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ABSTRACT Live oral rotavirus vaccines have been developed by serial passaging in
cell culture and found to be safe in infants. However, mechanisms for the adapta-
tion and attenuation of rotavirus vaccines are not fully understood. We prepared a
human rotavirus vaccine strain, CDC-9 (G1P[8]), which when grown in MA104 cells to
passage 11 or 12 (P11/P12) had no nucleotide or amino acid sequence changes
from the original virus in stool. Upon adaptation and passages in Vero cells, the
strain underwent five amino acid changes at P28 and one additional change at P44/
P45 in the VP4 gene. We performed virologic, immunological, and pathogenic char-
acterization of wild-type CDC-9 virus at P11/P12 and its two mutants at P28 or P44/
P45 using in vitro and in vivo model systems. We found that mutants CDC-9 P28 and
P44 induced upregulated expression of immunomodulatory cytokines. On the other
hand, the two mutant viruses induced lower STAT1 phosphorylation and grew to
2-log-higher titers than wild-type virus in human Caco-2 cells and simian Vero cells.
In neonatal rats, CDC-9 P45 showed reduced rotavirus shedding in fecal specimens
and did not induce diarrhea compared to wild-type virus and modulated cytokine
responses comparably to Rotarix infection. These findings indicate that mutant
CDC-9 is attenuated and safe. Our study is the first to provide insight into the possi-
ble mechanisms of human rotavirus adaptation and attenuation and supports ongo-
ing efforts to develop CDC-9 as a new generation of rotavirus vaccine for live oral or
parenteral administration.

IMPORTANCE Mechanisms for in vitro adaptation and in vivo attenuation of human
rotavirus vaccines are not known. The present study is the first to comprehensively
compare the in vitro growth characteristics, virulence, and host response of a wild-
type and an attenuated human rotavirus strain, CDC-9, in Caco-2 cells and neonatal
rats. Our study identifies critical sequence changes in the genome that render hu-
man rotavirus adapted to growth to high levels in Vero cells and attenuated and
safe in neonatal rats; thus, the study supports clinical development of CDC-9 for oral
or parenteral vaccination in children.
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Serial passaging of viruses in cell culture for various periods of time has commonly
been used to develop vaccines against diseases like polio, measles, mumps, rubella,

and varicella (1–6). These serial passages in cell culture have led to limited but defined
sequence changes in viral genomes, resulting in the adaptation and selection of virus
mutants that are best suited to growth in specific cell lines. These virus mutants have
modifications or loss of virulence factors that usually allow them to infect and spread
within a human host (7). Tissue culture-adapted viruses are able to replicate more
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efficiently in cells than wild-type strains (8), an important requirement for scaled-up
vaccine production.

Similarly, currently licensed human oral rotavirus (RV) vaccines, like Rotarix, Rotavac
and Rotavin, have been developed by serial passaging in cell culture and are found
attenuated in humans (9–11). For example, the G1P[8] human RV strain 89-12 (ancestor
of Rotarix) was passaged 33 times in primary African green monkey (AGMK) cells (12),
and upon further limiting dilutions and passages in Vero cells, the strain was found
attenuated in adults and seropositive children (11). Infants who were inoculated with
strain 89-12 shed significantly less RV antigen than those with natural RV infection and
did not develop diarrhea (12). However, no comprehensive studies have been carried
out to investigate the mechanisms of attenuation and the immune responses gener-
ated by wild-type and attenuated RV.

The RV genome consists of 11 segments of double-stranded RNA encoding 6
structural proteins (VP1 to VP4, VP6, and VP7) and 5 nonstructural proteins (NSP1 to
NSP5) (13). Of the 11 viral proteins, VP4 and NSP1 have shown to be determining
factors for virulence and host restriction of RV in newborn mice (14–16). In addition,
VP3, VP7, and NSP4 were found to play an important role in the virulence of RV
infection in gnotobiotic piglets (17). RV infection stimulates the production of type I
and II interferons (IFNs) in children (18, 19). On the other hand, RV NSP1 is known to
antagonize type I IFN production by proteasomal degradation of IFN-regulatory factors
(IRFs), which are essential transcription factors for innate immunity (20, 21), or by
inhibition of type I IFN-mediated signal transducer and activator of transcription 1
(STAT1) activation and nuclear translocation (22, 23).

We previously reported the isolation and characterization of the human candidate
RV vaccine CDC-9 and found that the strain was able to grow in permissive African
green monkey kidney cells (MA104) without any sequence changes (24). However, we
observed that the strain underwent limited nucleotide and amino acid changes in
several genes during adaptation and 28 passages (P28) in Vero cells. CDC-9 underwent
few changes in the genome upon further passages (P44/P45) in Vero cells. In this study,
we compared the in vitro growth characteristics, virulence, and host responses of CDC-9
grown in MA104 cells (P11 or P12), designated “wild type” due to the lack of sequence
changes in the first 11 or 12 passages, and two CDC-9 mutants from intermediate (P28)
and late (P44 or P45) passages in Vero cells, in a human intestinal epithelial carcinoma
cell line (Caco-2) and neonatal rats. We showed that CDC-9 mutants were well adapted
and grew to titers almost 2 logs higher than their wild-type counterpart in Caco-2 cells.
We further showed that mutant CDC-9 P45 was attenuated and safe and induced innate
immune responses that were comparable to those induced by Rotarix infection in
neonatal rats.

RESULTS

We analyzed nucleotide and amino acid sequences of CDC-9 in stool, MA104 cells
(P11 or P12), and Vero cells (P28, P44, and P45) by Sanger or next-generation sequenc-
ing methods (Table 1). No differences in the nucleotide sequence of CDC-9 virus from
original stool relative to P11/P12 in MA104 cells were observed. Thus, CDC-9 P11/P12
was considered a wild-type virus. On the other hand, we observed 5 amino acid
changes in the VP4 gene and a single amino acid change each in the VP6, NSP1, and
NSP5 genes when the virus was adapted and propagated to P28 in Vero cells. One
additional amino acid change in the VP1 gene and the VP4 gene and a 10-amino acid
deletion in VP2 gene were observed when the virus was further propagated to P44/P45
in Vero cells.

To determine whether sequence changes during serial passages in Vero cells led to
differences in viral growth, we compared the infectivity of CDC-9 strains between
wild-type P11 virus in MA104 cells and mutant viruses from intermediate-passage (P28)
and late-passage (P44) virus in Vero cells and Caco-2 cells (Fig. 1). We found that both
CDC-9 P28 and P44 grew to titers of 106 to 107 focus-forming units (FFU)/ml, which was
approximately 2 logs higher than wild-type CDC-9 P11 (P � 0.01). These data indicate
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that a small number of amino acid changes in several genes of CDC-9 P28 and P44
might have contributed to their enhanced growth in Caco-2 cells. Similarly, mutant
CDC-9 showed enhanced growth in Vero cells relative to the wild-type virus.

We assessed host responses to wild-type and mutant viruses by examining the
expression of transcription factor STAT1 in Caco-2 cells (Fig. 2A). CDC-9 P11 induced
significantly elevated levels of STAT1 phosphorylation (p-STAT1) compared to mock
infection at 6 and 24 h postinfection (hpi). Levels of STAT1 phosphorylation after CDC-9
P11 infection were similar to those from rhesus monkey RV (RRV) infections (6 hpi,
P � 0.1; 24 hpi, P � 0.061). In contrast, CDC-9 P28 induced a smaller increase at 24 hpi
and P44 induced no elevation in STAT1 phosphorylation at 6 and 24 hpi compared to
mock infections. In controls, the intracellular pan-STAT1 levels were unchanged from
virus infection and comparable among all groups throughout the experiment. Similar
patterns of STAT1 expression were also observed in Caco-2 cells by Western blot
analysis (Fig. 2B). STAT1 phosphorylation increased 24 hpi with CDC-9 P11; this increase
was not seen in cells infected with CDC-9 P28 and CDC-9 P44 at 6 and 24 hpi. In control,
RRV induced increased STAT1 phosphorylation at 6 and 24 hpi. We did not observe any
differences in phosphorylation for any other members of the STAT family, including
STAT2, STAT3, STAT5, and STAT6.

TABLE 1 Nucleotide and amino acid sequence changes for CDC-9 P11/12, CDC-9 P28, and CDC-9 P44/45a

Gene
segment

No. of CDC-9
P11/12 NT
changes

CDC-9
P28

CDC-9
P44/45

No. of NT
changes NT position(s)

No. of aa
changes aa position(s)

No. of NT
changes NT position(s)

No. of aa
changes aa position(s)

VP1 None None 1 3146 1 1043
VP2 None None 30 100–130 10 27–36
VP3 None None 2 391, 1639 None
VP4 None 6 161, 1001, 1101,

1162, 1171, 2025
5 51, 331, 364,

385, 388
8 161, 1001, 1101, 1162,

1171, 1504, 1785, 2025
6 51, 331, 364,

385, 388, 498
VP6 None 1 325 1 101 1 325 1 101
VP7 None 1 678 None 2 678, 1052 None
NSP1 None 1 396 1 132 1 396 1 132
NSP2 None None None
NSP3 None None None
NSP4 None None None
NSP5 None 1 155 1 45 1 155 1 45
aNT, nucleotide; aa, amino acid.

FIG 1 Growth curves of wild-type and mutant CDC-9 in human intestinal epithelial cells (Caco-2). Caco-2
cells were infected with CDC-9 P11, P28, or P44 or RRV at an MOI of 0.1 or mock treated in the same
manner. At the indicated time points, infected cultures were collected, and titration was performed in
MA104 cells. The data are means and 3 standard errors from 3 independent experiments in triplicate
(n � 9). Statistical analysis was performed to compare titers of CDC-9 P11 with those of CDC-9 P28, P44,
or RRV by using a paired t test. Titers from CDC-9 P28- and P44-infected cultures were similar. ns, not
significant (P � 0.05); *, P � 0.05; **, P � 0.01.
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We investigated whether mutant CDC-9 virus could change host responses by
measuring expression of cytokines in the supernatants of Caco-2 cells infected with
CDC-9 strains of different passages (Fig. 3A and B). Of the 16 cytokines tested, we
detected significant elevation of interleukin 6 (IL-6), IL-9, IL-12p70, and monocyte-
chemoattractant protein-1 (MCP-1) in supernatants of cells infected with CDC-9 P44 at
6 and 24 hpi, compared to those infected with CDC-9 P11 (P � 0.008) (Fig. 3A).
Expression of those cytokines after infection with CDC-9 P28 showed an intermediate
phenotype between those of CDC-9 P11 and CDC-9 P44. On the other hand, CDC-9 P28
and P44 induced significantly decreased expression of proinflammatory IL-1�, IL-8, and

FIG 2 Wild-type CDC-9 induces increased STAT1 phosphorylation in Caco-2 cells. Caco-2 cells were
infected with CDC-9 P11, P28, and P44 at an MOI of 0.2, harvested at 6 and 24 hpi, and analyzed for STAT1
phosphorylation (p-STAT1) by enzyme immunoassay (A) and Western blotting (B) as described in the text.
The data in panel A for p-STAT1 are the averages and 3 standard errors from 2 experiments (n � 9)
compared to pan-STAT1 expression. Images in panel B were generated from three different Western
blots. Mock or RRV infections were used for controls. Statistical analysis was done to compare levels of
STAT1 phosphorylation to that of CDC-9 infection and the mock infection control using a paired t test.
ns, not significant (P � 0.05); *, P � 0.05; ***, P � 0.001.

FIG 3 Mutant CDC-9 induces increased expression of immunomodulatory cytokines (A) and reduced
expression of proinflammatory cytokines (B) in Caco-2 cells. Caco-2 cells were infected with CDC-9 P11,
P28, and P44 at an MOI of 0.2 or mock treated, harvested at 6 and 24 hpi, and analyzed for cytokine
expression by enzyme immunoassay as described in the text. The data are means and 3 standard errors
from 3 independent experiments (n � 9). Statistical analysis was done to compare cytokine levels in
CDC-9 or mock-infected cells using the Mann-Whitney test. ns, not significant (P � 0.05); *, P � 0.05; **,
P � 0.01.
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IFN-�-induced protein 10 (IP-10) compared to CDC-9 P11 infections at 6 and 24 hpi (P�

0.008) (Fig. 3B).
To determine whether mutant CDC-9 was attenuated, we orally inoculated 5-day-

old neonatal rats with CDC-9 P12 (wild type) or CDC-9 P45, as well as Rotarix, RRV, or
mock infection controls. We did not observe diarrhea in animals inoculated with mutant
CDC-9 P45, Rotarix, or RRV or mock inoculated throughout the study period. However,
4 of 5 CDC-9 P12-inoculated animals on day 5 and 1 of 5 animals on day 6 had some
loose stool with a diarrheal score of 1 or 2 (Fig. 4). We further assessed the infectivity
and attenuation of CDC-9 P45 by analyzing RV shedding in rectal swabs of neonatal rats
(Fig. 5). Animals infected with mutant CDC-9 P45 shed significantly less RV than those
infected with wild-type CDC-9 P12 4 to 8 days postinfection (dpi). Overall, animals
infected with the three human strains (wild-type CDC-9, mutant CDC-9, and Rotarix)
had shedding profiles similar to but lower than those of animals infected with RRV,
which shed the highest titers 2 to 8 dpi. No shedding was detected in mock-inoculated
control animals.

To examine if mutant CDC-9 also modulated host response, we measured levels of
cytokines and chemokines in sera of infected rats (Fig. 6). Animals infected with mutant
CDC-9 P45 showed upregulation of immunomodulatory cytokines IL-6 (P � 0.019), IL-10
(P � 0.020), IL-18 (P � 0.049), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (P � 0.018) on day 4 postinfection compared to wild-type CDC-9 P12 (Fig. 6A).
On the other hand, the proinflammatory cytokines IFN-� (P � 0.040) and IL-1� (P �

0.006) were significantly downregulated upon CDC-9 P45 infection compared to CDC-9

FIG 4 No induction of diarrhea from infection with mutant CDC-9 in neonatal rats. Five-day-old rat pups
were inoculated with 1 � 106 FFU of the respective viruses or with clarified Vero cell culture supernatants
in IMDM as a mock infection control. Diarrhea was scored daily for up to 14 days as described in the text.
The data are individual diarrheal scores for 10 (days 0 to 4) and 5 (days 5 to 14) animals; the mean
diarrheal score is indicated by the long dash.

FIG 5 Reduced shedding in neonatal rats infected with mutant CDC-9 compared to wild-type virus.
Five-day-old rat pups were inoculated with 1 � 106 FFU of the respective viruses or with clarified
Vero cell culture supernatants in IMDM as a mock infection control. Rectal swabs were collected
daily, and shedding was analyzed by Premier Rotaclone EIA for measuring the optical density. The
data are means for 5 animals, with 3 standard errors. Differences in shedding among groups were
analyzed using 2-way ANOVA with Bonferroni posttest comparison. A P value of �0.05 was consid-
ered significant for animals infected with CDC-9 P12 versus RRV (*), CDC-9 P12 versus Rotarix (#), and
CDC-9 P12 versus CDC-9 P45 (�).
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P12 infection on day 4 postinfection (Fig. 6B). In addition, we observed a nonsignificant
downregulation of the proinflammatory cytokines IL-12p70 (P� 0.086) and IL-1�

(P � 0.074) and the chemokines CXCL1 (P � 0.192) and CCL2 (P � 0.215) after infection
with CDC-9 P45 compared to CDC-9 P12 (Fig. 6B). Overall, cytokine and chemokine
profiles resulting from infection with mutant CDC-9 P45 were similar to those from
Rotarix infection, whereas similar profiles were seen with CDC-9 P12 and RRV infections.
Mock-infected animals had no elevation in the cytokines examined. We did not observe
any significant upregulation of cytokines or chemokines at 14 dpi in any of the groups.

Despite observed differences in infectivity and host response for wild-type and
mutant CDC-9, all CDC-9-infected neonatal rats showed normal body weight gains
comparable to Rotarix-infected and mock-treated animals (Fig. 7). We observed signif-
icantly less gain in body weight in animals infected with RRV during the study period.

DISCUSSION

The present study is the first to comprehensively investigate the adaptation, growth,
virulence, and innate immune response for a wild-type and two mutant human RV
isolates in a human intestinal cell line and in animals. We took advantage of the
availability of a complete passage history of candidate vaccine CDC-9 strain and found
that wild-type virus grew poorly in cell cultures and induced predominantly proinflam-
matory response and mild diarrhea in neonatal rats. In contrast, we found that mutant
CDC-9 P44/P45 grew to much higher titers in Caco-2 cells as well as Vero and MA104
cells, induced lower inflammatory responses in vitro and in vivo, was shed at lower

FIG 6 Mutant CDC-9 induces increased expression of immunomodulatory cytokines (A) and reduced
expression of proinflammatory cytokines (B) in neonatal rats. Five-day-old rat pups were inoculated with
1 � 106 FFU of virus or clarified Vero cell culture supernatants in IMDM as a mock infection control.
Serum specimens collected at 4 dpi were examined for cytokine concentration as described in the text.
The data are means for 5 animals, with 3 standard errors. Statistical analysis was done to compare
cytokine levels in CDC-9- and mock-infected cells using a paired t test. ns, not significant (P � 0.05); *,
P � 0.05; **, P � 0.01.
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levels, and induced no diarrhea in neonatal rats. The present study demonstrated that
CDC-9 P44/45 was attenuated and safe in animals.

The mechanisms for RV attenuation are not known and may involve sequence
changes in one or several gene segments (17, 25). Of the 10 total amino acid sequence
changes identified in VP1, VP4, VP6, NSP1, and NSP5 of CDC-9 P44/45, 6 occurred in
VP4, including point mutations in fusion domain and a membrane interaction loop in
VP5. Of interest, 3 of the 6 changes also occurred at the same locations in VP4 of
Rotarix. Since VP4 is involved in membrane penetration and viral entry, infectivity, and
virulence, those point mutations could contribute to the enhanced growth of mutant
CDC-9 in vitro and its reduced shedding in neonatal rats. Our results agree with
published reports showing that the VP4 sequence from strains associated with asymp-
tomatic infections differed from those of virulent strains (26) and that the attenuated
strain 89-12 shed less than virulent wild-type strain in children (25). However, which
genes or what mutations were responsible for the attenuation of strain 89-12 could not
be determined, because its wild-type strain was not available for analysis. Of interest,
we showed that CDC-9 underwent 1 additional amino acid change in VP4 and a
10-amino-acid deletion in VP2 from P28 to P45 in Vero cells. However, we observed
equivalent growth in cells and similar infectivity and host responses of the two mutants
in rats, indicating that the deletion in VP2 has no major effect on the structure and
function of CDC-9.

In addition to reduced shedding, we showed that CDC-9 P45 did not induce any
diarrhea and thus was fully attenuated in neonatal rats, whereas wild-type CDC-9
induced mild diarrhea in some animals. We could document for the first time an
association between the adaptation in Vero cells and the associated sequence changes
in VP4 of a human RV and its weakened virulence in animals. Our findings agree with
published studies on other viruses. Mumps, measles, and foot-and-mouth disease
viruses at low passage numbers retained the capacity to induce clinical signs of disease
and be shed, whereas higher passages of the viruses failed to do so (27–29). Cell
culture-passaged oral polio vaccine had defined mutations in the genome that were in
line with low neurovirulence but increased protection against infection with wild-type
polio strains (30). Similar findings were reported in the literature for high-passage-
number rubella virus strains that grew significantly better in vitro but were shed less in
monkeys than low-passage-number virus (8, 31). Of note, in contrast to published
studies indicating that diarrhea was induced in neonatal rats with RRV infection
(2 � 107 to 6.75 � 108 PFU) (32, 33), the lack of diarrhea induction in our study was
most likely due to the much lower virus titer used (106 FFU). Nevertheless, our study

FIG 7 No differences in body weight gain after infection with CDC-9 strains and Rotarix. Five-day-old rat
pups were inoculated with 1 � 106 FFU of the respective viruses or clarified Vero cell culture superna-
tants in IMDM as a mock infection control. Body weights of rats were measured daily. The data are means
for 10 (days 0 to 4) and 5 (days 5 to 14) animals, with 3 standard errors. Differences in body weight gain
among groups were analyzed using 2-way ANOVA with Bonferroni posttest comparison. There were no
differences in body weight gain in animals that received CDC-9 P12, CDC-9 P45, and Rotarix and mock
infection controls. RRV-infected animals had significantly lower body weight gain from day 5 to 14 than
those in the other 4 groups (*, P � 0.05).
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showed that RRV-infected rats had a significantly reduced gain in body weight, as
previously reported (32).

The induction of IFN pathways by RV has been subject of many studies, yet no direct
comparison of an attenuated strain versus its original counterpart has been done. We
chose to investigate the STAT protein family, with a particular focus on the transcription
factor STAT1 which when phosphorylated played a critical role in inducing a host
antiviral response after activation of various cytokine receptors (34). On the other hand,
viruses have developed counteracting factors to prevent STAT1 phosphorylation and
transport into the nucleus (35). For example, RV strains RRV and Wa blocked IFN-
induced gene expression, allowing STAT1 and STAT2 phosphorylation but preventing
nuclear accumulation to evade the host response (36). Here, we showed that wild-type
CDC-9 P11 induced phosphorylation of STAT1 comparable to that induced by RRV, but
both mutants, particularly CDC-9 P44, did not activate STAT1 phosphorylation. This
dampened STAT1 expression could antagonize host antiviral responses by blocking the
expression of genes encoding type I and II interferons and help explain the 2-log-higher
growth of mutant CDC-9 than wild-type virus. These findings appear to corroborate the
lack of type I IFN expression in infected Caco-2 cells and the significant reduction in
levels of type II IFN in sera of CDC-9 P45 infected rats compared to those of wild-type
virus-infected animals. Our study clearly showed different STAT1 profiles in response to
wild-type and mutant CDC-9 infections in Caco-2 cells; further studies are needed to
identify the gene(s) and specific amino acid mutations that contribute to the differ-
ences in the induction of innate immune responses.

We observed differential expression of cytokines and chemokines in Caco2 cells and
neonatal rats infected with wild-type and attenuated CDC-9. Attenuated CDC-9 induced
enhanced expression of immunomodulatory cytokines like IL-6 and reduced expression
of proinflammatory cytokines like IL-1� and IFN-� in both in vitro and in vivo analyses.
These results are more comparable to those from Rotarix infection than those from
wild-type CDC-9, corroborating reduction in shedding and lack of diarrhea from CDC-9
P45 infection in neonatal rats. Previous studies also reported increased expression of
IL-6, IFN-�, tumor necrosis factor alpha (TNF-�), and IL-10 in sera of piglets and children
with RV infection (37, 38), though it was not clear whether those findings were relevant
to RV attenuation and infection. In addition, in a murine model, heterologous infection
with simian RRV induced IFN transcripts and inflammatory cytokine response (39).

In conclusion, we showed that mutant CDC-9 with several defined sequence
changes in VP4 and a few other genes was able to grow to high titers and induced a
more immunomodulatory phenotype than wild-type virus in cell culture. We further
demonstrated that mutant CDC-9 was shed less, induced reduced inflammatory re-
sponse and no disease, and had no impact on body weight gain in neonatal rats; thus,
it is considered attenuated and safe. Studies are in progress to define specific mutations
and signatures that are responsible for the enhanced growth in vitro and attenuation
in animals. Our findings support ongoing efforts to test the safety and efficacy of
attenuated CDC-9 as a new candidate vaccine for live oral or inactivated parenteral
administration.

MATERIALS AND METHODS
Virus preparation and titration. CDC-9 was isolated from a child hospitalized with diarrhea in the

United States by 11 initial passages in MA104 cells. The virus was adapted in Vero cells, including 3
rounds of limiting dilution and plaque purification, and further passaged a total of 45 times. CDC-9 at
passages 11 and 12 in MA104 cells and passages 28, 44, and 45 in Vero cells was used for different in vitro
and in vivo testing. RRV and Rotarix were cultivated in MA104 cells. Infected cultures were harvested at
4 or 5 dpi by freeze-thawing. Virus in supernatants was clarified by centrifugation at 8,000 rpm for 30 min.
Mock inoculum was generated by cultivating Vero cells for 5 days in the same manner.

Titration of cultivated virus strains was performed by an immunospot assay. In brief, MA104 cells
were seeded in 96-well plates. After reaching confluence, cells were washed twice with serum-free
Iscove’s modified Dulbecco medium (IMDM). Serial dilutions of viruses were performed in medium, and
cells were infected for 18 h. Cells were fixed and incubated with a rabbit anti-Wa antibody followed by
incubation with a peroxidase-labeled goat anti-rabbit IgG antibody. Staining was performed with KPL
True Blue peroxidase (VWR, Radnor, PA). Plates were scanned by using a CTL analyzer (Cellular Tech-
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nology, Ltd., Beaverton, OR). Stained cells were counted in at least 2 dilutions, and the number of FFU
per milliliter was calculated.

Sequencing of virus strains. RNA from RV-infected cell culture was extracted by incubation with
TRIzol LS reagent (Life Technologies, Carlsbad, CA) followed by chloroform (Sigma-Aldrich, St. Louis, MO)
addition. After centrifugation, the aqueous phase was removed, and ice-cold isopropanol was added.
RNA was pelleted, air dried, and resuspended with nuclease-free water. RNA concentration was measured
with a NanoDrop instrument (Thermo Fisher, Waltham, MA). Samples were treated with DNase I (Ambion;
Thermo Fisher, Waltham MA) according to the manufacturer’s instruction. For rRNA removal and library
preparation, a human, mouse, and rat rRNA depletion kit and an NEB Ultra II RNA library preparation kit
(NEB, Ipswich, MA) were used according to the manufacturer’s instructions. Sequencing was performed
with an Illumina MiSeq V2 reagent kit (500 cycles; Illumina, San Diego, CA). Data were analyzed with
Geneious (version 10.1.3; Biomatters, Newark, NJ) or CLC Genomics Workbench (version 10.0.1; Qiagen,
Germantown, MD).

Infection of human intestinal carcinoma cells. Human intestinal carcinoma cells (Caco-2) cells were
cultivated in Dulbecco’s modified Eagle medium (DMEM; Gibco, Thermo Fisher, Waltham, MA) with
neomycin (Gibco, Thermo Fisher), fetal bovine serum (Gibco, Thermo Fisher), and nonessential amino
acids (Gibco, Thermo Fisher). For growth curve analysis, cells were seeded in 24-well plates for 5 days and
infected with CDC-9 P11, CDC-9 P28, CDC-9 P44, or RRV at a multiplicity of infection (MOI) of 0.1 for 1 h.
Infection medium was removed, and fresh DMEM was added to cells. Infected cells and supernatants
were harvested every 12 h up to 84 h, and RV titration was performed as described above. For gene
analysis and cytokine detection, Caco-2 cells were infected at an MOI of 0.2 with CDC-9 P11, CDC-9 P28,
CDC-9 P44, or RRV for 1 h. Infection media were removed, and fresh DMEM was added to the cells. Cells
and supernatants were collected separately at 0, 6, and 24 h postinfection and subsequently processed
for the respective assays.

Quantification of transcription factor expression. The phosphorylation of the transcription factor
STAT1 was analyzed by using the phosphor-STAT1 (pSer727) and pan-STAT1 enzyme-linked immunosor-
bent assay (ELISA) kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s instructions. In brief,
cells were harvested at various time points postinfection and treated with the supplied cell lysis buffer.
For measurement of human p-STAT1 (Ser727) and pan-STAT1, the left side of the 96-well plate was coated
with anti-p-STAT1 (Ser727) antibody and the right side was coated with an anti-pan-STAT1 antibody.
Serially diluted cell lysates and controls were added to the 96-well plate, and phosphorylated STAT1 and
pan-STAT1 present in the sample bound to the immobilized respective antibodies on the plate. After
washing of the wells, biotinylated anti-STAT1 was used to detect p-STAT1 (Ser727) or pan-STAT1.
Detection was carried out by adding horseradish peroxidase (HRP)-conjugated streptavidin-TMB
(3,3=,5,5=-tetramethylbenzidine) for 30 min for color development, and the reaction was stopped with the
supplied stop solution. Optical density was determined with an enzyme immunoassay (EIA) reader at
450 nm. Mean absorbance was calculated for each sample. For Western blot analysis, cells were
harvested at various time points postinfection and treated with radioimmunoprecipitation assay (RIPA)
buffer supplemented with protease and phosphatase inhibitors (Thermo Scientific, Waltham, MA) for
30 min on ice. Lysates were supplemented with equal amounts of 2� sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading dye containing 10% �-mercaptoethanol, dena-
tured at 97°C for 5 min, and separated on 10% SDS-PAGE gels. Proteins were transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA) and detected with the following antibodies: p-STAT1 (Tyr701) (clone
7649), p-STAT2 (Tyr690) (clone 4441), p-STAT3 (Tyr705) (clone 9145), p-STAT5 (Tyr694) (clone 4322),
p-STAT6 (Tyr641) (clone 9361), �-actin (clone 4967), and HRP-linked anti-rabbit IgG (secondary antibody)
(all from Cell Signaling Technology, Danvers, MA) according to the manufacturer’s instructions. Blots
were developed with an Amersham ECL Prime Western blot detection reagent (GE Healthcare, Pitts-
burgh, PA) and exposed to an autoradiography film (GE Healthcare, Pittsburgh, PA).

Cytokine and chemokine quantification. The expression of cytokines and chemokines in the
supernatants of Caco-2 cells after infection with different viruses was assessed by using flow
cytometry-based kits, including the LEGENDplex human Th cytokine panel (BioLegend, San Diego,
CA), the CBA human inflammatory cytokine kit, and the CBA human chemokine kit (BD, San Jose, CA),
according to the respective manufacturer’s instructions. Cytokine and chemokine expression in sera
of neonatal rats was analyzed by using a LEGENDplex rat inflammation panel and a LEGENDplex Th
cytokine panel (BioLegend, San Diego, CA) according to the manufacturer’s instructions. Data were
analyzed with BD FACS DIVA software, GraphPad Prism version 5 (San Diego, CA), and LEGENDplex
version 8 (BioLegend, San Diego, CA).

Infection of neonatal rats. Timed pregnant female Lewis rats (LEW/SsNHsd) were obtained from
Envigo (East Millstone, NJ). One day after birth, pups were randomly distributed to a litter size of 10 pups
per mother to ensure comparable nutrition availability. Five-day-old pups were infected by oral gavage
with 1 � 106 FFU of CDC-9 P12, CDC-9 P45, RRV, or Rotarix or given a mock infection control diluted in
IMDM. Body weight was checked, and diarrhea was scored daily according to the diarrhea index (Table
2), where a score of �2 was considered diarrhea. Animals in different groups were coded and monitored
daily for up to 14 days in an unbiased manner. On day 4 and day 14 postinfection, 5 animals in each
group were euthanized, and whole blood was collected for serum preparation. Rectal swabs were
collected daily from infected neonatal rats up to 14 dpi and placed in 0.5 ml Rotaclone diluent. Analysis
of shedding was performed with Premier Rotaclone EIA (Meridian, Cincinnati, OH) according to the
manufacturer’s instructions.
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All experiments involving animals were approved by the International Animal Care and Use Com-
mittee (IACUC) of the CDC and conducted in accordance with the ethical guidelines for animal
experiments and safety guidelines.

Statistical analysis. Graphs were generated by Microsoft Excel or GraphPad Prism 5.02. Statistical
analysis was performed by using GraphPad Prism 5.02. 2-way analysis of variance (ANOVA) with
Bonferroni posttest comparison of replicate means to determine statistical significance of RV shedding
and body weight gain in neonatal rats. For all other analysis, we assumed no normal distribution of data
and used the Mann-Whitney test (two-tailed). P values equal to or lower than 0.05 were considered
statistically significant.
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