cells that constitutively express
the enzyme [7]. This excellent reverse genetics system has
been developed for two prototype orthoreovirus strains,
type 1 Lang and type 3 Dearing. For the first generation
rescue system, each cDNA for 10 genes was inserted into a
separate plasmid. In the second-generation system, the
efficiency of virus recovery was enhanced by engineering
the cDNAs of multiple segments into single plasmids to
reduce the number of plasmids to be transfected from 10 to
4 [7]. Furthermore, the use of baby hamster kidney cells
that express T7 RNA polymerase (BHK-T7) eliminated
potential biosafety concerns associated with the use of
recombinant vaccinia virus [7,8]. The orthoreovirus reverse
genetics has been applied to the analysis of viral protein
functions [9,10]. Specific mutations in the attachment
protein o1 have been introduced by reverse genetics [9].

Since orthoreoviruses induce cell death and apoptosis in
tumor cells, but not in healthy non-transformed cells [47],
reverse genetics for orthoreovirus may be useful for gen-
erating new orthoreovirus-derived oncolytic agents and
vaccines. Furthermore, it is possible to introduce different
exogenous peptides, up to 40 amino acids long, at the
carboxyl-terminal end of the ol outer capsid protein [48].

Orbivirus

For bluetongue virus belonging to the Ordivirus genus of
the Reoviridae, it became possible to recover infectious
bluetongue virus by transfection of permissive cells with
the complete set of 10 purified viral mRNAs derived
vitro from transcribing cores [11] or iz vitro synthesized
T7 transcripts using ¢cDNA templates [12°°]. Also, for
African horse sickness virus, another member of the
Orbivirus genus, a similar system has been developed
[13]. Recently, a cell-free system for reconstituting func-
tional subcore and core structures with proteins and
ssRNAs was developed for bluetongue virus [49].

Reverse genetics for rotavirus

Use of neutralizing antibodies

A major breakthrough in genetic engineering of rota-
viruses occurred in 2006 when we pioneered a reverse
genetics system that enables the generation of infectious
rotaviruses containing a cDNA-derived gene segment
[4°°]. This rotavirus system is based on helper virus-
driven reverse genetics (Figure 1), which was originally
developed for influenza viruses [50-52]. This system is
based on the cloned full-length VP4 gene of simian
rotavirus strain SA11 (G3P[2]), flanked by the T7 RNA
polymerase promoter and hepatitis delta virus (HDV)
ribozyme, and followed by the T7 RNA polymerase
terminator (Figure 2A). The resulting plasmid was trans-
fected into COS-7 cells that had been infected with
recombinant vaccinia virus (tDIs-T7pol) to provide T7
RNA polymerase. Each of the authentic 5 cap and 3’
polyA tail-lacking structures of rotavirus mRNA ends had
to be obtained with vaccinia virus-encoded capping
activity and HDV ribozyme sequences, respectively.
The transfected cells were superinfected with human
rotavirus strain KU (G1P[8]) as a helper virus. Recombi-
nant rotavirus possessing a cDNA-derived SA11 VP4
gene (P[2]) segment was rescued by P[8] specific neu-
tralizing antibody selection against the KU helper virus.
In addition to the recombinant virus having the authentic
VP4 gene, three more recombinant rotaviruses, into
which silent mutation(s) had been introduced as gene
markers in the VP4 genome, were soon generated using
this method (Figure 2A). Hence, the feasibility of this
rotavirus reverse genetics system was confirmed. The keys
for the development of the rotavirus reverse genetics
system are the use of specific anti-VP4 neutralizing mono-
clonal antibodies [53] and the use of recombinant vaccinia
virus expressing 1’7 RNA polymerase (rDIs-T7pol) that is
non-pathogenic to mammalian cells [54°].

www.sciencedirect.com
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Figure 1
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Reverse genetics system for rotavirus (RV). A plasmid containing a RV cDNA gene insert is transfected into COS-7 cells that have been infected with a
recombinant vaccinia virus expressing T7 RNA polymerase. Cells are then infected with a helper virus. Intracellular transcription by T7 RNA polymerase
yields artificial RV mRNA, which is packaged into progeny virions. The generated recombinant RV is rescued from the background of helper viruses by

applying strong selection systems.

With this method, recombinant rotaviruses with artificial
amino acid substitutions were generated. Site-specific
mutations were introduced into one of the three cross-
reactive neutralization epitopes of VP4, which resulted in
the engineering of recombinant rotavirus expressing chi-
meric VP4 on its surface [55°°]. The rescued virus con-
tains SA11 (G3P[2])-based VP4, in which a cross-reactive
neutralization epitope on VP5* was replaced by the
corresponding sequence of a different P-type DS-1
(human rotavirus strain, G2P[4]) (Figure 2B). Serological
analyses with a panel of anti-VP4 and anti-VP7-neutraliz-
ing monoclonal antibodies revealed that the engineered
virus carried a novel antigenic mosaic of cross-reactive
neutralization epitopes on its VP4 surface. Clearly, this
approach to construct chimeric rotaviruses will potentially
lead to a new generation of effective vaccine candidates
against rotavirus disease.

The spike proteins of many enveloped viruses are
initially synthesized as inactive precursors. Therefore,
proteolytic cleavage of precursor spike proteins at mo-
no-basic or multi-basic cleavage site(s) by cellular pro-
teases is absolutely required to convert them into an
active state and to render the virions infectious. The
mono-basic cleavage sites and multi-basic cleavage sites

are readily cleaved by exogenous trypsin-like proteases
and endogenous furin-like proteases, respectively. VP4,
the spike protein of non-enveloped rotavirus, resembles
the precursor spike proteins of enveloped viruses because
they exhibit substantial structural and functional sim-
ilarities. VP4, as an inactive precursor, is cleaved at
mono-basic cleavage sites by trypsin into VP5* and
VP8* as active states, resulting in activation of rotavirus
infectivity [56]. To examine the possibility that modifi-
cation of the VP4 trypsin cleavage site to a furin-sensitive
state would allow engineering of a viable rotavirus that
can perform multicycle replication without trypsin, we
generated and characterized recombinant rotavirus
expressing a mutant VP4 that can be cleaved by furin-
like proteases as well as trypsin [57] (Figure 2C). Unex-
pectedly, this VP4 mutant could not undergo multicycle
replication without an exogenous protease, although the
mutant VP4s on virions were efficiently cleaved by furin-
like proteases. Since nascent viruses containing already
cleaved VP4 were significantly constrained within the
cells, it was suggested that intracellular cleavage of
VP4 by furin may be disadvantageous for rotavirus infec-
tivity, possibly owing to an inefficient virus release pro-
cess. This reverse genetics approach may become
valuable for the understanding of the molecular basis

Current Opinion in Virology 2012, 2:399-407
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Schematic representation of the SA11 virus-based transcription plasmids encoding the full-length VP4 gene. (A) The wild-type and mutated VP4 genes
of SA11 were cloned between the T7 RNA polymerase and HDV ribozyme, followed by the T7 RNA polymerase terminator. The numbers indicate the
nucleotide positions in the SA11 VP4 sequence. (B and C) Manipulations of the VP4 gene by means of amino acid mutations (positions are indicated
by bold letters and asterisks below the sequences) were carried out in pT7/VP4(SA11). The mutant plasmid pT7/VP4(SA11)-1i(DS-1) contains five
amino acid mutations within the epitope Il sequence (B). The mutant plasmid pT7/VP4(SA11)-R247Furin possesses two amino acid mutations within
the trypsin cleavage site that create a furin cleavage site at the R247 position (C). The numbers indicate the amino acid positions in the SA11 VP4
sequence. PT7, Rib, and TT7 denote the T7 RNA polymerase promoter, HDV ribozyme, and T7 RNA polymerase terminator, respectively.

of the significance of VP4 and VP7 for rotavirus replica-
tion and pathogenesis.

VP4 possesses three conserved mono-basic residues at its
trypsin cleavage site (R231, R241 and R247) (Figure 2C).
Although only R247 is assumed to be required for the
activation of infectivity with conventional techniques, the
strict conservation of the three residues suggests that the
presence of these residues may play an important role
during infection. This possibility was evaluated by gen-
erating recombinant rotaviruses with trypsin cleavage site
mutations using reverse genetics, and the role of each
arginine residue in rotavirus infectivity will be demon-
strated in the near future [Komoto and Taniguchi, unpub-
lished data].

The present method is applied only for the VP4 gene, but
can be extended to the VP7 gene. The SA11-L.2 clone has
little dependency on trypsin for its growth [58]. On
transfection of an artificial SA11-L.2 VP7 gene in the
presence of neutralizing monoclonal antibodies specific
to VP7 (G1-specific) as a selection pressure and the use of
a KU-SA11 reassortant whose VP4 gene only is derived
from SA11 as a helper virus, recombinant viruses with the
VP4 and VP7 genes, both of which are derived from SA11-
L2, independent of trypsin would be isolated.

Furthermore, if 2 marker protein such as GFP can be
expressed in this system, the use of the IRES sequence to
prepare a bicistronic segment (GFP and NSP protein) will
also have the potential as a modified reverse genetics
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Figure 3
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Procedure for generation and recovery of gene 8 recombinant virus using dual selection [15°°]. (A) Schematic representation of the SA11 virus-based
transcription plasmids encoding the full-length gene 8. (B) Procedure for reverse genetics under dual selection. COS-7 cells are infected with rDls-
T7pol (V-T7) (i}, and transfected with the recombinant gene 8 plasmid (pBS-SA11g8") (ii) before infection with the tsE helper virus at 30°C (iii). The
recovered virus stock may have the tsE/SA11g8R virus as well as tsE helper virus. Passage in MA104-g8D at 39°C (iv) permits efficient isolation of the

tsE/SA11 g8® virus (v).
From [15°°], with permission of the authors and the publisher.

technique permitting the selection of fluorescing cells by
FACS or any other method, since rotavirus particles have
the ability to pack the extra nucleotides of 1900-2400
nucleotides [[59], Chen er 4/., unpublished data]. In
particular, NSP1 is found to be non-essential for rotavirus
growth in cultured cells or in mice [23], and the NSP1-
coding region might be replaced by the GFP gene.

Use of s mutant

Trask ez a/. [15°°] developed reverse genetics protocol in
which a mutant SA11 rotavirus encoding a zs defect in the
NSP2 protein and RNAi-mediated degradation of NSP2
mRNA are employed. They prepared a plasmid pBS-
SA11g8 that has an SA11 NSP2-coding gene 8 cDNA with
a T7 RNA polymerase promoter sequence at the 5 end
and a modified HDV ribozyme and 'T'7 RNA polymerase
terminator at the 3’ end (Figure 3A). Seven mutations
were introduced into the SA11g8 ¢cDNA in the region
targeted by the g8D siRINA to generate plasmid pBS-
SA11g8R. COS-7 cells were infected with the T7 RNA
polymerase-expressing rDIs-T7pol and then transfected
with the pBS-SA11g8R plasmid. The cells were then
infected with rotavirus #E as a helper virus and incubated

at 30°C. Virus in the cell lysates was passaged at 39°C in
MA104 cells that express g8D siRNA to select for pro-
geny virus with the recombinant gene 8 (Figure 3B). In
this system, the #s mutant is the much more critical
selection mechanism than the use of siRNA. The utility
of this reverse genetics system was evaluated by obtaining
recombinants expressing chimeric NSP2 proteins.

This dual selection with # mutants and RINAI can theor-
etically be extended to other genes, since rotavirus #s
mutation groups have been mapped to 9 segments [18°],
except for gene segments encoding NSP3 and NSP4. For

- this approach to be successful, the #s mutants must be very

tight.

Use of rearranged gene

Troupin e a/. [14°] reported a reverse genetics system for
rotavirus based on the preferential packaging of
rearranged RINA segments. They introduced an iz
vitro-engineered gene 7 with rearrangement encoding a
modified NSP3 protein into an infectious rotavirus. In this
system, they also used COS-7 cells infected with rDIs-
T'7pol for providing T7 RNA polymerase and a bovine
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rotavirus RF as a helper virus, but no additional selective -

pressure. This system can theoretically be applied to
other genes (genes 5-11) for which rearrangements have
been described. The preferential packaging of the
rearranged RINA segments might be caused by the dupli-
cation of packaging signals or secondary structures in
rearranged segments [60].

Plasmid only-based

Extensive studies aiming at establishing a plasmid only-
based rotavirus reverse genetics system have been per-
formed without success so far. Why is it so difficult to
develop plasmid only-based rotavirus reverse genetics in
contrast to the successes with orthoreoviruses and orbi-
viruses? In our laboratory we could readily confirm the
excellent efficiency of the orthoreovirus reverse genetics
system [6°°] by using a set of 10 plasmids, each containing
the cDNA of one segment, and 1.929 cells provided by
Dr. Dermody. As a result, we recognized that there are no
problems with reagents and techniques used for rotavirus
in our laboratory. Rotaviruses have one more RNA seg-
ment than orthoreovirus. Rotavirus infection depends on
the presence of trypsin more than orthoreovirus. The ratio
of the number of virus particles per infectious unit is
much lower in rotavirus [61]. It will be the problem of the
efficiency of the recovery of infectious rotavirus particle.
There might be some modifications necessary for the

success of plasmid only-based rotavirus reverse genetics

such as preparation of plasmids having multiple gene
inserts in order to reduce the number of plasmids for
transfection, use of rotavirus strain whose dependency on
trypsin is low, use of cells that express some of the
rotavirus proteins and T7 RNA polymerase, or other
procedures. We have examined some of them. We
employed a set of 11 transcription plasmids encoding
each gene segment from some animal and human rota-
virus strains. The use of various cell-lines susceptible
(COS-7, 293T, MA104, CV-1, HT-29, MDCK and Vero
cells) and refractory (BHK, CHO and 1929 cells) to
rotavirus infection were examined. We used the cells
that constitutively express 17 RNA polymerase.
Inclusion of eukaryotic expression plasmids encoding
rotavirus proteins was also examined. However, these
approaches did not lead to success so far. Further perse-
vering in investigations will be required for the success of
the plasmid only-rotavirus reverse genetics.

Conclusion

Since our early success in rotavirus reverse genetics,
progress has been slow. There are three different systems
for rotavirus reverse genetics so far, whose reported target
gene segments are VP4, NSP2 and NSP3, respectively.
Theoretically, they can be extended to more gene seg-
ments. In addition, the efficiency of obtaining infectious
rotavirus with a segment having undergone site-directed
mutagenesis should be improved. Ultimately, as for other
members of the Reoviridae, plasmid only-based reverse

genetics for rotavirus should be developed by extensive
examinations of variables that will affect the recovery
efficiency of infectious virus.

Once a plasmid only-based reverse genetics system has

‘been developed, the procedure will help to solve pro-

blems such as the precise mechanism of virus entry into
cells and virus export from cells, control mechanism of
packaging of 11 RNA segments into particles, mechanism
of protein and vesicle trafficking, pathway of developing
viremia/antigenemia, identification of the region respon-
sible for pathogenesis and attenuation, and many others.
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ABSTRACT

This study aims to evaluate the effect of hyperimmune immunoglobulin Y (IgY) against human rotavirus
(HRV) among pediatric patients receiving standard supportive treatment for rotavirus-associated diar-
rhea mostly with an enteric non-cholera co-pathogen in a hospital setting. Two natural HRV reassortant
clinical strains ATCC VR 2273 and ATCC VR 2274 were used as mixed immunizing antigens in poultry
hens to generate anti-HRV IgY (Rotamix IgY). The Rotamix IgY was used in laboratory and clinical studies
against control or placebo IgY. The control or placebo IgY was prepared using tissue culture medium from
mock-infected MA104 cell line as antigen for poultry immunization. In vitro, Rotamix IgY exhibited multi-
serotypic cross neutralization activities along with synergistic effects against major global serotypes G1,
G2, G3, G4 and other human or animal rotavirus strains when compared with mono-specific IgY. Suckling
mice (ICR strain) pre-treated orally once with Rotamix IgY and then challenged with rotavirus 3 h later
showed a significant dose-dependent reduction in frequency (p < 0.05) and duration (p <0.05) of diarrhea
compared to placebo IgY-treated mice. Out of 114 children aged between 3 and 14 months and with
diarrhea upon admission in a Myanmar hospital, 54 dehydrated and rotavirus-positive children were
randomized into Rotamix IgY group and placebo IgY group. Of these, only 52 children had complete data
with n=26 children per study group. Ninety-two percent of patients in each of these groups were posi-
tive for co-infecting enteric non-cholera pathogen and all patients received standard supportive therapy
for diarrhea. The patients were monitored for volume and duration of oral rehydration fluid (ORF) and
intravenous fluid (IVF) intake, daily stool frequency and overall duration of diarrhea, and frequency and
duration of rotavirus shedding. Compared to placebo IgY group, the Rotamix IgY group had statistically
significant reduction in mean ORF intake (p =0.004), mean duration of intravenous fluid administration
(p=0.03), mean duration of diarrhea from day of admission (p<0.01) and mean duration of rotavirus
clearance from stool from day of admission (p=0.05). Overall, our novel approach using oral Rotamix IgY
for rotavirus-infected children mostly with non-cholera enteric pathogen co-infection appears to be a
promising, safe and effective adjunct to management of acute diarrhea in pediatric patients.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Rotavirus is the leading single etiologic agent of severe diarrhea
among infants and young children worldwide during the first five

E-mail addresses: rahman@ew-nutrition.co.jp, shofig66@yahoo.com years of life. It is responsible for over 500,000 deaths in infants and

(S. Rahman).

young children mostly in developing countries each year which
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Table 1
Rotavirus strains used in this study.

Strain Serotype

Human origin:

HRV 408 Natural reassortant G3 P[?]
HRV 248 Natural reassortant G4 P{4]
Wa G1P[8]
KU G1P[8]
M37 G1P[6]
S2 : G2 P[4]
1076 G2 P[6]
YO G3 P[8]
HK G4 P[8]
Horse origin: HO-5 G3 P[12]
Cow origin: Shimane G6 P[5]
Pig origin: S-80 G1P[7}

P[?] means P genotype is unknown.

represent approximately 5% of all deaths [1]. Rotaviruses have also
beenimplicated as causative agents of outbreaks of diarrhea occur-
ring in nursing homes [2], among travelers [3], in day-care centers
[4], and adults suffering from a variety of immunodeficiency con-
ditions [5,6]. Among the 24 G types and 33 P types of group A
rotaviruses classified so far [7], 5 G types (G1, G2, G3, G4, and G9)
and 3 P types (P[4], P[6], P[8]) account for most of the G/P types of
human rotaviruses detected globally. Four common G-P combina-
tions (G1, G3, and G4 with P[8] and G2 with P[4]) are of principal
epidemiologic importance being responsible for approximately 96
percent of rotavirus infections worldwide [8-11], although their
relative proportions may vary by year and region. It follows there-
fore that any proposed immunologic intervention measures must
provide good protection against these four epidemiologically sig-
nificant HRV serotypes.

Conventional treatment for rotavirus diarrhea is non-specific,
largely symptomatic and involves fluid and electrolyte replacement
and maintenance of nutrition. The use of current vaccine regimens
poses inherent limitations due to variable degrees of efficacy [12],
and high cost. On the other hand, passive immunotherapy using
orally administered hyperimmune chicken immunoglobulins (IgY)
has been reported with various degrees of success against infec-
tious diseases of viral, bacterial, fungal and protozoal origin in
both humans and animals [13-15]. There have been reports on the
experimental use of rotavirus specific Ig¥s in cow [16], cat [17]
and mice [18,19] with promising results. So far there has been only
one report of a randomized placebo-controlled clinical trial in chil-
dren using IgY against rotavirus [20]. The investigators in aforesaid
trial used four different strains of rotavirus to produce IgY but they
did not determine the dose of IgY in terms of neutralization titer
as well as the possible range of cross-reactivities of the IgY with
known rotavirus serotypes. In the present study we mapped the
IgY cross-reactivities against an array of clinically important human
and animal strains currently circulating worldwide and defined the
titer of IgY administered to rotavirus-infected patients for possible
application as a general adjunct to standard supportive therapy for
acute rotavirus-related diarrhea among pediatric patients.

2. Materials and methods
2.1. Viruses and cell lines

The viruses used in this study were reassortant type Il subgroup
human rotavirus (HRV) strains HRV 408 (ATCC 2273), HRV 248
(ATCC 2274), Wa(G1P[8]), S2(G2P[4]), YO(G3P[8]), and HK(G4P[8])
originated from human, HO-5 (G3P[12], horse), shimane (G6P[5],
cow), and S-80 (G1P[7], pig) (Table 1). Rhesus monkey kidney cell
line MA-104 (ATCC CRL-2378) cells were used to propagate all the
above rotaviruses. MA-104 cells were maintained by using Eagle’s

Minimal Essential Medium (EMEM, Nissui, Japan) with Earles’ salts,
supplemented with 10% fetal bovine serum (FBS) and incubate at
37°C, 5% carbon dioxide.

2.2. Preparation of Rotamix IgY and placebo IgY

Reassortant strains HRV 408 and HRV 248 were isolated
from stools of 9- and 17-months old children respectively from
Bangladesh [21]. These two reassortant human rotaviruses were
used as antigens for the production of anti-HRV IgY according to the
methods described previously [22]. Prior to their use as immuniz-
ing antigen, the above rotavirus strains were inactivated using 0.3%
formalin at 37°C for 24 h. To generate IgY, 18-week-old Hy-Line
hens were immunized by intramuscular injection of an emulsified
mixture of inactivated human rotavirus either as single-strain or
mixed-strain emulsions. Eggs laid by the immunized hens between
3 and 10 weeks after immunization were harvested and egg yolk
was isolated, pooled and processed into powder form in accordance
with a method described previously [23]. The egg yolk powder from
mixed vaccination with two rotavirus strains HRV 408 and HRV 248
was designated as “Rotamix IgY”. Placebo IgY powder was prepared
by the same method from the eggs of hens immunized using as
antigen the tissue culture medium of mock-infected MA-104 cell
monolayer. For in vitro and in vivo mouse studies, Rotamix IgY and
placebo IgY were partially purified from egg yolk by chloroform
extraction and ammonium sulfate precipitation [24]. The antigen
and antibody protein concentrations were determined by Bio-Rad
protein assay (Bio-Rad Laboratories, CA, USA).

2.3. Virus quantitation and fluorescent focus (FF) reduction assay
onlgy

Virus titers were determined by 50% tissue culture infectious
dose (TCIDsg) method [16]. Briefly, tissue culture supernatants
were assayed for virus infectivity on MA-104 cells based on end-
point dilution of samples with cytopathic effect in a 10-fold sample
dilution series. For the virus neutralization assay, fluorescent focus
(FF) reduction method was employed [25]. In this assay, MA 104
cells were plated onto 96-well tissue culture plate with EMEM
containing Earle’s salts and non-essential amino acids and supple-
mented with L-glutamine, sodium pyruvate, and 5% fetal bovine
serum. All rotavirus cultures were maintained with the medium
containing 10 pg/ml trypsin. Cells were incubated at 37 °C with 5%
CO; tension for 24 h or until a confluent monolayer was formed. Dif-
ferent dilutions of Rotamix IgY in phosphate buffered saline were
prepared with final concentrations of 100, 50, 25, 12.5, 6.25, 3.13
and 1.56 mg/ml. Each dilution was mixed with an equal volume
of 12 different rotavirus strains (248, 408, Wa, KU, M37, S2, 1076,
YO, HK, HO-5, Shimane and S-80) at a dilution that yielded about
150-200 FF units per 0.025ml per well and the mixtures were
allowed to react at 37°C for 1h. About 50 pl aliquots of the IgY-
virus mixtures were dispensed onto MA104 monolayers in 96-well
microplate and incubated for 1 hat 37°C. 100 p.l of fresh EMEM was
added, followed by 16-18 h cultivation at 37 °C, 5% CO,. Fixation in
cold (—80°C) methanol, and reaction with first and second anti-
bodies, were performed as described previously [26]. Neutralizing
antibody titer was expressed as the reciprocal of the highest IgY
dilution that reduced the FF count by >50%. The mean FF reduction
titer of IgY was calculated from 3 independent assays.

2.4. Suckling mouse experiments

All procedures that involved animals were approved by the
Institutional Animal Care and Use Committee of the Immunology
Research Institute in Gifu, Japan. Pregnant, rotavirus-negative CD-1
SPF mice (Charles River Japan, Inc., Kanagawa, Japan) were housed
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individually in an environmentally controlled animal facility until
parturition. Environmental factors were closely monitored daily
and maintained within the recommended range for the animals
(18-23°C, 40-75% humidity, and photoperiod of 12 h each of light
and dark cycles). Mice were maintained on normal pellet diet, water
was provided ad libitum and beddings and cages were changed
once a week.

Four-day old suckling mice born after the one-week acclimati-
zation period were randomized into several experimental groups
(n=10/each group). The challenge dose for HRV 248 and 408 strain
were 1077 TCIDsg and 1075 TCIDsq respectively. They were given as
25-pl oral dose of rotavirus suspension after a 21-h fast. Rotamix
IgY or placebo IgY in phosphate-buffered saline was given once
as a single dose 3h prior to challenge. For this pre-challenge
IgY treatment, four different doses of Rotamix IgY were tested:
5mg/mL, 2.5mg/mL, 1.25mg/mL, and 0.625 mg/mL. For control
mice, 5 mg/ml of placebo IgY was used. At any time point after chal-
lenge, neither Rotamix IgY or placebo IgY was given to any mouse in
the experiment. After challenge, the mice were observed daily for
3 days and were checked every 4 h daily for signs of diarrhea which
is determined as loose stools on gentle palpation of the abdomen
or as feces-smeared tail during the 3 days of the experiment. Stool
samples were retrieved by gentle palpation of the abdomen. Stool
consistency was evaluated on a five-point scale as follows: 0, nor-
mal, solid and black; 1, soft brown; 2, liquid brown; 3, soft yellow; 4,
liquid yellow. Mice showing scores of 3 or higher were considered
as having diarrhea. The outcome measures used were frequency of
diarrhea (determined as the percentage of mice with diarrhea on
a daily basis) and duration of diarrhea (determined as number of
days with diarrhea).

2.5. Preparation of placebo and Rotamix IgY in sachets for oral
administration to infants

Rotamix IgY or placebo IgY were mixed with maltitol and banana
- flavor and dispensed into sachets. One sachet contains 0.5 g anti-
HRVIgY, 1.48 gmaltitol and 0.02 g banana favor (total of 2 g/sachet).
The protein content of the Rotamix IgY and placebo IgY prepara-
tions, were 7.5% and 7.8% respectively, with an IgY content of 20%
(w/w). The fat, carbohydrate, ash and moisture contents of both IgY
preparations were 12%, 5%, 0.8%, and 5% respectively.

2.6. Study design and population

The research protocol followed in this clinical trial has been
approved by the Ethical Committee on Medical Research Involv-
ing Human Subjects of the Department of Medical Research
(Central Myanmar). A double-blind, placebo-controlled trial of
rotavirus-specific Ig¥Ys was conducted in Myanmar during the
rotavirus epidemic season from January to March, 2011 in the
Pediatric Infectious Disease Wards of the Defense Services Obstet-
rics, Gynaecology and Children’s Hospital, in collaboration with
the Department of Medical Research, Central Myanmar Ministry
of Health. Infants and children of both sexes aged between 2 and
36 months who were brought to the above hospital with history of
acute watery diarrhea and dehydration were entered in the study.
Children with severe malnutrition, respiratory infections, systemic
infection and a history of bloody or mucoid diarrhea were excluded.
Selected children were taken to the study ward and observed for
4h during which rehydration with oral rehydration fluids (ORF)
or intravenous fluids (IVF) was performed while their stools were
screened for rotavirus antigen by the commercial Dipstick ‘Eiken’
Rota kit (SA Scientific, USA). Those with positive results were finally
enrolled in the study after obtaining informed consent from their
parents/guardians.

Table 2
Medications given to Rotamix IgY and placebo IgY groups as routinely prescribed
by attending physician.

Treatments No. of patient
Rotamix IgY Placebo
group group
Antibiotics
Ampicillin 1 1
Metronidazole 25 23
Cotrimoxazole 10 9
Amikacin 2 3
Gentamycin 11 9
Cefotaxine 0 1
Ceftriazone 0 1
Chloramphenicol 0 1
Vitamins/minerals
Astymin C 2 4
Folic acid 12 12
Zinc ) 7 10
Becozinc 1 1
Burplex 3 1
Probiotics
Biovita: 4 3
Lactobacillus helveticus R0052
Bifidobacterium longum R0175
Bioflor: Saccharomyces boulardii 0 1
Medilac-S: Streptococcus faecium 4 1

Bacillus subtilis

2.7. Treatment protocol

Out of 114 children screened, 54 children qualified for the study
based on above-mentioned criteria with 2 children being dropped
from the study later due to incomplete data. The selected children
were divided into two groups by randomization through alternate
assignment of the placebo IgY and Rotamix IgY sachets labeled A
and B respectively to patients according to the order in which they
were admitted at the hospital for confinement. The appearance of
the sachets was identical except for the A or B label but the enroller
(field scientist) did not know which of the sachets was placebo
or Rotamix IgY. One sachet of the Rotamix or placebo IgYs was
administered four times daily for 8 consecutive days in addition
to rehydration therapy. The attending clinicians monitored other
possible untoward reactions to Rotamix IgY. Under the supervision
of pediatricians who did not know the group status of any of the
study children or infants, the ongoing water loss was replaced by
equivalent amount of ORF but intravenous fluid solution was used
if ORF therapy failed to compensate for ongoing water loss. The
IVF was discontinued as soon as dehydration was corrected and
oral rehydration was resumed. Routine medical treatments given
to participants in the form of antimicrobials or supplementary vita-
mins/probiotics were noted and recorded for all patients in both
groups (Table 2). Exclusively breast-fed infants continued toreceive
mothers’ milk while weaned children received a milk-based for-
mula in addition to breast milk. Non-breastfed children were given
milk formula or semisolid and solid foods appropriate for their age
and food habits. The solid or semi-solid food is usually rice-based
and may contain non-fermented milk or vegetable materials. There
were no prebiotics or probiotics in any of the home-made diet for
infants.

2.8. Clinical assessments and laboratory investigations

Baseline physical, clinical and microbiological assessments were
made on the first visit at day 0. At this time, all selected patients
passed a thorough physical examination and assessment of hydra-
tion by physicians who managed the subsequent ORF and IVF
administrations while recording stool frequency and duration of
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In vitro cross neutralization activity of anti-HRV IgY preparations with human and animal rotavirus strains as determined by FF reduction assay.

IgY¥ samples Neutralization titer/0.1 ml IgY? against different human rotavirus strains

408 248 Wa KU M37 S2 1076 YO HK HO-5 Shimane S-80
Anti-408 5120 2560 10240 5120 10240 2560 >40960 40960 10240 5120 <20 1280
Anti-248 2560 >40960 5120 5120 5120 5120 >40960 20480 40960 1280 <20 640
Rotamix 10240 >40960 20480 20480 20480 10240 >40960 >40960 >40960 5120 <20 2560
Control <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20

a [gY titer is expressed as dilution factor of 1g hyperimmunized IgY powder that reduced the fluorescent focus (FF) count by >50% in the FF reduction assay. Results are

presented as the mean of three independent experiments.

diarrhea daily until day 8. Fecal samples were collected for stool cul-
ture to detect viral and bacterial infection using standard direct and
enrichment enteric media as described elsewhere [27]. Detailed
identification of bacterial serotypes using serology was not done.
Stool specimens were obtained daily for 8 days to assess the dura-
tion of viral shedding. Detection of rotavirus in stool during the
study was made by ELISA method [28] as described below. Tech-
nicians of the diagnostic laboratory were not aware of the group
each patient belonged to. The code for the sachets was broken only
when all the laboratory and clinical datas were compiled for data
analysis. The randomized group assignment of patients resulted
in Rotamix IgY and placebo IgY groups with demographic and co-
pathogen infection profiles as shown in Tables 3 and 4 respectively.
The patient exclusion criteria followed in this study (severe mal-
nutrition, respiratory infections, systemic infection and a history
of bloody or mucoid diarrhea) may have excluded Vibrio cholera-
infected children in these groups.

2.9. Detection of rotavirus antigen in stool

A total of 416 stool specimens were collected from 52 patients
at different time points (days 1-8) post-treatment and stored at
—20°C. Ten percent fecal suspensions were prepared in phos-
phate buffered saline (PBS), clarified by centrifugation (1000 x g
for 5 min) and analyzed by ELISA as described previously [28] with
some modifications. Briefly, polyvinyl 96-well microtiter plates
(Nalgene Nunc International, Rochester, NY) were coated with
1:10,000 dilution of a monoclonal antibody (Mab) YO-156 and incu-
bated overnight at 4°C. The MAb YO-156 (IgG2a) is highly reactive
with VP6, a common epitope of all group A rotaviruses that have
been examined to date [29]. After a routine 3 times wash with
PBS-Tween 20 (PBST), the wells were incubated with 1% bovine
serum albumin overnight at 4°C and washed as before. A mix-
ture of 10% stool suspension (375 wl) and 10% skim milk (125 pl)
was then incubated in the wells overnight at 4°C. After a routine
PBST wash, 50 L of anti-human rotavirus hyperimmune rabbit
serum diluted 1:5000 with PBST that contained 2.5% skim milk

Table 4
Baseline characteristics of the study children upon admission prior to IgY treatment.”

Characteristics Test (n=26) Placebo (n=26)
Male:female 13:13 17:09
Resident (urban:rural) 16:10 12:14
Age (months) 13.84+10.6¢ 13.5+6.3
Weight (Ib) 17.5+4.5 18.8+3.1
Breast-feeding frequency (number/day) 71+£70 78+6.7
Temperature (°F) 100.541.5 1004+ 1.8
Fever rate (%) 22/26 (85%) 21/26 (81%)
Fluid intake (ml/day):

ORS and others supplement 767.3+538.6 10054 +£628.0

Intravenous fluid (IVF) 345.0+347 592.3+491.3
Diarrhea duration (h) 69.6+33.6 7444 38.4
Stool frequency (number/day) 92%56 8.5+7.3

* Values are not statistically significant between groups.
t Mean=+SD.

were added to each well. The plate was incubated at 37°C for 1.5 h.
After a routine PBST wash, wells were incubated with 1:5000 dilu-
tion of peroxidase-conjugated donkey anti-rabbit immunoglobulin
G (Jackson Immuno Research Laboratory, Inc, West Grove, PA) at
37°Cfor 1.5 h. After a 4x PBST wash, substrate was then added and
MAD bound to rotavirus VP6 antigen in test samples were detected
by a micro-ELISA reader (EAR400; SLT-Lab instruments, Salzburg,
Austria) at 492-nm. To establish an appropriate cutoff value, we
tested 22 fecal samples collected from control or placebo subjects
prior to treatment. The optical density (OD) of 0.13 was used as the
cut-off value for a positive result.

2.10. Data analysis

All data are presented as the means =+ standard deviations (SD).
The proportion of mice with diarrhea between groups and rotavirus
shedding among patientsin test and placebo groups, were analyzed
by Chi-square test. The comparison of ORF intake and stool fre-
quency among the study children between test and placebo groups
were compared by the Student’s t-test. Probability (p) of <0.05 was
defined as statistically significant.

3. Results
3.1. FFreduction titer of Rotamix IgY and placebo IgY

The reactivity of the anti-HRV IgY is shown in Table 3. The neu-
tralization titers of Rotamix IgY, as measured by FF reduction assay
against the HRV strain 408 and 248 serotypes were 10,240 and
40,960 respectively. All 3 test IgY samples cross-reacted with all
rotavirus strains tested except for the cow strain Shimane but the
Rotamix IgY showed higher cross-reactivity against strains 408,
Wa, KU, M37, S2, and S-80 compared to the 2 monovalent IgY sam-
ples (Table 3). Placebo IgY showed no reaction with all serological
strains (neutralization titer was <20).

3.2. Suckling mouse experiments

There was no mortality in both placebo and test mouse groups.

‘ Feeding mice with Rotamix IgY prevented diarrhea in a dose-

dependent manner. Among mice challenged with HRV 248, feeding
higher doses of Rotamix IgY (5 mg/ml or 2.5 mg/ml) significantly
reduced the frequency of diarrhea among test mice on day 2 (1/10
vs. 5/10 among placebo mice) and day 3 (1/10 vs. 7/10 among
placebo mice) (p=0.006). Feeding with the lowest dose had the
same effect on the frequency of diarrhea as the placebo group on
day 3 (70% for 0.625 mg/ml compared to 70% for controls, p >0.05)
(Fig. 1). Among mice challenged with HRV 408, feeding of 5 or
2.5mg/ml Rotamix IgY had a significantly reduced frequency of
diarrhea in the test group on days 2 and 3 (p < 0.02). Feeding with
the lowest dose had the same effect on the frequency of diarrhea
as the placebo group on day 3 (90% for 0.625 mg/ml compared to
80% for placebo, p>0.05) (Fig. 1). No clinical symptoms other than
diarrhea were observed in any of the mouse groups.
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Table 5

Infection status among study children as revealed by stool microbiological tests upon admission to hospital.

Organisms co-infecting with human rotavirus

Rotamix IgY, n=26 (%)

Placebo IgY, n=26 (%) Total, n=52 (%)

Escherichia coli 10(38.5)
Shigella dysenteriae 1(4)
Shigella sonnei 2(8)
Shigella flexneri 1(4)
Proteus vulgaris 4(16)
Staphylococcus aureus 3(12)
Salmonella paratyphi A 1(4)
Klebsiella aerogenes 1(4)
Yersinia enterocolytica 0
Aeromonas hydrophila 1(4)
Fungal origin 0
No concurrent infection 2(8)

8(31) 18(35)
6(23) 7(14)
2(8) 4(8)
1(4) 2(4)
1(4) 5(10)
0 3(6)
1(4) 2(4)
1(4) 2(4)
2(8) 2(4)
0 1(2)
2(8) 2(4)
2(8) 4(8)

3.3. Baseline characteristics of study population

Patients admitted to the hospital were screened and randomly
assigned to Rotamix IgY or placebo group according to flow diagram
in Fig. 2. Table 4 presents the baseline characteristics of patients
upon admission. The demographic and clinical background of sub-
jects in the test and placebo groups were generally comparable.
The mean+ SD of duration of diarrhea before enrollment in the
study was 69.6 +£33.6 and 74.4+38.4h for children in the test
and placebo groups, respectively. The mean + SD of stool frequency
(number/day) before enrollment in the study was 9.2 £ 5.6 versus
8.5+ 7.3 for children in the test and placebo groups, respectively.
The mean of oral fluid intake (ml/day) was 767.3 and 1005.4 ml for
children in the test and placebo groups, respectively.

Upon admission, 48 children (24 in test and control groups)
showed mixed infection with one or more co-pathogens in their
stool culture (18 Escherichia coli, 13 Shigella spp, 5 Proteus spp., 2
Salmonella spp., 8 multiple pathogens, and 2 others with fungal
infection (Table 5).

3.4. Effect of anti-HRV IgY on study outcome

Fig. 3 shows the comparative data of the oral rehydration fluids
(ORF)intake between Rotamix IgY and placebo IgY groups on a daily
basis for 8 days. There was statistically lower volume of fluid intake
among Rotamix IgY children on days 2 (p=0.001),6 (p=0.04)and 8
(p=0.02). Average ORF intake during the 8 days of observation was

r d
a b
T 5

B Day 1
Day 2
ODay3

Diarrhea in mice (%)

248 408 248 408 248 408 248 408 248 408
5 2.5 1.25 0.625
Placebo IgY Rotamix IgY (mg/ml)

Fig. 1. Preventive effect of orally administrated different doses of Rotamix IgY
against HRV 248 and HRV 408-induced diarrhea in suckling mice. *: Significant
difference between placebo and Rotamix IgY groups (p < 0.05, Chi-square test). a:
Rotamix IgY 5 mg/ml vs. control: Day 2: x? =3.8; p=0.05; Day 3: x2=7.5; p=0.006.b:
Rotamix IgY 5 mg/ml vs. control: Day 2: x? =7.5; p=0.006; Day 3: x*>=9.9; p=0.002.
¢: Rotamix IgY 2.5mg/ml vs. control: Day 2: x?2=3.8; p=0.05; Day 3: x?=7.5;
p=0.006. d: Rotamix IgY 2.5mg/ml vs. control: Day 2: x2=5.1; p=0.02; Day 3:
x2=5.1; p=0.02.

significantly less in the Rotamix IgY treated group (Rotamix IgY vs.
placebo: 699.3+111.1 vs. 919.1 £ 171.31, p=0.004).

The mean duration of IVF administration was 5 days for the
Rotamix IgY group and 8 days for the placebo IgY group. Compar-
ing day-to-day results, the Rotamix IgY group showed significantly
less IVF administration only on day 1 (p=0.03, data not shown)
of intervention. From days 2 to 8, the difference in daily mean vol-
ume (ml/day) between the two groups is not statistically significant
(77.4£121.4 vs. 93.34+196.7 ml/day for test and placebo groups
respectively, p=0.42).

There was a decreasing trend in daily frequency of diarrhea
among children in the Rotamix group (Fig. 4) but the difference
from placebo IgY group was statistically significant only on day 2
(p=0.03) and day 3 (p=0.05). The overall difference in mean dura-
tion of diarrhea (test vs. placebo: 135.3£42.0 vs. 185.5+41.7h
respectively) was also statistically significant (p=0.01) (data not
shown in figure).

All pediatric patients received the usual medical treatment
according to the nature of mixed infection as judged by
attending physicians. These consisted of several antimicrobials,
vitamin/minerals and probiotics (Table 2). Overall, both test group
and placebo group were similar in terms of the kind of antimicro-
bials and supportive vitamins and probiotics given during the term
of the study.

Atthe time of discharge, no stools from patients in the test group
showed rotavirus shedding, while 4 patients had rotavirus posi-
tive stool in the placebo group (statistically significant (x%=4.3;
p=0.04). The frequency of rotavirus shedding was significantly
higher in children treated with placebo IgY than in those treated
with Rotamix IgY on day 3 (x2=7.7, p=0.005) and on days 6-8
(x2=5.9, p=0.02) (Fig. 5). The difference in mean duration of
rotavirus excretion between the two groups is statistically sig-
nificant (3.04+:1.6 vs. 4.2+2.9 days for test vs. placebo group
respectively, p=0.05). .

Table 6 shows a summary of key observations and the total
outcomes from day of admission of the patient to the hospital for
confinement until day 8. Moreover, Rotamix IgY was not associated
with any adverse clinical event after oral dosing for 8 consecutive
days among infants and children with pre-existing diarrhea and
dehydration.

4. Discussion

The serotypic diversity among rotaviruses is due to genetic reas-
sortments arising from interspecies transmission and/or mixed
infection. Reassortant serotypes are clinically important in as much
as they cause severe forms of diarrhea among children worldwide.
In this study, two natural unique human rotavirus reassortant clin-
ical isolates ATCC VR 2273 (HRV 408) and ATCC VR 2274 (HRV 248)
were selected and used to prepare the Rotamix IgY powder pro-
duced by mixing the above serotypes as antigens. These two viruses



