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Abstract

Rationale:Most virus-induced attacks of asthma are caused by
rhinoviruses (RVs).

Objectives: To determine whether people with asthma are
susceptible to an increased viral load during RV infection.

Methods: Seventy-four children (4–18 yr old) were enrolled; 28
with wheezing, 32 with acute rhinitis, and 14 without respiratory
tract symptoms. Nasal washes were evaluated using quantitative
polymerase chain reaction for RV to judge viral load along with
gene sequencing to identify strains of RV. Soluble intercellular
adhesion molecule-1, IFN-l1, and eosinophil cationic protein
in nasal washes, along with blood eosinophil counts and total
and allergen-specific IgE in sera, were also evaluated. Similar
assessments were done in 24 young adults (16 with asthma, 8
without) who participated in an experimental challenge with RV
(serotype 16).

Measurements andMainResults: Fifty-seven percent ofwheezing
children and 56% with acute rhinitis had nasal washes testing positive
for RV. The geometric mean of viral loads by quantitative polymerase
chain reaction in washes from wheezing children was 2.8-fold lower,
but did not differ significantly from children with rhinitis (7,718 and
21,612 copies of viral RNA per microliter nasal wash, respectively; P =
0.48). The odds for wheezing were increased if children who tested
positive forRVwere sensitized tooneormoreallergens (odds ratio, 3.9;
P = 0.02). Similarly, neither peak nor cumulative viral loads differed
significantly in washes from adults with asthma compared with those
without asthma during the experimental RV challenge.

Conclusions: During acute symptoms, children infected with RV
enrolled for wheezing or acute rhinitis had similar viral loads in their
nasal washes, as did adults with and without asthma infected with
RV-16 experimentally.

Keywords: asthma; intercellular adhesion molecule-1; quantitative
polymerase chain reaction; rhinitis; rhinovirus

Rhinoviruses (RVs) account for most virus-
induced exacerbations of asthma among
children and young adults (1–3). A wide
diversity of RV genotypes cause recurrent
infections that lead to attacks of wheezing

that begin in infancy, and these early
childhood episodes of wheeze with RV are
associated with an increased risk for
developing asthma as children grow older
(4–7). After 3 years of age, RVs are

associated with up to 70% of asthma
exacerbations among children living in
both temperate and tropical climates (2, 8,
9). The mechanisms underlying the role of
RV in provoking these attacks remain
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poorly understood; however, it is clear that
most children and adults who experience
RV-induced exacerbations are atopic and
have high titers of serum IgE antibody (Ab)
to allergens, such as dust mite, which have
been shown to significantly increase the
risk of wheezing with RV (9–11).

Using in vitro methods, several studies
have demonstrated that the production of
innate, antiviral type I and type III IFNs in
bronchial epithelial cells from patients with
asthma is reduced compared with levels
secreted by cells from the lower airway of
patients without asthma following infection
with RV (12, 13). This impaired antiviral
response correlated inversely with
increasing quantities of RV-RNA detected
by quantitative polymerase chain reaction
(qPCR) in culture supernatants (12, 13). In
two other studies, the secretion of innate
IFNs from plasmacytoid dendritic cells in
peripheral blood was significantly decreased
in cells from subjects with asthma
compared with those without after
stimulation with influenza in one study, or
RV in the other (14, 15). Additionally, the
production of these cytokines correlated
inversely with serum IgE levels or FceRIa
expression on plasmacytoid dendritic cells,
and IgE cross-linking on plasmacytoid
dendritic cells before stimulation with
influenza or RV further diminished this
innate response. Taken together, these
observations suggest that people with
asthma may be at risk for higher viral loads
and symptoms affecting their respiratory
tract during RV infection.

In the present study, we used two
different study designs to compare viral
loads among individuals with and without
asthma during an RV infection. These studies
included the evaluation of (1) children
treated for exacerbations of wheezing along
with children with acute rhinitis; and (2)
young adults, with and without asthma,
who were inoculated experimentally with
RV-16 and then monitored over time
through peak symptoms and symptom
resolution. In both studies, viral load was
assessed by qPCR in nasal washes and the
results analyzed in relation to total and
allergen-specific serum IgE; blood eosinophil
counts; and the levels of IFNl1, eosinophil
cationic protein (ECP), and soluble
intercellular adhesion molecule-1 (sICAM-
1) in nasal secretions. Some of the results
have previously been included in published
abstracts (16, 17).

Methods

Pediatric Study
Study participants included 74 children
(4–18 yr old) who were evaluated at the
University of Virginia Medical Center in
a cross-sectional, case-controlled study. The
children enrolled included 28 who required
treatment with at least a nebulized b2

agonist for wheezing heard by a physician
on auscultation; 32 with acute rhinitis
(onset of symptoms < 4 d), but with no
cough or wheeze; and 14 without respiratory
tract signs or symptoms (control subjects).
None of the wheezing children had taken
systemic steroids before their visit, one was
hospitalized for further management, and
the remainder were discharged home on
3–5 days of oral steroids. Most (93%) of the
wheezing children, 41% of those with acute
rhinitis, and 57% of control subjects were
enrolled in the emergency room (ER). The
others were enrolled in the general pediatric
clinics. Most of the control subjects
without respiratory symptoms were
evaluated for trauma, gastrointestinal
complaints, and fever.

Demographic information and patient
characteristics were obtained from family
members by an administered questionnaire
focused on the child’s past medical history,
immediate family history for allergic
disease (i.e., parents and siblings), and
tobacco smoke exposure at home. Children
with chronic lung disease, congenital heart
disease, immunodeficiency, or oncologic
disorders were not enrolled. Informed

consent was obtained from parents, and
informed assent was obtained from
children 7 years of age or older. This study
was approved by the institutional review
board at the University of Virginia.

Assessments for Total IgE,
Allergen-Specific IgE Ab,
and Blood Eosinophil Counts
Blood (5–7 ml) was obtained by
venipuncture and sera were analyzed for
total IgE and IgE Ab to dust mite
(Dermatophagoides pteronyssinus and
Dermatophagoides farinae), Alternaria,
cockroach, ragweed, Timothy grass,
Bermuda grass, oak, cat, and dog allergens
using the Phadia ImmunoCap assay
(Phadia/ThermoFisher, Hercules, CA). Sera
with greater than or equal to 0.35 IU/ml of
IgE Ab to any of the allergens tested were
considered positive for sensitization.

sICAM-1, IFN-l1, and ECP
in Nasal Washes
Concentrations of sICAM-1 were measured
in nasal washes by ELISA (R&D Systems,
Minneapolis, MN) (detection limit = 0.35
ng/ml) as was IFN-l1 (IL-29) (Affymetrix/
eBioscience, San Diego, CA) (detection
limit = 2.0 pg/ml). Nasal wash samples
sufficient for measuring IFN-l1 were not
available from subjects enrolled in the RV-
16 challenge study. Measurements of ECP
in nasal wash supernatants were done using
the Phadia ImmunoCap assay (detection
limit = 2.0 ng/ml).

Virology
Viral RNA was extracted from nasal washes
and reversed-transcribed as previously
described (2). The resulting cDNA was
used for viral identification and RV load
assessments at the University of Wisconsin-
Madison. Respiratory viruses were identified
with a high throughput multiplex PCR
assay (18). PCR and DNA sequencing was
used to identify RV strains (19). A pan-RV
qPCR assay was used to measure viral
load (20). For subjects infected with RV-16,
RNA was extracted from serial dilutions
of an available pool of RV-39, which, like
RV-16, is a RV-A serotype. The extractions
were done using Qiamp RNA isolation kits
(Qiagen, Crawley, UK) and cDNA was
generated as previously described (21). The
cDNA was amplified using primers and
probes specific for conserved regions of RV
and detected by qPCR (RV forward 59-
GGCCCTGAATGTGGCTAA-39; RV reverse

At A Glance Commentary

Scientific Knowledge on the Subject:
Previous viral load studies, performed
predominantly in vitro, suggest that
the asthmatic airway may be more
susceptible to rhinovirus infection,
more permissive of increased viral
replication, and defective in viral
clearance.

What This Study Adds to the Field:
In this investigation, viral loads
evaluated in nasal washes in vivo were
not significantly different among
children and adults with asthma
compared to nonasthmatic individuals
with acute rhinitis during infections
with rhinovirus.
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59-ATCCCCGCAATTGCTCGTTAC-39;
probe 59-FAM/ CTTGCAGCCAATGCA-
BHQ-39) (Integrated DNA Technologies,
Coralville, IA). The PCR mix consisted of
iQ 2X supermix (BioRad, Uppsala,
Sweden), cDNA, and 200 mM of each
primer. Using 27 nasal wash samples
previously genotyped for RV strains (9),
these primers and probes detected all RV-A
strains (n = 13) including RV-16, but did
not detect RV-C strains (n = 14). Nasal
wash samples from the experimental RV-16
challenge were evaluated in duplicate and
the values compared with the standard
curve to determine the copies of viral RNA
per microliter of nasal wash supernatant.
The neat concentration of the pool used
in this analysis contained 5.0 3 107 copies
of viral RNA per microliter nasal wash.

Experimental Infections with RV-16
Subjects (18–30 yr old) who participated in
the experimental challenges with RV-16
included 16 with mild, physician-diagnosed
asthma, all of whom were atopic and had
positive methacholine challenges. Eight
subjects without asthma, all with negative
methacholine and negative prick skin tests,
were included as control subjects.
Additional subject characteristics,
confirmation of institutional review board
approval and informed consent, and details
of symptom scores reported by the subjects
were described previously (22). Each
subject was inoculated with 300 TCID50 of
RV-16, and nasal washes from each subject
were collected before RV inoculation and
on Days 1, 2, 3, 4, 7, 10, 14, and 21 during
the infection. Information about the
production and safety testing for the RV-16
inoculum used in this study is provided in
the online supplement.

Statistical Analyses
Categorical data were summarized as
counts and percentages, and continuous
scaled data were summarized by the
mean or the geometric mean of the
measurement distribution and a 95%
confidence interval.

Pediatric study. Binary cross-sectional
outcome variables were analyzed by exact
logistic regression. Confidence interval
construction for the odds ratio was based
on the exact methods of the LOGISTIC
procedure of SAS version 9.2 (SAS Institute
Inc., Cary, NC). Continuous scaled cross-
sectional outcome variables were analyzed
by one-way and two-way analysis of

variance. A Bonferroni type I error
adjustment was used for multiple test
comparisons pertaining to a single outcome
variable. The Welch version of the two-
sample Student t test was used as the pivotal
quantity for between-group hypothesis
tests.

Experimental RV challenge study.
Longitudinal continuous scaled outcome
variables from the experimental challenge
study were summarized by cumulative
outcome values. The cumulative outcome
values were analyzed by repeated
measures analysis of variance. Between-
group comparisons of the mean
cumulative outcome values for the
different stages of RV infection were
formulated by linear contrasts of the least
squares means.

Correlation analyses. Relationships
between continuous scaled outcome
variables were assessed by the
nonparametric Spearman rank
correlation coefficient. For all analyses,
a two-sided P less than or equal to
0.05 decision rule was used as the null
hypothesis rejection criterion for all
hypothesis-driven tests.

Results

Children Evaluated for Wheezing and
Acute Rhinitis (Pediatric Study)
Patient characteristics are summarized in
Table 1. More children seen for wheezing
had a history of wheezing and other
allergy-related symptoms than those
with acute rhinitis or children without
respiratory symptoms. Most children
with wheezing and rhinitis were on
Medicaid and had higher rates of exposure
to environmental tobacco smoke at
home. Those enrolled for wheezing had
significantly higher geometric mean levels
of total serum IgE and blood eosinophil
counts than those with acute rhinitis or
control subjects (Table 1). Additionally,
86% of the children with wheezing had
serum IgE Ab to one or more of the
allergens tested (odds ratio for wheezing
compared with nonwheezing children, 8.4;
P , 0.001). The atopic status of subjects
enrolled is shown in more detail in Table
E1 in the online supplement.

Virus Identification
The percentages of children enrolled with
wheezing or acute rhinitis who tested

positive for RV were 57.1 and 56.2%,
respectively. By comparison, the prevalence
of subjects with positive tests to other viruses
was low (Table 2). Among those testing
positive for RV, the number of days
between the onset of cold symptoms and
the day of enrollment reported by wheezing
children and their parents compared with
those with rhinitis was 3.0 and 2.5 days,
respectively (P = 0.54). Most wheezing
children who tested positive for RV had
IgE Ab to one or more allergens (14 of
16 subjects, 87.5%), and the odds ratio
for wheezing compared with those with
acute rhinitis based on having a positive
test for RV together with sensitization
(IgE Ab) to one or more allergens was 3.9
(P , 0.02).

There was no significant difference in
viral load between wheezing children and
those with acute rhinitis, although the
geometric mean value for qPCR was 2.8-fold
lower in the washes from wheezing children
(Figure 1). RV-A and RV-C strains were
the most common types detected. Each
species (RV-A and RV-C) accounted for
50% of the positive tests for RV among
wheezing children, whereas RV-A strains
were more common among the children
with rhinitis, although this difference was
not statistically significant (Table 2).

RV Analyses in Relation to sICAM-1,
ECP, and IFN-l1 in Nasal Washes
Lower levels of sICAM-1 were detected in
washes from children treated for wheezing
compared with washes from the children
with rhinitis, among those who tested
positive or negative for RV (Figure 2).
Overall, qPCR values for RV correlated
better with levels of sICAM-1 in washes
from children with wheezing and rhinitis
among those who tested positive for RV-A
strains (n = 13; rs = 0.54; P = 0.05) than for
those who tested positive for RV-C strains
(rs = 0.35; P = 0.22). An inverse correlation
was observed between sICAM-1 and total
serum IgE among the wheezing children
(rs =20.41; P = 0.03) but not for those with
rhinitis (rs = 0.06; P = 0.73).

The levels of IFN-l1 tended to be lower
in nasal washes from wheezing children,
including those testing positive for RV,
than from those with rhinitis, although
the differences were not significant (see
Table E2). Values for nasal ECP were
higher in washes from children with
wheezing and with rhinitis among those
who tested positive for RV, but did not
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differ significantly between the wheezing
and rhinitis groups (see Table E2).
Correlations between qPCR for RV and
ECP levels or IFN-l1 in washes from the
children enrolled with wheezing and acute
rhinitis were not strong (rs = 0.27, P = 0.02,
and rs = 0.32, P = 0.02, respectively).

Experimental RV Challenges
To evaluate how viral loads change over
time, qPCR for RV was compared in washes
from young adults with asthma (n = 16) and

control subjects without asthma (n = 8)
who were infected with RV-16
experimentally. The subjects with asthma
included six with high levels of serum IgE
(range, 371–820 IU/ml) and 10 with lower
levels (range, 29–125 IU/ml). No significant
differences in viral load were observed
during the infection between these groups
(Figure 3); however, based on cumulative
viral load assessments, there was a trend for
lower viral loads among the subjects with
asthma who had high levels of total IgE

throughout the infection (Table 3).
Cumulative viral loads early in the infection
(i.e., adding together Days 1 and 2 values
after virus inoculation), and during peak
cold symptoms (Days 3, 4, and 7 values
combined), during symptom resolution
(Days 10, 14, and 21 values combined), and
cumulative viral loads during the entire 21
days of monitoring after virus inoculation
did not differ statistically between groups
(Table 3; see Figure E1). Similar to the
children with wheezing and acute rhinitis,

Table 1: Patient Characteristics: Children Evaluated for Wheezing and Acute Rhinitis compared to Control Subjects

Wheezing (n = 28) Acute Rhinitis (n = 32) Control Subjects (n = 14)

Mean age, yr 8.9† 10.5 11.8
Age range, yr 4–18 4–18 5–18
Male, % 64* 34 64
Race/ethnicity, % W/AA/H/O 21/64/4/10† 41/50/6/3 64/36/0/0
Medicaid,1 % 61 (23) 85 (26)‡ 44 (9)
Previous history for wheezing, % 93***,††† 34‡ 0
Previous history for allergic symptoms,2 % 46**,†† 38‡‡ 0
Family history for allergy,3 % 71 50 64
ETS,4 % 61 59 46
ETS exposure from mothers, % 50***,††† 31 29
Total serum IgE,5 IU/ml 260 (144–469)***,††† 57 (33–100) 38 (14–98)
Serum IgE antibody to allergen,6 % positive 86***,†††,* 45 31
Total eosinophil counts,5 cells/mm3 362 (215–608)† 156 (96–253) 120 (59–248)

Definition of abbreviations: AA = African American; ETS = environmental tobacco smoke; H = Hispanic; O = other; W = white.
Symbols marking significant differences between groups are:
Wheezing versus acute rhinitis: *P , 0.05; **P , 0.01; ***P , 0.001.
Wheezing versus children without respiratory symptoms (control subjects): †P , 0.05; ††P , 0.01; †††P , 0.001.
Acute rhinitis versus control subjects: ‡P , 0.05; ‡‡P , 0.01.
1Percentage of children whose families were covered by Medicaid. The number of children with data available is shown in parenthesis.
2Percentage of children reporting symptoms of atopic dermatitis, or food allergy, conjunctivitis, or persistent or seasonal rhinitis.
3Percentage of children from families with at least one parent or sibling with a current or previous history for asthma, seasonal rhinitis or conjunctivitis,
eczema, or food allergy.
4Percentage of children exposed to tobacco smoke from one or more individuals living at home.
5Total IgE levels and blood eosinophil counts are reported as geometric means followed by 95% confident intervals in parentheses.
6Percentage of children who had at least one positive test for serum IgE antibody to the allergens tested.

Table 2: Viral Analyses: Children Evaluated for Wheezing and Acute Rhinitis compared to Control Subjects

Wheezing (n = 28) Acute Rhinitis (n = 32) Control Subjects (n = 14)

RT-PCR for RV, % positive 57.1 (n = 16)* 56.2 (n = 18)† 7.1
RV-A, % positive 50 59 0
RV-C, % positive 50 35 100
RV-B, % positive‡ 0 6 [2]
Other viruses, % positivex 21 [6] 6 [2]

Definition of abbreviations: RT-PCR = reverse transcriptase polymerase chain reaction; RV = rhinovirus.
Symbols marking significant differences between groups are:
Wheezing children versus control subjects: *P , 0.01.
Acute rhinitis children versus control subjects: †P , 0.01.
‡Only two children with acute rhinitis (shown in brackets) tested positive for RV-B strains, one of whom also tested positive for RV-A.
xSix wheezing children (shown in brackets) tested positive for viruses other than RV: two for enterovirus (human enterovirus-68); one for adenovirus C; one
for adenovirus E; one for adenovirus C and RV (Group A); and one for adenovirus C, metapneumovirus, and parainfluenzavirus 1. Two children with rhinitis
(shown in brackets) tested positive for virus other than RV: one for coronavirus and the other for adenovirus B and E.
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the levels of sICAM-1 correlated with qPCR
values during peak symptoms: rs = 0.39,
P = 0.06 on Day 3; rs = 0.48, P , 0.02 on
Day 4; and rs = 0.44, P , 0.04 on Day 7.

Discussion

This investigation used two different study
designs to compare viral loads in vivo
among children and adults infected with

RV to determine whether the asthmatic
airway is susceptible to increased viral load,
or difficulties clearing the infection.
Although impairments in innate antiviral
immunity together with increased viral
replication have previously been observed
in ex vivo experiments (12–15), we did not
detect significant differences in viral loads
in washes from the children with asthma
who had naturally acquired infections with
RV, or from the adults with asthma

challenged experimentally with RV
compared with infected individuals without
asthma who were enrolled in these studies.

This is the first study to evaluate
viral loads among children treated for
exacerbations of wheezing compared with
those with acute rhinitis. Based on qPCR
assessments, the viral load in the upper
airway, where RV replicates vigorously, was
similar in nasal washes from the wheezing
and rhinitis groups, although viral shedding
among the wheezing children tended to be
lower. The prevalence of positive tests for
RV was essentially the same in both groups.
Thus, the odds ratio for wheezing based only
on a positive test for RV was not significant
among these children. However, similar to
our previous studies in Charlottesville and
Costa Rica, the combination of a positive test
for RV and sensitization (IgE Ab) to one or
more aeroallergens increased the risk for
wheezing significantly (2, 3, 9, 10).

Two previous studies, both done in
adults, reported similar viral loads in
individuals with and without asthma
infected with RV. One study was
a prospective evaluation of adults who were
evaluated when they experienced acute cold
symptoms (20). In that study, urgent care
was not needed, so the investigators were
able to compare viral loads in both nasal
washes and induced sputum samples and
no differences in viral loads between the
subjects with asthma and subjects without
asthma were observed. Similar to the
children with natural colds and acute
symptoms in our study, it is difficult to be
certain when the infections among these
individuals started. The other previous
study was an experimental RV-16 challenge
of adults (23). Like our study, similar
viral loads were observed among allergic
subjects with asthma and volunteers
without asthma during the infection.
Another experimental inoculation study
also reported no significant asthma-related
differences in viral loads evaluated in
samples from the upper and lower airway,
although the amount of virus detected was
numerically greater in those with asthma
compared with those without (24).

What differentiates our assessments
from previous studies is that we examined
viral loads in individuals infected with
RV using two different study designs, which
led to results that were in agreement.
Additionally, two different methods were
used to analyze data from the experimental
RV challenges including a comparison of

Figure 1. Quantitative polymerase chain reaction (qPCR) for rhinovirus (RV) in nasal washes from
children with wheezing and acute rhinitis. Geometric mean values and 95% confidence intervals for
viral load expressed as copies of viral RNA per microliter of nasal wash were 7,718 (95% confidence
interval, 870–68,485) in washes from wheezing children and 21,612 (95% confidence interval,
2,915–160,250) in washes from children with rhinitis. P = 0.48. HEV = human enterovirus; HRVA,
HRVB, and HRVC = human rhinovirus types A, B, and C.

Figure 2. Nasal wash levels of soluble intercellular adhesion molecule-1 (sICAM-1) in children with
wheezing and acute rhinitis. sICAM-1 values are shown as solid circles for wheezing children, open
circles for children with rhinitis, and solid triangles for children without respiratory tract symptoms.
Geometric mean values are noted to the right of the horizontal lines for each group. NEG = negative;
POS = positive; RT-PCR = reverse transcriptase polymerase chain reaction.
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viral loads at each time point when nasal
washes were collected, and a comparison
of cumulative viral loads between the
subjects with and without asthma, an
approach that provides more power to
detect differences between the two groups.
The cumulative viral load assessments were
evaluated during the early phase of the
infection when innate immune responses
begin, during peak symptoms, during
symptom resolution when acquired antiviral
immune responses contribute to viral
killing and clearance, and during the
entire 21 days after virus inoculation.

Almost all wheezing children in our
pediatric study required treatment in the

ER, but they did not vary significantly with
respect to the severity of their symptoms
at the time of enrollment. However, in
the RV-16 challenge study, we previously
reported that the subjects with asthma and
high levels of total IgE had lower respiratory
tract symptoms that were significantly
greater than symptoms reported by the
subjects with asthma and low IgE levels
or by the control subjects without asthma,
despite having viral loads that were, if
anything, lower throughout the infection in
the present evaluation. Additionally, the
subjects with asthma with high and low IgE
levels had respiratory tract symptoms (both
upper and lower) that were increased

compared with control subjects during the
period of symptom resolution, even though
the viral loads were not significantly
different from the control subjects without
asthma. Taken together, the results indicate
that viral load is not likely to influence
the persistence of symptoms in the subjects
with asthma, which supports the hypothesis
that the prolongation of symptoms may
result from the amplification of allergic
inflammation provoked by RV.

In keeping with previous studies, we
observed IFN-l1 levels that were lower, but
the differences were not significant, in nasal
washes from wheezing children than in
washes from the children with acute rhinitis
(13, 15, 25). In addition, two recent studies
have not been able to confirm that IFN-l1
expression is lower in epithelial cells from
the asthmatic airway (26, 27). We also
measured levels of sICAM-1 in washes
from the children and adults in our studies
because of its role as the cell-surface
receptor used to infect airway epithelial
cells by most (90%) RV-A and RV-B
serotypes. In the pediatric study,
significantly lower levels of sICAM-1 were
observed in washes from wheezing children
compared with washes from those with
acute rhinitis, and we previously reported
that the same was true for levels of
sICAM-1 in washes from the adults with
asthma with high IgE levels who were
experimentally challenged with RV-16,
a RV-A serotype that uses ICAM-1 as its
receptor for infection (22). Decreased
expression, before and after RV infection,
of membrane-bound ICAM-1 on bronchial
epithelial cells from subjects with asthma
compared with cells from control subjects
without asthma was also reported
previously (12). In the nasal washes from
children infected with RV-A strains known

Figure 3. Quantitative polymerase chain reaction for rhinovirus in nasal washes from subjects
with asthma and control subjects without asthma after inoculation with rhinovirus-16. The geometric
mean of quantitative polymerase chain reaction values are indicated by symbols and standard
error bars for each day that nasal washes were collected. The number of washes testing positive
for virus at each time point for each group is shown beneath the figure.

Table 3: Cumulative Viral Load Evaluated by qPCR during an Experimental Infection with RV-16*

Subjects with Asthma/High
IgE† (n = 6)

Subjects with Asthma/Low
IgE‡ (n = 10)

Subjects without
Asthmax (n = 8)

Early infection (Days 1 and 2) 1,523 (602–7,319) 15,569 (3,865–85,104) 6,453 (744–55,097)
Peak symptoms (Days 3, 4, 7) 48,582 (24.6–784.2 3 103) 124,216 (38.3–1,064.1 3 103) 110,791 (5.5–1,611.8 3 103)
Symptom resolution (Days 10, 14, 21) 710 (355–1,236) 2,208 (515–7,234) 1,989 (874–4,652)
Total viral load overall 65,657 (27.4–792.3 3 103) 306,769 (184.2–1,151.7 3 103) 164,615 (11.3–1,662.4 3 103)

Definition of abbreviations: qPCR = quantitative polymerase chain reaction; RV = rhinovirus.
*qPCR values in copies of viral RNA/ml are expressed as geometric means, followed by interquartile ranges in parentheses.
†Total IgE values for the subjects with asthma with high IgE were 371–820 IU/ml.
‡Total IgE values for the subjects with asthma with low IgE were 29–125 IU/ml.
xTotal IgE values for the control subjects without asthma were 6–38 IU/ml.
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to bind ICAM-1 in the present study, and
from adults infected experimentally with
R-16 (an RV-A strain) during peak
symptoms, viral loads correlated with
sICAM-1 levels, whereas viral loads and
sICAM-1 in washes from wheezing
children infected with RV-C strains did not
correlate significantly. Together, the data
suggest that the receptor used by RV to
infect epithelial cells may influence viral
load for the RV-A viruses, but this
observation may or may not apply to
infections with RVs that do not use ICAM-1
as their receptor (e.g., RV-C strains, or
RV-A strains that infect by the low-density
lipoprotein receptor).

The capacity of RV infection to
stimulate higher ECP levels in nasal washes
from children without asthma who had
acute rhinitis and positive tests for RV was
observed, and was also noted previously
in our experimental challenges with RV-
16 (22). It is not yet clear whether the
production of ECP is unique to infections
with RV or whether other viral pathogens
can also induce this response. The role of
ECP in the pathogenesis of symptoms
during an RV infection, and to what extent
the production of ECP contributes to the
amplification of allergic inflammation in
the atopic host deserves further study.

To what extent the ability of RVs to
infect the lower airway plays a role in the
pathogenesis of wheezing is still unclear.
Similar viral loads were observed in induced
sputum samples from adults with and

without asthma in the studies cited
previously (20, 23). Additionally, two
bronchoscopic evaluations of adults
challenged with RV-16 experimentally were
not able to distinguish differences between
the extent of RV infection in the lower
airway of hosts with and without asthma
by immunohistochemistry or in situ
hybridization (28, 29). As yet, studies have
not addressed whether the extent of RV
replication within epithelial cells is more
diffuse as compared with the “patchy”
distribution of infected cells previously
reported in the upper respiratory tract of
individuals without asthma and allergy
(30). One would suspect, however, that
viral loads in nasal washes would correlate
with the quantity of intracellular RV
replication, unless there is enhanced
apoptosis to kill infected cells before virus is
released in the asthmatic airway.

Our study of children with RV
infections was not powered for more
detailed comparisons of biomarkers
analyzed in the asthmatic and the rhinitic
groups, or for the comparison of viral loads
between the subgroups of asthmatics or
rhinitics infected with RV-A and RV-C
strains (each of which accounted for half of
the 16 positive tests for RV detected among
wheezing children in the pediatric ER
study). The pediatric ER study was also not
large enough to adjust for the effects of sex,
race, or ethnicity. Additional studies are
needed to learn how viral loads associated
with RV-A and RV-C strains compare.

More research is also needed to evaluate
the roles of membrane-bound ICAM-1
and sICAM-1 in regulating RV viral load,
because the benefit of sICAM-1 in reducing
viral load and cold symptoms during an RV-
A (serotype 39) infection was previously
demonstrated in subjects who received
sICAM-1 intranasally at the time of
experimental inoculation (31). Additionally,
when the method of infecting cells used by
RV-C strains is known, similar studies may
provide new and important insights.

In conclusion, the results of this
investigation suggest that the regulation of
viral load during infections with RV is likely
to be complex. In the pediatric study, the
risk for wheezing with RV was significantly
increased in the atopic host; however, the
viral loads among the children with and
without asthma were similar and the same
was true among the adults who were
infected with RV experimentally. Taken
together, these studies suggest that the
asthmatic response to RV is likely to result
from inflammatory pathways that are
amplified or independently provoked by
RV, rather than from a higher viral load in
the asthmatic airway. n
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