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ABSTRACT

The changing epidemiology of group A rotavirus (RV) strains in humans and swine, including emerging G9 strains, poses new
challenges to current vaccines. In this study, we comparatively assessed the pathogenesis of porcine RV (PRV) G9P[13] and eval-
uated the short-term cross-protection between this strain and human RV (HRV) Wa G1P[8] in gnotobiotic pigs. Complete ge-
nome sequencing demonstrated that PRV G9P[13] possessed a human-like G9 VP7 genotype but shared higher overall nucleo-
tide identity with historic PRV strains. PRV G9P[13] induced longer rectal virus shedding and RV RNAemia in pigs than HRV
Wa G1P[8] and generated complete short-term cross-protection in pigs challenged with HRV or PRV, whereas HRV Wa G1P[8]
induced only partial protection against PRV challenge. Moreover, PRV G9P[13] replicated more extensively in porcine mono-
cyte-derived dendritic cells (MoDCs) than did HRV Wa G1P[8]. Cross-protection was likely not dependent on serum virus-neu-
tralizing (VN) antibodies, as the heterologous VN antibody titers in the sera of G9P[13]-inoculated pigs were low. Thus, our re-
sults suggest that heterologous protection by the current monovalent G1P[8] HRV vaccine against emerging G9 strains should
be evaluated in clinical and experimental studies to prevent further dissemination of G9 strains. Differences in the pathogenesis
of these two strains may be partially attributable to their variable abilities to replicate and persist in porcine immune cells, in-
cluding dendritic cells (DCs). Additional studies are needed to evaluate the emerging G9 strains as potential vaccine candidates
and to test the susceptibility of various immune cells to infection by G9 and other common HRV/PRYV genotypes.

IMPORTANCE

The changing epidemiology of porcine and human group A rotaviruses (RVs), including emerging G9 strains, may compromise
the efficacy of current vaccines. An understanding of the pathogenesis and genetic, immunological, and biological features of the
new emerging RV strains will contribute to the development of new surveillance and prevention tools. Additionally, studies of
cross-protection between the newly identified emerging G9 porcine RV strains and a human G1 RV vaccine strain in a suscepti-
ble host (swine) will allow evaluation of G9 strains as potential novel vaccine candidates to be included in porcine or human vac-
cines.

otavirus (RV), a member of the Reoviridae family, has a dou-
ble-stranded RNA genome with 11 segments (1). Itis the most

and P[8] genotypes are the most prevalent human RVAs (15).
RVA GI1P[8] is a common human strain worldwide and consti-

common pathogen in cases of acute gastroenteritis in children
under 5 years of age (1, 2). In the United States, it causes approx-
imately $1 billion in annual costs due to RV-associated physician
visits, emergency department visits, and hospitalizations (3-5).
Annually, RV causes 440,000 deaths in children under 5 years of
age worldwide, with most occurring in developing countries (4).
RVs also infect young domestic animals, including calves and pig-
lets (1). RV is responsible for annual mortality rates of 7 to 20%
and 3 to 15% in nursing and weaned piglets, respectively (6). The
high prevalence of RV in swine results in large economic losses to
the pork industry (6). Treatment of RV infection is possible only
by replacing fluids and electrolyte losses, because no specific anti-
viral therapy is available. Therefore, effective RV vaccines are cru-
cial to prevent morbidity and mortality in both young children
and animals (7, 8).

RVs are classified into 8 groups, groups A to H, as determined
by viral structural protein 6 (VP6) (9—11). Based on the outer
capsid VP4 (P genotype)- and VP7 (G genotype)-encoding genes,
a binary classification system has been established for RVs (12).
Opverall, there are at least 26 G genotypes and 33 P genotypes of
group A RVs (RVAs) (13, 14). Globally, the G1 to G4, P[4], P[6],
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tutes >70% of prevalent strains in North America, Australia, and
Europe but only 20 to 35% of circulating strains in South America,
Asia, and Africa (5, 15-17). G5 and P[7] are historically consid-
ered the most prevalent G and P RVA genotypes in swine, respec-
tively (18). However, recent studies have shown that RVA G9 and
G12 genotypes are emerging worldwide in humans and swine (2,
19-23).
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Originally reported in studies of human cases in the early to
mid-1980s, G9 RV strains spread quickly to all continents in the
mid-1990s (24). We recently found that G9 strains are also prev-
alent in Ohio swine (23). Genetic analyses of the emerging G9 RVs
in humans have confirmed that some G9 RV strains are phyloge-
netically more similar to porcine RV (PRV) than the earlier hu-
man G9 genotypes (22, 25). The emergence of PRV-like G9 RVsin
children in developing countries, in addition to evidence that
G1P[8] may be of swine origin, illustrates the zoonotic potential of
animal RVs and collectively suggests that PRVs are a potential
source of heterologous RV infections in humans (25).

Recently, a classification system encompassing all 11 RV ge-
nome segments was developed by using standardized nucleotide
identity cutoff values and the notation Gx-P[x]-Ix-Rx-Cx-Mx-
Ax-Nx-Tx-Ex-Hx, which refers to the VP7-VP4-VP6-VP1-VP2-
VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6 gene segments, respec-
tively (9, 12). This system allows international standardization for
analyzing RVA interspecies evolutionary relationships, gene reas-
sortment events, emerging RVA strains, and RVA host range re-
striction (9, 12). Thus, full genomic sequencing and characteriza-
tion of G9P[13] viruses allow whole-genome characterization and
suggest their zoonotic potential by defining which gene segments
are likely of swine or human origin. Knowledge of the pathogen-
esis and cross-protection potential of G9 RV strains will help us to
understand mechanisms for the rapid global spread of G9 strains
and their ability to infect diverse host species.

Because VP7 and VP4 are targets for neutralizing antibodies
which elicit serotype-specific protection, they are critical for vac-
cine development (8, 26). Currently, two RV vaccines are licensed
for humans, Rotarix and RotaTeq. Rotarix is a live attenuated
human RV (HRV) vaccine that has high efficacy in preventing G1,
G3, and G4 serotype-induced RV gastroenteritis, while RotaTeq is
a live human-animal pentavalent vaccine that has been shown to
be highly efficacious in preventing G1 to G4 serotype-induced
RVA gastroenteritis in developed countries (8). However, the
emergence of the G9 and G12 strains may compromise RV vaccine
efficacy, as available vaccines do not provide homotypic protec-
tion against these emerging strains (26, 27). Therefore, it is critical
to assess the ability of historic and emerging RV strains to elicit
heterotypic immune responses against emerging and less frequent
genotypes of RV to identify potential candidate vaccine strains
(15, 27).

There is increasing evidence suggesting that RV can spread
extraintestinally (28,29). RVs have been shown to cause persistent
infection in immunodeficient mice as well as immunodeficient
young children, resulting in diseases such as encephalitis in chil-
dren (30, 31). This may be due to the ability of certain RVs to infect
nonepithelial cells, leading to extraintestinal spread. Our labora-
tory previously confirmed that gnotobiotic (Gn) piglets are sus-
ceptible to infection and disease with the virulent HRV Wa
G1P[8] strain and that infected piglets have transient viremia (32).
Others have suggested that in rhesus macaques, rhesus RV (RRV)
escapes the intestine via a lymphatic route, with the viral non-
structural proteins (NSPs) being sequentially detected in Peyer’s
patches, mesenteric lymph nodes (MLNs), spleen, and liver (33).
RV NSPs have been observed in mouse macrophages as well as
human macrophages, dendritic cells (DCs), and B cells (34-36).
These results suggest that immune cells may be permissive to RV
infection and may play a role in RV persistence and extraintestinal
dissemination. In this study, we compared the abilities of PRV
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G9P[13] and HRV Wa G1P[8] strains to infect porcine B cells, T
cells, and monocyte-derived DCs (MoDCs).

Our previous pathogenesis studies demonstrated that HRV
Wa G1P[8] infection of Gn piglets results in similar clinical disease
and comparable levels of pathogenesis, including similar levels of
intestinal lesions, to those observed in homologous PRV infec-
tions with the OSU and SBIA strains (37); however, only limited
pathogenesis studies of G9 PRV strains have been conducted with
neonatal piglets. In this study, we inoculated Gn pigs with PRV
GI9P[13] or HRV Wa G1P[8] to comparatively assess their patho-
genesis and cross-protection.

MATERIALS AND METHODS

Viruses for inoculation and challenge. The Gn pig-adapted (passage 23)
HRV Wa GI1P[8] strain (38) and the Gn pig-passaged (passage 2) PRV
G9P[13] strain (23) were used at a dose of 10> fluorescence-forming units
(FFU) for Gn pig inoculation and challenge, as described previously (38).

Complete genomic sequencing of PRV G9P[13]. Stool samples from
Gn piglets infected with the PRV G9P[13] strain were processed as de-
scribed previously (23). Viral RNA was then extracted by using the
RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. Complete genome sequencing of PRV G9P[13] was con-
ducted as previously described (39).

Animals and experimental design. Gn pigs were hysterectomy de-
rived and maintained in sterile isolation units as described previously (40,
41). One-week-old piglets (derived from 3 Landrace X Yorkshire sows)
(postinoculation day [PID] 0) were inoculated with 10° FFU each of PRV
GIP[13] (group 1 [n = 5] and group 2 [n = 4]) or HRV Wa G1P[8]
(group 3 [n = 7]) in 3 ml of minimum essential medium (MEM) (Life
Technologies, Grand Island, NY, USA), immediately after administration
of 3 ml of 100 mM sodium bicarbonate to reduce gastric acidity. A mock
group (n = 5) was inoculated with 3 ml of MEM after the sodium bicar-
bonate inoculation. Two pigs, from groups 1 and 3, were euthanized 1
day after diarrhea onset. At 3 weeks postinoculation (PID 21 and post-
challenge day [PCD] 0), pigs of group 2 were challenged with 10° FFU
HRV Wa G1P[8], and pigs of groups 1, 3, and 4 were challenged with
10° FFU PRV G9P[13], immediately after the administration of 3 ml of
100 mM sodium bicarbonate. All pigs were euthanized at 10 days
postchallenge. All animal experiments were conducted according to
protocol 2010A00000088 approved by the Animal Care and Use Com-
mittee of The Ohio State University.

Detection of rectal shedding of virus by CCIF. Rectal swabs were
collected on PIDs 1 to 10, 14, and 21, as well as on PCDs 1 to 7, from all
pigs for evaluation of diarrhea and rectal virus shedding, as described
previously (42). The rectal swab fluid samples were tested by a cell culture
immunofluorescence (CCIF) test to quantitate infectious PRV G9P[13]
and HRV Wa G1P[8], as described previously (42).

Detection of PRV G9P[13] homologous/heterologous neutralizing
antibody titers in convalescent-phase sera using a fluorescent-focus
neutralization test. The homologous/heterologous virus-neutralizing
(VN) antibody titers against PRV G9P[13], HRV Wa G1P[8], PRV OSU
G5P[7], and PRV Gottfried G4P[6] in convalescent-phase/hyperimmune
sera were determined by a fluorescent-focus neutralization (FFN) test, as
previously described (43). The VN titer was expressed as the reciprocal of
the highest dilution of serum that reduced the number of infected-cell foci
by 80%.

Detection of viral RNA in serum by real-time RT-PCR. Blood sam-
ples were collected on PIDs 0, 3, 5, 7, 9, and 14, as well as on PCDs 3 and
5, from pigs of all treatment groups. Blood samples were centrifuged at
1,850 X g for 15 min, and sera were collected and stored at —20°C until
testing. An RNeasy minikit (Qiagen, Valencia, CA, USA) was used to
extract RNA from 250 pl of each serum sample according to the manu-
facturer’s recommendations. The extracted RNA was stored at —70°C
until testing. Real-time reverse transcription-PCR (RT-PCR) was used for
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the detection of RVA RNA by using primers NSP3F and NSP3R and a
QuantiTect SYBR green RT-PCR kit (Qiagen, Valencia, CA, USA) (44).
For real-time RT-PCR, the following conditions were applied: incubation
for 20 min at 50°C for the reverse transcription reaction and a preheating
step at 95°C for 15 min for initial denaturation, followed by 40 PCR cycles
at 94°C for 155, 56°C for 30 s, and 72°C for 30 s. A melting-curve analysis
was then performed at 95°C for 5 s and at 65°C for 1 min, slowly increasing
the temperatures up to 97°C over 20 min, followed by a 40°C hold. RNA
extracted from a validated RVA-positive sample was used as a positive
control, while RNA-free water was used as a negative control.

Determination of RV RNA tissue distribution in vivo by real-time
RT-PCR. Two pigs, inoculated with PRV G9P[13] or HRV Wa G1P|[8],
were euthanized 1 day after diarrhea onset to evaluate the tissue distribu-
tion of RV RNA. One Gn pig without RVA inoculation was used as a
negative control. Isolation of mononuclear cells (MNCs) from the ileum,
spleen, liver, MLNs, and blood was conducted as previously described (45,
46). RNA extraction was done on 2 X 10° MNCs from each tissue sample
by using an RNeasy minikit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s recommendations. Real-time RT-PCR was conducted as
described above.

Examination of PRV/HRV infection of porcine T cells and B cells in
vitro. Isolation of MNCs from the ileum, MLNS, spleen, and blood of
4-week-old uninoculated Gn piglets was conducted as previously de-
scribed (45). Ileal, MLN, splenic, and blood T cells were purified by pos-
itive selection with mouse anti-porcine CD3 monoclonal antibody (MAb)
(IgG1) (Southern Biotech, Birmingham, AL, USA) and goat anti-mouse
IgG MicroBeads (Miltenyi Biotec, San Diego, CA, USA) according to the
manufacturers’ instructions. Porcine B cells were purified with mouse
anti-porcine CD21 MAb (IgG1) (Southern Biotech, Birmingham, AL)
and goat anti-mouse IgG MicroBeads according to the same instructions.
Isolated porcine T cells and B cells were exposed to HRV Wa G1P[8] or
PRV G9P[13] at a multiplicity of infection (MOI) of 0.4 for 24 h in 5%
CO, at 37°C. Untreated porcine T cells and B cells were cultured for 24 h
without RV exposure as a negative control. Cells were washed twice and
fixed with fixation-and-permeabilization solution (BD Bioscience, San
Jose, CA, USA) for 20 min. The cells were then incubated with anti-NSP4
MADb (IgG2a) (hybridoma cell B4-2, supplied by H. B. Greenberg) for 40
min at 4°C and stained with goat anti-mouse IgG2a-R-phycoerythrin
(RPE) (Life Technologies, Grand Island, NY, USA) for 20 min at 4°C. T
cells were washed and stained with mouse anti-porcine CD3-fluorescein
isothiocyanate (FITC) (Southern Biotech, Birmingham, AL, USA), while
B cells were stained with mouse anti-porcine CD21-FITC (Southern Bio-
tech, Birmingham, AL, USA). Mouse IgG2a-phycoerythrin (PE) and
mouse [gG1-FITC (Southern Biotech, Birmingham, AL, USA) were used
as isotype controls. Acquisition of 20,000 events was done by using an
AccuriCé6 flow cytometer (BD Bioscience, San Jose, CA, USA). Analyses
were conducted by using CFlow software (BD Bioscience, San Jose, CA,
USA).

Examination of PRV/HRYV infection of porcine MoDCs in vitro.
Porcine blood from healthy adult pigs was collected with 30% acid citrate
dextrose (ACD) anticoagulant. Blood monocytes were isolated by density
centrifugation over Ficoll-Paque Premium (1.084 g/ml; GE Healthcare
Life Sciences, Uppsala, Sweden), as previously described, and then sus-
pended in RPMI 1640 medium (Life Technologies, Grand Island, NY,
USA) and placed into 175-cm? cell culture flasks (47, 48). After 3 h of
incubation at 37°C, nonadherent cells were removed by washing with cold
RPMI 1640 medium. The remaining adherent monocytes were cultured
in Dulbecco’s modified Eagle medium (DMEM) (Life Technologies,
Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA, USA), 1%
antibiotic-antimycotic (Life Technologies, Grand Island, NY, USA), 100
ng/ml of recombinant swine granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (Life Technologies, Grand Island, NY, USA), and 20
ng/ml of recombinant swine interleukin-4 (IL-4) (Life Technologies,
Grand Island, NY) in 5% CO, at 37°C for 6 days to differentiate cells into
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MoDCs. The cells showed increased sizes and changes in morphology
from round to irregular shapes with cytoplasmic projections, as previ-
ously described (48). In addition, >90% of the cells were determined to be
swine workshop cluster 3 (SWC3) positive by flow cytometry. The
MoDCs were exposed to HRV Wa G1P 1A[8] or PRV G9P[13] at an MOI
of 0.4 for 24 h. The plates were then fixed with 80% acetone for 10 min at
room temperature (RT) and air dried. Anti-NSP4 MADb was added to each
well, and the wells were incubated at 4°C overnight. FITC-labeled goat
anti-mouse IgG/IgM/IgA (AbD Serotec, Raleigh, NC, USA) diluted 1:500
was added to each well as a secondary antibody. The plates were incubated
at 37°C for 2 h and viewed by using an Olympus IX70 fluorescence mi-
croscope (B&B Microscopes, Pittsburgh, PA, USA).

Statistical analysis. The mean number of days to onset of virus shed-
ding, average peak titer of virus shedding, daily fecal titer of virus shed-
ding, mean number of days to onset of diarrhea, and mean duration
(days) of diarrhea in postinoculation pigs were analyzed by a two-tailed ¢
test. The mean number of days to onset of virus shedding, mean duration
(days) of virus shedding, average peak titer of virus shedding, and mean
duration (days) of diarrhea in postchallenge pigs were analyzed by one-
way analysis of variance (ANOVA). Mean cumulative fecal scores in dif-
ferent treatment groups were compared by using the area under the curve,
as previously described (49, 50). Statistical analyses were performed with
GraphPad Prism 6.0c software (GraphPad Software, La Jolla, CA, USA).

Nucleotide sequence accession numbers. The complete genomic se-
quences of this PRV G9P[13] strain were deposited in GenBank under the
strain name RVA/Pig-hhp/USA/LS00009-RV0084/2011G9P[13] (acces-
sion numbers KR052730 through KR052740). BLAST (blastn) searches
(http://www.ncbi.nlm.nih.gov/) and/or the RotaC v2.0 (http://rotac
.regatools.be/) automated genotyping tool classified the full genomic con-
stellations for this strain. The GenBank accession numbers for the
genomic sequences of the HRV Wa G1P[8] strain used in this study are
FJ423113 through FJ423123.

RESULTS

PRV GYP[13] has high overall identity to historic PRV strains
but possesses a human-like VP7 (G9) genotype. Complete
genomic sequencing of PRV G9P[13] was conducted. By using
BLAST (blastn) searches and the RotaC v2.0 automated genotyp-
ing tool, the complete genomic constellation for this PRV
G9P[13] strain was identified as G9-P13-15-R1-C1-M1-A8-N1-
T1-E1-H1. Analyses of the complete genomic nucleotide se-
quences (except for VP7 and VP4) of PRV G9P[13] demonstrated
that this strain shared the highest overall nucleotide identity to the
OSU strain (RVA/Pig-tc/USA/OSU/1977/G5P7) (89.5% to
95.6%) and the Mexican YM strain (RVA/Pig-tc/MEX/YM/1983/
G11P7) (89.9% to 97.7%), followed by the Gottfried strain (RVA/
Pig-tc/USA/Gottfried/1983/G4P6) (91.3% to 92%). A previously
reported phylogenetic tree of the partial (nucleotides [nt] 73 to
388) sequence of the G9P[13] VP7 gene compared with available
VP7 gene sequences for human and porcine RVA G genotypes
indicated that this PRV G9P[13] strain shared higher identity with
human RVA G9 strains (23). The nucleotide sequence of the PRV
GI9P[13] VP7 segment shared the highest nucleotide identity with
G9-RVA/Human-wt/BEL/B3458/2003/G9P8 (92.5%).

PRV G9P[13] induces increased fecal virus shedding (longer
duration and higher virus loads) compared with HRV Wa
G1P[8] but induces similar diarrhea severity. Fecal virus shed-
ding and diarrhea in PRV G9P[13]- and HRV Wa G1P[8]-inocu-
lated pigs from PIDs 1 to 10 are summarized in Table 1 and shown
in Fig. 1A and B. PRV G9P[13]- and HRV Wa G1P[8]-inoculated
pigs had similar mean numbers of days to onset of virus shedding
and diarrhea. Interestingly, HRV Wa G1P[8] induced a slightly
higher average peak titer (at PID 2) of virus shedding in pigs than
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TABLE 1 Virus shedding and diarrhea in pigs inoculated with PRV G9[13] and HRV Wa G1P|[8]

Virus shedding Diarrhea
No.of % ofpigswith ~ Meanno.of  Avgpeaktiter % of pigswith ~ Meanno.of = Mean duration = Mean cumulative
Inoculation pigs shedding days to onset  (FFU/ml) diarrhea days to onset  (days)” fecal score”
PRV G9P[13] 8 100 1.4 1.66E+06 100 1.9 5.5 16.9
HRV Wa G1P[8] 6 100 1.8 3.30E+06 100 1.7 4.7 13.8

@ Duration of diarrhea is defined as the number of days that the diarrhea score was =2. Fecal diarrhea were scored as follows: 0, normal; 1, pasty; 2, semiliquid; 3, liquid.
¥ Mean cumulative fecal score = [(sum of fecal consistency score for 10 days postinoculation)/N], where N is the number of pigs receiving the inoculation.

did PRV G9P[13], while PRV G9P[13] induced a numerically
higher mean cumulative fecal diarrhea score in pigs than did HRV
Wa GI1P[8] (Table 1).

Fecal virus shedding peaked at PID 2 (2.56E+06 FFU/ml) and
then again at PID 5 in the HRV Wa G1P[8]-inoculated pigs (as
observed in previous studies [51, 52]), decreasing overall in the
following days (PIDs 3 to 10), whereas fecal virus shedding of the
PRV G9P[13]-inoculated pigs peaked at PID 3 (6.73E+05 FFU/
ml), which was then maintained at higher and relatively constant
levels (1.02E+05 to 1.14E+06 FFU/ml) through PID 10 (Fig. 1A).
The PRV G9P[13]-inoculated pigs had significantly higher titers
of fecal virus shedding on PID 6 and PID 10 than did the HRV Wa
G1P[8]-inoculated pigs (P = 0.019 and P = 0.021, respectively)
(Fig. 1A). On PID 14, two (out of eight) PRV G9P[13]-inoculated
pigs still had detectable levels of fecal virus shedding, while none of
the pigs in the HRV Wa G1P[8]-inoculated group still shed virus
(datanotshown). On PID 21, neither PRV G9P[13]- nor HRV Wa

A Virus shedding
107

-» PRV GYP[13] (n=8)
_ 108 -+ HRV Wa G1P[8] (n=6)
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E g
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FIG 1 Fecal virus shedding (A) and diarrhea scores (B) for PRV G9P[13]- and
HRV Wa G1P|[8]-inoculated pigs from PID 1 to PID 10. Gnotobiotic pigs were
orally inoculated with 10° FFU PRV G9P[13] or HRV Wa GIP[8]. Mock-
infected pigs were inoculated with virus suspension medium (MEM). Rectal
swabs were collected daily. Fecal consistency was scored as 0 for normal, 1 for
pasty, 2 for semiliquid, and 3 for liquid, with scores of =2 being considered
diarrhea. Virus shedding was determined by a CCIF assay. *, P = 0.05.
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G1P[8]-inoculated pigs had detectable fecal virus shedding (data
not shown).

PRV G9P[13] causes higher frequencies of and more pro-
longed RV RNAemia in piglets, whereas HRV Wa G1P[8] causes
only transient RV RNAemia. In PRV G9P[13]-inoculated pigs,
87.5% and 62.5% of the serum samples were positive for RV
RNA on PIDs 3 and 5, respectively (Fig. 2). In HRV Wa
G1P[8]-inoculated pigs, viral RNA was detected in only 50% of
serum samples on PID 3 and in 0% of serum samples on PID 5
(Fig. 2). None of the serum samples on PID 7, 9, or 14 or on
PCDs 3 and 5 had detectable levels of RV RNA (data not
shown). PRV G9P[13] caused a higher frequency of RV RNAe-
mia in pigs on PID 3 than did HRV Wa G1P[8] (87.5% versus
50%), which then persisted for a longer time (PID 5) than for
HRV Wa G1P[8] (PID 5) (Fig. 2).

Detection of PRV G9P[13] and HRV Wa G1P[8] RNAs in ex-
traintestinal tissues of inoculated Gn pigs in vivo. To validate if
prolonged RV RNAemia and increased fecal RV shedding were
associated with increased extraintestinal spread of PRV G9P[13],
two pigs were euthanized 1 day following diarrhea onset after
PRV/HRYV inoculation. PRV G9P[13]- and HRV Wa G1P[8]-in-
oculated pigs developed diarrhea on PIDs 1 and 2, respectively,
and were euthanized on PIDs 2 and 3, respectively. Results of
real-time RT-PCR detection of RV RNA in MNCs of extraintesti-
nal tissues are summarized in Table 2. PRV G9P[13] and HRV Wa
G1P[8] RNAs were detected in MNCs of the ileum and in MNCs
from extraintestinal tissues, including the MLNs, spleen, and liver.
Only PRV G9P[13] RNA was detected in blood MNCs. These data
suggest that PRV G9P[13] and HRV Wa G1P[8] may induce sys-
temic dissemination that is possibly dependent on circulating
MNCs.

PRV G9P[13] confers complete short-term (PCDs 1 to 7)
protection against homologous/heterologous RV infection and
diarrhea. Virus shedding and diarrhea postchallenge are summa-
rized for all groups in Table 3. No pigs from group 1 (PRV
G9P[13]-inoculated pigs) and group 2 (HRV Wa G1P[8]-inocu-
lated pigs) shed virus or had diarrhea after PRV G9P[13] (homol-
ogous strain) or HRV Wa G1P[8] (heterologous strain) challenge.
Hence, PRV G9P[13] successfully protected against homologous
and heterologous RV infection. Five of six (83.3%) group 3 (HRV
Wa G1P[8]-inoculated) pigs and five of five (100%) group 4
(mock) pigs shed virus after PRV G9P[13] challenge. HRV Wa
G1P[8] did not completely prevent PRV G9P[13] infection but
significantly shortened the duration of virus shedding (P < 0.005)
and decreased the titer of peak shedding (P < 0.05) compared to
the mock group. None of 4 (0%) group 1 (PRV G9[13]/PRV
GI9P[13]) pigs, 0 of 4 (0%) group 2 (PRV GY9P[13]/HRV Wa
GI1P[8]) pigs, 2 of 6 (33.3%) group 3 (HRV Wa GI1P[8]/PRV
G9P[13]) pigs, and 3 of 5 (60%) group 4 (control) pigs developed
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RV RNA detection in sera

90% -

80% -

® PRV G9P[13] (n=8)

70% -

= HRVWa G1P[8] (n=6)

60% -

Mock (n=5)

50% -

40% -

30% -

20% -

Percentage of RNAemia piglets

10% -

0%

PIDO PID3
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FIG 2 Detection of RV RNA in sera from pigs inoculated with PRV G9P[13] or HRV Wa G1P[8] on PID 3 and PID 5. Serum was extracted from blood collected
from piglets on PIDs 0, 3, and 5. Viral RNA was extracted and detected by real-time RT-PCR.

diarrhea. PRV G9P[13] completely protected against homolo-
gous/heterologous RV diarrhea, whereas HRV Wa G1P[8] re-
sulted in 66.7% protection against diarrhea. Therefore, PRV
GIP[13] conferred 100% short-term protection against homolo-
gous/heterologous RV challenge and diarrhea, whereas HRV Wa
G1P[8] induced less heterologous protection.

PRV GYP[13] induces low heterologous VN antibody titers
against selected porcine and human RVs. To determine if PRV
G9P[13]-induced protection/cross-protection was mediated
by systemic (serum) VN antibody against homologous or het-
erologous HRV Wa G1P[8] challenge, we used FFN to measure
the levels of cross-neutralizing antibodies against PRV
G9P[13] and other selected RVs (HRV Wa G1P[8], PRV OSU
G5P[7], and PRV Gottfried G4P[6]) isolated in our laboratory
(53) in convalescent-phase/hyperimmune sera. The VN anti-
body titers and the percent relatedness (R%) values against
selected RVs for convalescent-phase or hyperimmune sera are
summarized in Table 4. The PRV G9P[13] convalescent-phase
sera showed weak reactivity with other historic porcine or hu-
man RVs, suggesting that heterologous protection against HRV
Wa GI1P[8] was not dependent on the heterotypic serum VN
antibody titers. Similarly, HRV Wa G1P[8] hyperimmune sera
had low titers of heterologous VN antibody that varied for the
different PRVs.

In vitro detection of both PRV G9P[13] and HRV Wa G1P|8]
NSP4 antigens in porcine MoDCs at an MOI of 0.4 but not in
porcine T cells and B cells. MoDCs were used in this study to
determine if PRV G9P[13] and HRV Wa G1P[8] replicate in por-
cine DCs based on the detection of RVA NSP4 antigen by an
immunofluorescence assay. Untreated MoDCs had distinct
branched projections, which are typical morphological character-
istics of DCs (Fig. 3A) (48, 54). Four hours after RV exposure, no

TABLE 2 RVA detection in MNCs from ileum, MLNS, spleen, liver, and
blood of PRV G9P[13]- or HRV Wa G1P[8]-inoculated pigs”

Detection of MNCs from:

Virus Ileum MLNs Spleen Liver Blood
PRV G9P[13] + + + + +
HRV WA G1P[8] + + + + -

“ +, rotavirus RNA detected in MNCs; —, rotavirus RNA not detected in MNCs.
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distinct immunofluorescence was observed in PRV G9P[13]- or
HRV Wa G1P[8]-exposed MoDCs (Fig. 3B and C). Twenty-four
hours after RV exposure, granular immunofluorescence was ob-
served in both PRV G9P[13]-exposed and HRV Wa G1P[8]-ex-
posed MoDCs (Fig. 3D to G). A population of PRV G9P[13]-
exposed MoDCs exhibited distinct granular immunofluorescence
with a perinuclear cytoplasmic distribution (Fig. 3D and E), while
HRV Wa G1P[8]-exposed MoDCs exhibited less immunofluores-
cence in the cytoplasm of infected cells, and there were lower
frequencies of HRV Wa GI1P[8]-infected MoDCs than PRV
GI9P[13]-infected MoDCs (Fig. 3F and G). In the PRV G9P[13]-
positive MoDCs and HRV G1P[8]-positive MoDCs, the immu-
nofluorescence was concentrated in cytoplasmic granules that
might correspond to viroplasmic inclusions (Fig. 3D and E).
These results suggested that PRV G9P[13] replicated in MoDCs to
a greater extent than did HRV Wa G1P[8]. After RV exposure, no
NSP4-positive (NSP4™) T cells were detected in RV-exposed T
cells or T cells of the untreated group (data not shown). A similar
result was observed for porcine B cells (data not shown), suggest-
ing that porcine T cells and B cells were not susceptible to infection
by PRV G9P[13] or HRV Wa G1P[8] in vitro.

DISCUSSION

The increasing RV group A strain diversity, including the world-
wide emergence of G9 strains, poses new challenges to existing RV
vaccines for humans and swine (19, 55). Therefore, it is necessary
to genetically and biologically characterize the emerging G9
strains and to investigate whether the current human RV vaccines
could elicit sufficient heterotypic protection against the heterolo-
gous G- and P-type emerging strains. In this study, we chose the
dominant G-P combination strain in Ohio swine, PRV G9P[13],
and a prevalent human strain as well as the G-P combination used
in the Rotarix vaccine, HRV Wa G1P[8], to comparatively study
their pathogenesis and cross-protection in Gn piglets and to ex-
amine the factors influencing PRV G9P[13] pathogenicity and
spread.

The high overall nucleotide identity between PRV G9P[13]
and historic PRV strains suggests the relative genetic stability of
PRVs. Therefore, the HRV-like G9 VP7 genotype of this PRV
GIP[13] strain likely emerged from reassortment events (56, 57).
Recent studies confirmed that some emerging G9 RVs in humans
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TABLE 3 Diarrhea and rectal virus shedding in postchallenge pigs of different treatment groups from PCD 1 to PCD 7

Virus shedding

Diarrhea

Rate of Rate of
% of pigs Mean no. Mean Avgpeak % of pigs Mean Mean protection  protection
Treatment No. of with of days to duration titer with duration cumulative (%) against (%) against

Group (inoculation/challenge) pigs shedding onset (days)®*  (FFU/ml) diarrhea (days)” fecal score shedding diarrhea

1 PRV G9P[13]/PRV G9P[13] 4 0 0 =125 0 0 4.3 100 100

2 PRV G9P[13]/HRV Wa G1P[8] 4 0 0 =12.5 0 0 5 100 100

3 HRV Wa G1P[8]/PRV G9P[13] 6 83.3 2.8 1.3 3.33E+03 33.3 0.7 7 16.7 66.7

4 Mock/PRV G9P[13] 5 100 1.2 54 4.26E+05 60 1.2 6.2

“ The mean duration of virus shedding (days) is defined as the number of days with detectable fecal virus shedding.
’ Duration of diarrhea is defined as the number of days that the diarrhea score was =2. Diarrhea severity was scored as follows: 0, normal; 1, pasty; 2, semiliquid; 3, liquid.
¢ Mean cumulative fecal score = [(sum of fecal consistency score for 10 days postinoculation)/N], where N is the number of pigs receiving the inoculation.

were phylogenetically more similar to PRV than to earlier human
G9 genotypes, suggesting that PRVs are probable sources of het-
erologous RV infections in humans (22, 25). Since the majority of
the serotype-specific antigenic regions of VP7 were expected to be
conserved among RVs of the same G type (58), and the VP7 nu-
cleotide of this PRV G9P[13] strain was most similar to a human
G9 strain, it is plausible to extrapolate our data obtained by eval-
uating the cross-protection of PRV G9P[13] and HRV Wa G1P[8]
in Gn pigs to predict whether current vaccines can confer hetero-
typic protection against emerging G9 strains in humans. We
found that PRV G9P[13] inoculation conferred complete short-
term protection against homologous (PRV G9P[13]) and heterol-
ogous (HRV Wa G1P[8]) RV infection and diarrhea, whereas
HRV Wa G1P[8] inoculation provided partial heterologous pro-
tection against diarrhea and minimum heterologous protection
against virus shedding after PRV G9P[13] challenge. Our results
suggest that the current vaccine for humans (Rotarix) might not
protect sufficiently against emerging G9 strains.

The introduction of RV vaccines may result in additional se-
lective pressure on circulating RV strains and may affect their rates
of evolution (20). If vaccine-induced selective pressure against G9
strains is lacking, this could facilitate the rapid global spread of G9
strains. As the commercially available PRV vaccines include only
G4 and G5 PRV strains, a similar scenario may occur in swine,
where the current PRV vaccines may lack effective protection
against emerging G9 strains and may contribute to the dominance
of the G9 strains in Ohio swine and to their being the fourth-most-
dominant strain in the swine population of the Americas (18, 23).

TABLE 4 Virus-neutralizing antibody titers (and relatedness values)
against selected RVs”

VN antibody titer (R% value)

C serum HI serum
Anti-PRV  Anti-PRV

Anti-PRV  Anti-HRV ~ OSU Gottfried
Virus G9P[13] Wa G1P[8] G5P[7] G4P([6]
PRV G9P[13] 4,096 (100) 5 (0.12) 1,024 (12) 64 (3.5)
HRV Wa G1P[8] 8(0.12) 6,856 (100) 37 (4.2) 71 (15)
PRV OSU G5P|[7] 256 (12) 1,437 (4.2) 4,400 (100) 8 (1.5)
PRV Gottfried G4P[6] 156 (3.5) 4,436 (15) 254 (1.5) 2,000 (100)

@ R% values are indicated in parentheses and were calculated as R% = 100(\/r, X 1),
where r, is the heterologous titer of strain 2 divided by the homologous titer of strain 1
and r, is the heterologous titer of strain 1 divided by the homologous titer of strain 2. C,
convalescent phase; HI, hyperimmune. Boldface type identifies homologous virus
neutralizing antibody titers.
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However, a recent study demonstrated that the A2 strain (previ-
ously identified as a G4 PRV strain) in a commercial PRV vaccine
was in fact a G9 strain (59). If so, the prolonged administration of
this vaccine could have introduced the GO strain into the swine
population that had no herd immunity against G9. This may pro-
vide a potential explanation for the emergence and subsequent
spread of the G9 strains in swine in the United States and even the
potential zoonotic transfer of reassortant G9 variants to humans.

The short-term cross-protection observed in pigs was likely
not dependent on serum VN antibody titers. Similarly, previous
studies indicated that protection against RV diarrhea was not de-
pendent on epizootic diarrhea of infant mice (EDIM)-specific
neutralizing antibody (60—62). Consistent with data from previ-
ous studies, we also observed that PRV G9P[13] induced low het-
erologous VN antibody titers in convalescent-phase sera. These
results suggest that there are other factors associated with the high
levels of cross-protection, including upregulated innate and mu-
cosal or cellular immune responses possibly enhanced by the ex-
tended and significantly greater magnitude of PRV G9P[13] rep-
lication in vivo (61). Recent studies demonstrated that interferon
lambda (IFN-\) played a role in the intestinal epithelial antiviral
responses to RV infection in neonatal mice (63, 64). Moreover,
IFN-\ had a more important role in restricting the early replica-
tion of heterologous RV strains in suckling mice than in control-
ling homologous RV replication (65).

Mature enterocytes of the small intestine are the main target
for RVs, which infect and destroy them, causing diarrhea (66, 67).
Pathogenic RVs replicated faster in piglets and calves than did
apathogenic RVs, with enterocyte losses from pathogenic RV in-
fection surpassing their physiologic replacement (68-70). The
similar severities of diarrhea in PRV G9P[13]- and HRV Wa
G1P[8]-inoculated pigs indicated that these two RVA strains
might have similar rates of replication in mature enterocytes of the
small intestine, causing similar damage to the gut epithelium. In
one study, RV antigen (VP6) and infectious virus (using NSP4
detection as an indicator of virus replication) were detected in
multiple organs of RRV-inoculated neonatal rats (29). In a retro-
spective study, 34 of 353 (9.6%) children with confirmed RV gas-
troenteritis had extraintestinal RV infection and central nervous
system complications (71). Moreover, an in vitro study indicated
that RV NSPs were expressed in human peripheral blood mono-
nuclear cells (PBMCs) after in vitro exposure to RRV, and the
expression levels of the RRV NSPs varied in T cells, B cells, NK
cells, monocytes, and DCs (35). Our studies indicated that PRV
G9P[13] and/or HRV Wa G1P[8] may infect MNCs in the small
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FIG 3 Detection of RVA anti-NSP4 antigen in untreated or PRV G9P[13]- or HRV Wa G1P[8]-exposed MoDCs. (A) MoDCs were incubated without RV for
24 h. (B) MoDCs were exposed to PRV G9P[13] for 4 h. (C) MoDCs were exposed to HRV G1P[8] for 4 h. (D and E) MoDCs were exposed to PRV G9P[13] for
24 h. (F and G) MoDCs were exposed to HRV G1P[8] for 24 h. (H and I) NSP4-positive PRV G9P[13]-exposed MoDCs visualized by fluorescence microscopy
(H) and light microscopy (I). Protracting dendrites (A) and NSP4-positive cells (D, E, and G to I) are labeled with white arrows. The condensed green fluorescent
granular particles in the cytoplasm surrounding the nucleus may represent viroplasmic inclusions. Bars, 200 pm.

intestine and/or adjacent lymph nodes, facilitating subsequent RV
extraintestinal spread.

We observed prolonged RV RNAemia (suggestive of viremia)
in PRV G9P[13]-inoculated pigs (at least on PIDs 3 and 5) and
transient RV RNAemia in HRV Wa G1P[8]-inoculated pigs (only
on PID 3). Our current results are consistent with data from a
previous study from our laboratory showing that HRV Wa
G1P1[8] caused transient RV RNAemia in Gn pigs (32). However,
we detected HRV Wa G1P[8] RV RNAemia at a lower frequency
than in the previous study. This may be due to the use of a lower
inoculation dose (10° FFU versus 10° FFU) or the different time
points selected for RV RNAemia detection (PID 3 versus PID 1).
In addition to detection in sera, PRV G9P[13] and HRV Wa
G1P[8] RNAs were also detected in MNCs from the MLNSs, spleen,
and liver. This result is in accordance with the detection of ex-
traintestinal RRV in the neonatal mouse model after oral inocu-
lation (33). Furthermore, we found viral RNA in blood MNCs of
PRV G9P[13]-inoculated pigs but surprisingly not in blood
MNCs from HRV Wa G1P[8]-inoculated pigs. Assessments of the
extraintestinal spread of RV in the neonatal mouse model after
oral inoculation with RRV, SA11 clone 4, and several single-seg-
ment reassortant viruses confirmed the ability of RVs to spread
beyond the gut, which was primarily determined by the NSP3
phenotype and secondarily modified by VP6 (33, 72). Therefore,
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the different disseminating modes between the two RVA strains in
our study might be due to different VP6 (I5 versus I1) genotypes
and variations within the NSP3 sequences (T1).

Recent studies demonstrated that RRV and HRV Wa could
infect human intestinal and blood B cells and that susceptibility
was dependent on the B cell state and tissue origin (73). In our
study, however, we failed to detect RV NSP4 antigen in T cells and
B cells isolated from different tissues (ileum, MLNSs, spleen, and
blood) of uninoculated Gn pigs after exposure to PRV G9P[13]
and HRV Wa GI1P[8] in vitro using flow cytometry (data not
shown). In the study conducted by Narvaez et al., an MOI of 5 was
used to infect human B cells, with primarily mature B cell subsets
being infected, whereas the MOI that we used was only 0.4, and the
neonatal Gn pig B cells that we used may be less mature and not in
the same status (73). Conversely, we found RV NSP4 antigen in
PRV G9P[13]-exposed MoDCs (same MOI of 0.4) by immuno-
fluorescence. As a type of professional antigen-presenting cell
(APC), DCs can take up and digest pathogens to present antigen to
other immune cells to activate adaptive immune responses (74,
75). After phagocytosis, acidification of the phagosome and lyso-
somal fusion in mouse bone marrow-derived macrophages were
achieved within 15 min and 2 h, respectively, suggesting rapid
antigen degradation in macrophages (76). However, the antigen
degradation capacity in either bone marrow-derived DCs in vitro
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or splenic and lymph node DCs in vivo indicates that the levels of
phagosomal acidification and degradation are much lower in DCs
than in macrophages and neutrophils, especially in immature DCs
(77-79). Conflictingly, recent studies found that human MoDCs,
in contrast to other types of human DCs, had lysosomal proteol-
ysis levels and antigen degradation capacities similar to those of
macrophages (80). Additionally, MoDCs rapidly and efficiently
take up antigens from the environment (81). Therefore, we hy-
pothesized that if RVs were unable to replicate in MoDCs, RVs
would be taken up and rapidly digested by the MoDCs. In our
study, we did not detect any RV NSP4 antigen in MoDCs after 4 h
of exposure to PRV G9P[13] or HRV Wa G1P[8], but we found
NSP4 antigen in DCs 24 h after exposure. This result suggested
that the RV NSP4 antigen that we detected in DCs after 24 h of RV
exposure was not accumulated by DC engulfment but was due to
RV replication in DCs. In studies of NSP4 using enhanced green
fluorescent protein (EGFP) in HEK 293 “Tet-on” cells, Berkova et
al. found that NSP4-EGFP was expressed and distributed in novel
vesicular structures throughout the cytoplasm and associated with
viroplasms (82). This evidence supports our findings that PRV
GI9P[13] likely replicated and formed viroplasms in MoDCs.
However, we do not know if RV infectious particles can be effi-
ciently released from DCs to facilitate viral dissemination. More
studies are required to verify this hypothesis.

In this study, we demonstrated that PRV G9P[13] induced
prolonged fecal virus shedding and RV RNAemia compared to
HRV Wa G1P[8]. This may be associated with the capacity of PRV
GI9P[13] to spread more efficiently beyond the gut and to replicate
more in porcine immune cells (MoDCs) than HRV Wa G1P[8].
These characteristics of the G9 strain may contribute to its domi-
nance in Ohio swine. To our knowledge, this is the first report of
heterologous protection between an emerging G9 strain and an
HRYV vaccine-like G1 strain. Our data suggest that heterologous
protection by the current monovalent HRV GI1P[8] vaccine
against the current worldwide-emerging RVA G9 strains should
be evaluated further in relevant clinical and experimental studies.
A similar scenario may be observed in swine populations, where
current G4- and G5-based PRV vaccines may be ineffective
against emerging porcine G9 strains, which also requires further
studies. This may facilitate the increased global spread of RVA G9
strains. However, another study demonstrated that the A2 strain
in the commercial PRV vaccine in the United States in fact in-
cluded the G9 PRV strain and not a G4 strain (59). We hypothesize
that the use of this vaccine might have contributed to the diversity
of G9 strains in swine populations. Moreover, the potent short-
term heterotypic protection induced by PRV G9P[13] is not de-
pendent on the heterologous serum VN antibody titer but might
rely on its potential to evoke IFN-\ responses or other mucosal or
cellular immune responses. More studies on the long-term pro-
tection and immunogenicity of attenuated and virulent PRV
G9P[13] using more Gn piglets and vaccination regimens allow-
ing booster vaccinations (as done for current RV vaccines) are
required to confirm and elucidate the mechanisms of heterotypic
protection. Such data will aid in candidate vaccine strain selection
and provide strategies for future RV vaccine design.
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