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Abstract of Thesis
Overcoming Heterogeneity in Pediatric Asthma: Environmental Exposures and
Asthma Characteristics within Phenotypic Clusters

Asthma in children and adolescents is a heterogeneous syndrome comprised of
multiple poorly-defined subgroups with variable disease expression and
response to environmental exposures (e.g. environmental tobacco smoke [ETS],
vitamin D, allergens). ETS exposure induces a respiratory epithelial response
that is mediated in part by oxidative stress. Although the mechanism behind this
epithelial response is not completely understood, asthmatic respiratory
epithelium appears to be more susceptible. Vitamin D has been shown to be
positively associated with pulmonary function. Additionally, there is an emerging
consensus that vitamin D deficiency increases risk of acute respiratory tract
infections and might also increase the severity of chronic asthma. Environmental
allergens lead to airway inflammation associated with recruitment and activation
of eosinophils. In mice, allergen exposure induces platelet migration to the
airways that is necessary for eosinophil recruitment and activation. These
findings were extended into human asthma to provide initial evidence for a
positive association between platelet activation and eosinophil activationin

human airways.

In this thesis, the goal was to define homogeneous phenotypic clusters within a
cohort of children and adolescents with asthma in order to reduce heterogeneity

and thereby identify otherwise undetectable associations. A combined

Vi



hierarchical/lk-means cluster analysis of principal component variables was used
to define phenotypic clusters within a cohort of 6 to 20 year-old urban and largely
minority subjects. Among the 154 subjects, phenotypic cluster analysis defined
three independent clusters (Cluster 1 [n=57]; Cluster 2 [n=33]; Cluster 3 [n=58]).
A small fourth cluster (n=6) was excluded. Patients in Cluster 1 were
predominantly males with a relative abundance of neutrophils in their nasal
washes. Patients in Cluster 2 were predominantly females with high body mass
index percentiles and later-onset asthma. Patients in Cluster 3 had higher
eosinophil counts in their nasal washes and lower Asthma Control Test™ (ACT)

Scores.

Regression analysis was used to explore associations in the overall asthmatic
cohort and within each cluster between asthma characteristics and either ETS
exposure (i.e. quantitative urine cotinine), plasma 25-hydroxyvitamin D, or
markers of eosinophil and platelet activation (i.e. [eosinophil cationic protein]
ECP and p-selectin levels, respectively, in nasal washes). While no significant
associations were found in the overall cohort between quantitative urine cotinine
and asthma characteristics, several significant associations were revealed within
the more homogeneous clusters. Plasma 25-hydroxyvitamin D was significantly
associated with one allergic marker in the overall cohort, and that association
was found to be stronger within Cluster 3. ECP, in the overall cohort, was
significantly and negatively associated with two asthma characteristics and p-

selectin was associated with one of these. When looking within Cluster 3, these
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associations were stronger than what was found in the overall cohort and one
additional association that was not present in the overall cohort was found to be
significant within the cluster. Furthermore, significant associations were identified

between p-selectin and three asthma characteristics within Clusters 1 and 2.

This thesis extends the usefulness of cluster analysis to define more
homogeneous subgroups by allowing for the detection of otherwise undetectable
associations among ETS exposure, vitamin D, allergic inflammation, and asthma
characteristics. Together, these techniques provide a framework in which to

better understand complex disease expression patterns.
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INTRODUCTION

Etiology of Asthma

Asthma is a chronic disease of the lower respiratory tract characterized by
inflammation, hyperresponsiveness, and mucus obstructionin the airways (1-4).
It arises from interactions among genetic, environmental, and social factors.
Asthma in children and adolescents, in particular, is a heterogeneous syndrome
comprised of multiple phenotypic subgroups. These subgroups show variable
disease expression and variable responses to environmental exposures (e.g.
environmental tobacco smoke [ETS], vitamin D, allergens) (5, 6). Despite the
potential be nefits of better understanding the effects of these environmental
exposures on asthmatic phenotypic subgroups, the subgroups themselves

remain poorly characterized (7).

In this thesis, | will show that delineation of phenotypic subgroups within a
heterogeneous pediatric asthma cohort can be accomplished by a combined
hierarchical/lk-means cluster analysis of principal component variables. This
approach permits detection of otherwise undetectable associations between
asthma characteristics and either ETS exposure, vitamin D levels, or markers of

allergic inflammation.

ETS and Asthma Severity
ETS has been strongly associated with asthma diagnosis and morbidity (8-11).

Cigarette smoke targets the conducting airway and there is evidence that



exposure directly induces a disruption in pulmonary epithelium via reactive
oxygen species (12). Specifically, tobacco smoke contributes to overproduction
of respiratory mucins in the epithelium by increasing mucin transcription via
activation of the epidermal growth factor receptor (EGFR) (13). EGFRin turn
activates the mitogen-activated protein kinase (MAPK) cascades, which lead to
epithelial cell apoptosis, proliferation, and differentiation. Asthmatic epithelium
appears to be more sensitive to this oxidative injury from ETS than normal

bronchial epithelium (14).

Using a data integration and systems biology approach, our laboratory previously
analyzed publicly available microarray data associated with asthma, tobacco,
and oxidative stress (15). From that analysis, we proposed an 18-member
gene/protein network that may play a role in the airway epithelium response to
oxidative stress. This network predominately features tissue inhibitor of
metalloproteinases — 1 (TIMP-1), a 31-kD glycoprotein, and several matrix
metalloproteinases (MMP) (i.e. MMP-1, MMP-2, MMP-3, MMP-7, MMP-9). MMP-
9 is one of the most studied lung MMPs (16-18). In asthma, a low MMP-9/TIMP-1
ratio has been shown to correspond to a decreased forced expiratory volume in
one second (FEV1) (18, 19), promote subepithelial collagen deposition (16), and
drive extracellular remodeling in the lung (20, 21). In a follow-up study, we
showed that acute exposure of primary human bronchial epithelium to cigarette
smoke condensate in vitro increased basolateral TIMP-1 levels in both asthmatic

and normal epithelial secretions and decreased basolateral MMP-9 levels and



activity in asthmatic epithelial secretions (22). Taken together, these data support
current literature showing that asthmatic epithelium undergo injury as a result of

environmental challenges such as ETS.

Vitamin D and Asthma Severity

Vitamin D insufficiency is more common among African American (AA)
individuals (23, 24), especially those from urban environments (25) or with
obesity (26). One study of preadolescent AA childrenin the Pittsburgh area found
that 71% had insufficient 25-hydroxyvitamin D levels (<30 ng/mL) during the
winter and early spring, including almost 50% with deficient 25-hydroxyvitamin D
levels (<20 ng/mL) (23). There are multiple factors that contribute to this,
including dark skin (27), low vitamin D intake (28, 29), urban environments (25),

and high rates of poverty (30) and obesity (26).

Similar epidemiological patterns are seen among youth with asthma. For
example, asthma affects 83 per 1,000 U.S. children overall, however AA youth
are disproportionately affected with a rate of 105 per 1,000 (31). This population
also has among the highest asthma-related morbidity and mortality of any U.S.
racial/ethnic group (32), along with some of the highest rates of poverty and

obesity (33).

Cross-sectional data support a positive association between vitamin D status and

pulmonary function (34), but an etiologic role for vitamin D in asthma remains



controversial (23, 35, 36). There is an emerging consensus, however, that
vitamin D deficiency increases risk of acute respiratory tract infections (35) which
would explain how vitamin D might increase the severity of chronic asthma.
Indeed, low serum 25-hydroxyvitamin D levels were recently linked with
increased asthma severity in older children (36). Additionally, our laboratory
recently showed that a large majority of urban AA youth with persistent asthma
were vitamin D deficient and/or insufficient (37). Although vitamin D deficiency
has been documented in many populations around the world regardless of sun
exposure (38, 39), this was the first case-control study of vitamin D levels in

asthma.

Environmental Allergens, Airway Inflammation, and Asthma Severity
Environmental allergens play a significant role in the airway inflammation seen in
allergic asthma, contributing to airway epithelial damage and a more severe
phenotype (40). Specifically, following an allergic stimulus, inflammatory cell (e.g.
eosinophils, lymphocytes, mast cells) activation and migration to asthmatic
airways is followed by subsequent obstruction and inflammation (5, 7). Emerging
literature has begun to explore the role of platelets in this inflammatory response
(41). Forexample, activated platelets have been shown to be increased in
asthmatic airways (42). Furthermore, it has been demonstrated in vitro that, in
the presence of platelets derived from patients with asthma, eosinophil

attachment to airway endothelium is enhanced (43, 44). It has also been shown



that mitogens and enzymes released by activated platelets play a direct role in

the chronic inflammatory events that lead to airway remodeling in asthma (45).

In a mouse model of allergic asthma, allergen exposure induces platelet
activation and migration to the airways (46-48) where they in turn attach to and
activate leukocytes. Activated leukocytes show an increase in expression of
CD11b and very late antigen-4 (VLA-4), adhesion molecules that are necessary
for inflammatory cell attachment to the airway vascular endothelium (46). The
platelet-leukocyte complexes have also been shown in mice to be associated
with eosinophil and lymphocyte activation and migration to the lungs where they
subsequently adhere to the endothelial walls and cause inflammation (49). These
findings suggest that platelets play anindirect, albeit crucial, role on inflammatory
cell activation and recruitment through the binding and activation of leukocytes.
Our laboratory previously extended these findings into human asthma by
providing initial evidence for a positive association between platelet activation

and eosinophil activation in human airways (50).

Cluster Analysis

The heterogeneity of asthma is reflected by multiple poorly defined phenotypes
with variable responses to environmental stimuli. Delineation of phenotypic
clusters within study cohorts would allow for a better understanding of these
variable responses. One potential method is cluster analysis, a bioinformatic

technique that utilizes mathematical algorithms to group individuals within a



population according to similarity of specified variables (51). Itis an established
method frequently used in gene expression analysis (52, 53). However,
investigators only recently have begun to utilize this approach to delineate
clinically relevant subgroups based on phenotypic data. Initial reports have
demonstrated the utility of this cluster analysis to identify subgroups within
disease populations such as sepsis, asthma, and autism (54-57). For example,
recently, Halder, et al. (65) and Moore et al. (57) used cluster analysis to identify
subgroups within several independent asthma cohorts. However, the potential

uses of this tool remain largely unexplored.

Significance of Thesis

| propose that delineation of phenotypic clusters, using cluster analysis, within a
pediatric asthma cohort will enable determination of otherwise undetectable
associations between asthma characteristics and either ETS exposure (i.e.
quantitative urine cotinine), plasma 25-hydroxyvitamin D, or markers of
eosinophil and platelet activation (i.e. eosinophil cationic protein [ECP] and p-
selectin levels, respectively, in nasal washes). Developing bioinformatic tools
capable of identifying more homogeneous subgroups is crucial not only to
understanding the variable expression patterns of the disease, but also to
tailoring therapies to subgroups of asthma. Furthermore, these proposed
techniques will provide a framework in which to better understand variable

disease expression patterns across many complex diseases.



MATERIALS AND METHODS

Study Cohort

The first 154 children in the Asthma Severity Modifying Polymorphisms
(AsthMaP) Project were studied. AsthMaP is an ongoing, cross-sectional study of
urban children and adolescents designed to find associations among
environmental exposures, allergic sensitivities, genetics, and asthma. It consists
of a convenience sample of otherwise healthy children aged 6 to 20 years,
inclusive, recruited from the metropolitan Washington, DC area with physician-
diagnosed asthma present for at least one year. Participants were recruited in the
emergency department at Children’s National Medical Center. Each participant
returned to the Clinical Research Center for one study visit at least four weeks
after completion of their most recent oral steroid dose. Informed consent and
assent were obtained from participants and/or their guardians as appropriate.
The study was approved by the Children’s National Medical Center Institutional

Review Board.

Clinical Data Collection

Multiple clinical characteristics of asthma were measured in every participant.
These included, but were not limited to, the following: 1) Pre- and post- short-
acting beta-agonist spirometry measurements performed with a MedGraphics
CPSF/D™ USB PC-based system (Medical Graphics Corporation, St. Paul, MN)
using techniques validated in children (58); 2) Serum immunoglobulin E (IgE)

measured using chemiluminescence with an Immulite 2000 system (Siemens



Healthcare Diagnostics, Deerfield, IL); 3) Nasal wash samples procured by
instilling isotonic sterile saline into each nare, holding for ten seconds, and then
collecting the fluid in a specimen container; 4) Eosinophil and neutrophil fractions
counted manually in slides prepared from nasal washes stained with Wright's
stain; 5) Aeroallergen skin prick testing using the MultiTest Il device (Lincoln
Diagnostics, Decatur, IL); 6) Parental interviews incorporating the Integrated
Therapeutics Group (ITG) Child Asthma Short Form (59, 60), National Institutes
of Health, National Asthma Education and Prevention Program (NAEPP) 2007
criteria (61), Asthma Control Test™ (ACT) (QualityMetric Incorporated, Lincoln,
RI), and additional asthma severity assessment questions; and 7) Quantitative
urine cotinine measured in a fresh urine sample collected at the same time of day

for all participants (i.e. midday) (Quest Diagnostics, Chantilly, VA).

Nasal washes were used in lieu of bronchoalveolar lavage (BAL) as a minimally-
invasive means to measure mucosal eosinophil and neutrophil expression in the
cohort. It has been previously shown that nasal samples correlate well with

samples collected from the lower airways (62).

Measurement of 25-Hydroxyvitamin D

A direct enzyme-linked immunosorbent assay (ELISA) was performed on plasma
samples with the IDS 25-Hydroxy Vitamin D Direct EIA kit (Immunodiagnostic
Systems Ltd., Fountain Hills, Arizona). Circulating levels of 25-hydroxyvitamin D

are considered the most reliable measure of overall vitamin D status (63).



Eosinophil Cationic Protein as a Measurement of Eosinophil Activation

Levels of ECP, a cytotoxic protein released by activated eosinophils, were
measured in nasal wash samples using a standard ELISA kit (Medical &
Biological Laboratories Co., Ltd., Nagoya, Japan) with a minimal detectable level
of 0.125 ng/mL. ECP is a cytotoxic protein released by eosinophils following
activation by an immune stimulus (64), and was thus chosen as the marker for

eosinophil activation.

P-Selectin as a Measurement of Platelet Activation

Soluble p-selectin (i.e. CD62P) is an a-granule membrane protein that migrates
to the cell surface of platelets upon release of a-granules and subsequent
platelet activation (65). It is a well established marker for platelet activation (66,
67). Levels of soluble p-selection were measured in nasal wash samples by flow
cytometry on a FACSCalibur™ System (BD Biosciences, San Jose, CA) using a
FlowCytomix Simplex Kit (Bender MedSystems, Burlingame, CA). Results were
analyzed with FlowCytomix Pro 2.3 software (Bender MedSystems, Burlingame,

CA).

Variable Selection for Cluster Analysis

All collected variables were standardized in binary fashion for categorical
variables or using a z score for continuous variables. When appropriate,
continuous variables were log1o transformed to approximate a normal distribution.

Variables were then selected based on a published factor structure for asthma



characterization (55, 68, 69). As in Haldar, et al. (55), variables were chosen if
they are measured in the clinical evaluation of asthma and describe asthma
phenotypes. Additionally, selection of multiple variables representing the same
aspect of asthma was avoided. Principal components analysis was then used on
the eleven selected variables to identify key clinical components relevant to

asthma diagnosis and assessment.

Cluster Analysis

Principal component factors were identified using varimax rotation of the
variables selected according to the above criteria. Cluster analysis was
performed in two stages using variables representative of each principal
component. In the first stage, hierarchical clustering of the variables using
between-groups linkage yielded the probable number of clusters presentin
AsthMaP. A k-means cluster analysis was then performed using this estimated
number of clusters. This stage was repeated while specifying one more or less
cluster than the estimate to ensure that the most representative model was
obtained. Additionally, the k-means cluster analysis was repeated several times

within random AsthMaP subpopulations to ensure reproducibility.

Statistical Analyses
Differences among the clusters were derived using one-way analysis of variance
for normally distributed continuous variables, Kruskal-Wallis for non-parametric

continuous variables, and chi-square tests for categorical variables. Linear
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regression analysis was then used to identify associations between asthma
characteristics and either ETS exposure (i.e. quantitative urine cotinine), plasma
25-hydroxyvitamin D, or markers of eosinophil and platelet activation (i.e. ECP
and p-selectin levels, respectively, in nasal washes) overall and within each
cluster. All beta coefficients and P values were corrected for age, gender, and
BMI percentile. Regression analyses involving 25-hydroxyvitamin D were also
corrected for season of sampling. All statistical tests were performed with SPSS

Statistics 17.0 (SPSS Inc., Chicago, IL).
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RESULTS

AsthMaP Cohort

The first 154 children and adolescents in AsthMaP were included in these
analyses. Of those, 59% were male and the mean (standard error [SE]) age was
11.5 (0.3) years. The mean (SE) body mass index (BMI) percentile for age was
72 (2) %. Of the 154 cases, 138 (90%) were self-identified AA, and 137 (89%)

had persistent asthma as defined by NAEPP 2007 criteria (61).

Nasal wash samples were available from a subgroup of subjects (N =75). There
were no significant differences between these 75 subjects and the remaining 79
with respect to age, gender, race, and NAEPP classification. From those
samples, ECP and p-selectin levels were measured in order to assess eosinophil
and platelet activation, respectively. The median (interquartile range [IQR]) ECP
level in the nasal washes was 11.16 ng/mL (1.27,46.77) and the median (IQR)

p-selectin level in the nasal washes was 0.83 ng/mL (0.45, 2.41).

Plasma samples were available from a subgroup of subjects (N = 94). As with the
subgroup of nasal wash samples, there were no significant differences between
these 94 subjects and the remaining 60 with respect to age, gender, race, and
NAEPP classification. From those samples, total 25-hydroxyvitamin D levels
were measured. The mean (SE) plasma 25-hydroxyvitamin D level was 19.64

ng/mL (1.05).

12



Principal Components Analysis

Eleven key clinical variables relevant to asthma diagnosis and assessmentin
AsthMaP were selected for principal components analysis using the criteria
described by Haldar, et al. (55). Varimax rotation identified four principal
components representing: symptoms/impairment, airway reactivity, mucosal
evidence of allergy, and systemic evidence of allergy. (Table 1) One variable
representative of each of these principal components was selected for cluster
analysis: ACT, post-bronchodilator FEV 4 (% predicted), eosinophils from nasal
washes (%), and total serum IgE, respectively. Although these variables did not
necessarily have the highest correlation value in their respective factor, they
were selected because they are the most reflective of what each factor
represented. Furthermore, each of the selected variables is highly informative of
asthma phenotype. Three additional variables (i.e. gender, age of asthma onset,
BMI percentile) known to be important factors in asthma phenotype were

included.

Characteristics of Phenotypic Clusters

Analysis of the first 154 AsthMaP cases resulted in a four-cluster best fit model
with distinct asthma phenotypes. (Figure 1) One cluster was comprised of only
six individuals, all displaying an extremely mild asthma phenotype, and was
therefore excluded from further analyses. Several characteristics differed
between the three remaining clusters. Cluster 1 (n = 57) was predominately male

(81% versus 30% and 53% in Clusters 2 and 3, respectively; P <0.001) withan

13



TABLE 1. VARIMAX ROTATION OF 11 ASTHMA-RELEVANT CLINICAL
VARIABLES

Factor
Variable 1 2 3 4

ITG Daytime Symptoms Score 0.804

ITG Nighttime Symptoms Score 0.842

ITG Functional Limitations Score 0.818

Asthma Control Test™ 0.723

Post-bronchodilator FEV 1, % predicted 0.719
Post-bronchodilator FEF25.75, % predicted 0.783
Post-bronchodilator FEV+4/FVC, % predicted 0.858

Nasal eosinophils, % -0.794

Nasal neutrophils, % 0.669

Blood eosinophils, % 0.719
Total serum IgE, 1U/mL 0.819

All factors had Eigenvalues >1

The KMO measure of sampling adequacy was 0.700
The Bartlett test of sphericity had a significance of <0.001
Communality of all variables was 100%

> 65% of the total variance was explained by the factors

14



"(Jybu Jey) sishjeue Jayliny wol papnjoxs Ajgjewnn sem pue ‘edAjousyd ewyise
pliw Ajswanxa ue Bulkeidsip || ‘s|enplAlpul XIS AJuo Jo pasudwod sem Ja)sn|d auQ ‘paule}qo sem sadAjousayd ewyjse
JOUNSIP YlIM [9pOW 1} 1S8Q J8)SN|0-1N0) Y/ "paule}qo Sem [apow aAlejuasaldal }sow 8y} Jeyl ainsua 0] ajewnss ayj uey)
J8)JSN|0 SS9| JO alow suo Buikjioads ojiym pajeadal sem abels syl "SI8)}SN|O JO Joquinu pajewnsa siy) buisn pawiopad
usay) sem sisfleue Jg)snio sueasw-y "deuIsy Ul (pajolio) siaysnio s|geqold inoy paplelA sisAjeue Jaisn|o |eolydlelsiH
‘g|uadlad |INg pue ‘8suo ewyise Jo abe ‘uspusb se ||am se jusuodwod |ediouud yoes WOl S9|gEUBA PaJIdIoS
ay} Buisn sabejs om} ul pawuopad sem sishjeue Jsysn|) “siusuodwo) jedioulld Jo Buliaisn|) [eaiyaselssiy T ainbi4

V.'NNWV?YVVV.VVVVV?VVNWN:

15



abundance of neutrophils in their nasal washes (49% [IQR: 8, 94]) relative to
Clusters 2 and 3 (37% [IQR: 1,49]and 13% [IQR: 2, 53], respectively; P =
0.031). Cluster 2 (n = 33) was predominantly female (70% versus 19% and 47%
in Clusters 1 and 3, respectively; P < 0.001) with high mean BMI percentile (87%
versus 51% and 86%, respectively; P < 0.001) and later-onset asthma (7.5 years
versus 2.3 years and 1.0 years, respectively; P <0.001). Cluster 3 (n = 58)
exhibited an allergic asthma phenotype with anincrease of eosinophils in their
nasal washes (82% [IQR: 48, 95] vs. 9% [IQR: 0, 59] and 56% [IQR: 4, 92]in
Clusters 1 and 2, respectively; P < 0.001), worse asthma control (mean ACT
score = 18.2 versus 21.4 and 20.9, respectively; P < 0.001), and high mean BMI
percentile (86% versus 51% and 87%, respectively; P <0.001). Of note, residual
heterogeneity was detected in this third cluster, as evidenced by the presence of
several smaller sub-clusters. Table 2 highlights the characteristics of these

clusters.

Co-morbidities were identified for all participants and no differences were
detected among the clusters. Current medication use (i.e. bronchodilator, inhaled
steroid, long-acting le ukotriene inhibitor) was not different among the clusters.

Additionally, the 16 non-AA children were evenly distributed among the clusters.

Regression analysis was used to explore associations in the overall AsthMaP

cohort and within each cluster between asthma characteristics and either ETS

exposure (i.e. quantitative urine cotinine), plasma 25-hydroxyvitamin D, or

16



"SI9)SN|O ALIBP O} PASN SB|QELEA,

"P10q ul pajsl| 1. GO'0> SON[EA d "SBIqELIEA 9]aIOSIp IO} S} X PUE ‘SB|JELIEA SNONUIUOD Oljowe.led-Uou Jo} SieA-[exsniy
‘Se|geLeA SNONUIUOD palngulsip-Ajjeuwlou 1o} @oueleA Jo sisAjeue Aem-auo BuiSn paAliap aJem s1alsn|o 8aJy) eyl Buowe sanjea aosueoyublg,

10L°0 8¢ % 14 Ly % ‘S159} Youd ulys aAlisod sJow 10 BUQ
982°0 (02) 66l (€2) ol (R (L'L) 96l (3S) Tw/bu ‘q ulwemAxoipAy-Gz ewse|d
L2270 (9L ‘0) 0 (16L ‘00 0 (0zL ‘00 0 (0SL ‘00 0 (4oI) Jw/bu ‘Bulunod suun

eve0 (0'929 ‘G901) (8'69% ‘0°'L€) (590G ‘G'29) (8'0%9 ‘8°22) (401 Tw/ni *,36] wniss g0l

0'€92 0°/52 G'602 G'092

8¢L'0 (0L 'v2) 9 (0g‘eL)se (62'8°L)6°E (69°6°L) 0¥ (4OI) % ‘sliydouisos pooig

T€0°0 (es 2 ¢l (6% 1) L€ (¥6 '8) 61 (21 v ze (4OI1) % ‘sliydosnau |eseN

T00'0> (56 ‘8Y) 28 (26 V) 95 (65 ‘0) 6 (26 '¢) 1S (401) % °,sliydouisos |eseN

ovL'0 | (668 ‘L'¥9)0'GL | (L2716 °G19) €18 | (8°€6°299) £€8 | (L'16 ‘L'#9) €18 (4O1) 21005 B)sodwo) - O |

€82°0 (v ‘2 ¢ (¥ 2) ¢ (€2)¢ (v ‘2 ¢ (YoI) uoneoyisse|o Ajuanes dd3vN
T00°0> (9°'0) '8l (5°0) 602 (¥'0) ¥'1L2 (€0) 002 (3S) ;w1}S9} [01JU0D ewY)SY
T00°0> (92) 8's8 (12) €0l (L'1) 126 (¥'1) 6'16 (39) pajoipaid o ‘| *A34 J0Je|IPOYOU0IG-1SOd
19€°0 (8'1) 86 (€119 (9'1) v'8 (0'1)8'8 (3S) J03e1POYOUOIG YIM Bbueyd FA34
100°0> (€2) 208 (¥'2) 686 (£2) €98 (1) €98 (3S) peyoipaid 9, ‘* A3 Jojejpoydouoig-aid
700°0> (0°2) 98 (0°2) /8 (z¢)1s (12 2L (3S) % ‘,2Imusaiad ssew Apog
T00°0> (100l (9°0) G2 (c0 ez (€0 6¢C (38) 44 * 39sU0 Jo BbY

100°0> (g'0) g0l (9°0) 8¢l (9°0)¢LL (€0)GLL (3S) 44 ‘eby

T00°0> €S o€ 18 65 9ew % ° xes
«dN[eA (85=u) (ee=u) (25=U) (PST=U) IV alqelren

d € 181sn|D Z 1a1snD T J1a1snD

SH3ILSNTO JOIdALONIHd ONOINY ANV T1VHIAO SOILSIHILOVHVHD VINHLSY 40 NOSIHVdINOD ¢ 319V.L

17



markers of eosinophil and platelet activation (i.e. ECP and p-selectin levels,

respectively, in nasal washes).

Associations in the Overall AsthMaP Cohort

No significant associations were found between ETS exposure (as measured by
log+o urine cotinine level) and asthma characteristics. (Table 3) However, plasma
25-hydroxyvitamin D was found to be significantly and positively associated with
log+1o blood eosinophils (Beta coefficient = -0.01 [95%confidence interval (Cl): -
0.02 to -0.001]; adjusted P =0.029). (Table 4) Additionally, log1o ECP was found
to be significantly and negatively associated with two asthma characteristics: (1)
log1o ITG — nighttime score (Beta coefficient = -0.06 [95%CI: -0.12 to 0.00];
adjusted P = 0.015) and (2) log1o ITG — composite score (Beta coefficient = -0.04
[95%CI: -0.08 to -0.01]; adjusted P = 0.018). (Table 5) Log1o p-selectin was found
to be significantly and negatively associated with log+o ITG — nighttime score

(Beta coefficient =-0.12 [95%CI: -0.22 to -0.01]; adjusted P = 0.035). (Table 6)

Within-Cluster Associations: ETS Exposure and Asthma Characteristics
Within-cluster analysis revealed several significant associations in Clusters 1 and
3 between log1o urine cotinine level and asthma characteristics. No significant
associations were found within Cluster 2. Cluster 1, despite having the lowest
ETS exposure of the three clusters, showed the largest number of significant
associations between ETS exposure and asthma characteristics. A log1o increase

in quantitative urine cotinine level was significantly associated with a log1o
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increase in neutrophils in nasal washes (Beta coefficient =0.73 [95%CI: 0.11 to
1.35]; adjusted P = 0.023) and a significant decrease in ACT score (Beta
coefficient = -5.17 [95%CI: -8.42 to -1.93]; adjusted P = 0.003). In Cluster 3, a
log+o increase in urine cotinine level was associated with a significant reduction in
the bronchodilator-induced % change in FEV (Beta coefficient = -36.32 [95%CI: -

62.18 to -10.46]; adjusted P = 0.009). (Table 3)

Within-Cluster Associations: Plasma 25-hydroxyvitamin D and Asthma
Characteristics

The association previously identified in the overall cohort between plasma 25-
hydroxyvitamin D and log1o blood eosinophils was also found to be significant
within Cluster 3 (Beta coefficient = -0.02 [95%CI: -0.04 to -0.004]; adjusted P =

0.018). No significant associations were found within Clusters 1 and 2. (Table 4)

Within-Cluster Associations: Eosinophil and Platelet Activation and Asthma
Characteristics

Cluster 3 was characterized by an allergic asthma phenotype with increased
nasal wash eosinophils and worse asthma control. When looking for associations
between log1o ECP and asthma characteristics within this cluster, the two
significant associations previously identified in the overall cohort were also
present: log1o ITG — nighttime score (Beta coefficient =-0.14 [95%CI: -0.26 to -
0.02]; adjusted P =0.021) and log1o ITG — composite score (Beta coefficient = -

0.09 [95%CI: -0.17 to -0.02]; adjusted P =0.020). (Table 5) Additionally, within
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Cluster 3, both log+ ITG — daytime score (Beta coefficient = -0.28 [95%CI: -0.53
to -0.04]; adjusted P = 0.025) and log1o ITG — nighttime score (Beta coefficient = -
0.36 [95%CI: -0.68 to -0.04]; adjusted P = 0.029) were found to be significantly

associated with log1o p-selectin. (Table 6)

Additionally, three significant associations were found between log1 p-selectin
and asthma characteristics within Clusters 1 and 2. Within Cluster 1, a log1o
increase in p-selectin was associated with a significant reduction in post-
bronchodilator FEV1, % predicted (Beta coefficient = -13.29 [95%C]1: -24.71 to -
1.86]; adjusted P = 0.024) and a significant increase in log1o ITG — daytime score
(Beta coefficient = 0.15 [95%CI: 0.06 to 0.25]; adjusted P = 0.002). Within Cluster
2, a logqo increase in p-selectin was significantly associated with a log+o increase
in eosinophils in nasal washes (Beta coefficient = 1.69 [95%CI: 0.94 to 2.44];

adjusted P = 0.002). (Table 6)
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DISCUSSION

Historically, asthma has proven difficult to characterize because of the complex
nature of the disease (5, 6). Thus, developing tools capable of identifying more
homogeneous subgroups is crucial to understanding the variable expression
patterns of the disease and to tailoring therapies to subgroups of asthma (2, 7).
In this study of 154 urban, largely minority children and adolescents from
Washington, DC with established asthma, | successfully employed cluster
analysis to reduce the cohort’s heterogeneity. This permitted detection of
otherwise undetectable associations between asthma characteristics and either
ETS exposure, vitamin D levels, or markers of allergic inflammation, supporting
the concept that asthma is a heterogeneous disease comprised of multiple

subgroups with variable disease expression and responses.

Recently, Halder, et al. (55) and Moore, et al. (57) used cluster analysis to
identify subgroups within several independent asthma cohorts. However, this
study is the first to extend this observation by demonstrating that associations not
found in the overall population exist within these identified subgroups. To
accomplish this, | first used hierarchical and k-means clustering of principal
component variables to identify more phenotypically homogeneous clusters
within the AsthMaP cohort. Of the resulting four clusters, one consisted of only
sixindividuals and therefore lacked power to be useful in association analyses.
Interestingly, these six individuals displayed very mild asthma, suggesting that

they did not cluster with the other subjects due to lack of disease expression. The
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remaining three clusters showed distinct and familiar asthma phenotypes

commonly seen in clinical practice.

Cluster 1 was predominantly male (81%) with a relative abundance of neutrophils
in their nasal washes. Mucosal neutrophilia is a frequent finding in asthma that
may or may not be observed in conjunction with eosinophilic inflammation (70).
Wenzel, et al. (71) showed that neutrophil-predominant asthma is a distinct
inflammatory subgroup of severe asthma, with increased neutrophil levels found
inrefractory patients. The exact cause of this phenotype is unknown but it has
been thought to be exacerbated by environmental exposures such as bacterial

endotoxins, air pollution, cigarette smoke, or viral infections (72).

Cluster 2 was notable for its female predominance (70%). In addition, subjects in
this cluster had high mean BMI percentile and a mean age of asthma-onset of
7.5 years of age, much older than for the other two clusters. These
characteristics are often seen in clinical practice, as there appears to be a
biological link between asthma and obesity (73). Several studies have observed
that this association is stronger in women (74-76). Specifically, a high BMI
coupled with early onset of puberty have been reported as risk factors for first

developing asthma during adolescence infemales (74, 77).

Cluster 3 had a nearly balanced gender distribution and e xhibited the more

classical atopic/allergic asthma phenotype with an increase in eosinophils in their
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nasal washes. Eosinophil activation and subsequent inflammation in the lungs
are established hallmarks of asthma pathology and are highly associated with
increased symptoms and frequency of exacerbations, along with worse disease
control (5, 6). This poor asthma control is evidentin Cluster 3 as shown by
relatively lower ACT scores and FEV1 measurements. The individuals in this
cluster also had a high mean BMI percentile similar to what was observed in
Cluster 2. Similar to Cluster 2, the characteristics that make up Cluster 3 have
also been shown to be associated with obesity. Particularly, high BMI has been
shown to be associated with decreased symptom control and higher prevalence
of atopy (75, 78). Additionally, hierarchical clustering revealed several smaller

sub-clusters, suggesting that there is remaining heterogeneity in this cluster.

Intrinsic to the concept of heterogeneity in asthma is the idea that response to
environmental stimuli will differ among asthma subgroups (7). Therefore, | used
regression analysis in the overall AsthMaP cohort and within the identified
clusters to explore associations between asthma characteristics and either ETS
exposure (i.e. quantitative urine cotinine), plasma 25-hydroxyvitamin D, or
markers of eosinophil and platelet activation (i.e. ECP and p-selectin levels,
respectively, in nasal washes). Within-cluster analysis revealed several
significant associations that were not found in the overall cohort, supporting my
hypothesis that analyzing more homogeneous subgroups would prove useful in

identifying new associations.
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First, | found that within Cluster 1 an increase in ETS exposure was associated
with a significant increase in neutrophils in nasal washes and a significant
decrease in ACT score. Interestingly, on the basis of urine cotinine, this cluster
had the lowest ETS exposure yet had the highest percentage of neutrophils in
their nasal washes. In addition, because it has been shown that asthma
symptoms are exacerbated by ETS exposure (8, 79), itis reasonable that there is
a significant association between ETS exposure and decreased asthma control

in this cluster.

Within Cluster 3, | found that an increase in ETS exposure was associated with a
significant reduction in the bronchodilator-induced % change in FEV. This is a
potentially novel finding for this asthma phenotype given that ETS exposure
typically increases bronchodilator response in children with asthma (80). It is
possible that the eosinophilic inflammation displayed in this cluster, and the
subsequent chronic inflammation, makes these individuals less responsive to

bronchodilators.

It is notable that no significant associations with ETS exposure were detected
within Cluster 2. | suspect that this is due in part to the relatively small sample
size. Alternatively, it is possible that the phenotypes in this cluster are not as
responsive to ETS exposure. While it has been previously shown that ETS
exposure increases the incidence of asthma in overweight individuals (81), there

is no evidence that it leads to greater disease severity.
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Second, plasma 25-hydroxyvitamin D was found to be significantly and
negatively associated with blood eosinophils in the overall cohort. This
association was stronger within Cluster 3 (i.e. the allergic phenotype cluster);
supporting current literature suggesting that vitamin D is involved in the innate

immune system and has a potential role in Th1/Th2 differentiation (82).

No significant associations were found between vitamin D and asthma
characteristics within Clusters 1 and 2. While this may simply be due to the
relatively small sample sizes of these clusters, itis also possible that vitamin D
primarily affects only the allergic asthma phenotype and not the phenotypes

represented in Clusters 1 and 2.

Finally, when looking within Cluster 3 (i.e. the allergic phenotypic cluster), the
significant associations identified between either eosinophil activation or platelet
activation and various asthma characteristics where stronger than those found in
the overall cohort. Furthermore, one additional association between platelet
activation and ITG — daytime score that was not presentin the overall cohort was
found to be significant within the cluster. This not only supports the current
literature showing that inflammation leads to increased symptoms and worse
disease control (5, 7), but also shows that distinct phenotypic subgroups will

display different responses to allergen stimuli (7).
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Additionally, within Cluster 1, anincrease in p-selectin was found to be
significantly associated with a reduction in post-bronchodilator FEV 1, %
predicted. Given that Cluster 1 is characterized as predominately neutrophilic,
this finding supports current literature showing thatin a murine model of asthma
activated platelets are essential for neutrophil recruitment and activation (83).
Furthermore, it has been shown in adult asthma that sputum total ne utrophil
counts are associated with lower post-bronchodilator FEV ¢ (84). Additionally,
within Cluster 1, p-selectin was found to be significantly and positively associated
with ITG — daytime score. This is a surprising finding, given that it has long been
established that airway inflammation leads to increased symptoms and worse

disease control (i.e. a decrease in ITG score) (5, 7).

Within Cluster 2, anincrease in p-selectin was found to be significantly
associated with anincrease in eosinophils in nasal washes. Cluster 2 can be
characterized as a predominately female, obese population. While it has
previously shown that there is an association between asthma and obesity (73),
and that this association is stronger in women (74-76), no studies have identified
a direct association between obesity and increased inflammation in humans.
However, it has been shown in a murine model of asthma that obesity enhances

eosinophilic inflammation (85), supporting our finding within Cluster 2.

This study has important limitations. First, the sample size of only 154

participants restricted the number of clusters | was able to detect in the cohort.
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As mentioned regarding Cluster 3, there are undoubtedly more subgroups of
asthma that could be identified in each cluster given a larger sample size.
However, the goal of this study was not delineation of clusters but rather defining
associations between environmental exposures and asthma characteristics
within clusters. Second, the selection of variables is subjective. | aimed to select
a wide range of variables representative of disease expression. However, |
recognize the likelihood that other variables notincluded could also have an
impact on this analysis. Third, because of the cross-sectional nature of the
AsthMaP study, this analysis does not address cluster-stability over time. Given
the dynamic nature of asthma disease expression, it is possible that individuals
move among clusters with time. Fourth, the AsthMaP cohort is comprised of
largely urban AA youth, making it more difficult to extend my findings into other
childhood asthma populations. However, this study provides insight into AA
children and adolescents with asthma as one of the highest-risk asthma
populations. Finally, using k-means cluster analysis as the principal clustering
tool required me to pre-specify the number of expected clusters. | took action to
eliminate bias, including (1) using hierarchical clustering as a first step to
estimate the number of probable clusters and (2) repeating the k-means cluster
analysis while specifying one more or less cluster than the estimate to ensure the

selection of the most representative model.

In summary, this thesis project extends the usefulness of cluster analysis to

classify asthma subgroups. ldentifying established asthma phenotypes within the
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AsthMaP cohort lends credibility to these cluster analysis techniques.
Furthermore, exploring within-cluster associations proved useful in identifying
otherwise undetectable relationships between asthma characteristics and either
ETS exposure, vitamin D levels, or markers of allergic inflammation. Together,
these techniques provide a framework in which to better understand complex

disease expression patterns.
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