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ABSTRACT
Background: Immunophenotypes of anti-viral responses, and their relationship with asthma, allergy and lower respiratory tract infections (LRTIs) are poorly understood.  We characterized multiple cytokine responses of peripheral-blood mononuclear cells to rhinovirus stimulation, and their relationship with clinical outcomes.
Methods: In a population-based birth cohort, we measured 28 cytokines post-stimulation with rhinovirus-16 in 307 children aged 11 years.  We used machine learning to identify patterns of cytokine responses, and related these patterns to clinical outcomes using longitudinal models. We also ascertained phytohaemagglutinin-induced TH2-cytokine responses [PHA-TH2].
Results: We identified six clusters of children based on their rhinovirus-16 responses, which were differentiated by the expression of four cytokine/chemokine groups: interferon-related-(IFN); pro-inflammatory-(Inflam); TH2-chemokine-(TH2-chem); regulatory-(Reg).  Clusters differed in their clinical characteristics.  Children with IFNmodInflamhighestTH2-chemhighestReghighest rhinovirus-16-induced pattern had PHA-TH2low response, and a very low asthma risk (OR:0.08 [95%CI 0.01–0.81], P=0.03).  Two clusters had high risk of asthma and allergic sensitization, but with different trajectories from infancy to adolescence.  The IFNlowestInflamhighTH2-chemlowRegmod cluster exhibited PHA-TH2lowest response, and was associated with early-onset asthma and sensitization, and the highest risk of asthma exacerbations (1.37 [1.07–1.76], P=0.014) and LRTI hospitalizations (2.40 [1.26–4.58], P=0.008) throughout childhood.  In contrast, cluster with IFNhighestInflammodTH2-chemmodReghigh rhinovirus-16-cytokine pattern was characterized by PHA-TH2highest response, and a low prevalence of asthma/sensitization in infancy which increased sharply to become the highest among all clusters by adolescence (but with low risk of asthma exacerbations).
Conclusions: Early-onset troublesome asthma with early-life sensitization, later-onset milder allergic asthma, and disease protection are each associated with different patterns of rhinovirus-induced immune responses.  
Abstract word count: 250 

At a Glance Commentary
Scientific Knowledge on the Subject
Immune mechanisms governing the relationships between susceptibility to virus infection, lower respiratory tract infections and asthma pathogenesis, and amongst asthmatics, predisposition to virus-induced exacerbations are poorly understood.
What This Study Adds to the Field 
By employing machine learning, we identified the architecture of multiple cytokine responses by human blood mononuclear cells to rhinovirus stimulation comprising six response profiles, and observed major differences in trajectories of asthma, allergic sensitization and LRTIs during childhood between these profiles. Two clusters of rhinovirus-induced cytokine responses were associated with a high risk of asthma, but had different disease trajectories from infancy to adolescence. Our findings suggest that there may be two pathways leading to different phenotypes of childhood asthma. One of those pathways may be driven by virus-dependant innate responses, and lead to the early-onset asthma with early-life allergic sensitization and severe exacerbations, high medication usage, unscheduled asthma consultations, and frequent LRTIs. Early sensitisation associated with this troublesome early asthma may in some individuals be a marker of impaired anti-virus immunity, rather than a consequence of the adaptive TH2 immunity related to allergen exposure. The other pathway may arise through allergen-dependent adaptive TH2 immunity, and may lead to the later-onset mild allergic asthma, with no increase in exacerbation rates or health-care utilization.


INTRODUCTION
Asthma is the most common chronic disease in childhood, and severe exacerbations remain one of the commonest reasons for childhood hospital admission in the developed world (1). Allergic sensitisation and susceptibility to virus infection are key features of asthma (2, 3), and virus infections (particularly rhinoviruses), are linked with asthma development (4), and exacerbations (5, 6).  
Impaired antiviral immunity may influence the onset, presence and severity of asthma. A series of studies has shown that antiviral immunity is impaired in some patients with asthma (7, 8), and that these impairments are related to asthma exacerbation severity (8). Furthermore, children with deficient anti-viral cytokine responses have increased antibiotic use, wheezing, and asthma exacerbations in early life (9), and it has been proposed that rhinovirus infections could cause asthma in susceptible individuals (10). However, the immune mechanisms governing the relationships between susceptibility to virus infection, lower respiratory tract infections (LRTIs), asthma pathogenesis, and amongst asthmatics, predisposition to virus-induced exacerbations are poorly understood. 
We hypothesize that there are multiple immunophenotypes of immune responses to rhinovirus which differ in their relationship with asthma and respiratory tract infections, and that data-driven techniques may help identify such immunophenotypes through better understanding of the patterns of cytokine responses. To address our hypotheses, we characterized the architecture of multiple cytokine responses of human peripheral-blood mononuclear cells (PBMCs) to rhinovirus stimulation in children participating in a birth cohort study, and then investigated the association of these patterns with clinical outcomes during childhood. 

METHODS
Detailed methods are presented in the online supplement.
Study design, setting, participants and data sources
The Manchester Asthma and Allergy Study is a population-based birth cohort (11). The study was approved by the Local Research Ethics Committee. Written informed consent was obtained from parents, and participants gave their consent/assent when applicable.  
Participants attended follow-ups at ages one, three, five, eight, 11 and 16 years. Validated questionnaires were interviewer-administered to collect information on parentally-reported symptoms, physician-diagnosed illnesses, and medication usage. We assessed allergic sensitization by skin prick tests (SPT) (12). We extracted all data from birth to age 11 years from primary care medical records, including wheeze episodes, LRTIs, asthma medication and oral corticosteroid prescriptions, emergency department admissions and hospitalizations (9). 
[bookmark: _Hlk484005417]Definitions of clinical outcomes (asthma (13), severe asthma/wheeze exacerbations (14), allergic sensitization, hospitalizations and LRTIs) are provided in the Online supplement.  
In vitro immune responses of PBMCs  
[bookmark: _Hlk480470503][bookmark: _Hlk480470430]PBMCs were collected from children aged 11 years and cryopreserved (9). PBMCs were thawed and distributed in 96-well plates (2*105 cells/well). We used medium control and rhinovirus-16 (at a multiplicity of infection of one) as stimuli (15). Supernatants were harvested 24h post-stimulation; we measured levels of 28 cytokines and chemokines (Table S1) using Meso Scale Discovery Multi-arrays (Rockville, USA).
To investigate T-cell mediated TH2 responses, we measured interleukin (IL)-4, IL-5 and IL-13 levels 24h post-stimulation of PBMCs with phytohemagglutinin (PHA, 10µg/mL, Roche Diagnostics, USA).
Data analysis
[bookmark: _Hlk501453928]Cluster analysis: We used a Gaussian mixture model to cluster children based on their PBMC cytokine responses to rhinovirus-16. Prior to clustering, the data was normalised by subtracting the log-transformed media response for each cytokine from the log-transformed cytokine responses to virus stimulation. The model was fitted by the expectation-maximisation algorithm. We chose the optimal number of clusters using the Bayesian Information Criterion. We assessed stability to changes in initial conditions and bootstrap resampling of the dataset. The divergence between cytokine responses in each cluster and the overall population was measured using Welch’s t-test. 
[bookmark: _Hlk479682228][bookmark: _Hlk479696547]Clinical associations of cytokine profiles: We compared clinical outcomes at each age between different clusters using logistic regression. We then investigated developmental profiles of clinical outcomes from infancy (age one year) to adolescence (age 16 years) across clusters using longitudinal regression models. We compared the characteristics in each cluster with the rest of the population, and investigated whether profiles changed significantly over time by including an interaction term between cluster membership and age. 

RESULTS
Participant flow and demographic data
[bookmark: _Hlk479682954][bookmark: _Hlk501458110]Among 1184 children born at full-term, 822 attended follow-up at age 11; PBMC stimulation data was obtained for 340. After quality control (see Online supplement), we excluded data for 33 children. Characteristics of the study population are shown in Table S2; there were no significant differences in demographics and clinical outcomes between children included and excluded from this analysis.
[bookmark: _Hlk489017786][bookmark: _Hlk483224643][bookmark: _Hlk483403256]Profiles of PBMC cytokine responses 
A six-cluster model provided an optimal solution for clustering 28 cytokine responses to rhinovirus-16 in 307 children. The stability of the clustering scheme was good (16) (Figures S1-S3, Table S3). Figure S4 shows cell viability across all samples, viability across the clusters, and the relationship between cytokine response and viability. Although 4 out 28 cytokine responses correlated significantly with viability, the correlation was weak (IFN-gamma, r=0.18; IL-2, r=0.22; IL-16, r=0.20; MCP4, r=0.19). 
[bookmark: _Hlk483391123]Figure 1A shows the patterns of cytokine responses to rhinovirus-16 across the six clusters in terms of the magnitude of divergence of the response in each cluster from the population mean, and Figure S5 shows the mean fold-induction. Cytokine responses for each individual child across the six clusters are shown in Figure S6, and cytokines levels (in pg/mL) are presented in Table S4. 
[bookmark: _Hlk501454185][bookmark: _Hlk483235310][bookmark: _Hlk483298284]To facilitate interpretation of cytokine function in each cluster, we designated cytokines that were significantly induced into four distinct biological/functional groups: (1) Interferons, TH1 and interferon-induced cytokines/chemokines (IFN); (2) Pro-inflammatory cytokines/chemokines (Inflam); (3) TH2-associated chemokines (TH2-chem); (4) Regulatory cytokines (Reg). The rationale for this grouping is presented in the Online Supplement, and the group allocation of each cytokine/chemokine is shown in Table S5. We assigned the relative cytokine group expression in clusters as “highest”, “high”, “moderate”, “low” or “lowest”.  Cluster 1 was the smallest (C1, n=18, 5·9%), and was characterized by moderate induction of interferons, and the highest induction of pro-inflammatory cytokines/chemokines and IL-10 across all clusters (IFNmodInflamhighestTH2-chemhighestReghighest). Children in Cluster 2 (C2, n=28, 9·1%) and Cluster 6 (C6, n=78, 25·4%) had low induction across most cytokines and chemokines, with subtle differences in few cytokines accounting for their separation (IFNlowInflamlowestTH2-chemlowReglowest and IFNlowInflamlowestTH2-chemlowReglow respectively).  Cluster 3 (C3, n=46, 15·0%) was characterized by high interferon induction, with low or moderate induction of other cytokine groups (IFNhighInflamlowTH2-chemmodRegmod). Cluster 4 (C4, n=63, 20·5%) had the lowest interferon induction, and high induction of pro-inflammatory cytokines (IFNlowestInflamhighTH2-chemlowRegmod). Cluster 5 (C5, n=74, 24·1%) had the highest induction of interferons across all clusters, and high IL-10 induction (IFNhighestInflammodTH2-chemmodReghigh). 
We also performed the unsupervised clustering of cytokines, which determined three cytokine groups which largely coincided with our pre-defined groups described above (Figure S7).
PBMC TH2 cytokine responses to PHA: TH2 cytokines were not significantly induced to biologically relevant levels in response to rhinovirus-16 (Table S4). Therefore, to investigate characteristics of TH2 responses in rhinovirus-16 response clusters, we measured IL-4, IL-5 and IL-13 post-stimulation of PBMCs with PHA (PHA-TH2). Levels of TH2 cytokines (in pg/mL) are shown in Table S6. PHA-TH2 differed significantly between the clusters: children in C4 were the lowest producers of TH2 cytokines, while those in C5 were the highest (Figure 1B). 
Characteristics of rhinovirus-16 cytokine response clusters 
[bookmark: _Hlk483240691][bookmark: _Hlk487637940][bookmark: _Hlk487637995]Demographic and early-life features (Table S7): Children in C2 were significantly less likely, and those in C5 were significantly more likely to have atopic parents. There was no significant association between cluster membership and gestational age, sex, birth weight, maternal smoking during pregnancy, number of older siblings, pet ownership, or socio-economic status.
[bookmark: _Hlk487638048]Asthma and allergic sensitization: Results of cross-sectional analyses for different outcomes (current wheeze, asthma, allergic sensitization and dust mite sensitization) at each timepoint from age 1 to age 16 are shown in Table S8. Asthma was rare in C1 (IFNmodInflamhighestTH2-chemhighestReghighest, PHA-TH2low), and common in C5 (IFNhighestInflammodTH2-chemmodReghigh, PHA-TH2highest). At age 16, asthma prevalence was significantly higher in C5 (37·25%, 95% CI [23·78%-50·73%]) compared to all other clusters. The proportion of children with allergic sensitization and dust mite sensitization was also significantly higher in C5 compared to others. 
Trajectories of asthma, sensitization and LRTIs in rhinovirus-16 response clusters
[bookmark: _Hlk489275551][bookmark: _Hlk501454769]Results of longitudinal regression models to investigate the developmental profiles of different clinical outcomes from early life (age 1 year) to adolescence (age 16) in different clusters are shown in Table 1. Longitudinal trajectories of asthma and allergic sensitization in six rhinovirus-16 response clusters are presented in Figure 2. 
[bookmark: _Hlk480294105][bookmark: _Hlk480294230]Asthma: Children in C1 (IFNmodInflamhighestTH2-chemhighestReghighest) had significantly lower risk of asthma (OR [95% CI]: 0·08 [0·009–0·81], P=0·03), and were significantly less likely to receive asthma medication (OR [95% CI]: 0·09 [0·01-0·89], P=0·04) throughout childhood (Table 1). The risk of asthma from infancy to adolescence was significantly higher in C4 (IFNlowestInflamhighTH2-chemlowRegmod, PHA-TH2lowest) compared to other clusters (OR [95% CI]: 3·89 [1·24-12·19], P=0·02). Children in C4 also had significantly increased risk of being prescribed asthma medication during childhood (OR [95% CI]: 3·46 [1·07–11·17], P=0·04), and had significantly higher number of severe asthma exacerbations (OR [95% CI]: 1·37 [1·07–1·76], P=0·01) and unscheduled visits to primary health care providers for wheeze (OR [95% CI]: 1·14 [1·02-1·29], P=0·02; all Table 1). Early-life wheeze and asthma were significantly more common in C4 compared to other clusters (Table 2); these children were 2·1 times more likely to wheeze (95% CI [1·10-3·91], P=0·02], and 6·5 times more likely to be prescribed asthma medication in the first year of life (95% CI [1·34-31·16], P=0·02, Table S9). The proportion of children with asthma in C4 remained high throughout childhood, with some reduction over time (Figure 2A). After infancy, the rate of change in asthma over time significantly differed in C4 compared to other clusters (interaction with time, OR [95% CI]: 0·89 [0·81-0·97], P=0·01; Table 1). In contrast, in C5 the proportion of children with wheezing/asthma was lower in infancy, but increased during childhood, so that by age 16 years asthma prevalence was the highest in this cluster (Table S8, Figure 2A). However, there was no increased risk of asthma exacerbations in C5 (Table 1). 
To ascertain whether the effect of rhinovirus-16 cytokine response clusters on asthma was modified by allergic sensitization, we extended our longitudinal models to test for interaction between the cluster and sensitization. The association between asthma and C4 was independent of sensitisation (OR for C4: 3.09, 95% CI [1.00–9.59], p=0.05), and the effect of C4 cluster membership on asthma was not modified by sensitization (p-value for interaction=0.24). In C5, we were unable to test for the interaction, as there were no children in this cluster who had asthma and were not sensitized.
Allergic sensitization: The risk of sensitization from age 1 to age 16 years was significantly higher in C5 compared to other clusters (OR [95% CI], 3·21 [1·02-10·07], P=0·04). The risk was also high in C4 (OR [95% CI]: 3·62 [0·87-15·13], P=0·08, both Table 1). However, the slopes of longitudinal sensitization trajectories of these two clusters differed significantly: the proportion of sensitized children at age one year was significantly higher in C4 than C5 (30·43% vs. 11·11%, Table 2), but the rate of increase thereafter was significantly lower in C4 (interaction with time, OR [95% CI]: 0·89 [0·80-0·98], P=0·02; Table 2, Figure 2B). Consequently, by middle-school age, the highest prevalence of sensitization was found in C5 (51·35%, 95% CI [39·84-62·86] at age 11 years, Table S8). Children in C5 had the highest risk of mite sensitization during childhood (OR [95% CI]: 5·0 [1·44-17·35], P=0·01, Table 1). 
[bookmark: _Hlk480294261][bookmark: _Hlk482091335][bookmark: _Hlk483401236]LRTIs: Children in C4 were at a significantly higher risk of being hospitalized with LRTI during childhood (OR [95% CI]: 2·40 [1·26–4·58], P=0·008), had 8% more primary care consultations for LRTIs (95% CI [3-14%], P=0·001), and were 3·85 times (95% CI [1·41–10·47], P=0·008) more likely to have physician-confirmed bronchiolitis (Table 1). Survival analysis revealed a significantly higher hazard rate of LRTI hospital admission from birth to middle-school age in C4 (Hazard Ratio 2·17, 95% CI [1·17–4·03], P=0·01, Figure 3). The proportion of children with LRTI hospitalization and physician-confirmed bronchiolitis in early life (26·3%, 95% CI [14·73-37·9] and 14%, 95% CI [4·9-23·17], Table 2) was significantly higher in C4 compared to other clusters. The risk of LRTI hospital admissions during childhood was significantly lower (OR [95% CI]: 0·25 [0·08- 0·75], P=0·014) in C6 (IFNlowInflamlowestTH2-chemlowReglow, PHA-TH2low), with a similar trend for bronchiolitis (Table 1). 


DISCUSSION
[bookmark: _Hlk489890464]By employing machine learning techniques, we identified the architecture of multiple cytokine responses by PBMCs to rhinovirus stimulation in school-age children. We observed major differences between the six rhinovirus-16 cytokine response profiles in their trajectories of asthma, allergic sensitization and LRTIs during childhood. Two clusters were associated with a high risk of asthma, but had different disease trajectories from infancy to adolescence. We observed the highest risk of asthma and severe asthma exacerbations during childhood among children whose rhinovirus cytokine responses were characterized by the lowest interferon induction, and high pro-inflammatory cytokines. This cluster (C4) was also at greatest risk for hospitalization for LRTI, and for bronchiolitis. In this cluster, the proportion of children with early-life wheezing who were prescribed asthma medication was high (at around one third), after which asthma prevalence gradually declined to reach 21% at age 16 years. Despite having the highest risk of early-life allergic sensitization, children in this cluster produced by far the lowest levels of TH2 cytokines in response to PHA. In contrast, amongst children in cluster with robust interferon responses to rhinovirus, but the highest production of TH2 cytokines following PHA stimulation (C5), the proportion of children with asthma and sensitization was low in early life, but increased during childhood to become the highest among all clusters in adolescence. However, asthma exacerbations were rare in this cluster. We also identified a small cluster (C1) characterised by moderate induction of interferons and the highest induction of pro-inflammatory and regulatory cytokines in response to rhinovirus, and with below-average TH2-cytokine induction by PHA, in which the risk of asthma was lower than in all other clusters. 
[bookmark: _Hlk501447614]One of the limitations of our study is that we assessed cytokine responses in PBMCs collected at age 11 years, and do not have samples from early life, which predate the onset of symptoms. We therefore cannot exclude the possibility of reverse causation, for example by allergy/asthma and/or early-life LRTIs altering immune responses to viruses. Also, little is known about the stability of PBMC responses to viruses throughout life, and how the patterns we observed in school-age relate to those in early life (17). However, our previous findings that impaired antiviral immunity and increased risk of early-life antibiotic prescription are in part genetically determined and associated with variants in chromosomal locus 17q21 (9), which is also the most consistent genetic risk factor for asthma (18), suggest that it is unlikely that the current results have arisen due to the residual confounding.  
It is also important to acknowledge the limitations in studying PBMCs only, as there is an important role of the airway epithelium in asthma and allergic sensitization (19), in particular epithelium-derived pro-TH2 cytokines IL-25 and IL-33 (20, 21), which our study cannot address, as these cytokines were not induced by rhinovirus stimulation of PBMCs. It would be advantageous to have studied epithelial responses in the same subjects, but sampling lower airways in a birth cohort would be ethically unacceptable.
We acknowledge that cell viability may have differed amongst the study samples. However, major components of PBMCs (T & B cells, NK cells, monocytes, dendritic cells, etc.) all survive well following cryopreservation (22, 23). In terms of functionality, comparisons of fresh cell subsets with their cryopreserved counterparts also show that cell functionality is largely intact in cryopreserved cells (22), although some studies have reported some differences in cytokine responses (24). As all samples in the current study were subjected to identical procedures, it is unlikely that differential survival of cell subsets could have influenced the clustering results, and the differences between fresh and frozen cells are also unlikely to be of relevance here.  Furthermore, recent studies have shown that the cell composition and immune responses in PBMCs show great heterogeneity within the human population, and in the wider picture, that differences in cell composition are unlikely to influence overall immunity or susceptibility to disease (25, 26). 
[bookmark: _Hlk489890796][bookmark: _Hlk489893063][bookmark: _Hlk491789609][bookmark: _Hlk489893176][bookmark: _Hlk501450772][bookmark: _Hlk483412040]Although we clustered children based only on their PBMC responses to rhinovirus, the clinical associates of different clusters point towards possibly different mechanisms giving rise to different phenotypes of asthma and allergic sensitization (12, 27, 28). The predominant phenotype among children in the lowest interferon-producing cluster with high pro-inflammatory cytokines (C4) was that of early-onset asthma with severe exacerbations, high medication usage, unscheduled asthma consultations, frequent LRTIs, and early-life sensitization. These are characteristics similar to clinically defined problematic severe asthma (29, 30), and to persistent troublesome wheezing (31), exacerbation-prone asthma (32, 33), and early-onset severe asthma (32, 34), which were identified by data-driven techniques. The sensitization pattern in this cluster resembles that of multiple early sensitization class, which was uncovered using machine learning, and shown to be associated with severe childhood asthma (12, 35).  Children in C5, who had robust interferon responses to rhinovirus, but by far the strongest production of PHA-induced TH2 cytokines, also had high risk of asthma and sensitization, but mostly in school-age and adolescence. Asthma in these children was predominantly mild, with no increase in exacerbation rates or health-care utilization. This cluster was associated with sensitization in parents. These features are consistent with later-onset atopic asthma (36). 
[bookmark: _Hlk501378088][bookmark: _Hlk501706003][bookmark: _Hlk489890990][bookmark: _Hlk489891047][bookmark: _Hlk501378142][bookmark: _Hlk489891125][bookmark: _Hlk489892979]The observed differences in trajectories of asthma and sensitisation between these two clusters are intriguing. We wish to emphasize that machine learning techniques which we used to identify clusters can lead to the generation of new hypotheses, but that we do not have direct mechanistic data to provide evidence of causality. C4 was dominated by the lack of type I (interferon-) and type II (interferon-) interferon responses to rhinovirus, and high pro-inflammatory cytokines. We propose that lack of robust antiviral immunity driven by type I and II interferons, coupled with high inflammatory response, could explain the increased risk of LRTIs and wheeze in early life in C4, which drives the phenotype with frequent asthma exacerbations (7, 37-39). Although children in this cluster developed sensitization in early life (and high proportion remained sensitized in the school-age), they had the weakest induction of TH2 cytokines in response to PHA of all clusters. We hypothesize that this apparent paradox could be explained by the role of viral infection-induced local pro-TH2 responses, including the epithelial-derived IL-33 and IL-25, and type-2 innate lymphoid cells (ILC2) (20). A lack of a robust type I/II interferon response in this cluster may be important in determining not only wheezing-related illnesses, and but also early-life allergic sensitisation, which in these children may be a marker of impaired anti-virus immunity, rather than a consequence of the adaptive TH2 immunity related to allergen exposure. We propose that IgE in these patients may be produced locally in the absence of cognate T-cell help (40) (for example by B-cells which undergo clonal selection and affinity maturation in the respiratory mucosa (41)). ILC2s may directly activate B-cells to produce specific IgE locally but not systemically (42, 43), and IgE measured in serum or by SPTs may have escaped from the site of disease (44). Locally produced IgE may interact with virus infection to further increase the risk of exacerbation by suppressing anti-viral immunity (37). Our findings may suggest that multiple early sensitisation associated with the troublesome early asthma could be a marker of impaired anti-viral immunity and increased susceptibility to virus infection, and not only a consequence of the adaptive TH2 immunity related to allergen exposure. Therefore, in this cluster, both asthma and early-life sensitization may be driven by virus-dependant innate responses. However, this does not exclude the possibility that amongst other children, early-life aeroallergen sensitization may modulate host anti-viral responses, and predispose children to rhinovirus-induced wheezing illnesses (4).
[bookmark: _Hlk489893416][bookmark: _Hlk489891204]In contrast, in C5, type I-II interferon responses were robust, and the increased risk of asthma was not apparent until later childhood, along with a later development of mite sensitisation. We observed very high TH2 cytokine responses to PHA in this cluster. This expression pattern is consistent with TH2 cell-driven adaptive response to allergens (44). We propose that in this group of genetically susceptible children with a family history of atopy, allergen exposure may lead to the development of allergen-dependent adaptive TH2 immunity, and asthma is driven mostly by allergic mechanisms (but is comparably milder, with fewer exacerbations). This cluster likely includes children who would benefit from inhaled corticosteroids (ICS). Children in C4 however are lacking both interferons and adaptive TH2 responses, and may have relatively poorer response to ICS, and would possibly benefit from anti-virals, interferon therapy or interferon-boosting therapies. 
Our data suggest that there are two different pathways of childhood asthma development, and that apparently shared phenotypic traits such as allergic sensitization in school age, may arise through different mechanisms. However, it is unlikely that these mechanisms are mutually exclusive, and it is possible that individuals in whom both mechanisms are operating may have the most severe disease.  
[bookmark: _Hlk501377071]In conclusion, clearly different patterns of multiple cytokine responses to rhinovirus are associated with protection from asthma, sensitization and LRTIs, increased risk of early-life wheezing, early-life sensitization, severe asthma exacerbations and hospitalizations for LRTIs, and with late-onset allergic asthma and dust mite sensitization, but without increased exacerbation risk. Identification of these novel immunophenotypes will aid better understanding of disease mechanisms and development of personalized approaches to therapy (45). 

REFERENCES
[bookmark: _ENREF_1]1. Hasegawa K, Bittner JC, Nonas SA, Stoll SJ, Watase T, Gabriel S, Herrera V, Camargo CA, Jr., Multicenter Airway Research Collaboration I. Children and Adults With Frequent Hospitalizations for Asthma Exacerbation, 2012-2013: A Multicenter Observational Study. The journal of allergy and clinical immunology In practice 2015.
[bookmark: _ENREF_2]2. Martinez FD, Vercelli D. Asthma. Lancet 2013; 382: 1360-1372.
[bookmark: _ENREF_3]3. Rubner FJ, Jackson DJ, Evans MD, Gangnon RE, Tisler CJ, Pappas TE, Gern JE, Lemanske RF, Jr. Early life rhinovirus wheezing, allergic sensitization, and asthma risk at adolescence. J Allergy Clin Immunol 2017; 139: 501-507.
[bookmark: _ENREF_4]4. Jackson DJ, Evans MD, Gangnon RE, Tisler CJ, Pappas TE, Lee WM, Gern JE, Lemanske RF, Jr. Evidence for a causal relationship between allergic sensitization and rhinovirus wheezing in early life. Am J Respir Crit Care Med 2012; 185: 281-285.
[bookmark: _ENREF_5]5. Johnston NW, Johnston SL, Duncan JM, Greene JM, Kebadze T, Keith PK, Roy M, Waserman S, Sears MR. The September epidemic of asthma exacerbations in children: a search for etiology. J Allergy Clin Immunol 2005; 115: 132-138.
[bookmark: _ENREF_6]6. Johnston SL, Pattemore PK, Sanderson G, Smith S, Lampe F, Josephs L, Symington P, O'Toole S, Myint SH, Tyrrell DA, et al. Community study of role of viral infections in exacerbations of asthma in 9-11 year old children. BMJ 1995; 310: 1225-1229.
[bookmark: _ENREF_7]7. Edwards MR, Regamey N, Vareille M, Kieninger E, Gupta A, Shoemark A, Saglani S, Sykes A, Macintyre J, Davies J, Bossley C, Bush A, Johnston SL. Impaired innate interferon induction in severe therapy resistant atopic asthmatic children. Mucosal Immunol 2013; 6: 797-806.
[bookmark: _ENREF_8]8. Contoli M, Message SD, Laza-Stanca V, Edwards MR, Wark PA, Bartlett NW, Kebadze T, Mallia P, Stanciu LA, Parker HL, Slater L, Lewis-Antes A, Kon OM, Holgate ST, Davies DE, Kotenko SV, Papi A, Johnston SL. Role of deficient type III interferon-lambda production in asthma exacerbations. Nat Med 2006; 12: 1023-1026.
[bookmark: _ENREF_9]9. Semic-Jusufagic A, Belgrave D, Pickles A, Telcian AG, Bakhsoliani E, Sykes A, Simpson A, Johnston SL, Custovic A. Assessing the association of early life antibiotic prescription with asthma exacerbations, impaired antiviral immunity, and genetic variants in 17q21: a population-based birth cohort study. Lancet Respir Med 2014; 2: 621-630.
[bookmark: _ENREF_10]10. Gavala ML, Bashir H, Gern JE. Virus/allergen interactions in asthma. Current allergy and asthma reports 2013; 13: 298-307.
[bookmark: _ENREF_11]11. Custovic A, Simpson BM, Murray CS, Lowe L, Woodcock A. The National Asthma Campaign Manchester Asthma and Allergy Study. Pediatric allergy and immunology : official publication of the European Society of Pediatric Allergy and Immunology 2003; 13 Suppl 15: 32-37.
[bookmark: _ENREF_12]12. Simpson A, Tan VY, Winn J, Svensen M, Bishop CM, Heckerman DE, Buchan I, Custovic A. Beyond atopy: multiple patterns of sensitization in relation to asthma in a birth cohort study. Am J Respir Crit Care Med 2010; 181: 1200-1206.
[bookmark: _ENREF_13]13. Lodrup Carlsen KC, Roll S, Carlsen KH, Mowinckel P, Wijga AH, Brunekreef B, Torrent M, Roberts G, Arshad SH, Kull I, Kramer U, von Berg A, Eller E, Host A, Kuehni C, Spycher B, Sunyer J, Chen CM, Reich A, Asarnoj A, Puig C, Herbarth O, Mahachie John JM, Van Steen K, Willich SN, Wahn U, Lau S, Keil T, group GWPBCw. Does pet ownership in infancy lead to asthma or allergy at school age? Pooled analysis of individual participant data from 11 European birth cohorts. PLoS One 2012; 7: e43214.
[bookmark: _ENREF_14]14. Reddel HK, Taylor DR, Bateman ED, Boulet LP, Boushey HA, Busse WW, Casale TB, Chanez P, Enright PL, Gibson PG, de Jongste JC, Kerstjens HA, Lazarus SC, Levy ML, O'Byrne PM, Partridge MR, Pavord ID, Sears MR, Sterk PJ, Stoloff SW, Sullivan SD, Szefler SJ, Thomas MD, Wenzel SE, American Thoracic Society/European Respiratory Society Task Force on Asthma C, Exacerbations. An official American Thoracic Society/European Respiratory Society statement: asthma control and exacerbations: standardizing endpoints for clinical asthma trials and clinical practice. Am J Respir Crit Care Med 2009; 180: 59-99.
[bookmark: _ENREF_15]15. Slater L, Bartlett NW, Haas JJ, Zhu J, Message SD, Walton RP, Sykes A, Dahdaleh S, Clarke DL, Belvisi MG, Kon OM, Fujita T, Jeffery PK, Johnston SL, Edwards MR. Co-ordinated role of TLR3, RIG-I and MDA5 in the innate response to rhinovirus in bronchial epithelium. PLoS Pathog 2010; 6: e1001178.
[bookmark: _ENREF_16]16. Henning C. Cluster-wise assessment of cluster stability. Computational Statistics & Data Analysis 2007; 52: 258–271.
[bookmark: _ENREF_17]17. Gern JE, Calatroni A, Jaffee KF, Lynn H, Dresen A, Cruikshank WW, Lederman HM, Sampson HA, Shreffler W, Bacharier LB, Gergen PJ, Gold DR, Kattan M, O'Connor GT, Sandel MT, Wood RA, Bloomberg GR. Patterns of immune development in urban preschoolers with recurrent wheeze and/or atopy. J Allergy Clin Immunol 2017.
[bookmark: _ENREF_18]18. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, von Mutius E, Farrall M, Lathrop M, Cookson W. A large-scale, consortium-based genomewide association study of asthma. N Engl J Med 2010; 363: 1211-1221.
[bookmark: _ENREF_19]19. Lambrecht BN, Hammad H. Allergens and the airway epithelium response: gateway to allergic sensitization. J Allergy Clin Immunol 2014; 134: 499-507.
[bookmark: _ENREF_20]20. Beale J, Jayaraman A, Jackson DJ, Macintyre JD, Edwards MR, Walton RP, Zhu J, Ching YM, Shamji B, Edwards M, Westwick J, Cousins DJ, Hwang YY, McKenzie A, Johnston SL, Bartlett NW. Rhinovirus-induced IL-25 in asthma exacerbation drives type 2 immunity and allergic pulmonary inflammation. Sci Transl Med 2014; 6: 256ra134.
[bookmark: _ENREF_21]21. Jackson DJ, Makrinioti H, Rana BM, Shamji BW, Trujillo-Torralbo MB, Footitt J, Jerico D-R, Telcian AG, Nikonova A, Zhu J, Aniscenko J, Gogsadze L, Bakhsoliani E, Traub S, Dhariwal J, Porter J, Hunt D, Hunt T, Hunt T, Stanciu LA, Khaitov M, Bartlett NW, Edwards MR, Kon OM, Mallia P, Papadopoulos NG, Akdis CA, Westwick J, Edwards MJ, Cousins DJ, Walton RP, Johnston SL. IL-33-dependent type 2 inflammation during rhinovirus-induced asthma exacerbations in vivo. Am J Respir Crit Care Med 2014; 190: 1373-1382.
[bookmark: _ENREF_22]22. Pardali E, Schmitz T, Borgscheiper A, Iking J, Stegger L, Waltenberger J. Cryopreservation of primary human monocytes does not negatively affect their functionality or their ability to be labelled with radionuclides: basis for molecular imaging and cell therapy. EJNMMI Res 2016; 6: 77.
[bookmark: _ENREF_23]23. Berens C, Heine A, Muller J, Held SA, Mayer K, Brossart P, Oldenburg J, Potzsch B, Wolf D, Ruhl H. Variable resistance to freezing and thawing of CD34-positive stem cells and lymphocyte subpopulations in leukapheresis products. Cytotherapy 2016; 18: 1325-1331.
[bookmark: _ENREF_24]24. Meijerink M, Ulluwishewa D, Anderson RC, Wells JM. Cryopreservation of monocytes or differentiated immature DCs leads to an altered cytokine response to TLR agonists and microbial stimulation. J Immunol Methods 2011; 373: 136-142.
[bookmark: _ENREF_25]25. Brodin P, Davis MM. Human immune system variation. Nat Rev Immunol 2017; 17: 21-29.
[bookmark: _ENREF_26]26. Kaczorowski KJ, Shekhar K, Nkulikiyimfura D, Dekker CL, Maecker H, Davis MM, Chakraborty AK, Brodin P. Continuous immunotypes describe human immune variation and predict diverse responses. Proc Natl Acad Sci U S A 2017; 114: E6097-E6106.
[bookmark: _ENREF_27]27. Belgrave D, Henderson J, Simpson A, Buchan I, Bishop C, Custovic A. Disaggregating asthma: Big investigation versus big data. J Allergy Clin Immunol 2017; 139: 400-407.
[bookmark: _ENREF_28]28. Lotvall J, Akdis CA, Bacharier LB, Bjermer L, Casale TB, Custovic A, Lemanske RF, Jr., Wardlaw AJ, Wenzel SE, Greenberger PA. Asthma endotypes: a new approach to classification of disease entities within the asthma syndrome. J Allergy Clin Immunol 2011; 127: 355-360.
[bookmark: _ENREF_29]29. Bossley CJ, Fleming L, Ullmann N, Gupta A, Adams A, Nagakumar P, Bush A, Saglani S. Assessment of corticosteroid response in pediatric patients with severe asthma by using a multidomain approach. J Allergy Clin Immunol 2016; 138: 413-420 e416.
[bookmark: _ENREF_30]30. Bush A, Saglani S. Management of severe asthma in children. Lancet 2010; 376: 814-825.
[bookmark: _ENREF_31]31. Belgrave DC, Simpson A, Semic-Jusufagic A, Murray CS, Buchan I, Pickles A, Custovic A. Joint modeling of parentally reported and physician-confirmed wheeze identifies children with persistent troublesome wheezing. J Allergy Clin Immunol 2013; 132: 575-583.e512.
[bookmark: _ENREF_32]32. Just J, Gouvis-Echraghi R, Rouve S, Wanin S, Moreau D, Annesi-Maesano I. Two novel, severe asthma phenotypes identified during childhood using a clustering approach. Eur Respir J 2012; 40: 55-60.
[bookmark: _ENREF_33]33. Denlinger LC, Phillips BR, Ramratnam S, Ross K, Bhakta NR, Cardet JC, Castro M, Peters SP, Phipatanakul W, Aujla S, Bacharier LB, Bleecker ER, Comhair SA, Coverstone A, DeBoer M, Erzurum SC, Fain SB, Fajt M, Fitzpatrick AM, Gaffin J, Gaston B, Hastie AT, Hawkins GA, Holguin F, Irani AM, Israel E, Levy BD, Ly N, Meyers DA, Moore WC, Myers R, Opina MT, Peters MC, Schiebler ML, Sorkness RL, Teague WG, Wenzel SE, Woodruff PG, Mauger DT, Fahy JV, Jarjour NN, National Heart L, Blood Institute's Severe Asthma Research Program I. Inflammatory and Comorbid Features of Patients with Severe Asthma and Frequent Exacerbations. Am J Respir Crit Care Med 2017; 195: 302-313.
[bookmark: _ENREF_34]34. Fitzpatrick AM, Teague WG, Meyers DA, Peters SP, Li X, Li H, Wenzel SE, Aujla S, Castro M, Bacharier LB, Gaston BM, Bleecker ER, Moore WC, National Institutes of Health/National Heart L, Blood Institute Severe Asthma Research P. Heterogeneity of severe asthma in childhood: confirmation by cluster analysis of children in the National Institutes of Health/National Heart, Lung, and Blood Institute Severe Asthma Research Program. J Allergy Clin Immunol 2011; 127: 382-389 e381-313.
[bookmark: _ENREF_35]35. Lazic N, Roberts G, Custovic A, Belgrave D, Bishop CM, Winn J, Curtin JA, Hasan Arshad S, Simpson A. Multiple atopy phenotypes and their associations with asthma: similar findings from two birth cohorts. Allergy 2013; 68: 764-770.
[bookmark: _ENREF_36]36. Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ. Asthma and wheezing in the first six years of life. The Group Health Medical Associates. N Engl J Med 1995; 332: 133-138.
[bookmark: _ENREF_37]37. Gill MA, Bajwa G, George TA, Dong CC, Dougherty, II, Jiang N, Gan VN, Gruchalla RS. Counterregulation between the FcepsilonRI pathway and antiviral responses in human plasmacytoid dendritic cells. J Immunol 2010; 184: 5999-6006.
[bookmark: _ENREF_38]38. Papadopoulos NG, Stanciu LA, Papi A, Holgate ST, Johnston SL. A defective type 1 response to rhinovirus in atopic asthma. Thorax 2002; 57: 328-332.
[bookmark: _ENREF_39]39. Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S, Laza-Stanca V, Holgate ST, Davies DE. Asthmatic bronchial epithelial cells have a deficient innate immune response to infection with rhinovirus. J Exp Med 2005; 201: 937-947.
[bookmark: _ENREF_40]40. McCoy KD, Harris NL, Diener P, Hatak S, Odermatt B, Hangartner L, Senn BM, Marsland BJ, Geuking MB, Hengartner H, Macpherson AJ, Zinkernagel RM. Natural IgE production in the absence of MHC Class II cognate help. Immunity 2006; 24: 329-339.
[bookmark: _ENREF_41]41. Takhar P, Corrigan CJ, Smurthwaite L, O'Connor BJ, Durham SR, Lee TH, Gould HJ. Class switch recombination to IgE in the bronchial mucosa of atopic and nonatopic patients with asthma. J Allergy Clin Immunol 2007; 119: 213-218.
[bookmark: _ENREF_42]42. Drake LY, Iijima K, Bartemes K, Kita H. Group 2 Innate Lymphoid Cells Promote an Early Antibody Response to a Respiratory Antigen in Mice. J Immunol 2016; 197: 1335-1342.
[bookmark: _ENREF_43]43. Gold MJ, Antignano F, Halim TY, Hirota JA, Blanchet MR, Zaph C, Takei F, McNagny KM. Group 2 innate lymphoid cells facilitate sensitization to local, but not systemic, TH2-inducing allergen exposures. J Allergy Clin Immunol 2014; 133: 1142-1148.
[bookmark: _ENREF_44]44. Galli SJ, Tsai M. IgE and mast cells in allergic disease. Nat Med 2012; 18: 693-704.
[bookmark: _ENREF_45]45. Rowe RK, Gill MA. Effects of Allergic Sensitization on Antiviral Immunity: Allergen, Virus, and Host Cell Mechanisms. Current allergy and asthma reports 2017; 17: 9.


LEGEND FOR FIGURES:

Figure 1.  Cytokine responses across the six clusters
Divergence between the mean responses within each cluster and population mean using T-statistics from Weltch’s t-test.  Heatmap of T-statistics: red (positive t value) indicates the cluster mean is greater that the population mean, and blue (negative t value) indicates that the cluster mean is less that the population mean.
A) All cytokine responses to rhinovirus-16
B) TH2 cytokine responses to PHA in rhinovirus-16-response clusters

Figure 2. Trajectories (age 1 to 16 years) and 95% confidence intervals of asthma and allergic sensitization in six rhinovirus-16 cytokine response clusters. 
A) Asthma
B) Allergic sensitization

Figure 3. Risk of hospital admission with lower respiratory tract infection in children according to the membership of the six rhinovirus-16 cytokine response clusters
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[bookmark: _Hlk501464534]Table 1: Longitudinal regression models to investigate the developmental profiles of clinical outcomes from early life (age 1 year) to adolescence (age 16) in different clusters derived from PBMC cytokine responses to rhinovirus-16.
Values represent ORs for binary characteristics and mean differences for continuous measures, with 95% CIs for average effects of each cluster compared to all other. P-values assess whether the distribution of characteristics within a given cluster is significantly different from characteristics in all other clusters in a longitudinal regression model (logistic or linear). Where the effect of cluster assignment on a clinical characteristic was significantly modified as the child got older, these values are presented as models with a covariate representing interaction with time.

	
	Cluster 1 
N=18 (5·9%)
	Cluster 2 
N=28 (8·5%)
	Cluster 3 
N=46 (15·1%)
	Cluster 4 
N=63 (20·3%)
	Cluster 5 
N=74 (24·3%)
	Cluster 6 
N=78 (25·9%)

	Asthma 
	
	
	
	
	

	OR (compared to all other groups)
	0·084
	1·049
	0·518
	3·89
	2·159
	0·75

	 (95% CI)
	(0·009 - 0·814)
	(0·260 - 4·227)
	(0·167 - 1·606)
	(1·241-12·195)
	(0·877 - 5·314)
	(0·300 - 1·879)

	 P value
	0·033
	0·946
	0·207
	0·02
	0·094
	0·539

	Interaction with Time
	
	
	
	
	

	OR (compared to all other groups)
	
	
	
	0·885
	
	

	 (95% CI)
	
	
	
	(0·806 - 0·971)
	
	

	 P value
	
	
	
	0·01
	
	

	Prescription of asthma medication
	
	
	
	
	

	[bookmark: _Hlk480382323]OR (compared to all other groups)
	0·093
	0·987
	0·475
	3·464
	2·024
	0·834

	 (95% CI)
	(0·010 - 0·893)
	(0·238 - 4·095)
	(0·149 - 1·509)
	(1·074 - 11·172)
	(-0·069 - 0·034)
	(0·333 - 2·089)

	 P value
	0·04
	0·986
	0·207
	0·038
	0·511
	0·699

	Interaction with Time
	
	
	
	
	
	

	OR (compared to all other groups)
	
	
	
	0·906
	
	

	 (95% CI)
	
	
	
	(0·823 - 0·997)
	
	

	 P value
	
	
	
	0·043
	
	

	Number of severe asthma exacerbations
	
	
	
	
	
	

	OR
	0·903
	0·650
	0·715
	1·372
	0·977
	0·940

	(95% CI)
	(0·494 - 1·652)
	(0·291 - 1·453)
	(0·410 - 1·245)
	(1·066 - 1·765)
	(0·737 - 1·294)
	(0·707 - 1·249)

	P value
	0·74
	0·29
	0·23
	0·014
	0·87
	0·67

	Number of unscheduled visits for wheeze
	
	
	
	
	
	

	OR 
	0·792
	0·957
	1·042
	1·144
	0·929
	0·966

	 (95% CI)
	(0·554 - 1·133)
	(0·784 - 1·168)
	(0·904 - 1·200)
	(1·017 - 1·286)
	(0·811 - 1·064)
	(0·853 - 1·094)

	 P value
	0·20
	0·66
	0·57
	0·025
	0·28
	0·58

	Allergic sensitisation 
	
	
	
	
	

	OR (compared to all other groups)
	0·559
	0·1
	0·53
	3·619
	3·213
	0·514

	 (95% CI)
	(0·072 - 4·369)
	(0·009 - 1·162)
	(0·136 - 2·066)
	(0·866 - 15·133)
	(1·024 - 10·075)
	(0·168 - 1·576)

	 P value
	0·579
	0·066
	0·36
	0·078
	0·045
	0·245

	Interaction with Time
	
	
	
	
	

	OR (compared to all other groups)
	
	1·258
	
	0·888
	
	

	 (95% CI)
	
	(1·018 - 1·554)
	
	(0·801 - 0·984)
	
	

	 P value
	
	0·033
	
	0·023
	
	

	Sensitisation to mite 
	
	
	
	
	

	[bookmark: _Hlk480291788]OR (compared to all other groups)
	0·169
	1·308
	0·32
	1·237
	4·997
	0·492

	 (95% CI)
	(0·016 - 1·821)
	(0·201 - 8·517)
	(0·072 - 1·428)
	(0·330 - 4·641)
	(1·439 - 17·351)
	(0·146 - 1·660)

	 P value
	0·143
	0·779
	0·135
	0·753
	0·011
	0·253

	Hospital admissions for LRTI
	
	
	
	
	

	[bookmark: _Hlk480299379]OR (compared to all other groups)
	1·016
	0·601
	0·615
	2·399
	0·827
	0·245

	 (95% CI)
	(0·271 - 3·808)
	(0·168 - 2·146)
	(0·224 - 1·689)
	(1·258 - 4·577)
	(0·390 - 1·750)
	(0·080 - 0·748)

	 P value
	0·981
	0·433
	0·346
	0·008
	0·619
	0·014

	Interaction with Time
	
	
	
	
	

	OR (compared to all other groups)
	
	
	
	
	
	1·837

	 (95% CI)
	
	
	
	
	
	(1·279 - 2·638)

	 P value
	
	
	
	
	
	0·001

	
[bookmark: _Hlk479770231]Number of unscheduled consultations for LRTIs
	
	
	

	OR 
	0·966
	0·977
	1·002
	1·083
	0·972
	0·958

	 (95% CI)
	(0·867 - 1·077)
	(0·899 - 1·062)
	(0·943 - 1·065)
	(1·032 - 1·136)
	(0·920 - 1·027)
	(0·906 - 1·013)

	 P value
	0·53
	0·58
	0·95
	0·001
	0·31
	0·13

	Bronchiolitis
	
	
	
	
	
	

	OR 
	2·352
	1·38
	0·782
	3·846
	0·402
	0·164

	 (95% CI)
	(0·489 - 11·314)
	(0·297 - 6·412)
	(0·172 - 3·560)
	(1·412 - 10·472)
	(0·090 - 1·805)
	(0·021 - 1·260)

	 P value
	0·28
	0·68
	0·75
	0·008
	0·23
	0·082





Table 2: Early-life clinical characteristics according to the cluster assignment. Current wheeze, asthma and sensitization ascertained at the follow-up at age 1 year; Bronchiolitis and hospitalizations with LRTIs within the first year of life confirmed from health care records). 
Values represent mean percentages (%) and (95% Confidence Intervals - 95% CI) for each cluster. Numbers highlighted in bold represent clusters that had significantly different characteristics (p<0·05) from characteristics in all other clusters in a regression model. 

	
	Cluster 1 
N=18 (5·9%)
	Cluster 2 
N=28 (8·5%)
	Cluster 3 
N=46 (15·1%)
	Cluster 4 
N=63 (20·3%)
	Cluster 5 
N=74 (24·3%)
	Cluster 6 
N=78 (25·9%)

	Current wheeze (Age 1)
	17·65%
	15·38%
	22·22%
	35·09%
	22·54%
	20·27%

	
	(-1·11% - 36·41%)
	(1·18% - 29·59%)
	(9·88% - 34·56%)
	(22·54% - 47·64%)
	(12·71%-32·36%)
	(11·01% - 29·53%)

	Asthma (Age 1)
	0
	8·33%
	0
	31·58%
	17·39%
	9·38%

	
	
	(-8·19% - 24·85%)
	
	(9·86% - 53·30%)
	(1·37% - 33·41%)
	(-1·00% - 19·75%)

	Sensitisation (Age 1)
	37·50%
	0
	5·82%
	30·43%
	11·11%
	8·82%

	
	(1·28% - 73·72%)
	
	(-5·76% - 17·53%)
	(11·01 - 49·85%)
	(-1·09%- 3·31%)
	(-0·95% - 18·60%)

	Bronchiolitis 
	12·5%
	8·00%
	5·00%
	14·04%
	2·99%
	1·37%

	
	(-4·31% - 29·31%)
	(-2·90% - 18·90%)
	(-1·87% - 11·87%)
	(4·90% - 23·17%)
	(-1·14% - 7·11%)
	(-1·33% - 4·07%)

	LRTI hospitalizations 
	18·75%
	8·00%
	7·50%
	17·54%
	7·46%
	4·11%

	
	(-1·09% - 38·59%)
	(-2·90% - 18·90%)
	(-0·80% - 15·80%)
	(7·54% - 27·55%)
	(1·09% - 13·83%)
	(-0·50% - 8·72%)
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