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Rotavirus is the most common cause of severe gastroenteritis in young children, but the pathogenesis and
immunity of this disease are not completely understood. To examine the host response to acute infection, we
collected paired serum specimens from 30 children with rotavirus diarrhea and measured the levels of nine
cytokines (interleukin-1� [IL-1�], IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, gamma interferon [IFN-�], and tumor
necrosis factor alpha [TNF-�]) using a microsphere-based Luminex Flowmetrix system. Patients with acute
rotavirus infection had elevated median levels of seven cytokines in serum, and of these, the levels of three
(IL-6, IL-10, and IFN-�) were significantly (P < 0.05) higher than those in serum from control children without
diarrhea. Patients with fever had significantly (P < 0.05) higher levels of IL-6 in serum than control children,
and those with fever and more episodes of diarrhea had significantly (P < 0.05) higher levels of TNF-� than
those without fever and with fewer episodes of diarrhea. We further demonstrated a negative association (P <
0.05) between the levels of IL-2 and the number of stools on the day on which the first blood sample was
collected. Finally, patients with vomiting had significantly (P < 0.05) lower levels of IFN-� than those without
vomiting. Our pilot study provides evidence that the types and magnitudes of cytokine responses to rotavirus
infection in children influence or reflect the clinical outcome of disease. These findings suggest that certain
cytokines may play an important role in the pathogenesis of and the protection against rotavirus disease in
children and, consequently, may provide directions and insights that could prove critical to the prevention or
treatment of this important disease.

Group A rotavirus is the single most important cause of
severe dehydrating diarrhea in young children worldwide, and
in developing countries, it causes over 500,000 deaths each
year (20). Rotavirus is a nonenveloped, double-stranded RNA
virus that infects mature epithelial cells of the small intestine.
Children with rotavirus infections often develop symptoms of
fever, vomiting, and diarrhea. Several mechanisms have been
proposed to describe the pathogenesis of rotavirus diarrhea in
animals (18), but it is unclear whether these apply to humans
as well. Furthermore, the mechanisms involved in the induc-
tion of fever and vomiting are poorly understood. This incom-
plete understanding of the pathogenesis of disease in natural
rotavirus infection has hampered our ability to design the most
effective strategies to prevent or treat rotavirus diarrhea.

A host typically responds to a viral infection by developing
both innate immunity and specific adaptive immunity (35).
Innate immunity occurs in the early days of infection and plays
an important role in either the pathogenesis of or immunity to
the disease by an array of mechanisms, including activation of
proinflammatory signaling pathways and the rapid production
of cytokines (34, 35, 45). Cytokines, which also include chemo-
kines, can exhibit both pro- and anti-inflammatory activities
and mediate disease or protect the host against viral infection
or disease (15, 16, 38–40, 46). In contrast, specific adaptive

immunity appears later and protects the host from viral infec-
tion by antigen-specific T-cell-mediated killing of infected cells
and antibody and effector cytokine responses (34, 35).

Rotavirus infection results in both cellular and humoral re-
sponses that protect against reinfection or severe diarrhea in
young children or animals when they are reinfected (5, 6, 29).
However, children with a typical rotavirus infection begin re-
covering from disease in the first week of illness, before rota-
virus-specific T cells or antibodies are fully developed in the
small intestine (18, 28). This observation suggests that innate
immunity, such as that provided by cytokines, participates in
aiding in early recovery from disease.

Only a few recent studies have demonstrated elevated levels
of several cytokines—alpha interferon (IFN-�), IFN-�, inter-
leukin-10 (IL-10), and tumor necrosis factor alpha (TNF-
�)—in the serum or plasma of children with rotavirus diarrhea
(2, 7). Little is known, however, about the role of these cyto-
kines in the pathogenesis of or immunity to rotavirus disease.
In order to further our understanding of the cytokine profiles
in children with rotavirus infections, we collected serum spec-
imens from children with acute rotavirus diarrhea and from
controls without gastroenteritis and measured the concentra-
tions of nine cytokines. We further identified several cytokines
that might be involved in innate immunity to rotavirus and the
pathogenesis of rotavirus disease.

MATERIALS AND METHODS

Study population and specimen collection. From February 1999 to June 2000,
a prospective study was conducted to collect blood and fecal specimens from
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children �2 years of age seen at Children’s Healthcare of Atlanta in Atlanta,
Ga., and Hasbro Children’s Hospital in Providence, R.I. Thirty patients who
were admitted for treatment of acute gastroenteritis in the winter or spring but
who were otherwise in good health were enrolled in the study if their stools
tested positive for rotavirus by enzyme immunoassay (EIA). Nurses constantly
observed the patients. Demographic and clinical data, including fever, vomiting,
diarrhea, dehydration, and total severity scores during the entire period of illness
and on the day on which the first blood sample was collected, were obtained from
25 patients enrolled in Hasbro Children’s Hospital. Each patient’s temperature
was measured rectally approximately every 4 h. Total severity scores were based
on symptom scores for diarrhea, vomiting, fever, dehydration, and hospital stay
(13). Two blood samples were obtained from each patient; the first sample was
collected within 72 h of enrollment and the second one was collected 21 to 28
days later. The sera were aliquoted and stored at �70°C. Fecal specimens were
collected from all patients and stored at �20°C.

Blood and fecal specimens were also obtained from nine children who did not
have gastroenteritis. Like most of the patients, the control children were enrolled
in the spring (April to June). Single serum specimens were obtained from three
children, and paired serum specimens were obtained 5 weeks apart from the
other six children. Finally, individual serum specimens were obtained from
healthy adults and screened for cytokines, and if they were negative, they were
pooled for use in the assay as a diluent (blank) for the standard curves. Written
consent was obtained from all parents or guardians, and the protocol was ap-
proved by the institutional review boards of the Centers for Disease Control and
Prevention and each of the hospitals.

Characterization of rotavirus strains. The G and P genotypes and serotypes of
the rotavirus strains were determined by reverse transcriptase PCR and serotyp-
ing EIA, respectively, by procedures described previously (9, 14).

Detection of cytokines. A standard capture sandwich assay was developed with
the Luminex Flowmetrix system (Luminex, Austin, Tex.) to determine the levels
of cytokines in sera. Each capture antibody was coupled to a different bead set
(microsphere beads; Luminex) (Table 1). Standards (recombinant cytokines)
diluted in pooled blank serum collected from healthy adults and test sera from
patients or controls were examined by one of the two multiplex assays: the 4-plex
assay (with four bead sets) and the 5-plex assay (with five beads sets). The
individual bead sets in the 4-plex assay were coupled with monoclonal antibody
to IL-1�, IL-8, IL-10, or IL-12; and the individual bead sets in the 5-plex assay
were coupled with antibody to IL-2, IL-4, IL-6, IFN-�, or TNF-�. The beads were
incubated first with diluted standards or sera and then with detector antibodies
for 30 min each at room temperature; washed twice in phosphate-buffered saline
supplemented with 0.02% Tween 20, 0.1% bovine serum albumin, and 0.02%
NaN3; and incubated for 15 min with fluorescent dye-conjugated streptavidin
(Table 1). Cytokine levels were measured by using a flow cytometer and were
analyzed with Flowmetrix software (Luminex).

Analysis of cytokine data. Standard curves for each cytokine were generated
on a log-log plot for each assay, and the cytokine concentrations in each serum
sample were calculated from the corresponding curve-fitting equations (8). Each
specimen was tested at least twice, and the average values were reported and
analyzed. Nonparametric statistics were used for analysis because the data were
not normally distributed (25). The cytokine levels in patients with rotavirus
diarrhea and control children were compared by the Wilcoxon rank-sum test.
These comparisons were adjusted for sex and age by using the blocked Wilcoxon

rank-sum test. Cytokine levels in acute- and convalescent-phase sera were com-
pared by the Wilcoxon signed-rank test.

The Wilcoxon rank-sum test was used to examine the association of cytokine
levels with the presence of symptoms (fever, vomiting, and diarrhea) (25). Spear-
man’s rank correlation coefficients were used to measure the strength of the
associations between cytokine levels and symptom severity.

RESULTS

Characteristics of patients and characterization of rotavirus
strains. A total of 30 patients (10 girls, 20 boys) were enrolled
in the study. These patients ranged in age from 1 to 20 months,
with a mean age of 8.0 � 1.2 months and a median age of 6.5
months. Most patients had typical clinical symptoms of rotavi-
rus gastroenteritis: fever, vomiting, and diarrhea. Twenty-five
of the 30 patients were enrolled in Hasbro Children’s Hospital,
and detailed symptom scores during the course of illness and
on the day on which the first blood sample was collected were
available for these patients; these included temperature, the
number of vomiting episodes per day and the duration of
vomiting, the severity of diarrhea (numbers of stools per day,
duration of diarrhea, and percent dehydration), length of stay
in hospital, and total symptom scores. Such detailed symptom
scores were not available for the other five patients enrolled at
Children’s Healthcare of Atlanta. The nine control children
(six girls, three boys) ranged in age from 1 to 7 months, with a
mean age of 4.9 � 0.5 months and a median age of 5 months.
This mean age was not significantly (P � 0.05) different from
that for the patients.

Of the 30 rotavirus strains examined, 23 (77%) were
P[8],G1; 4 (13%) were P[4],G2; and 1 (3%) each was P[6],G9,
P[8],G9, and P[6],G1. Of the strains from 25 patients whose
symptom scores were available and whose sera were examined
for cytokine responses, 20 (80%) were P [8],G1, 4 (17%) were
P[4],G2, and 1 (4%) was P[8],G9.

Development of multiplex Luminex assays. To simulta-
neously measure the levels of multiple cytokines in individual
serum specimens, we developed 4-plex and 5-plex assays. The
standard curves for the cytokines in multiplex assays were
comparable to those for cytokines in single assays (data not
shown). These results indicate a lack of steric hindrance and
cross-reactivity between cytokines and antibodies in our mul-
tiplex assays.

TABLE 1. Reagents used for measurement of cytokine levels with the Luminex Flowmetrix system

Assay
Standard Capture antibody Detector antibody

Cytokine Source Clone Type Bead set Clone Type Concn (	g/ml)

4-Plex IL-1� R&D Systems 2805.31 Mouse IgG1a 6947 Polyclonal Goat IgG 20, 40 (cold)b

IL-8 R&D Systems 6217.111 Mouse IgG1 6969 Polyclonal Goat IgG 20, 80 (cold)
IL-10 R&D Systems 23738.111 Mouse IgG2b 8047 Polyclonal Goat IgG 120
IL-12 R&D Systems 24945.11 Mouse IgG1 8053 Polyclonal Goat IgG 80

5-Plex IL-2 Pharmingen 5344.111 Mouse IgG1 6953 B33-2 Mouse IgG1 40
IL-4 Pharmingen 8D4-8 Mouse IgG1 6958 MP4-25D2 Rat IgG1 80
IL-6 Pharmingen MQZ-13A5 Rat IgG1 6964 MQZ-39C3 Rat IgG2a 120
IFN-� Pharmingen NIB42 Mouse IgG1 8058 4S.B3 Mouse IgG1 120
TNF-� Pharmingen MAb1 Mouse IgG1 8064 MAb11 Mouse IgG1 40

a IgG1, immunoglobulin G1.
b The cold antibodies used came from the same source and clone but lacked the reporter dye.

996 JIANG ET AL. CLIN. DIAGN. LAB. IMMUNOL.



Elevation of cytokine levels in sera of children with rotavi-
rus diarrhea. Cytokine levels were measured in 30 paired se-
rum specimens from patients with rotavirus diarrhea and 15
serum specimens from control children, with sera from healthy
adults used as the blank. Patients in the acute phase generally
had higher median levels of seven of the nine cytokines (i.e., all
cytokines except IL-4 and IL-12) than control children (Table
2); but the levels of IL-6, IL-10, and IFN-� were significantly
elevated (P � 0.05). In comparison, patients in the convales-
cent phase generally had higher median levels of six of the nine
cytokines, with significant (P � 0.05) elevations in the levels of
IL-6 and TNF-�. When the concentrations of cytokines in
acute- and convalescent-phase sera were compared, lower me-
dian levels of five cytokines (IL-2, IL-6, IL-8, IFN-�, and
TNF-�) were detected in convalescent-phase sera, but only the
level of IL-6 was significantly (P � 0.05) lower. The levels of
the other four cytokines in convalescent-phase sera were little
changed (IL-4 and IL-10) or elevated (IL-1� and IL-12). Be-
cause the levels of IL-1� and IL-8 in the sera of patients with
rotavirus diarrhea were generally high and were outside the
linear ranges of the standard curves, the concentrations of
these two cytokines were measured in the presence of nonla-
beled detector antibodies (Table 1).

Cytokines as mediators for symptom expression. We then
examined possible associations between the levels of the nine
cytokines in acute-phase sera and scores for the 10 different
symptoms for the 24 patients enrolled in Hasbro Children’s
Hospital by determining Spearman’s rank correlation coeffi-
cients. Of the 90 potential correlations, we identified weak but
significantly (P � 0.05) positive associations between elevated
TNF-� levels (median, 23.7 pg/ml; mean, 41.0 � 10.5 pg/ml)
and several symptom scores. For example, three patients had
no fever and their TNF-� levels in serum were lower than the
median level (23.7 pg/ml). In contrast, 21 patients manifested
a temperature above 37°C, and 14 (67%) of them had TNF-�
levels that were similar to or higher than the median, with the
concentrations ranging from 20.2 to 165.6 pg/ml. There was a
weak but significant (P � 0.05) dose-response relationship
between elevated TNF-� levels and the highest temperature
during the entire period of illness (Fig. 1A). Elevated TNF-�
levels were also associated, in a dose-dependent manner, with

the numbers of diarrheic stools that patients shed per day (P �
0.05) (Fig. 1B).

Patients with fever also had elevated levels of IL-6 in the
acute-phase serum (median, 178.3 pg/ml; mean, 241.3 � 48.9
pg/ml). This association, however, was not in a dose-response
manner, as the severity of fever did not clearly correlate with
more elevated levels. Nevertheless, 21 patients with fever (tem-
perature, �37°C) had IL-6 levels (median, 174.9 pg/ml; mean,
251.2 � 55.4 pg/ml) significantly (P � 0.05) higher than those
in 15 serum specimens from control children (median, 109.5
pg/ml; mean, 121.7 � 18.4 pg/ml) (Fig. 2).

Cytokines as effectors against symptoms. Of the nine cyto-
kines, two (IL-2 and IFN-�) were identified to be significantly
associated with less severe symptom scores on the day on which
the first blood sample was collected. IL-2 was detected in sera

TABLE 2. Concentrations of nine cytokines in sera of rotavirus-infected patients and control childrena

Cytokine

Concn (pg/ml)

Acute-phase serum (n 
 29) Convalescent-phase serum (n 
 29) Control serum (n 
 15)

Median Range Median Range Median Range

IL-1� 0.6 0–35.8 1.5 0–50.8 0.3 0–6.5
IL-2 6.0 0–93.2 3.2 0–211.8 4.5 0.5–39.8
IL-4 10.7 4.1–158.6 12.7 1.0–77.5 15.1 6.4–59.9
IL-6 174.9b 27.2–1089.3 125.2b,c 8.7–460.6 109.5 29.3–252.1
IL-8 1.4 0–40.1 0.7 0–47.5 1.1 0–18.1
IL-10 9.8b 0.8–198.2 15.4 0–216.7 2.3 0–18.0
IL-12 0.7 0–264.8 0.8 0–139.2 0.7 0–5.4
IFN-� 19.0b 0–452.1 3.0 0–670.7 1.4 0–112.0
TNF-� 20.2 0–201.8 16.4b 0–216.4 14.6 0–52.8

a Thirty paired serum specimens from 30 patients and 15 serum specimens from 9 control children were examined with the Luminex system. Extremely high cytokine
values were observed in two specimens, one in the 4-plex assay and another in the 5-plex assay, and are considered outliers (data not shown). The average values from
two independent experiments for each serum specimen are presented.

b Significantly higher compared with those for control children (P � 0.05).
c Significantly lower compared with that for the acute-phase serum sample (P � 0.05).

FIG. 1. Associations of serum TNF-� levels with severity of fever
(A) and diarrhea (B). TNF-� levels and symptom scores for 24 patients
were analyzed as described in the text. Spearman’s rank correlation
coefficient (rs) is presented (P � 0.05).
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from 20 of the 24 patients, and the levels were significantly (P
� 0.01) higher in sera collected 4 days after the onset of illness
(median, 25.2 pg/ml; mean, 33.0 � 9.2 pg/ml) than in sera
collected in the first 3 days (median, 1.1 pg/ml; mean, 3.4 � 1.7
pg/ml) (Fig. 3A). There was a weak but significant (P � 0.05)
association between elevated IL-2 levels and fewer diarrheic
episodes in patients with rotavirus infection (Fig. 3B).

IFN-� was detected in 22 (92%) of the 24 serum specimens

from patients with rotavirus diarrhea, whereas it was detected
in 8 (53%) of the 15 serum specimens from control children.
Seven of the 24 patients experienced at least one vomiting
episode on the day on which the first blood sample was col-
lected and had significantly (P � 0.05) lower IFN-� levels
(median, 4.7 pg/ml; mean, 7.6 � 3.4 pg/ml) than those of 17
patients without vomiting (median, 19.0 pg/ml; mean, 32.4 �
8.6 pg/ml) (Fig. 4A). Control children had median and mean
IFN-� levels of 1.4 and 18.0 � 8.1 pg/ml, respectively. There
was no significant difference in the levels between control chil-
dren and patients with or without vomiting. Of interest, 12 of
the 24 serum samples from patients were collected 4 days after
the onset of illness and had median and mean IFN-� levels of
23.6 and 37.5 � 11.3 pg/ml, respectively (Fig. 4B). Seven (58%)
of these 12 patients had serum IFN-� levels �20 pg/ml, and 2
(17%) experienced vomiting. In contrast, the other 12 serum
samples collected in the first 3 days of illness had lower, al-
though insignificant (P 
 0.06), median and mean IFN-� levels
of 6.3 and 12.8 � 5.0 pg/ml, respectively. Only 2 (17%) of these
12 patients had serum IFN-� levels �20 pg/ml, and 5 (42%)
experienced vomiting episodes.

FIG. 2. Comparison of IL-6 levels in sera of patients with fever and
control children. The concentrations of IL-6 in 21 serum specimens
from patients with fever and 15 specimens from controls are shown.
Patients had significantly higher levels of IL-6 than control children.
The statistical significance of the differences was determined by the
two-tailed t test (P � 0.05).

FIG. 3. Concentrations of IL-2 in sera of patients with diarrhea
(A) and association of serum IL-2 levels with severity of diarrhea (B).
Of the 24 serum specimens from patients, 12 were collected 4 days
after the onset of illness and had significantly higher levels of IL-2 than
those collected in the first 3 days of illness. The statistical significance
of the difference was determined by the two-tailed t test (P � 0.01).
Elevated levels of IL-2 were significantly associated with fewer stools
on the day of blood collection. Spearman’s rank correlation coefficient
(rs) is presented (P � 0.05).

FIG. 4. Concentrations of IFN-� in sera of patients with rotavirus
infection. (A) Concentrations of IFN-� in 7 serum specimens from
patients with vomiting, 17 specimens from patients without vomiting,
and 15 specimens from control children. Patients with vomiting had
significantly lower levels of IFN-� than those without vomiting.
(B) Sera collected 4 days after the onset of illness had significantly
higher levels of IFN-� than those collected in the first 3 days of illness.
The statistical significance of the differences was determined by the
two-tailed t test (P � 0.05).
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Age-dependent symptom expression. We conducted addi-
tional analyses to examine if cytokine responses and disease
severity in children with rotavirus diarrhea were gender and
age dependent. There were no significant differences in cyto-
kine responses and disease severities between girls and boys.
While cytokine responses were not age related, several symp-
tom scores were. Older children with rotavirus infection
tended to have fewer stools on the day of blood collection (P
� 0.05) (Fig. 5A), but they were more likely than younger
patients to vomit (P � 0.05) (Fig. 5B) and become dehydrated
(P � 0.01) (Fig. 5C).

DISCUSSION

Cytokines comprise a diverse group of small proteins with
both pro- and anti-inflammatory properties and are increas-
ingly recognized to play critical roles in the pathogenesis and
immunity of infectious diseases (4, 34). To examine cytokine
profiles and their potential functions in children with natural
rotavirus infections, we determined cytokine concentrations in
serum using a newly developed bead-based immunoassay. This
assay provides an easy, rapid, sensitive, and accurate means by
which cytokine levels can be measured in the sera of children
with rotavirus diarrhea. The ability to simultaneously measure
the levels of multiple cytokines in a single reaction makes this

assay even more appealing because a significantly lower vol-
ume of serum is required compared with the volume needed in
traditional EIAs or bioassays, which measure the levels of only
one cytokine at a time and also require 20 times more speci-
men (17, 44).

We demonstrated an overall increased cytokine response in
children with acute rotavirus diarrhea compared with those in
control children. The levels of three of the nine cytokines
(IL-6, IL-10, and IFN-�) in acute-phase sera were significantly
elevated. These results indicate that both the Th1 and the Th2
types of cytokines are produced in young children with natural
rotavirus infection, and Th1-like anti-inflammatory cytokines
(IL-2 and IFN-�) were predominately produced in the late
phase of acute infection. Our results agree with those of a
recent study performed in Bangladesh (2), in which the levels
of three cytokines (IL-10, TNF-�, and IFN-�) were found to be
elevated in the sera of children with acute or persistent rota-
virus diarrhea compared with the levels in uninfected, control
children.

We present, for the first time, evidence for cytokine media-
tion of disease expression in children with rotavirus infection,
as demonstrated by associations between elevated TNF-� and
IL-6 levels and expression of fever in the acute phase of infec-
tion. Both TNF-� and IL-6 are multifunctional cytokines and
are considered endogenous pyrogens. Once they are overpro-
duced and present in the circulation, these cytokines can act as
humoral signals and contribute to the acute febrile reaction by
different mechanisms, including induction of the acute-phase
protein response and inflammatory stimulation of the hypo-
thalamus or afferent sensory nerves (11, 22, 36). Elevated lev-
els of cytokines in serum or local secretions have also been
documented to mediate disease expression or respiratory tract
inflammation in children or adults infected with influenza A
virus or respiratory syncytial virus (19, 27, 39, 40). In addition,
we observed an association between the overproduction of
TNF-� and more diarrheal episodes in patients with rotavirus
infection, although the mechanism for this relationship is un-
known. It could be due to the ability of TNF-� to induce
increased levels of Cl� secretion in intestinal epithelial cells, as
has been reported for patients with other infections or inflam-
matory processes (21, 31). We could not identify cytokines that
might mediate the expression or severity of vomiting. A pre-
vious study, however, demonstrated that IFN-� levels were
highly elevated and significantly correlated with the severity
(the number of episodes) of vomiting in children with rotavirus
diarrhea (7).

We demonstrated a delayed activation of IL-2 and IFN-� in
children with rotavirus infection, as evidenced by their pre-
dominant production 4 days after the onset of illness. Because
IL-2 is secreted exclusively by antigen-activated T cells and
IFN-� is produced mainly by T cells, NK cells, and macro-
phages, these two cytokines constitute a second wave of the
host response to infection in adaptive immunity (32, 41). The
observation that IL-2 and IFN-� were negatively associated
with symptoms (diarrheal or vomiting episodes) on the day on
which the first blood sample was collected indicates that these
cytokines may be important components of host protective
immunity and, consequently, mediate antiviral activities and
help patients recover from severe rotavirus disease. Our results
concur with those of previous studies that exogenously admin-

FIG. 5. Age and disease severity by selected symptoms. Demo-
graphic and clinical data for 25 patients were analyzed as described in
the text. Spearman’s rank correlation coefficient (rs) is presented. �, P
� 0.05; #, P � 0.01.
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istered IFNs are protective against diarrhea in calves and pigs
(23, 37), but they do not agree with results showing a lack of
protection against disease in mice (1). IFN-� was previously
found to be secreted by rotavirus-stimulated peripheral blood
mononuclear cells of healthy adults and to inhibit rotavirus
entry into human intestinal epithelial cells (3, 47). Of note,
IL-2 and IFN-� have been demonstrated to confer resistance
to other infectious diseases of humans and animals (12, 42).

We demonstrated no significant associations of elevated cy-
tokine levels in the acute phase with total severity scores, which
are a combined assessment of symptoms (fever, vomiting, di-
arrhea, and dehydration) and length of hospital stay. Further-
more, we found no significant associations between elevated
cytokine levels in the convalescent phase and symptom scores.
These data suggest that the associations between elevated lev-
els of several cytokines in patients with acute diarrhea and
individual symptom scores are specific.

Another important finding of this study is the significant
elevation of IL-10 levels in the sera of children with rotavirus
diarrhea. Like most other cytokines, IL-10 exhibits numerous
effects on the modulation of immune responses and ion trans-
port in the small intestine, and it presents both potential ben-
efits (anti-inflammatory effect) and severe risks (association
with fatality) to patients with infectious diseases (24, 26, 30).
However, in our study, IL-10 was not associated with either
protection against rotavirus disease or the expression or sever-
ity of fever, vomiting, or diarrhea. Whether IL-10 is associated
with other systemic symptoms or even fatal outcomes, as re-
ported in humans and animals with meningococcal or pneu-
mococcal disease (24, 43), remains to be determined.

We demonstrated no distinct age-related differences in cy-
tokine responses to rotavirus infection but found a positive
association between age and disease severity, as evidenced by
less severe vomiting and dehydration among infants in the first
several months of life. Our finding that older children have
fewer stools than younger infants suggests that age itself is a
deterrent of diarrhea severity, an observation reported previ-
ously (10, 33). Further studies are needed to examine and
compare the cytokine and other host responses between
younger and older children.

Our present study has several limitations. First, the standard
antigens used in our bead-based Luminex assay were recom-
binant cytokines expressed in Escherichia coli or insect cells,
and antibodies were raised against these recombinant cyto-
kines. Despite their specificity, affinity, and ability to recognize
most isoforms of recombinant cytokines, it is not clear if these
antibodies bind to all isoforms of the native cytokines. Conse-
quently, the use of these recombinant cytokines, together with
the inclusion of nonlabeled detector antibodies (Table 1), in
the assay may result in underestimation of the levels of some
cytokines. Second, the relatively small numbers of children and
the large variations in cytokine concentrations may have af-
fected the accuracy of our results. Future studies will need to
examine larger numbers of age- and sex-matched control and
patient populations to substantiate associations between cyto-
kine levels and disease severity, examine possible differential
cytokine profiles in children infected with various rotavirus
serotypes, and subsequently identify potential associations be-
tween serotypes and disease severity. In addition, because the
half-lives of most cytokines are believed to be short, a series of

serum specimens collected at various time points would be
needed to examine the kinetics of the cytokine profiles. How-
ever, we were able to collect only one serum specimen during
each of the acute and convalescent phases of infection from
young children with rotavirus diarrhea. Finally, the origins of
the serum cytokines detected in our study are not clear. They
could be secreted by NK cells, lymphocytes, monocytes, or
macrophages in the circulation or in intestinal tissues. Since
most cytokines exhibit their function locally in a paracrine or
even autocrine fashion, further studies are needed to examine
the cytokine profiles present in intestinal fluids or expressed in
lymphoid or epithelial cells of the small intestine from children
with rotavirus diarrhea.

In summary, we have examined the cytokine responses to
rotavirus in children with diarrhea and identified several cyto-
kines that are potential mediators for or effectors against the
expression of clinical symptoms or severity of disease. These
new findings should help us redefine our research direction to
include the contributions of host factors to disease initiation
and progression, a proposition that has not yet received much
attention. We may also potentially use early cytokine profiles
to predict disease outcome or vaccine efficacy in hosts infected
with or vaccinated against rotavirus, as recently reported for
other virus infections (48). Finally, these findings may allow us
to design new therapeutic strategies and vaccines against ro-
tavirus disease in children.
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