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Rationale: Most asthma exacerbations are initiated by viral upper
respiratory illnesses. It is unclear whether human rhinovirus (HRV)–
induced exacerbations are associated with greater viral replication
and neutrophilic inflammation compared with HRV colds.
Objectives: To evaluate viral strain and load in a prospective asthma
cohort during a natural cold.
Methods: Adults were enrolled at the first sign of a cold, with daily
monitoring of symptoms, medication use, and peak expiratory flow
rateuntil resolution. Serialnasal lavageand inducedsputumsamples
were assessed for viral copy number and inflammatory cell counts.
Measurements andMainResults: A total of 52personswith asthmaand
14control subjectswithout atopyor asthmawere studied for over 10
weeks per subject on average; 25 participants developed an asthma
exacerbation. Detection of HRVs in the preceding 5 days was the
most common attributable exposure related to exacerbation. Com-
paredwith other infections, those by aminor groupAHRVwere 4.4-
fold more likely to cause exacerbation (P ¼ 0.038). Overall, sputum
neutrophils and the burden of rhinovirus in the lower airway were
similar in control subjects without atopy and the asthma group.
However, among HRV-infected participants with asthma, exacerba-
tions were associated with greater sputum neutrophil counts (P ¼
0.005).
Conclusions: HRV infection is a frequent cause of exacerbations in
adults with asthma and a cold, and there may be group-specific dif-
ferences in severity of these events. The absence of large differences
in viral burdenamonggroups suggestsdifferential lowerairway sen-
sitization to the effects of neutrophilic inflammation in the patients
having exacerbations.
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Acute asthma exacerbations remain a significant cause of mor-
bidity and accelerated decline in lung function (1–3). Although
symptomatic upper respiratory tract viral illnesses are the dom-
inant risk factor in pediatric exacerbations, this link is less well
established in adults (4). One prospective cohort of 138 adult

patients with asthma recruited at baseline and followed for over 1
year showed that 71% of adult exacerbations were preceded by
upper respiratory symptoms (5). Adults with asthma experience
the same number of colds as their domestic partners without
asthma, but are twice as likely to develop lower airway symptoms
(6). Numerous studies with enrollment at the time of exacerba-
tion show association with respiratory viruses at a wide range of
detection (26–78%) (5, 7–14). The timing of sample acquisition in
a natural infection may be critical, given that the intensity of cold
symptoms in the first 2 days is more predictive of worsening
asthma control than cold scores reported by participants after
the second day (15). In short, these challenges contribute to an
incomplete understanding of the pathophysiology of asthma
exacerbations in adults, and potentially hinder development of
more effective treatments to be used specifically when asthma
control is threatened (16).

Although virus-induced asthma exacerbations are most fre-
quently associated with rhinoviruses, not all colds result in exac-
erbations, highlighting interaction between the pathogen and
host. Inoculation studies with laboratory strains of human rhino-
virus (HRV) have demonstrated significant variability in the host
immune responses to HRV infections (17–23), although the
magnitude and timing of this response in relation to the overall
inflammatory profile is not resolved (24–26). Neutrophilic in-
flammation of the lower airways has been demonstrated to be
a feature of exacerbations (27, 28); however, less attention has
been paid to the molecular virology of natural colds contribut-
ing to acute asthma. Sequence analysis demonstrates there are
over 150 HRV strains (29). Major HRVs bind to intercellular
adhesion molecule (ICAM)-1, and include most of serogroup A
and all of group B (30–32). Minor HRV is a small subset of
serogroup A that bind to the low-density lipoprotein receptor
(LDL-R) (33). HRV-C has been described more recently and
does not appear to bind to either ICAM-1 or LDL-R. There is
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

There is continued controversy with respect to the contri-
bution of viral upper respiratory tract infections to asthma
exacerbations in adults, and whether viral strains differ in
terms of the associated lower airway burden and likelihood
of causing exacerbation.

What This Study Adds to the Field

Exposure tominor groupA human rhinoviruses (HRVs) had
the highest rates of exacerbations in this study. In patients
with asthma, those with an exacerbation have higher sputum
neutrophil counts than those with a routine cold, without
large differences in HRV burden between groups.
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suggestion that the groups differ in pathogenicity, in that HRV-C
infections were more commonly found in hospitalized children
than other strains (34–36). Moreover, several studies have
shown that the lower airway can be infected by rhinovirus,
but whether this potential exists differentially by strain has
not been evaluated (37–40). As such, the objective of this study
was to determine the relationships between acute asthma symp-
toms, HRV group, and lower airway viral burden in the setting
of natural infections.

We hypothesized that the rate of asthma exacerbation differs
among HRV group and that lower airway viral burden driving
an acute neutrophilic inflammatory response correlates with acute
asthma symptoms and the risk of exacerbation. Herein, we de-
scribe a prospective cohort of patientswith asthmaand healthy vol-
unteers recruited during cold seasons and enrolled at the first onset
of a naturally occurring upper respiratory infection (URI) before
asthma symptoms developed. Two poster abstracts discussing
a portion of these results have been previously published (41, 42).

METHODS

Study Design and Exacerbation Definition

The study was approved by the University of Wisconsin Health Sciences
Institutional Review Board. All participants provided written, informed
consent, with recruitment during the fall and spring cold seasons from
2005 through 2009. Enrollment required a modified Jackson cold symp-
tom score of at least 2, as previously described (21, 43, 44). Figure 1 shows
the basic study design. All subjects completed eight visits, including
seven opportunities to collect nasal lavage samples and two induced
sputa. The first 4 visits (acute) occurred within the first 14 days from
the onset of the cold. Visits 5 and 6 during the recovery period were
primarily for nasal lavage collection and diary validation. To estimate the
precold baseline state, the last two visits (resolution) were not scheduled
until all upper and lower respiratory symptoms were resolved. Details
regarding the participant entry criteria and the following procedures are
described in the online supplement: skin testing; aeroallergen counting;
lung function measurement; nasal lavage; induced sputum collection;
sample processing; and assessment of exhaled nitric oxide.

Exacerbations were defined as an asthma index score greater than
30, as previously described (with an online-available worksheet [45]).
The time to the first exacerbation was also recorded for all events.
Additional details are presented in the online supplement.

Virus Detection, Rhinovirus Molecular Typing,

and Quantification

Nasal lavage and sputum RNA samples were extracted from aliquots of
the cell pellet containing 500,000 cells after storage in Trizol Reagent
(Invitrogen, Carlsbad, CA). After reverse transcription to cDNA by
standard methods, the Respiratory Multicode Assay (Eragen Bio-
sciences, Madison, WI) was used for fluorimetric detection of the pres-
ence of common respiratory viruses with multiplex–polymerase chain
reaction (PCR) and flow cytometry (46). Samples positive for

rhinoviruses were partially sequenced (260-bp variable region in the
59 noncoding genome) to determine strain (34). Quantitative PCR was
then performed with a universal rhinovirus primer set using an ABI
Prism 7,000 machine (Applied Biosystems, Carlsbad, CA). The oligo-
nucleotide sequences for these primers are as follows: PCR forward
primer, CTAGCCTGCGTGG (D110); PCR reverse primer, AAACA
CGGACACCCAAAGTAGT (RVQ1); and probe, 6FAM-TCCTC
CGGCCCCTGA-MGB-NFQ (RVQ2). These primers correspond to
a conserved region of the 59 untranslated region, and were validated
against 97 HRV strains, with further refinement after consideration of
sequences from field strains, including HRV-C. As an estimate of viral
burden similar to methods described previously (47), HRV copy number
was determined by extrapolation of real-time PCR data to a standard
curve generated from a stock of HRV16 with known concentration in
terms of plaque-forming units.

We employed the following definitions: (1) viral infections referred
to the presence of the same virus in at least two contiguously collected
samples; (2) viral illnesses were the infections occurring in conjunction
with upper respiratory symptoms greater than the 95% confidence in-
terval of Jackson symptom scores reported at the resolution visits; (3)
virus-associated exacerbations were when the first detection of a given
virus strain occurred within 5 days before the exacerbation, or up to 2
days after the start of the exacerbation if no antecedent respiratory
sample had been collected.

Statistical Analyses

Based on data from our previous studies, and assuming a 40% exacer-
bation rate and a threefold difference between groups in the acute-to-
baseline change of sputum neutrophils, we calculated that 51 patients
with asthma would provide 80% power to test the hypothesis that
URI-preceded asthma exacerbations are associated with increased spu-
tum neutrophils compared with patients with asthma and URIs who do
not exacerbate. The primary analysis plan also included comparison of
the hazard rates of exacerbation for infection by different HRV groups,
as well as comparisons of HRV copy number between groups of partic-
ipants with asthma stratified by exacerbation status. Secondary endpoints
included the development of a logistic regressionmodel describing acute
and postcold resolution factors predicting exacerbation status during the
first four visits (see the online supplement for details), as well as com-
parisons of virus copy number and neutrophil count between all of the
participants with asthma collectively to those values obtained from the
nonatopic, nonasthmatic control group. Variables not falling under
normal distributions were adjusted with log, natural log, or square root
transformations, as appropriate. Statistical analysis and graphing were
performed with JMP 8 (SAS, Cary, NC) and SigmaPlot 11 (SysStat
Software, San Jose, CA). Testing methods for all comparisons are de-
scribed in the text, and a P value less than 0.05 was considered signif-
icant.

RESULTS

Participant, Cold, and Exacerbation Characteristics

A total of 134 volunteers, including 84 with asthma, were recruited
during 9 cold seasons, involving a total of 803 person-weeks of

Figure 1. Study visit structure

and procedures. Participants were

recruited to enroll in the fall and
spring seasons by mass e-mail,

radio, and newspaper advertise-

ments with instructions to present
within 48 hours of the onset of

cold symptoms. The first 4 visits

were completed within 14 days

of the onset of cold symptoms,
with the vast majority of the first

4 visits completed within 7 days

of onset. The first resolution visit was scheduled only after cold and acute lower airway symptoms were no longer present. Seven nasal lavage (NL) and

two induced sputum samples were collected as shown. Similarly, spirometry, exhaled nitric oxide (FeNO), and methacholine challenge tests were
performed as shown.
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follow-up, and a total of 768 respiratory samples processed for
virus detection. Historical data showed that, of the subjects
with asthma, 28 had used prednisone, 35 required an emer-
gency department visit, 11 were hospitalized, and 2 required
intensive care for asthma in the past. A total of 71 subjects
completed all of the visits. One subject was excluded due to
restrictive lung physiology, and four were not analyzed be-
cause of incomplete diary data, precluding calculation of
the asthma index. Of the remaining 66 participants, 52 had al-
lergic asthma and 14 were nonatopic and did not have asthma
(Table 1). The distributions of age and sex did not differ by
study completion status (ANOVA P ¼ 0.751, Chi-squared
P ¼ 0.138, respectively). Unfortunately, and despite similar
illness severity, non-White participants were 2.5 times more
likely to withdraw prematurely from the study, such that
the resulting study population is 94% White (Chi-squared
P ¼ 0.002). Nonetheless, the incidence of prior prednisone
bursts or advanced medical care did not differ between the
asthma participants completing or withdrawing from this study
(23 of 52 completing, 12 of 31 withdrawing; Chi-squared P ¼
0.622).

All participants had cold symptom scores on the day of enroll-
ment (13.6 6 5.5) and peak acute scores (15.5 6 5.3) that were
higher than the individual baseline averages (1.1 6 2.1; P ,
0.001 for both comparisons). Rates of viral infection were high
(>89%) and did not differ among subject groups (Table 1). A
total of 39 of the 52 (75%) patients with asthma and 11 of the 14
(79%) control subjects were infected with rhinovirus during the
study, and the distribution of rhinovirus serotype groups is
shown in Table 2. Other viruses detected in 10 patients with
asthma and 3 control subjects included coronavirus (n ¼ 3),
metapneumovirus (n ¼ 2), enterovirus (n ¼ 2), influenza A
(n ¼ 3), influenza B (n ¼ 1), parainfluenza-2 (n ¼ 1), and re-
spiratory syncytial virus B (n ¼ 1). A total of 45 of the 55
participants with viruses detected in nasal lavage samples col-
lected at the first two visits also had a virus present in the
sputum sample, with matching strains in all cases comparing
the upper and lower respiratory isolates. A total of 16 partic-
ipants had more than one infection, which usually were sepa-
rated by a period of health in the absence of cold symptoms.
Only one subject had a mixed infection with more than one
virus strain (respiratory syncytial virus-b and coronavirus), but
this did not result in an exacerbation. Finally, there were five
asymptomatic infections that occurred after cold symptoms had
resolved, with HRV group distributions shown in Table 2.

A total of 29 exacerbations occurred during the course of the
study in 25 subjects, with a geometric average time to the first

exacerbation of 7 6 2 days from the onset of the cold. Figure
2A shows the cold symptom scores, asthma index, and the timing
of respiratory sampling in a representative patient, whereas Fig-
ure 2B shows the profile of a subject whose initial cold symptoms
occurred in the absence of virus detection. A total of 19 of the 25
first exacerbations were associated with HRV, in that the first
detection of virus occurred within 5 days before the exacerbation
or up to 2 days after the event if no antecedent sample existed.
HRV-associated exacerbations occurred on a geometric mean of
66 2 days after the onset of cold symptoms, compared with 136
3 days to manifest non-HRV–associated exacerbations (ANOVA
P ¼ 0.048). Comparing patients with asthma with and without
exacerbations, there was no difference in lung function at the first
visit, prior use of inhaled corticosteroid (ICS), or number of
positive skin tests (Table 1). Despite characteristics at study entry
similar to nonexacerbators, participants with an asthma exacer-
bation at any time during the study had more airflow obstruction
and greater asthma index variability in the resolution period (see
Table E1 in the online supplement).

Minor Group A Rhinovirus as the Primary Seasonal Exposure

Associated with Exacerbations

Qualitative detection of any rhinovirus was the largest risk factor
for exacerbation in a logistic regressionmodel (Table E2), and this
finding remained significant after adjustment for pre-enrollment
ICS use and FEV1 measured at resolution (adjusted OR, 6.8;
95% confidence interval, 1.6–30.0; P ¼ 0.01). With respect to
HRV group differences, seven of nine subjects exposed to a minor
group A rhinovirus had an exacerbation, which was the highest
proportion of subjects at risk for their first event (Table 2). Haz-
ard rates for each HRV group were apportioned using the follow-
up time after the first virus detection. Compared with all other
viral groups and environmental exposures combined, that hazard
ratio of having an exacerbation after minor group A rhinovirus
exposure was 4.4 (P ¼ 0.038; Table 2).

Lower Airway Rhinovirus and Neutrophil Burden Are

Associated with Asthma Exacerbations

The peak of nasal lavage rhinovirus copy number occurred on
a median of 3 days after the self-reported onset of symptoms,
with an interquartile range of 2–4 days; this result is similar to
findings in inoculation studies (26). The geometric mean of
HRV copies in the sputum samples from patients having an
exacerbation was numerically 6.4-fold higher than those not
having an exacerbation, although this did not reach statistical

TABLE 1. PATIENT CHARACTERISTICS AT THE ENROLLMENT VISIT, AND RATES OF VIRUS EXPOSURE THROUGHOUT THE STUDY

Asthma with Subsequent

Exacerbation

Asthma without

Exacerbation

Control Subjects without

Atopy or Asthma

All Groups,

P Value

Asthma Only,

P Value

Participants, n 25 27 14

Age, yr 29 6 12 24 6 6 27 6 11 0.242 0.085

Sex, % female 76 70 57 0.468 0.648

FEV1 % predicted at visit 1 95 6 14 95 6 13 102 6 10 0.238 0.895

FEV1/FVC at visit 1 0.77 6 0.08 0.81 6 0.08 0.84 6 0.08 0.036 0.151

Albuterol–FEV1 % change at visit 1 6 6 7 6 6 6 3 6 3 0.214 0.798

Prior ICS use, n 8 7 0 N.D. 0.629

Virus positive, n 23 24 14 0.441 0.704

Positive skin tests per participant 6 6 3 5 6 3 0 N.D. 0.252

Follow-up, wk 12 6 4 10 6 3 9 6 4 0.040 0.040

Definition of abbreviations: ICS ¼ inhaled corticosteroid; N.D. ¼ not determined.

All participants had acute cold symptoms upon enrollment. Those with asthma were stratified by the presence or absence of any exacerbation during the entire course

of the study. Virus exposure is listed as the number of subjects in each group with any respiratory sample positive for viruses. Continuous data are represented as mean 6
SD. ANOVA or Student’s t tests were used for testing continuous data from all groups of subjects or just those with asthma, respectively. Chi-squared tests are presented

for categorical data.

Denlinger, Sorkness, Lee, et al.: Rhinovirus Detection Predicts Asthma Exacerbation 1009



significance with the current sample size (21.2 6 4.9 3 105

versus 3.3 6 0.7 3 105 copies; P ¼ 0.123). To evaluate whether
some individuals had a higher burden of HRV in the lower
airway than that detected in the nose, we expressed the data
as a ratio of the sputum copy number to the maximum found in
the nasal lavage samples for each participant. Figure 3A

demonstrates that patients having a rhinovirus-triggered asthma
exacerbation are more likely than those without an exacerba-
tion to have a sputum-to-nasal lavage HRV ratio greater than 1,
suggestive of replication of the virus in the lower airway. There
were no differences in viral load in the sputum samples among
classes of HRV.

Subjects with asthma exacerbations of any cause had higher
neutrophil counts in the sputum samples collected at the acute
visit than did participants without an asthma exacerbation (Fig-
ure 3B). This was also the case when restricting the analysis to
HRV-exposed individuals, with a geometric mean of sputum
polymorphonuclear cells (PMNs) that was 5.5-fold higher in
patients with exacerbations compared with those without (P ¼
0.005). To estimate the influx of PMNs during the cold, we also
evaluated the acute-to-baseline ratio of sputum PMNs. Univar-
iate logistic regression analysis showed that, for every twofold
increase in the acute-to-baseline sputum PMN ratio, the odds
ratio of exacerbation was 1.4 (95% confidence interval, 1.0–1.9;
P ¼ 0.04; Table E2). Finally, there were no differences in viral
burden or sputum neutrophil counts between patients with
asthma and the control participants without atopy (Figure E1).

Secondary Endpoints and Post Hoc Analyses

We performed logistic regression analysis on data from subjects
with asthma to test for associations between subject and illness
characteristics and asthma exacerbation (Table E2). The severity
of colds, duration of upper respiratory symptoms, qualitative de-
tection of rhinovirus, and neutrophil influx were all associated
with exacerbations. Upon recovery from the cold, the percent
predicted FEV1/FVC ratio was the only variable that signifi-
cantly related to exacerbation. Similar results were obtained
in analyzing the asthma index as a continuous variable (data
not shown). In addition, 33 of the 52 subjects with allergic
asthma had upper respiratory symptoms that coincided with
environmental exposure to relevant allergens. The rates of sea-
sonal symptomatic allergen exposures did not differ according
to exacerbation status (P ¼ 0.581), nor did it change the dura-
tion of upper respiratory symptoms in subjects with asthma
(14 6 7 versus 18 6 13 d, without and with seasonal exposure
respectively; P ¼ 0.220). Three subjects had exacerbations likely
due to Alternaria sensitization and exposure in the absence of
virus detection; however, the small number of patients in this
group did not permit a reliable estimate of the hazard rate. More-
over, neither the change of sputum eosinophils or nor change in
exhaled nitric oxide levels were predictive of exacerbations in the
entire cohort (see the online supplement, including Table E2).

TABLE 2. RATES OF INFECTION, UPPER RESPIRATORY ILLNESS, AND ASTHMA EXACERBATIONS BY DETECTED GROUPS OF RHINOVIRUS

Virus Group Viral Infections Viral Illnesses

Subjects at Risk

for First Exacerbation

Subjects with at Least

One Exacerbation

Person-Weeks of Follow-Up to

First Exacerbation or Censure

Hazard

Rate

P Value (vs. All

Others Combined)

HRV-A major 14 14 12 7 49.7 0.141 0.210

HRV-A minor 11 10 9 7 24.3 0.288 0.038

HRV-B 11 8 8 4 58.4 0.068 0.896

HRV-C 10 10 8 3 55.6 0.054 0.448

HRV—not typable 4 3 1 1 1.1 0.875 0.371

Other viruses 10 10 8 1 64.1 0.016 0.053

None detected before

exacerbation

0 0 6 2 44 0.045 0.491

Total 60 55 52 25 297.2 0.084 —

Definition of abbreviation: HRV ¼ human rhinovirus.

Viral infections in the participants with asthma at any time during the study are enumerated by group. When viruses were detected during the acute visits, nearly all

were present in the first sample (give number in first sample/total viruses detected), and the median duration of viral shedding was 10 days (interquartile range, 7–19 d).

A total of 35 subjects had only 1 virus detected; 11 subjects had 2 and 1 subject experienced 3 infections during the course of the study, usually representing distinct

colds. Five viral infections were asymptomatic. Viral illnesses that occurred before the first exacerbation are presented with the number of exacerbations, person-weeks of

follow-up, and associated hazard rates. A proportional hazards model tested the differences between individual HRV groups.

Figure 2. Timing of NL samples and the definition of virus-associated
exacerbations. The daily highest total symptom score for the modified

Jackson cold symptom survey is shown with filled circles, whereas the

asthma index is shown with open triangles. The timing of respiratory

sampling is also denoted with arrows referring to virus detection and
open circles denoting virus-negative samples. (A) A subject with a typical

profile is depicted, whereas (B) depicts a subject whose upper respiratory

symptoms were initially not associated with virus detection, but eventu-

ally acquired a virus and had a human rhinovirus (HRV)–associated
exacerbation.
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Finally, participants taking ICS before enrollment had a greater
change in sputum eosinophils and a trend toward a higher sputum
HRV copy number compared with subjects not taking ICS (Fig-
ure E2). By contrast, the change in exhaled nitric oxide levels did
not differ according to the presence or absence of ICS use before
the cold (Figure E2).

DISCUSSION

The goals of this study were to determine whether rhinovirus
colds were associated with distinct patterns of viral replication
or neutrophilic airway inflammation in subjects with asthma,
and to determine whether these same predictors correlated with
exacerbations. Three-fourths of the colds in this study were due
to rhinoviruses, and HRV exposure was the primary agent asso-
ciated with exacerbation in the following 5 days. This rate is at

the higher end of those reported in other studies (5, 8–12), and
may, in part, reflect recruitment strategies designed to enroll
subjects at the first sign of a cold and before the exacerbation
occurs. Data from the present study provide several novel
insights. Foremost, the rate of exacerbations was 4.4-fold higher
for group A minor HRV compared with all other groups com-
bined, and may be the first study in adults with asthma to ex-
amine differences in HRV group pathogenicity. Published
studies in children suggest that HRV-C may be more likely to
cause severe exacerbations requiring hospitalization (34–36,
48). HRV-C is more difficult to grow in culture, and does not
appear to bind ICAM-1 or the LDL-R (49). Although we did
not perform broad surveillance of adults for a complete profile
of HRV strains in the community for each cold season, HRV
group A has been shown to be more likely to have an increased
symptom burden in general populations of adults (50, 51). Col-
lectively, these data suggest that there may be an age dependence
to the intensity of the immune response to HRV, or that prior
exposure to HRV-C may provide greater protection against sub-
sequent exposure to this group in adults, in comparison with
other HRV groups. Other potential mechanisms for varying
HRV group pathogenicity that warrant further study include
baseline differences in lower airway epithelial cell expression
levels of ICAM-1, LDL-R, and the receptor for HRV-C, incon-
sistent effects of ICS on the expression of these receptors, and/or
potential divergent signaling pathways, leading to production of
chemokines and/or antiviral factors (52–54).

The quantitative assessment of HRV copy number and asso-
ciated lower airway inflammation in patients with asthma rela-
tive to control subjects without atopy or asthma has also not
been previously shown during natural infections. We demon-
strate that the HRV copy number in acute sputum samples from
patients with asthma are not different when grouped according
to exacerbation status; however, patients with HRV-associated
exacerbations had greater than fivefold more neutrophils in their
acute sputum samples than subjects with HRV colds, but no ex-
acerbation. These data can be interpreted in several ways. First,
it is likely that the variability inmeasuringHRVRNAcopy num-
ber in a sputum sample is greater than that associated with neu-
trophil enumeration. In this sense, the present study may be
underpowered to detect differences in lower airway HRV copy
number that would be predicted if patients with asthma indeed
have a relative deficiency in antiviral factors (22, 23). Consistent
with this notion is our observation that select patients with
exacerbations have a sputum-to-peak nasal lavage HRV ratio
greater than 1, suggestive of lower airway replication. In this light,
it was interesting that post hoc analysis showed a trend toward
increased sputum HRV copy number in patients previously tak-
ing ICS. Previous ICS use may be a marker for attenuated anti-
viral host factor production, and, similarly, administration of oral
steroids has been shown to increase the nasal HRV titer during
inoculation experiments, such that the increased burden may be
an effect of the medicine (55). Second, patients with exacerba-
tions could have more robust recruitment and/or delayed clear-
ance of neutrophils and other inflammatory cells from the lower
airway in the setting of a similar viral challenge. With respect to
the latter possibility, defects in alveolar macrophage phagocytosis
have been associated with severe asthma phenotypes that are
more exacerbation prone (56, 57). Third, given that the control
subjects who are HRV infected and nonatopic in the present
study had similar sputum neutrophil counts to those from the
patients with asthma, there are likely to be additional features
of the asthmatic lower airway that contribute to the exacerbation
phenotype. Collectively, these observations will need validation
in a larger cohort, with the goal of identifying biomarkers related
to the risk of exacerbations during natural infections.

Figure 3. Rhinovirus and sputum neutrophil burden in acute samples.
Quantitative PCR was performed using universal HRV primers on all

available acute samples from all participants with a detected rhinovirus

(A), stratified by the presence or absence of an exacerbation occurring
within 5 days of collection of the sputum sample (which occurred on

Cold Day 5 6 2 in the acute period). The sputum HRV burden is

expressed as a ratio to the peak occurring in the NL samples. Chi-

squared analysis was done for the rates of having more HRV copies in
the sputum sample than in the peak of the NL, with sample sizes of 13

and 14, respectively. (B) The absolute number of neutrophils per gram

of sputum during the acute visit. Sputum neutrophil data from all sub-

jects with asthma are shown regardless of virus detection (n ¼ 28 and
19, respectively). Data were log transformed before ANOVA testing. All

data are expressed as box and whisker plots.
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Clearly, the timing of respiratory sample collection is critical
in a natural infection and, as such, our study design had a number
of strengths and some limitations that should be considered in
interpreting these findings. To fully characterize the effects of
the acute illness, all participants completed four study visits
within the first 14 days after the onset of cold symptoms. That
the cold symptom scores in all participants continued to rise during
the early visits, the peak nasal lavage HRV copy number occurred
on the third day of cold symptoms (similar to that observed in in-
oculation experiments (26)), and lung function at the first visit
was not different between patients with asthma with or without
exacerbation, all suggest that our recruiting efforts enrolled a pre-
exacerbation population. Nonetheless, it is possible that some of
the acute samples were collected after peak inflammation. The
ability to test multiple samples of respiratory secretions with sen-
sitive and comprehensive PCR-based viral diagnostics (58) adds
to the validity of identifying viral illnesses. Furthermore, HRV-
positive samples were confirmed by sequencing and molecular
typing, which allowed for analysis of group-specific effects. In
contrast, previous work by others identified female sex, race,
peak expiratory flow variability, lack of use of ICS, and a history
of treatment with oral corticosteroid, such as prednisone, as in-
dependent risk factors for the incidence and severity of asthma
exacerbations (1, 2, 59). These factors were not significant in the
present study, and may reflect a limitation of our sample size and
mild baseline disease impairment. Of note, 36 of the initial 84
patients with asthma (42.9%) had required prednisone and/or
advanced medical care during episodes before the current study,
demonstrating that our recruiting strategy captured an at-risk
population. Our entry criteria required an FEV1 > 70% pre-
dicted at the first visit, and an absence of baseline use of high-
dose ICS or prednisone to ensure safety during the complex visit
structure and procedural burden. As such, our findings may not
apply to those with more severe asthma, although this population
will clearly be of interest in terms of the potential interactions
between corticosteroids and viral burden. Use of recently adap-
ted nasal sample collection methods at home (47) may allow us to
enroll patients in future protocols with a greater spectrum of
disease severity and fewer dedicated study visits.

In conclusion, we show thatHRV infection is themost frequent
exposure in adults causing seasonal asthma exacerbation in the
setting of concomitant upper respiratory symptoms, and that mi-
nor group A HRV has the highest rate. Relative to participants
with asthma experiencing an HRV cold only, subjects with exac-
erbations have higher sputum neutrophil counts and an increased
chance of having more HRV detected in the sputum compared
with the nasal samples. Ongoing work in several laboratories is
focused on the identity of rhinovirus species or sequence elements
that confer the most pathogenic risk. Additional study is also war-
ranted regarding the mechanisms by which allergic inflammation
influences the antiviral response and/or sensitizes the lower airway
to injury associated with neutrophilic influx.
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