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Abstract

Childhood obesity contributes to many diseases, including asthma. There is literature to suggest
that asthma developing as a consequence of obesity has a non-allergic or non-T2 phenotype. In
this review, we use obesity-related asthma as a prototype of non-T2 asthma in children to discuss
non-allergic mechanisms underlying severe childhood asthma. Obese asthmatic children have
evidence of systemic T helper (Th)1 polarization with monocyte activation, which are mediated by
insulin resistance and dyslipidemia, the common metabolic abnormalities associated with obesity,
and are associated with pulmonary function deficits found in obese asthmatics. In addition to
pleiotropy, or common genetic influence between obesity and asthma, DNA methylation, with
hypomethylation of promoters of genes associated with non-T2 immune responses has been
associated with pediatric obesity-related asthma. A transcriptomic approach to investigate the
pathways underlying non-T2 inflammation in asthma has identified upregulation of genes in the
CDC42 pathway. CDC42 is a RhoGTPase that plays a key role in Th cell physiology, including
preferential Th cell differentiation to Th1 cells, and cytokine production and exocytosis. Until
further investigation of the CDC42 pathway and other novel pathways is conducted to identify
targeted therapies for obesity-related asthma, dietary interventions, including diet modification,
rather than caloric restriction alone, may be considered to decrease the disease burden.
Carotenoids are protective against metabolic abnormalities and both carotenoids and 25-OH
cholecalciferol, a vitamin D metabolite, positively correlate with pulmonary function indices
suggesting that diet rich in these micronutrients may be beneficial for obese children with asthma.
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Obesity and asthma- a causal association

Increase in the prevalence of childhood obesity over the past several decades has identified
its myriad effects and contribution to chronic pediatric diseases, including asthma. While
initial cross-sectional studies identified an association between obesity and asthma,
prospective studies, and more recently, meta-analyses, have consistently found obesity to be
an independent predictor of asthmal. Overweight/ obese children have a relative risk of 1.2—
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1.8 for incident asthmal=8. This association varies by sex’:8. Moreover, the association
between asthma and obesity appears to be bidirectional, since asthma increases the relative
risk for obesity by 1.5 to 1.7 fold%19, Although few studies have investigated the underlying
biologic mechanisms, there is epidemiologic evidence to suggest that asthma developing as a
consequence of obesity is non-allergic®11.

In this review, | use obesity-related asthma as a prototype of non-T2 asthma in children to
discuss the non-allergic mechanisms by which obesity contributes to asthma. The review
includes discussion on the influence of genetic predisposition, and that of acquired
abnormalities, including obesity-mediated systemic immune alterations and metabolic
abnormalities, since these two aspects of obesity have been best investigated thus far, are
associated with higher disease severity with poor medication responsiveness and disease
control, and are distinct from mechanisms that underlie allergic childhood asthmal2-14, In
addition, the association of dietary micronutrients with disease burden is discussed to
highlight dietary modification as a potential therapeutic approach for childhood obesity-
related asthma. These mechanisms are summarized in Figure 1.

Genetics and epigenetics of pediatric obesity-related asthma.

There is evidence of pleiotropy, or common genetic influence, between obesity and
asthmal®18, In a predominantly Caucasian cohort of same-sex twins, there was high
heritability for both asthma (53%) and obesity (77%)1’. Moreover, higher between-twin
correlation for asthma and obesity among monozygotic as compared to dizygotic twins
suggests a genetic contribution to the association between asthma and obesity’. Specific
genes have also been associated with asthma and body mass index. In a study including a
predominantly Caucasian cohort and a Costa Rican cohort, several single nucleotide
polymorphisms (SNPs) in the Protein Kinase C Alpha (PRKCA) gene linked asthma with
body mass index1®16. More recently, Li et.al. took a unique approach of investigating the
risk conferred by known SNPs associated with obesity to incident asthma and risk conferred
by known SNPs associated with asthma to incident obesity. They found that genetic
predisposition to obesity was associated with significantly higher odds of developing
asthma, while the contribution of genetic susceptibility for asthma to developing incident
obesity was lower and not significant'8. Although these studies have laid the foundation for
investigation of genetic contribution to obesity-related asthma, there is much detail that still
needs to be elucidated, particularly investigation of genetic susceptibility in minority
populations, who have a higher burden of both asthma and obesity19.20,

In addition, it is known that gene by environment interactions play a role in multifactorial
diseases like asthma and obesity?1:22. DNA methylation is one of the better investigated
epigenetic mechanisms that may explain the gene by environment interaction for these
multifactorial diseases?3:24. We and others have reported on DNA methylation patterns in
peripheral blood mononuclear cells that are distinct in obese children with asthma as
compared to obese children without asthma or healthy-weight children with asthma [Figure
1]25. We found DNA hypomethylation of several gene promoters, including CCL5, /.27,
IL2RA, STAT1, IFNG, and TBXZ21, which are associated with Th1 polarization and
monocyte activation, and hypermethylation of FCERZ, associated with IgE mediated
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immune responses, and SOCSZ, SOCS3, and TGFB1, which diminish Th cell pro-
inflammatory responses. In addition, several genes associated with immunometabolic
responses including PPARG, PIK3R1 and PIK3API were hypomethylated while ALOX15
was hypermethylated in peripheral blood mononuclear cells from obese children with
asthma?2®. Together, this pilot study highlighted that epigenetics may identify differentially
activated immunometabolic pathways in obese asthmatic children. A recent study conducted
on Swiss adults with non-atopic asthma to investigate the modifying effect of obesity
revealed differential DNA methylation in several genes that overlapped with the ones that
our group had found among minority children with obesity-related asthmaZ®. These studies
suggest a contribution of DNA methylation to the obese asthma phenotype. As these patterns
are better understood, they will reveal genetic mechanisms that may predispose to obese
asthma and may be modifiable to therapeutic intervention.

Immune profile of pediatric obesity-related asthma

Obesity is a state of low-grade systemic inflammation initiated by the relative hypoxic
environment of rapidly proliferating adipose tissue?’ and sustained by leptin, a pro-
inflammatory adipokineZ8. As understood thus far, the hypoxic adipocytes release monocyte
chemotactic protein (MCP-1) in response to which monocytes are recruited to adipose tissue
where they differentiate into M1 macrophages29-31. These macrophages orchestrate local
and systemic inflammatory responses, with preferential recruitment and activation of pro-
inflammatory T helper (Th)1 cells relative to anti-inflammatory T regulatory cells,
augmenting systemic pro-inflammatory response32. Traditionally, Thi cell activation is
inversely associated with Th2 cell activation33. This association is pertinent in the context of
obesity-related asthma since obesity is associated with Th1 activation with neutrophilic
inflammation34, while classic childhood asthma3® has a Th2 phenotype with eosinophilic
inflammation33. Given these two distinct patterns of systemic inflammation in obesity and
asthma, my research group and others have investigated the inflammatory phenotype in
obesity-related asthma, when both obesity and asthma co-exist. As compared to healthy-
weight asthmatic children and obese non-asthmatic controls, obese girls had evidence of
non-eosinophilic asthma3®. Among predominantly African American and Hispanic pre-
adolescent and adolescent cohorts, both groups had evidence of systemic Thl polarization,
with an elevated Th1/Th2 ratio, relative to their healthy-weight counterparts, findings that
did not differ by sex37-38, Furthermore, Th1 polarization correlated with leptin, and IL-6, a
cytokine downstream in the leptin-mediated immune pathway, suggesting that obesity was
driving the Th1 systemic inflammation in obese asthmatic children [Figure 1]3”.

Investigation of monocyte activation patterns in the adolescent cohort further validated the
role of obesity-mediated inflammation in obesity-related asthma. Obese asthmatic
adolescents had evidence of monocyte activation, with fewer classical monocytes, and more
patrolling monocytes as compared to healthy-weight controls [Figure 1]38. Although the
proportion of classical and patrolling monocytes did not differ between obese asthmatic and
obese non-asthmatic children, Th1/Th2 ratio inversely correlated with classical monocytes
and directly correlated with patrolling monocytes only in obese asthmatic children,
suggesting that obesity-mediated inflammation was more robust in obese children with
asthma as compared to the obese non-asthmatic controls38. These immune patterns provide
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the framework for this review on obesity-related asthma as a prototype of non-T2 asthma in
children.

Pulmonary function deficits in obesity-related asthma and their association

with the systemic immune profile

Pulmonary function deficits in obese asthmatic children have been extensively described and
recently summarized in a meta-analysis3®. As compared to air trapping observed in the
context of airflow obstruction and increased airway resistance in healthy-weight asthma?°,
lower FEV1/FVC ratio in obese children with asthma co-occurs with lower lung volumes
including lower functional residual capacity (FRC), expiratory reserve volume (ERV), and
residual volume (RV) relative to total lung capacity (TLC)37:384142 The overlap in these
pulmonary function patterns between children and adults3® suggests that the impact of
obesity on pulmonary physiology starts early in life. Moreover, this constellation of
pulmonary function abnormalities suggests that alteration in airway caliber, potentially due
to altered diaphragmatic movement, rather than inherent airway hyper-responsiveness,
underlies the obese asthma phenotype*3-46. This speculation is supported by greater
contribution of truncal adiposity as compared to general adiposity to disease burden and
pulmonary function abnormalities in obese asthmatics*"#8. Associations between systemic
non-atopic Th1l polarized immune patterns with pulmonary function deficits have been
reported in obese children with asthma. While FEV1/FVC ratio inversely correlated with
circulating biomarkers of Thl inflammation, including interferon-gamma (IFNy) and
interferon-gamma induced protein-10 (IP-10), in obese asthmatic pre-adolescents3’,
systemic Th1 polarization inversely correlated with RV, RV/TLC ratio and FRC in
adolescents [Figure 1]38.

In addition to Th1 polarization, monocyte activation is associated with disease burden and
low lung volumes in obese children with asthma [Figure 1]38. While the proportion of
classical monocytes directly correlated with better asthma control, proportion of patrolling
monocytes correlated with asthma severity38. CCR2 expression, a marker of monocyte
differentiation that decreases as classical monocytes differentiate into patrolling
monocytes*?, directly correlated with lung volumes supporting an inverse association
between monocyte activation and lung volumes38. These relationships were not observed in
healthy-weight children with asthma. Together, these studies suggest that obesity mediated
systemic non-atopic inflammation is associated with asthma disease burden and pulmonary
function deficits.

Metabolic dysregulation is associated with obesity-related asthma.

In addition to influencing the systemic immune profile, childhood obesity is associated with
metabolic abnormalities®0. Obesity-mediated inflammation likely underlies development of
insulin resistance and dyslipidemia®l, the two metabolic abnormalities commonly found in
obese children. Several studies have reported on higher prevalence of insulin resistance, its
surrogate marker, acanthosis nigricans, and dyslipidemia (decreased HDL, in context of
increased LDL, total cholesterol levels, and triglycerides) in asthmatic children as compared
to non-asthmatic children®2-54, A linear relationship between insulin resistance quantified
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using homeostatic measurement of insulin resistance (HOMA-IR) and asthma prevalence
has been described in children®2. Insulin resistance and dyslipidemia are inversely related to
pulmonary function [Figure 1]%°:6, Specifically, higher levels of insulin resistance and
lower levels of HDL are associated with lower FEV1/FVC ratio and insulin resistance is an
independent predictor of ERV, when adjusted for general and truncal adiposity®°. These
findings support a role of metabolic abnormalities in altered pulmonary function in obese
asthmatics, independent of truncal adiposity®.

The pathophysiologic mechanisms by which metabolic abnormalities impact pulmonary
physiology are poorly understood. It is known that airway smooth muscle cells express
insulin receptors and develop a pro-contractile phenotype when exposed to insulin®7:58,
However, a recent investigation of the obese asthmatic airway smooth muscle (ASM)
phenotype found that although obese asthmatic ASM cells from adult donors had higher
calcium influx in response to muscarinic stimulation and were more contractile than healthy-
weight ASM cells, the higher calcium influx was independent of insulin pre-treatment
[Figure 1]°°. Based on these findings, and the association of insulin resistance with
pulmonary function, it may be speculated that insulin influences pulmonary physiology
through altered immune responses rather than directly inducing increased ASM contractility.
Mechanisms that explain the association of lipids with the obese asthma phenotype and
interaction between dyslipidemia and insulin resistance are not known®0,

Metabolic dysregulation mediates the association of systemic inflammation

and pulmonary function among obese asthmatic children

In keeping with the literature on the pro-inflammatory role of insulin resistance and
dyslipidemia®?, frequently referred to as metabolic syndrome, we have reported an
association between markers of metabolic dysregulation and immune responses in the obese
children with asthma. Insulin resistance directly correlated with Th1/Th2 ratio38, while
serum HDL was negatively associated with Th1/Th2 ratio and patrolling monocytes, which
are elevated in obesity [Figure 1]38. Given the association of metabolic dysregulation as well
as non-T2 inflammation with decreased pulmonary function, we investigated whether the
association of Thl polarization with pulmonary function was mediated by metabolic
abnormalities associated with the obesity-mediated immune responses. We indeed found that
insulin resistance mediated the association of Thl polarization with pulmonary function
indices. Although HDL was inversely associated with Thl polarization and also with
FEV1/FVC ratio, the association of Th1l polarization and of monocytes with FEV/FVC ratio
was not mediated by HDL levels38. Together, these relationships suggest that there is a
complex relationship between metabolic dysregulation, obesity-mediated immune responses,
and their association with pulmonary function in obese children with asthma®2.

Novel pathways underlying non-allergic immune responses in obesity-

related asthma

In light of the findings detailed above, it is evident that obesity-mediated non-T2 immune
responses and metabolic dysregulation are associated with obesity-related asthma which has
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high disease burden that is not responsive to currently available medications. These
observations are further supported by the presence of an endotype of low-atopy in
conjunction with obesity among participants of the Severe Asthma Research Program®3.
Although the mechanisms that underlie T2 asthma have been extensively investigated,
leading to the development of targeted therapies like omalizumab, an anti-IgE antibody®4,
there is a dearth of information on the biology of non-T2 asthma. To address this knowledge
gap, taking an unbiased transcriptomic approach, gene expression in CD4+ T cells (Th cells)
from obese children was compared to that that in Th cells from healthy-weight children with
asthmab®. There was upregulation of several genes in the CDC42 pathway, among which
transcripts of two genes, CDC42EP4 and DOCK5 inversely correlated with FEV1/FVC
ratio, uniquely among obese asthmatic children [Figure 1]%5. CDC42 is a RhoGTPase that
plays a key role in several aspects of Th cell physiology, including Th cell differentiation,
preferentially to Thi cells®, and in cytokine production and exocytosis®’. Based on these
studies, it may be hypothesize that CDC42 pathway is one potential mechanism that
underlies the non-T2 responses in obesity-related asthma. Intriguingly, CDC42 was found to
play a role in c-Jun N-terminal kinase (JVK) signaling pathway activation in fatty liver
disease, suggesting that signaling through small Rho-GTPases may be a common
mechanism underlying diseases occurring due to obesity-mediated inflammation®8. Given
the ubiquitous role of CDC42 in cellular function®®, future studies are needed to investigate
the specific downstream pathways that are upregulated in obese asthmatic Th cells and the
mechanisms by which these systemic inflammatory patterns contribute to the obese asthma
phenotype.

Management of obesity-related asthma: Need for a different approach

Putting together the different obesity-mediated mechanisms that explain the
pathophysiology of obesity-related non-T2 asthma, it is evident that the current approach for
childhood asthma management may not be effective in obese children with asthma. Indeed,
obese children with asthma are poorly responsive/ non-responsive to currently available
asthma controller and reliever medications13-14, There have been a few investigations on the
use of inhibitors of non-T2 immune responses, such as anti-TNF therapy, for asthma’®.
Although some, but not all, studies found an improvement in asthma symptoms among
individuals with severe asthma’?, the occurrence of severe side-effects, including secondary
infections’? has prevented further clinical trials and inclusion of these medications in
mainstream asthma management. Thus, until there is development of effective and safe
targeted therapies for non-T2 immune responses for asthma, we need to take a different
approach for the management of obesity-related asthma.

One of the approaches to manage obesity-related asthma is to address body weight. Weight
loss studies conducted in children have shown an improvement in asthma disease burden,
including improvement in pulmonary function, although there was no change in systemic
inflammation?3. These findings differed from pre-post studies on adult bariatric surgery
patients where in addition to improvement in airway responsiveness’# and lung volumes’®,
there was improvement in systemic inflammatory measures which correlated with
improvement in pulmonary function, supporting a role of systemic immune responses in the
obese asthma phenotype’=76. In light of conflicting data between adults and children, there
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remains a need for mechanistic studies to elucidate the impact of differences in extent,
timing, and modality of weight loss/ weight control during different stages of life, to
decrease in disease burden in obesity-related asthma.

The contribution of dietary factors to obesity-related asthma

It is known that weight loss among children, particularly among those of minority ethnicity,
is difficult’’. Furthermore, since very early weight gain among children is associated with
incident asthmal-78.79, weight loss may not be a very effective strategy for management of
obesity-related asthma in children. Instead, diet modification with inclusion of healthy
dietary choices may address both the asthma disease burden as well as obesity-mediated
complications including immune abnormalities and metabolic dysregulation. Thus, diet
modification may offer a more feasible approach to manage obesity-related asthma.

Carotenoids, vitamin D, and fatty acids

Several studies have linked dietary intake to asthma disease burden, starting as early as
dietary choices made by the mother during the antenatal period®. A higher proportion of
processed food relative to fruit and vegetable intake has been associated with higher asthma
incidence and disease burden8l. Although vitamin A and D supplementation decreases the
disease burden89, few studies have quantified differences in these micronutrients in obese as
compared to healthy-weight children with asthma. My lab has previously reported in 25-OH
cholecalciferol levels and recently published on the differences in circulating carotenoids as
an objective measure of fruit and vegetable intake in obese and healthy-weight children with
asthma [Figure 1]82:83, Low 25-hydroxy cholecalciferol levels were associated with lower
pulmonary function in obese, but not healthy weight children with asthma. Similarly, while
carotenoid levels were associated with higher FEV1/FVC ratio as well as improved
metabolic profile, with decreased insulin resistance and higher HDL levels, only among
obese, but not healthy-weight children with asthma82:83. Together, these studies support the
approach of modified dietary intake for pediatric obesity-related asthma. Whether it will be
more effective than weight loss approaches in decreasing disease burden needs to be
investigated.

Conclusion

In summary, | have discussed childhood obesity-related asthma as a prototype of pediatric
severe non-T2 asthma. Several distinct mechanisms that are associated with disease burden
and pulmonary function deficits have been summarized, including the association of Thl
polarization with lower FEV1/FVC ratio and lower ERV and FRC, an association that is
mediated by insulin resistance. Until there is development of targeted therapies for non-T2
asthma, there is evidence to suggest that diet modification may be a potential approach for
disease management. More importantly, this review highlights the dearth of literature on
non-T2 asthma in children, specifically focusing on pediatric obesity-related asthma, the
prevalence of which is on the increase, given the increase in obesity prevalence in children.
The review also highlights several areas of future research, including the need to elucidate
mechanisms that underlie non-T2 asthma, with the goal to identify therapeutic targets, that
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Il be specifically developed for non-T2 systemic immune responses, and will be safe as

well as effective.
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Figure 1.
This figure summarizes the various mechanisms by which obesity is associated with asthma.

1) Obesity shares genetic influences with asthma and is also associated with DNA
hypomethylation of promoters of genes associated with non-T2 immune responses. 2)
Obesity causes immune dysregulation with higher Th1/Th2 ratio or Thl polarization and
increased activation of monocytes with more patrolling and fewer classical monocytes in
systemic circulation. 3) Thl polarization and monocyte activation are inversely associated
with pulmonary function deficits found in obese children with asthma. 4) Whether obesity-
mediated immune dysregulation links with pulmonary function through increased airway
smooth muscle contractility is not known. 5) Although the mechanisms that underlie Thl
polarization and monocyte activation are not well understood (dashed arrows), upregulation
of genes in CDC42 pathway have been reported; CDC42 causes preferential differentiation
of naive Th cells to Th1 cells and cytokine production and exocytosis. 6) Insulin resistance
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and dyslipidemia are the most common obesity-mediated metabolic abnormalities. Insulin
resistance is directly associated and HDL is inversely associated with 7) pulmonary function
deficits and 8) Th1 polarization found in obese children with asthma. Insulin resistance
mediates the association of Th1 polarization with pulmonary function deficits. 9)
Micronutrients are associated with pulmonary function deficits in obese children with
asthma; while carotenoids and 25-hydroxy cholecalciferol are protective, n-6/n-3
polyunsaturated fatty acid (PUFA) ratio is associated with lower pulmonary function.
Carotenoids are also protective against insulin resistance and dyslipidemia. 10) Together,
these mechanisms are associated with pulmonary function deficits associated with obesity-
related asthma.
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