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Acute exacerbations are the major cause of asthma morbidity,
mortality, and health-care costs and are difficult to treat and
prevent. The majority of asthma exacerbations are associated with
rhinovirus (RV) infection, but evidence supporting a causal rela-
tionship is weak and mechanisms are poorly understood. We
hypothesized that in asthmatic, but not normal, subjects RV infec-
tion would induce clinical, physiologic, and pathologic lower air-
way responses typical of an asthma exacerbation and that these
changes would be related to virus replication and impaired T helper
1 (Th1)/IL-10 or augmented Th2 immune responses. We investi-
gated physiologic, virologic, and immunopathologic responses to
experimental RV infection in blood, induced sputum, and bronchial
lavage in 10 asthmatic and 15 normal volunteers. RV infection
induced significantly greater lower respiratory symptoms and lung
function impairment and increases in bronchial hyperreactivity and
eosinophilic lower airway inflammation in asthmatic compared
with normal subjects. In asthmatic, but not normal, subjects virus
load was significantly related to lower respiratory symptoms,
bronchial hyperreactivity, and reductions in blood total and CD8�

lymphocytes; lung function impairment was significantly related to
neutrophilic and eosinophilic lower airway inflammation. The
same virologic and clinical outcomes were strongly related to
deficient IFN-� and IL-10 responses and to augmented IL-4, IL-5, and
IL-13 responses. This study demonstrates increased RV-induced
clinical illness severity in asthmatic compared with normal subjects,
provides evidence of strong relationships between virus load,
lower airway virus-induced inflammation and asthma exacerba-
tion severity, and indicates augmented Th2 or impaired Th1 or IL-10
immunity are likely important mechanisms.

exacerbation � respiratory viruses � immunology �
human experimental virus infection

Acute exacerbations are the major cause of asthma morbidity,
mortality (1), and health-care costs (2). Inhaled steroids are

associated with reduced risk of exacerbation (3); however, optimal
therapy in adults reduces exacerbation frequency by only �40–50%
(4, 5). In school-age children inhaled steroids were ineffective at
reducing exacerbation frequency, duration, or severity (6), and in
preschool children oral steroids are also reported ineffective (7).
Current therapy is therefore of limited efficacy and new more
effective therapies are urgently required. To identify targets for
development of new treatments, better understanding of mecha-
nisms of virus-induced asthma exacerbations is required.

Virus infections are associated with 80–85% of pediatric (8, 9)
and �75% of adult (10, 11) asthma exacerbations, and rhinoviruses
(RVs) account for two-thirds of virus detections. Asthmatic indi-
viduals are more susceptible to naturally occurring RV infection
than normal individuals in that lower respiratory tract symptoms
and changes in peak expiratory flow (PEF) are more severe and of

longer duration (12). We recently found increased RV replication
and impaired IFN responses to ex vivo RV infection in primary
bronchial epithelial cells from asthmatic compared with normal
subjects (13, 14). However, relationships between viral load and
asthma exacerbation severity have not been established.

Increased sputum neutrophils are observed in virus-induced
asthma exacerbations (10, 15); however, studying lower respiratory
inflammatory mechanisms during naturally occurring asthma ex-
acerbations is extremely difficult. Therefore relationships between
virus-induced airway inflammation and asthma exacerbation se-
verity have not been established.

Human experimental RV infection in mild asthmatic volunteers
report RV infection is associated with augmented physiological and
inflammatory responses to allergen challenge (16, 17) and reduc-
tions in PEF (18), forced expiratory volume in 1 s (FEV1) (19), and
increases in bronchial hyperreactivity (20). However, studies that
have investigated both asthmatic and normal subjects have not
demonstrated differences between subject groups in reductions in
lung function or lower airway inflammatory responses (21, 22).
Finally, asthma is associated with augmented T helper 2 (Th2)
immunity, whereas weaker Th1 responses have been associated
with impaired viral clearance in allergic subjects (23). However, the
importance of Th1/2 immunity in virus-induced asthma exacerba-
tion is unknown. Similarly, IL-10 expression is down-regulated in
stable asthma (24), and its role in acute exacerbations is poorly
understood (25).

We investigated the hypotheses that RV infection would induce
significantly greater lower respiratory symptoms, reductions in lung
function, and increases in bronchial hyperreactivity and lower
airway inflammation in asthmatic compared with normal subjects.
We also considered that virus load and virus-induced airway
inflammation would be related to severity of clinical illness, and
Th1/2 and IL-10 immune responses would be related to virus load
and clinical outcomes during infection.

Results
Recruitment and Baseline Characteristics of Subjects. Eleven atopic
asthmatic and 17 nonatopic normal volunteers were recruited into
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the study. One asthmatic and two normal volunteers did not
continue after the baseline phase. There were no serious adverse
events and no subjects required inhaled or oral steroids for their
asthma. Baseline characteristics of the recruited subjects are in
supporting information (SI) Table S1.

Confirmation of RV16 Infection. Successful experimental RV16 in-
fection was confirmed in all subjects (SI Text and Table S2). The
time course of virus loads in nasal lavage for both subject groups are
shown in Fig. S1 a and b. These were similar in both groups and
characteristic of an acute infection, with undetectable virus in most
volunteers on day 1 after inoculation, followed by a rapid increase
in virus loads on day 2 after inoculation with a peak around days
2–4. Virus was also detected in the lower airway in both groups of
subjects. Virus loads in both upper and lower respiratory tracts were
between 0.5 and 2 Logs greater in the asthmatic compared with the
normal subjects; however, these differences were not statistically
significant (Fig. S1c).

RV Induction of Cold Symptoms. Both groups had significantly
increased cold symptoms during infection. Daily cold scores peaked
for both groups on day 3. Relative to the mean score on days �4
to 0 there were significant increases in daily cold score for asthmatic
subjects on days 1–4 and 8–10 and for normal subjects on days 3–7.
Differences in peak [asthmatic 9 (6,10.5) vs. normal 6 (3, 9) P �

0.24] and total [25 (24,36.5) vs. 13 (3.5,26.5) P � 0.11] cold scores
between the asthmatic and normal groups were not statistically
significant.

RV Induction of Chest Symptoms. Both groups also had significantly
increased chest symptoms (Fig. 1 a and b) during infection. Daily
chest scores peaked later than cold symptoms for both groups at day
6. Relative to the mean score on days �4 to 0 there were significant
increases in daily chest scores for asthmatic subjects on days 1 and
3–7 but for normal subjects only on day 6. Daily chest scores were
significantly greater in the asthmatic group than the normal group
on day 3 (P � 0.018), day 4 (P � 0.002), and day 7 (P � 0.021). Peak
chest score (Fig. 1c) was higher in the asthmatic group [asthmatic
3 (1.5, 7.5) vs. normal 1 (0, 3) P � 0.05] as were total chest symptoms
(Fig. 1d) in the asthmatic subjects [13 (5, 25)] compared with
normal subjects [2 (�1, 7)], P � 0.017.

RV Induced Reductions in Lung Function. RV infection induced no
significant changes in PEF or FEV1 in the normal group on any
study day (P � not significant on all days), in the asthmatic group
there were significant falls in FEV1 on day 3 and 5–14 (data not
shown) and in PEF on days 1–8 and 12–14 (Fig. 1e). In addition, the
median maximum percentage fall was significantly greater in the
asthmatic group for both FEV1 [12.5 (5.1, 17.9) vs. 3.8 (0.3, 6.8), P �
0.027] and PEF [Fig. 1f; 10.8 (9.2, 30.6) vs. 4.5 (0.8, 9.6) P � 0.003].

Fig. 1. Lower respiratory symptom scores and lung function (PEF) during RV16 infection. Lower respiratory (chest) symptom scores were determined after RV16
inoculation in the asthmatic and normal subject groups. Chest scores are displayed in a–d and PEF are shown in e and f. Chest symptoms were more severe in
the asthmatic group. Daily chest scores were significantly increased above baseline for the asthmatics on days 1 and 3–7 (a) and for the normals only on day 6
(b). *, P � 0.05 and **, P � 0.01 compared with the corresponding baseline day. The peak chest score (c; P � 0.05) and the 2-week total chest score (d ; P � 0.017)
were both significantly greater in the asthmatic group compared with those recorded in the normal group. Daily PEF is expressed as the percentage change in
morning PEF from baseline. In e, individual 3-day rolling mean data are plotted for days �4 to 14 (asthmatics, F; normals, E) as is the group median percentage
change (asthmatics, solid line; normals, dotted line). In the normal group no significant change in PEF was seen on any of the days after inoculation. In contrast
in the asthmatic group there were significant falls in PEF on days 1–8 and 12–14 (**, P � 0.01; *, P � 0.05 compared with baseline). In addition, the maximum
percentage fall in PEF ( f) was greater in the asthmatics (P � 0.003).

Message et al. PNAS � September 9, 2008 � vol. 105 � no. 36 � 13563

M
ED

IC
A

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/data/0804181105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0804181105/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0804181105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0804181105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0804181105/DCSupplemental/Supplemental_PDF#nameddest=SF1


RV Induction of Bronchial Hyperreactivity. For the asthmatic group
there was a significant reduction in both the provocative concen-
tration (PC)20 [ Fig. S2a; � 0.6 doubling dilutions (�0.6, �1.3) P �
0.038] and the PC10 histamine [�0.9 (0.1, �1.5) P � 0.05] at day 6
relative to baseline. In contrast, there was no significant change in
PC10 [Fig. S2b; 0.2 (�0.9, 0.7) P � 0.9] for the normal group. As a
consequence, at infection, the asthmatics had significantly greater
bronchial hyperreactivity [day 6 PC10 for asthmatic subjects 0.3
mg/ml vs. 6.4 mg/ml for normal subjects P � 0.001].

Relationship Between Clinical Illness Severity and Virus Load. There
was a strong significant correlation between total lower respi-
ratory symptoms and nasal virus load in the asthmatic group
(Fig. 2b; r � 0.79, P � 0.01), but none in normal subjects. There
was also a strong significant inverse correlation between the
change in PC20 and virus load in the asthmatic group (Fig. 2d;
r � �0.77, P � 0.016).

Changes in Peripheral Blood Lymphocyte Subtypes During Infection. In
asthmatic, but not in normal, subjects there were significant falls
at day 4 vs. baseline in blood CD4� T cells (�109/liter) [0.8 (0.5,
0.9) vs. 0.8 (0.8, 1.0) P � 0.028]; CD8� T cells [0.3 (0.2, 0.5) vs.
0.5 (0.4, 0.7) P � 0.028] and B cells [0.2 (0.1, 0.2) vs. 0.2 (0.1, 0.4)
P � 0.028] with a trend for reduction in NK cells [0.1 (0, 0.2) vs.
0.2 (0.1, 0.5) P � 0.116].

Bronchoalveolar Lavage (BAL) Leukocyte Concentrations During In-
fection in Asthmatic and Normal Subjects. Reductions in blood
leukocytes during infection were consistent with their recruitment
to the lung. We therefore next determined whether lower airway
inflammatory responses were increased in asthmatic subjects and
related to clinical illness. Lower airway inflammation was increased
during infection in the asthmatic group relative to normal volun-
teers, although it was only statistically significant for eosinophils:

lymphocytes (all �106/liter BAL; Fig. 2a) [asthmatics 24.3 (14.9,
35.4) vs. normal 18.2 (7.7, 19.6) P � 0.06], eosinophils [asthmatics
2.6 (1.4, 5.4) vs. normals 0.8 (0.1, 0.9) P � 0.004], and neutrophils
[asthmatics 2.9 (1.5, 9.6) vs. normals 1.5 (0.7, 3.2) P � 0.07].

Induced Sputum Cell Counts During Infection in Asthmatic and Normal
Subjects. Infection induced increased numbers (106/g sputum) of
total nonsquamous cells for all subjects combined at day 7 [2.1 (1.1,
3.0) vs. baseline 1.0 (0.8, 2.1) P � 0.019] and total leukocytes [1.9
(0.9, 2.7) vs. 0.8 (0.6, 1.9) P � 0.011]. Among leukocytes, percent
neutrophils increased during infection for all subjects from baseline
[20.5 (11.1, 34.3)] both at day 3 [29.8 (17.3, 47.2), P � 0.044] and day
7 [46.6 (21.5, 58.7), P � 0.001], as did absolute neutrophil counts on
day 7 [0.5 (0.3, 1.4) vs. baseline 0.2 (0.1, 0.4) P � 0.002]. There were
no significant increases in eosinophil numbers during infection in
sputum (data not shown).

Neutrophil counts were three to four times higher at days 3 and
7 in the asthmatic relative to the normal group, but these differences
were not significant (P � not significant for both]. Sputum per-
centage of eosinophils were higher in the asthmatic group at day 3,
asthmatics 2.0 (0.6, 3.2) vs. normals 0 (0,0.1), P � 0.003.

Relationship Between Immunopathology and Clinical Illness Severity
and Virus Load. For blood lymphocytes there were strong significant
relationships between virus load and both the percentage fall in
lymphocytes at day 4 (r � �0.9; P � 0.037) and the percentage fall
in CD8� T cells (r � �1.0; P � 0.001) in asthmatic, but not normal,
subjects (P � not significant).

Lower airway inflammation was related to clinical illness severity
in asthmatic subjects as both BAL neutrophils (r � �0.74; P �
0.021) and eosinophils (r � �0.7; P � 0.049) were significantly
related to maximal fall in PEF (Fig. 2 c and d, respectively), and
sputum eosinophil counts on day 3 correlated with total lower
respiratory symptoms (r � 0.83; P � 0.042) and on day 7 with fall
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Fig. 2. Differences in BAL leukocyte concentrations
during RV infection and relationships between virus
load and airway inflammation and clinical illness sever-
ity are shown. (a) At day 4 BAL leukocyte concentra-
tions were greater in the asthmatic than in the normal
group. This difference was significant for eosinophils
(Middle) and approached statistical significance for
lymphocytes (Left) and neutrophils (Right). (b–e) The
relationships between RV virus load and BAL inflam-
matory cells numbers and clinical illness severity were
investigated in the two subject groups. In the asthmatic
group (F) there was a significant correlation between
peak virus load after inoculation and total chest symp-
tom score (b) and the fall in histamine PC20 at day 6 (d)
and between the maximum fall in PEF and the day 4
BAL neutrophil concentration (c) and the BAL day 4
eosinophil concentration (e). There were no significant
correlations in the normal group (E).
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in PC10 histamine (r � �0.87; P � 0.05), there were no such
relationships in normal subjects (P � not significant).

Relationship Between Th1/2 Immune Responses and Clinical Illness
Severity and Virus Load. To investigate whether Th1 or Th2 immune
responses were associated with severity of RV asthma exacerba-
tions, we related Th1/2 responses determined at the baseline studies
before infection to virus load and clinical outcomes in response to
RV infection in the asthmatic subjects. We observed that both
IFN-� (Fig. 3a) and IL-10 (Fig. 3b) production by peripheral blood
CD4� T cells were associated with protection, in that stronger
responses were associated with lower virus loads and less severe
common cold symptoms [blood CD4 IFN-�� cells vs. nasal lavage
virus load (r � �0.89, P � 0.02); blood CD4 IL-10� cells vs. nasal
lavage virus load (r � �0.89, P � 0.02) vs. total cold score (r �
�0.97, P � 0.001])]. These data are based on small subject numbers,
as only a few subjects had blood cells available for these studies. The
data thus must be interpreted with caution and require confirma-
tion in larger subject numbers.

We next investigated responses in the lower airway and their
relation to lower respiratory outcomes and found that IFN-�
production by BAL CD4� T cells was also associated with protec-
tion, as stronger responses were strongly related to less severe falls
in PEF (Fig. 3c; r � 0.85, P � 0.004), whereas in contrast, BAL
CD4� T cell production of the Th2 cytokines IL-4, IL-5, and IL-13
were all associated with adverse outcomes, as stronger responses
were related to more severe lower respiratory symptom scores (Fig.
3 d–f; IL-4, r � 0.7, P � 0.03; IL-5, r � 0.75, P � 0.02; IL-13, r �
0.68, P � 0.045).

Lower Airway Cells from Asthmatics Are Deficient in Th1 and Have
Augmented Th2 Cytokine Production. Finally, having observed that
IL-10 and/or IFN-� were associated with lower virus loads and less
severe symptoms and lung function reductions, whereas the Th2
cytokines IL-4, IL-5 and IL-13 were associated with more severe
asthma symptoms in this experimental model of RV-induced
asthma exacerbations, we next wanted to determine whether pro-

duction of possibly protective cytokines was deficient and/or Th2
cytokines was augmented in asthma.

We therefore measured levels of these cytokines in supernatants
of BAL cells from the baseline bronchoscopy in same asthmatic and
normal subjects, after they had been stimulated for 48 h ex vivo with
RV, phytohemagglutinin (PHA), or LPS.

We observed that levels of IFN-� (P � 0.008), IL-10 (P � 0.03),
and the Th1-promoting cytokine IL-12 (P � 0.03) were all induced
significantly by virus or LPS in cells from normal subjects, but no
significant induction was observed in those from asthmatic subjects
(Fig. 4 a–c). In contrast, levels of the Th2 cytokine IL-4 induced by
PHA were significantly higher (P � 0.006) in the asthmatic subjects
than those observed in the normal subjects (Fig. 4d). The other Th2
cytokines, IL-5 and IL-13, were induced by PHA only in the cells
from asthmatic subjects (both P � 0.02), whereas no significant
induction was observed in those from normal subjects (Fig. 4 e and
f). We also measured levels of the T cell cytokines IL-2 and IL-17
and found that they were induced by PHA to similar levels in both
asthmatic (P � 0.03 and 0.02, respectively) and normal subjects
(P � 0.03 and 0.04, respectively) (Fig. 4 g and h).

Discussion
We have used experimental RV infection in asthmatic and normal
volunteers to investigate the pathogenesis of virus-induced asthma
exacerbations. We found that asthmatic subjects had markedly
increased lower respiratory symptoms compared with normal sub-
jects who developed only minimal lower respiratory symptoms. The
total lower respiratory tract symptom score in asthmatics was �6
times greater than that recorded by the normal volunteers. In
addition, only asthmatic subjects had reductions in lung function
and increases in bronchial hyperreactivity in response to infection.
These observations confirm that RV infection in asthma is associ-
ated with greatly increased lower respiratory clinical illness severity.

The mechanisms by which RV infections induce lower respira-
tory symptoms and alterations in lung physiology in asthma are not
well understood (26). However, given that primary bronchial epi-
thelial cells from asthmatic subjects replicate RV efficiently in vitro,
whereas those from normal individuals are much more resistant to

Fig. 3. Relationships between blood CD4� IFN-� and
IL-10 production and nasal lavage virus load and be-
tween BAL CD4� IFN-� and IL-4, IL-5, and IL-13 produc-
tion and reductions in lung function and lower respi-
ratory symptoms in asthmatic subjects. (a and b)
Peripheral blood CD4� IFN-� and IL-10 production
were assessed at baseline before experimental RV in-
fection by intracellular cytokine staining. In the asth-
matic group there was a significant inverse correlation
between peak virus load and both CD4� IFN-� (a) and
IL-10 (b) production and between total cold symptom
score and IL-10 production (data not shown; P �
0.001). (c–f ) BAL CD4� IFN-� and IL-4, IL-5, and IL-13
production were assessed at baseline before experi-
mental RV infection by intracellular cytokine staining.
In the asthmatic group there was a significant inverse
correlation between the maximum fall in PEF and
CD4� IFN-� production (c) and significant positive cor-
relations between CD4� IL-4 (d), IL-5 (e), and IL-13 ( f)
production and total chest symptom score.
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RV replication (13), a likely explanation is that increased virus load
in asthma leads to increased virus-induced inflammation. We
observed that virus load was strongly correlated with severity of
both lower respiratory symptoms and increases in bronchial hyper-
reactivity, but these relationships were exclusive to asthmatic sub-
jects (Fig. 2 d and f), suggesting an important role for virus load in
determining the severity of clinical illness in asthma exacerbations.

To determine whether virus load was also associated with
increased inflammation, we next investigated inflammatory cells in
blood, sputum, and BAL. In blood, RV infection resulted in
reductions in circulating lymphocytes. This observation would be
consistent with recruitment of lymphocytes to an inflamed airway.
This interpretation is supported by the strong correlation between
the fall in blood lymphocytes during infection and virus load and the
fact that it was observed only in asthmatic subjects.

In the lower respiratory tract, RV infection was associated with
significant increases in eosinophils in BAL, and in total cells, total
leukocytes and neutrophils in sputum. Involvement of these cells in
the pathogenesis of virus-induced asthma exacerbations was sup-
ported by the strong relationships observed between reductions in
lung function and BAL neutrophil and eosinophil counts (Fig. 2 e
and g) and in sputum between eosinophils and both lower respi-
ratory symptoms and bronchial hyperreactivity. Again, all of these
relationships were exclusive to asthmatic subjects.

Previous seminal work reported RV infection augmented re-
sponses to inhaled allergen in allergic subjects (16, 17); however, no
previous study to our knowledge has demonstrated differences in
response to experimental RV infection between asthmatic and
normal subjects in terms of symptom severity, changes in lung
function, or induction of nonspecific bronchial hyperreactivity.
Similarly, no previous study to our knowledge has demonstrated
differences between asthmatic and normal subjects in terms of their
lower airway inflammatory response to RV infection. We also have
related virus load to measures of clinical illness severity and airway
inflammation. Our data support virus load in asthmatic subjects
being related to increased lower airway inflammation, and in turn
increased lower airway inflammation being related to increased
symptoms, reductions in lung function, and increases in bronchial
hyperreactivity. They therefore provide strong support for an
important role for RV infection in the pathogenesis of asthma
exacerbations.

Increases in CD4 and CD8 T cells were observed in bronchial
mucosa during experimental RV infection (21); however, little else
is known regarding the role of lymphocyte subtypes in virus-

induced asthma. We therefore investigated B cell, CD4 and CD8 T
cell, and NK cell populations in peripheral blood and BAL. All
blood lymphocyte subtypes decreased during infection, and these
reductions were again restricted to asthmatic subjects. In BAL, all
lymphocyte subtypes were more numerous in the asthmatic group
than normal subjects during infection, although this finding was not
statistically significant. These data are consistent with the reduc-
tions in blood lymphocyte subsets being a consequence of recruit-
ment to the airway and being related to the severity of the viral
infection, as reductions in lymphocyte numbers were strongly
related to virus load in asthmatic subjects.

The mechanisms of increased RV-induced lower respiratory
illness in asthma are very poorly understood. We have recently
reported deficient IFN-� and IFN-� production in asthma may be
important (13, 14); however, asthma is associated with augmented
Th2 immune responses and possibly impaired IL-10 regulatory
responses. We therefore investigated the role of Th1 and Th2 cy-
tokines and IL-10 in this RV-induced asthma exacerbation model.
We found blood and BAL IFN-� and IL-10 responses were
associated with protection from RV-induced illness (lower virus
loads, reduced symptoms, and less severe reduction in lung func-
tion), whereas the Th2 cytokines IL-4, IL-5, and IL-13 all were
associated with more severe virus-induced asthma symptoms.
These data strongly implicate impaired Th1 or impaired IL-10
responses and augmented Th2 responses in the pathogenesis of
RV-induced asthma exacerbations.

In view of these findings we next determined whether production
of possibly protective Th1 cytokines or IL-10 was impaired and
production of the possibly harmful Th2 cytokines increased in
airway cells from the asthmatic subjects. We found IFN-� and IL-12
(both Th1 cytokines) and IL-10 all were significantly induced in
cells from normal subjects, but not in cells from asthmatic subjects.
The induction of IL-10 and IL-12 by LPS appeared most strikingly
different between groups, suggesting differences in macrophage
biology may be important, whereas the lack of induction of IFN-�
could have been a consequence of higher production in unstimu-
lated cells in asthmatic subjects. In contrast, induction of the Th2
cytokines, although modest, was seen only in asthmatic subjects.
These data are based on small subject numbers, as only a few
subjects had sufficient cells remaining for these studies. The data
should be interpreted with caution and require confirmation in
larger subject numbers. However, these data showing impaired or
augmented production, along with the relationships with disease
severity observed above, suggest that novel approaches that inhibit

Fig. 4. Deficient induction of Th1 cytokines and IL-10 and augmented induction of Th2 cytokines from BAL cells from asthmatic compared with normal subjects.
BAL cells from the baseline bronchoscopy before experimental RV infection were incubated for 48 h with medium alone (open symbols) or RV-16, LPS, or PHA
(closed symbols). Cytokine release into supernatants of cells from normal (squares) or asthmatic subjects (circles) was assessed by ELISA. (a–c) Significant induction
of the Th1 cytokines IFN-� (a), IL-10 (b), and IL-12 (c) was restricted to normal subjects. (d–f ) Levels of the Th2 cytokine IL-4 were significantly greater in the
stimulated asthmatic cells than in stimulated normal cells (d), and significant induction of the Th2 cytokines IL-5 (e) and IL-13 ( f) was restricted to cells from
asthmatic subjects. (g and h) In contrast, the T cell cytokine IL-2 (g) and the Th17 cytokine IL-17 (h) were induced normally in both subject groups.
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Th2 cytokines or that augment Th1 cytokine or IL-10 production
might have therapeutic potential in the treatment of virus-induced
asthma exacerbations.

There are significant difficulties in studying natural virus-induced
asthma exacerbations including heterogeneity in exacerbation ae-
tiology, asthma severity, and treatment, timing of clinical sampling
in relation to onset of infection, and levels of baseline antiviral
immunity, in addition to difficulty with invasive sampling in patients
with acute illness. Experimental RV infection offers an attractive
experimental model of asthma exacerbations. Subjects are given a
standard dose of a single virus serotype, and clinical data collection
and invasive sampling can be carried out under controlled condi-
tions repeatedly and at accurately defined time points. These
advantages permit conclusions to be drawn with very much smaller
numbers of subjects than would be needed for studies in naturally
occurring exacerbations.

This human model of RV-induced asthma exacerbation repro-
duced many aspects of naturally occurring exacerbations and pro-
vides a number of relevant clinical, physiologic, virologic, and
pathologic responses suitable for use as outcomes in intervention
studies. We believe a less intensive version of this model could be
useful in testing future possible treatments for RV-induced asthma
exacerbations, for example, Th1-promoting or Th2-inhibiting ap-
proaches, IL-10, IFN-� (13), or IFN-� (14).

In conclusion, we have demonstrated clear differences between
the responses of asthmatic and normal subjects to RV infection in
terms of clinical symptoms and airway physiology. We have related
these changes to virus load and both clinical outcomes and virus
load with airways inflammation. Further, we identify deficient
induction of Th1 cytokines and IL-10 and augmented induction of
Th2 cytokines in asthma and demonstrate that Th1 cytokines and
IL-10 are associated with protection from exacerbation, whereas
Th2 cytokines were associated with increased disease severity.
These observations provide compelling evidence supporting an
important role for RV-induced lower airway inflammation in
precipitating asthma exacerbations, perhaps through impaired Th1/
IL-10 and augmented Th2 responses. Our recent development of a
mouse model of RV-induced exacerbation of allergic airway in-
flammation (27) should allow the importance of Th1 and Th2

cytokines and IL-10 to be tested in vivo. We anticipate that these
models will be valuable in future studies investigating the immu-
nopathology of virus-induced asthma and studies testing candidate
new treatments.

Methods
Study Design. RV16 experimental infections were induced in RV16 seronega-
tive atopic asthmatic and normal nonatopic adult subjects (Table S1). Clinical
and atopic status were defined by questionnaire, skin prick testing, serum IgE
and lung function testing including PEF, FEV1, forced vital capacity (FVC), and
histamine challenge (SI Text). Normal subjects were taking no medication,
and asthmatics inhaled short-acting �2 agonists only. Subjects were free of
common cold symptoms for 6 weeks before starting the study. All were
nonsmokers.

Baseline, acute infection, and convalescent samples of blood, nasal lavage,
induced sputum, and BAL were taken (Fig. S3a). Baseline samples were taken 14
days before infection, and diaries were kept to record symptoms and home lung
function throughout the study (SI Text). All subjects gave informed consent and
the study was approved by St Mary’s National Health Service Trust Research Ethics
Committee.

Experimental Infection with RV16. Infection was induced by using 10,000 tissue
culture 50% infective dose RV16 on day 0 by nasal spray as described (28) (SI Text).
After inoculation, subjects returned home.

Assessment of Blood and Airway Inflammation and T Cell Cytokine Production.
BloodCoulter countswereperformed.Absoluteanddifferential inducedsputum
and BAL cell counts were determined on cytospins (SI Text). Fresh peripheral
blood mononuclear cells and BAL cells were stained for CD4 and CD8 T cells and
NK and B cells and intracellular type 1 (IFN-�) and type 2 (IL-4, IL-5, ans IL-13)
cytokines and IL-10 were determined in CD4� T cells by three- and four-color flow
cytometry (BD LSR flow cytometer) as described (29) (SI Text).

BAL Cell Cultures. Cells from the BAL obtained at baseline bronchoscopy were
incubated with medium alone, RV16, LPS, or PHA. After 48 h supernatants were
harvested and stored at �80°C for cytokine analysis by Luminex.
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