IL-33-Dependent Type 2 Inflammation during Rhinovirus-induced
Asthma Exacerbations In Vivo
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Abstract infected bronchial epithelial cells (BECs) to assess type 2 cytokine
production in the presence or absence of IL-33 receptor blockade.

Measurements and Main Results: IL-4, IL-5, IL-13, and IL-33 are
all induced by rhinovirus in the asthmatic airway in vivo and relate to
exacerbation severity. Further, induction of IL-33 correlates with
viral load and IL-5 and IL-13 levels. Rhinovirus infection of human
primary BECs induced IL-33, and culture of human T cells and ILC2s
with supernatants of rhinovirus-infected BECs strongly induced
type 2 cytokines. This induction was entirely dependent on IL-33.

Rationale: Rhinoviruses are the major cause of asthma
exacerbations; however, its underlying mechanisms are poorly
understood. We hypothesized that the epithelial cell-derived
cytokine IL-33 plays a central role in exacerbation pathogenesis
through augmentation of type 2 inflammation.

Objectives: To assess whether rhinovirus induces a type 2
inflammatory response in asthma in vivo and to define a role for IL-33
in this pathway. Conclusions: IL-33 and type 2 cytokines are induced during

a rhinovirus-induced asthma exacerbation in vivo. Virus-induced
IL-33 and IL-33-responsive T cells and ILC2s are key mechanistic
links between viral infection and exacerbation of asthma. IL-33
inhibition is a novel therapeutic approach for asthma exacerbations.

Methods: We used a human experimental model of rhinovirus
infection and novel airway sampling techniques to measure IL-4, IL-5,
IL-13, and IL-33 levels in the asthmatic and healthy airways during
arhinovirus infection. Additionally, we cultured human T cells and type
2 innate lymphoid cells (ILC2s) with the supernatants of rhinovirus- Keywords: ILC2; infection; Th2; virus
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At a Glance Commentary

Scientific Knowledge on the
Subject: Rhinovirus infections are
the most common trigger for asthma
exacerbations. Data derived from
mouse and ex vivo human models
suggest that rhinovirus-induced
augmentation of T helper type 2 (Th2)
inflammation may play a role in the
pathogenesis of exacerbation.
However, the understanding of how
a classic Thl trigger—a virus—
exacerbates a classic Th2 disease—
allergic asthma—is unknown.

What This Study Adds to the
Field: IL-33 is an inducer of type 2
inflammation in mouse models. We
show, for the first time, that IL-33 and
the type 2 cytokines IL-4, IL-5, and IL-
13 are induced by rhinovirus in the
asthmatic airway in vivo and that their
levels relate to exacerbation severity.
We also show that IL-33 is strongly
induced by rhinovirus infection of
primary human bronchial epithelial
cells in vitro. We further show that
type 2 cytokine production by human
T cells and type 2 innate lymphoid
cells is induced by supernatant from
rhinovirus-infected human bronchial
epithelial cells and that this induction
is completely inhibited by blocking
the IL-33 receptor. These findings
highlight IL-33 as a key mechanistic
link between rhinovirus infection and
amplification of type 2 inflammation
in asthma exacerbations and identify
IL-33 inhibition as a novel therapeutic
approach for treating asthma

exacerbations.

Immune responses to viral infections
involve CD4 " IFN-y-producing T helper
type 1 (Thl) cells, regarded as the
archetypal effector cell of antiviral
immunity. In contrast, Th2 cells, which
secrete IL-4, IL-5, and IL-13, are regarded
as critical effector cells in allergic asthma.
Furthermore, IL-4 and IFN-v inhibit
development of Thl and Th2 subsets,
respectively, thus creating polarized
immune responses that counterregulate
each other.

This fundamental understanding of
T-cell biology is not aligned mechanistically
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with the highly consistent finding that
respiratory viral (mostly human rhinovirus)
infections, an archetypal Th1 trigger, are
the dominant cause of acute exacerbations
of the Th2-mediated disease allergic asthma
(1-3). Furthermore, studies reporting
substantial reductions in asthma
exacerbations using therapies targeting
type 2 cytokines (4-8), as well as synergistic
interactions between allergen exposure
and viral infections that increase the

risk of asthma exacerbations (9, 10),
suggest strong interactions between

viral infection and type 2 responses

that are similarly unexplained
mechanistically.

Type 2 innate lymphoid cells (ILC2s)
provide a potent early innate source of the
cytokines IL-5 and IL-13 in mice (11-13),
and recent studies have demonstrated that
similar cells are found in humans (14, 15).
IL-33 is an epithelial cell-derived cytokine,
and its receptor (ST2) is expressed on both
Th2 cells and ILC2s, making it a potential
target for inhibition of both innate and
acquired type 2 inflammation in asthma
(16). Polymorphisms in IL-33 and its
receptor are associated with increased risk
of asthma (17). Additionally, IL-33 is
induced by the influenza virus in mice
(18, 19), raising the possibility that IL-33
could be a bridging mediator between
viral infection and type 2-driven disease.
However, the role of IL-33 in virus-induced
asthma exacerbations in humans is
unknown, and no evidence exists that
indicates that rhinovirus infection can
induce IL-33. It is also unknown whether
respiratory viral infection in asthma leads
to amplification of type 2 inflammation
in vivo, as measuring type 2 cytokines in
human airway samples is difficult, leading
to reliance upon indirect measures such
as RNA levels (20), eosinophils (for IL-5)
(5, 6), or periostin (for IL-13) (7). The
technique of nasosorption uses an
absorptive matrix to sample nasal mucosal
lining fluid undiluted (21). We adapted
this method to sample bronchial mucosal
lining fluid and have termed this technique
“bronchosorption.”

Using these novel sampling techniques,
along with experimental rhinovirus
infection in asthma, we investigated IL-33
and type 2 cytokine production during
virus-induced asthma exacerbations in vivo.
Furthermore, we examined the functional
role of rhinovirus-induced, bronchial
epithelial cell-derived IL-33 on human

T-cell and ILC2 cytokine production

ex vivo. We thereby demonstrate a critical
role for IL-33 in linking viral infection with
induction of a type 2 immune response in
asthma exacerbations. Some of the results
of these studies have been reported
previously in the form of an abstract

(22). Additionally, baseline clinical
characteristics, baseline bronchoalveolar
lavage (BAL) fluid cell counts, and nasal
IL-25 levels from the same study subjects
described herein have been published
elsewhere (23).

Methods

The study received ethical approval (St
Mary’s Hospital research ethics committee,
09/H0712/59), and informed consent was
obtained from all subjects. Detailed methods
are available in the online supplement.

Study Participants

We recruited nonsmoking patients with
mild or moderately severe asthma and
nonsmoking, nonatopic healthy volunteers
aged 18-55 years and without a recent viral
illness or serum neutralizing antibodies to
rhinovirus 16 (RV16) at screening. Patients
with asthma were excluded if they had
severe disease (as defined by the Global
Initiative for Asthma [24]), a recent asthma
exacerbation, or current symptoms of allergic
rhinitis. Full inclusion and exclusion criteria
are available in the online supplement.

Study Design

Study volunteers who met the inclusion
criteria underwent baseline sampling,
including bronchoscopy 2-4 weeks before
inoculation with RV16 (25). A second
bronchoscopy was performed on Day 4
postinoculation. Daily diary cards of
respiratory symptoms were commenced
2 weeks before baseline sampling and
continued until 6 weeks after inoculation.
Subjects were seen on Days 2, 3, 4, 5, 7,
10, and 42 postinoculation for clinical
assessment and nasal sampling (see
Figure El in the online supplement).

As previously reported (25), lower
respiratory symptom scores were
corrected for baseline symptoms and

the effects of the bronchoscopy (see
Figure E2). Spirometry was performed
using a PiKo-1 spirometer (nSpire Health,
Hertford, UK). Rhinovirus was detected
by polymerase chain reaction of nasal
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lavage and BAL samples as described
previously (25).

Bronchosorption is a technique to
sample bronchial mucosal lining fluid. The
main benefit of this novel technique is the
measurement of previously undetectable
mediators through avoidance of the
significant analyte dilution associated with
BAL. The bronchosorption device is
passed down the operating port of the
bronchoscope (see online supplement
for further details). Nasosorption was
performed as described (21, 26, 27). IL-4,
IL-5, IL-13 and IL-33 were measured
using the Meso Scale Discovery (MSD)
(Rockville, MD) array platform.

In Vitro Studies
Human bronchial epithelial cells (BECs)
(Lonza, Basel, Switzerland) were either
infected with RV16 or treated with media
for 24 hours (28). Supernatants were
harvested, ultraviolet light irradiated, and
filtered to inactivate and/or remove virus
particles (28). Inactivation was confirmed
by an absence of cytopathic effect of treated
supernatants in HeLa cell titration assays
(29). IL-33 was measured in supernatants
by using the DuoSet ELISA Development
Kit (R&D Systems, Minneapolis, MN).
Naive human CD4" T cells from
peripheral blood were isolated by negative
selection, expanded, and assessed as
>96% pure by surface expression of CD4,
CD45RA, and CCR7 (30). To determine the
importance of IL-33 in the induction of
Th2 cytokines, activated (to induce ST2 and
the ability to respond to IL-33) but not
polarized (equal low expression of IL-4,
IL-5, IL-13, IFN-y, and FOXP3; data not
shown), CD4™ T cells (ThO cells) were
treated with blocking anti-ST2 antibody
(ab89741; Abcam, Cambridge, UK) or
matched isotype control (ab81216; Abcam).
Three hours later, ThO cells were cultured
at 1 X 10° cells/ml with media (RPMI
1640) (Sigma-Aldrich Corp., St. Louis, MO)
alone or with media (four parts) plus
supernatants (one part) from rhinovirus-
infected or media-treated, uninfected BECs
for 12 days before intracellular staining of
T cells for IL-4, IL-5, IL-13, and GATA-3
(assessed using the LSRFortessa cell analyzer
[BD Biosciences, San Jose, CA] with FlowJo
v10 software [FlowJo, Ashland, OR]) or
measurement of Th2 cytokines in the culture
supernatants using the MSD platform.
Human ILC2s were isolated from
peripheral blood using flow cytometric

sorting of lineage-negative (CD2~, CD3",
CD14 , CD16 , CD19 , CD56 ,
CD235a", and CD123"), CRTh2",
CDI127", and CD45™ cells (see Figure E4).
ILC2s were then cultured under conditions
identical to those used for the ThO cells,
but at 1 X 10° cells/ml, and cytokine
production was measured on Day 7. A full
description of the methods used is available
in the online supplement.

Statistical Analysis

Data were analyzed using SPSS v20.0
software (IBM SPSS, Chicago, IL). Data
are given as mean (=SEM) if normally
distributed or median (interquartile range
[IQR]) if nonparametric. Differences
between groups were analyzed by unpaired
t or Mann-Whitney U tests. Within-group
comparisons were analyzed with paired

t tests or Wilcoxon’s signed-rank test.
Correlations were examined using
Pearson’s and Spearman’s correlation tests
for parametric and nonparametric data,
respectively. Differences were considered
significant at P < 0.05. All P values are two
sided.

Results

Forty-six volunteers (32 with asthma and
14 healthy) were inoculated with RV16.
Seven subjects failed to develop infections
and were excluded. The baseline
characteristics of subjects who were
successfully infected are shown in Table 1
and have been reported previously (23).
There were no subject withdrawals and no

requirement for systemic corticosteroids
during this study.

Patients with Asthma Experience
Greater Rhinovirus-induced
Respiratory Morbidity and Viral

Load than Healthy Subjects

Following inoculation with rhinovirus,
subjects with asthma displayed significantly
greater upper and lower respiratory
symptoms and reductions in peak
expiratory flow (PEF) and FEV, compared
with healthy subjects (Figures 1A-1E). In
addition, we observed increased viral loads
in patients with asthma, with a notable
earlier peak (Day 3) compared with healthy
subjects (Day 4) (Figure 1F). At Day 3, viral
load levels in patients with asthma were
~250-fold greater than in healthy subjects
(median [IQR] copies per milliliter: 1.68 X
10° [1.60 X 10* to 1.28 X 10] in subjects
with asthma vs. 6.92 X 10’ [1.50 X 10
to 3.21 X 10°] in healthy volunteers; P =
0.042). In asthma, peak viral load correlated
with exacerbation severity (peak reductions
in PEF: r = —0.463, P = 0.008). Viral

load in BAL fluid was measured at a single
time point during infection (Day 4) and
was not significantly different between
groups on this day. There were no
differences between steroid-treated and
steroid-naive subjects with asthma in terms
of viral load (see Table E1).

Virus-induced Lower Airway
Eosinophilia Is Increased in Asthma
BAL fluid cell counts showed a significant
increase in eosinophil numbers from
baseline during rhinovirus infection in

Table 1. Baseline Characteristics of Study Volunteers

Characteristics

Age, yr
Sex

Female, n (%)

Male, n (%)
Baseline FEV, % predicted
Baseline histamine PCyg, mg/ml
ICS use, n (%)

ICS daily dose, beclomethasone/equivalent, png*

IgE, IU/ml, median (IQR)
BAL fluid eosinophilia, %, median (IQR)

Healthy Asthma
(N = 11) (N = 28) P
31 =12 36 = 11 NS
4 (36) 15 (54) NS
7 (74) 13 (46)
104 =+ 8 86 = 12 <0.001
>16 1.26 = 2.01 —
— 15 (53.6) —
— 427 + 71 —
16 (14-19) 139 (70-448) <0.001
0 (0) 0.5 (0-1.7) 0.002

Definition of abbreviations: BAL = bronchoalveolar lavage; ICS = inhaled corticosteroid; IQR =

interquartile range; NS = not significant.

These baseline characteristics were reported previously in Reference 23. Data shown are mean = SD

unless otherwise stated.

*Mean = SD data of steroid-treated subjects, n = 15.
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Figure 1. Rhinovirus infection results in more severe upper and lower respiratory tract involvement, greater viral loads, and bronchial eosinophilia in
asthma. Shown are the daily change from baseline in upper (A) and lower (B) respiratory symptoms of subjects with asthma (red) and healthy volunteers
(black). The total lower respiratory symptom score (C) equates to the summation of daily scores over the 14-day postinoculation period and represents the
severity of the exacerbation. As symptom scores were corrected for baseline and bronchoscopy-induced symptoms, a small number of subjects had
a negative score (see online supplement for further details). Decreases in morning PEF are shown as percentage changes from baseline (D) following
rhinovirus inoculation. The maximal decline in FEV, (E) represents the maximal change during the infection period for each subject. Viral load was
measured at each study visit in nasal lavage (F). Bronchoalveolar lavage eosinophil counts were measured at baseline and on Day 4 postinoculation (G).
Results shown are mean = SEM (A-E); bars represent median values (F). Statistical comparisons between groups were performed at each time point,
but have been left unmarked where nonsignificant to aid clarity. *P < 0.05; **P < 0.01; **P < 0.001.

patients with asthma, but not in healthy numbers during infection in the patients eosinophilia has been demonstrated in
subjects (median [IQR]: asthma at baseline =  with asthma were significantly greater than asthma. No statistically significant

0.5% [0.0-1.7] vs. asthma at Day 4 = 1.2%  in healthy subjects (P = 0.046). However, differences were observed in cell counts
[0.0-3.8], P = 0.025) (Figure 1G). As to our knowledge, this is the first time between steroid-treated and steroid-naive
previously reported (25), eosinophil a significant rhinovirus-induced subjects with asthma. In addition, no
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significant relationships between cell
counts in BAL fluid on Day 4 and lower
respiratory symptoms were identified. We
believe that this may simply reflect the
single time point (Day 4) on which counts
during the exacerbation were possible
rather than a true absence of a relationship
between counts and symptoms. Data
regarding further inflammatory cell counts
are available online (see Table E2).

Type 2 Cytokines Are Induced by
Rhinovirus Infection in Asthma In Vivo
Nasal levels of IL-4, IL-5, and IL-13 were
significantly elevated in subjects with
asthma, both at baseline and upon infection
(all P < 0.05). Significant induction of these
cytokines during infection was observed
only in the subjects with asthma (all P <
0.001) (Figure 2A; see also Table E3).
Bronchial levels of IL-5 and IL-13 measured
using bronchosorption (Figure 2B; see also
Table E4) were also significantly greater

in the subjects with asthma at baseline (all
P < 0.05), with a significant increase in
IL-5 levels from baseline to infection
observed only for the subjects with asthma
(P < 0.05; see also Table E4). Cell type 2
cytokine production in BAL fluid in
response to nonspecific ex vivo stimulation
has previously been reported to be
increased in asthma and also to be related
to the severity of the asthma exacerbation
following subsequent rhinovirus challenge
(25). However, we believe that our
observation that rhinovirus infection
directly drives type 2 responses in patients
with asthma but not in healthy individuals
in vivo is novel.

IL-33 Is Induced by Rhinovirus
Infection In Vivo and Is Related to
Type 2 Responses

Nasal IL-33 was significantly induced by
rhinovirus infection in subjects with asthma
(P < 0.001), with a trend toward induction
in healthy subjects (Figure 2A). Given

our current understanding of IL-33, these
findings strongly suggest that rhinovirus-
induced IL-33 may drive the type 2
responses observed during asthma
exacerbations. Although bronchial IL-33
was not significantly induced in either
group (see Table E4), measurements were
possible only at a single time point (Day 4);
IL-33 induction at alternative time points of
infection are possible. In support of a role
for IL-33 in promoting type 2 responses
during asthma exacerbations, we identified

significant correlations between bronchial
IL-33 and both IL-5 and IL-13. Again, these
findings were exclusive to subjects with
asthmatic (Figure 2C).

Type 2 Cytokines and IL-33 Correlate
with Clinical Outcomes and Viral Load
We next investigated relationships between
type 2 cytokines, exacerbation severity, and
viral load. In asthma, IL-5 and IL-13 levels
during infection both positively correlated
with respiratory symptom severity (P <
0.05) (see Table E5). Similarly, in subjects
with asthma, both nasal and bronchial IL-
33 levels during infection correlated with
asthma symptom severity (Figure 2D). The
IL-33 level also significantly correlated with
viral load (Figure 2E), which is in keeping
with the respiratory epithelium being both the
site of infection and the source of IL-33.

Rhinovirus Infection of Primary
Human BECs EXx Vivo Induces

IL-33 Secretion

Our clinical observations led us to
hypothesize that virus-induced, BEC-
derived IL-33 might promote type 2
responses by responsive immune cells,
thereby driving virus-induced asthma
exacerbations. We therefore performed
functional analyses to test this hypothesis
ex vivo. Rhinovirus infection of BECs
significantly upregulated levels of IL-33

in culture supernatants (P < 0.01)

(Figure 3A), demonstrating that rhinovirus
infection of the bronchial epithelium leads
to the release of large amounts of IL-33.

IL-33 Present in Rhinovirus-infected
BEC Supernatants Directly Induces
Th2 Responses in Human T Cells

To test the functional role of IL-33 released
from rhinovirus-infected bronchial
epithelium in inducing Th2 responses, we
cultured activated, nonpolarized human
CD4" T cells (ThO cells) with media alone
and with supernatants from rhinovirus-
infected or uninfected BECs. The Tho
cells cultured with supernatants from
rhinovirus-infected BECs had significantly
higher frequencies of IL-4", IL-5", IL-13",
and GATA-3" cells than the ThO cells
cultured with either medium alone or
medium with supernatants from uninfected
BECs (all P < 0.05) (Figure 3B). This
induction was Th2-specific, as there was
no similar induction of Thl responses
assessed on the basis of IFN-y expression
(Figure 3B). Moreover, this induction of

Jackson, Makrinioti, Rana et al.: Rhinovirus-induced IL-33 in Asthma Exacerbations

Th2 responses was dependent on IL-33, as
it was completely inhibited by pretreatment
of the ThO cells with anti-ST2 monoclonal
antibody (P < 0.05 vs. isotype control

for IL-4, IL-5, IL-13, and GATA-3). In
contrast, blocking the actions of IL-33 in
these cultures potentiated Thl responses
(Figure 3B).

In addition, levels of secreted type 2
cytokines were significantly higher following
culture of ThO cells with supernatants from
rhinovirus-infected BECs compared with
those cultured with supernatants from
uninfected BECs or with medium alone
(all P < 0.05) (Figure 3C). This induction
was also completely prevented by blocking
the IL-33 receptor in these cultures (P <
0.05 vs. isotype control) (Figure 3C).

IL-33 in Rhinovirus-infected BEC
Supernatants Directly Induces IL-5
and IL-13 Production by Human ILC2s
We next investigated whether IL-33 released
from rhinovirus-infected BECs could induce
type 2 cytokine production by human
ILC2s. ILC2s, characterized as lineage
negative, ckit™, CD45", CD127", CD257,
and CRTH2 ", were purified by flow
cytometric sorting from peripheral blood
(Figures 3D and 3E; see also supplementary
METHODS). We observed striking induction
of both IL-5 and IL-13 by human

ILC2s cultured with supernatants from
rhinovirus-infected BECs (P < 0.05 vs.
ILC2s cultured with media alone or with
supernatants from uninfected BECs)
(Figure 3F). Cytokine levels were ~200
and ~100 times greater on a per-cell basis,
respectively, than those from ThoO cells.
Critically, this IL-5 and IL-13 induction was
again completely blocked by anti-ST2
treatment (P < 0.05 vs. isotype control)
(Figure 3F), demonstrating IL-33 as the key
factor in this pathway. This rhinovirus
trigger of IL-33 is therefore likely to drive
an early and robust type 2 response via
these innate cells.

Discussion

Our study is the first, to our knowledge, to
demonstrate that rhinovirus induces IL-33
and the type 2 cytokines IL-4, IL-5, and
IL-13 during a virus-induced asthma
exacerbation in vivo. We also have shown
relationships between IL-33 and increased
type 2 cytokines and between these
cytokines and asthma exacerbation severity
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Figure 2. Rhinovirus infection in asthma leads to the induction of IL-33 and type 2 cytokines in vivo. Nasal levels of IL-33 and type 2 cytokines were
measured by nasosorption (A) in subjects with asthma (red) and healthy subjects (black). The bronchosorption device (B) uses a strip of synthetic
absorptive matrix similar to that used for nasosorption to sample bronchial mucosal lining fluid. In subjects with asthma, IL-33 levels were correlated with
IL-5 and IL-13 levels (C), severity of the asthma exacerbation in vivo (D), and viral load (E). Bars represent median levels (A). The “infection” level (A)
and “peak” levels (D and E) represent the greatest (maximal) level of induction during the infection for each subject. The correlations shown are for subjects
with asthma only and are nonparametric (Spearman’s correlation). *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 3. Rhinovirus infection of BECs induces IL-33, which subsequently induces type 2 cytokine production by human T cells and ILC2s. (A) Levels
of IL-33 in BEC supernatants 24 hours after rhinovirus 16 infection or culture with ultraviolet light-inactivated rhinovirus 16 or medium control. To
determine whether IL-33 present in rhinovirus-infected BEC supernatants could induce Th2 responses in human T cells, naive (CD45RO™), activated
(anti-CD2/CD3/CD28-stimulated), nonpolarized human CD4™" T cells (ThO cells) were cultured in the presence of medium alone or in medium plus supernatant
from either uninfected or rhinovirus 16-infected BECs, in the presence of blocking antibody to the IL-33 receptor (aST2) or isotype control antibody,
before flow cytometric analysis. (B) Intracellular levels of IL-4, IL-5, IL-13, GATA-3, and IFN-v in ThO cells cultured in medium alone (white) or in medium
plus supernatants from uninfected (gray) or in rhinovirus 16-infected (black) BECs, in the presence of isotype control or a-ST2 blocking antibody. (C)
Levels of IL-4, IL-5, and IL-13 in supernatants from ThO cells cultured in medium alone (white) or in medium plus supernatants from uninfected (gray)
or rhinovirus 16-infected (black) BECs, in the presence of isotype control or «-ST2 blocking antibody. (D) Human peripheral blood mononuclear cells
were enriched for ILC2s by magnetic depletion of CD3*, CD14"CD16" and CD19™ cells and were then flow-sorted as lymphocyte-sized, lineage-
negative (CD2~, CD3~, CD14~, CD16~, CD19~, CD56~, CD235a", and CD1237) CRTH2" cells. The top panel shows the forward and side scatter
characteristics of the sorted population, and the lower panel shows the distinct lineage-negative, CRTH2" ILC2 population. (E) Surface marker expression
of ILC2s (red), lineage-negative CRTH2™ (gray) cells, and lineage-positive CRTH2™ (black) cells were compared using flow cytometry. Histograms
show sorted ILC2s to have a distinct phenotype (lineage-negative CD34~, CRTH2*, cKit*, CD45", CD127™, and CD25%). (F) Human ILC2s were
cultured in medium alone (white) or in medium plus supernatants from uninfected (gray) and rhinovirus 16-infected (black) BECs, in the presence of isotype
control or a-ST2-blocking antibody and cytokine levels were measured in the ILC2 culture supernatants. Data are expressed as mean = SEM. *P < 0.05,
P < 0.01, P < 0.001, n = 6.
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in humans. We have demonstrated that

rhinovirus infection of BECs strongly
induces IL-33 release in vitro, which
activates both human T cells and human
ILC2s to produce type 2 cytokines in

a manner dependent upon IL-33. These
observations have important implications
for the understanding of virus-induced
asthma exacerbations and offer

a mechanism through which the classic
Th1 trigger—a virus—promotes type 2
inflammation in susceptible individuals.
Recent trials of anti-IgE (31), anti-IL-4
(4), anti-IL-5 (5, 6, 8), and anti-IL-13 (7)
therapies have shown the potential of
blocking individual type 2 molecules
to reduce asthma exacerbations. Our
observations that type 2 cytokines and

Jackson, Makrinioti, Rana et al.: Rhinovirus-induced IL-33 in Asthma Exacerbations

airway eosinophilia are both induced by
rhinovirus infection in patients with asthma
in vivo underscores the validity of this
approach. Our data suggest that blockade
of IL-33 signaling may be considerably
more effective than blocking individual
type 2 cytokines, in view of the potential
to inhibit eosinophilic inflammation
consequent upon IL-5 production,
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Figure 3. (Continued).

airway hyperresponsiveness, mucus
hypersecretion, and airway remodeling
associated with IL-13 production, as well as
IgE class switching associated with both
IL-4 and IL-13. Inhibitors of IL-33 should
therefore be more effective than approaches
that block only a single type 2 cytokine
and/or receptor.

In this study, we have established
a biological system that allowed us to
measure the ability of rhinovirus-infected
epithelial cells to produce IL-33 and mediate
polarization of T-cell populations and ILC2
activation ex vivo. We cultured activated,
but nonpolarized, CD4" T cells in the
presence of supernatants from rhinovirus-
infected epithelial cells and observed
increased production of IL-4, IL-5, and
IL-13 compared with T cells cultured with
supernatants from uninfected epithelial
cells. We have clearly established an
essential role for IL-33 in this epithelial
cell-Th2-ILC2 axis, as blocking ST2
completely inhibited Th2 polarization,
indicating that, in this system, rhinovirus-
induced Th2 polarization was entirely
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dependent on IL-33. Our data also suggest that
ILC2s may be major innate sources of type 2
cytokines in response to rhinovirus infection,
as they are capable of producing ~200 and
~100 times the amount of IL-5 and IL-13,
respectively, on a per-cell basis than T cells.

Although we provide evidence that
virus-induced IL-33 can directly and
potently induce type 2 responses by two
critical immune cells, we observed similar
levels of IL-33 in both healthy and asthmatic
airways in vivo, suggesting that it may
not be virus-induced IL-33 levels that are
discriminatory, but rather the number of
cells able to respond to IL-33 when it is
released. This may relate to quantitative
and/or qualitative differences in the
numbers of ST2-expressing cells present in
exacerbating asthma, such as Th2 cells,
ILC2s, basophils, and mast cells.

Although the induction of type 2
cytokines in our ex vivo system appeared to
be entirely dependent upon IL-33, it is also
possible that cell types other than epithelial
cells might be important sources of
cytokines such as thymic stromal

I 1L.C2s + supernatant from RV-infected BEC

lymphopoietin (TSLP), IL-25, or
prostaglandin D, (PGD,) that are able to
induce type 2 responses in responding cells,
and/or that cosecretion of these other
mediators may act synergistically with
IL-33. For example, Barnig and colleagues
recently showed that the combination of
IL-33, PGD,, and IL-25 enhanced type

2 cytokine production by ILC2s in

a synergistic manner (32), and Xue and
colleagues demonstrated that ILC2
activation via PGD, upregulated the
expression of ST2 on ILC2s (15).

We recently reported that nasal IL-25
is induced by rhinovirus infection in both
healthy individuals and patients with
asthma, with nonsignificant trends for
higher IL-25 protein levels in asthma (23).
We also reported data from a separate
study showing that IL-25 was induced by
rhinovirus to a greater degree ex vivo in
primary BECs from patients with asthma
compared with healthy subjects. In
a murine model, we showed that blocking
rhinovirus-induced IL-25 is capable of
suppressing induction of Th2/ILC2-type
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inflammation during rhinovirus-induced
exacerbation of allergic airway
inflammation (23). Further studies in other
in vitro and in vivo human and animal
models, and eventually in clinical trials,
are required to determine the relative
importance of TSLP, IL-25, IL-33, and
PGD, in the context of virus-induced
asthma exacerbations.

Our finding of substantially higher
levels of IL-33 in the lung than in the
nose was unexpected. As this is, to our
knowledge, the first study in which nasal
and bronchial IL-33 were simultaneously
measured in asthma using our novel
sampling techniques, we cannot relate
our values to other studies. However, we
used similar sampling methods in both
compartments (absorptive matrices placed
on the nasal and bronchial mucosa) and the
same assays for IL-33 analysis (MSD). Thus,
we must assume that bronchial mucosal IL-33
is present in greater quantities than nasal IL-33.
Our findings that bronchial IL-33 correlates
with both IL-5 and IL-13, as well as with
exacerbation severity, suggest that our
measurements are functionally relevant.

Taken together, our findings suggest
that viral induction of BEC-derived IL-33 is
centrally involved in the induction of the
type 2 response we observed in virus-
induced asthma exacerbations. This central
role for IL-33 is supported by recent work by
Halim and colleagues, who demonstrated
that ILC2 activation and Th2 cell
differentiation in papain-treated mice was
also IL-33 dependent (33). Our findings also
suggest a mechanism for the reported
synergistic interaction between allergen
sensitization and/or exposure and viral
infection in increasing the risk of asthma

exacerbations (9, 10), because an atopic
individual with asthma who is exposed to
allergens in parallel with viral infection may
have increased frequencies of allergen-
specific Th2 cells in the lung, with
enhanced ST2 expression. Because Th2
cells, along with other type 2 cells, are
recruited and activated by allergen
exposure, these patients may exhibit an
increased capacity to respond to virus-
induced IL-33 by the release of type 2
cytokines. A similar pathway may be
invoked in relation to ILC2s, but
elucidating the relative importance of these
cell types requires further study.

Increased rhinovirus replication in
asthmatic BECs has previously been
observed ex vivo and related to delayed and
impaired production of antiviral IFNs (34,
35), but to date increased viral load in vivo
in asthma has not been observed (36, 37).
The earlier and greater peak in viral load in
asthma demonstrated in the present study
is consistent with these ex vivo reports
and suggests an impaired antiviral immune
response in some patients with asthma. It
is possible that these novel observations
might be due to the inclusion of subjects
with more severe asthma, as most previous
rhinovirus infection studies limited
inclusion to only subjects with mild
asthma. However, the precise nature of
how this relates to the augmented type 2
inflammation we observed requires further
study. Additionally, Bonilla and colleagues
reported that IL-33 is necessary for potent
CD8™ T-cell responses to both RNA and
DNA viruses in mice (38), highlighting
a need to investigate the effect of IL-33
blockade on viral replication in future
work.

In the present study, we also introduced
bronchosorption as a new technique to
sample bronchial mucosal lining fluid and
permit detection of cytokines not normally
detectable in BAL fluid. This technique
offers great potential to advance the
mechanistic understanding of many
respiratory conditions.

In summary, this study provides
evidence that rhinovirus infection leads to
induction of IL-33 and type 2 cytokines
in asthma in vivo and that levels of these
mediators are related to the severity of
asthma exacerbations. To our knowledge,
this study is the first to show that
rhinovirus infection of the bronchial
epithelium can directly activate human
T cells and human ILC2s to produce
large quantities of type 2 cytokines,

a process found to be completely dependent
on IL-33. We therefore identify IL-33
ligation to its receptor as a mechanistic
link between viral infection and asthma
exacerbations. On the basis of the data
presented here, we believe that the IL-
33/ST2 axis is an exciting target for

future therapeutic interventions for
asthma exacerbations.
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Supplementary Methods

Inclusion and Exclusion Criteria. Asthmatic subjects were eligible for inclusion if aged 18-55 years
with a doctor diagnosis of asthma (of mild-to-moderate severity based on GINA criteria(2)), had
objective airway hyperresponsiveness with a (PC), histamine < 8 pug/mL, evidence of atopy on skin
prick testing (= 1 positive skin prick test on a panel of 10 aeroallergens), and had a history of
worsening asthma symptoms with infection since last change in asthma therapy. Subjects were
excluded if they had a history of severe asthma or smoking history over the previous 6 months or > 5
pack year history, had current symptoms of allergic rhinitis, current or previous history of significant
respiratory or other disease (other than asthma), or had experienced an asthma exacerbation or
viral illness within the previous 6 weeks. Healthy, non-smoking subjects were eligible if they had no
history of asthma, allergy or any other significant disease, had negative skin prick testing, and no

objective airway hyperresponsiveness with a histamine (PC), =8 ug/mL.

Subjects who had contact with infants or the elderly at home or at work as well as pregnant or
breastfeeding women were excluded. Further exclusion criteria included evidence of serum
antibodies to rhinovirus 16 at screening along with the use of any nasal or oral medication including

anti-histamines, or nasal / oral corticosteroids.

Subjects were excluded from the study analysis if they failed to develop objective evidence of a
rhinovirus infection defined as absent serum neutralising antibody to RV16 at 6 weeks and no

detection of RV16 in nasal lavage samples throughout the infection period (day 2-10).

Study design. Volunteers underwent baseline sampling including bronchoscopy 2-4 weeks prior to
inoculation with RV16(3). Subjects were seen on days 2,3,4,5,7,10 and 42 post-inoculation. Nasal
lavage for virus load was performed at each visit. A second bronchoscopy was performed on day 4.

The study design is summarised in Fig. 3.
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Symptom Scores and Spirometry Recording. Symptoms were assessed by daily diary cards, from 2
weeks before baseline sampling until 6 weeks post-inoculation. The daily cold score was measured
using the Jackson(4) scale and summated from individual scores (sneezing, headache, malaise,
chilliness, nasal discharge, nasal obstruction, sore throat, cough, fever) graded 0 (absent) to 3
(severe). A clinical cold was defined as reported (3)(5). The daily lower respiratory score was
calculated from symptom scores (cough on waking; wheeze on waking; daytime cough; daytime
wheeze; daytime chest tightness; daytime shortness of breath; nocturnal cough, wheeze or
shortness of breath), also graded 0-3 (absent, mild, moderate, severe)(3). The same diary cards
recorded bronchodilator usage and home spirometry on waking each morning recording the best of

three recordings of PEF and FEV; (Piko-1; nSpire Health, CO).

Analysis of Lower Respiratory Symptom Scores and Lung Function. As previously reported(3), lower
respiratory symptom scores were analysed in 2-week blocks as the baseline and acute infection
stages both contained a bronchoscopy on the fourth day of each 2-week block (Fig. 4). Daily
symptom scores during infection, corrected for baseline symptoms and the effects of bronchoscopy,
were calculated by subtracting scores obtained during the baseline 2-week block from the
corresponding days of the acute infection 2-week block. Total lower respiratory scores were
calculated by summing the corrected daily scores for the 2-week infection period. Peak symptom
score was the maximum corrected daily score in the 2-week block after infection. The % change in
morning FEV; and PEF from baseline during infection was calculated for each subject as the % fall
from the mean of the 7 day period prior to inoculation. Maximal fall from baseline (%) for each

subject represented the greatest fall from baseline over the 2 week period following inoculation.

Histamine Challenge. Histamine challenge (maximum concentration 16 mg/mL) was performed
according to guidelines by using the 2-min tidal breathing method(6). Subjects used a MicrolLab

Spirometer VO02ML3500. The provocative concentration of histamine causing a 20% reduction in
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FEV, (PC),, was calculated. Asthmatic subjects were required to have a (PC),; < 8 mg/mL, and

healthy subjects a (PC), =8 mg/mL.

Skin Prick Testing. Atopy was determined by skin prick testing to common aeroallergens: six grass
pollen mix; house dust mite; cat; dog; Aspergillus fumigatus; Cladosporium herbarium; Alternaria
alternata; birch; three tree mix and nettle pollen (ALK Abello). At least one wheal 2 3 mm larger than

the negative control was considered diagnostic of atopy.

Virus Inoculation. Rhinovirus-16(3) (RV-16) was diluted in 250 uL of 0.9% saline and inoculated into

both nostrils (total dose 100 TCIDsp) using an atomizer (no. 286; De Vilbiss Co., Heston, UK).

Nasal Lavage. Nasal lavage with sterile 0.9% sodium chloride was performed using a 10mL syringe
attached to a hollow nasal adapter (‘olive’) used to obstruct the nostril and prevent leak of lavage
fluid(7). A total of 5 mL of sterile normal saline was instilled into the left nostril and the fluid
withdrawn into the 10mL syringe and flushed back into the nasal cavity 20 times over a 1 min period.
Fluid was collected, aliquoted and stored at -80°C. Nasal lavage for virus load was measured on days

0,2,3,4,5,7 and 10 post-inoculation.

Nasosorption™. This minimally invasive technique samples upper airway mucosal lining fluid and
offers potential benefits over nasal lavage including improved sensitivity through avoidance of

significant analyte dilution (inherent with lavage). Nasosorption™ was performed as described(7-9)

prior to nasal lavage by placing strips of a hydrophilic polyester synthetic absorptive matrix (SAM)
(Mucosal Diagnostics, Hunt Developments (UK) Ltd) measuring 7mm x 35mm into each nostril for a
duration of 2 minutes(7). 100 pL of a PBS buffer containing 1% BSA and 1% Triton X (Sigma Aldrich,
USA) was then applied to the SAM prior to elution by spin filter centrifugation (5 minutes at 16,000G
at 4°C) using a Spin-X centrifuge tube filter with 0.22um Cellulose Acetate filter (Sigma-Aldrich, USA)

to remove any mucus. The eluate was then immediately frozen at -80°C.
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Bronchoscopy. All bronchoscopies were performed in the endoscopy unit at St Mary’s Hospital, UK
using an Olympus PF260 bronchoscope. Subjects were administered nebulised salbutamol (2.5mg)
prior to the procedure and sedation was achieved with intravenous midazolam. The bronchoscope
was passed via the mouth and not the nose. Bronchoalveolar lavage (BAL) was performed by
instillation of 150 mL sterile normal saline in 5 x 30 mL aliquots with a 10 sec dwell time into the
right upper lobe bronchus. An aliquot of unfiltered BAL was stored for gRT-PCR for virus load and the
remaining BAL filtered, centrifuged and the supernatant stored. The BAL cell pellet was
resuspended, a cell count was obtained and cytospins were prepared and stained using Shandon
Diff-Quik kit (Thermo Shandon Ltd, Cheshire, UK), coded and counted blind to study status and time-
point to obtain differential cell counts. Cell counts were expressed as a percentage of at least 400

inflammatory cells.

Bronchosorption™.  Bronchosorption™ (Mucosal Diagnostics, Hunt Developments (UK) Ltd,
Midhurst, UK) is a technique to sample bronchial mucosal lining fluid. The main benefit of this novel
technique is the measurement of previously undetectable mediators through avoidance of the
significant analyte dilution associated with bronchoalveolar lavage. The bronchosorption™ device is
passed down the operating port of the bronchoscope. The distal end of the inner probe incorporates
a folded strip of polyester synthetic absorptive matrix (Mucosal Diagnostics) measuring 1.8mm x
30mm which is placed on the bronchial mucosa for a period of 30 seconds. Following sampling, the
bronchosorption™ device is withdrawn back into its sheath and then the complete device is
removed from the bronchoscope. The sampling end of the probe is then cut off and treated in an
identical way to the nasosorption™ strips of absorptive matrix. Bronchosorption™ devices are
supplied as individual packaged single-use sterile medical devices by Mucosal Diagnostics
(mucosaldiagnostics.com), an Imperial College spin-off company, working in collaboration with Hunt

Developments (UK) Ltd.
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Cytokine and Chemokine Measurement from in vivo samples. Levels of IL-4, IL-5, IL-13 and IL-33 in
the extracted upper and lower airway mucosal lining fluid were analysed using Ultrasensitive Meso
Scale Discovery Multi-spot Human cytokine assays (Meso Scale Discovery, Gaithersburg, MD, USA).
Samples were read using the Sector Imager 6000 (Meso Scale Discovery). The lower limit of
detection was 0.6 pg/mL for IL-4, IL-5, and IL-13; and 3 pg/mL for IL-33. All samples with values
under the detection limits were given a value of 0 pg/mL for the subsequent statistical analysis. The
standard curve was derived using the recombinant protein provided with the multiplex soluble

mediator assay (Mesoscale) as per their protocol.

The IL-33 assay measures total IL-33 (including every fragment of IL-33 trimmed by proteases
published to date). We also specifically looked at whether the MSD assay detects IL-33 in the
presence of sST2 and found that it did meaning we are reporting total IL-33 readout rather than just

free IL-33.

Virologic Confirmation of RV16 Infection. All subjects were seronegative (absent neutralizing
antibodies) for RV16 at screening and on repeat serology performed on day 0 prior to inoculation.
Rhinovirus infection was confirmed by positive nasal lavage qPCR for rhinovirus or seroconversion
defined as a titre of serum neutralizing antibodies to RV16 of at least 1:4 at 6 weeks post-
inoculation. Serology was performed at screening, day 0, and day 42 post infection by
microneutralization test for neutralizing antibody to RV16(3). RNA was extracted from samples
(QlAamp viral RNA mini kit; Qiagen Ltd, Crawley, UK) and reverse-transcribed (omniscript RT kit,
Qiagen) with random hexamers. gPCR was performed on 2 pl of cDNA to detect picornavirus in nasal
lavage and unprocessed BAL, using AmplitagGold DNA polymerase (PE Biosystems ABI Prism
7700)(10). A standard curve was produced by using serially diluted cloned product and results

expressed as copies/mL. The sensitivity of this assay was 10* copies/mL.

Development of serum neutralising antibodies to RV16. All subjects were seronegative (absent

neutralising antibodies) for RV16 on serology performed at baseline. At 6 weeks post-inoculation
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serology showed a rise in RV16 neutralising antibody titre to > 1:4 for all but 3 subjects (2 healthy, 1

mild asthmatic). See Table E6 for full results.

PCR for Additional Respiratory Infection. Infection with bacteria/viruses other than RV was
excluded by testing nasal lavage by PCR on random hexamer primed cDNA for Mycoplasma and
Chlamydophila pneumoniae, adenoviruses, respiratory syncytial virus, influenza AH1/AH3/B,
parainfluenza 1-3, human metapneumoviruses (HMPV), and coronaviruses 229E and OC43 as
described(3). All subjects were negative to the PCR panel for common respiratory viruses in nasal
lavage at baseline and no additional respiratory viruses were detected by PCR panel in nasal lavage

in any subject during the infection period of the study.

Infection of Bronchial Epithelial Cells with Rhinovirus. Normal human bronchial epithelial cells
(NHBECs, Lonza; Lonza Ltd, Basel, Switzerland) from two different or separate batches were infected
with RV16, or treated with UV-inactivated RV16 or media by using previously published
methodology(11). Supernatants were harvested 24 hours later, were UV-irradiated for 10 minutes
and filtered (Amicon Ultra 0.5 ml 30K filters, Millipore, 12000rpm, 5 minutes), in order to remove
any replicating or not virus particles. The cytopathic effect of the supernatants on Hela cells was
assessed by means of visual assessment and examination of the continuity of the monolayer 96

hours later(12).

T Cell Isolation and Expansion. Peripheral blood mononuclear cells (PBMCs) were isolated from four
healthy donors by Histopaque (Histopaque Sigma- 10771) density gradient centrifugation out of the
Component Donation Leucocyte cone of healthy donors (CD Leukocyte Cone)(13). Cells were washed
three times and resuspended in PBS media enriched with 0.5% bovine serum albumin (BSA) and
2mM EDTA. CD4" CD45RA" CCR7" T cells were magnetically sorted twice for negative selection (Naive
CD4+ T-cell isolation kit Il with AutoMACS; Miltenyi Biotec #130-094-131) and assessed as >96%

pure, by surface expression of CD4, CD45RA, CCR7 (Biolegend, #300521, #304108, #353206)(14).
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CD4" CD45RA' CCR7' T cells were expanded in supplemented RPMI media in the presence of
recombinant human IL-2 (10ng/mL) (R&D, 202-1L-010) and anti-CD2, anti-CD3, anti-CD28 (50ug/mL,
Sanquin Pelicluster, #M1651-2, Abcam #ab86883, eBioscience #16-0289) for 10 days. Dead cells

were removed from the culture by using the Dead Cell Removal Kit (Miltenyi Biotech #130-090-101).

Culture of CD4" T Cells with Bronchial Epithelial Cell Supernatants. Upon removal of dead cells,
activated, but not polarised CD4 * T cells (ThO cells at 10° cells/mL in RPMI 1640) were stimulated
overnight with recombinant human IL-2 and anti-CD2,-CD3,-CD28 and were treated with either the
blocking anti-human ST2 antibody (#ab89741, Abcam, Cambridge, UK) at 10pg/mL or a matched
isotype control (#ab81216). 3 hours later, ThO cells were cultured with RPMI alone, or together with
the supernatants from rhinovirus infected or media treated bronchial epithelial cells in a proportion
4 to 1 (4 parts RPMI : 1 part epithelial cell supernatant). T cells remained in culture for 12 days, by

renewing 1/10 of the media every 4 days.

Intracellular levels of IL-4, IL-5, IL-13, IFN-y, FOXP3 and GATA3. After 12 days T cells were
stimulated with 50 ng/mL PMA, 0.5 pug/mL ionomycin and 5 ng/mL Brefeldin A for 6 hours. Cells
were first stained with anti-CD4, then with a live-dead dye (Invitrogen, #L10119). Cells were fixed
and permeabilised (Biolegend, #320118) for intracellular staining with anti-IL-4, IL-5, I1L-13, IFN-y,
GATA-3 and FOXP3 antibodies (Biolegend #500822, #500904, #501907, #341117 , eBioscience #12-

9966, Biolegend #320118).

The samples were processed using a BD LSR Fortessa and data was analysed with FlowJo Version 10.

ILC2 cell isolation and culture. Anti-coagulated peripheral blood was obtained from 4 healthy
donors with ethical approval from the research ethics committee of Guy’s Hospital, London, UK (REC
reference number 09/H804/077). PBMCs were isolated using Lymphoprep (Axis-Shield, Oslo,
Norway) according to the manufacturer’s instructions. Prior to flow cytometric sorting, depletion of

the majority of lineage positive cells was performed using antibodies recognizing CD3 (clone OKT3, in
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house), CD14, CD16 and CD19 (mouse anti-human; all eBioscience, Hatfield, UK) and Pan Mouse IgG
Dynabeads (Life Technologies, Paisley, UK) according to the manufacturer’s instructions. Remaining
cells were stained using a human Hematopoietic Lineage FITC cocktail (CD2, CD3, CD14, CD16, CD19,
CD56, CD235a; eBioscience) with the addition of anti-CD123-FITC (eBioscience) to identify basophils.
CRTh2-AlexaFluor 647 (Biolegend, London, UK), CD127-Brilliant Violet 570 (Biolegend) CD45-
AlexaFluor 700 (Biolegend), CD34-Brilliant Violet 421 (Biolegend), CD25 Brilliant Violet 605
(Biolegend) and c-kit-PE (eBioscience) were used to phenotype and identify ILC2s. ILC2 cells were
sorted as Lineage- CRTh2* CD127" on a FACSAria Il (BD Biosciences, Oxford, UK), cells were collected

into RPMI 1640 containing 10% FBS (Life Technologies).

ILC2 cells were cultured at 10,000 cells/mL in RPMI 1640 supplemented with 10% FBS and
penicillin/streptomycin/L-glutamine (Life Technologies) with rhlL-2 (50U/mL; Eurocetus, Amsterdam,
The Netherlands) and rhIL-7 (50ng/mL; R&D Systems, Abingdon, UK). Cells were incubated for 1hr
with anti-ST2 (Abcam) prior to in vitro culture. Where indicated bronchial epithelial cell supernatants

were added at a ratio of 1:4 and cells were cultured for seven days.

Measurement of IL-4, IL-5, IL-13, and IL-33 levels in culture supernatants. Levels of IL-4, IL-5, and IL-
13 were assessed in the supernatants of the T cell and ILC2 cultures by MSD. The sensitivity levels
were 0.35 pg/mL for IL-4 and IL-5 and 1.57pg/mL for IL-13. These sensitivity levels were slightly
different from those observed when the in-vivo airway samples were measured (see earlier) and is
likely to reflect minor differences in the groups of cytokines multiplexed together on each plate in
these two settings. IL-33 was measured in supernatants by R&D Duoset ELISA with a lower limit of

detection of 23.4 pg/mL.
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Figure E1. Study visits and assessments.

Day -15 | -14 |0 1 2 3 4 5 6 7 8 9 10 42

Symptom diaries

Home
spirometry

Virus inoculation

Bronchoscopy X X

Serum X X X X
Nasal lavage X X X X X X X X X
Nasosorption™ X X X X X X X X X
Clinic Spirometry X X X X X X X X X X
Histamine X X

challenge

Figure E2. Baseline asthma symptom scores and any increase in symptoms following the first
bronchoscopy were subtracted from the equivalent day symptom scores during the 2 week infection
block. This was performed to allow an analysis of virus-induced symptoms rather than those either
already present in some asthmatics or those induced by bronchoscopy itself. It is therefore possible
to have a negative score assigned to a study subject if baseline symptoms exceeded those during the
acute infection block.

Screening Baseline block Acute Infection block
1234567891011 12 13 14 1234567891011 12 13 14
Bronchoscopy Bronchoscopy

RV16 Inoculation



Table E1. Virus Load. Values represent medians and interquartile range (copies/mL). *,P<0.05

compared to healthy subjects.

Peak NLVL | Day 2 NL Day 3 NL Day 4 NL Day 5 NL Day 7 NL Day 10 NL
Healthy 1.23x10° 5722 6917 9.93x10" 2.71x10° 395 1763
N=11 (3.98x10%- | (0-1.52x (1501-3.21 | (622-1.28 | (751-2.03 | (0-3.25x | (0-3.11x
5.85x10°%) 10 x 10°) x 10°) x 10%) 10°) 10°)
All Asthma | 3.99x10° | 5.39x10° *1 68 x 10° 5.43x10" 2.96x10" 1.22x10" 1.52x10"
N=28 (5.07x10°- | (0-1.52 x . '61 10°. | (8811= (548-3.97 | (287-1.60 | (0-1.01x
1.81x107) | 109 (161x10°- | 316,105 | x10°) x 10°) 10%)
1.28 x 10')
Severity
Mild 3.92x10° 1.90x10° 8.32x10° 3.90x10" 1.77x10° 1.11x10" 4962
N=11 (4.44x10°- | (1.24x10*- | (2.30x10*- | (1.22- (0- (119 - (0-
1.93x10) 1.69x10°) 1.93x10) 4.85x10°) | 4.38x10°) 6.95x10°) 2.81x10%)
Moderate | 4.06x10° 1.33x10" 2.85x10° 2.27x10° 4.16x10° 1.34x10° 2.52x10°
N=17 (8.05x10°- | (O- (8907 — (5266 — (805- (395- (241-
2.56x107) 2.42x10%) 1.07x10") 2.47x10% 4.35x10°) 1.17x10°) 1.16x10°)
Treatment
Steroid 3.92x10° 1.90x10° 8.32x10° 3.90x10" 1.77x10" 1.19x10" 1.34x10"
naive (3.86x10°- | (7258- (1.58x10%- | (7665- (0- (702- (0-
N=13 2.84x10") 2.80x10°) 2.84x10") 3.31x10°) 3.02x10°) 5.22x10°) 1.58x10°)
ICS 4.06x10° 1.33x10" 2.85x10° 2.98x10° 5.53x10" 1.25x10° 1.70x10°
N=15 (1.38x10% | (0- (1.38x10% | (7668- (1317- (0- (0-
1.48x10") 1.01x10°) 6.66x10°) 3.54x10%) 5.96x10°) 7.39x10% 6.93x10%

E13
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Table E2 Changes in BAL inflammatory cell proportions during RV infection. Data shown as median
percentages (interquartile range). (*,P<0.05; **,P<0.01;*** ,P<0.001 compared to healthy subjects;
+,P<0.05 day 4 compared to baseline).

Eosinophils Neutrophils Lymphocytes

Baseline Day 4 Baseline Day 4 Baseline Day 4
Healthy 0 0 2.0 1.3 2.0 3.9
N=11 (0-0) (0-0.7) (0-3.0) (0.3-3.3) (1.0-3.0) (1.5-8.9)
All Asthma 0.5** 1.2+%* 13 1.9 3.0 4.3
N=26 (0-1.7) (0-3.8) (0.7-2.7) (1.2-4.0) (1.3-6.5) (2.0-8.2)
Severity
Mild 0.7%* 1.0 2.3 1.7 3.0 4.4
N=11 (0-1.7) (0-3.3) (1-3.7) (0.3-4.0) (1.0-4.3) (1.7-6.5)
Moderate 0.3** 1.2+ 1.2 2.0 6.0 4.3
N=15 (0-1.7) (0-3.9) (0-2.3) (1.3-4.2) (1.3-7.3) (2.2-8.7)
Treatment
Steroid naive 0.5** 1.3 2.0 1.7 3.0 5.0+
N=12 (0-1.5) (0-2.3) (1.0-3.6) (0.3-4.0) (1.2-4.8) (2.0-8.0)
ICS 0.5** 1.0+ 13 2.0 6.2 4.0
N=14 (0-1.8) (0-4.0) (0.2-2.3) (1.3-2.7) (1.3-7.8) (2.0-8.7)

The baseline inflammatory cell proportions have been previously reported(1).
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Table E3. Nasal levels of cytokines measured by nasosorption™. Values represent median and
interquartile range. *,P<0.05; ** P<0.01;*** P<0.001 compared to healthy subjects; +,P<0.05;
++,P<0.01;+++,P<0.001 day 4 compared to baseline.

IL-33 (pg/mL) IL-4 (pg/mL) IL-5 (pg/mL) IL-13 (pg/mL)
Baseline Peak Baseline Peak Baseline Peak Baseline Peak
Healthy 455 129.3 0 0 0 0.8 0 0.8
N=11 (29.0- (90.0- (0-0) (0-1.5) (0-0.8) (0-5.0) (0-0.8) (0-2.2)
190.4) 451.0)
All Asthma 26.5 +++139.0 | *0.9 ek 1.8 e 0 ek
N=28 (20.4- (47.3- (0-1.7) 1.8 (0.6-7.0) | 13.0 (0.8-3.8) | 4.9
56.8) 319.3) (0.9-3.3) (4.5-33.9) (2.6
16.0)
Severity
Mild 25.5 +100.0 11 freq 1 35 o 78 ok
N=11 (16.4- (47.0- (0-1.8) (0.9-33) | (0.6-7.4) | 10.1 (1.0-3.8) | 7.7
95.2) 272.0) (5.3-26.4) (3.0-
14.3)
Moderate 28.7 ++145.0 0.8 g 1.7 e 713 ek
N=17 (20.9- (41.5- (0-1.7) 0.9-3.3) (0.3-5.8) | 13.1 (0.8-47) | 43
54.4) 337.0) (3.6-54.6) (2.2-
36.4)
Treatment
Steroid naive 27.1 ++145.0 11 Frexq q 735 o 78 ok
N=13 (18.7- (57.1- (0-1.9) (0.8-3.4) | (1195 | 15.4 (1.2-45) | 7.7
82.8) 360.0) (6.2-31.4) (3.6-
15.5)
Ics 26.0 ++133.0 | 0.8 %0 11 T8 | 12 rxxg 3
N=15 (20.2- (35.0- (0-1.3) (1.13.2) | (0-1.9) (3.0-47.8) | (0.8-3.7) | (1.8-
51.9) 335.0) 36.3)

Note: One day 2 nasosorption™ sample was missing from a moderate asthmatic. One day 7 nasal sample was
missing from a different moderate asthmatic subject.
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Table E4. Bronchial levels of cytokines measured by bronchosorption™. Values represent median
and interquartile range. (*,P<0.05; **,P<0.01;***,P<0.001 compared to healthy subjects; (+,P<0.05;
++,P<0.01;+++,P<0.001 day 4 compared to baseline).

IL-33 (ng/mL) IL-4 (pg/mL) IL-5 (pg/mL) IL-13 (pg/mL)
Baseline Day 4 Baseline Day 4 Baseline Day 4 Baseline Day 4
Healthy 1.50 2.35 0 0 0 0 0 0
N=11 (baseline) (1.13- (1.87- (0-0.8) (0-0) (0-0.6) (0-0.8) (0-0) (0-1.5)
N =10 (day 4) 3.02) 4.22)
All Asthma 1.83 1.84 0 0 0.7 +*1 1 0.6 **0 ;
N=25 (1.16- (0.69- (0-0.9) (0-1.0) (0-1.3) " (0-1.2) "
4.62) 4.37) (0-1.9) (0-1.2)
Severity
" * * * *
'ril/mfo (baseline) (Zilzss ?68;3 ?0 1.2) 07 ?682 5) 11 09 10
= aseline . - . - -1. -Z.
N = (day 4 2.45) 4.35) (0-1.9) (0.5-2.0) (0-1.4) (0-1.5)
Moderate 1.76 1.77 0 0 0.3 *0.8 0 *0 6
N=15 (baseline) (1.03- (0.68- (0-0.6) (0-0.9) (0-1.0) § (0-0.8) §
N =16 (day 4) 5.68) 4.65) (0-1.9) (0-1.1)
Treatment
iltelrcz)l(dbnalr-le ) (Ziofl ?69922 ?0 1.2) 07 ?672 2) 12 08 11
= aseline . = . = -1. -Z.
N =11 (day 4 4.33) 4.33) (0-2.1) (0.7-2.3) (0-1.4) (0-1.9)
ICS 1.79 1.69 0 0 0.6 0.8 0 *0 6
N=13 (baseline) (1.12- (0.67- (0-0.6) (0-0.8) (0-1.0) (0-1.6) (0-0.9) (0_‘1 )
N =14 (day 4) 5.89) 4.87) )

Note: Baseline bronchosorption™ samples were not obtained from 3 asthmatics; day 4 bronchosorption™
samples were not obtained from 3 asthmatic and 1 healthy subject (numbers for each subgroup shown in
table).
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Table E5. Correlations between type 2 cytokines and respiratory symptom severity. The correlations
shown are for asthmatics only. The ‘peak’ nasal level refers to the maximal level for each subject
during the infection period. The ‘total’ respiratory score refers to the summation of scores over the

14 days post-inoculation (as seen in manuscript figure 1A and B) and represents the severity of the
cold or exacerbation.

Total Upper Respiratory Symptoms | Total Lower Respiratory Symptoms
Peak Nasal IL-5 r=0.55, P =0.003 r=0.37, P=0.057
Peak Nasal IL-13 r=0.47,P=0.014 r=0.20,P=0.321
Day 4 Bronchial IL-5 r=0.43,P=0.034 r=0.38, P=0.059
Day 4 Bronchial IL-13 r=0.51, P=0.009 r=0.42, P=0.036

Note: The symptom diary was missing from one asthmatic subject.



Table E6. Individual serum rhinovirus-16 antibody titres.

Subject ID | Asthma Status | Day 0 RV16 Day 42 RV16
Antibody titre | Antibody titre

40 Healthy 0 1:16
45 Healthy 0 1:4
48 Healthy 0 1:32
47 Healthy 0 0
56 Healthy 0 >1:64
101 Healthy 0 1:32
100 Healthy 0 >1:64
81 Healthy 0 0
114 Healthy 0 1:32
119 Healthy 0 >1:64
116 Healthy 0 1:32
39 Asthma 0 1:64
67 Asthma 0 1:64
92 Asthma 0 1:16
121 Asthma 0 1:8
111 Asthma 0 >1:64
129 Asthma 0 1:16
124 Asthma 0 0
97 Asthma 0 1:64
142 Asthma 0 1:64
139 Asthma 0 1:32
144 Asthma 0 1:4
148 Asthma 0 1:16
146 Asthma 0 1:16
21 Asthma 0 1:16
75 Asthma 0 1:16
61 Asthma 0 1:16
73 Asthma 0 1:4
85 Asthma 0 >1:64
86 Asthma 0 1:64
60 Asthma 0 1:32
105 Asthma 0 1:64
104 Asthma 0 1:32
126 Asthma 0 >1:64
136 Asthma 0 1:32
113 Asthma 0 >1:64
125 Asthma 0 >1:64
134 Asthma 0 >1:64
132 Asthma 0 1:4
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