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Respiratory syncytial virus (RSV) remains a health threat to young children worldwide. The host immune
response plays a key role in disease following infection. Infection models advance our understanding of
respiratory viruses, but individual models have gaps, which overlapping complementary systems can fill.
We compared disease signatures in mice, adults and children; combining transcriptomic data collected
from blood, nasal mucosa and lung biopsy following RSV infection. We identified both shared and species-
RSV . . ’ ° ) ; , r
Transcriptome spec1ﬁ§ pathways triggered by RSV. While systemic responses in chll.dren§ blqod were more similar to
L-17 those in RSV-challenged adults, mucosal responses during primary infection in mice more closely re-
Mouse sembled those in children. We identified an association between IL-17 pathways and RSV pathogenesis and
Infection with over-expression of the downstream effectors S100A8 and S100A9. Inhibiting these with the anti-in-
Lung flammatory drug Paquinimod reduced disease. Here we demonstrate that integrating mouse and human
Human challenge transcriptomic data can identify novel targets to treat RSV disease.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of British Infection Association. This is an open
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access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Respiratory syncytial virus (RSV) is the primary cause of severe
lower respiratory tract infection (LRTI) among infants and young
children globally. Worldwide, RSV is responsible for 33.1 million
cases in children per year, with 3.2 million hospital admissions and
59,600 in-hospital deaths.! Children under six months of age are at a
higher risk of hospitalisation and fatal outcomes, accounting for 50%
of total hospitalised LRTI cases in high-income countries.” Whilst the
newly licensed vaccines and antibodies will reduce the burden of
infection, limitations in availability and uptake mean that there will
still be a high burden of disease, particularly in low-income coun-
tries. Understanding RSV disease in infants and young children is an
indispensable step in the search for novel therapies. Systems-scale
data collection and network analysis facilitate unbiased mechanistic
insights into disease,” which in turn can help identify drug targets.

Although natural RSV infection in children is the disease of interest,
it is very difficult to study directly in this population. This is due to the
extreme difficulty of collecting lower respiratory tract samples as
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symptoms worsen, the unknown kinetics of infection (when the child
was first infected) and the contribution of other confounders such as
co-infections. Building on the aphorism that all models are wrong, but
some are useful,” triangulating different datasets can help fill in the
gaps of understanding. Here, we compare mouse and human challenge
models as they share the strengths of known kinetics, baseline immune
status, challenge dose and strain. Whilst human adults are the same
species, challenge models mostly use healthy, young volunteers who
are immunologically mature and highly RSV-experienced. As these
volunteers typically experience mild-to-moderate disease, they may
not reflect the situation in RSV-naive children as the induced disease
and observed host responses will inevitably differ to those in infant
bronchiolitis.” Meanwhile, interspecies differences in physiology, be-
haviour, viral tropism and genetics may limit aspects of the translat-
ability of mice studies. For example, severe RSV infection in human
infants results in a predominantly neutrophil infiltrate, whereas in
mice, these leucocytes do not dominate and comprise no more than
20% of the airway infiltrate.° But mouse models allow access to all
tissues, the ability to perform biological repeats in genetically identical
individuals, tools to manipulate the response to investigate mechanism
and the possibility to alter the degree of previous antigen exposure.’”
Therefore, combining these different approaches can compensate for
limitations.
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We and other groups have observed a key role for excess lung
inflammation in RSV disease.® Clinical interventions with steroids
and anti-IL-6 in patients with severe COVID-19 demonstrated that
immunomodulation can reduce severe respiratory disease. Studies
such as REMAP-CAP demonstrated opportunities for repurposing
orphan anti-inflammatory drugs to treat respiratory disease.” Un-
derstanding which inflammatory mediators play a role in RSV dis-
ease will help identify novel treatment options; transcriptomics can
help down-select possible interventions. One aspect adding to the
complexity of understanding disease mechanism is that sampling
different tissue types can provide different levels of information.
High expression of the proinflammatory cytokines TNF, CXCL8 and
IFNy in the bronchoalveolar lavage (lower airway) is positively as-
sociated with RSV bronchiolitis severity, whilst in contrast low
serum levels of the same three mediators (TNF, CXCL8 and IFNy)
have been associated with severe disease.!” Thus, approaches com-
paring different compartments are needed to more clearly de-
termine key drivers of disease.

By describing the transcriptomic outcomes of RSV infection in
the blood, lung and nasal mucosa across children, adult and mouse
models, we aimed to construct an unbiased approach to investigate
how accurately mouse and adult deliberate challenge models reflect
natural RSV infection in young children. We observed that in blood,
the host response in adults challenged with RSV resembled that of
children infected with RSV. However, the mouse model correlated
better with children for upper airway responses and therefore can be
a useful tool to identify mechanisms of bronchiolitis. Further ex-
ploration of the shared pathways between mouse and infants con-
firmed an association between IL-17 pathways and RSV
pathogenesis. We identified a novel role for S100, a functional ef-
fector downstream of IL-17; blocking this with the im-
munomodulatory drug Paquinimod reduced disease following
infection. Therefore, cross systems comparisons can provide a plat-
form to identify potential targets for new therapeutics.

Results

Blood transcriptomes following RSV infection show limited similarities
between systems

The aim of the study was to identify transcriptomic patterns
across human and mouse models of RSV disease and compare them
to natural RSV infection in children, as one of the major high-risk
groups, to improve our understanding of the mechanism of disease.
We started by looking at responses in blood, as a more accessible
compartment. For the child dataset, blood samples were collected on
day of hospitalisation from children with severe RSV and compared
to controls. We only used data from female children, to reduce one
source of variability. Severe RSV positive children were between 0
and 79 months old and the control children were aged between 0 to
208 months old. For the adult dataset, samples were from confirmed
virus-positive volunteers during human infection challenge studies
with RSV, the volunteers were 20-29 years old and mixture of fe-
male and male. The adult blood samples were taken at day 0 and day
7 of RSV challenge. Lastly, we collected blood from female BALB/c
mice aged between 6 and 8 weeks on day 0 and day 7 of RSV in-
fection. Characteristics and sample size for all datasets are in Table 1.

First, we examined the global transcriptomic response in whole
blood from children, adults and mouse using principal component
analysis (PCA). Across all three datasets, the PCA plots indicate
consistent separation of infected from not infected; either cases
from controls or earlier (pre-infection) from later (infected) time
points. Of note, the timing of the blood sample collection relative to
infection in children is different to the adults and the mice because
the former samples are derived from natural infection studies
meaning exact infection dates are unknown. Despite this, a clear
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separation between control and RSV hospitalised children was ob-
served on PC1 (Fig. 1A). In children, genes that drove the separation
of the two clusters mapped to GO pathways in DNA metabolic
process (FDR = 1e-10), organelle organisation (FDR = 9e-16) and cell
cycle (FDR = 4e-11). When the children with RSV were compared to
controls (Fig. 1B), 3003 genes were differentially expressed (1339
genes over-expressed and 1664 genes under-expressed; FC > 0 and
adjusted P-value < 0.1, Table 2). This constituted 40% of the total
transcripts after filtering. In mice, samples from naive and infected
mice separated by PCA (Fig. 1C). 495 genes were significantly dif-
ferentially expressed (338 genes over-expressed and 157 genes
under-expressed; FC > 0 and adjusted P-value < 0.1, Fig. 1D). PCA
separation was driven by neutrophil degranulation (FDR = 8.15 e-03),
immune system (FDR = 1.13e-02) and antigen processing-cross
presentation (FDR = 6.77e-04). Paired blood samples collected from
adults comparing the day of challenge (day 0) and peak of symptoms
(day 7) separated by PCA (Fig. 1E). Here, 12.4% of the total transcripts
were differentially regulated, with 563 over-expressed and 798
under-expressed genes (Fig. 1F). PCA separation was driven by de-
fence response (FDR = 6e-24), immune response (FDR = 2e-20) and
response to external stimulus (FDR = 8e-19).

We then compared all genes across the three systems. Because
not all genes map directly between human and mouse data, we used
Gene Symbols and selected only genes that were present in both
human and mouse and considered them “orthologs”. Whilst weak,
the tightest correlation was observed between adult blood and
children blood (R? = 0.101, P = 2.1 x 1077) following RSV infection
than that with children and mouse (R? = 0.074, P = 1.7 x 107%)
(Fig. 1G). The transcriptomic response in adult and mouse blood had
the weakest correlation, sharing the fewest similarities. Gene func-
tion classification analysis was performed to study the over-ex-
pressed biological function of the blood DEGs shared across the
aforementioned adult, child and mouse analyses (Fig. 1B, D and F),
grouping them into GO terms (Fig. TH). All three systems shared
similarities with over-expressed pathways reflecting inflammation
including the pathways: Response to Interferon Alpha, Response to
Interferon Beta and Response to Cytokine all prominent. The most
enriched GO pathway identified in adult blood was Interleukin-27-
Mediated Signaling Pathway, in mice it was Response to Interferon
Beta. Mouse and adults shared 80 genes which included over-ex-
pressed OAS2, CD177 and IFGR2 (Fig. 11). Children and mouse shared
the fewest genes; the overlapped over-expressed genes including
CXCL10, VCAN, FN1, S100A8/S100A9 (Fig. 1]). In terms of individual
genes, there were four common significantly over-expressed genes
across all three datasets, these were RTP4, BST1, STAT1 and TMEMA40;
all of which are associated with the immune response. Overall, we
can see similarities between the transcriptomic response in blood in
human challenge volunteers, mice and naturally infected children;
with a marked upregulation of immune response related genes.

Nasal mucosal transcriptome shares patterns between systems

Curettage and transcriptional profiling of the nasal mucosa can
provide valuable insights into host-pathogen interactions at the
primary site of infection that may drive disease outcomes. Here, we
compared datasets generated by bulk RNA-Seq of nasal tissue col-
lected from children, adults, and mice. In children, transcriptomic
data was generated from RNA extracted from nasal scrapes from 24
children at the time of hospitalisation following infection with RSV.
They had a median age of 0.33 years, with 10 male and 14 females.
This cohort was compared to age matched controls. In adults, ma-
terial was collected at day 0 and 7 from nine confirmed RSV positive
human infection challenge volunteers. In mice, nasal mucosa was
collected from control mice and RSV infected mice at d7 of infection.

In the nasal samples from children, we did not observe separa-
tion in transcriptomic responses by PCA plot on PC1 (33.1%) but
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Table 1
Characteristics of datasets.
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Species Age Tissue #Samples Comments Time points Reference last author
Human Adult Blood DayON=9 Microarray Day 0, Day 7 GS Ginsburg??
Day7N=9
Nasal scrape DayON=9 Bulk RNAseq Day 0, Day 7 C Chiu*®
Day 7N=9 (Day 0, Day 7 unpublished)
Lung biopsy DayON=5 Microarray Day 0, Day 7 C Chiu
Day7N=5 Unpublished
Children Blood Control N = 45 Bulk RNAseq Upon admission M. Kaforou
RSV positive N = 42
Nasal mucosa curettage Control N = 22 Bulk RNAseq Upon admission B Coates’!
RSV positive N = 24
Mouse 6-7 weeks Blood Control N =5 Bulk RNAseq Day 7 ].S. Tregoning””
RSV positive N = 5
Nasal mucosa Control N =5 Bulk RNAseq Day 7 Unpublished/ current study
RSV positive N = 5
Lung Control N =5 Bulk RNAseq Day 7 ].S. Tregoning”®

RSV positive N = 5

rather PC2 (13.2%) (Fig. 2A). PC1 was marked by RNA associated
responses such as RNA processing (FDR = 2e-109), translation (FDR =
1e-79) and mRNA metabolic process (FDR = 5e-76). In comparison,
PC2 was predominately cell activation (FDR = 3e-92), regulation of
immune process (FDR = 5e-89) and leucocyte activation (FDR =
3e-93). A distinct separation by PCA was observed for nasal RNA
across PC1 for mice (Fig. 2B) and adult (Fig. 2C), this was driven by
immune response (FDR = 2e-142) and detection of chemical sti-
mulus (FDR = 2e-99). In the dataset from children, 5255 genes were
identified as DEGs (39.4% over-expressed, 60.6% under-expressed;
Fig. 2D), 1253 genes were differentially expressed in mice (67.1%
over-expressed, 33.6% under-expressed; Fig. 2E) and 8088 DEGs
were identified in adults (34.8% over-expressed, 65.2% under-ex-
pressed; Fig. 2F).

Given the broad similarities in the over-expressed gene pathways
between datasets, we next explored correlations between them. As
with the blood we only selected ortholog genes that were present in
both human and mouse. Performing correlation analysis with the
overlapping orthologs between the systems (Fig. 2G), the gene set
from nasal mucosa collected from children was similar to both
adults (R? = 0.741, P= 5 x 107'°) and mouse (R? = 0.731, P= 1.2 x 107°).
GO analysis was performed to assess the functions over-expressed in
the nasal mucosa of each system (Fig. 2H). This indicated a different
pattern to that seen in blood. The terms observed as differentially
expressed in adult nasal mucosa were different to those in children
and mice. Several pathways were strongly over-represented in RSV
infected children and RSV infected mice, including Upregulation of
Neutrophil Extracellular Trap Formation, B Cell Activation, T Cell
Activation and IL-17 Signaling Pathway. 41 genes were concordant
between adults and mouse, including CCL5, IFIT1, GBP4 and TNF
(Fig. 2I). 325 genes were shared between children and mouse; over-
expressed genes in concordance included S100A8, GZMB, CXCL9,
CXCL10, and ACOD1 (Fig. 2]). 40 genes were commonly over-ex-
pressed in all three systems: children, adult and mouse.

The transcriptome of the lung is similar between adult humans
and mice

We next compared the response in the lung tissue of the adults
and mice following RSV infection. Due to size, practical and ethical
restrictions, it was not possible to collect lung material from chil-
dren. Endobrachial biopsies were collected from n = 5, RSV-positive
volunteers on dO and d7 of infection. Mouse lung samples were
collected from control mice and infected mice on d7 of RSV infection.

The clear separation of mouse timepoint samples on PC1 (Fig. 3A)
was driven by the following gene families: cytokine production (FDR
= le-01), immune system process (FDR = 2e-01), and defence

response (FDR = 2e-01). A clear separation was also observed be-
tween day 0 and day 7 of human RSV challenge in adults (Fig. 3B). It
was driven mostly by PC1, consisting of genes in the axoneme as-
sembly (FDR = 1e-18), cilium organisation (FDR = 1e-13) and cilium
assembly (FDR = 2e-12) families. There were an overwhelming
20,000 mouse genes considered as DEGs (Fig. 3C), but only 740 DEG
in the adult human lung RNA following infection (Fig. 3D).

Biological pathways over-expressed in adult lung data at day 7 of
RSV infection were primarily innate response focused. As seen in
blood, one of the major paths was the Interleukin-27 Related
Signaling Pathway (Fig. 3E). There were also upregulations in Toll-
like Receptor Signaling Pathways (for TLR2, 3 and 5). In contrast in
mice, the GO terms Interleukin-6 Production and Cytokine Produc-
tion were over-expressed. There were 30 overlapping over-expressed
genes between the two systems (Fig. 3F) including those related to
antiviral innate immunity (ACE2, TLR1), a Type I IFN receptor re-
pressor (USP18), and a copper transporter SLC31A1.

Cross system and tissue comparison analysis identifies IL-17 as a
pathway associated with disease

Having compared the different experimental models, we then
compared responses between tissue types within the same models.
In adults, the strongest correlation was observed between blood and
lung (R? = 0.672, P = 0.068), followed by lung and nasal (R? = 0.633, P
= 0.093) and blood and nasal mucosa (R? = 0.368, P = 37), however,
these correlations were not statistically significant (Fig. 4A). This
suggests that in an immunologically mature host immune responses
to RSV are different between upper and lower respiratory tract. Only
3 differentially expressed genes overlapped between blood, nasal
mucosa and lung in adults challenged with RSV at the peak of
symptoms compared to the day of challenge: USP18, IRF9 and ISGF3
(Fig. 4B). More over-expressed genes were shared between blood
and nasal mucosa, suggesting they share a more similar tran-
scriptomic response. A network analysis was performed using In-
nateDB database to explore the genes associated with the three
shared genes (Fig. 4C). Interestingly, USP18 was associated with an-
tiviral ISGs such as IFIT1, IFIT3, MX1, MX2, IRF7 and OASL. And the
ISGF3 complex connected a large network of STAT proteins.

Likewise, the response to RSV in mouse blood was more like the
nasal mucosa transcriptome (R? = 0.455, P = 1.3 x 107°) than the lung
(R? = 0.123, P = 0.258) (Fig. 4D). There was a significant correlation
between mouse nasal mucosa and lung signatures (R? = 0.345, P =
0.001). There were 318 genes over-expressed in common between
the two tissue types (Fig. 4E). 49 genes were considered as a core
infection response shared between blood, nasal mucosa and lung.
The key network from the core genes highlighted hub genes
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Fig. 1. Blood transcriptomes following RSV infection show limited similarities between systems. Principal component analysis (A, C, E) and volcano plots (B, D, F) showing
differentially expressed genes (DEGs) were plotted for: (A, B) children (control (n = 45) and RSV (n = 42)), (C, D) mouse (naive (n = 4) and RSV (n = 4)) and (E, F) adults (baseline (n =
11) and peak of symptoms (n = 9)). Red indicates over-expressed DEGs in response to RSV, blue indicates under-expressed DEGs. G) Correlogram was plotted for the entire dataset
between children, mouse and adults. Number indicates the correlation coefficient (R). P value is indicated below. H) Over-expressed DEGs were taken for GO term analysis in
biological processes. Enrichment score is shown along the X axis. Disco plots for each comparison: I) mouse and adult and J) mouse and children; Red dots satisfied all three
criteria “P < 0.05, FDR < 0.1, IFCI > 0” in both datasets, Black dots satisfied all three criteria in one dataset (so either mouse or adult or children).
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Table 2
Differentially expressed genes in respective datasets.
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Species Age Tissue Total transcripts after filtering DEGs Over-expressed Under-expressed
Human Adults Blood 10,958 1361 563 798
Nasal scrape 20,075 8088 2817 5271
Lung biopsy 17,367 688 128 560
Children Blood 6424 3003 1339 1664
Nasal mucosa curettage 14,330 5255 2070 3185
Mouse 6-7 weeks old Blood 12,702 495 338 157
Nasal mucosa 18,000 1253 841 412
Lung 23,841 2,0718 5278 15,440

including PTPN11, PTPN2, STAT3, JAK1, SOX9, IL21R, IL2RG and
ITGB1BP1 (Fig. 4F). We next wanted to compare mouse to adult
across blood, nasal mucosa and lung using over-expressed DEGs
(Fig. S1).

Having explored adult and mouse models, we next explored the
core response seen in child blood and nasal mucosa. There were 207
over-expressed genes (out of 746 ortholog genes) present in both
tissue types. These genes included genes in both tissue types in-
cluded IFI44L, CXCL10, S100A8, S100A9, S100A12, SLC39A8 and
TNFAIP6 (Fig. 4G). When grouped by functional pathways, ZBP1
pathways were highly enriched, but so also was the Interluekin-17
Production pathway (Fig. 4H). We compared core overlapping re-
sponses to infection in blood and nasal between children, mouse and
adults following RSV infection (Fig. 4I). All three systems shared
increases in TLR signalling response and NF-KB signalling cascade.
Notably, both children and mouse had significant increases in IL-17
pathways, suggesting they are involved in pathogenesis of severe
disease to a primary RSV infection. DEGs associated with IL-17
production were screened in the blood of children and mouse, and
many genes overlapped (Fig. 4]); CEBPB, CXCL10, IL1B were over-ex-
pressed in both systems and notably the genes S100A8/A9 down-
stream of the IL-17A/F pathway were also highly expressed.

Blocking S100, the downstream effector of IL-17, reduces disease
following RSV infection in mice

In the transcriptomics data, we observed an association between
IL-17 production pathways and disease in both mouse and children.
To confirm that this signalling pathway was playing a functional role
during RSV infection, we used an in vivo mouse model. Mice were
treated with neutralising antibodies targeting IL-17A, IL-17F, and as a
cocktail IL-17A/F intraperitoneally on days -1, 2 and 5 after RSV in-
fection at day 0. Control mice were injected at the same time with an
IgG isotype control antibody. No weight loss was observed in the
naive group whilst RSV infected control mice had stable weight until
day 4 and lost significant weight on days 5, 6 and 7 after infection
compared to naive (Fig. 5A). No difference was observed between
RSV with oIL-17A treatment or RSV with aIL-17F treatment until day
6. On day 7, mice treated with «IL-17A mAb had started recovering
weight compared to the RSV control group. aIL-17F alone had no
significant impact on weight loss. However, when both IL-17A and
IL-17F were neutralised together, mice lost more weight on day 3
compared to the control group but recovered faster on day 6 and 7.
This weight change was reflected by reduced food consumption
(Fig. 5B). The alL-17A mAb treated mice also had significantly less
viral RNA recovered from the lungs on day 7 after infection (Fig. 5C).
RSV infected mice had more CD4" T cells recruited to the lungs on
day 7 after infection than naive mice, there was no difference fol-
lowing antibody treatment (Fig. 5D). However, there was a sig-
nificant reduction in the number of RSV*CD8" cells in the lung in the
alL-17A mAb treated mice (Fig. 5E). Comparing cytokine responses
by intracellular staining, there was no difference in the amount of
CD4" T cells producing IL-17A across all infected groups (Fig. 5F), but

there were slightly more CD8" T cells producing IL-17 after infection
compared to naive groups (Fig. 5G). Levels of IgG were also lower in
a-IL-17A/F treated groups compared to the control (Fig. 5H).

Our studies neutralising IL-17 validate a role for this pathway in
primary RSV disease and open up opportunities for novel interven-
tions. Two genes in the IL-17 pathway over-expressed after RSV in-
fection in mice and children were S100A8 and S100A9 (Fig. 4]). The
drug paquinimod was developed to block the action of S100A9 in
SLE; it has been tested during murine infection with SARS-CoV-2"!
but not RSV. 12.5 ng Paquinimod was given intranasally at day -1, 1,
2, 3 and 5 following RSV infection at day O; the control group re-
ceived PBS. Mice receiving Paquinimod recovered faster after RSV
infection than control mice (Fig. 5I), but there was no difference in
food consumption (Fig. 5]). Interestingly the treated mice had sig-
nificantly lower viral load (Fig. 5K), but no difference in antibody
responses (Fig. 5L). This shows that the comparative transcriptomic
approach can be used to identify novel targets and therapies for RSV
disease.

Discussion

Here we set out to triangulate systems comparing different RSV
transcriptomic datasets to identify novel pathways in RSV disease
pathogenesis. The data was collected from three tissue types, lung,
nasal mucosa and blood from natural RSV infection of children, adult
human challenge and BALB/c mouse in vivo. In the blood tran-
scriptome, there were concordant gene expression patterns between
adults and children in pathways associated with inflammation.
When we compared primary infection (children and mice), we ob-
served increased expression in the IL-17 pathway. Drilling down into
this pathway, we observed upregulation of the genes S100A8 and
S100A9, which when blocked with the anti-inflammatory drug
Paquinimod reduced disease. Therefore, this cross system ‘omics
approach identifies novel approaches to reduce disease following
RSV infection.

There are some limitations that need to be considered. Studies of
adults included both male and females due to limited participant
numbers, likewise the nasal transcriptome in children was also a
mixture of male and female participants; whereas the child blood
dataset and mice were only female. This confounding factor should
be taken into account as sex is an important biological variable that
affects the functions of the immune system.'? There was a wide age
range in the children included, which could explain some of the
variation observed. Although participants in all studies were con-
firmed to be RSV positive by PCR and negative for common re-
spiratory viruses such as flu and rhinoviruses, there was no
screening for bacterial infections in the clinical studies. The samples
for different tissues were not collected from the same individuals;
and because it was destructive sampling, mouse samples were
compared to uninfected controls. Lastly, differences in the blood
counts in the children, adult and mice models were not normalised
to the lymphocyte counts. We chose not to carry out this step as it
was necessary to maintain the true differences that naturally existed
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Fig. 2. Nasal transcriptome shares patterns between systems. Principal component analysis (A, B, C) and volcano plots (D, E, F) showing differentially expressed genes (DEGs) were
plotted for: (A, D) children (control (n = 20) and RSV (n = 24)), (B, E) mouse (naive (n = 5) and RSV (n = 5)) and (C, F) adults (baseline (n = 6) and peak of symptoms (n = 9)). Red
indicates over-expressed DEGs in response to RSV, blue indicates under-expressed DEGs. G) Correlogram of overlapped ortholog genes, between children, mouse and adults.
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datasets, Black dots satisfied all three criteria in one dataset (so either mouse or adult or children).
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in each system. In spite of the heterogenous datasets, it is notable
that we observed considerable overlaps in the response to infection,
indicating the value of the approach.

Looking at the models separately we observed that in children
with RSV, neutrophils and hypoxia were core pathways in the blood
and nasal transcriptomes. Response to hypoxia has been recently
reported to contribute to clinical disease and the control of viral
replication during RSV infection.”> Consistent with previously pub-
lished work, neutrophils are a hallmark of severe disease in infants
with RSV. This was also detected in the mouse datasets. However,
the depletion of neutrophils did not impact viral load or the peak of
disease in mouse models during infection.'? This could be explained
by our data where mouse responses to RSV were dominated by other
arms of the immune response such as T cell activation. Further si-
milarities between children and mouse exist when cytokine re-
sponses were compared. IL-6, IL-18R1, CXCR6 and IL-1 were
significantly over-expressed in both blood and nasal transcriptomes.

Network analysis provided further insights, particularly con-
cerning unique processes in adults that were absent in children and
mouse. A systemic upregulation of the IL-27 related pathway was
observed in the lung and blood of adult challenged with RSV on day
7. IL-27 is a heterodimeric cytokine known for its effects on T-cell
function and differentiation. IL-27 signals through the IL-27 receptor
(IL-27R) which activates STAT1 signalling, induces the expression of
the type 1 helper T cell (Th1) cytokine, and suppresses the differ-
entiation of Th2 and Th17 cells. IL-27 has been shown as a major
regulatory mediator produced by lung resident immune cells, which
in turn drives suppression of otherwise damaging inflammation.'”
Previous studies have observed an interplay between IL-27 and IL-
17'%; disease exacerbation marked by increased mucus secretion was
observed in the lungs from RSV-infected IL-27rKO mice compared to
wild type.

When we compared systems, we observed a significant upregu-
lation of the IL-17 signalling pathway in children and mouse, which
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Fig. 4. Cross system and tissue comparison analysis identifies IL-17 as a pathway associated with disease. A) Correlogram was plotted for overlapped genes present between lung,
nasal and blood in the adults. Number in the box indicated the correlation coefficient (R), with Pearson’s P values indicated below. Over-expressed genes overlapping in each tissue
type were shown in the Venn diagram (B) and the three genes presented in all three types were used in the network analysis (C). D) Correlogram was plotted for overlapped genes
present between lung, nasal and blood in the Mouse. Number in the box indicated R, with Pearson’s P values indicated below. Over-expressed genes overlapping in each tissue
type were shown in the Venn diagram (E) and the three genes presented in all three types were used in the network analysis (F). G) Disco plot to compare children blood and
children nasal mucosa; Red dots satisfied all three criteria “P < 0.05, FDR < 0.1, IFCI > 0” in both datasets, Black dots satisfied all three criteria in one dataset (so either mouse or
adult or children). H) GO term analysis of over-expressed genes in blood, nasal and overlapped genes. I) Chord diagram of core pathways identified in children, mouse and adults
were selected here to identify common pathways across species. ]) Gene differentially expressed in the IL-17 pathway in children was selected identify common counterparts with
mouse.

was absent in adults. Nasal concentrations of proinflammatory IL- binding receptors in the brain®*; we have seen a similar effect for IL-
17A are higher in infants requiring ventilation'” and elevated IL-17 is 1a altering appetite.”®

a marker of more severe bronchiolitis.’® Linking with the observa- IL-17 induces a signalling cascade, and recruitment and activa-
tion that neutrophils are associated with RSV disease, tracheal IL- tion of other cells particularly neutrophils, we therefore explored
17A concentrations positively correlate with neutrophil counts.” whether within the IL-17 pathway, there were possible targets to
Neutralising IL-17 with monoclonal antibodies reduced weight loss, reduce disease. Amongst the over-expressed genes in both children
indicating improved disease outcomes. Our findings confirm pre- and mice were MMP-13, activated by neutrophils’® and MMP-9,

vious studies that have identified a role for IL-17A in RSV dis- secreted by neutrophils.”” MMP-9 during RSV infection has been
ease.”’? Interestingly we observed a difference between IL-17A and targeted with Azithromycin in a previous clinical trial, but no effect
IL-17F blockade; neutralising IL-17A significantly reduced RSV viral was seen on long term outcomes.”® Two other genes from the IL-17
load in the lung but blocking IL-17F did not. The functional differ- pathway associated with neutrophils are S100A8/A9, members of the
ences between IL-17A and IL-17F might be because IL-17A binds to S$100 group of proteins. The major functions of S100A8/A9 reported
IL-17 receptor A (IL17RA) and IL-17RC, but IL-17F binds to IL-17RA so far include the regulation of leucocyte migration and trafficking,
and IL-17RF.*® Potentially IL-17A is also altering behaviour by the remodelling of cytoskeleton and amplification of inflammation,
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Fig. 5. IL-17 and the downstream effector S100 contribute to disease following RSV infection in mice. 6-7 weeks old female BALB/c were intranasally infected with 7.7 x 10° RSV
subtype A on day 0 and intraperitoneally injected with 500 pg of monoclonal antibody targeting IL-17A, IL-17F, IL-17A/F or IgG on day -1, 1, 3 and 5 post RSV infection. Naive group
received no treatment. A) Body weight and B) food consumed were monitored daily. C) Viral load was performed using qPCR to measure RSV L gene. Flow cytometry was carried
out to identify total cell count: D) CD4", E) CD8". Intracellular staining was carried out to stain for IL-17A in F) CD4" and G) CD8" T cells. H) Serum IgG was measured using ELISA.
6-7 weeks old female BALB/c was intranasally infected with 7.7. x 10° RSV subtype A on day 0 and intranasally administered with Paquinimod S100A8/S100A9 on day -1,1,3 and 5
post RSV infection. I) Body weight and ]) food consumed were monitored daily. K) Viral load was measured using qPCR to quantify RSV L gene. L) Serum anti-RSV IgG level was
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and exertion of anti-microbial activity."! In a study of Mycoplasma
pneumoniae-induced pneumonia, IL-17 was shown to stimulate
neutrophils to release SI00A8/A9 to promote lung epithelial cell
apoptosis.”? Paquinimod (a Laquinimod derivative) is an orphan
immunomodulatory drug that was developed to treat systemic lupus
erythematosus.’® It has been observed to reduce disease following
SARS-CoV-2 infection.'! We therefore explored whether it could also
reduce RSV disease; mice receiving Paquinimod recovered faster,
validating our approach for the identification of new drug targets.
This comprehensive comparative study provides insights into
common and species-specific processes underlying RSV infection.
The identification of key pathogenesis processes and the discovery of
host factors facilitate the development of therapeutic interventions
against RSV.

Materials and methods
Datasets

Characteristics of datasets described in Table 1.

Child transcriptomics

Blood transcriptomic data from children were derived from the
Diagnosis and Management of Febrile Illness using RNA Personalised
Molecular Signature Diagnosis (DIAMONDS consortia). Venous blood
was collected from patients at the time of hospitalisation and stored
in PAXgene Blood RNA. RNA-Seq was carried out at The Wellcome
Centre for Human Genetics in Oxford, United Kingdom, using a
Novaseq600 platform at 150 bp paired-end configuration, generating
a raw read count of 30 million reads per sample. The normalised
dataset is available in ArrayExpress (E-MTAB-12793). 45 controls
and 42 RSV positive samples were included.

In a separate study,”' nasal mucosa curettage was performed and
obtained from 22 healthy children (less than 18 years of age) and 24
children (median age 0.33 years old, 10 male, 14 females) infected
with RSV at Ann and Robert H. Lurie Children’s hospital of Chicago.
RSV infection was confirmed by a PCR test and children were ad-
mitted to the paediatric intensive care unit with symptoms of pul-
monary parenchymal disease. RNA sequencing was performed on a
NextSeq 500 instrument (Illumina), 75 cycles, single-end, to an
average sequencing depth of 5.88 M reads.

Adult human challenge transcriptomic data

Adult human samples came from controlled human infection
challenge studies.

For blood samples, previously published data was used*?; mi-
croarray data was derived from 9 symptomatic volunteers infected
with 10* TCIDso RSV.

For nasal scrape and endobronchial biopsy, healthy, non-
smoking adults aged 20-29 years old both female and male were
included. Inclusion/exclusion criteria are the same as previous
studies®®; participants were enroled without preselection by anti-
RSV antibody concentrations. Participants were inoculated with
10* plaque-forming units (PFU) of RSV A Memphis-37 (M37) by
intranasal drops and quarantined for 10 days post inoculation.
Nasal washes and bronchoscopy samples were collected at d0 and
d7 of infection. Participants were selected from larger studies
based on positive infection with RSV (defined by PCR positivity);
nasal scrapes were collected from 9 donors, lung biopsies from 5
donors. Nasal scrape data were processed by RNASeq, broncho-
scopy by microarray.
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Animal studies

6-8-week-old female BALB/c specific-pathogen-free (SPF) mice
were purchased from Charles River Laboratories (Helston, U.K.) and
maintained according to institutional and United Kingdom Home
Office guidelines. All experiments were performed in the SPF room
in the animal facility on a 12-h light/dark cycle at 20-24 °C with 55%
+ 10% humidity. All work was approved by the Animal Welfare and
Ethical Review board at Imperial College London, and studies were in
accordance with the Animal Research: Reporting of In vivo
Experiments (ARRIVE) guidelines.

Mice were housed in groups of five animals per cage. For all in-
fection studies, mice were anaesthetised using 2.5% of isoflurane and
intranasally (i.n.) infected with 7.7 x 10% PFU RSV subgroup A2 in
100 pL. Animal weight was measured daily after infection, as well as
weight of food in hopper.* For IL-17 blockade, 500 ug of «IL-17A
(BioXCell: BE0173), alL-17F (BioXCell: BE0303), or oIL-17A/F mono-
clonal antibody cocktail was intraperitoneally injected on days -1, 2
and 5 after RSV infection at day 0. For S100 blockade, 12.5 mg Pa-
quinimod (TargetMOI: T7310) was given intranasally at day -1,1, 2, 3
and 5 following RSV infection at day 0.

Mouse tissue collection and RNA extraction

Blood was collected by cardiac puncture and mixed with
PAXgene solution. RNA extracted using the PAXgene blood RNA kit
according to the manufacturer’s instructions (Qiagen).

Lungs were removed after dissection and the left lobe snap
frozen for future RNA extraction. RNA was extracted from the lung
lobe by first homogenising the tissue in 2 mL tubes containing ball
bearings and 350 uL TRIzol reagent using a TissueLyzer at 50 oscil-
lations for 4 min.

For nasal tissues, isolated mice heads were immediately dis-
sected to extract nasal mucosal membrane from the nasal cavity as
previously described®” and extraction was carried out in the Tis-
sueLyzer at 50 oscillations for 8 min.

Mouse flow cytometry

The right mouse lobe was processed for flow cytometry as pre-
viously described.*® After manual dissociation, cells were stained
with Live/Dead dye, prior to resuspension in Fc Block in PBS-1% BSA.
Cells were then stained with surface antibodies, prior to intracellular
staining and fixing in 0.5% PFA. Each sample was filtered through the
FAC tubes before running on an LSR Fortessa Flow cytometer (BD).
Fluorescent minus one (FMO) controls were used for surface stains.
Analysis was performed using FlowJo (Sample plot Fig. S2).

Mouse qPCR for RSV load

Lung RNA concentrations were determined using a Nanodrop
before converting into cDNA using GoScript reverse transcription
system using 2ug for all samples. qPCR for the RSV L gene was
performed on a Stratagene Mx 3005p (Agilent Technologies, Santa
Clara, CA, USA) using the primers 5-GAACTCAGTGTAGGTAGAATGT
TTGCA-3’ and 5'-TTCAGCTATCATTTTCTCTGCCAA-3’ and probe 5'-6-
carboxyfluorescein ~ (FAM)-TTTGAACCTGTCTGAACAT-6-carboxyte-
tramethylrhodamine (TAMRA)-3".>” RNA copy number per mg of
lung RNA was determined using an RSV L gene plasmid standard
(10'-10® copies).

Pre-processing of sequencing data
Quality of Raw RNAseq reads generated was assessed using

FastQC (v0.11.9) to ensure good quality scores, GC content and no
adaptor reads, then appropriate adjustments were made using the
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programme Trimmomatic (v1.0.40).>® This included the following
operations: Illumina universal adaptors were removed with ILLU-
MINACLIP, reads with an average quality score of less than 20 across
a window of 4 bases were trimmed using sliding window, reads less
than 20 bases in length were removed. FastQC was performed again
on trimmed reads. Raw reads were then mapped to Mouse Reference
Genome (Gmc38) using RNA STAR (Spliced Transcripts Alignment to
a Reference, v6.2.0) and count data for each gene performed using
featureCounts®® (v1.2.0). For human RNAseq and microarray files,
reads were aligned to the human reference genome GRCH39. Reads
were filtered prior to expression analysis to remove any genes with a
total read count of less than 5 across all samples. Principal compo-
nent analysis (PCA) and heatmap visualisation on normalised data
was analysed by the variance stabilising transformation method. R
function prcomp() was used for PCA in the package Devtools(v2.4.2).

For pathway analysis from PCA plots, the PAGE algorithm per-
formed one-sample t-test on each gene set in the biological pro-
cesses branch of Gene Ontology (GO). The adjusted P-values were
used to rank the pathways for each of the first two principal com-
ponents. The duplicated pathways were skipped.

Heatmap visualisation was performed the heatmap.2 function in
ggplot package (v3.1.1).%°

Differential expression analysis

Limma package”' was selected. DEGs were included if P values
were less than 0.05 (FDR < 0.1) and fold change greater than O in-
dicated overexpression; fold change less than 0 indicated under
expression. No cut-off was selected to ensure genes with smaller fold
changes which were biologically significant at large sample size,
were included.

Gene ontology and KEGG network analysis

ClusterProfiler*” was used to assess the enrichment of GO path-
ways in each gene list comparing the significantly expressed genes
against background genes. Network analysis of the GO terms was
analysed using the emapplot function in the clusterProfiler package.
KEGG pathway was analysed using the gseKEGG function. Gene lists
analysed include genes that were identified as significantly differ-
entially variable and genes that were in a specific GO term. Gene set
enrichment analysis (GSEA) was performed where enrichment score
was calculated as the -log10 (P-value).**> The network analysis of
KEGG pathways (network visualisation and clustering) was per-
formed with NetworkAnalyst.** R code is available upon request.

Concordant plots

Significantly differentially expressed genes present in both da-
taset were used in the concordant/discordant plot.*” Discrete colours
were played as -log10(Pvalue(X)), sizes were defined as -log10(P-
value(Y))*(multiplier+2). Terms with NA in either dimension were
excluded. Overlapping gene sets were compared on Venny2.0.

Statistics

All statistical analyses were performed in Graph Pad Prism V9
(GraphPad Software, San Diego, CA), R version 3.5.0. A statistically
significant difference was defined as a P-value < 0.05 by one-way
analysis of variance (ANOVA). Mouse data has been archived at
ArrayExpress (RNASeq), human data available upon request.
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the following GEO series accession number:

Adult blood GSE17156.

Adult Nasal GSE155237 (Day 0).

Adult Lung (TBC).

Children Blood (TBC).

Raw data for Children nasal was deposited to dbGap, under the
accession number phs003053.v1.p1.
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