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Daycare attendance and siblings are associated with viral-induced
wheezing in children. Preexisting immunologic factors may influence
the expression of viral infections in infancy, and in turn, recurrent
infections may influence the development of immune responses. A
total of 285 children were enrolled in the Childhood Origins of
Asthma Project at birth and followed for at least 1 year. Cord
blood and 1-year mononuclear cells were stimulated with phytohe-
magglutinin, and cytokine-response profiles were measured by
enzyme-linked immunosorbent assay. Nasal lavage was performed
for moderate to severe respiratory illnesses. Daycare attendance
and/or siblings significantly increased the likelihood of contracting
respiratory syncytial virus (1.5–1.6-fold increase) and rhinovirus
(1.8–2.1-fold increase), and increased the risk of rhinovirus-induced
wheezing (14–18% vs. 2%, p � 0.011). Cord blood IFN-� responses
were inversely related to the frequency of viral respiratory infections
(rs � �0.11, p � 0.05), and more significant for subjects with high
exposure to other children (rs � �0.27, p � 0.028). The interval
change in infantile IFN-� responses correlated positively with the
frequency of viral infections in infancy (rs � 0.12, p � 0.047). These
data suggest that neonatal IFN-� responses may influence antiviral
activity, or may represent a marker of antiviral immunity matura-
tion. Conversely, the frequency of viral infections in infancy can
influence IFN-� responses.
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Viral respiratory illnesses, many of which are contracted through
contact with siblings or attendance at daycare, are the most
common triggers for wheezing and asthma exacerbations among
young children. In both the Tucson Children’s Respiratory Study
(1, 2) and the Italian Studies of Respiratory Disorders in Child-
hood and the Environment project (3), daycare attendance was
shown to be a risk factor for viral infections and viral-associated
wheezing in the first 2 years of life, but protective against
viral infections and asthma later in life. Celedon and colleagues
found that daycare attendance during the first year of life was
associated with lower rates of asthma at 6 years of age, but
only among children without a maternal history of asthma (4).
Similarly, children with older siblings in the home are more
likely to experience viral illnesses and wheezing in the first 2
years of life, but have decreased rates of wheezing, and decreased
rates of atopic sensitization later in childhood (2, 3, 5, 6). Despite
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the convincing evidence linking exposure to other children with
rates of respiratory illnesses and wheezing, the effects of increased
exposure on specific viral infections have not been ascertained.

While exposure is an important determinant of lower respira-
tory tract illnesses, it does not explain why some children enter-
ing daycare experience a dramatic increase in viral infections,
while others are relatively healthy. In addition, recent genetic
studies suggest that clinical outcomes of viral infections in infancy
might also be influenced by polymorphisms in cytokine genes
(7–9). These observations suggest the hypotheses that variations
and/or subtle defects in the antiviral immune response also affect
the clinical expression of viral respiratory infections. Further-
more, stressing the immune system with increased viral exposure
may uncover relatively minor immune defects that are not appar-
ent in children with less exposure to viruses. To test these hypoth-
eses, we conducted a prospective birth cohort study to evaluate
interactions between exposure to other children, the develop-
ment patterns of cytokine responses in peripheral blood cells,
and the etiology and severity of respiratory viral infections during
the first year of life.

Other study results pertinent to this cohort have been pre-
viously published as both original articles and abstracts (10–13).

METHODS

Study Subjects

After obtaining informed consent, 289 subjects were enrolled in the
Childhood Origins of Asthma Study (14) at birth and 285 were followed
prospectively for at least 1 year. Details of study design have been
described previously (12–14). This study was approved by the University
of Wisconsin Human Subjects Committee.

Wheezing Respiratory Illnesses and Daycare

Definitions of wheezing illness and daycare attendance are available in
the online supplement.

Collection of Blood Samples

Cord blood and 1-year peripheral blood samples were collected as de-
scribed previously (13).

Mononuclear Cell Stimulation

Mononuclear cells were stimulated with phytohemagglutin (PHA)
(5 �g/ml) or incubated in medium alone, as described previously (13).

Cytokine ELISA

Levels of IFN-�, interleukin (IL)-5, IL-10, and IL-13 in supernatants
were evaluated by ELISA (Pharmingen, San Diego, CA). The manufac-
turer’s protocol was followed except that the sample volume was reduced
to 50 �l. The sensitivities are as follows: IFN-� � 4.7 pg/ml, IL-5 �
1.9 pg/ml, IL-10 � 7.7 pg/ml, and IL-13 � 3.1 pg/ml. Duplicate wells
were run, and mean values are reported.

Nasal Lavage Samples

Nasopharyngeal mucus specimens were obtained under two circum-
stances: (1 ) scheduled clinic visits at 2, 4, 6, 9, and 12 months of age,
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and (2 ) during acute respiratory illnesses. Parents contacted a study
coordinator when their child developed a respiratory tract infection,
and a respiratory symptom scorecard (maximum score � 31, Table 1)
was completed. If the child scored a 5 or higher, a nasopharyngeal
mucus specimen was obtained within 48 hours. The collection and
handling methods of these samples have been described previously
(15).

Viral Diagnostics

Nasal samples were cultured for respiratory syncytial virus (RSV),
influenza virus types A and B, parainfluenza virus types 1–4, rhinovirus
(RV), enteroviruses, and adenoviruses, as described previously (15).
RV-RNA was detected by a seminested reverse transcription polymer-
ase chain reaction, as described by Ireland and colleagues (16) with
modifications (15).

At 1 year of age, an ELISA was performed on serum to detect anti-
RSV IgG (see online supplement). RSV fusion protein was generously
provided by Dr Gerald Hancock (Wyeth-Lederle Vaccines, Henrietta,
NY). RSV infections were diagnosed on the basis of positive serology
at age 1 year, or virus detection in nasal secretions. When multiple
viruses were recovered, the sample counted as a positive for each virus.

Measurement of Blood Eosinophils and IgE

Total white blood cell counts, and total and allergen-specific IgE were
measured, as previously described (13).

Statistical Analysis

SAS (version 8.1; SAS Institute Inc., Cary, NC) was used for all statisti-
cal analyses. Rates of viral infection and wheezing in groups based on
daycare attendance and/or presence of an older sibling were compared
using Pearson’s �2 test. Frequency of viral infections and wheezing in
these groups were compared using two-sample t tests. Associations
between cytokine responses, total IgE, and eosinophil counts were
assessed using Spearman’s rank correlation analyses, both for the entire
cohort and for groups defined by daycare attendance and/or presence
of an older sibling.

Wilcoxon signed-rank tests were used to compare changes in cyto-
kine responses in cord blood taken during the first year of life. A
nominal p value of 0.05 was considered to be statistically significant.

RESULTS

Influence of Daycare Attendance and/or Older Siblings
on Laboratory-documented Viral Infections

Overall, 556 nasal lavage samples were obtained during a respira-
tory illness with a symptom score of 5 or higher: viruses were

TABLE 1. RESPIRATORY SYMPTOM SCORECARD

Symptom Point Score

Fever 1
Cough
Mild 1
Moderate 2
Severe 3

Rhinorrhea
Mild* 1
Moderate to severe† 2

Hoarseness 1
Duration of illness � 4 d 1
Apnea 3
Wheezing 5
Retractions 5
Tachypnea 5
Cyanosis 5

* Mild was defined as the requirement for suction from 0–4 times per day, or
a wipe every 2 h or less.

† Moderate to severe was defined as the requirement for suction 5 or more
times per day, or a wipe 1 or more times per hour.

detected in 408 (73%) samples, and 34 of these samples were
positive for more than 1 virus. Fifty-three samples were culture
positive for RV; and of the 503 samples that were culture-negative
for RV, 208 were RV-RNA–positive. We next evaluated the
separate and combined effects of daycare attendance, and the
presence of at least one older sibling in the home on the risk of
developing a moderate to severe viral respiratory infection dur-
ing the first year of life. Of the 285 children in the study, 66
attended daycare only, 90 had an older sibling only, and 66 had
both types of exposure. Children who either attended daycare
or had an older sibling had an overall significantly increased rate
of developing respiratory viral infections during the first year
of life (Table 2). When evaluating relationships with specific
infections, there was a significantly increased rate of both RV
(1.8–2.1-fold) and RSV (1.5–1.6-fold) infections for children who
either attended daycare only or had a sibling only. The rate of
infection with viruses other than RV or RSV was significantly
increased only among children with both types of exposure.

A total of 112 children had more than one moderate-to-severe
infection (symptom score � 5) during the first year as identified
by culture or polymerization chain reaction. The percentage of
children with multiple infections increased according to the de-
gree of exposure to other children: daycare only, 44% (p � 0.005);
sibling only, 41% (p � 0.008); both exposures, 50% (p � 0.001);
and neither exposure, 21%. Among the 112 children with recur-
rent infections, 2 had recurrent RSV, 65 had recurrent RV, and
13 had recurrent infections with a virus other than RSV or RV.
For the remaining 32 children, different viruses were isolated
on different occasions.

Influence of Daycare Attendance and/or Older Siblings
on Virus-associated Wheezing

Among our cohort, 25% of children experienced at least one
episode of viral-associated wheezing during the first year of life.
Overall, greater exposure to other children in the home and
daycare was associated with a twofold increase in wheezing with
viral infections, and similar trends were noted when individual
exposures were considered separately (Table 3). Different asso-
ciations were observed, however, according to the specific viral
pathogen that caused the wheezing illness. Daycare and siblings
were particularly strong risk factors (7–9-fold increase) for RV-
induced wheezing. In contrast, although there was a tendency
for higher rates of RSV-induced wheezing in high-exposure
groups, this trend was relatively small (less than twofold) and
was not statistically significant. For viruses other than RSV and
RV, the rate of viral-associated wheezing was significantly in-
creased only for children with both sibling and daycare exposure.

Cord Blood Cytokine Responses and Symptomatic
Viral Infections

Most samples of PHA-stimulated cord blood cells secreted mea-
surable amounts of both IFN-� and IL-10 (median values 56
and 99 pg/ml, respectively), as previously reported (13). Neither
cytokine was detected in control samples (cord blood cells incu-
bated with medium alone).

There was an inverse correlation between cord blood PHA-
induced IFN-� responses of mononuclear cells and the number
of moderate to severe (symptom score � 5) viral infections
during the first year of life (rs � �0.11, p � 0.05 (Figure 1);
vigorous secretion of IFN-� was associated with fewer infections.
This correlation was stronger (rs � �0.27, p � 0.028) among
children who both attended daycare and had a sibling, and, thus,
had the greatest exposure to other children. There were no
significant correlations between symptomatic viral infections
during infancy and other PHA-induced responses (IL-5, IL-10,
and IL-13) from cord blood cells.
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TABLE 2. THE EFFECTS OF DAYCARE AND SIBLINGS ON VIRAL RESPIRATORY INFECTIONS

Type of Infection

Any Virus* RSV RV Other than RSV or RV

Exposure (% ) p Value† (% ) p Value† (% ) p Value (% ) p Value†

Neither (n � 63) 67 – 32 – 30 – 19 –
Daycare only (n � 66) 88 0.040 53 0.015 55 0.005 30 0.14
Sibling only (n � 90) 88 0.002 50 0.025 56 0.002 22 0.63
Both (n � 66) 91 � 0.001 48 0.050 64 � 0.001 35 0.044

Definition of abbreviations: RSV � respiratory syncytial virus; RV � rhinovirus.
* Includes moderate to severe infections with isolation of RV, RSV, adenovirus, cytomegalovirus, enterovirus, herpes simplex

type 1, influenza A and B, parainfluenza 1–4, or varicella zoster.
† Statistical comparisons were performed between subgroups (daycare, sibling and both) and children having neither.

Virus Detection at Scheduled Well-Child Visits

As the previous analysis indicated that viral infections were
diagnosed on the basis of symptom scores, the relationship be-
tween cord blood IFN-� production and the number of infections
could have been due to associations with either the number or
the severity of infections. To differentiate between these two
possibilities, we compared the rates of viral detection from nasal
washes obtained at scheduled well-child visits, regardless of
whether symptoms were present, to cytokine secretion profiles.
Of the possible 1,425 well-child visits scheduled at 2, 4, 6, 9, and
12 months of age, 1,098 samples were obtained. For 42 of these
samples children had a respiratory symptom score 5 or higher,
180 had scores of 1–4, and 876 had scores of 0 (no respiratory
symptoms). Of symptomatic children, viruses were detected in
115 of 180 (64%) samples from those with a score of 1–4, and
viruses were detected in 31 of 42 (74%) samples from those with
a score of 5 or higher. In asymptomatic children (scores of 0),
viruses were cultured from 87 of 876 (10%) samples. Polymerase
chain reaction analysis for detection of RV was not routinely
performed on samples from asymptomatic infants; however,
analysis of a subset of 96 randomly selected samples indicated
that approximately 26% of these infants had detectable RV.

There were no significant relationships between the cytokine
response profiles at birth and the frequency of virus detection
at scheduled visits.

Association between Viral Infections and Developmental
Changes in Immune Responses

For the entire cohort, PHA-induced IFN-� responses showed a
small but significant reduction by one year of age (57–26 pg/ml,
p � 0.001), as previously reported. (13) A significant positive
correlation was observed between the number of viral respira-

TABLE 3. THE EFFECTS OF DAYCARE AND SIBLINGS ON VIRUS-INDUCED WHEEZING

Virus Associated with Wheezing

Any Virus* RSV RV Other than RSV or RV

Exposure (% ) p Value† (% ) p Value† (% ) p Value (% ) p Value†

Neither (n � 63) 14 – 13 – 2 – 2 –
Daycare only (n � 66) 27 0.070 15 0.69 14 0.011 6 0.190
Sibling only (n � 90) 27 0.070 19 0.31 17 0.003 8 0.910
Both (n � 66) 29 0.046 23 0.14 18 0.002 15 0.006

For definition of abbreviations see Table 2.
* Includes moderate to severe infections with isolation of RV, RSV, adenovirus, cytomegalovirus, enterovirus, herpes simplex

type 1, influenza A and B, parainfluenza 1–4, or varicella zoster.
† Statistical comparisons were performed between subgroups (daycare, sibling, and both) and children having neither exposure.

tory infections and the change in PHA-induced IFN-� responses
(rs � 0.12, p � 0.047) (Figure 2). In contrast, there was no cor-
relation between the frequency of viral infections and changes
in other PHA-induced cytokine responses, cytokine responses,
total IgE levels, or blood eosinophil counts at age 1 year.

Influence of Daycare Attendance and/or Older Siblings on
Developmental Change and 1-Year Cytokine Responses

There were no significant relationships between viral exposure
by means of daycare and/or older siblings and age 1 year cytokine
responses, developmental changes of cytokine responses (PHA-
induced IL-5, IL-10, IL-13, IFN-�), peripheral eosinophil count,
or total IgE.

DISCUSSION

Infancy is a time of rapid immunologic development, and theoreti-
cally, the development of innate and adaptive immune responses
could influence the clinical expression of respiratory viral infections,
or conversely, be influenced by recurrent infections. In this study,
we were able to test these hypotheses by prospectively evaluating
cytokine responses and exposure to other children, and relating
these factors to the number and severity of respiratory infections
with specific viral pathogens. We were able to quantify the magni-
tude of the effects of exposure to other children on the number
of children who had symptomatic infections with RV (1.8–2.1-fold
increase) and RSV infections (1.5–1.6-fold increase). In addition,
the correlation between exposure and viral-associated wheezing
varied with specific pathogen. While the rate of RV-associated
wheezing was greatly increased by exposure to daycare and/or
siblings, there was relatively little effect on RSV-associated wheez-
ing. Furthermore, we have found an association between cytokine

 



178 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 170 2004

Figure 1. Relationship of cord blood phytohemagglutin (PHA)-
induced IFN-� secretion to number of viral infections in the
first year of life. The data demonstrate a correlation between
cord blood PHA-induced IFN-� secretion and the number of
viral infections documented by positive culture or rhinovirus
(RV)-specific polymerase chain reaction (PCR) from nasal la-
vage samples obtained when children had symptoms scores
of 5 or higher; n � 285.

responses at birth and infections in the first year of life, inversely
relating IFN-� responses to the number of symptomatic respiratory
viral infections. Finally, in accordance with the hygiene hypothesis,
there was a small but measurable effect of frequent infections being
associated with a smaller decline of IFN-� responses (13) during
the first year of life.

The rate of viral-associated wheezing among our cohort dur-
ing the first year of life (25%) is similar to findings published
by the Tuscon Children’s Respiratory Study, in which 21% of
children experienced at least one wheezing-lower respiratory
tract infection during a similar time period (17). Among our
cohort, children who attended daycare and had a sibling were
more likely to contract an RV infection. Furthermore, for a yet
undefined reason, children who contract an RV infection from
either daycare or a sibling are more likely to wheeze. This is
in contrast to the relatively consistent rate of RSV-associated
wheezing among all exposure categories. It is possible that chil-
dren who contract RV from a sibling or daycare receive a larger
inoculum, either due to poor hygiene practices or exposure to
multiple-infected children, and the net result is a more virulent
illness. An alternative possibility is that recurrent infections
caused by close contact with other children may, in a stepwise
fashion, promote airway changes, such as goblet cell hyperplasia
and increased responsiveness that predispose to wheezing.

Figure 2. Relationship of viral infections to the change in PHA-
induced IFN-� secretion between birth and 1 year of age. The data
demonstrate a correlation between the number of viral infections
documented by positive culture or RV-specific PCR from nasal
lavage samples obtained when children presented with symptoms
scores of 5 or higher, and the change in PHA-induced mononu-
clear cell IFN-� secretion in the first year of life. The changes in
IFN-� responses were calculated by subtracting the IFN-� secreted
by cord blood samples from the values obtained from peripheral
blood mononuclear cells at 1 year of age.

We found a weak but statistically significant inverse relationship
between IFN-� responses in cord blood and symptomatic viral
respiratory infections. This relationship was stronger among chil-
dren with greater exposure to viruses, suggesting that infants with
mild impairment of antiviral responses are more likely to be symp-
tomatic when placed in a high-exposure environment. Although
cord blood IFN-� responses were inversely related to symptomatic
infections, there was no correlation between IFN-� and viral detec-
tion at scheduled visits. This suggests that strong IFN-� responses
are not necessarily associated with fewer infections, but may
instead lessen the severity of viral infections during infancy.

Guerra and colleagues in the Tucson Children’s Respiratory
Study recently reported that infants with reduced mitogen-induced
IFN-� response at 3 months of age have a significantly increased
risk of recurrent wheezing in the first year of life (18). This new
information, when considered together with our findings, supports
the hypothesis that IFN-� plays an important role in limiting the
severity of respiratory illnesses in infancy. Furthermore, this effect
could be especially important when the environmental exposure
to other children is high.

The relationship between IFN-� responses and viral infec-
tions may be explained by its role in innate and acquired antiviral
responses. IFN-� plays a critical role in stimulating macrophages
to kill phagocytosed microbes through induction of nitric oxide,
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and enhances antigen presentation as well as antiviral effects of
CD8 T cells and natural killer cells (19). This hypothesis is
supported by case reports of children with deficiencies of IFN-�
production or receptors who experience more severe clinical
manifestations during viral infections (20–22). Alternatively, re-
duced IFN-� responses may also represent a nonspecific marker
of an immature immune response that does not have adequate
antiviral activity.

Epidemiologic studies have demonstrated a link between fre-
quent infections in infancy and reduced allergies and asthma
later in childhood (23, 24), and it has been suggested that this may
be due to stimulation of T helper cell type 1 immune responses.
In support of this hypothesis, we found a positive relationship
between the number of symptomatic infections and changes in
IFN-� responses during infancy. Alternatively, children who had
high IFN-� at birth were shown to experience fewer viral infec-
tions during the first year of life. This group also had a more
dramatic decline in production based on their initial high value.
Consequently, the decline in IFN-� production may be secondary
to an elevated cord blood level rather than the lower rate of
viral infections.

The major outcome measure of the Childhood Origins of
Asthma Study is to determine the relationship between cytokine
dysregulation, viral infections, and the initiation of childhood
asthma. The foundation for this study was based on work per-
formed in a rodent model of asthma inception (25–28). In this
model, infection with a paramyxovirus in an atopic strain of rats
at a critical time period during their development (susceptible
as weanlings, but not as adults) induces an asthma phenotype
that in many ways parallels human asthma both histologically
and physiologically. In relationship to the current findings, the
development of the asthma phenotype appears to involve, at
least in part, a dysregulation of natural killer cell IFN-� responses
in the responder strain of rats. Although the children in the
Childhood Origins of Asthma Study are presently too young to
label definitively as having asthma, the findings reported here
related to IFN-� response profiles and viral infections during
infancy may be even more informative once asthma phenotypes
are affirmed in the Childhood Origins of Asthma Study children.

In summary, these findings help to clarify relationships among
exposure to viruses, specific viral illnesses, wheezing, and cyto-
kine responses in infancy. In particular, the demonstration that
viral-stimulated IFN-� response profiles may both influence and
be influenced by the frequency of viral respiratory tract infec-
tions during infancy raises the possibility of a new therapeutic
approach to these common infections. Although treatments di-
rected at boosting IFN-� responses may not prevent viral respira-
tory infections, these findings suggest that this approach could
be helpful in moderating the severity of infections with common
respiratory pathogens (29).
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