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Abstract  

Research question Assessment of whether TLR2 activation boosts the innate immune 

response to rhinovirus infection, as a treatment strategy for virus-induced respiratory 

diseases. 

Methods We employed treatment with a novel TLR2 agonist (INNA-X) prior to rhinovirus 

infection in mice, and INNA-X treatment in differentiated human bronchial epithelial cells 

derived from asthmatic-donors. We assessed viral load, immune cell recruitment, cytokines, 

type I and III IFN production, as well as the lung tissue and epithelial cell immune 

transcriptome.  

Results We show in vivo, that a single INNA-X treatment induced innate immune priming 

characterized by low-level IFN-λ, Fas ligand, chemokine expression and airway lymphocyte 

recruitment. Treatment 7-days before infection significantly reduced lung viral load, 

increased IFN-β/λ expression and inhibited neutrophilic inflammation. Corticosteroid 

treatment enhanced the anti-inflammatory effects of INNA-X. Treatment 1-day before 

infection increased expression of 190 lung tissue immune genes. This tissue gene expression 

signature was absent with INNA-X treatment 7-days before infection, suggesting an alternate 

mechanism, potentially via establishment of immune cell-mediated mucosal innate immunity. 

In vitro, INNA-X treatment induced a priming response defined by upregulated IFN-λ, 

chemokine and anti-microbial gene expression that preceded an accelerated response to 

infection enriched for NF-κB-regulated genes and reduced viral loads, even in epithelial cells 

derived from asthmatic donors with intrinsic delayed anti-viral immune response. 

Conclusion Airway epithelial cell TLR2 activation induces prolonged innate immune 

priming, defined by early NF-κB activation, IFN-λ expression and lymphocyte recruitment. 



This response enhanced anti-viral innate immunity and reduced virus-induced airway 

inflammation. 

Abstract word count: 242/250



Introduction 

Rhinoviruses (RV) are responsible for up to 60% of annual respiratory illnesses worldwide 

[1, 2] Lower respiratory infections can cause cough, shortness of breath, chest tightness, 

wheezing, bronchiolitis and pneumonia [3]. RV is also a major cause of exacerbations of 

chronic respiratory diseases, including asthma [4], chronic obstructive pulmonary disease 

(COPD) [5, 6], cystic fibrosis (CF) [7, 8] and non-CF bronchiectasis [9]. Currently, 

treatments for RV infection are supportive, reducing symptoms but not limiting virus 

infection. 

Neutrophilic inflammation constitutes the primary response to virus infection. However, 

excessive/prolonged neutrophilic inflammation contributes to tissue damage and increased 

airway neutrophil numbers correlate with exacerbation severity in asthma and COPD [10, 

11]. Inhaled corticosteroids (ICS) reduce the risk of exacerbations and are a primary 

treatment approach for both asthma and COPD. However, ICS treatment has limited efficacy 

on exacerbation pathology, particularly in the context of reducing neutrophilic inflammation 

in asthma [12]. Further, ICS treatment suppresses anti-microbial immunity and increases 

susceptibility to secondary infections and pneumonia, in the context of COPD [13].  

Airway epithelial cells are a primary site of rhinovirus infection. Toll-like receptors (TLRs) 

expressed by epithelial cells such as intracellular TLR3/7/8/9 initiate host anti-viral innate 

immunity, through recognition of viral nucleic acids generated by replicating virus [14]. This 

observation has led to the assessment of TLR agonists as anti-viral therapies. However, 

studies assessing viral nucleic acid-sensing TLR agonist treatment reported a narrow 

therapeutic window, with activation of type-I interferon responses, inflammation, flu-like 

symptoms and cytokine storm [15, 16]. In contrast, TLR2 is expressed on the cell surface and 

is persistently exposed to both commensal microbiota and potential pathogens. As such, 

TLR2 activation must be tightly regulated to maintain immune homeostasis [17], which may 



limit unintended side effects following TLR agonist treatments. We have previously reported 

that TLR2 agonist treatment reduced viral load and limited transmission of influenza in mice 

[18], but the use of TLR2 agonists to limit other viral infections remained unexplored.  

In the current study, we assessed the effects of TLR2 agonist treatment on RV infection, 

using the novel molecule INNA-X. INNA-X is a pegylated analogue of the synthetic 

diacylated lipopeptide S-[2,3-bis(palmitoyl oxy)propyl] cysteine Pam2Cys [18], in which the 

four lysine residues traditionally used to increase solubility are replaced by polyethylene 

glycol. The lysine moieties were replaced as a strategy to negate off-target effects, as are 

observed for the closely-related TLR2 agonist, Pam3Cys [19].  

Intranasal delivery of INNA-X to the lungs of mice induced innate immune priming 

characterized by early, low-level expression of IFN-λ and lymphocyte recruitment. Treatment 

1-day before infection boosted anti-viral innate immune signatures in lung tissue and 

suppressed viral load. TLR2 agonist treatment 7-days before RV-A1 infection suppressed 

viral load and lung inflammation. Treatment efficacy persisted when consecutive doses were 

administered weekly. Combination treatment with inhaled corticosteroid was equally 

effective at reducing lung viral load and further reduced virus-induced inflammation. In 

differentiated primary BECs in vitro, INNA-X treatment also boosted innate immunity, 

resulting in increased early expression of IFN-λ and NF-κB-regulated antimicrobial genes. 

Further, IFN-λ induction preceded accelerated host anti-viral responses in differentiated 

primary BECs isolated from donors with asthma. This is a key finding, as multiple lines of 

evidence have reported inadequate anti-viral responses in asthmatics [20-22]. Our findings 

suggest that airway-delivered TLR2 agonist treatment of the respiratory epithelium provides 

sustained airway innate immune priming and is an effective strategy to limit respiratory virus 

infection and infection-induced airway inflammation.  

Materials and Methods 



Ethics statements 

Primary bronchial epithelial cells were provided by Professor Peter A. B. Wark (The 

University of Newcastle), obtained from healthy donors or donors with asthma during 

bronchoscopy, with written informed consent. All experiments were conducted with 

approval from the University of Newcastle Safety Committee (Safety REF# 25/2016 and 

R5/2017). Animal experiments were conducted in accordance with the NSW, Australia 

Animal Research legislation. Experimental protocol A-2016-605 was reviewed and approved 

by the University of Newcastle Animal Ethics Committee. 

Rhinovirus-A1 (RV-A1) propagation, purification and quantification 

Rhinovirus strain A1 (RV-A1) was originally purified from a clinical isolate (provided by Prof. 

Peter A. B. Wark, The University of Newcastle). Rhinovirus strain A16 (RV-A16) was originally 

purchased from the ATCC (strain 11757). Both strains were grown in RD-ICAM cells and 

purified as previously described [23, 24].  

TLR2 agonist administration and RV-A1 infection for in vivo mouse models 

6-8-week-old female BALB/c mice from Australian Bioresources (ABR) were used for all 

experiments. Mice were house in individually ventilated cages with HEPA filtered air and 

food/water ad libitum. All experiments were conducted in a biosafety cabinet under clean 

conditions. INNA-X was obtained from Ena Therapeutics in lyophilized form and 

resuspended in sterile saline. Mice were treated with INNA-X intranasally (i.n.) at the times 

and doses indicated in the text. Mice were infected i.n. with RV-A1 (2.5 x 106 TCID50), as 

previously described [23, 24]. Bronchoalveolar lavage (BAL) and lung samples were 

harvested 2 days post infection.  



Bronchoalveolar lavage (BAL) cell analysis 

Mouse tracheas were cannulated, and lower airways flushed with HBSS (HycloneTM, GE Life 

Sciences). Supernatants stored at -80oC.  Cells were RBC-lysed and leukocyte concentrations 

determined by hemocytometer count. Cytospins were performed and May-Grunwald + 

Giemsa staining was used to enumerate neutrophils, lymphocytes and macrophages by 

microscopy. 

RNA isolation and quantitative reverse-transcription (qRT)-PCR 

Apical lung lobes were harvested in RNA-Later (Ambion), homogenized in RLT (Qiagen) 

containing 1% betamercaptoethanol, cell debris was pelleted, and supernatant stored at -

80oC. ALI membranes were vortexed in RLT/2ME, the membrane was removed and the 

lysate was stored at -80oC. Mouse lung RNA was manually extracted from the RLT lysate 

using the miRNeasy kit (Qiagen) following the supplier’s protocol. ALI RNA was extracted on 

the QiaCube (Qiagen) using the miRNeasy kit (Qiagen). RNA concentrations were 

determined by Nanodrop and 200ng (ALI samples) or 1000ng (mouse lung) was reverse 

transcribed. qPCR was performed on an ABI700 or Quant Studio 6 using TaqMan FAM-

TAMRA reagents (Life Technologies), mastermix containing ROX (Qiagen), and primer-probe 

combinations outlined in Table S3. Absolute quantification of genes of interest were 

determined using standards of known concentration. Genes of of interest were normalized 

to the reference gene 18S. 

Air-liquid interface of airway epithelial cell cultures 

Primary BECs obtained from moderate-severe persistent asthmatic donors were grown until 

confluent and differentiated at air liquid-interface (ALI), as previously described [25, 26].  



BECs obtained from one healthy donor at passage 2 were expanded in submerged 

monolayer culture using Rho-associated protein kinase (ROCK) inhibitor (final concentration 

10µM) in conjunction with irradiated fibroblast feeder cells. Expanded BECs were 

maintained in media comprised of 33% DMEM (high glucose+L-glutamine)/67% Ham’s F12 

containing 5% FCS, hydrocortisone (final concentration 400ng/ml), insulin (final 

concentration 5µg/ml), rhEGF (final concentration 10ng/ml), cholera toxin (final 

concentration 8.4ng/ml), adenine (final concentration 23.9µg/ml) and 0.2% penicillin 

streptomycin[27] and sub-cultured for a further 3 passages. Once confluent, these BECs 

were seeded onto polyester transwell membranes and differentiated as previously 

described [25, 26]. 

TLR2 agonist dosing and RV inoculation of human ALI BECs 

24 hours prior to infection, the differentiated epithelium was treated apically with 20nM 

INNA-X in BEBM minimal starvation media (Lonza; BEBM + 1% ITS and 0.5 lipoteichoic acid). 

Healthy donor cultures were inoculated with RV-A1 or RV-A16 (MOI 0.1) for 2 hours on the 

apical culture surface at 35°C. For asthma donor cultures, MOI was 0.001. Following 

infection, the apical compartment was washed twice with PBS. Starvation media containing 

TLR2 agonist was then placed in the apical compartment (controls received media alone) at 

35°C. 

Sample collection from ALI cultures 

ALI culture samples were collected at timepoints indicated in text. Apical media was 

removed and stored at -80oC for downstream protein analyses. Half of the transwell was 

collected in RLT buffer (Qiagen) containing 1% 2-Mercaptoethanol (2ME) for molecular 



analyses and half retained for protein analyses in RIPA buffer containing protease inhibitor 

cocktail (Roche). 

Protein quantification by ELISA or cytometric bead array 

Protein levels of airway cytokines were quantified by Duoset ELISA (R&D Systems) as per 

manufacturer’s instructions for KC/IL-8 (CXCL1) and TNF-α in mouse BAL samples. Duoset 

ELISA for human IL-29/IL-28B (IFN-λ1/3) (R&D Systems) was used on BEC samples.  

Immune transcriptome expression analyses 

Purified total RNA was hybridized to the mouse immunology GX code set (Nanostring) or 

human immunology panel version 2 (Nanostring), as per manufacturers’ instructions. Raw 

data was quality control checked and normalized based on positive controls, negative 

controls and housekeeper gene expression for export into Monash-DEGust Voom/Limma 

platforms of gene expression analyses. Alternatively, raw counts were imported into the 

Nanostring advanced analysis platform for automatic normalization using the gold-standard, 

inbuilt software GENorm for best housekeeper detection, followed by identification of DEGs 

and pathway analyses, as outlined in the text. 

Statistical analyses 

Data from in vivo mouse experiments (excluding transcriptome data) were analyzed by one-

way ANOVA, with Holm-Sidak correction for multiple comparisons. All data from mouse 

experiments were assessed for normal distribution using a combination of Anderson-

Darling, D’Agostino & Pearson, and Shapiro-Wilk tests. Any group that deviated significantly 

from normal distribution were subsequently analyzed using non-parametric Mann-Whitney, 

or Kruskal-Wallis (with Dunn’s correction for multiple comparisons) tests, as indicated in 

figure legends. All data from healthy control ALI cell cultures were analyzed with two-way 



ANOVA or by one-way ANOVA, with Holm-Sidak correction or Mann Whitney test. Time 

course data were assessed by two-way ANOVA with Bonferroni correction for multiple 

comparisons over time. Friedman test with Dunn’s correction for multiple analyses, or 

Wilcoxon signed rank tests were conducted on data from asthmatic donors due to the 

assumption of non-parametric nature of data from different human donors. Statistical 

analyses were performed using Graph Pad Prism 8.3.0 software (La Jolla California USA) with 

alpha value of 0.05. Immune transcriptome data was analyzed as described in figure legends 

using either univariate t test (mouse lung data – nSolver software), Benjamini Yekutieli 

corrected p values (BEC data – nSolver software), false discovery rate (FDR)-corrected p 

values (Voom/Limma) or a combination of z-score (nSolver advance analysis platform) with 

follow-up one-way ANOVA and Holm-Sidak correction (Graph Pad Prism). 

Materials and methods word count: 1076 

  



Results  

INNA-X treatment suppresses rhinovirus infection alone and in combination with 

corticosteroid 

INNA-X is a stable TLR2-specific agonist with suitable characteristics for in vivo delivery, 

developed to negate off-target effects reportedly caused by the cationic lysine moieties of 

existing TLR2 agonists [28]. INNA-X activated both mouse and human TLR2, inducing 

downstream NF-κB signaling pathways, detected in an in vitro reporter system (Fig S1). We 

compared INNA-X to the commercially-available TLR2 agonist Pam2CysSK4 in an 

established mouse RV-A1 infection model [23]. Mice were treated intranasally with a single 

dose of INNA-X or Pam2CysSK4 (at concentrations of both 2 and 10pmol) 7-days prior to 

RV-A1 infection. Both drugs (at 10pmol/mouse) significantly reduced lung viral RNA, 

whereas only the 2pmol INNA-X dose significantly reduced lung viral load (Fig. S2). 

We next assessed how INNA-X treatment modulated host resistance to RV-A1 infection. 

Mice were treated intranasally with low dose INNA-X (2pmol) alone, or in combination with 

the inhaled corticosteroid (ICS) fluticasone propionate (FP) (administered one hour before 

RV-A1 infection; experimental timeline Fig. 1A, as previously published) [13]. Endpoints 

were measured 2-days post infection (9 days post-INNA-X treatment). INNA-X treatment 

significantly reduced lung viral load by approximately 50%, regardless of corticosteroid 

treatment (Fig. 1B, Fig. S3). In contrast, FP treatment (without INNA-X) significantly 

increased viral load compared to saline treated, RV-A1 infected mice (Fig. 1B). In the 

absence of INNA-X treatment, no significant increase in expression of anti-viral IFN-β or -λ 

was observed, compared to mock-infected mice (Fig. 1C, D). Both IFN-β (Fig. 1C) and IFN-

λ (Fig. 1D) were significantly elevated following INNA-X pre-treatment alone, but not 

following co-treatment with FP. Thus, INNA-X treatment modulates IFN responses 

following RV-A1 infection.    



ICS treatment or repeated weekly dosing does not affect INNA-X-mediated lymphocyte 

recruitment or inhibition of virus-induced inflammation  

We next quantified inflammatory cell subsets and cytokines in BAL samples. No significant 

difference in total leukocyte numbers were observed following INNA-X treatment (Fig. 2A). 

However, lymphocyte numbers were increased following INNA-X treatment in all groups 

(including mock-infected mice), compared to saline-treated controls (Fig. 2A). Increased 

macrophage numbers were observed only in RV-A1-infected mice treated with both INNA-X 

and FP (Fig. 2A). Airway neutrophil numbers were of particular relevance, as neutrophilic 

airway inflammation is typically associated with the severity of RV-induced disease in 

humans [23, 29]. RV infection alone in saline-treated mice increased BAL neutrophils, which 

was unaltered by FP treatment (Fig. 2A). In contrast, INNA-X treatment significantly 

reduced neutrophil numbers to baseline levels, regardless of FP co-treatment (Fig. 2A). To 

identify potential mechanisms underlying this observation, we quantified relevant 

chemokines and cytokines. Neutrophil chemokine CXCL1 (mouse IL-8/KC) was reduced 

following treatment with INNA-X, with the lowest levels observed following treatment with 

both INNA-X and FP (Fig. 2B). INNA-X treatment increased TNF-α production in RV-A1-

infected mice by approximately 30%, which was inhibited by FP co-treatment (Fig. 2B). In 

summary, INNA-X treatment promoted lymphocyte recruitment, inhibited RV-induced 

neutrophilic inflammation, further supported by ICS co-treatment. 

We also assessed viral load and airway CXCL1 levels following RV-A1 infection in mice 

prophylactically treated with multiple doses of INNA-X administered weekly, for 2- or 3-

weeks (to model a potential prophylactic treatment strategy). Repeated weekly INNA-X 

treatment reduced lung viral load, either alone or with FP co-treatment (Fig. 2C, Fig. S3). 

INNA-X-mediated inhibition of RV-A1-induced CXCL1 expression was also observed 

following repeated INNA-X treatments (Fig. 2D). 



Timing of TLR2 agonist alters specific gene expression patterns of innate immune priming   

To understand the mechanisms mediating INNA-X-induced protection, we characterized the 

lung tissue immune transcriptome using Nanostring technology. Two treatment protocols 

were compared, with outcomes assessed either 9 days- or 3 days- after INNA-X treatment. 

Mice were infected either 7-days or 1-day after INNA-X treatment (Fig. 3A). Both treatment 

protocols significantly reduced lung RV-A1 levels assessed 2-days post infection, 

demonstrating that INNA-X treatment 1-day before infection was also effective (Fig. 3B). To 

clarify mechanisms, differentially expressed genes (DEGs) in lung tissue were visualized 

using Voom/Limma software [30]. Clusters of DEGs were also visualized using Euclidean 

hierarchy clustering in Heatmapper software [31] (Fig. 3C). In uninfected mice, multiple CC 

and CXC chemokine genes were up-regulated at both 9- and 3-days post-INNA-X treatment. 

In RV-A1-infected mice, we noted two distinct gene expression patterns in response to virus 

infection, which differed depending on the timing of INNA-X treatment. Treatment with 

INNA-X 1-day before infection augmented host lung tissue immune responses, exemplified 

by up-regulation of two gene clusters (designated clusters 1 and 2). Up-regulated clusters 

were enriched for anti-viral/interferon stimulated genes (IFI204, IRF7, MX1, IFIT2) and 

multiple CC and CXC chemokines (Fig. 3C). This response was associated with increased 

lymphocyte numbers and elevated CXCL1 levels in BAL samples (Fig. S4). This heightened 

lung tissue immune response was not apparent following treatment 7-days before infection. 

Rather, there was a general reduction in lung tissue immune gene expression following 

treatment 7-days before infection, compared to the untreated (saline) RV-A1-infected group. 

Gene clusters 1 and 2 highlighted a diminished immune signature in lung tissue 9-days post-

treatment in the RV-A1-infected group (Fig. 3C). 

To better understand the distinct, treatment timing-related profiles observed, we used 

Nanostring nSolver software to interrogate all up-regulated genes (Fig. 3D; 10 most highly 



up-regulated genes listed for each group). In uninfected mice at both 9- and 3-days post-

INNA-X treatment, we observed low-level innate immune priming defined by expression of 

IFN-λ and pro-apoptotic Fas ligand (Fasl) genes. Chemokines CCL7 and CCL9 identified in 

the Voom/Limma analysis were also identified by the nSolver software, significantly up-

regulated in INNA-X-treated mice. We detected twice as many up-regulated genes in lungs 

harvested 9-days post-agonist treatment compared to 3-days post-treatment in uninfected 

mice. In RV-A1-infected mice, INNA-X treatment 1-day before infection significantly up-

regulated 190 genes. The most highly induced genes identified were interferon-stimulated, 

antiviral molecules Ifi204, IRF7, CXCL10, MX1, STAT2 and chemokines CCL2 and 

CXCL13. A different gene expression profile was observed with INNA-X treatment 7-days 

before infection. We observed low-level (less than 2-fold) up-regulation of 32 genes 

(compared to 12 genes in saline-treated mice), which were associated with lymphocyte 

responses (e.g. ICOS ligand, BTLA), chemokines (CCL6) and adaptive immunity (Fig. 3D). 

The full lists of up-regulated genes are included in Supplemental Data File 1. Thus, the 

presence of chemokines 3-days post-treatment and evidence of modulated lymphocyte 

regulation 9-days post treatment were consistent with the observed patterns of lymphocyte 

recruitment. 

INNA-X primed responses against RV-A1 infection in differentiated human primary BECs  

To define which aspects of INNA-X treatment effects were mediated by epithelial cells, we 

assessed TLR2 agonist pre-treatment on RV-A1 infection in differentiated primary human 

bronchial epithelial cells (BECs) in vitro. Differentiated healthy donor BECs [27] were pre-

treated with INNA-X 24-hours prior to RV-A1 infection. The primary aim of these 

experiments was to identify the mechanism of action (MOA) of INNA-X in a differentiated 

primary human BEC-RV infection model [13, 32]. Using BECs from a healthy donor we 

assessed a time-course of viral load and expression of immune genes using Nanostring 



human immunology panel with n=1 well per timepoint/treatment. INNA-X suppressed viral 

load from 24 h to 48 h post-infection (Fig. S5). Nanostring-based immune transcriptomic 

analysis revealed evidence of innate immune priming with >3 fold up-regulated expression 

of IDO-1, β-defensin (DEFβ-2) and M-CSF, compared to untreated cells at 24 hours post 

INNA-X treatment. This preceded an accelerated response to RV infection defined by 26 up-

regulated genes at 8 hours post-infection in INNA-X treated samples, compared to 1 gene in 

untreated RV-A1-infected cells. The augmented INNA-X-induced response was evident at 

24h post infection. However, by 48 hours post-infection, a greater number of genes 

(enriched for IFN/ISGs) were upregulated in untreated cells. This data indicated that INNA-X 

treatment improves early control of virus infection, reducing the magnitude of later IFN-

driven responses (Fig. S5). To confirm this result in BECs isolated from a different healthy 

donor with a greater number of experimental replicates per treatment/timepoint, we used 

conditional reprogramming (CR) to expand BEC numbers to repeat the study n=5 times. 

Again, responses were analyzed prior to and after infection (treatment timeline with viral 

load shown in Fig. 4A). INNA-X treatment had no effect on epithelial barrier function, 

determined by trans-epithelial electrical resistance (TER) (Fig. S6A). 

INNA-X treatment significantly suppressed viral load, which was evident 24-hours post 

infection and more apparent after 48-hours (Fig. 4A). Immune transcriptome analysis using 

the Nanostring human immunology panel (594 genes total) identified 3 distinct clusters of 

DEGs encoding molecules enriched for NF-κB-regulated cytokines/chemokines, TNF 

superfamily/apoptosis and anti-microbial peptides (Fig. 4B; denoted by blue boxes 1-3). 

Upregulated DEGs in these clusters at 6-hours and 24-hours after INNA-X treatment defined 

a rapid response to RV-A1 infection observed at 8-hours after infection (Fig. 4B). At 48-

hours post infection two different DEG clusters were evident, representing anti-viral genes 



(including type I/III IFNs; Fig. 4B; denoted by yellow boxes 1 and 2). We noted that type I 

(IFN-β) and type III IFN-λs (IL28A/B, IL29) were less up-regulated in INNA-X-treated cells 

at the later timepoint, consistent with a more efficient early innate response and subsequent 

viral clearance. 

To visualize the kinetics of INNA-X-induced gene up-regulation in RV-A1-infected BECs, 

we plotted the total number of significantly up-regulated genes (statistically significant; >3-

fold) over time, as well as expression levels relative to untreated and uninfected cells (Fig. 

5A). These results are presented as immune enrichment, defined as the number of 

upregulated genes (dot points) and the magnitude of gene expression for each gene (height of 

each datapoint). The response to INNA-X alone (prior to infection) was enriched for NF-κB-

regulated anti-microbial genes and chemokines – many of which were subsequently up-

regulated 8-hours post infection. At this timepoint, INNA-X-primed BECs significantly up-

regulated 12 genes (>3 fold) in response to RV-A1 infection, whereas untreated RV-A1-

infected BECs had no alterations in gene expression (i.e. 0 genes up-regulated >3 fold; Fig. 

5B). This response persisted through to 24-hours post infection (with 11 genes up-regulated 

after INNA-X treatment vs 5 genes in untreated RV-A1-infected cells; Fig. 5B). By 48-hours 

post infection up-regulation of numerous interferon-stimulated genes was evident, with 

untreated RV-A1-infected BECs exhibiting similar gene expression profiles to INNA-X-

treated cells. However, the magnitude and number of up-regulated anti-viral genes were 

higher in untreated, RV-A1-infected cells compared to the INNA-X treated samples (Fig. 

5B). The full lists of upregulated genes are included in Supplemental Data File 2. 

IFN-λ was associated with the accelerated response to rhinovirus after INNA-X treatment 

Nanostring-based pathway analyses identified increased “defense response” scores (24 genes; 

Table S2) in INNA-X-treated BECs. The increased defense response score primed in 

uninfected cells at 6-hours and 24-hours post-INNA-X treatment, translated to a heightened 



defense response during RV-A1 infection. In contrast there were no net increase in defense 

score evident in untreated, RV-A1-infected cells highlighting the potential to therapeutically 

increase the innate immune responsiveness of BECs (Fig. 6A). This translated to a more 

effective response to infection; at 8-hours post infection there remained a heightened defense 

response score in INNA-X treated cells which was associated with lower viral load at this 

time (Fig. 6B).  

 Type I/III interferons were not included in the „defense response‟ pathway gene set, so we 

also quantified these relevant genes independently using qPCR. IFN-β mRNA was not 

consistently up-regulated by INNA-X treatment following RV-A1 infection (Fig. 6C). In 

contrast, IFN-λ1 expression was significantly increased by INNA-X treatment, and near 

significant (p=0.055) increased IFN-λ2/3 expression (Fig. 6D). 

We also assessed the efficacy of INNA-X treatment on infection by a major group rhinovirus 

strain RV-A16 in ALI-differentiated primary human BECs from a healthy donor, CR-

expanded to provide sufficient cells for n=5 repeats. INNA-X treatment significantly 

suppressed RV-A16 viral load after 48-hours (Fig. 7A). Again, no upregulation of IFN-β 

mRNA was observed at 24 h post-INNA treatment as well as after infection (Fig. 7B), while 

IFN-λ1 and IFN-λ2/3 expression were significantly increased by INNA-X treatment (INNA-

X primed) as well as by 24 h post-infection  (Fig. 7C). INNA-X treatment also significantly 

increased expression of the ISGs viperin at 24-hours post infection and OAS1 at 8-hours post 

infection, with a trend towards increased PKR noted at 24-hours post infection (Fig. 7D). 

INNA-X boosted anti-viral responses in RV-infected BECs from patients with asthma 

We previously developed a low MOI RV-A1-infection model using BECs isolated from 

donors with asthma, which identified delayed RV-induced anti-viral immune responses 

beyond 24-hours post infection, compared to cultures from healthy controls [33]. We applied 



this model to determine whether INNA-X treatment also effectively inhibits RV-A1 

infection, in the context of intrinsic innate immune deficiency (i.e. asthma). INNA-X 

treatment of differentiated BEC cultures derived from 8 donors with asthma did not affect 

barrier function (Fig. S6B). Pre-treatment with INNA-X significantly reduced viral load at 

48-hours post infection, compared to untreated controls (Fig. 8A). Increased IFN-β 

expression was not a feature of the INNA-X response at 24-hours post-treatment in 

uninfected cells (Fig. 8B). However, INNA-X pre-treatment increased IFN-β levels at 8-

hours post-RV infection/mock infection, which further increased by 24-hours post 

infection/mock infection (Fig. 8B). As previously reported [33], untreated RV infected BECs 

from asthma donors failed to induce IFN-β 24-hours post- infection (Fig. 8B). INNA-X pre-

treatment significantly increased both type III IFN-λ1 and IFN-λ2/3 gene expression and 

boosted the IFN-λ response to RV-A1. INNA-X also increased IFN-λ1 expression in 

uninfected cells at 24 h post-infection. Infection alone did not induce IFN-λ gene expression 

in untreated cells (Fig. 8C). Enhanced IFN-λ expression 8-hours after INNA-X treatment did 

not correspond to significantly increased IFN-λ protein production 96-hours post infection 

(Fig. 8D), suggesting that low-level, early expression (rather than prolonged IFN-λ 

production) was associated with the protective effects of INNA-X treatment. INNA-X 

treatment led to significant expression of the ISGs viperin and OAS1, with a trend towards 

increased PKR, 8-hours post infection in RV-A1-infected cultures, whereas untreated, RV-

A1-infected cells did not mount a significant response (Fig. 8E).  

Discussion  

Cell-surface TLRs such as TLR2 recognize a diverse range of microbial molecules and there 

is a growing body of evidence that cell-surface TLRs are activated by viruses. This led us to 

investigate whether TLR2 stimulation could promote respiratory epithelial immune responses 

to RV infection.  



The present study provides three significant developments. Firstly, we show that a single 

dose of INNA-X treatment can promote resistance to viral infection for at least 7 days. We 

provide evidence that this effect is achieved by promoting rapid and sustained innate immune 

activation. Secondly, we provide evidence that INNA-X-induced protection against RV-A1 

infection is maintained when administered in combination with ICS (specifically fluticasone 

propionate). Patient groups at the most risk of RV-induced respiratory disease (e.g. people 

with asthma and COPD) are typically treated with regular maintenance ICS [34], and ICS 

treatments (including with FP) suppress anti-viral and anti-microbial immunity [13, 35, 36].  

In fact, we observed that ICS treatment reduced INNA-X-enhanced levels of TNF-α, IFN-β 

and IFN-λ, without altering protection from RV infection. This is evidence that INNA-X 

treatment could be an effective add-on therapy to ICS by supporting anti-viral immunity 

without requiring increased IFN production. Thirdly, INNA-X-mediated protection was 

achieved in asthma donor-derived epithelial cell cultures. Intrinsic deficiencies in epithelial 

innate immunity in asthma have been associated with susceptibility to viral infection [20-22], 

which we have shown is in part due to epithelial cell-intrinsic delayed innate immune 

responses [33]. We confirm that BECs from asthma donors failed to induce expression of 

IFNs 24 hours post infection [33]. However, pre-treatment with INNA-X primed epithelial 

cells to respond to RV-A1 and significantly increased expression of IFN-β and IFN-λ by this 

time. This was associated with decreased RV-A1 viral load. 

The duration of effect of INNA-X treatment we observed is consistent with findings by Tan et 

al., (2012), who observed enhanced influenza clearance in mice treated with TLR2 agonists 

7-days prior to infection [18] and for the first time (to our knowledge) we show that this is 

due to sustained low-level innate immune activation, leading to an enhanced/accelerated 

response to viral infection and decreased viral load (i.e.. ‘innate immune priming’). To better 

understand the timing effects, we compared pre-treatment 7-days before infection to 1-day 



before infection. This identified two mechanisms of action depending on timing of INNA-X 

administration relative to viral infection. Treatment 7-days prior to RV-A1 infection reduced 

the magnitude of lung tissue immune gene expression, compared to RV-A1 infection alone. 

In contrast, treatment 1-day before infection led to robust enrichment of genes involved in 

the anti-RV response. Despite differing effects on gene expression, both treatment timings 

significantly suppressed viral load. We conclude that when RV infection does not occur 

immediately following agonist treatment (within approximately 1-day), the respiratory 

mucosa is primed via chemokine-mediated recruitment of lymphocytes, which mediate the 

protective response against RV. In support of this, numbers of up-regulated immune genes 

were greater 9-days post-treatment compared to 3-days post-treatment, consistent with 

the time required to establish a network of mucosal lymphocytes that support persistent 

protection [37]. Further, genes associated with lymphocyte regulation were increased 

following the earlier INNA-X treatment (e.g. BTLA [38] and ICOSL [39]). In line with this, 

elevated lymphocyte numbers were consistently observed following INNA-X treatment in 

airway lavage. Furthermore, TLR2 agonist treatment 3-days prior to infection with PR8 (a 

highly virulent strain of influenza in mice) increased monocyte, macrophage, neutrophil and 

dendritic cell numbers [40], emphasising the importance of cell-mediated long-term innate 

immune priming for protection from viral infection. 

In mechanism of action experiments with differentiated BEC cultures derived from healthy 

donors, INNA-X treatment triggered low-level innate immune activation prior to RV 

infection, with up-regulation of NF-κB-regulated genes and a rapid response to RV infection. 

This response was defined by two distinct waves of innate immune activation by cluster 

analysis. INNA-X treatment alone increased expression of NF-κB-regulated genes encoding 



cytokines (e.g. IL-1β), chemokines (e.g. CXCL1, CXCL2) [41] and anti-microbial molecules 

(e.g. IDO1[42], calprotectin/S100A8-S100A9 [43]) and these genes were subsequently 

upregulated 8-hours post RV-infection with prior INNA-X treatment. This early response was 

completely absent in untreated, RV-infected cells. The second wave occurred 24-48 hours 

post infection in INNA-X treated cells and was enriched for expression of interferon-

stimulated genes (ISGs). It was evident that by 48 hours post infection, untreated cells up-

regulated more genes (dominated by ISGs) than INNA-X-treated cells, and that these genes 

were up-regulated to a higher magnitude also. The decreased magnitude of gene expression 

in INNA-X treated cells was also observed in the ISG clusters in the heatmap data. We 

propose that this observation likely results from lower viral load from 24 hours post 

infection onwards after INNA-X treatment, leading to a decreased activation of the late IFN-

mediated response. Overall, the data is consistent with an INNA-X-induced early immune 

priming response, resulting in accelerated response to RV-A1, a minor group, low density 

lipoprotein receptor (LDLR)-binding subtype. INNA-X treatment of BECs transiently 

increased ICAM-1 gene expression prompting investigation of major group (ICAM-1 binding) 

RV-A16. Following infection with RV-A16, we also observed suppression of viral load with 

enhanced type III IFN and ISG responses (Viperin and OAS), confirming INNA-X efficacy 

against a major group (ICAM-1 binding) RV subtype. 

Myristoylated (Myr) RV capsid VP4 interacts with TLR2 and induces pro-inflammatory 

cytokine gene expression [44]. We did not see evidence of RV-induced TLR2 activation in 

untreated cells at 8-hours post infection and suggest the low multiplicity of infection in our 

studies likely restricted early exposure to viral MyrVP4 such that it was insufficient to 

activate TLR2. INNA-X-mediated TLR2 priming may have reduced the threshold for TLR2 



activation such that low-level MyrVP4 exposure early during infection was now able to 

stimulate innate immunity. We also observed upregulated expression of TLR2 itself in our 

gene expression assessment (NF-κB blue cluster 2; Fig. 4), which may affect the threshold 

for activation. In support of this, the NF-κB gene signatures up-regulated by INNA-X were 

also associated with enhanced response to RV infection suggesting that INNA-X and RV were 

activating a common innate immune network.   

Other respiratory viruses are potentially amenable to epithelial, cell-surface TLR-primed 

innate immune resistance. For example, blocking the TLR2 co-receptor CD14 inhibited 

influenza immune mediator production by monocytes and macrophages [45] and we have 

reported protection against influenza virus infection in mice treated with TLR2 agonists [18, 

40]. Respiratory syncytial virus (RSV) binds to TLR4 to induce early NF-κB-mediated lung 

innate immunity [46] and LPS activation of TLR4-TRIF pathway protects against H5N1 

influenza virus infection [47]. Data for coronavirus is less clear, however mice lacking TLR4 

are more susceptible to the murine coronavirus that causes mouse hepatitis [48]. Thus, 

there is now a substantial body of evidence to support investigation of the capacity of INNA-

X to prime airway epithelial innate immunity against multiple, clinically important 

respiratory viruses. 

We consistently observed early, low-level up-regulation of type III IFN genes encoding IFN-

λ1 and IFN-λ2/3, and not type I (IFN-β) in BECs from the healthy donor and patients with 

asthma. While both type I and type III IFNs are well known for their role in anti-viral 

immunity via endosomal TLR activation, it is now becoming clear that type III IFNs can also 

be induced by cell-surface, bacteria-sensing TLRs and have an important function in 

epithelial barrier and innate immune homeostasis [49]. From a clinical/host-fitness 



perspective, early low-level expression of IFN-λs versus protracted, high-level expression of 

type I/III IFNs is desirable and indicative of a more efficient, early control of infection. This 

concept was elegantly defined by Galani and colleagues, who used influenza infection 

studies to show that IFN-λs are the first IFNs produced and underpin airway epithelial 

frontline protection [50].  

In summary, we show that prophylactic, epithelial activation of TLR2 primes lung innate 

immunity that boosts the response to RV infection (major- and minor-group viruses). This 

improved the ability of the epithelium to respond quickly and control viral infection, and 

with time allowed recruitment of lymphocytes associated with prolonged protection from 

infection and airway inflammation.  
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Figure legends 

Figure 1. INNA-X treatment in vivo reduces lung viral load in combination with 

corticosteroid treatment. A) Experimental timeline. Mice were treated 7 days before RV-

A1 infection and samples collected 2 days after infection. For mock infected mice, samples 

were collected 9 days after INNA-X treatment. Some groups were treated with fluticasone 

propionate (FP) prior to infection. B) RV-A1 RNA levels in lung tissue. C) Interferon (IFN)-

β and D) IFN-λ2/3 protein levels in BAL samples. Data represent mean±SEM, n=8 mice per 

group, representative of at least two independent experiments. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, one-way ANOVA with Holm-Sidak‟s correction for multiple 

comparisons, compared to Saline RV control (unless indicated otherwise). 

^^^^p<0.0001 one-way ANOVA with Holm-Sidak‟s correction for multiple 

comparisons, compared to Saline FP RV.  

Figure 2. INNA-X treatment in vivo inhibited rhinovirus-induced neutrophilic 

inflammation and promoted lymphocyte recruitment. Mice were treated 7 days before 

RV-A1 infection and samples collected 2 days after infection. For mock infected mice, 

samples were collected 9 days after INNA-X treatment. Some groups were treated with 

fluticasone propionate (FP) prior to infection. A) Total cell numbers 

and differential, macrophage, neutrophil and lymphocyte counts in bronchoalveolar lavage 

(BAL). B) Protein levels of BAL cytokines CXCL1 and TNF-α. In separate experiments, 

mice were treated on day -21, and/or -14, and -7 with INNA-X followed by FP/vehicle 

treatment and RV/mock infection as previous and samples were harvested 2 days after 

infection to determine levels of C) RV-A1 RNA in the apical lung lobe and D) BAL CXCL1 

protein. Data represent Mean ± SEM, n=8 mice per group, representative of at least two 

independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA 

with Holm-Sidak‟s correction for multiple comparisons, compared to Saline RV control 



(unless indicated otherwise). ^p<0.05, ^^p<0.01, ^^^p<0.001, ^^^^p<0.0001 one-way 

ANOVA with Holm-Sidak‟s correction for multiple comparisons, compared to Saline FP RV. 

+++p<0.001 by Mann-Whitney. ~~~p<0.001 compared to Saline RV control, ## p<0.01 

compared to Saline FP RV by Kruskal-Wallis with Dunn‟s correction for multiple 

comparisons.  „ns‟ denotes „not significant (p>0.05). 

Figure 3: INNA-X treatment in vivo is associated gene expression patterns showing 

enhanced antiviral responses and innate immune system activation. A) Experimental 

timeline. Mice were treated 7 days or 1 day before RV-A1 infection and samples collected 2 

days after infection. For mock infected mice, samples were collected at 3 days- or 9 days 

after INNA-X treatment. B) RV-A1 RNA in the apical lung lobe. C) Heatmap representation 

and Euclidean clustering of differentially expressed genes identified 

by Voom/Limma analysis (FDR p value <0.01) of Nanostring RNA expression. D) Up-

regulated gene scores generated using nSolver software (p value filter <0.05). n=3 mice per 

group.  

Figure 4. INNA-X treatment in vitro reduced viral load and enhanced rapid innate 

immune response in differentiated human bronchial epithelial cell cultures.  A) Timeline 

showing all timepoints of harvest following INNA-X treatment and reduced RV-A1 RNA 

expression at 8-, 24- and 48-hours post infection, in differentiated BECs from a healthy 

donor, with drug treatment one day prior to infection B)  Euclidean clustered heatmap of 

differentially expressed genes identified by Voom/Limma analysis (filtered by FDR p value 

<0.001) where NF-κB innate immune priming clusters are denoted in blue (DEG1, 2, 3) and 

interferon/interferon stimulated gene (ISG)-enriched clusters are denoted in yellow. n=5 

repeats, mean±SD where error bars are shown. **p<0.01, ****p<0.0001 by two-way 

ANOVA with Sidak‟s correction for multiple comparisons.   



Figure 5. INNA-X treatment in vitro increased anti-viral gene expression pathways in 

differentiated human bronchial epithelial cell cultures. A) Kinetics of up-regulated genes 

(>3-fold by Nanostring) in differentiated BECs from a healthy donor following RV-A1 

infection with prior INNA-X treatment. B) Immune enrichment (number and magnitude of 

up-regulated genes) following treatment of INNA-X and/or infection with RV-A1, 

determined by Nanostring with the 10 most highly expressed genes listed in order below the 

x-axis. Data was filtered by Benjamini Yekutieli corrected p values <0.05. n=5 repeats.  

Figure 6: INNA-X treatment in vitro enhanced defense response pathway scores and 

early epithelial IFN-λ responses to RV-A1 infection. Timeline showing 

enriched defense response scores (defined by Nanostring advanced analysis platform of gene 

expression) following INNA-X treatment 6- and 24-hours post INNA-X treatment and in 

INNA-X treated cells, 8-, 24- and 48- hours post infection, in differentiated BECs from a 

healthy donor. RNA expression at 8-hours post infection of B) RV-A1, C) IFN-β, and 

D) IFN-λ1 and IFN- λ2/3. n=5, mean±SD (B-D). Data analyzed by one-way ANOVA with 

Holm-Sidak‟s correction for multiple analyses (A) or by Mann Whitney test (B-D). *p<0.05, 

**p<0.01, ****p<0.0001 compared to the relevant untreated control.  

Figure 7: INNA-X treatment in vitro reduced viral load and enhanced early epithelial 

IFN-λ responses to RV-A16 infection. RNA expression of A) RV-A16, B) IFN-

β, and C) IFN-λ gene expression at 8- and 24- hours post infection in differentiated BECs 

from a healthy donor (boxplots showing median and 5%-95% percentiles). D) RNA 

expression of ISGs (Viperin, OAS1, PKR) at 8- and 24- hours post infection. (B-D). 

Data analyzed by two-way ANOVA with Holm-Sidak‟s correction for multiple analyses (A) 

or by Mann Whitney test (B-D). *p< 0.05, **p<0.01, ****p< 0.0001 compared to the 

relevant untreated control. n=5 repeats 



Figure 8: INNA-X treatment in vitro primed resistance to RV-A1 infection in 

differentiated human bronchial epithelial cells from asthmatic donors. RNA expression 

of A) RV-A1, B) IFN-β, and C) IFN-λ gene expression at 0-, 8-, 24- hours post infection, and 

D) protein levels in apical supernatant at 96 hours post infection. E) ISGs (Viperin, OAS1, 

PKR) RNA expression at 8 hours post infection. n=8 donors with persistent moderate to 

severe asthma, median ± IQR (A) or boxplots showing median and 5%-95% percentiles (B-

E). Data analyzed by two-way ANOVA with Bonferroni correction (A), Friedman test with 

Dunn‟s correction (B-D denoted by asterisks) or Wilcoxon signed rank test (#, uninfected 

comparison). *p<0.05, **p<0.01, ***p<0.001 (by Friedman test) compared to untreated 

control. #p<0.05 compared to untreated control by Wilcoxon signed rank test.  
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Supplementary Materials and Methods 

Ethics statements 

Primary bronchial epithelial cells were provided by Professor Peter A. B. Wark (The 

University of Newcastle), obtained from healthy donors or donors with asthma during 

bronchoscopy, with written informed consent. All experiments were conducted with 

approval from the University of Newcastle Safety Committee (Safety REF# 25/2016 and 

R5/2017). Animal experiments were conducted in accordance with the NSW, Australia 

Animal Research legislation. Experimental protocol A-2016-605 was reviewed and approved 

by the University of Newcastle Animal Ethics Committee. 

TLR2 agonist administration and RV-A1 infection for in vivo mouse models 

6-8-week-old female BALB/c mice from Australian Bioresources (ABR) were used for all 

experiments. INNA-X was obtained from Ena Therapeutics in lyophilized form and 

resuspended in sterile saline. Mice were treated with INNA-X intranasally (i.n.) or the 

commercially available Pam2Cys molecule at time points stipulated in figure legends. Mice 

were infected i.n. with RV-A1 (5 x 106 TCID50), as previously described [1, 2]. 

Bronchoalveolar lavage (BAL) was collected 2 days post infection.  

Bronchoalveolar lavage (BAL) cell analysis 

Mouse tracheas were cannulated, and lower airways flushed with Hanks Buffered Salt 

Solution (HBSS) (HycloneTM, GE Life Sciences). Cells and supernatants were divided, and 

supernatants stored at -80oC.  Cells were RBC-lysed and remaining cell concentrations 

determined by hemocytometer count. Cytospins were performed and May-Grunwald + 

Giemsa staining was used to enumerate neutrophils, lymphocytes and macrophages by 

microscopy. 



HEK-blue screening of TLR2-specificity of INNA-X 

Toll-Like Receptor (TLR) stimulation and specificity was tested by assessing NF-κB 

activation in HEK-blue ™ cells transfected with a given TLR (InvivoGen). The activity of 

INNA-X was tested on seven different human TLRs (TLR2, 3, 4, 5, 7, 8 and 9) and eight 

different mouse TLRs (TLR2, 3, 4, 5, 7, 8, 9 and 13) as a potential agonist. INNA-X was 

tested at one concentration, 10 ng/mL, and compared to control ligands (listed below). Assays 

were performed in triplicate by InvivoGen. 

In the HEK-blue ™ cells, the secreted embryonic alkaline phosphatase (SEAP) reporter is 

under the control of a promoter inducible by the transcription factor NF-κB. This reporter 

gene allows the monitoring of signaling through TLRs, based on the activation of NF-κB. In 

a 96-well plate (200 μL total volume) containing the appropriate cells (50,000 – 75,000 

cells/well), 20 μL of INNA-X (10 ng/mL) or the positive control ligand is added to the wells. 

The media added to the wells is designed for the detection of NF-κB induced SEAP 

expression. After a 20 hour incubation the optical density (OD) was read at 650 nm on a 

Molecular Devices SpectraMax 340PC absorbance detector. 

Control Ligands 

hTLR2: HKLM (heat-killed Listeria monocytogenes) at 1x108 cells/mL 

hTLR3: Poly(I:C) HMW at 1 μg/mL 

hTLR4: E. coli K12 LPS at 100 ng/mL 

hTLR5: S. typhimurium flagellin at 100 ng/mL 

hTLR7: CL307 at 1 μg/mL 

hTLR8: CL075 at 1 μg/mL 

hTLR9: CpG ODN 2006 at 1 μg/mL 



mTLR2: HKLM (heat-killed Listeria monocytogenes) at 1x108 cells/mL 

mTLR3: Poly(I:C) HMW at 1 μg/mL 

mTLR4: E. coli K12 LPS at 100 ng/mL 

mTLR5: S. typhimurium flagellin at 100 ng/mL 

mTLR7: CL307 at 1 μg/mL 

mTLR8: CL075 at 10 μg/mL + Poly(dT) 10 μM 

mTLR9: CpG ODN 1826 at 1 μg/mL 

mTLR13: ORN Sa19 200 ng/mL 

 

Comparison of potency between INNA-X and Pam2CysSK4 

6-8-week-old female BALB/c mice from Australian Bioresources (ABR) were used for all 

experiments. INNA-X and PamCysSK4 was obtained from Ena Therapeutics in lyophilised 

form and resuspended in sterile, physiological saline. Mice were treated with INNA-X or 

Pam2CysSK4 TLR2 agonists intranasally (i.n.) under light isofluorane anesthesia at the times 

and doses indicated in the figure legends. Mice were infected by i.n. instillation of RV-A1 (5 

x 106 TCID50). At day 2 post-infection, mice were euthanised for sample collection. Lungs 

were harvested for total RNA to assess viral loads and immune transcriptome response. 

 

Air-liquid interface of airway epithelial cell cultures 

Primary BECs obtained from one healthy donor were grown until confluent and 

differentiated at air liquid-interface (ALI), as previously described [3, 4].  



TLR2 agonist dosing and RV-A1 inoculation of human ALI BECs 

24 hours prior to infection, the differentiated epithelium was treated apically with INNA-X at 

the indicated concentrations in BEBM minimal starvation media (Lonza; BEBM + 1% ITS and 

0.5 lipoteichoic acid). The basal compartment was refreshed with BEBM minimal starvation 

media. Healthy donor cultures were inoculated with RV-A1 (MOI 0.1) for 2 hours on the 

apical culture surface at 35°C. Following infection, the apical compartment was washed 

twice with PBS. Starvation media containing TLR2 agonist was then placed in the apical 

compartment (controls received media alone) at 35°C until the harvest time points.  

Sample collection from ALI cultures 

ALI culture samples were collected at timepoints indicated in text. Half of the transwell was 

collected in RLT buffer (Qiagen) containing 1% 2-Mercaptoethanol (2ME) for molecular 

analyses. 

RNA isolation and quantitative reverse-transcription (qRT)-PCR 

Apical lung lobes were harvested in RNA-Later (Ambion). Tissues were processed by 

transferring to RLT (Qiagen) containing 1% betamercaptoethanol (RLT/2ME) buffer for tissue 

dissociation using a TissueLyser II (Qiagen; 25Hz, twice for 2 minutes). Cell debris was 

pelleted by centrifugation and supernatant stored at -80oC. ALI membranes were vortexed 

in RLT/2ME, the membrane was removed and lysates stored at -80oC.  

Mouse lung sample RNA was manually extracted using a miRNeasy kit (Qiagen) following 

the supplier’s protocol for extracting total RNA, including miRNA. ALI RNA was extracted on 

the QiaCube (Qiagen) using the miRNeasy kit (Qiagen). Following extraction, RNA 

concentrations were determined by spectrophotometry (Nanodrop) and 200ng (human ALI 

samples) or 1000ng (mouse lung) total RNA was reverse transcribed with random primers . 



qPCR analysis was performed on an ABI700 or Quant Studio 6 using TaqMan FAM-TAMRA 

reagents (Life Technologies), mastermix containing ROX (Qiagen), and primer-probe 

combinations outlined in Table 1 of the main test. Absolute quantification of genes of 

interest were determined using standards of known concentration. Copy numbers for all 

genes of interest were normalised to the reference gene 18S. 

Immune transcriptome expression analyses 

Purified total RNA was hybridized to the human immunology panel version 2 (Nanostring), 

as per manufacturers’ instructions. Raw data was quality control checked and normalized 

based on positive controls, negative controls and housekeeper gene expression  based on 

most stable housekeeping genes with robust detection, followed by identification of 

differentially expressed genes (DEGs). 
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Fig. S1. INNA-X treatment increased NF-κB activity in HEK293 cells expressing human 

or mouse TLR2. HEK293 cells were transfected with individual A) human or B) mouse 

TLRs and stimulated with 10ng/mL of INNA-X or TLR-specific positive control and SEAP 

production was measured as 650nm OD 20 hours post-treatment. Data shown represents n=3 

mean±SD. 



Fig. S2 INNA-X suppressed viral load at lower doses than Pam2CysSK4. Mice were 

treated via intranasal administration of INNA-X (10 pmol or 2 pmol), Pam2CysSK4 (10 pmol 

or 2 pmol) or saline control on day -7 (d-7) before infection. On day 0, mice were infected 

with RV-A1 or mock (PBS vehicle). Samples were harvested on day 2 (48 hours post-

infection) to measure RV-A1 levels in apical lung samples, as determined by A) 

qPCR normalised to 18S expression and expressed as copy number per µL cDNA or B) 

relative viral load compare to Saline treated controls.  Data represent mean±SEM, n=5 mice 

per group, *p<0.05, **p<0.01 one-way ANOVA with Holm-Sidak‟s correction for multiple 

comparisons, compared to Saline RV-A1 control.  

  



 

Fig. S3 INNA-X suppressed viral copy numbers with single or multiple weekly doses, 

and in combination with fluticasone propionate treatment. Mice were treated via 

intranasal administration of INNA-X (2 pmol) or saline control on day -7 (d-7) before 

infection, or were treated with once weekly INNA-X (2pmol) dosing for either two or three 

weeks prior to infection. On day 0, mice were treated with FP/vehicle treatment and 

sequently RV-A1/mock infected as previous and samples were harvested 2 days after 

infection to determine levels of RV-A1 RNA in the apical lung lobe. qPCR normalised to 

18S expression and expressed as copy number per µL cDNA. Data show mean±SEM. 

*p<0.05 ANOVA with Holm-Sidak‟s correction for multiple comparisons, compared to 

Saline RV-A1 control.  
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Fig. S4 INNA-X treatment on day -1 results in increased lymphocyte recruitment and 

enhanced neutrophil chemokine production. Mice were treated via intranasal 

administration of INNA-X (2 pmol), or saline control on day -1 (d-1). On day 0, mice were 

infected with RV-A1 or mock (PBS vehicle). Samples were harvested on day 2 (48 hours post-

infection) to measure A) total cell numbers and differential, macrophage, neutrophil and 

lymphocyte counts in bronchoalveolar lavage (BAL) and B) Protein levels of BAL cytokines 

CXCL1 and TNF-α. Data represent mean±SEM, n=4-5 mice per group, *p<0.05, **p<0.01, 

****p<0.0001 one-way ANOVA with Holm-Sidak’s correction for multiple 

comparisons, compared to Saline RV-A1 control unless shown otherwise.  

0

5

10

15

20
T

o
ta

l 
 B

A
L

 c
e
ll
s

(x
 1

0
4

/ 
m

L
) *

0

5

10

15

T
o

ta
l 
B

A
L

 c
e
ll
s

(x
 1

0
4

/ 
m

L
)

Saline INNA-X d-1

0

1

2

3

B
A

L
 N

e
u

tr
o

p
h

il
s

(x
 1

0
4

/ 
m

L
)

Saline INNA-X d-1

0.0

0.5

1.0

1.5

2.0

B
A

L
 L

y
m

p
h

o
c
y
te

s

(x
 1

0
4

/ 
m

L
) **

Saline INNA-X d-1

0

100

200

300

400

500

B
A

L
 C

X
C

L
1

 (
K

C
/I

L
-8

)

(p
g

/m
l)

****

****

Saline INNA-X d-1

0

50

100

150

200

B
A

L
 T

N
F

-

(p
g

/m
l)

Mock RV-A1

Mock RV-A1A 

B 

 



100

101

102

103

Im
m

u
n

e
 e

n
ri

c
h

m
e
n

t

(f
o

ld
 c

h
a
n

g
e
)

time post INNA-X

8 h 24 h 48 huninfectedtime post-infection

24 h 32 h 48 h 72 h

M-CSF IFN-2

CXCL10

IFIT2

MME

MX1

ELP1

S100A8

PDCD2

IFI35

NOD1

(12 genes)

IDO-1

DEF-2

M-CSF

IFN-2

CXCL10

IFN-1

CXCL11

IFN-2/3

IFIT2

IL-23A

MX1

IL-2R

IDO-1

(18 genes)

CXCL11

CXCL10

IFN-2

IFIT2

TNFSF13B

IFN-

IFN-1

CXCL9

MX1

IFN-2/3..

(32 genes)

CXCL10

CXCL11

IFN-2

IFN-

TNFSF13B

IFN-1

IFIT2

RANTES

IFN-2/3

MX1...

(20 genes)

GM-CSF

IL-1

IL-20

TNFR2

IL-23A

CD83

TNFSF15

TNF

IL-1

IDO-1

(26 genes)

0 12 24 36 48
0

1×106

2×106

3×106

4×106

R
V

-A
1
  
R

N
A

(c
o

p
ie

s
/

L
 c

D
N

A
)

untreated

INNA-X treated

hours post-infection

nanostring immune gene
expression analysis

A

B

 

Fig. S5. INNA-X treatment reduced viral load in healthy BEC by priming innate 

immunity. Primary BECs from a healthy donor were cultured at air-liquid interface, and 

were treated with INNA-X 24 h prior to infection with RV-A1 and A) viral load data was 

assessed over time by qPCR and B) immune enrichment was assessed by Nanostring immune 



transcriptome data showing >3 fold up regulated genes. Data show n=1 per condition (A), 

bars represent extent of immune enrichment determined by number and magnitude of 

upregulated genes (B). 

Fig. S6. INNA-X treatment does not alter barrier function of epithelial cells in vitro. 

Transepithelial resistance was measured across differentiated epithelium from A) one healthy 

donor (n=5 repeats) and B) asthmatic donors (n=8) without treatment or with INNA-X after 

24 hours. Data shown represent mean ± SD, non-parametric Wilcoxon matched-pairs signed 

rank test. 

 

  



 

Supplemental Tables: 

Table S1: Bronchial epithelial cell donor characteristics. Donor characteristics including 

asthma severity (GINA stage) or healthy control status (as relevant), age, sex, smoking 

status, exacerbation frequency, lung function, atopic status and neutrophil, eosinophil and 

macrophage counts from bronchial lavage.  

Patient 

Number 

GINA 

stage 

Age Sex Smoker Non-

smoker 

Ex-

smoker 

Exac 

12mths 

FEV1% FVC% FEV1 

/ FVC 

Atopic Neut 

(%) 

Eos 

(%) 

Mac 

(%) 

AS265 Moderate 70 M  Y  1 75 75 77 N 48 14.75 16.75 

AS286 Severe 73 M   Y 2 58 88 55 N 83.5 3.5 11.75 

AS288 Severe 54 M  Y  14 82 105 64 N 73.5 2.5 9.25 

AS293 Severe 28 F Y   3 79 80 87 N 13.75 7.25 73.75 

AS270 Severe 22 F   Y 2 91 104 76 Y 2.25 6 91.75 

AS289 Severe 56 F  Y  6 42 NA NA Y 51.5 0.5 13 

AS291 Severe 45 F   Y 3 53 83 51 Y 96.5 0.5 2.75 

AS295 Severe 42 F  Y  3 64 106 49 N 28.5 1 32.5 

     

 

     

    

HC188  52 F     73 81 71     

HC192  89 M     84 92 74     



Table S2: Gene lists included in Nanostring advanced analysis platform for pathways 

analyses. Each gene in the Nanostring human immunology (version 2) code set are 

annotated with pathway names each gene is involved with. nSolver advanced analysis 

software scores pathway enrichment by z score as well as directed and undirected t stat for 

all annotated genes from each pathway based on magnitude of expression and p values for 

each gene. 

Pathway Defense Response 

Species Human 

 BLNK-mRNA 

 C2-mRNA 

 CCL20-mRNA 

 CD19-mRNA 

 CD40-mRNA 

 CD97-mRNA 

 CEBPB-mRNA 

 CX3CL1-mRNA 

 CXCL10-mRNA 

 CXCL1-mRNA 

 CXCL2-mRNA 

 HLA-B-mRNA 

 IL1A-mRNA 

 IL1RAP-mRNA 

 IL32-mRNA 

 IRAK2-mRNA 



 ITGB1-mRNA 

 LTB4R-mRNA 

 MX1-mRNA 

 NFATC3-mRNA 

 NFKB1-mRNA 

 PTAFR-mRNA 

 S100A8-mRNA 

 S100A9-mRNA 

 

 

 

 

 

Table S3: Nucleotide sequences of TaqMan primers and probes 

Gene 
Sequence (5’-3’) 

Forward Reverse Probe 

18S CGCCGCTAGAGGTGAAATTCT CATTCTTGGCAAATGCTTTCG FAM-ACCGGCGCAAGACGGACCAGA-TAMRA 

Rhinovirus GTGAAGAGCCsCrTGTGCT GCTsCAGGGTTAAGGTTAGCC FAM-TGAGTCCTCCGGCCCCTGAATG-TAMRA 

Ifn-β CGCCGCATTGACCATCTA TTAGCCAGGAGGTTCTCAACAATAGTCTCA FAM-TCAGACAAGATTCATCTAGCACTGGCTGGA-TAMRA 

Ifn-λ1 GGACGCCTTGGAAGAGTCACT AGAAGCCTCAGGTCCCAATTC FAM-AGTTGCAGCTCTCCTGTCTTCCCCG-TAMRA 

Ifn-λ2/3 CTGCCACATAGCCCAGTTCA AGAAGCGACTCTTCTAAGGCATCTT FAM-TCTCCACAGGAGCTGCAGGCCTTTA-TAMRA 

Viperin CACAAAGAAGTGTCCTGCTTGGT 

 

AAGCGCATATATTCATCCAGAATAAG FAM-CCTGAATCTAACCAGAAGATGAAAGACTCC-TAMRA 

OAS1 CTGACGCTGACCTGGTTGTCT 

 

 

CCCCGGCGATTTAACTGAT FAM-CCTCAGTCCTCTCACCACTTTTCA-TAMRA 

PKR AAGGGAACTTTGCGATACATGAG 

 

GCGTAGAGGTCCACTTCCTTTC 

 

FAM-CCAGAACAGATTTCTTCGCAAGACTAT-TAMRA 
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d-7 INNA-X Mock d-1 INNA-X Mock Saline RV d-7 INNA-X RV d-1 INNA-X RV

Sh2d1a Il28a Irf7 Icosl Ifi204

Il19 Tnfsf18 Ccl6 Cd247 Irf7

Tnfsf8 C4bp Csf2 C2 Cxcl10

Il28a Sh2d1a Ccl9 Itga5 Mx1

Fasl Lilra6 Bst2 Btla Ccl2

Lilra6 Fasl Cxcl1 Ccl6 Il12b

Ccl7 Ccl9 Cx3cr1 Cd22 Ccr9

Itln1 Ikzf1 Csf3r Lcp2 Stat2

Il21r Il16 Fcgr3 H2-DMb2 Fcgr1

Cd19 Ccr2 Lilrb3 Fcgr3 Cxcl13

Mapk11 Ccl6 Ifi35 H2-Ea-ps Ccl8

Ms4a1 Cd22 Arhgdib Ccr2 Ccl12

Ccl11 H2-Ea-ps Ccbp2 Cfb

H2-DMa Tlr8 Lair1

Cd22 Phlpp2 Msr1

Icosl H2-Aa Tnfrsf11a

Fcgr2b Tfrc Clec5a

Ccr2 Bst1 Tlr9

H2-Ea-ps H2-Eb1 Bid

Slamf7 H2-DMa Ccl3

Ikzf1 Ltb Cxcl1

Il16 Cd74 Ikzf3

Ebi3 Abcf1 Bst2

H2-Aa Tcf7 Csf2

Il17ra Abcb1a Trem2

Cd74 Entpd1 Ccl9

Itgax Nt5e C1qb

Xbp1 Ifit2

Ski Ccl22

H2-Ab1 Ccr5

Psmc2 Cd8a

Tgfbr2 Tlr1

Ccl6

Klra8

Cxcr5

Fcgr4

Tlr2

Itgam

Hcst

Ly86

Il1rn

C1qa

Xcl1

Socs1

Irgm1

Slamf7

Klrk1

Cxcr6

Ikzf1

Cd86

Tnfsf14

Cd7

Cd28

Map4k1

Significantly over-expressed genes, listed highest to lowest fold change (top to bottom)



Stat1

Emr1

Pml

Gpr183

Ccr2

Cd163

Cd4

Tap1

Fcgr2b

Fcer1g

Ctss

Ncf4

Lilrb3

Ccl5

Lilrb4

Fcgr3

Ebi3

Klrc1

Ptafr

Cd3e

Ifih1

Cd83

Ikbke

H2-K1

C3

C2

C4a

Il10ra

Lck

Cd274

Cx3cr1

B2m

Cd22

Cd3d

Cybb

Ifi35

Cd247

Csf2rb

Cd48

H2-Ea-ps

Klrd1

H2-Ab1

Csf3r

Ms4a1

Tapbp

Ciita

Il16

Irf8

Ddx58

Tgfbi

H2-Eb1

Cfp

Irf4

Btla

Nos2

H2-DMa



Il17re

C1ra

Tlr8

Pax5

Cd19

Il2rb

Ptpn6

Cradd

H2-Aa

Lcp2

Il1rap

Cd226

Irf5

Blnk

Thy1

Pigr

Gm10499

Cd74

Psmb9

Arhgdib

Tyrobp

Ifitm1

Pou2f2

Bst1

Icosl

H2-DMb2

Cd44

Ptprc

Il7r

Casp1

Il2rg

Ly96

Ltb

Casp2

Itgb2

Cd14

Mif

Prim1

Csf1r

Nfkbiz

Sell

C1s

Gzma

Cd79b

Cd40

Ccr7

Myd88

Relb

Spn

Hif1a

Psmb10

Itgax

Cd2

Ifngr2

Itgal

Ctsc



Muc1

Syk

Ifnar2

Src

Bax

Tcf7

Serping1

Csf1

Abcf1

Irf1

Tgfbr2

Il13ra1

Nt5e

Prkcd

Entpd1

Tgfb1

Psmc2

Psmb7

Psmb5

Clu

Nfkb1

Icam1

Il10rb

Mr1



6 h post-INNA-X 24 h post-INNA-X 8 h post-RV INNA-X 8 h post-RV 24 h post-RV INNA-X 24 h post-RV 48 h post-RV INNA-X 48 h post-RV

CCL20 S100A8 S100A8 CXCL10 CXCL10 CXCL10 CXCL10

ICAM1 IL23A IL23A IFIT2 S100A8 IFIT2 IFIT2

CXCL2 CCL20 CXCL10 MX1 IDO1 MX1 MX1

TNFAIP3 IDO1 CCL20 S100A8 IL23A IDO1 S100A8

IDO1 IDO1 S100A9 IFI35 IDO1

CXCL1 S100A9 MX1 IFITM1 IFI35

CX3CL1 IL1B IFIT2 IFIH1 IFITM1

LIF CD40 DEFB4A LAMP3 IFIH1

IRF1 ICAM1 IKBKE STAT1 IL23A

NFKBIA CXCL1 CCL20 IRF7 IRF7

TFRC IKBKE IFI35 TNFSF10 S100A9

IRAK2 IRAK2 GBP1 STAT1

IL23A SOCS1 LAMP3

HLA-DMB IFI16 PML

IL8 TAP1 TAP1

PSMB9 IKBKE

CX3CL1

IKBKE

S100A8

PML

STAT2

MYD88

IRF1

PSMB8

Significantly over-expresed genes, listed highest to lowest, top to bottom in BECs




