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Abstract

Introduction Understanding the interplay of immune mediators in relation to clinical outcomes during
acute infection has the potential to highlight immune networks critical to symptom recovery. The objective
of the present study was to elucidate the immune networks critical to early symptom resolution following
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.

Methods In a community-based randomised clinical trial comparing inhaled budesonide against usual care in
139 participants with early onset SARS-CoV-2 (the STOIC study; clinicaltrials.gov identifier
NCT04416399), significant clinical deterioration (reported need for urgent care, emergency department visit,
hospitalisation: the primary outcome), self-reported symptom severity (Influenza Patient-Reported Outcome
questionnaire) and immune mediator networks were assessed. Immune mediator networks were determined
using pre-defined mathematical modelling of immune mediators, determined by the Meso Scale Discovery
U-Plex platform, within the first 7 days of SARS-CoV-2 infection compared to 22 healthy controls.

Results Interferon- and chemokine-dominant networks were associated with high viral burden. Elevated
levels of the mucosal network (chemokine (C-C motif) ligand (CCL)13, CCL17, interleukin (IL)-33, IL-5,
IL-4, CCL26, IL-2, IL-12 and granulocyte—-macrophage colony-stimulating factor) was associated with a
mean 3.7-day quicker recovery time, with no primary outcome events, irrespective of treatment arm. This
mucosal network was associated with initial nasal and throat symptoms at day 0.

Conclusion A nasal immune network is critical to accelerated recovery and improved patient outcomes in
community-acquired viral infections. Overall, early prognostication and treatments aimed at inducing
epithelial responses may prove clinically beneficial in enhancing early host response to virus.

Introduction

The inflammatory environment generated by viral infections such as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is multifaceted. Cellular and molecular immunity work in coordinated
pathways to confer best protection against invading pathogens [1, 2]. The interplay of immune cells and
signalling molecules is vital in host defence to detect, control and inhibit viral replication while
simultaneously orchestrating repair and providing immunological memory [3]. Due to this complexity in
immune component interactions, network analysis attempts to provide a higher dimension assessment of
immune mediator changes and place changes to singular mediators in greater context in needed.

The global SARS-CoV-2 pandemic highlighted the importance of lung health and understanding airway
immunopathology to prevent disease. For instance, the Steroids in COVID-19 (STOIC) study (clinicaltrials.gov
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identifier NCT04416399) examined the first 2 weeks of community-acquired SARS-CoV-2 infection both
immunologically and clinically [4]. This real-world dataset demonstrated firstly that an early nasal type 2
T-helper (Th2) response, comparable to nasal signatures seen in rhinovirus infection [5], is observed
following SARS-CoV-2 infection, and secondly, that an attenuated nasal interferon (IFN) response with
increased chemokine (C-C motif) ligand (CCL)24 can be used as a biomarker to predict severe
coronavirus disease 2019 (COVID-19) [6]. Importantly, the STOIC study also showed early use of inhaled
budesonide reduced the chance of clinically significant deterioration including hospitalisation, and an
accelerated time to clinical resolution [4]; findings that since been replicated in a larger cohort study [7].
Therefore, the STOIC study offers a primary-care model of viral acquisition which can be used to assess
the critical inflammatory pathways which lead to a better prognosis.

In the present study, we aimed to understand the contribution of inflammatory mediator expression
networks on clinical outcomes in participants with SARS-CoV-2. From four pre-defined immune
networks present in the nose within the first 7 days of SARS-CoV-2 infection, we showed that a mucosal
epithelium network which included CCL13, CCL17, interleukin (IL)-33, IL-5 and IL-4, was associated
with quicker self-reported recovery and no primary outcome events. Our work shows that immune
networks offer insight into mechanisms of viral clearance and offer a framework for future studies of
inflammatory diseases.

Methods

Participants and ethics

This study included 139 participants from the STOIC open-label, parallel-group, phase 2, randomised
controlled trial (Fulham London Research Ethics Committee and the National Health Research Authority
20/HRA/2531; NCT04416399) [4] and 22 healthy controls recruited at the University of Oxford (Oxford,
UK; 18/SC/0361). These participants represent a subset of enrolled STOIC participants, and inclusion in
this study was based on symptom questionnaire and nasal mediator assessment participation.

Study design

Healthy controls recruited at the University of Oxford were adults aged >18 years without any known
history of respiratory disease or COVID-19 symptoms. Healthy controls provided a negative COVID-19
antigen test on the day of nasal mucosa sampling. Nasal sampling was performed using a nasosorption FX.I
device (Hunt Developments UK, London, UK). Briefly, the synthetic absorptive matrix (SAM) strip was
pressed gently against the inferior turbinate for 1 min. SAM strips were processed in an elution buffer
containing 1.2% Triton-X, 1.0% bovine serum albumin in PBS.

In STOIC [4], participants aged >18 years experiencing COVID-19 symptoms as defined by onset of
cough, fever, anosmia or a combination of these symptoms for <7 days were recruited. Recruitment was
undertaken from July 2020 until January 2021 by local primary care networks, local COVID-19 testing
sites and via multichannel advertising. Participants were randomised into two treatment groups, budesonide
or usual care, on day 0 (day of enrolment). Usual care consisted of supportive therapy and encouragement
to take antipyrectics for symptoms of fever. Participants randomised to receive budesonide were provided
with a dry powder inhaler dose of 400 pg per actuation (two puffs to be taken twice per day: total dose
1600 pg; Pulmicort Turbuhaler; AstraZeneca, Gothenburg, Sweden). Participants allocated to budesonide
were asked to halt budesonide treatment when they felt they had recovered (clinical recovery). The primary
outcome was significant clinical deterioration defined by a need for urgent care, emergency department
visit or hospitalisation for COVID-19. To note, the STOIC study was halted early due to treatment efficacy
and statistical futility with continuation.

Participants recruited as part of STOIC were seen at their homes at day 0, day 7 and day 14 by a trained
respiratory research nurse. Self-performed nasopharyngeal swabs for SARS-CoV-2 quantification and daily
Influenza Patient-Reported Outcome (FLU-PRO) [8] symptoms scores were collected. At day O
(pre-randomisation) and day 14, self-performed nasosorption samples were collected.

SARS-CoV-2 detection and quantification

Nasopharyngeal swabs were collected from and stored immediately in RNAse solution. RNA was extracted
from clinical samples using the QIAamp Viral RNA Mini Kit (catalogue 52906; Qiagen) following
manufacturer’s instructions. 10 pL of eluted RNA was assayed using the Tagman fast virus 1-step master
mix (ThermoFisher Scientific, Loughborough, UK), utilising oligonucleotide primers (600 nM forward and
800 nM reverse per reaction) and fluorescent conjugated probes (two probes 100 nM each) (Eurofins
Genomics, Wolverhampton, UK) for the detection of SARS-CoV-2 RNase p gene (RdRP) gene region
using ABI-7500 SDS Instruments (Applied Biosystems). A standard curve was determined using a plasmid
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expressing a known concentration of the RARP gene. Sequences for primer and probes for quantitative
real-time reverse transcriptase PCR were as follows.

Dual-labelled probe P2: CAG GTG GAA CCT CAT CAG GAG ATG C
Dual-labelled probe P1: CCA GGT GGW ACR TCA TCM GGT GAT GC
PCR primer RdRP F: GTG ARA TGG TCA TGT GTG GCG G

PCR primer RdRP R: CAR ATG TTA AAS ACA CTA TTA GCA TA

Nasal immune mediator assessment

CCL2, CCL3, CCL4, CCL11, CCL13, CCL17, CCL24, CCL26, chemokine (C-X-C motif) ligand (CXCL)
8, CXCL10, CXCL11, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-02c, IFN-B,
[FN-y, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-33, thymic stromal lymphopoietin (TSLP), tumour
necrosis factor (TNF) and vascular endothelial growth factor (VEGF) were quantified using MSD Quickplex
SQ 120 1300 (Meso Scale Diagnostics, Rockville, MD, USA). All values below the lower limit of detection
or above the upper limit of detection were replaced by the appropriate limit of detection value.

Single-cell transcriptomic overlay analysis

Transcripts encoding for mucosal mediators were assessed using publicly available data via the Lung Cell
Atlas consortium and CELLXGENE (www.cellxgene.cziscience.com/gene-expression). Briefly, YosHma
et al. [9] nasal cavity (37513 cells) or bronchial brushing (11672 cells) data were used to visualise
CCL13, CCL17, IL-33, IL-5, IL-4, CCL26, IL-2, IL-12 and CSF2 (encoding for GM-CSF) transcripts in
adults (age >18 years) with SARS-CoV-2 infection.

FLU-PRO questionnaire and symptom indexing

To capture symptom burden from a respiratory virus infection, the validated FLU-PRO respiratory
questionnaire was used in the STOIC study [8]. The questionnaire comprises 32 questions which cover
symptom severity in the nose, throat, eyes, chest/respiratory tract, gastrointestinal tract and body/systemic
symptoms. Participants scored symptoms from not at all (0) to very much (4).

Statistical analysis

Pre-defined networks analysis was performed on nasal mediators (as determined by nasal immune
mediator assessment by quantitative electrochemiluminescence) by first eliminating from the correlations
matrix the contribution corresponding to “noise” eigenvalues, i.e. those present in the Marcenko—Pastur
distribution. The remaining corrected matrix was taxonomised into functional clusters using the Louvain
algorithm, which finds in these conditions anti- or un-correlated networks [6]. Network nomenclature was
based on the predominant inflammatory pattern, IFN (IFN: IFN-020 and IFN-f), innate immunity-like
(innate: TSLP, IFN-y, VEGF, IL-1f, IL-10, IL-6 and CCL24) and chemokine-dominant (chemokine:
CCL2, CCL3, CCL4, CCL11, CXCL8, CXCL10, CXCL11 and TNF). The nomenclature for the mucosal
epithelium network (mucosal: CCL13, CCL17, CCL26, IL-2, IL-4, IL-5, IL-12p70, IL-33 and GM-CSF)
was determined by utilising CELLXGENE and publicly available nasal cavity single-cell RNA sequencing
data (EGADO00001007718) [9]. Genes of interest (CCL13, CCL17, IL-33, IL-5, IL-4, CCL26, IL-2, IL-12
and CSF2) were projected on a uniform manifold approximation and determined mRNA expression in
multiple nasal epithelial cell types including basal, secretory, duct and ciliated cells determining this
network as mucosal epithelium-derived (supplementary figure SIA—C).

Mediators per inflammatory network were log,-transformed and averaged, per subject (inflammatory score).
High network expression was determined by an increased expression more than two standard deviations
above health. Kolmogorov—Smirnov testing was performed to test for normality. Heatmaps were produced
using mean inflammatory score in R using heatmap.2 within gplots. Hierarchical clustering with Manhattan
distance with Pearson correlation coefficient was performed using R, to detect possible clustering patients
based on treatment arm. All packages are available at CRAN (https:/cran.r-project.org/). Qualitative
FLU-PRO scores were averaged daily or stratified on targeted physiology daily questions and averaged.
Symptom data are presented as a daily mean plus or minus standard error of the mean up to a maximum of
day 14, or to the day when more than a quarter of participants still reported symptoms. Statistical analysis
was performed with GraphPad Prism v9.1 (GraphPad Software). A p-value of <0.05 was considered
statistically significant.

Results

Viral burden is associated with differential immune network expression at day 0

To account for the kinetics of viral acquisition and initiation of inflammatory processes, we stratified STOIC
participants based on an arbitrary cycle threshold value >30 or <30 (viral® and viral™®", respectively) at
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1°%) viral burden, and

Viralhieh Viral'®" Healthy controls
Participants n 60 79 22
Age years 44.8+13.4* 45.2+13.2* 36.5+11.5*
Male 43.5 40.8 40.9
White Caucasian 85.5 97.4 63.6
BMI kg~m_2 26.7+4.6 26.2+5.1
Never-smokers 64.5 61.8 81.8
Smoking pack-years 16.4+15.6 14.1+13.4
Time to clinical recovery or primary outcome” days 9.56.1 10.047.0
Primary outcome” n 4.0 5.0
Day 0 Ct value 21.7+3.8" 37.5+3.1"

Data are presented as meantsp or %, unless otherwise stated. BMI: body mass index; Ct: cycle threshold.
#: significant clinical deterioration defined by a need for urgent care, emergency department visit or hospitalisation
for coronavirus disease 2019. *: p<0.05 between health and both viral™" or viral®"; *: p<0.05 between viral"&" and
viral®". Ordinary one-way ANOVA with Tukey’s multiple comparisons; Chi-squared test for proportional data.
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FIGURE 1 Interferon, chemokine, and mucosal networks are increased in participants with high viral burden (viral™®"). 2) Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) viral copy number at days 0, 7 and 14 per subject stratified into viral™&" (n=60) or viral'®" (n=79) participants.
b) Schematic showing day 0 upper respiratory tract networks defined by mathematical modelling in Baker et al. [6]. Data are presented as
meanzsem; unpaired t-test with Welch’s correction. ¢) Mean log, network expression at days 0 and 14 compared to health. Data are presented as
meanzsem; ordinary one-way ANOVA with Tukey’s multiple comparisons. CCL: chemokine (C-C motif) ligand; IL: interleukin; GM-CSF: granulocyte-
macrophage colony-stimulating factor; IFN: interferon; TSLP: thymic stromal lymphopoietin; VEGF: vascular endothelial growth factor; CXCL:

chemokine (C-X-C motif) ligand; TNF: tumour necrosis factor; HC: healthy controls. *: p<0.05.
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time of recruitment (table 1). To note, viral copy number in viral"®" participants decreased by day 7,

replicating previous SARS-CoV-2 kinetic studies [10, 11] (figure 1a; supplementary figure S2A,B).

Next, we assessed the impact of viral burden on pre-defined immune networks established within 7 days of
SARS-CoV-2 infection [6] (figure 1b). Virus"®" was associated with an elevated IFN, chemokine and
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FIGURE 2 Innate network expression was maintained by budesonide in participants with high viral burden
(viral"®"). 2) Paired analysis of day 0 and day 14 mean log, immune network expression in viral'®" participants.
b) Paired analysis of day 0 and day 14 mean log, immune network expression in viral™®" participants. Data
represent matched subject data daily. Paired t-test. Red line signifies the mean day 0 and day 14 expression.
IFN: interferon; UC: usual care; BUD: budesonide. Participant numbers are presented in table 2. *: p<0.05.
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mucosal network expression compared to viral'®™ at day 0, i.e. within 7 days of symptom onset (figure 1c).

The increase of the IFN and chemokine networks at day O dependent on viral burden replicates previous
findings of immune response critical to virus defence [5, 12]. Notably, only the IFN and chemokine
networks increased compared to health. We observed no difference in innate network expression between
groups at either time point. As these networks form part of a complex inflammatory environment and are
not observed in isolation, we performed hierarchical clustering which showed no grouping of participants
based on network expression at day 0 or 14 (supplementary figure S2C,D). These data support concepts of
robust initial IFN and chemokine response to infection [5, 12].

Budesonide maintains immune network expression

The primary aim of the STOIC study was to investigate the efficacy of inhaled budesonide, a
corticosteroid, compared to usual care, on urgent care outcomes. Based on a random allocation to
treatment, 54.4% of viral® and 45.0% of viral™®" participants were given budesonide, which provided a
4.6-day accelerated recovery in viral®" participants and a trend to accelerated recovery in viral™&"
participants (supplementary table S1). Notably, treatment did not affect viral copy number or any network
expression, at any time point (supplementary figure S3A).

Given that corticosteroids impact immune mediators, SARS-CoV-2-induced network expression
post-treatment at day 14 was investigated. No difference was observed in the IFN or innate network in
virus'® participants in either treatment arm, while those in the usual care arm had decreased chemokine
(1.52-fold) and mucosal network (1.10-fold) expression, potentially suggesting that budesonide aided
recovery by maintaining higher expression across the disease time course (figure 2a). In viral"e"
participants, there was a reduction over time in both treatment arms in the IFN (2.31-fold usual care;
1.78-fold budesonide), chemokine (1.25-fold usual care; 1.29-fold budesonide) and mucosal networks
(3.10-fold usual care; 2.11-fold budesonide). In contrast, budesonide-treated viral™®" participants had
unaltered innate network expression (figure 2b).

TABLE 2 Innate network subject characteristics stratified based on treatment and viral burden

Low innate network High innate network

Usual care Budesonide Usual care  Budesonide

High viral burden

Participants n 21 20 12 7
Age years 50.0+11.4 45.3+13.5 37.5+13.2 40.6+14.4
Male 524 35.0 41.7 57.1
White Caucasian 90.5 95.0 91.7 57.1
BMI kg-m_2 27.4+4.9 26.6+4.6 25.6+4.5 26.7+4.5
Never-smokers 47.6 65.0 91.7 85.7
Smoking pack-years 13.9+16.3 20.1+15.2 2.5+0.0 31.3+0.0
Time to clinical recovery or primary outcome” days 11.0+7.8 8.4+3.8 9.3+7.2 8.5+2.6
Primary outcome” n 3.0 0.0 1.0 0.0
Day 0 Ct value 21.3x3.5 22.4+4.1 21.6+4.2 21.1+3.9
Low viral burden
Participants n 29 28 7 14
Age years 43.2+12.9 44.3+13.5 55.3+15.8 45.9+10.9
Male 35.0 55.2 143 28.6
White Caucasian 96.6 96.6 85.7 92.9
BMI kg-m_2 25.3+3.7 26.845.6 27.946.3 26.245.8
Never-smokers 62.1 55.2 57.1 64.3
Smoking pack-years 15.6+13.5 17.7+15.1 11.6+10.1 3.243.4
Time to clinical recovery or primary outcome” days ~ 13.5+9.0* 8.3+4.0* 8.7+3.5 7.146.1
Primary outcome” n 5.0 0.0 0.0 0.0
Day 0 Ct value 38.2+2.8 36.2£3.5 38.5+2.8 38.1+2.9

Data are presented as meanzsp or %, unless otherwise stated. BMI: body mass index; Ct: cycle threshold.
#: significant clinical deterioration defined by a need for urgent care, emergency department visit or
hospitalisation for coronavirus disease 2019. *: p<0.05 low innate network; usual care versus budesonide. All
statistics within viral burden groups. Ordinary two-way ANOVA with Sidak’s multiple comparisons; Chi-squared
test for proportional data.
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TABLE 3 Mucosal network was associated with improved recovery and no primary outcome events

Low mucosal network High mucosal network

Usual care  Budesonide Usual care  Budesonide

High viral burden

Participants n 24 21 9 6
Age years 49.8+11.2* 47.8+12.4 34.0£12.5* 31.049.5
Male 45.8 333 55.6 66.7
White Caucasian 95.8 100.0 77.8 333
BMI kg:m > 27.3%4.2 27.1x4.6 25.246.1 24.8+3.9
Never-smokers 54.2 66.7 88.9 83.3
Smoking pack-years 11.6+16.0 18.4+12.5 27.6+0.0 43.6+0.0
Time to clinical recovery or primary outcome” days 11.848.3 8.4+3.5 6.6+1.9 8.63.6
Primary outcome” n 4.0 0.0 0.0 0.0
Day 0 Ct value 21.4+3.6 22.2+4.1 21.4+4.1 21.5+4.2
Low viral burden
Participants n 30 33 6 10
Age years 48.5+12.7* 46.5+12.7 30.8+12.0* 39.3+11.1
Male 233 51.5 66.7 30.0
White Caucasian 96.7 93.9 83.3 100.0
BMI kg-m’2 25.6+3.8 26.845.7 26.616.5 25.945.6
Never-smokers 56.7 57.6 83.3 60.0
Smoking pack-years 15.8+12.4 16.8+14.9 1.0+£0.0 3.0+4.0
Time to clinical recovery or primary outcome” days ~ 13.9+8.5" 8.3+4.8" 6.0£3.0" 6.7+4.9
Primary outcome” n 5.0 0.0 0.0 0.0
Day 0 Ct value 38.1+2.7 37.4+2.8 38.7+3.2 34.9+4.3

Data are presented as meantsp or %, unless otherwise stated. BMI: body mass index; Ct: cycle threshold.
Subject characteristics stratified based on mucosal network and viral burden. *: significant clinical deterioration
defined by a need for urgent care, emergency department visit or hospitalisation for coronavirus disease 2019.
*: p<0.05 usual care; low versus high mucosal network; *: p<0.05 compared to usual care low mucosal network.
All statistics within viral burden groups. Ordinary two-way ANOVA with Sidak’s multiple comparisons;
Chi-squared test for proportional data.

Recovery was predominantly associated with innate and mucosal networks

To focus on the effects of budesonide on immune networks linked to recovery and symptoms, we assessed
participants that were defined as high or low network expressors. A high network expressor was determined
as having a mean expression two standard deviations higher than healthy controls. Clinical recovery was not
different in participants with both high and low IFN/chemokine network expression (supplementary tables S2
and S3); however, clinical recovery was accelerated in budesonide arm of low innate (5.2-day) and low
mucosal networks (5.6-day) in viral'®" participants (tables 2 and 3). High innate and high mucosal network
expressors had a trend to accelerated recovery comparable to low expressors receiving budesonide. Therefore,
we pursued the effects of innate and mucosal networks on symptom burden.

Innate network expression was associated with increased nasal symptoms

36.4% of usual care and 25.9% of budesonide-treated participants were classified as having high innate
network expression at day O (table 2). Only increased nasal symptoms at day 0 was observed in high innate
network viral®" participants (figure 3a; supplementary figure S4A—C). Given that this difference in
symptoms probably reflects inherent differences at enrolment, we proceeded to assess symptomology
independent of treatment.

31.7% of viral™®" and 26.9% of viral®¥ participants had high innate network expression. High innate
network expression was associated with worsened nasal symptoms at day 0 and 1 with high viral burden
(figure 3b; supplementary figure S4D). Thus, regardless of innate network expression, participants
experienced similar symptom severity in both treatment arms, but high innate network expression was
associated with increased nasal symptoms.

Mucosal network is associated with improved self-reported recovery and no primary outcome events

20.2% of viral®" and 25.0% of viral"®" participants were classified as having high mucosal network expression
at day 0. High mucosal network expression was the only network associated with no primary outcome events
(tables 2 and 3, supplementary tables S2 and S3). To this end, high mucosal network participants had a mean
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FIGURE 3 High innate network expression was associated with increased nasal symptoms. a) Daily symptom severity in participants with low viral
burden (viral'®") based on treatment arm stratified into low or high innate network expressing participants. Daily participant numbers are shown in
supplementary figure S4A,B. b) Daily symptom severity in low or high innate network expressing participants stratified into viral™®" and viral'®¥
participants. Daily participant numbers are shown in supplementary figure S4D. a, b) Data are presented as daily meantsem. Ordinary two-way
ANOVA with Sidak’s multiple comparisons test. UC: usual care; BUD: budesonide. Participant numbers are presented in table 3. *: p<0.05.

3.7-day accelerated recovery (viral® 2.5 days, viral®" 4.8 days, averaged between treatments) and were
typically younger (viral'® 12.5 years younger, viral™®" 16.3 years younger) (table 3). Based on an arbitrary
age threshold, the mucosal network was decreased in viral® and viral™®" in >50-year-old subjects
(figure 4a). Notably, >50-year-old viral®" and viral™®" subjects had decreased IFN network at day 0 and
decreased innate network expression at day 14 respectively (supplementary figure SS5A and B).

No difference was observed between usual care and budesonide arms in mucosal network expression
(supplementary figure S3D). Therefore, symptom analysis was conducted independent of treatment. The
number of viral®" participants reporting symptoms were comparable in low and high mucosal network groups
(figure 4b and d upper panel). In contrast, high mucosal network was associated with increased nasal and
throat symptom severity at day 0 in viral™®" participants (figure 4c and d lower panel). Overall, these data
suggest that while symptom severity is generally comparable in either low or high mucosal network
participants, high network expression was associated with accelerated recovery and no primary outcome.

The mucosal network forms two daughter networks by day 14
Inflammatory pathways are dynamic, with multiple feedback loops influencing mediator expression. We
determined the local weighted degree of connectivity between mediators in the mucosal network at days 0
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FIGURE 4 High mucosal network expression was associated with more severe nasal and throat symptoms at day 0. a) Mean log, mucosal network
expression at day 0 and 14 in age-stratified groups. Data are presented as meanzsem. Two-way ANOVA. Daily percentage of participants reporting any

symptom in low or high mucosal network expressing participants in b) participants with low viral burden (viral®") or c) viral"&"

participants. Dotted

line represents mean clinical recovery. Total number of participants are shown below each graph. d) Daily symptom severity in low or high mucosal
network expressing participants stratified into viral™" or viral'®" participants. Daily participant numbers are shown in b and c. Data are presented as
the daily meantsem. Ordinary two-way ANOVA with Sidak’s multiple comparisons test. *: p<0.05.

and 14 to understand the contribution of each immune mediator to the network independent of viral burden
or clinical outcome. At day 0, CCL13 (1.14), CCL17 (1.12) and IL-33 (0.90) had the greatest weighted
degree and thus the most locally connected mediators in the mucosal network (figure 5a; supplementary
table S4). By day 14, the mucosal network separated into two daughter networks consisting of networks of
CCL17, IL-2, GM-CSF and IL-33 (figure 5b) or CCL26, CCL13 and IL-4 (figure 5c). These day-14
daughter networks became linked with other immune mediators outlined in supplementary table S4.
Notably, daughter network 1 included IFN-B and IFN-y in both budesonide and usual care subjects
(figure 5b). Moreover, IFN-o. was linked with daughter network 1 in budesonide participants and daughter
network 2 in usual care participants, proposing that IFN-o. and other IFN molecules are closely linked to
mucosal network mediators. Together, these data propose the mucosal network divides into two daughter
networks during the first 14 days of SARS-CoV-2 infection.

Discussion

A coordinated immune response composed of cell and mediator interactions is vital for host defence. In
this cohort, increased mucosal network mediators, which included CCL13, CCL17, IL-33, IL-5, IL-4 and
CCL26, was associated with accelerated recovery. Notably, only high mucosal network expression was
associated with no primary outcome in either treatment arm, unlike high expression of other networks.
Previously, these mucosal mediators have each been associated with viral infections, in particular the
alarmin, IL-33 (reviewed by Murpaca et al. [13]). In COVID-19 specifically, IL-33 has been strongly
associated with SARS-CoV-2 infection [14], and together with CCL26 has been found in plasma within
10 days of SARS-CoV-2 infection [15]. Increased IL-4/5 [16], CCL13 [17] and CCL17 [18] has been
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FIGURE 5 Mucosal network-derived daughter networks at day 14 of severe acute respiratory syndrome
coronavirus 2 infection. Schematic showing weighted degrees of connectivity of a) day 0 mucosal network and
day 14 daughter network b) 1 and c) 2. Size of circles (day 0) and semicircles (day 14; stratified by treatment
arm) are proportional to degree of connectivity in participants. CCL: chemokine (C-C motif) ligand; IL:
interleukin; GM-CSF: granulocyte-macrophage colony-stimulating factor; BUD: budesonide; UC: usual care;
IFN: interferon.

observed in other respiratory infections in patients with atopy, suggesting that this mucosal network
response is not SARS-CoV-2 specific. The expression of these mediators supports the role of Th2-like
responses in the upper respiratory tract triggering cells including innate lymphoid cells, B-cells and
eosinophils to perform early viral control [5, 16, 19].

The STOIC study previously demonstrated that inhaled budesonide treatment was beneficial for improved
clinical recovery [4], and moreover, that budesonide decreased IL-33 and increased CCL17 in the upper
respiratory tract in SARS-CoV-2 infected individuals [6]. Here, we expanded on this analysis, demonstrating
that budesonide maintained innate and IFN network expression over a 14-day period as compared to usual
care, but did not alter viral copy number. This suggests that budesonide modulates the fever response, but not
cellular viral particle clearance. Hence, individuals report clinical recovery earlier, but viral load remains
comparable between usual care and budesonide treated individuals. Notably, day 14 sampling was post-
clinical recovery. Therefore, future studies aimed at elucidating budesonide impact on network kinetics
during the first 7 days of infection are needed. Ultimately, our ability to modulate immune networks early,
via budesonide or by network-specific therapies that avoid primary outcome strategies, will provide virus-
infected patients with improved recovery outcomes.

The immune response to clear an insult and then restore tissue homeostasis is dynamic [1, 2]. In this study,
we showed that the mucosal network splits into two daughter networks by day 14 with conserved links
with IFN-0, -B and -y, key mediators in the viral response, regardless of the treatment arm [20]. We
showed that mucosal network transcripts were increased following infection in the nasal epithelium, cells
important for barrier defence and IFN release, which through these multiple mediators together produce an
effective antiviral response. More frequent sampling is necessary to identify the kinetic switch to these
daughter networks during the first 14 days of infection. The dynamics of mediator networks will offer
insight into viral immunopathology and highlight potential immunological mechanisms to stimulate the
epithelium to hasten viral symptom recovery.
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This community-based care study provides clinical outcomes with associated nasal inflammatory networks
from a real-world setting. We observed a 3.7-day accelerated SARS-CoV-2 recovery in participants with
high mucosal networks. Despite earlier recovery, we observed limited differences in symptom severity
between high and low network expressing participants, with differences only observed at days 0 and 1. As
participants were enrolled up to 7 days into symptom onset, the worst of symptoms may have passed [11],
and thus inflammatory resolution may have begun. Importantly, as participants recovered, they stopped
completing FLU-PRO questionnaires, therefore decreasing the statistical power at later time points to assess
severity differences. Therefore, we restricted our analysis up to the day by which 25% of subjects still
reported symptoms and acknowledge that to observe symptom severity differences between immune
network expression a larger cohort is required.

Elderly individuals are at greater risk from SARS-CoV-2 infection due to epigenetic, immunosenescence
and higher basal inflammation processes [21], even following vaccination [22]. Here, we demonstrated that
a high mucosal network was observed in viral'®™ and viral®" adult participants 12.5 years and 16.3 years
younger, respectively. Furthermore, >50-year-olds had decreased mucosal network expression regardless of
viral burden. Given that COVID-19 caused more mortality in elderly patients [23], this observation
provides mechanistic insight into this phenomenon. The paradigm is that individuals with higher basal or
inducible mucosal network mediators can clear virus more quickly, and thus avoid the worst symptoms
and complications of disease. This basal or inducible response wanes as individuals age, subsequently
predisposing elderly individuals to viral infection. Notably, this study was not designed to compare age-
dependent inflammatory and symptom severity responses to SARS-CoV-2, and further studies are needed
to determine the role of mucosal immune networks in the elderly cohorts. We propose that a robust and
coordinated upper respiratory tract mucosal network response is vital for a successful defence against
SARS-CoV-2.

In conclusion, we demonstrated that an upper respiratory tract mucosal response which includes CCL13,
CCL17, IL-33, IL-5, IL-4, CCL26, IL-2, IL-12 and GM-CSF was associated with a 3.7-day quicker
symptom resolution in SARS-CoV-2-infected participants. In addition, elevated mucosal node was associated
with younger adults and no primary outcome events. These data showed that symptom severity and clinical
resolution was similar between participants with high and low viral burden. Together, these data offer insight
into potential coordinating inflammatory mediators key to the control and swift symptom resolution of
SARS-CoV-2. There are several potential clinical impacts that follow from our results. It would be important
to study the potential role of inducing mucosal mediators in the epithelium to accelerate the resolution of
viral infection. Moreover, these data highlight the importance of assessing cytokine panels as part of routine
clinical practice to identify individuals at risk of poor clinical outcomes. It may also be possible to study the
value of the mucosal mediators as prognostic markers in viral infection, thus allowing antiviral therapy to be
guided to those at most risk.
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