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Human rotavirus-specific CD4* and CD8" T-cell responses in peripheral blood lymphocytes were studied
using a flow cytometric assay that detects the intracellular accumulation of cytokines after short-term in vitro
antigen stimulation. The frequencies of virus-specific T cells that secrete gamma interferon and interleukin-13
(IL-13) were determined in adults and children during the acute or convalescent phase of rotavirus-induced
diarrhea, in asymptomatically infected adults and laboratory workers who worked with human stool samples
containing rotavirus, and in healthy adults. Significantly higher frequencies of rotavirus-specific interferon
gamma-secreting CD8* and CD4™ T cells, but not IL-13-secreting T cells, were detected in symptomatically
infected adults and exposed laboratory workers than in healthy adults and children with acute rotavirus
diarrhea. The levels of rotavirus-specific T cells returned to levels found in healthy adults by 32 days after the
onset of rotavirus diarrhea in most adult subjects. Children with rotavirus diarrhea had undetectable or very
low levels of CD4* and CD8* T cells that secrete gamma interferon. Adult cytomegalovirus-seropositive
individuals had frequencies of cytomegalovirus-specific T cells that secrete gamma interferon that were
approximately 20 times the level of rotavirus-specific T cells. This result suggests that rotavirus is a relatively
poor inducer of circulating memory T cells that secrete gamma interferon. The frequencies of gamma inter-
feron-secreting CD4™ and CD8™ T cells and the frequencies of IL-13-secreting CD4™ T cells responding to the
T-cell superantigen staphylococcal enterotoxin B (SEB) were lower in children than in adults. In both adults
and children, the frequencies of CD4™ cells secreting gamma interferon in response to SEB were higher than

the frequencies of cells secreting IL-13.

Rotaviruses (RV) are the most important cause of severe
dehydrating diarrhea in children worldwide, resulting in an
estimated 480,000 to 640,000 deaths annually (5). The first
vaccine approved for use in humans has recently been with-
drawn by the manufacturer because it was associated with
increased numbers of cases of intussusception (1). For these
reasons, investigators are exploring alternative vaccination
strategies to develop improved second-generation vaccine can-
didates. A detailed knowledge of the immune response against
RV in humans will be useful for the design and/or evaluation
of new RV vaccines.

The RV-specific cell-mediated immune response is relatively
well studied in the murine model: CD4™ T cells are essential
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for the development of more than 90% of the RV-specific
intestinal immunoglobulin A (IgA) (14). Moreover, the anti-
body response seems to be the main mechanism that mediates
protection against RV reinfection (14, 15, 31). Murine RV-
specific CD8™" T cells have a direct antiviral effect, are involved
in the timely resolution of primary RV infection, and can
mediate partial protection against reinfection (13, 15, 31).
Because RV replication is restricted to enterocytes in vivo,
RV-specific T cells are thought to mostly originate in and fulfill
their effector function directly at the intestinal mucosa. For this
reason, RVs have been used to test the intestinal-homing
model (7). According to this model, T cells are activated by
intestinally derived antigen in Peyer’s patches (PP). After pass-
ing through the mesenteric lymph nodes, these T cells gain
access to the blood circulatory system through the toraxic duct
and then migrate through the postcapillary venules, preferen-
tially to other PP and the lamina propria (7). The preferential
homing of lymphocytes stimulated by antigens, first encoun-
tered in intestinal PP returning to other PP or the intestinal
lamina propria, is mediated in part by interactions between the
integrin a4p7, expressed on T lymphocytes, and the cell adhe-
sion molecule MadCAM 1, expressed on the vascular endo-
thelium of the postcapillary venules in the intestine (7). In
support of this model, splenic murine RV-specific memory
CD8™ T cells that have an in vivo antiviral effect preferentially
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express the intestinal homing receptor, the integrin a4B7 (35).
Nonetheless, the expression of this receptor does not seem to
be essential for the migration of the CD8" T cells to the
intestine or the effectiveness of their in vivo antiviral function
(25).

Since in humans it is difficult to study intestinal antigen-
specific T cells in situ, studies aimed at characterizing these
cells have been mostly limited to the identification of circulat-
ing T cells that have been induced after intestinal priming (24).
Circulating RV-specific T cells in both children and adults have
been studied by lymphoproliferation (33, 34). Eight of 11
healthy adults and 10 of 13 healthy children between 6 months
and 5 years of age had evidence of RV-specific lymphoprolif-
erative activity (33). Six of eight RV-infected children demon-
strated this activity in the convalescent period (2 to 8 weeks
after infection) (34). Using lymphoproliferation as a readout, it
has been determined that in healthy adults, circulating RV-
specific CD4" cells express the intestinal homing receptor
a4B7 (36). This study supports the hypothesis that circulating
RV-specific T cells are lymphocytes that have been primed in
and are migrating back to the intestine (7, 24, 36). Human
RV-specific CD8"-T-cell responses have not been studied to
date.

Here, we present results concerning the frequencies of
CD8" and CD4" RV-specific T cells in healthy adults and
recently infected adults and children, as determined using a
flow cytometric assay that detects the intracellular accumula-
tion of cytokines after short-term in vitro antigen stimulation.

MATERIALS AND METHODS

Subjects and sample collection. We studied 12 children (ages 6 months to 7
years) admitted with acute diarrhea of less than 7 days duration to the pediatric
emergency service of the San Ignacio Hospital in Bogotd, Colombia. Ten of the
12 children had primary infection with RV, and 2 (see Table 3) had a repeat
infection (see “Definitions” below). We also studied 26 adults 21 to 47 years old:
14 recently RV-infected adults, 10 symptomatically and 4 asymptomatically in-
fected adults; 7 healthy adult subjects; and 5 laboratory workers who handled
RV stool samples on a regular basis. In addition to the risk factor of manipu-
lating RV-infected stool samples, four of these five laboratory workers were
recent medical school graduates who could have been infected by RV during
their medical training. We collected blood, stool, and saliva (adults) samples
from each symptomatic patient at the time of the acute infection (1 to 7 days
from the start of symptoms) and in the convalescent period (8 to 42 days from the
start of symptoms). The comparison of levels of RV-specific antibodies in the two
samples (acute and convalescent) served to establish or confirm the diagnosis of
RV infection (see “Definitions” below). One symptomatically infected adult was
studied 557 days after the onset of diarrhea (DAOD). The asymptomatically
RV-infected adult subjects were identified among parents and guardians of the
children with RV-induced diarrhea. From these adult parents and guardians,
samples were taken during the acute and the convalescent phases of the diarrhea
of the child under their care. Experiments with the T cells from the adult parents
and guardians were performed with the samples that corresponded to the con-
valescent phase of their child, except for one of the subjects, for whom both
acute- and convalescent-phase samples were used to perform T-cell experiments.
The study was approved by the Ethics Committee of the San Ignacio Hospital,
and signed informed consent was obtained from the parents and guardians of the
children and from all adults prior to enrollment in the study.

ELISA for measuring RV antigen in feces. The presence of RV antigen in
feces was determined by using an enzyme-linked immunosorbent assay (ELISA)
as previously described (14) with minor modifications (19). Immulon 2 ELISA
plates (DYNEX Technologies, Chantilly, Va.) were coated with 70 wl of rabbit
anti-RV hyperimmune serum or preimmune serum diluted in phosphate-buff-
ered saline (PBS; Histolab Ltda, Bogotd, Colombia)/well and incubated over-
night at 4°C. The wells were then blocked with 150 pl of 5% nonfat powdered
milk plus 0.1% Tween-20 in PBS (5% BLOTTO) for 30 min at 37°C. The
blocking solution was removed, and 70 pl of 10% stool samples diluted in 5%
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BLOTTO were added to both the immune- and preimmune-serum-coated wells.
After 45 min of incubation at 37°C, the wells were washed five times with
PBS-0.1% Tween 20 (PBS-Tween), and 70 pl of guinea pig anti-rhesus RV
(RRV) hyperimmune serum, diluted in 2.5% BLOTTO plus 1.5% normal goat
serum, was added to each well for 45 min at 37°C. After five washes with
PBS-Tween, 70 pl of biotinylated goat anti-guinea pig serum (Vector, Burlin-
game, Calif.), diluted in 2.5% BLOTTO-1.5% normal goat serum, was added to
each well. After 30 min of incubation at 37°C, the wells were washed five times,
70 pl of peroxidase avidin-biotin complex kit (Vector) was added to each well,
and the plates were incubated for 30 min at 37°C. After five washes with PBS-
Tween, the plates were developed using 70 l of tetramethyl benzidine substrate
(TMB; Sigma, St. Louis, Mo.). The reaction was stopped by the addition of 17.5
wl of 2 M sulfuric acid. Absorbance was read at a wavelength of 450 nm on an
ELISA plate reader (MR 2600; Dynatech, McLean, Va.). Serial dilutions of a
supernatant from RF virus (bovine RV)-infected MA104 cells (positive control)
and a known RV human fecal specimen (negative control) were included in each
plate. Samples tested in duplicate were considered positive if the optical density
in the experimental well was >0.1 optical-density units and twofold greater than
the optical density in the corresponding control wells coated with preimmune
serum and incubated with the same RV stool sample suspension. Only plates in
which the lowest dilution of the RF virus supernatant known to be positive was
positive and the negative stool sample was negative were accepted for analysis.

ELISA for measuring RV-specific antibodies in plasma, saliva, and feces. For
detection of RV-specific IgA and IgG, 96-well Immulon 2 microtiter plates were
coated with 70 pl of a 1/10 dilution (in PBS, pH 7.4) of supernatant from RF
virus-infected MA104 cells (107 focus-forming units/ml) or the supernatant of
mock-infected MA104 cells (negative control) and incubated overnight at 4°C.
After these solutions were discarded, 150 pl of 5% BLOTTO was added to the
plates, and the plates were incubated at 37°C for 1 h. Then, the BLOTTO was
discarded, and 70 pl of the dilutions of plasma, stool, or saliva samples in 2.5%
BLOTTO was deposited in each well. After 2 h of incubation at 37°C, the plates
were washed five times with PBS-Tween, 70 .l of biotin-labeled goat anti-human
IgA or IgG (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) diluted in
2.5% BLOTTO was added to the plates, and the plates were incubated for 1 h
at 37°C. After five washes with PBS-Tween, 70 pl of streptavidin-peroxidase
(Kirkegaard & Perry Laboratories) diluted in PBS was added, and the plates
were incubated for 1 h at 37°C. After five washes with PBS-Tween, the plates
were developed using TMB substrate as described above for the antigen ELISA.

For detection of RV-specific IgM, we used a strategy previously described by
Coulson et al. (11). ELISA plates were coated overnight with 70 pl of goat
F(ab"), (0.7 pg) anti-human IgM (Biosource International, Camarillo, Calif.) in
PBS (pH 7.4). The plates were then blocked and incubated with dilutions of
plasma or stool samples as described above for the IgA ELISA. After two washes
with PBS-Tween, 70 ul of a 1/10 dilution of supernatant from RF virus (107
focus-forming units/ml)-infected MA104 cells or mock-infected cell supernatant
was added to individual wells in PBS (pH 7.4) and incubated for 1 h at 37°C. The
plates were then washed twice with PBS-Tween, guinea pig anti-RRV hyperim-
mune serum (diluted in 2.5% BLOTTO-1.5% normal goat serum) was added to
each well, and the wells were incubated for 1 h at 37°C. After three washes with
PBS-Tween, 70 pl of biotin-labeled goat anti-guinea pig serum (Vector) in 2.5%
BLOTTO-1.5% normal goat serum was added, and the plates were incubated
for 1 h at 37°C. After three washes with PBS-Tween, 70 wl of streptavidin-
peroxidase was added to each well. The assay was developed as described above
for the RV antigen ELISA. A plasma or stool sample from a non-RV-infected
child and serial dilutions from a recently RV-infected adult volunteer were
included on each plate. The titer of plasma was defined as the reciprocal of the
last dilution exceeding an optical density of 0.1 that was twice the optical density
of mock-treated wells. To be accepted for analysis, the titer of the positive
control plasma in a plate could not differ by more than 1 dilution from plate to
plate.

CMV seroreactivity. Plasma anti-cytomegalovirus (CMV) IgG was detected
using a CMV IgG ELISA system from Zeus Scientific, Inc. (Raritan, N.J.)
following the manufacturer’s instructions.

Definitions. A child was considered infected by RV if (i) viral antigen was
detected by ELISA in either of its stool samples (acute or convalescent phase),
(ii) stool virus-specific IgM had a titer greater than 1/2 in either sample, (iii) a
serum titer greater than 1/400 for RV-specific IgM was found in either sample,
(iv) the child copro IgA converted (a fourfold increase in virus-specific titers
between the acute- and convalescent-phase samples), or (v) the child’s plasma
demonstrated a seroconversion in IgA or IgG (a fourfold increase in virus-
specific titers between the acute- and convalescent-phase samples) (11, 12). A
child was considered to have diarrhea of another origin if he or she lacked all of
the above criteria for acute RV infection. All healthy adults and healthy parents
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TABLE 1. Frequencies of CD4" IFN-y" IL-13" and CD8" IFN-y" T cells responding to RRV and mock preparations
in five subject groups®
% CD4" IFN-y* % CD4* 1L-13" % CD8" IFN-y*
Subject group”
RRV Mock RRV Mock RRV Mock
Healthy adults (n = 7, 5, 6) 0.040%* (0.007)  0.014 (0.003)  0.046 (0.01)  0.024 (0.004)  0.065* (0.01) 0.033 (0.008)
Asymptomatic adults (n = 5, 3, 5) 0.068* (0.01) 0.018 (0.001)  0.006 (0.002)  0.006 (0.002)  0.188* (0.07) 0.034 (0.008)
Symptomatic adults (n = 18, 9, 18) 0.255%%* (0.07)  0.034 (0.001)  0.040 (0.01)  0.030 (0.001)  0.333*** (0.07)  0.031 (0.002)
RV-exposed lab workers (n = 5,4, 5)  0.100* (0.02) 0.018 (0.004)  0.032(0.005)  0.017 (0.004)  0.528* (0.17) 0.034 (0.004)
Infected children (n = 13, 10, 13) 0.037** (0.005)  0.020 (0.002)  0.041* (0.01)  0.022(0.003)  0.065** (0.008)  0.043 (0.005)

“ Values are given as mean (SEM). P value for comparison between the responses to RRV and the mock preparation with the Wilcoxon test are indicated as follows:

® P < 0.05; %%, P < 0.01; ***, P < 0.001.

® Numbers of experiments () for each T-cell determination are shown in the same order as the columns. For one healthy adult, the response in CD8* T cells was
not determined. For one to three subjects from each group, IL-13 responses were not studied.

and guardians of non-RV-infected children were considered not to be recently
RYV infected. Adults with acute diarrhea or asymptomatic parents and guardians
of children with acute RV-induced diarrhea were classified as recently infected
or not recently infected with RV by using the same criteria as for children with
diarrhea but replacing measurements of virus-specific stool IgM and IgA with the
measurement of saliva-specific IgA.

Antigen stimulation of PBMC. Peripheral blood mononuclear cells (PBMC)
were purified from heparinized whole-blood samples by Ficoll-Hypaque gradi-
ents (Histolab Ltda). The cells were washed twice with PBS (Histolab Ltda) plus
2% fetal calf serum (Gibco BRL, Gaithersburg, Md.) and resuspended in RPMI
containing 20 mM HEPES, 100 U of penicillin/ml, and 100 mg of streptomycin
(Histolab Ltda)/ml plus 10% fetal calf serum (complete medium). PBMC (2 X
10 cells in a final volume of 2 ml of complete medium) were stimulated with
either 200 pl of the supernatant of RRV (titer, 7 X 107 focus-forming units per
ml)-infected MA104 cells, 200 ul of the supernatant of mock-infected MA104
cells (negative control), or the superantigen staphylococcal enterotoxin B (SEB;
Sigma) as a positive control (1.25 pg/ml). Anti-CD28 (0.5 pg/ml) and anti-
CD49d (0.5 pg/ml) monoclonal antibodies (Pharmingen, San Diego, Calif.) were
added to each sample as costimulators (42). Antigen stimulation was done in
15-ml polystyrene Falcon tubes (Becton Dickinson Labware, Franklin Lakes,
N.J.) incubated with a 5° slant for 10 h at 37°C with 5% CO,. The last 5 h of the
incubation included brefeldin A (10 pg/ml; Sigma) to block the secretion of
cytokines from the cells (41, 42). At the end of the incubation, the cells were
washed once with PBS-0.5% bovine serum albumin (Sigma)-0.02% sodium
azide (Mallinckrodt Chemicals, Paris, Ky.) (staining buffer [SB]). Then, a 2 mM
final concentration of EDTA (Sigma) in PBS was added for 10 min to detach
plastic-adherent cells, and the samples were washed once more with SB. The
cells were fixed with 1% paraformaldehyde (Carlo ERBA Reagenti, Rodano,
Italy) for 5 min, washed with SB, and then frozen at —70°C in SB with 10%
dimethyl sulfoxide (Sigma). PBMC from a subset of healthy CMV-seropositive
and -seronegative adults were also stimulated with appropriately titered CMV
antigen and a control antigen made from mock-infected cells used to grow the
CMV, both obtained from BioWhittaker, Inc., Walkersville, Md.

Inmunofluorescent staining and flow cytometric analysis. Cells were thawed,
washed once with SB, incubated with fluorescence-activated cell sorter perme-
abilization solution (BD Immunocytometry Systems, San Jose, Calif.) for 10 min,
washed with SB, and then stained for 30 min in the dark with the following
monoclonal antibodies: anti-CD8 and -CD4-peridinin chlorophyl protein
(PerCP; BD Immunocytometry Systems), anti-CD69-allophycocyanin (APC),
anti-CD69-phycoerytherin (PE), anti-gamma interferon (IFN-vy)-fluorescein iso-
thiocyanate (FITC), and anti-interleukin-13 (IL-13)-PE and isotype-matched
control monoclonal antibodies labeled with FITC, PE, and APC obtained from
Pharmingen. All monoclonal antibodies were titrated and used at optimal con-
centrations. We chose to study IFN-y and IL-13 as representative Th1l and Th2
cytokines, respectively (28). CD69 is an early activation antigen, and its presence
was used in combination with the secretion of cytokines to detect antigen-
activated T cells. Only cells that were positive for CD69 and the cytokine studied
were considered antigen specific. Samples were stained with two combinations of
antibodies: (i) CD69-PE/CD8-PerCP/IFN-y-FITC and (ii) CD69-APC/CD4-
PerCP/IFN-y-FITC/IL-13-PE. In a small subset of experiments, the last com-
bination of antibodies was substituted for CD69-PE/CD4-PerCP/IFN-y-FITC,
and secretion of IL-13 was not measured. Analysis of the stained cells was
performed using a FACSCalibur flow cytometer (BD Immunocytometry Sys-
tems) equipped with a second 635-nm red diode laser and using Cell Quest
software. From 30,000 to 60,000 gated CD8"&"* or CD4* events were acquired.

Only CD8"e! T cells were analyzed to exclude NK cell populations from the
analysis. Dead cells and debris were excluded by forward and side scatter gating.
The frequencies of antigen-specific T cells (either the CD4* or CD8™ subset) are
expressed as percentages of total CD4* and CD8" T cells.

Statistical analysis. Statistical analysis was performed with SPSS (Chicago,
Il1.) software version 8.0 using nonparametric tests. Differences between groups
were evaluated with the Kruskal-Wallis test followed by Mann-Whitney tests.
Differences between paired results were compared with the Wilcoxon test. Sig-
nificance was established if P was <0.05. Data are shown as mean, standard error
of the mean (SEM), and range unless otherwise noted.

RESULTS

Frequencies of RV-specific T cells in healthy adults and
recently RV-infected adults and children. We used the mea-
surement of intracellular cytokines to quantitate the frequen-
cies of T cells producing IFN-y and IL-13 in response to RV
infection in adults and children with acute- or convalescent-
phase RV-induced diarrhea, asymptomatically infected adults,
laboratory workers with frequent exposure to human stool
samples containing RV, and healthy nonexposed adults (41,
42). The frequencies of CD4™ T cells responding to RV with
production of IFN-y and IL-13 and CD8" T cells responding
with production of IFN-y are shown in Table 1. To calculate
the means from this table, we took into consideration eight

TABLE 2. Frequencies of RRV-specific CD4" and CD8" T cells
secreting IFN-vy in adults with symptomatic RV infection

Subject DAOD % CD4* % CD8*
A01 4 0.02 0.1
AQ2 5 0.12° 0.03
A03 6 0.03 0.35
A04 7 0.26 0.35
A05 8 0.18 0.65
A04 14 0.94 0.51
A06 15 0.11 0.12
A07 15 0.03 0.04
A08 21 0.05 0.1
A05 23 0.09 0.13
A04 28 0.71 0.91
A09 32 —0.01 0.06
A05 33 0.03 0.01
A08 35 0.01 0.03
Al0 42 0.01 0.04
A04 60 0.48 0.48
A04 105 0.42 0.79
A04 557 0.5 0.74

“ Values above 0.1% are shown in boldface.
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TABLE 3. Frequencies of RV-specific CD4" and CD8" T cells
secreting IFN-y in children with symptomatic RV infection

. Age % CD&" % CD4" % CDS*
Subjet  DAOD (S gy 113" TFN-y*
o1 1 30 0.01 0.01 0.01
C02 1 4 0.06 0.06 0.04
C03 15 1 0 0.01 0.02
C04 3 12 0.04 0.05 0.03
05 3 2 0 0 0.08
C06 4 18 0.02 0.06 0.04
o7 5 10 0.02 0 0
C03 11 11 0 0 0.02
08 13 6 0.07 ND? ~0.01
C09 14 11 0 ND 0
C10 15 9  —001 0 0.01
C11 15 6 0.01 ND 0.05
c12¢ 2 84 0.01 0 0

“ Subject had a secondary RV infection as evidenced by the presence of
RV-specific plasma and/or fecal IgA in samples taken during the acute phase of
the infection. All other children had primary infection as evidenced by the
absence of these antibodies.

> ND, not determined.

repeat experiments with symptomatic adults (Table 2) and one
repeat experiment with one child (Table 3) and one asymp-
tomatically RV-infected adult with recent RV infection.

We used the Wilcoxon test to evaluate differences between
the percentages of donor T cells responding to the RV antigen
and the mock preparation. Statistically significant responses to
RV were found in all subject groups for both CD8™ and CD4 ™"
cells responding with the production of IFN-y (Table 1). Small
but statistically significant differences for CD4" cells that re-
sponded with production of IL-13 were found in symptomati-
cally infected children but not in any of the four groups of
adults studied (Table 1). Thus, CD4" T cells from adult sub-
jects that responded with the production of IL-13 were con-
sidered to be non-RV specific. For all groups of responding T
cells except the CD4™" cells producing IL-13, the percentage of
RV-specific T cells was obtained by subtracting the percentage

CDA4+ T cells
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of T cells responding to the mock preparation from the per-
centage of T cells responding to the viral antigen.

Frequencies of responding T cells similar to those obtained
using unpurified RRV antigen as a stimulant (Table 1) were
also obtained using cesium chloride density gradient-purified
bovine RV, RF virus (3.5 pg/test), as an antigen in a subset of
five adults and three children with symptomatic RV infection,
one adult with asymptomatic infection, and three healthy
adults (data not shown).

Kinetics of detection of RV-specific CD8* and CD4™ cells
expressing IFN-y in adults with RV diarrhea. The frequencies
of CD4" and CD8* RV-specific T cells in individual adults
with RV-induced diarrhea are shown in Table 2 and Fig. 1.
Seven of eight symptomatically infected adults studied be-
tween 4 and 21 DAOD had frequencies of CD4" and/or CD8™
IFN-y-secreting T cells of 0.1% (a value not attained by the T
cells of healthy adult subjects) (Tables 1 and 2). After 28 days,
four of five symptomatically infected adults had frequencies
below 0.1%. T-cell experiments were performed at different
DAOD with three symptomatically infected adult subjects
(Fig. 1, A04, A05, and A08). Long-term persistence (up to 557
DAOD) of RV-specific T cells with frequencies above 0.1%
was detected in subject AO4. Subject A04 did not have any
identifiable persistent or recurrent source of RV reinfection
during the 557 days he was followed. In contrast, RV-specific T
cells were identified only transiently after infection in subject
AQ5 (until 23 DAOD) and subject A0S (until 21 DAOD). In
A09 and A10, who were studied only on days 32 and 42,
respectively, frequencies of CD4" or CD8™" T cells above 0.1%
were not detected. Based on this data, and since the level of
RV-specific T cells in healthy adults is quite low (Table 1) and
it is known that these subjects had experienced several RV
infections during their lives, we conclude that following acute
infection in adults, RV-specific T cells secreting IFN-y rise
acutely by day 4 or 5 and then return to levels similar to those
of healthy adult subjects after approximately 1 month in most
cases (Table 2).

CD8+ T cells
1 -
0.9
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L 06
+ 05
& 0.4
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FIG. 1. Frequencies of RV-specific CD4" CD69" IFN-y" and CD8" CD69" IFN-y* T cells in adults with RV diarrhea as a function of
DAOD. The data are taken from Table 2 excluding (for clarity) the responses of subject A04 at 105 and 557 DAOD. Results from subjects with
whom only one experiment was performed are represented by individual solid diamonds. The results from four, three, and two experiments at
different DAOD with PBMC from subjects A04, A0S, and AO5 are represented by bars, triangles, and squares, respectively. The results from

experiments with the same individual are joined by lines.
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FIG. 2. Mean (+SEM) frequencies of CD8" IFN-y* RV-specific T
cells in the five subject populations: symptomatic RV-infected adults
(n = 8), RV-exposed laboratory workers (n = 5), asymptomatic RV-
infected adults (n = 4), healthy nonexposed adults (» = 6), and
symptomatic RV-infected children (n = 12). For the adults and chil-
dren with diarrhea for whom we had more than one sample, the means
were calculated using the sample with the highest response (Tables 2
and 3). We excluded from the calculation of symptomatic adults sub-
jects A09 and A10, who were only studied 32 and 42 DAOD (Table 2).
*, statistically significant differences between the responses of symp-
tomatic children and healthy adults (P < 0.01; Mann-Whitney); #,
statistically significant differences compared to the responses of symp-
tomatic children (P < 0.01; Mann-Whitney).

Comparative frequencies of RV-specific CD8* T cells in
recently infected adults and children and in uninfected adults.
In order to compare the mean frequencies of RV-specific T
cells secreting IFN-y among the five subject groups, mean
responses for each group of subjects were calculated using only
one result (the one with the highest RV-specific T-cell fre-
quencies) from subjects for whom the assay was performed
more than once (Fig. 2 and 3). For the calculation of the mean
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FIG. 3. Mean (+SEM) frequencies of CD4* IFN-y" RV-specific T
cells in the five subject populations: symptomatic RV-infected adults (n =
8), RV-exposed laboratory workers (n = 5), asymptomatic RV-infected
adults (n = 4), healthy nonexposed adults (n = 7), and symptomatic
RV-infected children (n = 12). For the adults and children with diarrhea
for whom we had more than one sample, the means were calculated using
the sample with the highest response (Tables 2 and 3). We excluded from
the calculation of symptomatic adults subjects A09 and A10, who were
only studied 32 and 42 DAOD (Table 2). *, statistically significant differ-
ences between the responses of children and healthy adults (P < 0.01;
Mann-Whitney); #, statistically significant differences with the response
of children (P < 0.01; Mann-Whitney).
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frequencies of T cells in symptomatically infected adults, we
excluded the results of subjects A09 and A10, because these
subjects were only studied late, >1 month after the onset of
diarrhea. After this time point, most symptomatically infected
adults had frequencies of RV-specific T cells similar to those of
healthy adults (Table 2). The mean percentage of CD8"
IFN-y* cells detected in healthy, not recently exposed, adult
subjects was 0.03% (SEM, 0.03%; range, 0 to 0.09%) (Fig. 2).
Significantly higher percentages of reactive CD8" T cells were
observed in exposed laboratory workers (mean, 0.49%; SEM,
0.17%; range, 0.2 to 1.13%; P < 0.01) and symptomatically
infected adults (mean, 0.28%; SEM, 0.11%; range, 0.03 to
0.91%; P < 0.05). Asymptomatically infected adults did not
have a significantly higher (P > 0.05) percentage of CD8"
IFN-y* cells (mean, 0.15%; SEM, 0.06%; range, 0.03 to
0.37%) than healthy adults. RV-infected children had a mean
percentage of RV-specific CD8" T cells of 0.02% (SEM,
0.007%; range, —0.01 to 0.08%), which was similar to levels
detected in healthy adults and significantly lower than those of
all other groups of adults (P < 0.05) (Fig. 2 and Table 3).

Using an assay similar to the one used here, the frequency of
Epstein-Barr virus-specific CD8" IFN-y™ T cells in individuals
with an acute infection has been shown to be approximately 25
to 50% of total CD8" T cells (8, 22). These percentages are
clearly much greater than the frequencies of RV-specific
CD8" T cells we have identified in adults with RV-induced
diarrhea. The percentages observed in recently RV-infected
adults seem to be even lower than those detected in long-term
healthy Epstein-Barr virus carriers, with frequencies ranging
between 0.63 and 1.29% (26). In healthy individuals with se-
rologic evidence of past viral infection, Asanuma et al. did not
detect circulating varicella-zoster or herpes simplex virus-spe-
cific CD8" IFN-y™" T cells (4). This result seems comparable to
the low frequencies of RV-specific CD8" IFN-y™ T cells ob-
served in healthy adults (Fig. 2).

Comparative frequencies of RV-specific CD4* T cells in
recently infected adults and children and healthy adults. The
mean percentage of RV-specific CD4" IFN-y " T cells identi-
fied in healthy adults was 0.02% (SEM, 0.01%; range, 0.01 to
0.06%) (Fig. 3). These values are lower than the percentages of
other virus-specific CD4" T cells detected in seropositive
adults: frequencies of antigen responsive IFN-y* CD4* T cells
are higher in seropositive donors for mumps virus (mean,
0.18%; range, 0.02 to 0.23%) (28, 42), herpes simplex virus
(mean, 0.22%; range, 0.05 to 0.52%), and varicella-zoster virus
(mean, 0.11%; range, 0 to 0.28%) (4). We did not find an
increase in RV-specific CD4™ IFN-y* T cells in the asymp-
tomatic RV-infected adult group (mean, 0.05%; SEM, 0.01%;
range, 0.01 to 0.09%; P > 0.05) (Fig. 3). In contrast, signifi-
cantly greater responses (P < 0.05) were observed in exposed
laboratory workers (mean, 0.1%; SEM, 0.02%; range, 0.02 to
0.19%) and symptomatically infected adults (mean, 0.18%;
SEM, 0.10%; range, 0.02 to 0.94%) than in healthy adults. To
our knowledge, this is the first characterization of the frequen-
cies of cytokine-secreting human RV-specific CD4" T cells
studied during an acute viral infection.

Very low percentages of RV-specific CD4* IFN-y* (mean,
0.02%; SEM, 0.007%; range, —0.01 to 0.07%) or CD4™ IL-13"
(mean, 0.02%; SEM, 0.009%; range, 0 to 0.06%) T cells were
detected in infected children (Fig. 3 and Table 3). These fre-
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FIG. 4. Mean (=SEM) frequencies of CD4" IFN-y* IL-13" and CD8" IFN-y" T cells in children and adults (including individuals from all
of the adult groups studied) responding to SEB. *, statistically significant differences were detected between the responses of children and adults

(P < 0.01; Mann-Whitney).

quencies are significantly lower than those from all adult
groups except healthy adults (Fig. 3). Children’s CD4™ T cells
showed no predominance in secretion of either IFN-y or IL-13
(P > 0.05; Wilcoxon). Thus, our results indicate a Th1 cytokine
response in adults and a lack of CD4™ T-cell response in most
of the children, with a very low mixed Th1-Th2 response in a
few children. The last result needs to be confirmed by future
studies.

Frequencies of CD8* and CD4™ T cells specific for CMV in
adults. To compare the frequencies of RV-specific T cells
observed in healthy adults with the T-cell response against a
persistent systemic virus, we studied the T-cell response to
CMYV in CMV-seropositive and -seronegative healthy subjects.
In CMV-seropositive individuals, the response to CMV anti-
gen was significantly different from the response to mock an-
tigen (P < 0.03; Wilcoxon). The mean frequencies (response
after subtraction of the response to the mock preparation;
mean, 0.03%) of virus-specific CD4" IFN-y™* T cells in CMV-
seropositive adult subjects was 0.48% (SEM, 0.25%; range, 0
to 2.02%; n = 8). The mean frequencies (response after sub-
traction of the response to mock antigen; mean, 0.02%) of
CD8" IFN-y™" T cells in CMV-seropositive adult subjects was
0.53% (SEM, 0.32%; range, 0 to 2.72%; n = 8). In CMV-
seronegative subjects, the mean frequencies of CD4" and
CD8" T cells responding to the CMV antigen (means, 0.02%
[SEM, 0.01%; n = 5] and 0.006% [SEM, 0.01%; n = 3],
respectively) were not significantly different from the mean
responses to the mock preparation (P > 0.14; Wilcoxon). In
both seropositive (n = 6) and seronegative (n = 4) subjects, no
statistically significant differences were found between the fre-
quencies of IL-13-secreting CD4™ T cells responding to the
CMYV and mock antigens (P > 0.13). These results are similar
to those published by other investigators (4, 42). We conclude
that in our study population, memory RV-specific T cells in
healthy seropositive adult subjects are approximately 20-fold
lower in frequency than T cells reactive to the systemic persis-
tent virus CMV.

Frequencies of CD8* and CD4™ T cells stimulated by SEB

in adults and children. Frequencies of CD4" and CD8" T
cells responding to SEB with the production of cytokines were
also studied in children and adults (Fig. 4). For the analysis of
these results, only one experiment per volunteer was evaluated.
No significant differences in the responses to SEB were ob-
served among the four groups of adults (P > 0.05; Mann-
Whitney). Based on this result, we averaged the results from
the four groups of adults and compared this value to the
response of children to SEB. The mean percentage of CD4™"
IFN-y" T cells in children (mean age, 18.75 months) was
0.51% (SEM, 0.10%; range, 0.16 to 1.59%; n = 12), while in
adults it was 3.67% (SEM, 0.37%; range, 1.05 to 8.81%; n =
26). The mean frequency of CD4™ IL-13" T cells in children
was 0.13% (SEM, 0.04%; range, 0.01 to 0.46%; n = 9), and in
adults it was 0.32% (SEM, 0.06%; range, 0.01 to 0.91%; n =
18). Finally, the mean percentage of CD8" IFN-y" T cells in
children was 2.27% (SEM, 0.43%; range, 0.37 to 5.48%; n =
12), and in adults it was 6.3% (SEM, 0.7%; range, 1.12 to
13.51%; n = 23). Significantly lower percentages of SEB-stim-
ulated CD4" IFN-y", CD4" IL-13", and CD8" IFN-y™ cells
were observed in children than in adults (P < 0.01; Mann-
Whitney) (Fig. 4).

DISCUSSION

We have quantified the frequencies of human T cells pro-
ducing IFN-y and IL-13 in response to RV, a prototypical viral
intestinal pathogen that replicates almost exclusively in entero-
cytes (20). To our knowledge, this is the first report that has
identified human RV-specific CD8" T cells and determined
the frequencies of RV-specific CD4™ IFN-y*, CD4" IL-13%,
and CD8" IFN-y* cells in children and adults. The frequen-
cies of RV-specific T cells secreting IFN-vy in recently and not
recently infected adults seem to be reduced compared to the
T-cell frequencies for several other viruses. Moreover, the
most striking result is the very low levels of RV-specific
IFN-y™ or IL-13™ T cells in children with acute RV-induced
diarrhea.
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The relatively low frequencies of RV-specific T cells we have
detected in adults with RV diarrhea and in healthy adults
could be characteristic of intestinal immune responses or at-
tributable specifically to RV infection. Concerning the first
hypothesis, since the peripheral blood T cells tested were orig-
inally stimulated in PP and are theoretically on their way back
to the intestine (7), it is possible that an important proportion
of RV-specific T cells remain in the intestine or are localized to
other organs and are not present for detection in the circula-
tion, as has been recently suggested in a murine model (30). An
alternative hypothesis to explain the low frequencies of RV-
specific T cells detected in peripheral blood is that only a small
percentage of circulating RV-specific T cells secrete cytokines,
reflecting an unusually inefficient Th1-Th2 polarization pro-
cess. In both mice (37) and humans (38), it has been shown
that stimulation of T cells in vitro in the presence of trans-
forming growth factor B (TGF-B) and antibodies that favor a
Th2 differentiation (antibodies against IFN-y or IL-12) results
in the selective expansion of T cells that do not display imme-
diate cytokine production capacity. In mice, these nonpolar-
ized cells retain the capacity to differentiate to either Thl or
Th2 when stimulated under appropriate polarizing conditions
and to proliferate after antigen stimulation (37). Murine PP
dendritic cells appear to be more prone to produce TGF-8 and
IL-10 than spleen dendritic cells (23). This difference seems to
influence the pattern of cytokines secreted by T cells stimu-
lated by each type of dendritic cell (23). Although it is not
known if human PP dendritic cells are prone to secrete TGF-3
and IL-10, it is possible that RV-specific T cells have differen-
tiated under the influence of these or other cytokines that favor
the development of a nonpolarized T-cell response. Alterna-
tively, the RV-specific T cells we have identified could have
been induced by an intestinal priming environment to secrete
certain Th1 or Th2 cytokines not measured in our experiments,
or the Th3 cytokine TGF-B, as has been shown for some
intestinally derived human T cells (17). Future experiments
with major histocompatibility complex tetramers (bound to
RV-derived peptides that are recognized by RV-specific T
cells) will be useful to identify and quantitate non-cytokine-
secreting RV-specific T cells. Alternatively, experiments that
measure TGF-B and/or other cytokines in RV-stimulated T
cells would test the hypothesis that RV infection induces T
cells that secrete a unique cytokine repertoire.

Concerning the hypothesis that the low levels of circulating
RV T cells are dependent on the nature of the RV as immuno-
gen, it should be born in mind that RVs are lytic, nonpersistent
viruses (20). It is probable that the higher levels of memory-
specific T cells that we and others have detected to CMV,
Epstein-Barr virus, varicella-zoster virus, and herpes simplex
virus are related to the fact that these are persistent viruses. In
individuals infected with some, but not all, persistent viruses,
continuous restimulation of T cells with antigen could assure
the persistence of memory T cells (4). The particularly high
levels of memory T-cell responses to CMV could be explained,
in addition, by the fact that CMV persists in cells of monocyte
progenitor lineage, thus favoring antigen presentation (4).
Laboratory workers who manipulated RV ™ stool samples on a
regular basis had frequencies of RV-specific T cells close to
those found in symptomatic adults rather than those detected
in healthy adults or asymptomatic subjects (Fig. 2 and 3).
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Laboratory workers could have been exposed repeatedly to low
doses of antigen, which might explain the persistence of RV-
specific T cells.

We found lower frequencies of RV-specific T cells secreting
IFN-v in children than in adults with RV diarrhea (Fig. 2 and
3). It is probable that other reasons, in addition to the simple
fact that adults and not children have accumulated substantial
pools of RV-specific memory T cells due to repeated RV
infections, can explain this difference. For example, in agree-
ment with our results, it has been reported that children’s T
cells respond less efficiently in producing IFN-y (measured in
the supernatants of cell cultures) to herpesvirus (6) and mea-
sles virus (18) than the T cells of adults. The lower frequencies
of RV-specific T cells secreting IFN-+y in children could be due
to at least two non-mutually exclusive reasons: (i) lower virus-
specific precursor frequencies could be generated in children
than in adults and (ii) a qualitative difference could exist be-
tween adult’s and children’s RV-specific T cells in their capac-
ity to produce IFN-y (see below). The generation of lower
numbers of precursors of RV-specific T cells could be ex-
plained by the fact that children’s T cells seem to have lower
levels of T-cell receptors and adhesion molecules (reviewed in
reference 2). Antigen-presenting cells of neonates and children
(10, 39) and of neonatal mice and mice <4 weeks old (32) have
been reported to be less efficient than the antigen-presenting
cells of adults and could thus also explain the decreased re-
sponses observed in this study. In agreement with the last
hypothesis, addition of IL-12 and/or other cytokines to the
cultures of antigen-stimulated or polyclonally stimulated T
cells of children or neonates can partially overcome their hy-
poresponsiveness in production of IFN-y (reviewed in refer-
ence 2).

Mouse pups immunized with RV have been shown to de-
velop a mixed Th1-Th2 response (16), while immunization of
adult mice seems to lead to a predominant Th1 response (40).
These results are in agreement with several studies that show
that immunization of neonatal mice frequently leads to a Th2-
biased profile, while adult mice respond preferentially with
Th1 responses (2, 3). The few available studies of neonates and
children seem to suggest that they can develop both Th2- and
Thi-type responses and are not prone to the development of
Th2 responses, like mice (2, 29). In children, but not in adults,
we found a small but statistically significant difference between
the IL-13 production of RV-specific CD4" T cells in response
to the RV antigen and the mock preparation (Table 1). This
result suggests that, at least for a few of the children studied,
the RV-specific T-cell responses resemble those of neonatal
Th2-prone mice. As introduced above, this conclusion would
support the hypothesis that qualitative differences between the
RV-specific T cells of adults and children exist. Nonetheless,
because of the very low-level or negative response in produc-
tion of both IL-13 and IFN-y in most of the children studied
(Table 3), no firm conclusion on this point can be reached.

In agreement with reports of healthy children by other in-
vestigators (9), we found lower percentages of SEB-stimulated
CD4* TFN-y" and CD8" IFN-y" cells in RV-infected chil-
dren than in infected and uninfected adults (Fig. 4). In healthy
children, a reduced production of the Th2 cytokine IL-4 in
response to SEB has been shown (21). Here, we have shown a
decreased frequency of T cells from RV-infected children that
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respond with the production of IL-13, another Th2 cytokine
(Fig. 4). In children, the frequencies of T cells responding to
SEB with the production of IL-13 are significantly lower (P <
0.01) than the frequencies of T cells responding with the pro-
duction of IFN-y (Fig. 4). Nonetheless, the ratios (adult to
children) of cells producing IFN-y and IL-13 in response to
SEB are 7.19 and 2.46, respectively, suggesting that in children
the IFN-vy response is more reduced than the IL-13 response.
Taken together, these findings suggest that in children with RV
diarrhea, if a tendency to a Th2 response exists, it is a minor
effect.

It has been shown that in response to polyclonal stimulators,
CD45RA™ T cells (mostly naive), coming from either adults or
children, secrete lower levels of IFN-y than memory
CD45RO™ T cells from adults (27). CD45RA™ T cells from
adults also respond to SEB with lower levels of proliferation
than unfractioned PBMC of adults (21). The RA/RO propor-
tion in adults is smaller, however, than in children, so that SEB
proliferation of unfractioned T cells is greater in adults. Thus,
the principal factor to explain the differences in response to
SEB between children and adults is likely to be the higher
levels of hyporesponsive CD45RA T cells present in children
(27). However, this factor does not play a role in the dimin-
ished responses to RV we have observed in children, because
the RV-specific T cells of both adults and children are likely to
be memory CD45RO ™ cells.

Other investigators have studied T-cell lymphoproliferative
responses to RV antigen in PBMC of recently RV-infected
children (34). Although it is difficult to compare these results
with ours because of differences in the populations and the
methods used, it seems that the number of children responding
with RV-specific T cells secreting cytokines (Table 3) is lower
than the number of children responding in the lymphoprolif-
eration assay. This divergence could be explained by the hy-
pothesis presented above, which suggests that RV-specific T
cells are enriched in nonpolarized (non-cytokine-secreting) T
cells that nonetheless are capable of proliferating in response
to antigen in vitro (37). Another factor that could be influenc-
ing this difference is the fact that the lymphoproliferation assay
lasts 5 days compared to the 10 h in our protocol. The greater
time used in the proliferation assay could permit the children’s
antigen-presenting cells to mature and thus to perform their
function more efficiently (39). Direct detection of RV-reactive
T cells, via tetramer staining, for example, could shed light on
the hypothesis that RV T cells in children are nonpolarized.
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