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ABSTRACT Transforming growth factor � (TGF-�) has been shown to play a role in
immunity against different pathogens in vitro and against parasites in vivo. However,
its role in viral infections in vivo is incompletely understood. Using a neonatal mouse
model of heterologous rhesus rotavirus (RV) vaccination, we show that the vac-
cine induced rotavirus-specific CD4 T cells, the majority of which lacked expression
of KLRG1 or CD127, and a few regulatory rotavirus-specific CD4 T cells that ex-
pressed surface latency-associated peptide (LAP)–TGF-�. In these mice, inhibiting
TGF-�, with both a neutralizing antibody and an inhibitor of TGF-� receptor signal-
ing (activin receptor-like kinase 5 inhibitor [ALK5i]), did not change the development
or intensity of the mild diarrhea induced by the vaccine, the rotavirus-specific T cell
response, or protection against a subsequent challenge with a murine EC-rotavirus.
However, mice treated with anti-LAP antibodies had improved protection after a ho-
mologous EC-rotavirus challenge, compared with control rhesus rotavirus-immunized
mice. Thus, oral vaccination with a heterologous rotavirus stimulates regulatory RV-
specific CD4 LAP-positive (LAP�) T cells, and depletion of LAP� cells increases vaccine-
induced protection.

IMPORTANCE Despite the introduction of several live attenuated animal and human
rotaviruses as efficient oral vaccines, rotaviruses continue to be the leading etiological
agent for diarrhea mortality among children under 5 years of age worldwide. Improve-
ment of these vaccines has been partially delayed because immunity to rotaviruses is in-
completely understood. In the intestine (where rotavirus replicates), regulatory T cells
that express latency-associated peptide (LAP) play a prominent role, which has been ex-
plored for many diseases but not specifically for infectious agents. In this paper, we
show that neonatal mice given a live oral rotavirus vaccine develop rotavirus-specific
LAP� T cells and that depletion of these cells improves the efficiency of the vaccine.
These findings may prove useful for the design of strategies to improve rotavirus vac-
cines.

KEYWORDS neonatal mice, transforming growth factor �, intestine, latency-
associated peptide, rotavirus, vaccine

Transforming growth factor beta (TGF-�) is a versatile cytokine that can promote
different types of immune responses depending on the location and context in

which it acts but is mainly tolerogenic and plays a critical role in intestinal immunity (1).
Despite many in vitro studies that implicate TGF-� in immunity to pathogens, the in vivo
role of this cytokine is incompletely understood (2). Several instances have been described
in which parasites induce TGF-� and/or blocking of TGF-� ameliorates disease in animal
models, implying that parasites use this cytokine/cytokine pathway to evade the
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immune response (3). However, the situation is less clear against other pathogens and
viruses in particular: in a model of chronic infection with lymphocytic choriomeningitis
virus (LCMV), treatment of mice with an activin receptor-like kinase 5 inhibitor (ALK5i)
(that blocks TGF-� receptor signaling) or administration of neutralizing antibodies
against TGF-� failed to decrease viral replication, although it improved the antiviral T
cell response (4, 5). In contrast, in mice acutely infected with influenza virus, systemic
blocking of TGF-� with neutralizing antibodies promotes the development of the
disease (6, 7). However, when TGF-� is directly or indirectly genetically inactivated in
the lung epithelium of mice infected with influenza, the interferon beta (IFN-�) re-
sponse is increased, and the mice are protected from developing severe pathology (8,
9). Thus, inhibiting TGF-� produced by lung epithelial cells early after infection, unlike
systemic blocking of the cytokine, seems to inhibit influenza virus replication and
disease, and further studies to understand the role of this cytokine in viral immunity in
vivo are needed.

TGF-�1 is synthesized as a precursor composed of a signal peptide, a C-terminal
fragment (the mature cytokine), and an N-terminal portion called latency-associated
peptide (LAP), which surrounds the cytokine and forms a structure called the small
latency complex (1). The expression of the LAP–TGF-� complex on CD4 T cells identifies
a population of regulatory T cells (Treg) that play an important role in mucosal immunity
and in particular in oral tolerance (10). These Treg depend on TGF-� for their generation
and mediate tolerance in a TGF-�-dependent mechanism (10). The administration to
mice of antibodies against LAP that deplete LAP-positive (LAP�) Treg has been illumi-
nating in establishing that these cells play a role in oral tolerance, autoimmune
diseases, and antitumor immunity (11–15). To our knowledge, the role of LAP� cells in
in vivo immunity to pathogens, and viruses in particular, using this strategy has not
been evaluated.

Despite the introduction of several live attenuated animal and human rotaviruses
(RVs) as efficient oral vaccines, RVs continue to be the leading etiological agent for
diarrhea mortality among children under 5 years of age worldwide (16). Improvement
of these vaccines has been partially delayed because immunity to RV is incompletely
understood (17, 18). Our studies in children and adults infected with RV showed that
RV-specific T cells (RV-T cells) circulate at frequencies below detection levels or at low
frequencies (19) and have a poor functional profile (20), suggesting that RV has
developed mechanisms to evade the immune response. Moreover, we have shown that
in vitro, Caco-2 cells (a human intestinal cell line used as a model of the intestinal
barrier) infected with RV secrete TGF-�1 and other nonproinflammatory cytokines,
suggesting that RV may induce this cytokine to evade the immune response (21, 22).

We and others have shown that, in mice, CD8 T cells are involved in RV clearance
and that antibodies (most of them dependent on CD4 T cell help) are the principal
mechanisms that mediate protection against reinfection (23, 24). RV-T cells produced
by infection of adult and neonatal mice with a heterologous rhesus RV (RRV) or with a
homologous murine RV (EC-RV) are transiently detectable at low frequencies (25). These
cells are identified with an intracellular cytokine assay after in vitro stimulation with
peptides corresponding to several CD4 and CD8 T cell epitopes (25). Adult mice have,
as expected, a high T cell response and different kinetics of response compared with
neonates, but in both, surprisingly, the liver was the organ in which the highest
numbers of RV-T cells were detected (25). Protection of neonatal BALB/c mice after
vaccination with RRV, followed by challenge weeks later with a murine RV (probably the
model that best reflects the human situation with human live oral vaccines), depends
on antibodies (26). In this model, the dose of RRV used to generate protection triggers
low levels of diarrhea, and protection is evaluated by measuring the quantity of viral
antigen shed in feces, because mice become resistant to RV-induced diarrheal disease
at 14 days of age (27).

In the present study, we evaluated, in neonatal mice orally vaccinated with RRV,
whether the low levels of diarrhea prompted by the vaccine, the T cell and antibody
responses, and the levels of protection varied in mice left untreated or treated with
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neutralizing antibodies to TGF-� or to LAP or with an ALK5i. We observed that
pretreatment with RRV induced RV-CD4 T cells, the majority of which lacked expression
of KLRG1 or CD127, and a few of them (�10%) expressed LAP. Moreover, mice treated
with anti-LAP antibody, unlike those treated with anti-TGF-� antibody or ALK5i, had
improved protection after challenge with a homologous murine EC-RV, compared with
vaccinated mice treated with control preparations. Thus, depletion of LAP� cells
increased the protection induced by a live oral RV vaccine.

RESULTS
Lack of modulation of RRV-induced diarrhea by treatment with anti-TGF-� or

anti-LAP antibodies or with ALK5i. Contrary to human infants, for whom the first
human RV infection usually fails to induce protection, neonatal mice infected with
homologous wild-type RV, but not with heterologous RV, are protected after the first
infection (26, 28). For this reason, oral infection of neonatal mice with 106 focus-forming
units (FFU) of a heterologous RRV and subsequent challenge with a homologous
wild-type RV have been used to model human RV vaccines (26, 28). However, unlike
with human vaccination, RRV-infected mice develop mild diarrhea. Moreover, since at
the time of challenge with wild-type RV, mice are too old to develop diarrhea, protection
is measured by assessing viral excretion. Although imperfect, this is the best mouse model
for studying RV vaccine protection and thus is used in the present report.

To determine the role of TGF-� and LAP� cells in the neonatal mouse model of RRV
vaccination, suckling mice were vaccinated with RRV and treated with anti-LAP or
anti-TGF-� monoclonal antibodies, an isotype control antibody (as a negative control),
an ALK5i, or dimethyl sulfoxide (DMSO) (the diluent of ALK5i, used as a negative
control), as described in Materials and Methods. First, the effect of these treatments on
diarrhea induced by RRV was evaluated. Nonvaccinated mice were included as controls,
and as expected, diarrhea was not detected in this group (Fig. 1). In the groups of mice
vaccinated with RRV and treated with anti-TGF-� antibody, anti-LAP antibody, or the
ALK5i, the frequency of mice that developed diarrhea on a daily basis (Fig. 1A and C)
and the diarrhea intensity scores were comparable to those of vaccinated mice treated
with isotype control antibody or DMSO (Fig. 1B and D). Thus, none of the treatments
used to modulate TGF-� and LAP� cells (anti-TGF-� or anti-LAP antibodies or ALK5i)
modified the symptoms induced by RRV vaccination.

RRV vaccination induces RV-CD4 and RV-CD8 T cells in spleen and liver,
detectable with H-2 I-Ab and H-2Kb tetramers, which are unmodulated by anti-
TGF-� or anti-LAP antibodies. Frequencies of epitope-specific RV-CD4 and RV-CD8 T
cells have been assessed in the past with an intracellular cytokine assay (25) or with
class I tetramers (29). To determine if frequencies of total and RV-T cells were modified
in mice vaccinated with RRV and treated with anti-TGF-� or anti-LAP antibodies, we
stained liver lymphocytes and splenocytes with a class I H-2Kb RV VP733– 40 tetramer
(25), a class II I-Ab RV VP6245–259 tetramer (25), or a control class II I-Ab human CLIP87–101

tetramer and used the corresponding peptides to stimulate splenocytes in an intracel-
lular cytokine assay. Splenocytes and liver lymphocytes were isolated 12 days after
vaccination with RRV and before challenge with murine EC-RV, to assess the immune
response that developed prior to challenge. The strategy to analyze the frequencies of
total and tetramer-positive T cells is presented in Fig. S1 in the supplemental material.

In the spleen, the frequencies of total CD4 T cells were lower, and those of CD8 T
cells were higher, in RRV-vaccinated mice treated with the antibodies than in nonvac-
cinated animals, especially for anti-TGF-�-treated mice (Fig. 2A and D). A similar trend
was observed for CD8 T cells in liver (Fig. 3A and D).

RV-CD4 and RV-CD8 T cells were detected with the tetramers at low frequencies (less
than 1%) in all RRV-immunized groups treated with isotype control, anti-TGF-�, or
anti-LAP antibodies, in both spleen (Fig. 2B and C) and liver (Fig. 3B and C) and were
not statistically different between any of the groups of mice that received antibody
treatments.
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In two independent experiments, total and RV-T cells from mice vaccinated and
receiving ALK5i or its diluent (DMSO) were found at similar frequencies (data not
shown).

To quantify functional RV-T cells, we used an intracellular cytokine assay with
splenocytes of control or vaccinated mice that received the different treatments, as
previously described (25). Frequencies of IFN-�-positive (IFN-��) T cells that were low
or below the level of detection of the assay were identified in response to the class
II-restricted VP6245–259 and class I-restricted VP733– 42 peptides or to RRV (data not
shown). Frequencies of interleukin-2 (IL-2)-, tumor necrosis factor alpha (TNF-�)-, or IL-10-
producing T cells in response to all stimuli were below the level of detection of the assay
(data not shown).

In conclusion, RV-CD4 and RV-CD8 T cells were detected at low frequencies after RRV
vaccination, and modulation of these responses with anti-TGF-� or anti-LAP was not
observed.

RV-CD4 and RV-CD8 T cells are enriched in KLRG1�/CD127� and KLRG1�/
CD127� subsets, respectively. Next, we examined the differentiation stage of RV-T
memory cells induced after RRV vaccination. For CD8 memory (CD44�) T cells, KLRG1
and CD127 markers identify early effector cells (EEC) (KLRG1�/CD127�), memory
precursor effector cells (MPEC) (KLRG1�/CD127�), and short-lived effector cells (SLEC)
(KLRG1�/CD127�) (30–32). For CD4 T cells, a classification based on these markers is
less well established, and we refer to these cells based on the expression of these

FIG 1 Diarrhea frequency and intensity in mice vaccinated with RRV. For diarrhea intensity, the average scores for
mice with the corresponding day after infection are shown. (A and B) Experiments with ALK5i; (C and D)
experiments with antibodies against TGF-� or LAP. CTRL indicates mock-immunized animals, and RRV-DMSO,
RRV-ALK5i, RRV-IC, RRV-aLAP, and RRV-aTGF� are mice vaccinated and treated with ALK5i diluent, ALK5i, isotype
control antibody, anti-LAP, and anti-TGF-�, respectively. Results in panels A and B are pooled from 2 experiments,
and those in panels C and D are pooled from 4 experiments, with 6 to 9 mice per group in each experiment. No
statistically significant differences were noted between study groups in any of the experiments presented.
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markers (33, 34). To evaluate the phenotypes of total and RV-T cells modulated by
vaccination and the different antibody treatments, we included these three markers in
the tetramer staining panel, as described in Materials and Methods.

In both spleen (Fig. 4A to D) and liver (Fig. 4E to H), most total CD4 T cells were
KLRG1�/CD127�, and the majority of total CD8 T cells were KLRG1�/CD127� (MPEC) in
all groups of mice.

In spleen, in response to RRV vaccination, total frequencies of CD4 KLRG1�/CD127�

cells increased in anti-LAP-treated mice (Fig. 4A), compared with control nonvaccinated
mice. In contrast, total KLRG1�/CD127� frequencies of CD8 T cells in spleen decreased
in RRV-immunized mice treated with the isotype control, anti-LAP, and anti-TGF-�,
compared with control mice (Fig. 4B).

To determine if, compared to total T cells, RV-T cells were enriched in cells of a
particular phenotype, we compared frequencies of RV-CD4 (Fig. 4C) or RV-CD8 (Fig. 4D)
T cells from all RRV-vaccinated animals with the corresponding total CD4 or CD8 T
cells (Fig. 4C and D). In spleen, while RV-CD4 T cells were enriched in KLRG1�/CD127�

cells (Fig. 4C), a lack of enrichment of RV-CD8 T cells in KLRG1�/CD127� cells was
detected (Fig. 4D). In liver, the vaccinated mice that received the isotype control
antibody and anti-TGF-� had significantly lower percentages of total CD4 KLRG1�/
CD127� T cells than control mice (Fig. 4E), and frequencies of total CD8 KLRG1�/
CD127� populations were similar in all groups (Fig. 4F). Liver RV-CD4 T cells and RV-CD8
T cells were enriched in KLRG1�/CD127� and KLRG1�/CD127� cells, respectively, when
they were compared with total CD4 or CD8 T cells (Fig. 4G and H).

In conclusion, when T cells from all RRV-vaccinated mice were analyzed together,
RV-CD4 T cells were enriched in KLRG1�/CD127� cells in both spleen and liver, while
RV-CD8 T cells were enriched in KLRG1�/CD127� cells (MPEC) in the liver but not in the
spleen.

FIG 2 RV-specific T cell responses in spleen. Fresh splenocytes were harvested 12 days after oral RRV vaccination and stained to identify CD4 or CD8 T cells and
class I or II tetramer-positive T cells by flow cytometry. (A, B, D, and E) Frequencies of total and RV-CD4 and RV-CD8 T cells; (C and F) representative dot plots
of CD4 tetramer-positive or CD8 tetramer-positive T cells. The full analysis strategy for these experiments is presented in Fig. S1 in the supplemental material.
Each point represents results with cells from 1 to 3 animals that were pooled for each of 4 experiments performed. The control class II I-Ab human CLIP87–101

tetramer stained T cells from vaccinated mice at frequencies comparable to those shown for control nonvaccinated mice (data not shown). Lines in graphs
represent the medians for each group. *, P � 0.05; **, P � 0.01 (by a Mann-Whitney test).
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RRV vaccination reduces the frequency of total memory (CD44�) LAP� cells in
spleen and induces CD4 tetramer-positive LAP� T cells in spleen and liver. As
stated above, LAP� Treg play an important role in mucosal immunity, and they can be
depleted in mice by the administration of antibodies against LAP (11–15). First, we
verified if anti-LAP antibody treatment effectively depleted total CD4 LAP� T cells. In
spleen, as expected, splenocytes of anti-LAP-treated mice had a 4-fold decrease in total
CD4 LAP� T cells (Fig. 5A) compared with nonvaccinated mice, isotype control-treated
mice, or anti-TGF-� antibody-treated mice. When CD4 CD44� LAP� memory T cells
were analyzed, this difference was even more pronounced (10-fold decrease) in spleens
of anti-LAP-treated mice (Fig. 5B). A small, but statistically significant, reduction in CD4
CD44� LAP� memory T cells in isotype control antibody- and anti-TGF-�-treated mice
with respect to control nonvaccinated mice was detected, implying that RRV vaccina-
tion diminished CD4 LAP� Treg in spleen (Fig. 5B). In liver, a non-statistically significant
tendency of total CD4 LAP� T cells to be decreased was seen in anti-LAP-treated mice
(Fig. 5D), and percentages of CD4 CD44� LAP� memory T cells of anti-LAP-treated mice
declined, with statistical significance (Fig. 5E).

RRV vaccination induced CD4-RV LAP� T cells in both spleen and liver at median
frequencies of 9.5% (Fig. 5C and F). The frequency of CD4-RV LAP� T cells was lower
(with statistical significance) than that of their corresponding total CD4 LAP� T cells
(Fig. 5C) in spleen but not liver (Fig. 5F).

The effect of anti-TGF-� was also verified, and, as expected, mice treated with
anti-TGF-� (but not those treated with anti-LAP antibody) had a significant (P � 0.0003)
7.4-fold decrease in median levels of total (acid-activated) TGF-� in serum, compared
with isotype control-treated mice 12 days after vaccination (data not shown).

In conclusion, biological effects of both anti-LAP and anti-TGF-� antibodies in
treated mice were observed, and RRV vaccination induced CD4-RV LAP� T cells in both
spleen and liver.

FIG 3 RV-specific T cell response in liver. Fresh mononuclear cells from the liver were harvested 12 days after oral RRV vaccination and stained to identify CD4
and CD8 T cells and class I or II tetramer-positive T cells by flow cytometry. (A, B, D, and E) Frequencies of total and RV-CD4 and RV-CD8 T cells; (C and F)
representative dot plots of CD4 tetramer-positive or CD8 tetramer-positive T cells. Cells from 1 to 3 animals were pooled for each of 4 experiments performed.
The control class II I-Ab human CLIP87–101 tetramer stained T cells from vaccinated mice at frequencies comparable to those shown for control nonvaccinated
mice (data not shown). Lines in graphs represent the medians for each group. *, P � 0.05; **, P � 0.01 (by a Mann-Whitney test).
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Depletion of LAP� cells improves RRV-induced protection against RV. Finally,
we assessed the degree of protection induced by oral RRV vaccination in mice treated
or not treated with anti-TGF-�, anti-LAP, or ALK5i. For this purpose, all groups of mice
(nonvaccinated and vaccinated) were challenged with wild-type EC-RV at day 12 after
vaccination with RRV, and antigen viral shedding was measured from day 0 of EC-RV
challenge to day 10 after challenge. Compared with nonvaccinated mice, all groups of
RRV-vaccinated mice shed small amounts of antigen after challenge (Table 1 and Fig.
6A and B) and for a low number of days (“delayed clearance”; P � 0.0001). Mice that
received ALK5i exhibited a similar antigen shedding curve as mice treated with DMSO
(Fig. 6A), and the same was observed for anti-TGF-�-treated mice with respect to the
isotype control group (Fig. 6B and Table 1), indicating that ALK5i and anti-TGF-�
treatments failed to improve protection. In contrast, mice depleted of LAP� cells were
more protected because they shed lower quantities of antigen than the isotype control-
and anti-TGF-�-treated groups, and the relative risk for shedding virus was statistically
significantly lower than for isotype control- and anti-TGF-�-treated mice (Fig. 6B and
Table 1).

Since it was previously shown that in this “neonatal mouse model for active protection
studies with RV vaccines,” protection was mediated by antibodies (26), the level of RV-IgA
in stool was measured. On the day of challenge (day 12 after RRV vaccination), all
groups of vaccinated mice had low or below-detection levels of RV-IgA in their stool
samples (data not shown). On day 10 after challenge, all vaccinated mice had higher
levels of RV-IgA than control nonvaccinated mice (Fig. 6C and D), and the anti-LAP-
treated group had statistically significantly higher median levels of RV-IgA than the
anti-TGF-� group (Fig. 6D).

In conclusion, mice vaccinated with heterologous RV and depleted of LAP� T cells
were more protected against homologous RV challenge than control mice and devel-
oped high titers of RV-IgA.

FIG 4 Frequencies of KLRG1�/CD127� and KLRG1�/CD127� T cells in spleen and liver. Frequencies of KLRG1�/CD127� and KLRG1�/CD127� cells were
determined for CD4 or CD8 CD44� T cells. (A, B, E, and F) Frequencies of total KLRG1�/CD127� and KLRG1�/CD127� T cells; (C, D, G, and H) comparison between
frequencies of total and RV-T cells in groups where KLRG1�/CD127� and KLRG1�/CD127� populations were detected. The latter graphs include T cells from
two vaccinated mice that received ALK5i. Cells from 1 to 3 animals were pooled for each of 4 experiments performed. Lines in graphs represent the medians
for each group. *, P � 0.05; **, P � 0.01 (by a Mann-Whitney test [A, B, E, and F] or a Wilcoxon test [C, D, G, and H]). TET�, tetramer positive.
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DISCUSSION

Here, we used what we consider the best mouse model to assess the mechanisms
of protection generated by RV vaccines (26, 28). We found that oral vaccination of
neonatal C57BL/6 mice with 106 FFU of RRV provoked partial (�50%) (Table 1)
protection against challenge with murine EC-RV. Vaccination induced RV-CD4 LAP� T
cells (a Treg phenotype), and depletion of these cells by administration of a specific
antibody improved vaccine-induced protection. To our knowledge, this is the first time

FIG 5 Total CD4 LAP� T cells in spleen and liver are depleted by anti-LAP treatment, and RV-CD4 LAP� T cells induced by vaccination are present at frequencies
similar to or lower than those of total CD4 LAP� T cells. Fresh mononuclear cells from the spleen and liver were harvested 12 days after oral RRV vaccination
and stained to identify CD4 LAP� T cells by flow cytometry. (A and D) Frequency of total CD4 LAP� T cells; (B and E) frequency of total CD4 CD44� LAP� T
cells; (C and F) comparison between frequencies of total CD4 CD44� LAP� T cells and frequencies of RV-CD4 CD44� LAP� T cells from spleen and liver. The
latter graphs include T cells from two vaccinated mice that received ALK5i, and in the case of liver T cells, some tetramer-positive cells were not included
because fewer than 5 LAP� events (level of detection determined for the flow cytometry experiments) were detectable. Cells from 1 to 3 animals were pooled
for each of 4 experiments performed. Lines in graphs represent the medians for each group. *, P � 0.05; **, P � 0.01 (by a Mann-Whitney test [A, B, D, and E]
or a Wilcoxon test [C and F]).

TABLE 1 Protection after EC-RV challenge

Treatment
No. of
mice

Mean quantity
of antigen shed
(SD50/mouse/
day) � SDa % protectionb

Avg risk (95%
confidence
interval)

Mock 18 542,383 � 2,325
RRV-ICc 16 254,135 � 1,151 53.1 5.58 (5.48–5.68)
RRV–anti-LAP 15 178,096 � 1,779 67.2 5.38 (5.26–5.51)d

RRV–anti-TGF-� 16 270,364 � 1,736 50.2 5.61 (5.49–5.72)
aMean quantity of RV antigen shed � standard deviation over 10 days postchallenge. Numbers are the
cumulative results from three independent experiments.

bPercent protection is the percent decrease in the mean quantity of RV antigen shed during the 10 days
after challenge, compared with that of mock-treated mice.

cIC, isotype control antibody.
dSignificantly (P � 0.03) lower than for RRV-IC.
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that administration of an antibody against LAP� cells has been shown to modulate
protection after vaccination against a pathogen in vivo.

Previous ex vivo experiments with peripheral blood mononuclear cells (PBMC) of
healthy humans and in vitro experiments with Caco-2 cells in our group suggested that
RV may induce TGF-� to evade the immune response (21, 22). Here, we studied the in
vivo role of TGF-� and LAP� cells in diarrhea induced by heterologous RRV vaccination
(Fig. 1). We found that treatment with anti-TGF-� or anti-LAP or inhibition of TGF-�
signaling with ALK5i did not modulate the frequencies and intensities of diarrhea
provoked by RRV oral infection (Fig. 1). These results are in agreement with previous in
vitro studies showing that although TGF-� increased during RV infection, it failed to
produce the expected enterocyte apoptosis, because of concomitant stimulation of
microRNA miR-142-5p that inhibits this apoptosis (35). Thus, TGF-� may lack a net
modulatory function at the level of the enterocyte during heterologous RV infection.
Future studies are necessary to determine if RRV increases TGF-� levels in our model
and to better understand why RRV-induced diarrhea in neonatal mice remains unmod-
ified after blocking this cytokine.

Inhibiting TGF-� or eliminating LAP� T cells failed to modulate the frequencies of
RV-CD8 and RV-CD4 T cells, identified with class I and class II tetramers, generated by
RRV infection in spleen and liver (Fig. 2B and E and Fig. 3B and E). However, the number

FIG 6 Fecal RV antigen curve and virus-specific intestinal IgA after EC-RV challenge. At day 12 postimmunization, RRV- or mock-vaccinated mice were
challenged with 105 SD50 of homologous EC-RV to evaluate protection. Fecal pellets were collected every day and analyzed for the presence of antigen and
RV-IgA by an ELISA. (A and B) Results are shown as the medians and ranges for the group for each day after EC-RV challenge. **, P � 0.0052 between control
(CTRL) and DMSO-treated mice (for panel A) (by a Mann-Whitney test); *, P � 0.002 between control and all other groups (for both panels A and B) (by a
Mann-Whitney test). (C and D) Each symbol represents RV-IgA (ELISA OD) present in the stool of an individual mouse at day 10 of challenge. The horizontal
line indicates the median for each group. *, P � 0.05; ****, P � 0.001 (by a Mann Whitney test). Pooled results from 2 experiments (A and C) or 3 experiments
(B and D) with 4 to 7 mice per group are shown.
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of experiments performed to quantify these cells was low (3 to 4 in the case of
antibody-treated animals), and further studies are needed to confirm this conclusion.
These results appear opposed to findings with LCMV, where treatment of mice with the
same neutralizing antibody against TGF-� or with a similar ALK5i increased the T cell
response to LCMV (4, 5). Differences in the levels of viral replication and other variables
can potentially explain this discrepancy. Notably, the levels of RV-T cells detected with
the tetramers in spleen (Fig. 3B and E) are higher than those of T cells producing IFN-�
detected with an intracellular cytokine assay (data not shown), suggesting that some
RV-T cells lack cytokine production and are in an anergic state. In addition, the fact that
we detected RV-T cells producing only IFN-�, but not IL-2 or TNF-� (data not shown),
is in agreement with our studies in children, where most RV-T cells secrete only IFN-�,
and higher frequencies seem to be detectable using the tetramers than by the intracellular
cytokine assay (20, 36). These findings support the hypothesis that in neonatal mice and
children, RV may have developed mechanisms to evade the T cell immune response (2).

The predominant phenotypes of RV-CD4 and RV-CD8 T cells were KLRG1�/CD127�

and KLRG1�/CD127� (MPEC), respectively (Fig. 4C, D, G, and H). At the peak of the
response, infection with Listeria monocytogenes predominantly promotes the develop-
ment of CD8 KLRG1�/CD127� cells (SLEC), while similar infection with vesicular sto-
matitis virus (VSV), influenza virus, or vaccinia virus results in higher frequencies of
KLRG1�/CD127� cells (EEC) and KLRG1�/CD127� cells (MPEC) (30, 37). Thus, RV-CD8 T
cells phenotypically most closely resemble virus-induced CD8 T cells. The generation of
KLRG1�/CD127� (MPEC) RV-CD8 T cells (Fig. 4D and H) suggests that vaccination was
efficient at inducing long-lived T cells with memory potential (31).

The induction of different subsets of Treg after RV infection and their role in
protection have been addressed in mice and pigs (38–40). In pigs, frequencies of IL-10-
and TGF-�-secreting CD4 CD25� FoxP3� Treg in the intestine were significantly
inversely correlated with protection against RV diarrhea (38). Notwithstanding, in the
mouse model, no role for FoxP3� CD25� Treg in RV infection and immunity has been
evidenced (39, 40). Here, we have shown that since mice depleted of LAP� cells had a
lower relative risk for shedding challenge EC-RV than isotype control- and anti-TGF-�-
treated mice (Fig. 6B and Table 1), the few (9.5%) (Fig. 5C and F) vaccine-induced
RV-CD4 LAP� Treg may play a role in downregulating protection induced by oral RRV
vaccination. However, anti-LAP treatment has many other effects, such as increased
cytotoxic T lymphocyte (CTL) responses, reduction of tolerogenic CD103� CD8 T cells,
activation of NK cells, maturation of dendritic cells, and improved immune memory
(11), and thus, the mechanism of enhanced protection against RV in our model is still
uncertain.

Anti-TGF-�- and ALK5i-treated mice had levels of protection similar to those of
control mice (Fig. 6A and B), implying that, contrary to our working hypothesis (2),
TGF-� is an unlikely RV-induced mechanism to evade the immune response. However,
this hypothesis cannot be completely ruled out because CD4 LAP� Treg that seem to
be involved in protection against RV (Fig. 6B) depend on TGF-� for their development
and exert their function via TGF-� (1).

In BALB/c neonatal mice, protection induced by RRV seems to be dependent on
antibodies (26), but the mechanism of protection generated by RRV in neonatal
C57BL/6 mice remains undetermined. In our experiments, all vaccinated mice had
higher levels of fecal RV-IgA at 10 days postchallenge than control nonvaccinated mice
(Fig. 6C and D), suggesting that these antibodies could also be mediating protection.
However, RV-IgA was below levels of detection or at low levels before the challenge
(data not shown) in all groups of mice, and thus, prechallenge IgA may be unnecessary
for protection. Finally, it is noteworthy that the principal difference between the
antigen shedding curves of nonvaccinated and vaccinated mice (Fig. 6A and B) was a
delay in viral clearance. In mice, CD8 T cells mediate viral clearance (41), and thus, these
cells may also be implicated in protection in our model. Future studies analyzing in
more detail the effect of anti-LAP treatment on the RV-CD8 T cell and RV antibody
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responses (the two most likely effector mechanisms involved in the protective response
in our model) may help clarify this mechanism.

In conclusion, we have shown that anti-LAP treatment enhances protection induced
by an oral RV vaccine in vivo. Further studies are needed to determine if the mechanism
of increased protection is the elimination of RV-CD4 LAP� Treg induced by the vaccine.

MATERIALS AND METHODS
Viruses. A tissue culture-adapted RRV strain of simian RV (G3, P[3]; obtained from H. B. Greenberg,

Stanford University, CA) was grown, and titers were determined, on MA104 cells in the presence of
trypsin and used after semipurification on a 40% sucrose gradient (42). The semipurified stock virus
preparation had a titer of 109 focus-forming units (FFU)/ml. For T cell stimulation and RV-specific IgA
(RV-IgA) enzyme-linked immunosorbent assays (ELISAs), supernatants of RRV- or mock-infected MA104
cells (mock) were used. Stocks of wild-type murine RV (EC) were prepared as intestinal homogenates, and
their titers, expressed as 50% shedding doses (SD50), were determined in 12-day-old mice, as previously
described (43). SD50 is the dose at which 50% of animals shed viral antigen, which for the EC strain of
RV is the same as the DD50 (dose at which 50% of neonatal mice develop diarrhea) (27).

Mice and RRV immunization. C57BL/6 mice were originally purchased from Charles River (Wilming-
ton, MA) and bred in our facility under specific-pathogen-free (SPF) conditions. Neonatal mice received
1 � 106 FFU of RRV in 50 �l or received 50 �l of mock administered by oral gavage at between 5 and
7 days of age. The presence or absence of diarrhea was evaluated in each animal up to 5 days after RRV
immunization by applying gentle pressure to the abdomen (24). The severity of diarrhea was scored daily
by assigning numeric values to the color, degree of soiling, and consistency of the stool, as previously
described (26), and scoring was performed by an examiner who was blind to the treatment received by
the animal (26). Mock-treated or RRV-immunized mice were challenged with 105 SD50/50 �l of the murine
EC-RV strain. Fecal samples were collected from each mouse on the day of challenge and for the 10
following days. Samples were stored frozen at �20°C until used for ELISAs. All procedures were
performed in accordance with a protocol reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC). The animal facility and IACUC carry out their activities according to the Guide
for the Care and Use of Laboratory Animals, 8th ed. (44), and performed postapproval monitoring.

Administration of antibodies to TGF-� and LAP and an ALK5i. Neonatal mice were injected
intraperitoneally (i.p.) with 1.3 �g/g (host weight) of anti-LAP antibody (clone TW7-20B9; BioLegend, San
Diego, CA, USA) (12), 87 �g/g of the neutralizing anti-TGF-� antibody (clone 1D11.16.8; BioXCell, West
Lebanon, NH, USA), or the mouse IgG1 isotype control antibody (BioXCell, West Lebanon, NH, USA) (45)
starting the day before RRV immunization and every other day for 12 days. SB 431542 (Sigma-Aldrich, St.
Louis, MO, USA), an ALK5i, was administered i.p. at a dose of 17.3 �g/g (46) as a solution with 10%
(vol/vol) DMSO and with the same inhibition scheme as the one described above. As additional controls,
mice were inoculated with 50 �l of 10% (vol/vol) DMSO.

Flow cytometry analysis. Spleen and liver mononuclear cells were harvested 12 days after vacci-
nation using previously described protocols (24, 25). For each experiment, 1 to 3 livers or 1 to 3 spleens
of mice of the same treatment groups were pooled to obtain enough cells for the studies. Liver-
infiltrating lymphocytes were isolated by mechanical disruption through a wire mesh and isolation of the
lymphocytes on a 33% Percoll gradient (25). To identify RV-T cells, mononuclear cells from the spleen and
liver were stained for 1 h at 4°C with the H-2Kb murine RV VP733– 40 (IVYRFLFV) phycoerythrin (PE)-labeled
tetramer (25) or for 2 h at room temperature with the class II I-Ab RV VP6245–259 (ATWYFNPVILRPNNV)
PE-labeled tetramer (25) or with a control class II I-Ab human CLIP87–101 (PVSKMRMATPLLMQA) tetramer,
all provided by the NIH Tetramer Core Facility. Subsequently, 106 cells were stained with Aqua diluted
1:40 in phosphate-buffered saline (PBS) and incubated for 20 min at room temperature. Previously
titrated antibodies against CD3 peridinin chlorophyll protein (PerCP)-Cy5.5 (clone 17A2), CD4 Alexa Fluor
700 (AF700) (clone RM4-5), CD8a allophycocyanin (APC)-H7 (clone 53-6.7), and CD44 APC (clone IM7)
were purchased from BD Biosciences (San Jose, CA, USA). Anti-CD127 PE-Cy7 (clone A7R34) and
anti-KLRG1 fluorescein isothiocyanate (FITC) (clone 2F1; purchased from eBioscience, San Diego, CA, USA)
and an anti-LAP BV421 antibody (clone TW7-16B4; purchased from BioLegend San Diego, CA, USA) were
also included. All cells were fixed in cold PBS with 1% paraformaldehyde.

To quantify RV-T cells with an intracellular cytokine staining assay, splenocytes were stimulated for
6 h at 37°C in 5% CO2 with 2 �g/ml peptides corresponding to class I-restricted (VP733– 40), class
II-restricted (VP6245–259), or class II-restricted (CLIP87–101 [control]) epitopes or stimulated with RRV or
mock in the presence of 100 U/ml recombinant IL-2 (Chiron, Emeryville, CA), and 10 �g/ml of brefeldin
A (Sigma-Aldrich, St. Louis, MO, USA) (25) was added 1 h later. Following 5 h of in vitro stimulation, cells
were incubated with rat anti-mouse CD16/CD32 (clone 2.4G2; BD Biosciences, San Jose, CA, USA) for 5
min at 4°C to block Fc receptors; stained for Aqua CD3, CD4, and CD8 (as described above); and then
fixed and permeabilized with Cytofix/Cytoperm and Permwash buffer (both from BD Biosciences, San
Jose, CA, USA). Cells were then stained with antibodies against IFN-� FITC (clone XMG1.2), IL-2 BV421
(clone JES65-H4), TNF-� PE-Cy7 (clone MP6-XT22), and IL-10 PE (clone JES5-16E3) (all from BD Biosci-
ences, San Jose, CA, USA). Cells were acquired on a FACSAria IIup flow cytometer (BD Biosciences, San
Jose, CA, USA), and data were analyzed with FlowJo software (TriStar, San Carlos, CA, USA).

Detection of viral antigen and RV-IgA by an ELISA. For detection of viral antigen in fecal samples,
96-well polystyrene flat-bottom microtiter plates (Thermo Fisher, Waltham, MA, USA) were coated with
a 1:8,000 dilution (in PBS) of rabbit anti-RV antiserum (Dako, Denmark) and incubated overnight at 4°C.
The plates were then blocked with 5% BLOTTO (5% [wt/vol] powdered milk in PBS with 0.1% Tween 20)
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at 37°C for at least 30 min. Ten percent (wt/vol) stool suspensions were prepared with PBS and 1%
protease inhibitor cocktail containing 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF),
aprotinin, bestatin, E-64, leupeptin, and pepstatin A (Sigma-Aldrich, St. Louis, MO, USA); diluted in 5%
BLOTTO; added to the plates; and incubated at 37°C for 45 min. The plates were washed 5 times with
wash buffer (PBS– 0.01% Tween 20), guinea pig anti-RV hyperimmune serum (provided by H. B.
Greenberg) diluted 1:4,000 in 2.5% BLOTTO was added, and plates were incubated as described above
for the previous step. After 5 washes, biotinylated anti-guinea pig serum (Vector Labs, Burlingame, CA,
USA) diluted 1:2,000 in 2.5% BLOTTO was added, and the mixture was incubated at 37°C for 45 min.
Peroxidase-labeled streptavidin (SeraCare, Milford, MA, USA) diluted 1:1,000 in 2.5% BLOTTO was added
after 5 washes and incubated at 37°C for 30 min. Finally, a 1:1 tetramethylbenzidine (TMB)-hydrogen
peroxide solution (SeraCare, Milford, MA, USA) was used to develop the reaction, which was stopped by
the addition of 2 M sulfuric acid. The absorbance was read at a 450-nm wavelength on an ELISA plate
reader (Multiskan EK; Thermolab Systems) to determine the optical density (OD). To determine the
concentration of RV antigen in the samples, a calibration curve was made with the intestinal lysate of
EC-RV-infected mouse pups, and results were expressed as the log10 SD50 per milliliter.

For the detection of intestinal RV-IgA, vinyl U-bottom plates were coated and blocked as described
above for the antigen detection ELISA and then incubated with RRV or mock supernatants (1:10 in 5%
BLOTTO) at 37°C for 1 h. After 5 washes, stool samples prepared as described above were added, and the
mixture was incubated for 2 h at 37°C. The plates were washed 5 times, peroxidase-labeled antibody to
mouse IgA (SeraCare, Milford, MA, USA) diluted 1:500 in 2.5% BLOTTO was added, and the mixture was
incubated for 1 h at 37°C. The plates were washed and developed as described above for the antigen
ELISA. A stool sample was considered to be positive for RV-IgA if the OD value was above 0.1 and twice
the signal from the corresponding mock-treated wells.

Measurement of TGF-� by an ELISA. Total (active plus latent activated with HCl) TGF-�1 was
quantified by an ELISA with a Duoset kit, according to the manufacturer’s instructions (R&D Systems)
(detection limit of 31.3 pg/ml).

Statistical analysis. Nonparametric statistics were used throughout the study. Comparisons be-
tween groups were performed with Mann-Whitney or Wilcoxon tests using the GraphPad Prism 6
program (GraphPad Software, Inc., San Diego, CA). In most figures, data medians are represented unless
otherwise mentioned. A P value of �0.05 was considered statistically significant.

A generalized estimation equations (GEE) model using exchangeable working correlation and a
Huber/White/sandwich estimator of variance was used to explore differences between the three anti-
body treatments. The average risk adjusted by day for each treatment effect, known as the population-
averaged effect, is reported (47, 48). P values and confidence intervals for multiple comparisons between
treatments were calculated by a Bonferroni inequality method (49).

SUPPLEMENTAL MATERIAL
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