
Letter to the Editor
Cockroach-induced IL9, IL13, and IL31
expression and the development of
allergic asthma in urban children
To the Editor:
Type 2 (T2) immune responses are key risk factors in childhood

for airway inflammation, bronchial hyperresponsiveness, and
development of asthma. Developing sensitization to multiple
allergens in the first few years of life is closely associated with the
development of T2 inflammation and is especially important in
light of its poor prognosis with respect to persistent asthma,
increased exacerbations, and low lung function.1 Although some
risk factors for the development of T2 inflammation and asthma
are known, the longitudinal patterns of immune development
that drive the imbalance toward a T2 immune response in humans
are not fully understood. Furthermore, the critical aspects of
persistent T2 inflammation that are responsible for the develop-
ment of allergic asthma as opposed to allergic sensitization
without asthma are unknown.

In previous work, we identified a set of 244 genes, including the
T2-associated cytokine genes IL9 and IL13, the levels of expres-
sion of which were elevated in allergen-stimulated PBMCs in a
group of predominantly African-American children aged 2 years
who went on to develop multiple aeroallergen sensitizations and
asthma by the age of 7 years.2 Here we have extended that anal-
ysis by repeating RNA sequencing of the PBMC samples
collected longitudinally from chidren at the ages of 2, 5, and 7
years.We utilized the Urban Environment and ChildhoodAsthma
(URECA) birth cohort at high risk of asthma.3 From the 560 new-
borns enrolled into URECA, we used a nested case-control design
to study 60 children who had available longitudinal RNA samples
from cockroach (CR) allergen–stimulated PBMCs collected
when they were aged 2, 5, and 7 years and who also had clinical
outcome data through 7 years of age. Development of asthma at
age 7 years was defined on the basis of a prespecified algorithm
that included a doctor’s diagnosis, lung function criteria, or symp-
tom criteria; sensitization was based on skin testing and serum
IgE level testing (for the full details of group classification, see
the Methods section of this article’s Online Repository at www.
jacionline.org). Specifically, we compared 14 individuals who
developed both asthma and sensitization to multiple aeroaller-
gens, including CR (the asthma and sensitization group), with
15 clinically matched individuals who developed asthma without
any aeroallergen sensitizations (the asthma-only group), 15 clin-
ically matched individuals who developed CR sensitization
without asthma (the sensitization-only group), and 16 clinically
matched individuals who did not develop aeroallergen sensitiza-
tions or asthma (the neither group) (Table I). We utilized sparse
partial least squares discriminant analysis (PLS-DA) as an explor-
atory tool to determine which of 15,872 longitudinally measured
genes provided the most robust classification of clinical outcome.
This supervised analysis method is a powerful feature selector and
classifier that captures the variability of both explanatory and
dependent variables while reducing the relationships to a minimal
set of genes that differentiate the outcomes (see the Methods of
the Online Repository).
At each year of study (ages 2, 5, and 7) and averaged across all
years, the first explanatory variables of the model specifically
differentiated the group of individuals with both asthma and
sensitization from the other 3 groups (Fig 1, A). A total of 52
genes contributed to the sparse PLS-DAmodels in uniquely sepa-
rating the group with both asthma and sensitization from the other
3 groups either at a single time point and/or averaged across the 3
time points of study (see Table E1 in this article’s Online Repos-
itory at www.jacionline.org). Specifically, 3 genes, IL9, IL13, and
IL31, showed significant contribution to differentiating the group
with both asthma and sensitization from the other 3 groups at mul-
tiple time points, and the levels of these genes were all elevated in
the group with both asthma and sensitization at each time point
(Fig 1, B). The other 49 genes contributed to a single sparse
PLS-DA model either at 1 time point or when averaged across
the 3 time points of study, although they all also show similar
trends across the 3 time points (see Table E1). These genes
include multiple other cytokines/cytokine receptor genes,
including LTA, TGFBR2, CSF2, FASLG, CCL25, CSF2RB,
IL12RB2, IL15RA, and IL17RB (KEGG_Pathway, Cytokine-
cytokine receptor interaction; false discovery rate [FDR] 5
4.9E–6), and also show enrichment for genes signaling through
JAK-STAT pathways (KEGG_Pathway, JAK-STAT signaling
pathway, FDR 5 1.9E–3), as well as multiple other established
immune response genes, including GZMB, PRF1, CASP3,
ENPP1, EOMES, GATA1, and SOCS1, (GO_BP, Immune system
process, FDR 5 8.7E–7).

Our results demonstrate throughout childhood a persistent
elevation of the expression of specific systemic T2 cytokines and
other immune response genes in PBMCs in response to CR
allergen stimulation as a prominent feature of the development of
allergic sensitization with asthma in a high-risk urban population.
We showed that this response is established by 2 years of age
and persists through ages 5 and 7 years, during the period of
development of multiple aeroallergen sensitizations and clinical
asthma. These results demonstrate elevated expression of IL9,
IL13, and IL31 as independent features that together are associ-
ated with the development of asthma with sensitization by age
7 years.

IL-13 is an archetypal T2 cytokine that has already been well
established as a contributor to asthma pathogenesis and is
involved in bronchial hyperresponsiveness, goblet cell differen-
tiation, and IgE production.4 It represents an attractive therapeutic
target in established disease,5 and our data add weight to the pos-
sibility of considering it as an early-life target for prevention or
modification of disease onset. IL-9, which is also produced by
TH2 cells as well as by several other types of lymphocytes, can in-
fluence multiple aspects of T2 inflammation in relation to asthma
and is perhaps best established in promoting mast cell develop-
ment.6 IL-31 plays a well-established role in atopic dermatitis7

and has also now been linked to persistent asthma.8 Notably, all
3 of these cytokines are induced by IL-4, and they all also signal
through JAK-STAT transduction pathways, suggesting that
persistent signaling through the IL-4 receptor may be driving
our finding. We previously reported that allergen-induced IL-4
secretion from stimulated PBMCs was related to early onset of
allergic sensitization in URECA.9 The current analysis extends
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TABLE I. Participant characteristics

Characteristic

Asthma and

sensitization Asthma only Sensitization only Neither

P value*n 5 14 n 5 15 n 5 15 n 5 16

Site, no. (%) .714

Baltimore 5 (35.7%) 3 (20.0%) 2 (13.3%) 6 (37.5%)

Boston 3 (21.4%) 6 (40.0%) 4 (26.7%) 6 (37.5%)

New York 3 (21.4%) 3 (20.0%) 3 (20.0%) 2 (12.5%)

St Louis 3 (21.4%) 3 (20.0%) 6 (40.0%) 2 (12.5%)

Mother had asthma, no. (%) 6 (42.9%) 10 (66.7%) 8 (53.3%) 8 (50.0%) .624

Race of child, no. (%) .572

Black 12 (85.7%) 10 (66.7%) 13 (86.7%) 13 (81.2%)

Mixed/other 1 (7.14%) 1 (6.67%) 0 (0.00%) 2 (12.5%)

White 1 (7.14%) 4 (26.7%) 2 (13.3%) 1 (6.25%)

Sex, no. (%) .735

Female 3 (21.4%) 4 (26.7%) 3 (20.0%) 6 (37.5%)

Male 11 (78.6%) 11 (73.3%) 12 (80.0%) 10 (62.5%)

Cesarean section, no. (%) 5 (35.7%) 5 (33.3%) 5 (33.3%) 2 (12.5%) .405

Season of birth, no. (%) .802

April-June 1 (7.14%) 5 (33.3%) 2 (13.3%) 4 (25.0%)

January-March 2 (14.3%) 3 (20.0%) 4 (26.7%) 3 (18.8%)

July-September 5 (35.7%) 4 (26.7%) 6 (40.0%) 5 (31.2%)

October-December 6 (42.9%) 3 (20.0%) 3 (20.0%) 4 (25.0%)

Mother’s age at birth (y), mean 6 SD 24.8 6 4.68 24.5 6 7.72 24.1 6 5.84 23.8 6 6.05 .97

Ever breast-fed, no. (%) 2 (14.3%) 2 (13.3%) 4 (26.7%) 2 (12.5%) .768

Sum of colds in year 2, mean 6 SD 4.50 6 4.31 6.40 6 3.31 4.27 6 2.66 4.81 6 2.56 .281

CR bedroom allergen in year 2, median [IQR] –0.17 [–1.63 to 2.03] –1.63 [–1.63 to 2.21] –1.63 [–1.63 to 2.74] –1.63 [–1.63 to 1.24] .787

Age of CR sensitization (y), mean 6 SD 3.0 6 2.04 4.7 6 1.94 N/A N/A .027

Eczema reported at any time (in years 1-7), no. (%) 12 (85.7%) 12 (80.0%) 10 (66.7%) 5 (31.2%) .009

IQR, Interquartile range [25th percentile; 75th percentile]; NA, not available.

*P values were calculated with chi-square tests for categoric variables and Kruskal-Wallis tests for continuous variables.
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these findings to link expression of IL-4–related genes beginning
in early childhood to persistent allergic asthma.

These 3 cytokines are likely related to the development of
allergic asthma and other allergic diseases as part of a broader
immune response that includes several other T2 cytokines, their
receptors, and their effects on clinically relevant organs, such as
the glandular apparatus, sensory nerves, and airway smooth
muscle. Although this observational study cannot distinguish
causality, it seems likely that early-onset, strong, and sustained
multicytokine T2 responses could promote sensitization and
influence airway physiology to promote asthma. These patterns
of gene expression could be useful as indicators that could be used
early in life to stratify risk of development of allergic asthma in
minority children—a hypothesis that needs validation in other
studies and in other populations. They may also suggest
pathways, in particular, IL-4 receptor signaling (or possibly
JAK-STAT signaling), that could be directly modulated in an
effort to prevent or modify disease development in high-risk
individuals in the first years of life.

We are grateful to the entire URECA collaboration, which consists of the

following institutions and investigators (principal investigators are indicated

by asterisks): Johns Hopkins University School of Medicine, Baltimore,

Maryland (R. Wood,* S. Leimenstoll, and R. Spellman); Boston University

School of Medicine, Boston, Massachusetts (G. O’Connor,* M. Sandel, R.

Cohen, L. Gagalis, E. Gjerasi, and N. Gonzalez; Columbia UniversityMedical

Center, New York, New York (M. Kattan,* E. Arteago-Solis, A. Bello, Y.

Fernandez-Pau, C. Lamm, S. Lovinsky-Desir, D. Perlaza, L. Peters, M. Pierce,

C. Sanabia, S. Tsang, A. Valones, N. Whitney, and P. Yaniv); Washington

University School of Medicine and St Louis Children’s Hospital, St Louis,
Missouri (L. Bacharier,* A. Beigelman, G. Bloomberg, E. Tesson, and A.

Freie); National Institute of Allergy and Infectious Diseases, Bethesda,

Maryland (P. Gergen, A. Togias, E. Smartt, and C. Czarniecki); University

of Wisconsin School of Medicine and Public Health, Madison, Wisconsin (J.

Gern,W. Busse,* D. Jackson, C. Sorkness, S. Doyle, R. Burton, P. Heinritz, K.

Spring, A. Dresen, and S. Ramratnam); and Rho, Inc, Durham, North Carolina

(S. Arbes,* C. Visness,* A. Calatroni, K. Jaffee, M. Yaeger, and H. Mitchell).

We are grateful to all the families who have participated in the URECA study.
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FIG 1. Supervised analysis and feature selection with sparse PLS-DA using the geometric mean gene

expression in children at the ages 2, 5, and 7 years. A, Sparse PLS-DA sample plot of the first 2 components

with 95% CI ellipse plots to highlight the strength of the discrimination between phenotype groups. Each

plotted symbol represents a child classified by his or her 7-year phenotype, and each phenotype is repre-

senting by a distinct colored symbol. The 15 genes selected on the first sparse PLS-DA component all

had positive weight in the linear combination andwere highly expressed in the phenotype with both asthma

and sensitization. B, Boxplots of normalized gene expression counts at years 2, 5, and 7 by year 7 phenotype

for IL9, IL13, and IL31.
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METHODS

URECA population
URECA is a birth cohort study initiated in 2005 in inner-city Baltimore,

Boston, NewYork City, and St Louis; the details of the study design have been

described elsewhere.E1 In brief, pregnant women aged 18 or older were re-

cruited with selection criteria that included a history of asthma, allergic

rhinitis, or eczema in the mother or father. Between February 2005 andMarch

2007, 1850 families were screened; 776 met eligibility criteria, and 560 new-

borns were enrolled at birth. Informed consent was obtained from the parent or

legal guardian of each infant. Levels of allergen-specific IgE (ImmunoCAP,

Phadia, Uppsala, Sweden) for milk, egg, peanut, and German CR were

measured yearly until the children had reached the age of 7 years. Levels of

specific IgE for dust mites (Dermatophagoides farinae and Dermatopha-

goides pteronyssinus), dog, cat, mouse, andAlternariawere added for children

aged 2 to 7 years. The lower limit of detection for the specific IgEs was 0.10

kU/L, and we manually set all values that were below this to 0.09 kU/L. Prick

skin testing for 14 common aeroallergens was performed when the children

were 3, 5, and 7 years of age. Allergen sensitization was defined as either a

wheal 3 mm in diameter or larger than the saline control on prick skin testing

or a specific IgE level of at least 0.35 kU/L. Asthma at age 7 was defined by

using a prespecified algorithm that included parent-reported asthma diagnosis

by a physician, asthma symptoms, health care use for asthma, use of asthma

medications in the previous year, spirometry with reversibility, and bronchial

hyperresponsiveness assessed by methacholine inhalation challenge.E2

For this nested case-control study, URECA participants who met the

following inclusion criteria were selected for analysis. For the asthma and CR-

sensitized group (n5 14), children had to be URECA participants with (1) at

least 2 aeroallergen sensitizations at age 3, 5, and/or 7, including sensitization

to CR at each age; (2) a diagnosis of asthma at age 7; and (3) PBMC RNA

samples collected at ages 2, 5, and 7. For the asthma-only group (n 5 15),

children had to be URECA participants with (1) no aeroallergen sensitization

through age 7 years; (2) a diagnosis of asthma at age 7 years; and (3) PBMC

RNA samples collected when they were 2, 5, and 7 years old. For the CR-

sensitized group (n5 15), children had to be URECA participants with (1) at

least 2 aeroallergen sensitizations at age 3, 5, and/or 7 years, including

sensitization to CR at each age; (2) no asthma at age 7 years; and (3) PBMC

RNA samples collected when they were 2, 5, and 7 years old. For the neither

group (n 5 16), children had to be URECA participants with (1) no

aeroallergen sensitization through age 7 years; (2) no asthma at age 7 years;

and (3) PBMC RNA samples collected when they were 2, 5, and 7 years old.

The latter 3 groups were selected to match to the asthma and CR-sensitized

group on at least a bivariate level according to the following variables: sex,

race, URECA site, and birth season. There were no differences in the 3

components of the asthma diagnosis between the asthma and CR-sensitized

group and the asthma-only group.

PBMC processing and stimulation studies
Peripheral blood samples were collected when the children were 2, 5, and 7

years old and processed as previously described.E1 In short, at each URECA

research center, within 16 hours of blood collection, 1.0 3 106 mononuclear

cells were separated and incubated (for 48 hours at 378C in 5% CO2) in the

presence of German CR extract (10 mg/mL) (Greer Laboratories, Lenoir,

NC). Following incubation, the cells were lysed by using TRIzol (Tri-Reagent

LS; Fisher Scientific, Waltham, Mass), and maintained at –808C pending

extraction of total cellular RNA.

RNA sequencing
RNAwas extracted from the TRIzol following themanufacturer’s protocol.

RNA quality was assessed by using RNA electrophoresis (Agilent, Santa

Clara, Calif). All samples had RNA integrity number values of 7 or higher.

Sequencing libraries were constructed from total RNA by using TruSeq RNA

Sample Preparation Kits v2 (Illumina, San Diego, Calif) and clustered onto a

flowcell by using a cBOTamplification systemwith a HiSeq SR v4 Cluster Kit

(Illumina). Single-read sequencing was carried out on a HiSeq2500 sequencer

(Illumina) by using aHiSeq SBS v4Kit to generate 58-base reads, with a target

of approximately 10 million reads per sample.

RNA sequencing data analysis
FASTQfiles were downloaded from thewebsite https://basespace.illumina.

com. Libraries were processed via GalaxyE3 and aligned via TopHat (version

1.4.1)E4 to the human reference genome, Ensembl’s Homo sapiens GRCh38,

version 77 (GRCh38.77.gtf). The single-paired flag was set to single, whereas

all other TopHat parameters were set to the default settings. HTSeq-countE5

was used to generate gene counts with the mode as intersection (nonempty)

and minimum alignment quality set to 0 and otherwise set to the default pa-

rameters, resulting in 60,705 genes. The data set was subsequently set to

include only the subset of protein-coding genes (N 5 21,794) and then

normalized via the median ratio normalization method in DeSeq2.E6 Finally,

only genes with at least 1 count in 10% of the libraries were included in the

analysis (N 5 15,872).

Statistical analysis
All analyses were carried out in the language R.E7 Descriptive statistics

were created to summarize relevant demographics of the cohort. Chi-square

tests were used for categoric variables, and Kruskal-Wallis tests were used

for continuous variables.

Our main aimwas to evaluate classified gene sets over time for a phenotype

based on asthma in children at 7 years of age. We utilized PLS-DA from the R

package mixOmics,E8 a supervised method that is known for capturing the

variability of both explanatory and dependent variables and reducing the rela-

tionship to a final optimized subset of genes that best differentiate the pheno-

type outcomes.E9 In this process we first assessed general performance of our

gene set by using a regular PLS-DA analysis to get a sense of the initial model

performance and input parameters for the subsequent sparse PLS-DAmodels.

We tuned the sparse PLS-DA models and used a 5-fold cross-validation

repeated 50 times for minimal stability and to thus ensure a robust model,

as suggested in the mixOmics package.E8 We assessed the optimal number

of components by looking at the classification error rates by component.

Because variability in error rates was not high between the first 3 components,

a decision was made to keep 3 components per analysis to assess the gene sets

that were most predictive of 7-year phenotype. We then evaluated the perfor-

mance of our models by again using 5-fold cross-validation repeated 50 times.

Finally, we looked at the top 15 genes selected for a given component, which

were quantitatively determined to show themost relative importance in a given

component and specific phenotype. We fit 4 separate sparse PLS-DA models

by using the 15,872 normalized gene set for the 60 subjects who had RNA

sequencing data at all 3 years. As we observed high variability in individual

gene expression between years 2, 5, and 7, we first created an aggregate

view of all time points by calculating the geometric mean by subject and

gene across all 3 time points, with use of the 7-year asthma phenotype vari-

ables as dependent outcome. Second, we fit a sparse PLS-DA model on the

15,872 normalized gene set for each year separately (ie, years 2, 5, and 7)

for the 60 subjects who had a measurement at all 3 years.
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