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Abstract

Background: The temporal in vivo response of epithelial cells to a viral challenge and
its association with viral clearance and clinical outcomes has been largely unexplored
in asthma.

Objective: To determine gene expression profiles over time in nasal epithelial cells
(NECs) challenged in vivo with rhinovirus-16 (RV16) and compare to nasal symptoms
and viral clearance.

Methods: Patients with stable mild to moderate asthma (n = 20) were challenged
intranasally with RV16. Nasal brush samples for RNA sequencing were taken 7 days
prior to infection and 3, 6 and 14 days post-infection, and blood samples 4 days prior
to infection and day 6 post-infection. Viral load was measured in nasal lavage fluid at
day 3, 6 and 14.

Results: Top differentially (>2.5-fold increase) expressed gene sets in NECs post-
RV16 at days 3 and 6, compared with baseline, were interferon alpha and gamma
response genes. Patients clearing the virus within 6 days (early resolvers) had a sig-
nificantly increased interferon response at day 6, whereas those having cleared the
virus by day 14 (late resolvers) had significantly increased responses at day 3, 6 and
14. Interestingly, patients not having cleared the virus by day 14 (non-resolvers) had
no enhanced interferon responses at any of these days. The daily Cold Symptom
Scores (CSS) peaked at days 3 to 5 and correlated positively with interferon response
genes at day 3 (R = 0.48), but not at other time-points. Interferon response genes
were also enhanced in blood at day 6 after RV16 challenge.

Conclusion and Clinical Relevance: This study shows that viral load and clearance

varies markedly over time in mild to moderate asthma patients exposed to a fixed

*https://www.europeanlung.org/assets/microsites/ubiopred/files/ubiopredstudygroupnov.pdf
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1 | INTRODUCTION

RV16 dose. The host's nasal interferon response to RV16 at day 3 is associated with
upper respiratory tract symptoms. The temporal interferon response in nasal epithe-

lium associates with viral clearance in the nasal compartment.
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that the viral load in nasal washes after naturally acquired rhinovirus

Asthma is a heterogeneous, inflammatory airway disease, in which
respiratory viral infections can trigger worsening of symptoms.
Rhinoviruses are the most common cause of virus-induced wors-
ening of asthma. There are no indications that asthma patients are
more frequently infected than healthy controls, but they do develop
more severe lower airway symptoms than healthy individuals, sug-
gesting differences in the anti-viral response.

Rhinoviruses predominantly infect and replicate in nasal and bron-
chial epithelial cells. Previous ex vivo studies have reported a deficient
anti-viral interferon production by bronchial epithelium ° and bron-
choalveolar lavage cells ¢ from asthma patients to rhinovirus 16 (RV16),
which led to enhanced viral replication. In addition, in these and similar
studies an exaggerated TH2 response to RV16 was found,” which was
paralleled by eosinophilic and neutrophilic inflammation.® Other in vivo
studies with asthma patients showed, as compared with baseline, pro-
nounced local interferon responses to naturally occurring viral infec-

tions associated with exacerbations *1°

and also specifically to RV16
challenge.!!

In a recent study with stable mild asthma patients, we showed
a pronounced interferon response in bronchial epithelial cells after
in vivo RV16 challenge, whereas we did not observe TH2-mediator-
driven responses. This was confirmed (unpublished) retrospectively
for 92 TH2-associated genes, as provided by Ref.}? In addition, the
host's interferon response, but not the viral load, correlated with both

inflammatory and clinical parameters.!® In line herewith, others found

1 and experimental RV16 *° infections did not differ between individ-
uals with and without asthma. In contrast, another study linked clin-
ical severity of rhinovirus-induced asthma exacerbations to the viral
load in nasal lavage.® The extent of control of asthma was offered as
an explanation for these opposite findings.16 An alternative non-ex-
clusive hypothesis is that there are differences in timing in interferon
responses amongst patients with asthma. For example, in a murine
study of experimental asthma exacerbations we found that IL-33, re-
leased early after viral exposure, inhibited the interferon response.17

The primary aim of this study was to examine changes in gene ex-
pression over time, particularly those of the interferon response genes,
in epithelial cells upon in vivo RV16 challenge and compare those to
viral replication and clinical outcomes. To that end, we subjected mild
to moderate asthma patients, controlled by corticosteroids, to RV16
and sampled nasal epithelial cells to study gene expression over time,
in relation to viral load and clinical symptoms. In addition, we collected
blood to determine, if present, the systemic response to in vivo RV16
challenge and its relationship to the response measured in the nasal

compartment.

2 | METHODS

2.1 | Subjects and design

The study set-up (ClinicalTrials.gov: NCT01866306) is represented
schematically in Figure 1. Twenty (out of 23) stable adult mild to

Day -28 Day -7 Day -4 Day 0 Day 3 Day 6 Day 14
e SCreening )
Nasal brush Blood Nasal wash Nasal brush Nasal brush Nasal brush
Nasal wash FeNO FeNO Nasal wash Nasal wash Nasal wash
FeNO FeNO FeNO FeNO
Blood

Common cold scores and FEV1 measured every day

FIGURE 1 An overview of the study design. Screening was performed 28 d before experimental rhinovirus infection. Nasal washes,
brushes and blood were collected on indicated days. Cold Symptom Scores and FEV, were measured every d from 7 d before RV16 until
14 d after RV16 administration to asthma patients
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moderate asthma patients on inhaled corticosteroids (<500 pg/day
fluticasone propionate or equivalent), all RV16-seronegative (<1:4),
were included in this analysis. The three excluded patients were either
not infected (n = 1), infected with another virus at the time of inocula-
tion (n = 1) or the sequence reads did not match with the non-stranded
sequenced samples during the stranded library preparation step
(n = 1). Nasal lavage and brushed nasal epithelial cells (NECs) were col-
lected 7 days prior to low dose rhinovirus16 (RV16UB) inoculation (100
TICDSO) as baseline and at days 3, 6 and 14 after inoculation.’® RV16UB
is a GMP RV16 stock prepared under auspices of U-BIOPRED, where
100 TICD,, was found to be the lowest optimal dose for effective
infections in healthy individuals and asthma patients (manuscript in
preparation). Blood was obtained 4 days prior, as baseline, and at day
6 post-RV16 exposure. Viral load was measured in nasal lavage fluid at
days 3, 6 and 14. In addition, a PCR screening for respiratory viruses
was performed in throat swabs 1 day before RV16 challenge to en-
sure no other viral infections. Fractional exhaled nitric oxide (FeNO)
was measured, at the same days as nasal lavage was obtained. Cold
Symptom Scores and FEV, % predicted (based on morning values) were
measured every day from 7 days before until 14 days after RV16 chal-
lenge. The study was approved by the internal review boards of the
participating centres, and written informed consent was obtained from
all participating patients. Patient baseline characteristics are provided
in Table 1. The inclusion and exclusion criteria for these patients are

provided in the online data supplement.

2.2 | Study procedures

Cold Symptom Scores (CSS) were assessed using the Jackson Cold
Symptom Score questionnaire, recording daily sneezing, nasal dis-
charge, stuffy nose, sore throat, cough, chest pain, fever, chills and
headache.? The FEV,% predicted was measured in the morning
according to the recommendations by the European Respiratory
Society.2°The dropin FEV, was determined by the maximal change in
FEV,% predicted after RV16 challenge at days 3, 6 and 14 compared
with FEV,% predicted before RV16 (average of 7 measurements

TABLE 1 Characteristics of moderate
asthma patients enrolled in the study

Patient characteristics

WILEY-%

taken every day from 7 days before until 1 day before RV16). Nasal
brushings and collection of nasal lavage were performed by standard
procedures‘21 FeNO was measured by a chemiluminescence ana-
lyzer (NIOX MINO®).?2 Rhinovirus in nasal lavage was quantified by
PCR.2 The lower limit of detection for viral titre was 500.

2.3 | RNAisolation and sequencing

The nasal brushings consisted predominantly of nasal epithelial cells,
verified by the transcriptome of nasal brushes that did not express
specific markers for eosinophils (eosinophilic cationic protein), neu-
trophils (myeloperoxidase) and macrophages (CD206), which are
predominant in nasal airways. Two brushings at each time-point
were pooled by centrifugation at 1000 g (standard table centrifuge)
for 5 minutes at 4°C. The pellet was dissolved in 1 mL of TRIzol® and
stored at -80°C. Once all samples were obtained, they were thawed
to room temperature and 200 pL of chloroform was added, followed
by inverting 10 times. After incubating at room temperature for
5 minutes, the samples were centrifuged at 3500 rpm for 10 min-
utes at 4°C. The RNA was purified from the obtained aqueous phase,
using protocol 4.C. of SV 96 total RNA isolation system (Promega).
The RNA from blood samples was isolated by standard PAXgene®
RNA isolation kit. All samples with RIN (RNA integrity number) score
of >6 assessed by bioanalyzer and/or that passed the quality control
with FASTQ and alignment quality analysis with Omicsoft (Qiagen®)
were used for analysis. In total, 78 out of 80 nasal brush samples and
38 out of 40 blood samples were sequenced using lllumina HiSeq
2500 sequencer. The detailed methods on cDNA preparation, RNA
sequencing and analysis are provided in the online data supplement.
The data sets will be submitted to Gene Expression Omnibus web-

site within 6 months after publication.

2.4 | Statistical analyses

The read counts were loaded into the edgeR for TMM (trimmed
mean of M-values) normalization and voom function in limma to

Age (y)
Sex ratio (M:F)

Subjects (n)°

FEV, pre-bronchodi-
lator (L)°

FEV, pre-bronchodi-
lator (% pred)b

Cold Symptom
Scores®

FeNO (ppb)°

*Mean (range).

bArithmetic mean (SD).

33.8(22.1-53.1)

1:1

Baseline Day 3 Day 6 Day 14

20 20 19 19
3.33(0.72) 3.32(0.76) 3.33(0.74) 3.27 (0.73)
90.22 (10.79) 89.81 (11.52) 90.91(11.36) 88.68(11.81)
0.25(0.53) 5.6 (2.76) 4.15(3.15) 1.2 (3.09)
35.17 (25.72) 32.92(19.2) 32.9 (23.96) 33.97 (25.9)

1 asthma patient dropped out for days 6 and 14.
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(A)

Gene sets at day 3 after RV16

# Genes
in FDR
Description overlap /K Pvalve®

(O]

Gene set name [# Genes (K)]

HALLMARK_INTERFERON_GAMMA_RESPONSE [200] Genes up-regulatec in 99
response to 1FNG

[GenelD = 3458]

247e7128 1247118

HALLMARK_INTERFERON_ALPHA_RESPONSE [97]  Genes up-regulatec in 7
response to zlpha interferon

proteins

3.62¢e7105 9067104

HALLMARK_INFLAMMATORY_RESPONSE [200] Genes defining inflammatory 32

response

5462 91e

HALLMARK_ALLOGRAFT_REJECTION [200] Genes up-regulatec during 27

transplant refection

7.88¢717 9.85¢710

HALLMARK_APOPTOSIS [161] Genes mediating 23
programmec cell death
(zpoptosis) by activation of

caspases

4.37e15 437714

HALLMARK_TNFA_SIGNALING_VIA_NFKB 7200] Genes regulated by N¥-k3 in 25
response to TNF

[Geneld = 7124]

6.8e 15 56714

HALLMARK_IL6_JAK_STAT3_SIGNALING [87] Genes up-regulatec by IL§ 15
[GenelD = 3569] via STAT3
[GenelD = 6774], e.g., during
acute phase response

158671 1136710

HALLMARK_COMPLEMENT [200] Genes encoding components 21
of the complement system,
which is part of the innate

Immune syster

289e1l  1gell

HALLMARK_P53_PATHWAY [200] Genes Involved in p53 17

pathways and networks

5.26e%  292e7

HALLMARK_IL2_STAT5_SIGNALING [200] Genes up-regulatec by STATS 16
In response to 1L2

stimulation

2967  134e0

Gene sets at day 6 after RV16

# Genes
in FDR
Description overiep */K i B Rl

(k)

Gene set name [ Genes (K)]

HALLMARK_INTERFERON_GAMMA_RESPONSE [200] Genes up-regulated in
response to IFNG

[GenelD = 3458]

107 55682 275¢80

HALLMARK_INTERFERON_ALPHA_RESPONSE [97]  Genes up-regulated in 74
response to alpha interferon

proteins

225¢74 s563e773

HALLMARK_MYC_TARGETS_V1 [200] A subgroup of genes 59
regulated by MYC - version

1(v1)

313e2 52177

HALLMARK_MTORC1_SIGNALING [200] Genes up-regulated through 48
activation of mTORC1

complex

43de!® 5426718

HALLMARK_E2F_TARGETS [200] Genes encoding cell cycle 46
related targets of E2F

transcription factors

141et  101e716

HALLMARK_GLYCOLYSIS [200] Genes encoding proteins 46
involved in glycolysis and

gluconeogenesis

141V 101e710

HALLMARK P53 PATHWAY [200] Genes Involved in ps3 46

pathways and networks

141 101e710

HALLMARK_ADIPOGENESIS [200] Genes up-regulated during 45
adipocyte differentiation
(adipogenesis)

772417 43e716

HALLMARK_OXIDATIVE_PHOSPHORYLATION [200]  Genes encoding proteins 45
involved in oxidative

phosphorylation

774V 43e7l0

HALLMARK_APOPTOSIS [161] Genes mediating 40
programmed cell death
(apoptosis) by activation of

caspases

1.03e716 5156716

(B)

Baseline Day 3 Day 6 Day 14
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FIGURE 2

Interferon alpha and gamma response gene sets are the most differentially expressed sets, relative to baseline, in nasal

epithelium at days 3 and 6. A, Gene set enrichment analysis of all differentially expressed genes showed that interferon gamma and alpha
response gene sets were up-regulated at days 3 and 6 after RV16 in nasal epithelial cells of asthma patients. B, Heat maps of interferon
response genes common for both interferon alpha and gamma were enhanced at day 3 (n = 20), day 6 (n = 19) and day 14 (n = 19) after RV16
challenge compared with baseline (7 d before RV16; n = 20). The heat maps for respective patients are shown in the same order for each
day. The viral load represented as log10, measured in nasal brushes, is provided below the heat maps for respective days and corresponding
asthma patients. C, Z scores of interferon response genes were plotted per patient and were significantly increased at day 3, day 6 and day
14 after RV16 compared with baseline (7 d before RV16); *P < .05, **P < .01, ***P < .001, paired t tests. D, Ingenuity pathway analysis of all
differentially expressed genes revealed that interferon signalling pathway is up-regulated after RV16 at days 3 and 6 after RV16, but not at
day 14. The coloured nodes represent differentially expressed genes, where the higher the intensity of the node colour, the higher the gene
expression is. The genes in white nodes are not differentially expressed

remove any variations in sample quality. This was followed by lin-
ear modelling and determining the differentially expressed genes in
limma. The comparisons were pair-wise for the respective time-point
to the baseline gene expression, and an adjusted P value of <.05 was
considered statistically significant. The Z scores used for correlation
with viral load and clinical parameters were calculated by subtract-

ing the mean interferon response gene expression of all patients

from the gene expression of the individual patient and divided by
the standard deviation, sum of the scores for all genes in the gene
set and divided the result by the square-root of the total number of
genes.?* For Ingenuity Pathway Analysis (IPA), log2 fold change and
P value adjusted were used as inputs. For all correlations, Pearson's
correlation coefficients with two-tailed analysis were used. These

statistical analyses were performed using GraphPad Prism 7.
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3 | RESULTS

3.1 | Interferon response gene expression is
enhanced at day 3 and remains high at day 6 after
RV16 challenge in nasal epithelium from asthma
patients

To determine nasal epithelial gene expression upon in vivo RV16
challenge, we collected nasal epithelial brushings from 20 asthma
patients at 7 days pre-challenge (baseline) and 3, 6 and 14 days post-
challenge. Compared with baseline, 871 genes were differentially
expressed at day 3 (Table S1), 4199 genes at day 6 (Table S2) and
only 101 genes at day 14 (Table S3), indicating that changes induced
by RV16 in nasal epithelial cells were mostly back to baseline by day
14. As displayed in the Venn diagram, 352 of the differentially ex-
pressed genes are unique for day 3, 3610 for day 6 and 9 for day
14 (Figure S1A). Gene set enrichment analysis (GSEA) revealed that,
compared with baseline, the top differentially regulated set of genes
at days 3 and 6 were the interferon gamma and alpha response gene
sets (Figure 2A). At day 3, the other differentially expressed gene
sets within the top 10 belong to inflammatory response, apoptosis
and signalling pathways involving TNF-a, JAK-STAT3, STAT2, com-
plement and p53 pathway. Most of these genes in these sets overlap
with the interferon response gene sets. At day 6, the other differ-
entially expressed gene sets are MYC and E2F targets, MTORC1
signalling, glycolysis, oxidative phosphorylation and apoptosis that
all relate to cell metabolism. No specific gene sets were differen-
tially expressed at day 14. Heat maps of genes induced by both in-
terferon alpha and gamma (Figure 2B) or specifically by interferon
alpha (Figure S1B) or interferon gamma (Figure S1C) showed similar
patterns. The corresponding viral loads are shown for convenience
and discussed further below. The Z scores of the common interferon
response genes were significantly higher at days 3, 6 and 14 after
RV16 challenge, compared with baseline, with a trend wise decrease
at day 14 (Figure 2C). To visualize regulators of differentially ex-
pressed genes in a pathway, and their localizations and functions, IPA
analysis was used. It also displayed both type | and type Il interferon
signalling as the most up-regulated pathway at days 3 and 6 after

RV16 exposure in nasal epithelium of asthma patients (Figure 2D).

3.2 | Up-regulation of interferon response genes
relates to viral clearance in asthma patients

The course of the infection varies based on the viral titres in nasal
lavage, as seen in Figure 3A. Given the time-points available in the
present study design, asthma patients that cleared the virus by day
7 were denoted as early resolvers (red); those clearing virus by day
14 as late resolvers (green); and those with persisting virus at day
14 as non-resolvers (blue) (Figure 3A). The Z scores of interferon re-
sponse genes were significantly increased at days 3, 6 and 14 for late
resolvers and at day 6 for early resolvers, compared with baseline of
respective groups. Importantly, there was no significant increase in

interferon response genes from baseline at any of the days for the

WILEY- %

non-resolvers. However, non-resolvers had high baseline expression
(P = .03) of interferon response genes compared with late resolv-
ers (Figure 3B). IPA analysis showed that these differences between
early, late and non-resolvers could not be explained by variation in
type | and type Il interferons or anti-viral genes (data not shown).
There were no other differentially expressed gene sets post-RV16,
like the apoptosis genes (Figure S2A), that could explain differentia-
tion between early, late and non-resolvers (Figure S2B). To analyse
whether patients with high viral load also have enhanced interferon
response gene expression, we correlated these two parameters for
the respective days. The viral load did not correlate with the Z score
of interferon response genes at days 3 and 6. At day 14, there was
a positive correlation of interferon response genes and viral load
(P = .01; R% = 0.32), but this correlation was skewed by one patient
with a high viral load at day 14 (Figure 3C). The early, late and non-
resolvers did not significantly differ in any of the patient character-
istics listed in supplementary Table S4.

3.3 | The RV16-induced local interferon response is
also reflected in blood

We examined whether exposure to RV16 resulted in a systemic re-
sponse and, if so, how this compared to the response in nasal epi-
thelium. Blood was collected 4 days before and 6 days after RV16
challenge. Compared with baseline, 674 genes were differentially ex-
pressed in blood at day 6 after RV16 (see Table S5). Similar to nasal
epithelial cells, GSEA analysis showed that interferon alpha and
gamma are the most differentially expressed gene sets in blood at
day 6 (Figure 4A). The heat map shows the individual differentially
expressed interferon response genes at day 6 after RV16 compared
with baseline (Figure 4B). The Z scores obtained from the heat maps
showed a highly significant up-regulation of interferon response genes
after RV16 exposure (Figure 4C). Interestingly, the Z score of inter-
feron response genes at day 6 in nasal epithelium and in blood cor-
related significantly (P = .03; R? = 0.23), thus reflecting a similar degree
of up-regulation of interferon response genes to RV16 (Figure 4D). The
highest scoring network with an IPA score of 36 was associated with
the defence response to virus. The key components in the network are
IF127, RSAD2, IFI44L, IFIT1, CMPK2, IFl144, HERC5, OAS3, MX1 and
EPSTIA (Figure 4E).

3.4 | Cold Symptom Scores (CSS) and interferon
response genes correlate at the peak of upper airway
symptoms, but not to FEV,

Previously, we found that the interferon response genes in bron-
chial epithelial cells upon RV16 exposure correlated with lower
airway symptoms. Now, we assessed whether the enhanced inter-
feron response genes in NECs correlated with clinical parameters
of the upper airways. CSS were measured every day from 7 days
before until 14 days after RV16 administration. The CSS were
highest at days 3 to 5 (manuscript in preparation). The Z scores of
interferon response genes in nasal epithelium and the CSS, both
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at day 3 after RV16, correlated significantly (P = .02; R? = 0.24).
This correlation was not observed at days 6, 14 or at baseline
(Figure 5A). The Z scores of interferon response genes in blood
at day 6 also correlated positively with the CSS at day 6 (Figure
S3). The drop in FEV,% predicted from baseline (averaged FEV,%
predicted values of 7 days before RV16) was low as expected for
patients on corticosteroids and, as a group, did not significantly
differ between days 1-14 after RV16 (manuscript in preparation).
To determine whether the nasal interferon responses are reflected
in the bronchial compartment, we correlated enhanced interferon
response genes and the drop in FEV,. There was no correlation
of interferon response genes in nasal epithelium and the RV16-
induced percental drop in FEV, at days 3, 6 and 14 (Figure 5B).
Moreover, the Z scores of interferon response at day 3 did not
correlate with the maximum drop in FEV, % predicted over 14 days
after RV16 challenge (Figure 5C). Interestingly, unlike for the Z
scores of interferon response genes, the viral load did not cor-
relate with the CSS at either days 3, 6, 14 or at baseline Figure
S4A). The CSS measured post-RV16 (day of maximum increase)
did not differ between early, late and non-resolvers (Figure S4B).
The FeNO levels were not affected in these asthma patients after
RV16 at days 3, 6 and 14 compared with baseline (day 0 and 7 days
before; manuscript in preparation).

4 | DISCUSSION

In this study, we depicted sequential changes over 3, 6 and 14 days
in the transcriptome of nasal epithelial cells from asthma patients
in response to an in vivo viral challenge, which allowed us to rec-
ognize differential responses that could be linked to the course of
the infection. As also various clinical parameters were measured, it
enabled to link virus-induced responses to clinical outcomes. Nasal
epithelial cells from mild to moderate asthma patients upon in vivo
RV16 challenge displayed, compared with baseline, enhanced inter-
feron response gene expression at day 3, remained high at day 6
post-infection and returned to near-baseline at day 14. Interestingly,
the increased interferon responses in nasal epithelium at day 3, but
not the viral load, correlated well with symptom scores at day 3, cor-
responding to the peak of symptom scores. Asthma patients with a
relatively high interferon response gene expression at baseline, were
unable to mobilize an elevated interferon response at days 3 and
6 compared with baseline and did not clear the virus by day 14. In
contrast, those who cleared the virus all displayed a temporal in-
creased interferon response. RNA sequencing of blood, 6 days after
RV16 exposure, showed similar up-regulation of interferon response
genes compared with nasal brushings. These data suggest that en-
hanced interferon responses at days 3 and 6 after in vivo RV16 chal-
lenge are associated with viral clearance and higher cold symptom
scores.

In our previous in vivo challenge study with RV16 in mild
asthma patients,13 we found, compared with baseline, an enhanced
interferon response in bronchial epithelium 6 days post-infection.

In both studies, the extent of the initial interferon response cor-
related with clinical symptoms, whereas the viral load did not cor-
relate with clinical symptoms. This is in line with another study 25
that shows that children with upper respiratory rhinovirus infec-
tion had higher levels of interferons in nasal washes and enhanced
levels linked with more wheezing, but no difference in viral titres.
The viral load in any given compartment is the sum of viral rep-
lication and clearance of the virus. Viral replication in bronchial
epithelium is the major driver of interferon production in asthma
patients.?® Viral load in the bronchial compartment correlated with
the local interferon response, but this was not the case in the nasal
compartment where the virus was administered. The maximal viral
load in the nasal compartment varied about 4 logs between pa-
tients, which indicates that despite a fixed infectious dose, the
number of viral particles generated by replication varies consider-
ably between patients. As we have previously shown that IL-33 in-
hibits interferon responses,’’” we also searched for IL-33 response
genes 27 in NECs at days 3, 6 and 14 post RV16 but found no dif-
ferences (data not shown). For the bronchial compartment, the
correlation between viral load and interferon response suggests
that the viral load is more representative of viral replication. This
also implies that the bronchial presence of IL-33 and the variation
in time taken by the virus to reach the bronchial compartment %28
have little impact on the interferon response in the bronchial com-
partment, at least at days 3 and 6 post-infection. The interferon
response over time, but not the viral load, did correlate with the
course of the infection, which is in line with the anti-viral activity
of interferons. In the nasal compartment, viral clearance was in-
dependent of IL-33 response genes as no differences were found
between early, late and non-resolvers groups (data not shown).
The association between viral clearance and interferon response
genes is very specific as other differentially expressed gene sets,
for example the apoptosis genes or the metabolic genes at day 6,
were not different among the viral clearance groups.

In the current study, we found a marked interferon response
gene expression in nasal epithelial cells despite the use of inhaled
corticosteroids (ICS) by these asthma patients. Such maintenance
treatment was inevitable, because it is unethical to withdraw ICS
in moderate asthmatics in this study set-up. However, we do not
know whether ICS affects the nasal compartment and, if so, to
what extent. Previously though, a rhinovirus challenge in asthma
patients on ICS showed enhanced levels of CXCL-10 in sputum
and nasal lavage,?’ and of CXCL-10 and CXCL-11 in upper airway
secretions at day 4 after RV16.%! In line with the current findings,
CXCL-10 and CXCL-11 were the genes in the nasal epithelium with
the highest fold change after RV16 at days 3 and 6. Previous stud-
ies have shown that oral corticosteroids increase RV16 titres at
day 3 after RV16 challenge *° and this was considered to be due
to a decreased anti-viral response by corticosteroids. We, how-
ever, show that within this patient group, which is homogeneous in
ICS use, the interferon response gene expression varies between
patients and determines the viral clearance. The source of inter-
ferons in asthma patients after in vivo RV16 challenge has not yet
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been determined. This also applies to the systemic interferon re-
sponse, which also is relevant to potential spill-over effects on the
bronchial compartment.

There are a few limitations of this study. The use of ICS could
have attenuated particularly the clinical parameters of the lower air-
ways,>! but apparently not those of the nasal compartment. Thus,
the use of ICS could have a bias in the correlation of interferon re-

sponse gene expression in nasal epithelial cells with lower airway

Z score interferon response genes (Day 14)

symptoms. Although we differentiated inflammatory and immune
cells from nasal lavages (data not shown), the very high standard
deviations of +46.13 and +20.57 for baseline eosinophil and neutro-
phil relative counts precluded a comparison with the interferon re-
sponse gene expression. Thus, it is not clear whether the correlation
between the interferon response and inflammation in the bronchial
compartment also applies to the nasal compartment. Given that the

current findings and conclusions do resemble those obtained in the
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(A) Genes at day 6 after RV16
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FIGURE 4 Systemic interferon response gene expression in blood is increased at day 6, as in the nasal compartment. A, In blood, gene
set enrichment analysis showed that interferon response gene sets (both alpha and gamma) are up-regulated at day 6. B, Heat maps of
interferon response for respective patients (same order before and after RV16) are enhanced at day 6 after RV16 (n = 19). C, Z scores

of blood interferon response genes of individual patients significantly increased 6 days after RV16 compared with baseline (day = -4);
****Pp < 0001, paired t tests. D, The Z scores of interferon response genes at day 6 after RV16 in blood and nasal epithelium correlated
significantly (Pearson's correlation analysis). E, Gene network identification by IPA representing the most influential interferon-related
genes. Genes are connected by solid lines (direct interaction) and dotted lines (indirect interaction)
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FIGURE 5 Interferon response gene expression in nasal epithelium at day 3 correlates with peak of upper airway symptoms. A, Cold
Symptom Score (CSS) correlated with Z scores of interferon response genes only at day 3 (red) at which there was the highest expression of
interferon response genes. While at baseline (black), day 6 (green) and day 13 (blue), there was no correlation observed between CSS and
interferon response genes at their respective time-points (Pearson's correlation coefficient). B, The Z scores of interferon response genes
did not correlate with the drop in % FEV, measured at day 3 (n = 20), day 6 (n = 19) and day 13 (n = 19) and C, also the maximum drop in %
FEV, over 14 d after RV16 (n = 20). All correlations were performed using Pearson's correlation coefficient
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bronchial compartment in our previous study, we would argue that
there is similarity between both compartments. We cannot exclude,
however, that local mediators like IL-33 and anti-inflammatory ef-
fects of ICS impose additional effects in the bronchial compartment.
In conclusion, our study reveals that viral replication and load vary
considerably over time after challenge with a fixed infectious dose
of RV16 in asthmatic subjects on ICS. The interferon response gene
expression is heterogeneous but prominent in nasal epithelium after
RV16. Our data further indicate that the increment of interferon re-
sponse at days 3 and 6 compared with baseline, but not the interferon
response at day 3 itself, relates to viral clearance. The interferon re-
sponse at day 3, however, relates to symptoms. These findings may ex-
plain why IFN-p therapy was not effective in all asthma patients 32 and
opens a window of opportunity for tailored IFN-f therapy. It would be
of interest to further delineate the potential contributions of the other
differentially expressed gene sets to the course of the infection.
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