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Abstract

Background: Bronchiolitis is the leading cause of hospitalization in U.S. infants and a
major risk factor for childhood asthma. Growing evidence supports clinical heteroge-
neity within bronchiolitis. We aimed to identify endotypes of infant bronchiolitis by
integrating clinical, virus, and serum proteome data, and examine their relationships
with asthma development.

Methods: This is a multicenter prospective cohort study of infants hospitalized for
physician-diagnosis of bronchiolitis. We identified bronchiolitis endotypes by apply-
ing unsupervised machine learning (clustering) approaches to integrated clinical, virus
(respiratory syncytial virus [RSV], rhinovirus [RV]), and serum proteome data meas-
ured at hospitalization. We then examined their longitudinal association with the risk
for developing asthma by age 6 years.

Results: In 140 infants hospitalized with bronchiolitis, we identi-

|atopic NFxB-dysregulated 2
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fied three endotypes: (1) clinica virusRVproteome

RSV/RV TNF-dysregulated

clinical™"2®Picyirys proteome

NFxB/TNF-regulated

, and (3) clinical®*“virus®*Vproteom
e endotypes. Endotype 1 infants were characterized by high propor-
tion of IgE sensitization and RV infection. These endotype 1 infants also had dys-
regulated NFkB pathways (FDR <0.001) and significantly higher risks for developing
asthma (53% vs. 22%; adjOR 4.04; 95% Cl, 1.49-11.0; p = 0.006), compared with
endotype 3 (clinically resembling “classic” bronchiolitis). Likewise, endotype 2 infants
were characterized by low proportion of IgE sensitization and high proportion of RSV
or RV infection. These endotype 2 infants had dysregulated tumor necrosis factor
(TNF)-mediated signaling pathway (FDR <0.001) and significantly higher risks for de-
veloping asthma (44% vs. 22%; adjOR 2.71; 95% Cl, 1.03-7.11, p = 0.04).

Conclusion: In this multicenter cohort, integrated clustering of clinical, virus, and pro-
teome data identified biologically distinct endotypes of bronchiolitis that have differ-

ential risks of asthma development.

Abbreviations: Cl, confidence interval; EGFR, epidermal growth factor receptor; FDR, false discovery rate; HR, hazard ratio; ICU, intensive care unit; IgE, immunoglobulin E; IxB,

inhibitor of nuclear factor-kB; IL, interleukin; IQR, interquartile range; MAP, mitogen-activated protein; MARC, multicenter airway research collaboration; NFkB, nuclear factor-kB; OR,

odds ratio; PAM, partition around medoids; PI3K, phosphatidylinositol 3-kinase; RSV, respiratory syncytial virus; RT-PCR, real-time polymerase chain reaction; RV, rhinovirus; Th2, T
helper cell type 2; TNF, tumor necrosis factor; t-SNE, t-distributed stochastic neighbor embedding.
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GRAPHICAL ABSTRACT

We identified three clinically-meaningful and biologically-distinct proteomics endotypes by integrating the clinical, virus, and serum
proteomic data from a multicenter cohort of infants hospitalized for bronchiolitis. Each endotype had a different risk for developing asthma
and recurrent wheeze. Endotype 1—characterized by atopic manifestations, rhinovirus infection, and dysregulated NFkB pathways—had the

highest risk for developing asthma and recurrent wheeze.

Abbreviations: Cl, confidence interval; NFkB, nuclear factor-kB; RSV, respiratory syncytial virus; RV, rhinovirus; TNF, tumor necrosis factor.

1 | BACKGROUND

Bronchiolitis is the most common virus-induced acute lower respira-
tory infection in infants. It is the leading cause of infant hospitaliza-
tion in the U.S., accounting for 110,000 hospitalizations each year.!
In addition to the large acute morbidity burden, its chronic morbidity
is also considerable. Among infants hospitalized with bronchiolitis
(i.e., severe bronchiolitis), 30%-40% subsequently develop recur-
rent wheeze? % and 30% develop childhood asthma.>™**

While bronchiolitis is conventionally deemed as a single disease
entity that has similar pathobiology,12 a growing body of evidence
supports heterogeneity in its acute presentation and chronic mor-
bidity risk.>*371> For example, recent epidemiology research has re-
ported and validated clinically distinct subtypes (or phenotypes) of
bronchiolitis*® with a different risk of developing recurrent wheeze®
and asthma.'*'> Recent data have also suggested that these sub-
types may correlate with treatment responses.'®™'® Yet, these
phenotypes were derived solely through major clinical features.
Accordingly, little is known about the pathobiological processes un-
derlying the heterogeneity and the mechanisms that link the two
common conditions—infant bronchiolitis and childhood asthma. This
insufficient understanding has hindered efforts to develop asthma
prevention strategies. Proteomics is pertinent to addressing this
knowledge gap by comprehensively characterizing proteins—the

main regulator of cellular physiology, enabling to characterize the
disease pathobiology.!? However, no study has yet determined bio-
logically distinct subtypes (i.e., endotypes) of bronchiolitis based on
proteome data or their integrated contribution to asthma develop-
ment in later childhood.

To address this knowledge gap, we analyzed data from a mul-
ticenter prospective cohort study to identify endotypes of severe
bronchiolitis by integrating clinical, virus, and serum proteome data,
and investigate their longitudinal relationship with the development

of recurrent wheeze and asthma.

2 | METHODS
2.1 | Study design, setting, and participants

We analyzed data from the 35th Multicenter Airway Research
Collaboration (MARC-35) study—a multicenter prospective cohort
study.?° Details of the study design, setting, participants, data collec-
tion, testing, and statistical analysis may be found in the Supplementary
Methods. Briefly, investigators enrolled infants (age<1 year) hospi-
talized with attending physician-diagnosis of bronchiolitis at 17 sites
across 14 U.S. states (Table S1) in 2011-2014. The diagnosis of bron-
chiolitis was made according to the American Academy of Pediatrics
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bronchiolitis guidelines,*? defined as an acute respiratory illness with
a combination of rhinitis, cough, tachypnoea, wheezing, crackles, or
chest retractions, regardless of previous breathing problem episodes.
We excluded infants with a known heart-lung disease, immunodefi-
ciency, immunosuppression, or gestational age of <32weeks. All pa-
tients were treated at the discretion of the treating physicians.

Of 1016 infants enrolled in the MARC-35 cohort, the current
analysis investigated 140 infants who were selected for serum pro-
teomic testing (Table S2). The institutional review board at each
participating hospital approved the study with written informed
consent obtained from the parent or guardian.

2.2 | Data collection and measurement of
virus and proteome

Clinical data (demographic characteristics; medical, environmental, and
family history; and details of the acute illness and hospital course) were
collected via structured interview and chart reviews using a standardized
protocol.?* All data were reviewed at the EMNet Coordinating Center
(Boston, Massachusetts, USA), and site investigators were queried about
missing data and discrepancies identified by manual data checks.

In addition to the clinical data, investigators also collected na-
sopharyngeal airway and serum specimens by using standardized
protocols.??2 All sites used the same collection equipment and
collected the samples within 24 h of a child's arrival on the med-
ical ward or intensive care unit. Nasopharyngeal specimens were
shipped in batches to Baylor College of Medicine (Houston, Texas,
USA) where they were tested for respiratory viruses (e.g., respi-
ratory syncytial virus [RSV] and rhinovirus [RV]) by using real-
time polymerase chain reaction (RT-PCR).2%?* Serum specimens
were shipped to Beth Israel Deaconess Medical Center (Boston,
Massachusetts, USA) for proteomic profiling, as described in the
Supplemental Methods. Briefly, serum proteins were measured
with the use of the Olink multiplex platform (13 panels; Olink
Bioscience, Uppsala, Sweden). The expression value of each protein
was normalized to a unit on a log, scale, proportional to its con-
centration. Serum-specific IgE (sIgE) was measured at enrollment
using two different assays (ImmunoCAP slgE and ImmunoCAP
ISAC; ThermoFisher Scientific; Waltham, MA, USA) at the Phadia
Immunology Reference Laboratory.

2.3 | Clinical outcome measures

The primary outcome was the development of asthma by age 6 years.
Asthma was defined using a commonly used epidemiologic defini-
tion: physician-diagnosis of asthma, with either asthma medication
use (e.g., albuterol inhaler, inhaled corticosteroids) or asthma-related
symptoms (e.g., wheezing, nocturnal cough) in the preceding year.?®
The secondary outcome was the development of recurrent wheeze

by age 3years. Recurrent wheeze was defined as having at least 2

corticosteroid-requiring exacerbations in 6 months or at least 4

wheezing episodes in 1 year that last at least 1 day and affect sleep.?°

2.4 | Statistical analysis

The objectives of the present study are as follows: (i) to identify bio-
logically distinct endotypes among infants with severe bronchioli-
tis and (ii) to examine their relationships with the risk of developing
asthma and recurrent wheeze. The analytic workflow is summarized
in Figure 1. The details of the statistical analysis can be found in the
Supplementary Methods.

Briefly, we first computed a distance matrix for each of the data-
sets—(1) clinical and virus data (including the genomic load of RSV
and RV) and (2) proteome data—and derived mutually exclusive clus-
ters for each dataset by using with partition around medoids (PAM)?¢
and consensus clustering27 methods, respectively. To choose an op-
timal number of clusters for each dataset, we used a combination
of the silhouette widths (Figure S1A), relative change in the area
under cumulative distribution function curve (Figure S1B), cluster
size (Figure S2A, B), and clinical and biological plausibility based on
a priori knowledge (Figure $2C, D).**"*! Second, we combined these
clusters (i.e., the clinical/virus clusters and the proteome clusters)
to derive a fused matrix, computed a Gower distance, and derived
mutually exclusive multimodal endotypes by applying K-means clus-
tering algorithm.?® To choose an optimal number of endotypes, we
used a combination of the silhouette widths (Figure S1C), endotype
size (Figure S2E), and clinical and biological plausibility (Figure S2F).
We also visualized the three endotypes through t-distributed sto-
chastic neighbor embedding (t-SNE)?° (Figure 2A) and chord dia-
grams (Figure 2B).%° Third, to examine the functional profile of each
endotype, we conducted differential expression protein and func-
tional pathway analyses31 by comparing the reference endotype
with each of the other endotypes using pathfindR package.32 We
also conducted joint pathway analyses with parallel serum metabo-
lome data (n = 112)%2 using MetaboAnalyst 5.0.2* Fourth, to examine
the longitudinal relationship of the endotypes with the asthma risk,
we constructed random-effect logistic regression models account-
ing for patient clustering within sites. To examine the relationship
with the rate of recurrent wheeze, we modeled the time to outcome
by fitting Cox proportional hazards models. Patients who did not
have an outcome were censored at their last follow-up interview
or at the time of withdrawal during the 36-month follow-up period.
We verified the proportionality of hazards assumption by examining
Schoenfeld residuals.

In the sensitivity analysis, we first examined the endotype-
outcome associations after excluding infants with a previous
breathing problem. Second, we also examined the robustness of
endotype-outcome associations by repeating the analysis using a dif-
ferent number of endotypes. We analyzed the data using R version
3.6.1 (R Foundation, Vienna, Austria). All P-values were two-tailed,

with p<0.05 considered statistically significant. We corrected for
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FIGURE 1 Analytic workflow of endotyping. (A) Of 1016 infants (age < 1 year) hospitalized with bronchiolitis, the current analysis
investigated 140 infants who underwent serum proteomic testing. We first identified mutually exclusive clusters in the clinical and virus
dataset (clusters A, B, and C) using the PAM clustering algorithm and separate clusters in the proteome dataset (clusters «a, B, and y) using
the consensus clustering algorithm. We also generated alluvial plots to examine consistencies across different numbers (k = 2-4) of the
clinical/virus and proteomic clusters. (B) We computed a Gower distance from a fused matrix of the clinical/virus and proteome clusters
and identified three mutually exclusive endotypes by applying K-means clustering algorithm. We also generated an alluvial plot to examine
consistencies across different numbers (k = 2-4) of endotypes. (C) We conducted a functional pathway analysis to investigate whether
proteins for specific biological pathways are enriched by comparing the reference endotype (endotype 3) with each of the other endotypes.
We also generated chord diagrams to visualize the between-endotype differences in the major clinical and virus characteristics. (D) We
constructed unadjusted and adjusted (random-effect) logistic regression models to determine the association of the endotypes with the risk
of developing asthma by age 6 years (the primary outcome). We also used Kaplan-Meier estimator and Cox proportional hazards models

to examine the longitudinal relationship of the endotypes with the rate of recurrent wheeze (the secondary outcome). Abbreviation: PAM,
partition around medoids
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FIGURE 2 Between-endotype differences in major clinical and virus variables, serum proteome profile, and enriched biological
pathways. (A) T-distributed stochastic neighbor embedding (t-SNE) of serum proteome according to endotypes. (B) To visualize the overall
serum proteome profile, the t-SNE method was applied to the three eigenvectors in the spectral clustering. Each dot represents the serum
proteome profile of a single infant in a low-dimensional space. Colored dots indicate three endotypes: endotype 1 (red), endotype 2 (yellow),
and endotype 3 (blue). The infants cluster together according to their endotypes. (C) Major clinical and virus characteristics according to
endotypes. (D) The ribbons connect each of the endotypes (endotypes 1-3) with the major clinical and virus characteristics. The width of
the ribbon represents the proportion of infants within the endotypes who have the corresponding clinical or virus characteristic, which was
scaled to a total of 100%. The left chord diagram represents the comparison between endotypes 1 and 3, while the right diagram represents
the comparison between endotypes 2 and 3. (E) Functional pathway analysis for specific biological pathways of each endotype. (F) To
investigate whether proteins for specific biological pathways are enriched, we conducted a functional pathway analysis. The left half of the
heatmap represents the pathways that distinguish endotype 1 from endotype 3 (the reference); the right half represents those pathways
that distinguish endotype 2 from endotype 3 (all FDR <0.001; Table S3). The color bar indicates a Z score of each pathway. Upregulated
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multiple testing using the Benjamini-Hochberg false discovery rate
(FDR) method.

3 | RESULTS

Of the infants enrolled in the MARC-35 cohort, the current study
focused on 140 infants with severe bronchiolitis who underwent
serum proteome testing. The analytic and non-analytic cohorts did
not differ in patient characteristics (p>0.05; Table S2), except for
the proportion of RSV and RV. Among the analytic cohort, the me-
dian age was 3 (interquartile range [IQR], 1-6) months, 39% were fe-
male, and 37% were non-Hispanic white. Overall, 47% had solo-RSV

infection, 18% had solo-RV infection, and 11% had RSV/RV coinfec-
tion (Table 1).

3.1 | Integrated clustering of clinical, virus, and
proteome data identified multimodal endotypes

First, by applying clustering approaches to the clinical/virus and pro-
teome datasets, 3-class models led to an optimal fit for both the clin-
ical/virus data (with the three clusters called A, B, and C; Figures 1,
S1 and S2) and the proteome dataset (with the three clusters called
a, B, and y; Figure 1, S1 and S2). Second, by integrating these cluster
data, the combination of average silhouette widths, endotype size,
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and clinical and biological plausibility demonstrated that a 3-class
model was an optimal fit, with the three endotypes called 1, 2, and
3 (Figures 1, S1 and S2). The t-SNE plot shows that an infant's serum
proteome profile generally clustered together according to their en-
dotypes, while there was a moderate overlap between endotypes 1
and 3 (Figure 2A).

The following three distinct endotypes were chiefly charac-
terized by their clinical characteristics, detected virus, and biolog-
ical pathways: (1) clinical®®Pcvirus®proteomeNFB-dysregulated (3504
(2) clinical™MatoPicyirysRSV/RYyroteome NF-dvsresulated (119)  and (3)
clinical®*“virusRVproteomeNF¥B/TNF-regulated  (5704) (Taple 1 and
Figure 1). Descriptively, infants with an endotype 1 were character-
ized by older age at the index hospitalization and a high proportion
of males, frequent previous breathing problems, daycare atten-
dance, IgE sensitization, and RV infection (Table 1 and Figure 2B).
Infants with an endotype 2 were characterized by a low proportion
of IgE sensitization and a high proportion of RSV or RV infection.
Infants with an endotype 3 were characterized by a high proportion
of male sex, a low proportion of breathing problem history, and a
high proportion of RSV infection. As the endotype 3 clinically re-
sembled “classic” bronchiolitis,'? this group served as the reference

group for the following analyses.

3.2 | Endotypes had distinct biological function

To examine the biological significance of the endotypes, we

conducted functional pathway analyses. Endotype 1 had 299

differentially enriched pathways (FDR<0.05) and endotype 2 had
260 differentially enriched pathways (FDR<0.05) when compared
to the endotype 3 (Table S3). For example, endotype 1 (clinical®®P
virustVproteomeNFrB-dysregulatedy ngants had significantly dysregu-
lated (more specifically, increased) NFkB and phosphatidylinositol
3-kinase (PI3K) signaling pathways, compared to those with endo-
type 3 (both FDR <0.001; Figure 2C left). In contrast, the endotype 2
[non-atopicyir sRSV/RVp roteome  NF-dvsregulatedy intants had signifi-

cantly dysregulated tumor necrosis factor (TNF)-mediated signaling

(clinica

and epidermal growth factor receptor (EGFR) signaling pathways,
compared with those with endotype 3 (both FDR <0.001; Figure 2C
right). The joint pathway analysis with parallel serum metabolome
data showed consistent results with the functional pathway analy-
ses (e.g., NFxB signaling pathway [endotype 1 vs. 3; FDR<0.001],
EGFR signaling pathway [endotype 2 vs. 3; FDR = 0.006]; Table S4).

3.3 | Endotypes had differential risks for
developing asthma and recurrent wheeze

These endotypes also had differential risks for subsequent airway
comorbidities. Endotype 1 infants had a significantly higher risk of
developing asthma when compared to endotype 3 infants (53% vs.
22%; adjOR, 4.04; 95% Cl, 1.49-11.0; p = 0.006; Figure 3). Likewise,
endotype 2 infants also had a significantly higher risk (44% vs. 22%;
adjoOR, 2.71; 95% Cl, 1.03-7.11; p = 0.04). With regard to the re-
current wheeze, while the Kaplan-Meier curves did not show a sta-

tistically significant difference (P = 0.09; Figure 4), endotype

Wilcoxon

Number of e :
Outcome Endotype the outcome, n (%) Profile size, n Effect size P-value
Asthma at age 6 years Odds ratio (95%Cl)
Endotype 1 24 (53) 45
Unadjusted } = | 4.00 (1.50-10.7)  0.0056
Adjusted* | = | 4.04 (1.49-11.0)  0.0061
Endotype 2 24 (44) 55
Unadijusted | = | 2.71 (1.05-7.00) 0.040
Adjusted* } = | 2.71 (1.03-7.11) 0.043
Endotype 3 8 (22) 36 1 [reference]
Recurent wheeze by age 3 years Hazard ratio (95%Cl)
Endotype 1 28 (62) 45
Unadijusted —e— 1.86 (1.00-3.44) 0.049
Adjusted* —— 1.87 (1.01-3.47) 0.047
Endotype 2 29 (51) 57
Unadijusted —— 1.30 (0.71-2.39) 0.40
Adjusted* f———q 1.27 (0.69-2.35) 0.44
Endotype 3 16 (42) 38 1 [reference]
M T T T T 11111
0.25 1.0 20 3.040 6.080

Effect size (95% Cl)

FIGURE 3 Association of endotypes of infant bronchiolitis with risk for developing asthma and recurrent wheeze. (A) To examine the
association of endotypes (endotype 3 as the reference) with the risk of developing childhood asthma and the rate of recurrent wheeze,
logistic regression models and Cox proportional hazards models were fit. (B)* Random-effect logistic regression model and Cox proportional
hazards model accounting for patient clustering within hospitals. Abbreviation: Cl, confidence interval
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1 infants did have a significantly higher rate than the endotype 3
infants (62% vs. 42%; adjHR, 1.87; 95% Cl, 1.01-3.47; p = 0.047,
Figure 3).

3.4 | Sensitivity analysis

In the analysis limiting to infants without a previous breathing
problem, the endotype-outcome associations remained consistent
(Figure S3). For example, the asthma risk was significantly higher in
endotype 1 (adjOR, 3.18; 95% ClI, 1.02-9.92; p = 0.046) and endo-
types 2 (adjOR, 3.18; 95 %Cl, 1.17-8.63; p = 0.022), compared with
endotype 3. Next, different numbers of endotypes were examined.
Alluvial plot (Figure S2C) demonstrates a consistency of the origi-
nal endotypes (endotypes 1-3) across the different numbers cho-
sen. For example, with the use of 4-class model, the endotypes I-1lI
had 100% concordance with the original endotype 1 or 2 (Table S5).
Additionally, endotype | (concordant with endotype 1) had a signifi-
cantly higher risk for developing asthma when compared to endo-
type IV (67% vs. 32%; adjOR, 4.25; 95% Cl, 1.33-13.6;c p = 0.02;
Figure S4).

4 | DISCUSSION

By integrating the clinical, virus, and proteome data from a multi-
center prospective cohort study of 140 infants with severe bron-
chiolitis, we identified three clinically and biologically distinct
endotypes. Endotype 1 was characterized by a high proportion of
IgE sensitization and RV infection with unique proteome signatures,
such as dysregulated (increased) NFkB and PI3K signaling pathways.
In contrast, endotype 2 was characterized by a low proportion of IgE
sensitization with dysregulated TNF-mediated signaling pathway.
Infants with either endotype 1 or 2 had a significantly higher risk
for subsequently developing asthma compared with the reference
endotype 3, which resembled “classic” bronchiolitis. The sensitivity

FIGURE 4 Kaplan-Meier curves for
development of recurrent wheeze by
age 3years, according to endotypes. (A)
The Kaplan-Meier curves for recurrent
wheeze outcome did not significantly
differ between the endotypes

(Pwiicoxon = 0-09). However, compared
with the endotype 3 infants, the rate of
recurrent wheeze was significantly higher
among the endotype 1 infants. (adjHR,
1.87; 95% Cl, 1.01-3.47; p = 0.047). The
corresponding HRs are presented in

Figure 3
2 3 g
19 17
34 27
26 21
2 3

analysis showed the robustness of the findings. To the best of our
knowledge, this is the first investigation that has identified biologi-
cally distinct proteomics endotypes in infants with severe bronchi-
olitis and demonstrated their longitudinal relationship with the risk
of chronic respiratory outcomes.

Bronchiolitis has been conventionally viewed as a single disease
entity with similar pathobiological mechanisms. Indeed, current na-
tional guidelines for the diagnosis and management of bronchiolitis
is based on this major assumption.*? Nevertheless, concordant with
the results of the present study, recent research has suggested the
complexity of infant bronchiolitis, as reflected by the heterogeneity
in clinical characteristics,>'3%%% transcriptome,® microRNAome,*’

40-44 and microbiome.?**>~°° The proteomic approach

metabolome,
adds to these previous reports through comprehensively profiling
proteins that are the main effectors of cellular physiology.>! Recent
studies have suggested the role of the proteome in the pathobiol-
ogy of respiratory diseases, including severe bronchiolitis®®> and
asthma.>®=> For example, a previous analysis has shown that virus-
specific (RSV vs. RV) circulating proteome signatures were associ-
ated with acute severity in infants with bronchiolitis.>? Additionally,
in an analysis of the U-BIOPRED study, sputum proteome testing in
adults with moderate-to-severe asthma has demonstrated different
proteomics endotypes with unique airway inflammatory proﬁles.53
Furthermore, another study investigating the serum proteome in
adults has reported that patients with non-atopic asthma had unique
proteome signatures (e.g., downregulated Igk chain C-region) com-
pared with healthy controls.>* The integrated proteomic approach
in the current study corroborates these earlier findings and extends
them by demonstrating distinct bronchiolitis endotypes that have
differential risks of developing recurrent wheeze and asthma.

The exact mechanisms underlying the observed endotypes—
particularly endotype 1 characterized by a high proportion of IgE
sensitization, RV infection, unique proteomic profiles (e.g., dysreg-
ulated NFxB and PI3K signaling pathways), and the highest asthma
risk—warrant further clarification. Consistent with this endotype,
previous research has also shown the interaction between parental
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atopy, allergic sensitization, and early-life RV infection (particularly
RV-C species) on an increased risk of asthma development.?%5¢->?
Additionally, our previous study of nasal microRNA and mRNA in 32
infants with bronchiolitis has reported that RV infection was related
to upregulated NFxB family and downregulated kB family with ele-
vated levels of NFkB-induced type-2 cytokines.®’ Furthermore, the
literature has also demonstrated that the NFxB pathways regulate
immune responses and airway inflammation in asthma by regulating
the gene expression of inflammatory factors.®°=%? For example, the
NF«B pathway upregulates the production of type-2 cytokines—e.g.,
interleukin 4 (IL-4), IL-5, and 1L-13.%° Likewise, the inhibition of IxB
kinase—a key regulator of all inducible NFxB signaling pathways—
induces inflammatory mediators in allergic asthma (e.g., eotaxin, IgE,
IL-4).62%3 In addition the NFxB pathways, endotype 1 also had dys-
regulated PI3K signaling pathway. In agreement with this finding, our
previous analysis of nasopharyngeal (i.e., not serum) transcriptome
and metabolome data of infants with bronchiolitis has shown that
an endotype with atopy and RV coinfection had enriched PISK-Akt-
mTOR signaling pathway and highest asthma risk.%* The dysregulation
of PI3K increases allergen-induced inflammation via T,,2 cytokines
activation and leads to induction of interferon y-induced protein
10—a mediator of RV-induced inflammation in allergic asthma.®®

In addition to endotype 1, we also observed an increased risk of
asthma among infants with endotype 2—characterized by a low pro-
portion of IgE sensitization and dysregulated TNF and EGFR path-
ways. Consistently, dysregulation of TNF-mediated pathway disturbs
the balance and composition of TNF receptors-associated signaling
complexes (e.g., linear ubiquitin chain assembly complex) through
ubiquitination, contributing to inflammatory airway diseases (e.g.,
asthma, acute respiratory distress syndrome).®¢®” Previous research
has also suggested the role of TNF in neutrophilic inflammation in

asthma®®¢?

and identified the TNF-mediated pathway as a potential
therapeutic target against T2-low asthma.”® In addition, the current
study has also revealed that endotype 2 had dysregulated EGFR sig-
naling pathway. Recent research has shown that the EGFR signaling
pathway is dysregulated in patients with IL-17 high asthma’* and that
those with neutrophilic asthma had differentially expressed genes
regulating epidermal growth factor, compared with eosinophilic
asthma.”? Notwithstanding the complexity of these mechanisms,
the identification of bronchiolitis endotypes and their longitudi-
nal relationship with chronic respiratory outcomes is an important
finding. Our data should advance research into the development of
endotype-specific strategies for asthma prevention.

The current study has several potential limitations. First, the
study did not have “healthy controls”. Yet, the objective of the study
was not to derive endotypes related to incident bronchiolitis (i.e.,
bronchiolitis yes vs. no) but to determine the relationship of each
bronchiolitis endotype with the risk for developing recurrent wheeze
and asthma. Second, the current study had overrepresentation of RV
infection, which might have led to selection bias. Third, the serum
proteome was measured at a single time point. Although longitudi-
nal proteome measurements are important, the study objective was
to identify bronchiolitis endotypes at the time of hospitalization.

Regardless, even with single time point data, the study successfully
identified biologically distinct endotypes that are associated with
the risk of recurrent wheeze and asthma development. Fourth, the
serum proteome may not directly reflect the intracellular signaling
pathways of molecules in the respiratory system. Fifth, it is possi-
ble that asthma diagnosis is misclassified and that some children are
going to develop asthma at a later age. To address these potential
limitations, the cohort is currently being followed up to age 9years.
Sixth, the sample size of the current analysis is relatively small;
therefore, it is possible that the study did not identify more-granular
endotypes with distinct mechanisms. In addition, the study lacks
validation data. Both internal and external validation to confirm the
inference is our future focus of research. Seventh, the study design
that focused on the winter bronchiolitis seasons precluded us from
enrolling patients in the other seasons, during which RV infection is
more common. Additionally, the impact of the COVID-19 pandemic
on the asthma incidence is unclear. Lastly, our inferences may not be
generalizable to infants beyond severe bronchiolitis (i.e., infants with
mild-to-moderate bronchiolitis or other types of acute respiratory
infection). Nonetheless, our observations remain directly relevant
for the 110,000 infants hospitalized annually in the U.S.—a large
population with a substantial morbidity burden.

5 | CONCLUSIONS

By integrating the clinical, virus, and serum proteome data from
a multicenter prospective cohort study of infants hospitalized for
bronchiolitis, we identified three biologically distinct and clinically
meaningful endotypes. These endotypes—characterized by dis-
tinct clinical and virus characteristics and host immune response
signatures—had differential risks for developing recurrent wheeze
and childhood asthma. While external validation is warranted, our
data indicate a complex interplay between the respiratory virus
and systemic immune response and their integrated contributions
to chronic airway morbidities. For clinicians, our findings provide an
evidence base for the early identification of high-risk children during
a critical period of airway development—early infancy. For research-
ers, our data should advance research into accurately defining bron-
chiolitis endotypes, which will, in turn, accelerate precision medicine
and the development of endotype-specific strategies for asthma
prevention.
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