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Abstract European American (EA) (n=1,308) and, for the first time, in
African American (AA) (n=620) children.

Rationale: Birth cohort studies have identified several temporal

patterns of wheezing, only some of which are associated with asthma.

Whether 17q12-21 genetic variants, which are closely associated with

asthma, are also associated with childhood wheezing phenotypes

remains poorly explored.

Measurements and Main Results: The LCA best supported
four latent classes of wheeze: infrequent, transient, late-onset, and
persistent. Odds of belonging to any of the three wheezing classes
(vs. infrequent) increased with the risk alleles for multiple SNPs in
EA children. Only one SNP, rs2305480, showed increased odds
Objectives: To determine whether wheezing phenotypes, definedby  of belonging to any wheezing class in both AA and EA children.
latent class analysis (LCA), are associated with nine 17q12-21 SNPs

and if so, whether these relationships differ by race/ancestry. Conclusions: These results indicate that 17q12-21 is a “wheezing

locus,” and this association may reflect an early life susceptibility to
Methods: Data from seven U.S. birth cohorts (1 = 3,786) from respiratory viruses common to all wheezing children. Which children
the CREW (Children’s Respiratory Research and Environment will have their symptoms remit or reoccur during childhood may be
Workgroup) were harmonized to represent whether subjects independent of the influence of rs2305480.

wheezed in each year of life from birth until age 11 years. LCA was
then performed to identify wheeze phenotypes. Genetic associations ~Keywords: latent class analysis; genetics; 17q12-21; wheeze;
between SNPs and wheeze phenotypes were assessed separately in asthma
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At a Glance Commentary

Scientific Knowledge on the
Subject: Previous studies of
childhood wheezing have identified
multiple temporal wheeze
phenotypes. Although multiple
studies have found associations
between 17q12-21 SNPs and
childhood asthma, associations
with different wheeze patterns are
understudied.

What This Study Adds to the Field:
In this study, we first derive wheeze
phenotypes using latent class analysis
and then test for associations with
17q12-21 SNPs. We find associations
between 17q SNPs and all three
wheezing phenotypes. By leveraging
the difference in linkage disequilibrium
between European American and
African American children, we identify
the GSDMB SNP rs2305480 as the

likely driver of these associations.

Asthma and asthma-like symptoms are a
frequent cause of morbidity and healthcare
costs during childhood (1). The most
common clinical expression of the disease in
early life is episodic wheezing, usually as a
consequence of viral respiratory illnesses.
However, wheezing patterns are highly
heterogeneous, and although many children
wheeze during the first few years of life,

in the majority, these symptoms will remit.
Furthermore, a subset of children may not
wheeze in the first few years of life but start
wheezing or develop asthma later. Recently,
a number of studies have used latent class
analysis (LCA) to derive data-driven wheeze
phenotypes from longitudinally collected
wheeze data with comparable results (2-4).
Identifying the origins of these patterns may
provide insight into asthma pathogenesis as
well as provide an opportunity to identify
early on those children in greatest need of
intervention.

Genome-wide association studies
performed over the last decade have found a
number of associations between SNPs and
childhood onset asthma, with the most
significant and widely replicated locus
being on chromosome 17q12-21 (5). Only
one study (6), however, has examined
associations between LCA-derived
wheezing phenotypes and 17q12-21 SNPs.
Furthermore, most genetic studies have
included predominantly participants of
European ancestry, in which linkage
disequilibrium (LD) at this locus extends
for over 200 Kb, hampering efforts to
identify the specific variants responsible
for the strong asthma associations in this
region.

A multiancestry study suggested that
this locus may harbor several independent
asthma-related variants (7), but whether
these putative loci underlie different
clinical expressions of the disease remains
undetermined. Ober and colleagues (8)
recently leveraged the breakdown in LD
in African American (AA) children to fine-
map the region by looking at associations
between childhood onset asthma (before
age 6) and 17q12-21 SNPs in both AA
and European American (EA) children.
However, no study has yet assessed
associations between 17q12-21 SNPs
and wheezing phenotypes in AA children.

The CREW (Children’s Respiratory
Research and Environment Workgroup)
(9) is a consortium of birth cohort
investigative teams previously funded to
study asthma and allergy that are now part
of the NIH’s Environmental Influences on
Child Health Outcomes initiative. This
consortium offered a unique opportunity
to characterize wheezing phenotypes
and determine associations between
longitudinal wheeze patterns and
chromosome 17q12-21 SNPs in both
AA and EA children. Here, we focus
on wheezing patterns in early life and
childhood. Using data from seven CREW
cohorts, we first harmonized the outcome
of reported wheeze in 3,786 children from
birth to age 11. After using LCA to derive

wheeze phenotypes, we determined
associations between the phenotypes and
nine SNPs spanning the 17q12-21 locus,
which were chosen based on associations
with childhood asthma in earlier studies.
We hypothesized that some patterns of
wheezing, such as a persistent wheeze, in
the first decade of life would be associated
with genetic variants on chromosome
17q12-21 and that the breakdown of LD in
the AA children would allow us to better
distinguish the key SNPs.

Methods

Data Harmonization

Data from seven CREW birth cohorts were
included in this analysis. Information on
each cohort is provided in Table E1 in the
online supplement. The CREW cohorts
collected information from their study
participants using various questions
administered at different ages. Therefore,
it was necessary to harmonize the data
across study participants in the cohorts.
This process required addressing different
lengths of follow up as well as systematic
missingness owing to study protocols in
which participants were not contacted

at specific ages. More detail on the
harmonization process is provided in the
supplemental MeTHODS. For wheeze, all
cohorts regularly asked questions about
whether the subject wheezed over some
period of time (e.g., the last 12 mo).
Using those responses, we created binary
variables indicating whether a subject
wheezed in each year from birth until age
11. Study participants with fewer than three
responses to wheeze questions through age
11 were excluded from the main analysis.
Harmonized variables were also created for
race/ancestry, exposure to a dog or cat in
the first year of life, and exposure to smoke
during the prenatal period. An asthma
variable was harmonized from parental
reports of doctor-diagnosed asthma up to
age 11. Total IgE values, available for 2,010
subjects from six of the seven cohorts, were
also harmonized.
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Genotyping and Genotype Quality
Control

Nine SNPs, rs2941504, rs2517955,
rs12936231, rs2305840, rs7216389,
rs4065275, rs8076131, rs8069202, and
rs3859192, were selected from the 17q12-21
locus based on previously reported
associations and LD patterns. The
supplemental MerHODS and Table E2
provide additional information on specific
SNPs used in this study. DNA (500 ng at
concentrations of 5 ng/ul) was shipped
from the coordinating center of each of the
cohorts to the University of Chicago for
genotyping using TagMan assays (Applied
Biosystems) and standard quality control
checks. Call rates were >95% for all SNPs.

Statistical Analyses

For each subject with at least three wheeze
data points (n =3,786), we constructed a
wheeze “pattern” based on the binary
variables indicating whether or not the
child wheezed in each year. We then
performed an LCA on those data using
the poLCA R package (10) to

derive longitudinal “wheeze phenotypes”
represented by the different latent classes.
Because of substantial uncertainty in latent
class membership (discussed further in the
supplemental MeTHODs and Resurts), we did
not classify subjects to their highest posterior
probability class but instead employed a
novel compositional data analysis approach
(11, 12) using the full vectors of posterior
probabilities, allowing us to include class
uncertainty in the analysis. To assess the
robustness of the LCA results, we repeated
the LCA multiple times with various subsets,
including running the LCA separately for
AA and EA children. See the supplemental
MEtHODs for more detail.

We tested for associations between
latent class membership and our nine a
priori selected SNPs using a compositional
data analysis multiple regression
framework. An additive genotype model
was assumed for each SNP. Additional
details of the analyses and a discussion of
multiple comparisons are available in the
supplemental METHODS.

Results

Characteristics of the Study
Population

A total of n=3,786 children had at least
three harmonized wheeze data points and
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were included in the wheezing LCA. Basic
demographic information for the seven
cohorts is presented in Table 1; additional
information on the distribution of wheeze
data by cohort and missing values are
presented in Figures E1 and E2 and Table
E5. Genotypic data were available for 72%
of participants. Only two racial/ancestry
groups had sufficient sample sizes for
genetic association studies: AA (n=620)
and EA (n=1,308). No siblings were
included in the genetic association studies.

Wheezing Patterns
Overall, 52% of children wheezed at least
once in the first 3 years of life, and 62%
wheezed in the first decade of life. Using the
Bayesian information criterion (BIC), we
identified four latent classes that differ in the
probability of wheezing during each year of
life (Figure 1), labeled as infrequent,
transient, late-onset, and persistent wheeze.
Similar patterns have been identified for
several of the seven cohorts (13-16). Despite
substantial missing data because of cohort
heterogeneity, repeated analyses with
differing amounts of missing data
consistently identified four classes with very
similar structure, with the exception of the
LCA of complete cases (n=601), which had
a lower BIC for three classes. Separate
analyses of EA and AA children also found
four classes with a similar structure.
Excluding cohorts, one at a time and
rerunning the analysis resulted in classes
similar to those defined for the larger group.
For all relevant analyses, we chose the
infrequent class as the reference category.
Classifying subjects to their highest
posterior probability class, we found 62%
were classified as infrequent, 17% as
transient, 10% as late-onset, and 11% as
persistent. However, many individuals were
not classified with a high probability to any
single class, and one-third of subjects had a
maximum posterior probability less than 0.80
(Figure E3), indicating that many observed
wheeze patterns were compatible with
multiple classes. Subjects with more missing
data tended to have lower maximum
posterior probabilities (Figure E4), but some
subjects with complete or nearly complete
data also had low maximum posterior
probabilities, indicating an ambiguous
wheeze trajectory. For example, a subject who
wheezed only in Years 2 and 6 might be
assigned a 0.6 probability of being from the
infrequent class and a 0.4 probability of being
from the transient class, indicating that the

wheeze pattern identified is compatible with
both classes. To incorporate that class
membership uncertainty into the genetic
association analysis, we did not classify
individuals to their highest probability class
but instead used the vector of four latent class
membership posterior probabilities directly
in the statistical models.

As expected, the odds of latent class
membership were associated with sex,
race/ancestry, smoke exposure, and total
IgE. Details of those results are presented in
the online supplement. Compared with EA
children, AA children had a greater
probability of being assigned to the
persistent class (16% vs. 10%; P=0.0001)
but did not differ significantly from EA in
assignment to the other wheeze classes
(18% vs. 18%, P =0.33 for transient; 13% vs.
10%, P=0.11 for late-onset).

Relationship of 17q12-21 Genotypes
to Wheezing Phenotypes

Most 17q SNPs were associated with higher
odds ratios (ORs) for all three wheezing
phenotypes in subjects of both African and
European ancestry (Figure 2 and Table E6).
In general, for each SNP, the ORs were
greatest for persistent wheeze and lowest
for transient wheeze, but for some SNPs
(e.g., rs7216389), the ORs for transient
wheeze exceeded late-onset wheeze.

For the EAs, the odds of being in any of
the wheezing classes was higher for all SNPs
except rs3859192, although in some cases,
the confidence intervals included one
(i.e., equal odds) for either the late-onset or
transient classes. The pattern was starkly
different for the AAs, in whom many SNPs
did not show associations with any
wheezing phenotype. For both AA and EA,
however, the strongest signals were with the
same two SNPs, rs2517955 in PGAP3 and
rs2305480 in GSDMB, which had the
largest ORs for all three latent class
comparisons. These SNPs are in stronger
LD (Figure 3) in African Americans
(*=0.40) than in Europeans (r*=0.30).
The point estimates for the ORs for these
two SNPs were larger for AA than EA,
despite the confidence intervals crossing 1.0
in AA, likely because of the smaller sample
size of AA subjects. Two other SNPs,
rs7216389 and rs8076131, showed
inconsistent signals across the classes
in AA subjects.

Table E6 also shows the results of two
adjustments for multiple testing, including
the conservative Bonferroni method and
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Table 1. Cohort Demographics

Latent Class Analysis Genotype Analysis
n % n %
Total subjects 3,786 — 1,928 —
Sex
F 1,865 49 917 48
M 1,921 51 1,011 52
Race/ancestry
African American 772 20 620 32
European American 1,962 52 1,308 68
Mexican American 288 8 — —
Puerto Rican/Dominican 450 12 — —
Other 314 8 — —
Prenatal ETS exposure
None 3,323 91 1,725 89
1-10 cigarettes/d 237 7 156 8
>10 cigarettes/d 78 2 47 2
Infant dog exposure 950 26 588 30
Infant cat exposure 659 18 448 23

Definition of abbreviation: ETS = environmental tobacco smoke.

The latent class analysis (left) used all subjects with at least three wheeze data points, whereas the
genotype association analyses focused on African American and European American children
because of small sample sizes in other groups. Some respondents did not have data for whether the
mother smoked during pregnancy (prenatal ETS exposure).

one based on the effective number of SNPs
(see supplemental MEeTHODS). Using the
latter, multiple SNPs remained significant
for EA children for persistent (vs.
infrequent), and two SNPs, rs7216389 and
rs8076131, remained significant for all three
classes (vs. infrequent). Our lead SNP
rs2305480 remained significant for the
persistent and late-onset classes, whereas
AA children were still significant for late-
onset.

1.00
0.75
0.50 A

0.25 A

Probability of wheeze

0.00 -

Wheezing and Asthma

To assess the proportion of subjects with
asthma by wheezing group, we classified
individuals to their highest probability class.
We found substantial variability in the
proportion of asthma by class, with 12%,
43%, 60%, and 85% of subjects in the
infrequent, transient, late-onset, and
persistent wheeze classes, respectively,
having a parental report of an asthma
diagnosis by a physician by age 11

Latent Class

—e— Persistent
Late onset

—e— Transient
Infrequent

Y1 Y2

Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Yi
Year

Figure 1. Results of the latent class analysis of wheeze data from CREW (Children’s Respiratory
Research and Environment Workgroup) children (n =3,786). The latent class analysis was performed
on binary strings representing whether a child wheezed in each year of life from birth to age 11 years.
Four classes were chosen using the Bayesian information criterion. The probability of wheezing

in each year of life is shown for each class using the following colors: red = persistent,

yellow =late onset, green =transient, and blue =infrequent.
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(Figure 4). Restricting the analysis to
individuals with a maximum posterior
probability >0.9 (n=1,914), specifically
those individuals with unambiguous
wheeze classifications, the proportions with
asthma were 15%, 50%, 85%, and 97% for
the four classes, respectively. To better
understand how so many infrequent and
transient wheezers could also have an
asthma diagnosis, we looked at the
distribution of the age of asthma diagnosis
as reported by the parents. This revealed
that a large number of subjects acquired
their asthma diagnosis at very young ages
(58% by age 3).

Discussion

By applying LCA to wheezing data from
children in seven CREW birth cohorts from
across the United States, we confirmed
heterogeneity in the temporal expression of
wheezing during childhood and identified
four wheezing phenotypes, which we
labeled infrequent, transient, late-onset,
and persistent. These phenotypes are
qualitatively similar to the temporal patterns
of wheezing reported from analyses of
wheeze data from other birth cohorts and
have been widely replicated in multiple
studies in the past two decades since they
were originally described (13, 16-21). Some
recent latent class analyses using larger
birth cohorts from the United Kingdom
and the Netherlands (3, 4) have reported
five or six wheezing classes, which also
included infrequent and persistent classes,
together with one or two transient classes
(early and late) and one or two late-onset
classes (intermediate and late). Given that
the number of latent classes chosen using
BIC will typically grow with the sample size
(13), those studies appear to represent
additional refinements of the four main
classes rather than major phenotypic
differences.

In contrast to our hypothesis that
associations with 17q12-21 SNPs would
vary by wheezing phenotype, we found
associations between multiple SNPs and all
three wheezing classes relative to infrequent
wheezers. This was most apparent in EA
children, for whom the associations exist
across the 17q12-21 region, owing to the
extended LD. However, there were two
strong genetic association signals in both
EA and AA subjects: one with rs2517955,
in an intron of PGAP and the promoter
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rs2941504 —— —— ——
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Figure 2. Associations between wheezing phenotypes and SNPs in the 17g12-21 region for European American (EA) (n=1,308) and African American
(AA) (n=620) children. The panels show the estimated odds ratios on a log scale for being in the three latent wheezing classes (persistent, late onset, or
transient) versus the infrequent class by SNP, separately for EA (top, blue) and AA (bottom, orange). Here, an odds ratio greater than one indicates that
having the risk allele (see Table E2) was associated with higher odds of belonging to the latent wheezing class relative to the infrequent class. The bars
illustrate the 95% confidence intervals. A small arrow at the end of a confidence interval indicates that the interval continues to the right but was cut off for

visualization.

of ERBB2, and one with rs2305480 in
GSDMB, the gene encoding gasdermin-B.
This latter SNP is of particular interest, as it
was also the lead SNP to emerge in a recent
study by Ober and colleagues (8) looking at
genetic associations with childhood onset
asthma in both EA and AA children. In
addition to the strong association signal,
they also found rs2305430 to be the most
significant expression quantitative trait
locus for GSDMB expression in upper
airway epithelial cells. Although the exact
function of gasdermin-B is still being
determined, it plays a key role in pyroptosis
in response to intracellular pathogens
(22-24). One potential common risk factor
for the three non-infrequent wheezing
phenotypes is susceptibility to viral
respiratory infections, especially those
owing to rhinovirus, which is the most
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frequent cause of lower respiratory illness
after age 1 year (25-28). Our results suggest
that such susceptibility may be common to
all forms of wheezing in early life.

This is also the first study of LCA
wheezing phenotypes and genetic
associations in AA children. We chose the
included SNPs because they were associated
with asthma or gene expression in previous
studies (26-28). We suggested that they
would also show associations with
wheezing phenotypes in EA children—a
result we confirmed. We then leveraged the
different LD structures between EA and AA
children to disentangle the effects of the
SNPs and better pinpoint those “driving”
the associations. As expected, the marked
LD observed in children of European
ancestry was greatly reduced in AA
children (Figure 3), allowing us to rule out

several candidate SNPs within the 17q12-21
region, including 1s2941504, rs12936231,
rs4065275, rs8069202, and rs3859192, that
did not show associations with wheezing in
the AAs. Although some of the confidence
intervals for the lead SNP, rs2305480,
included one in AA children, the AA sample
size is smaller than the EA sample. These
results mirror the findings of Ober and
colleagues (8), who used the same
transethnic strategy of using the differences
in LD to fine-map associations between
17q12-21 SNPs and childhood asthma.
Here, we report for the first time that the
same SNP, rs2305480, is associated with all
early life wheezing phenotypes, adding
confidence to our results and providing
clues to the mechanistic pathways through
which 17q12-21 SNPs lead to asthma in
childhood.
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Figure 3. Patterns of linkage disequilibrium for the nine SNPs in both European American (left) and African American children (right). The 2 values for pairs
of SNPs are shown within the diamond shapes for all values <1.0.

Our conclusions differ from those of
Granell and colleagues (6), who looked at
associations between 17q SNPs and
wheezing latent classes in the United
Kingdom-based ALSPAC (Avon
Longitudinal Study of Parents and
Children) cohort, the only other study to
look at such genetic associations. After
identifying six wheezing classes in over
7,000 European ancestry children followed
from birth to 81 months, they concluded
that SNPs at this locus were only associated
with the intermediate-onset and Persistent
classes (i.e., a higher risk ratio for being in
those classes vs. the infrequent class).
However, a close examination of their
results (Table 2 in Granell and colleagues)
suggests our findings are largely
compatible. In particular, for both their
lead SNP, rs8076131, and our lead SNP,
152305480, they report relative risk ratios
significantly greater than one for all five of
their wheeze latent classes (vs. infrequent)
except the “transient-early” class, whose
confidence intervals included one.

Our data suggest that, despite the fact
that the wheeze phenotypes have different
natural histories and are known to be
associated with different risk factors and
long-term clinical and spirometric
outcomes during childhood (16), they share
common genetic predispositions. Thus,
this locus may more appropriately be
considered a “wheezing locus” than an
“asthma locus.” Because previous studies of
the relation of variants in 17q12-21 to
asthma likely included children as controls

who wheezed in early life but lack a
physician diagnosis of asthma, they may
have underestimated the effect of this locus
on asthma risk. Unexpectedly, we found
that 50% of transient wheezers had a
parental report of an asthma diagnosis by a
physician. This result suggests that a
substantial proportion of young children
who are diagnosed as having asthma may in
fact have a transient condition that will not
last beyond the preschool years.
Limitations of this study are those
that would be expected when multiple
cohorts are pooled for analyses. For
example, the seven cohorts ascertained
wheeze and covariates differently. The data
harmonization procedure was an iterative
process that accommodated data that used

1.0

different questions at varying child ages.
Furthermore, some data were not collected
by some cohorts and thus could not be
harmonized. For example, not all cohorts
had information on respiratory viruses or
used the same panels of allergen-specific
IgEs. The asthma variable used in this study
was also limited, as more objective measures
such as airway hyperresponsiveness were
not available for these children.

However, this study has numerous
strengths, including being the first to
look at genetic associations with wheezing
phenotypes in AA children. The population,
which consists of cohorts enrolled across the
United States over almost three decades, also
represents a range of exposures and risk
profiles. There was remarkable consistency

0.8

0.6

0.4 1

0.2 1

Infrequent

0.0 -

Transient

Late onset Persistent

Figure 4. The proportion of latent class analysis subjects with doctor-diagnosed asthma by age

11 in each latent class. Subjects were classified to their highest probability latent class and were
considered to have asthma if they had a parental report of an asthma diagnosis by a physician. Dark
gray indicates positive for asthma by age 11; light gray indicates no asthma by age 11.
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in the wheeze patterns detected with
previously published studies. Sensitivity
analyses confirmed that the classes
identified were not driven by a single cohort
but were largely consistent across cohorts.
Furthermore, the inclusion of a large
number of AA subjects, who have different
LD patterns than EAs, allowed us to exclude
previous candidate variants and better

determine which variants are truly
associated with wheeze.
In summary, we confirmed and
expanded previous analyses identifying
common patterns of wheeze in childhood.
Furthermore, we report associations for
one 17q12-21 SNP (rs2305480) that is
associated with all three wheezing
phenotypes in both AA and EA children.

These findings indicate that the complex
genotype—phenotype interactions that
underlie the strong childhood onset
asthma signal at the 17q12-21 locus are
functionally related to the pathophysiology
of wheezing.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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