1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Expert Rev Clin Immunol. Author manuscript; available in PMC 2016 March 27.

-, HHS Public Access
«

Published in final edited form as:
Expert Rev Clin Immunol. 2015 ; 11(7): 793-803. doi:10.1586/1744666X.2015.1040394.

Immunological characteristics and management considerations
In obese patients with asthma

Jennifer L Ather, Matthew E Poynter, and Anne E Dixon”
Pulmonary and Critical Care Medicine, University of Vermont College of Medicine, Given D208,
89 Beaumont Avenue, Burlington, VT 05405, USA

Abstract

Obesity is associated with severe, poorly controlled asthma that does not respond as well to
therapy as asthma in leaner asthmatics. Important insights gained from animal models of obesity
and asthma suggests that different forms of obesity may lead to different manifestations of airway
disease: obesity is associated with both innate increased airway reactivity and altered responses to
aeroallergen and pollutant challenges. In humans, at least two broad groups of obese asthmatics
have been recognized: one that is likely unique to obesity and another that is likely lean allergic
asthma much complicated by obesity. This article will discuss what we have learned about the
immunological and pathophysiological basis of asthma in obesity from animal and human studies,
and how this might guide therapy.
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Background

The world is in the midst of an epidemic of obesity [1], and this is having a dramatic effect
on the disease of asthma. Obesity is a risk factor for the development of asthma: in the USA,
with one-third of the population obese, approximately 250,000 cases of asthma per year are
related to obesity [2]. There appears to be a particularly high prevalence of obesity in
patients with severe asthma: a recent study reported that well over 50% of severe asthmatics
were obese [3]. Not only is obesity having a dramatic effect on the epidemiology of asthma,
but it appears to be changing the biologic basis of the disease. Obese patients tend to have
more severe asthma that does not respond as well to therapy compared with lean asthmatics
[4]. Asthma patients with obesity are not simply larger versions of lean patients with asthma,
as obesity has profound effects on the immune system and physiological function. This
review will focus on the latest in our understanding of the immunological underpinnings of
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asthma in obesity from studies in animal models and human populations, and the
implications this has for clinical therapy.

Mouse models of obesity & asthma

Mouse models are useful in order to dissect the myriad of mediators that control weight gain
and asthma phenotype: they facilitate control of when weight gain occurs, allow the addition
or removal of specific factors from the diet and enable selective breeding with other mice
containing metagenomics alterations (e.g., knockouts, transgenics, gene polymorphisms or
microbiome alterations). These mouse models enable the study of the innate airway
hyperreactivity that occurs in obesity, and also airway hyperreactivity and inflammation
induced by exposure to pollutants and allergens [5-7].

Genetic mutations regulating metabolism & obesity—Leptin, adiponectin and
insulin are hormones that regulate satiety and energy expenditure, aberrations in signaling of
these hormones lead to obesity and metabolic dysfunction [8-11], and also appear to be
involved in the pathogenesis of asthma in obesity. For example, mutations in leptin (ob/ob
mutation) or its hypothalamic receptor (db/db mutation) lead to hyperphagia and early onset,
severe obesity in mice [12-15]. Both ob/ob and db/db mice exhibit innate airway
hyperreactivity (which occurs without challenge and in the absence of overt inflammation),
exacerbated airway reactivity and inflammation in response to the air pollutant ozone [16—
18], but dampened airway inflammatory responses to allergen challenge (TABLE 1) [19].

The ob/ob and db/db mice are illustrative of innate airway hyperreactivity that arises as a
consequence of altered lung development. These mice do not exhibit increased basal airway
inflammation. However, both strains have reduced lung growth and subsequent reduction of
end-expiratory lung volume. As has been reviewed previously [5], the smaller lung size in
ob/ob and db/db mice could either be due to the lack of leptin as a growth factor or because
the increased fat mass during early onset obesity restricts lung growth during development.

Adiponectin is decreased in obesity. Adiponectin induces anti-inflammatory 1L-10 from
resident macrophages; in the absence of adiponectin, IL-10 production decreases in favor of
proinflammatory cytokine secretion [7,20]. Mice that lack adiponectin (Adpn™") develop
slightly increased airway reactivity [21], and have exaggerated responses to allergen
challenge [21]. Adpn™~ mice also develop increased inflammation in response to subacute
ozone, a response dependent on I1L-6 [22]. Adiponectin infusion attenuates allergen-induced
airway reactivity and inflammation in normal weight mice [23]. Deficiency of adiponectin
may contribute to asthma in obesity, particularly in response to allergen or environmental
challenge.

Carboxypeptidase E is an enzyme required for the processing of insulin and other
neuropeptides, mutations in the Cpe gene lead to aberrant signaling and weight gain [24].
Cpefat mice develop innate airway hyperreactivity, and have exacerbated hyperreactivity and
inflammation in response to both ozone and allergen exposure (TABLE 1) [25,26].

Diet-induced obesity—Diet-induced obesity in mice is achieved by a high fat or sucrose
diet [6,27]. High fat diet-induced obesity alters pulmonary responses to both ozone and
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allergen challenges, although both increased and decreased allergic airway inflammation
have been reported by groups using various aeroallergens and strains of mice (TABLE 1)
[28,29].

A high fat diet also induces innate airway reactivity, and recent work suggests that IL-17A
may be centrally involved in this process. C57BL/6 mice on a 60% high fat diet developed
innate airway reactivity by 24 weeks, accompanied by increases in pulmonary I1L-17A*
CD4* and IL-17A*y8* T cells [30]. IL-17A has been implicated in the development of
airway reactivity in lean mouse models of allergic asthma, and also in obese CPE™ mice
[31,32]. Additionally, recent work links IL-17A directly to high fat diet-induced airway
hyperreactivity: IL-17A™~ mice demonstrate significant weight gain in response to a 14-
week high fat diet, but their airway resistance is significantly lower than wild-type
littermates fed the same diet [33]. The source of IL-17A in the lung was innate lymphoid
type 3, and this was dependent upon NLRP3 activation and secretion of IL-1 from
pulmonary macrophages [33]. We and others have demonstrated the importance of IL-1
signaling in the development of Th17 responses in lean allergic mouse models of asthma
[34,35]. A number of studies now suggest that IL-17A may be important in the innate
airway hyperreactivity of mice with obesity related to a high fat diet, and the CPEfat
mutation.

Metabolic inflammation in obesity—Adipocytes in obese individuals secrete
proinflammatory cytokines, including TNF-a, IL-1p and I1L-6 [36,37], whereas the
production of anti-inflammatory mediators (such as adiponectin) is decreased. Changes in
these mediators may contribute to exaggerated airways reactivity and inflammation in
obesity. TNF-a, for example, may be involved in increased inflammatory airway responses
in obesity. TNF-a is increased in obesity. It can interact with its receptor on airway smooth
muscle to increase contractility and induce intracellular signaling and inflammation. In lean
individuals, adiponectin inhibits TNF-a-induced NF-xB signaling, and Treg produce IL-10
that can suppress TNF-a production. However, Treg are not only less abundant in obese
adipose tissue, but also less effective producers of 1L-10, and therefore less effective
inhibitors of TNF-a [38,39].

The importance of the TNF-a pathway is best understood in the context of innate airway
reactivity of obesity. TNF-a receptor 1 (TNFR1) may protect against the spontaneous
airway reactivity in obesity, as shown in a study of Cpef@! mice crossed with TNFR1-
deficient mice: obese (Cpef@t) mice develop increased airway reactivity to inhaled
methacholine, this is further increased in Cpefat xTNFR1™~ mice, and this is associated with
increased lung IL-17A expression [40]. Conversely, lack of TNF-a receptor-2 abrogates
airway reactivity in obese mice [32], with downstream effects on IL17A, endothelin and
tropomyosin-related kinase B: TNF-a-induced airway reactivity in obesity requires
signaling specifically through TNF-a receptor-2.

Neurogenic pathways—Cholinergic innervation of the airways regulates airway tone.
Obesity may alter parasympathetic signaling: Nie et al. found evidence of increased vagally
mediated bronchoconstriction related to hyperinsulinemia in a rat model [41]. Arteaga-Solis-
et al. showed that leptin usually inhibits parasympathetic signaling to produce
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bronchodilation, and that leptin resistance in obesity may promote parasympathetic
bronchoconstriction and airway hyperreactivity [42]. Changes in cholinergic signaling may
contribute to innate increased airway reactivity in obesity.

Signaling through substance P may also be involved in both obesity and allergic
inflammation. Ramalho et al. have shown that both obesity and allergen challenge increase
serum substance P, pharmacological inhibition of substance P decreases both obesity and
markers of allergic inflammation, and this is associated with changes in staining for
lymphatic structures on airway epithelium [43—-45]. BOX 1 shows a summary of
mechanisms linked with innate airway hyperreactivity in obese animals.

Box 1
Mechanisms linked with innate airway hyperreactivity in obese animals
«  Associated with 1 in lung IL-17A (CPE™!) [32].
» High fat diet increases IL-17A (+) v6 T & CD4(+) T cells in lung [30].

» High fat diet increases macrophage IL-1p, which can induce IL-17A from ILC3
cells [33].

1 in mice lacking TNF-a receptor 1 (CPE™Y), associated with 1 IL-17A [40].
« | in mice lacking TNF-; receptor-2 (CPE™") associated with | IL-17A [32].

» Increased parasympathetic bronchial tone (regulated by leptin and insulin)
[41,42].

Common pathways leading to obesity & allergic airway disease—Chitinase 3-
like-1 (CHI3L1Y) is an asthma susceptibility gene associated with lung function impairment,
Th2 response development, allergic airway inflammation and methacholine hyper-
responsiveness [46,47]. CHI3L1 may also be involved in the pathogenesis of obesity [48].
Chi3l1-deficient mice have less visceral obesity and smaller adipocytes that produce lower
levels of cytokines than those from wild-type mice. On the other hand, the overexpression of
Chi3l1 in airway epithelium causes obesity. A high fat diet induces Chi3l1 and increases the
magnitude of allergic airway inflammation, whereas Chi3l1-deficient mice fed a high fat
diet have a blunted inflammatory response to antigen challenge. Interestingly, antigen
challenge of mice on a normal diet induces epididymal adipose tissue expansion. Data from
the mouse model are complemented by those from human subjects demonstrating that the
CHI3L1 gene product (YKL-40) is elevated in the serum of persistent asthmatics and
correlates with truncal obesity and low lung function in obese asthmatics [48]. CHI3L1
appears to serve as a pathogenic mediator of both allergic airway disease and increased
adiposity, suggesting common pathways can produce both allergic asthma and obesity.

Vitamins & gut microbiome—Animal models provide insight into the role of the pre-
and perinatal environment in establishing a lifelong risk for obesity as well as airway
hyperreactivity. Maternal intake of the fat-soluble vitamins A, D and E regulate
development of the fetal lung, and deficiencies in these vitamins during gestation are linked
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to the development of asthma and low lung function [49-54]. These same vitamins modulate
the development of a healthy gastrointestinal microbiome and impact the lifetime risk for
obesity and metabolic disorders [55,56]. The gut microbiome of obese mice has preferential
growth of bacterial species that take up more energy from the diet for storage as fat
compared with lean mice [57]. Heterozygous leptin-deficient mothers (Lep*/°P) and their
fully deficient (ob/ob) offspring share the same intestinal microbes at birth. However, the
leptin-deficient mice consume >42% more food, and this is associated with a marked
reduction in Bacteroides and a corresponding increase in Firmicutes species, compared with
lean (wild-type) controls [58]. Transplantation of the Firmicutes-rich microbiota from ob/ob
mice into lean, germ-free controls induced a significant increase in body fat, without a
corresponding increase in chow consumption [59]. The makeup of the intestinal microbiome
also controls the CD4* T-cell phenotype in both the gut and in mouse models of allergic
asthma [60]. The impact that the human resident lung microbiome has on the development
of obese asthma is only beginning to be explored. BOX 2 shows a summary of vitamins,
microbiome and asthma interactions.

Box 2
Vitamins, microbiome and asthma
o  Fat-soluble vitamins affect lung development and risk of asthma [49-54].
o  Gut microbiome is altered by diet in obesity [55-59].

e Changes in gut microbiome can alter Th2 cell effector function in allergic
asthma [60].

The numerous links between the development of obesity and the development of asthma in
animal models provide insights into the immunological mechanisms that govern both
syndromes (FIGURE 1). Obese mice have innate increases in airway reactivity (occurring
without challenge or overt inflammation), but they have varying responses to ozone and
allergen challenges. This suggests that while obesity and metabolic dysfunction produce
innate airway reactivity, responses to pollutants and allergen challenge differ according to
the mechanism of obesity and type of challenge. This observation has important implications
for our understanding of the complexity of the obesity—asthma relationship in humans.

Phenotypes of obese asthma in humans

Distinct phenotypes of asthma are recognized in obese subjects (FIGURE 2). Holguin et al.,
in an analysis of more than 1000 participants from the “Severe Asthma Research Program”,
divided participants into two groups based on the age of asthma onset: early onset asthma
(age 11 years and under), and later onset asthma (age 12 and above). Obese patients with
early onset asthma had a sixfold increased risk of intensive care unit admission for asthma in
the preceding year compared with lean patients with early onset asthma, whereas those with
late-onset asthma and obesity had a relatively modest 1.3-fold increased risk of intensive
care unit admission compared with lean late-onset asthmatics [61]. The late-onset obese
group had significantly lower serum IgE levels, and were less often atopic than the early
onset obese group, though exhaled nitric oxide levels and sputum eosinophils levels were
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similar in both obese groups: obese patients with early onset asthma had particularly poorly
controlled disease and increased systemic markers of Th2 inflammation compared with
obese patients with late-onset disease. Sutherland et al., using an unbiased cluster analysis
approach, identified two phenotypes of obese asthmatic among mild-to-moderate persistent
asthmatics participating in ‘Asthmanet’ clinical trials [62]. One group had much worse
asthma control than the other (Juniper asthma control score 1.8 vs 0.9, with 1.5 being
suggestive of poor asthma control, and 0.75 suggestive of well-controlled asthma [63]). The
group with worse asthma control were significantly younger at the time of asthma onset (10
vs 16 years), less often female, and had higher exhaled nitric oxide and IgE levels compared
with the obese group with better controlled asthma [62]. Again, this suggests a group with
early onset disease, worse control and increased markers of Th2 inflammation. Late-onset
asthmatics with low IgE and early onset asthmatics with high IgE had differing responses to
weight loss surgery: airway reactivity improved only in those with late-onset asthma and
low IgE [64]. This suggests that those with late-onset disease and lower markers of allergic
inflammation have disease that is most directly related to obesity and will improve with
weight loss.

These studies are consistent in that they suggest there are at least two phenotypes of obese
asthmatics. But this is likely to be a gross oversimplification, as is readily apparent from our
discussion of work in mice. Asthma itself is a disease of many phenotypes, and obesity is a
multifaceted disease dependent on a complex interaction between factors ranging from
genetic and epigenetic to socioeconomic and societal. We are just beginning to investigate
the effects of obesity on adaptive and innate immune pathways in human asthmatics, and
this work will likely uncover many different phenotypes of asthma in obesity.

Effect on adaptive & innate immune pathways in humans

Lymphocyte function

Overall, obesity is thought to favor a bias toward Th1 and Th17 adaptive lymphocyte
responses rather than the Th2 responses typical of allergic asthma (TABLE 2) [65]. Rastogi
et al. have shown that obese children with asthma tend to have increased CD4* Thl
compared with Th2 cells in peripheral blood compared with lean allergic asthmatics [66];
this is consistent with a wealth of data suggesting increased Th1 responses in obese non-
asthmatic patients, and suggests that enhanced Th2 pathways are not as common in obese as
lean asthmatic children. Lymphocyte function is also altered in obesity; metabolic function
is a critical factor in the generation of lymphocyte effector responses [67]. Stimulated
lymphocyte cytokine responses tend to be dampened in the setting of severe morbid obesity
and asthma in humans [64], a finding mirrored by responses of lymphocytes isolated from
the mediastinal lymph nodes of mice fed a high fat diet [68]. Overall, obesity does not
increase Th2 CD4 cell differentiation, and some data suggest that Th2 CD4 effector cell
function may be decreased in the setting of obesity — this is likely consistent with the fact
that many obese asthmatics do not have Th2 high asthma, but may have a form of asthma
associated with increased Thl and Th17 function.

While obesity overall may promote Thl and Th17 responses, there are data to suggest that
Th2-based allergic inflammation may actually promote the development of obesity. In vitro
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Th2 differentiation of naive human CD4 cells is associated with the production of melanin-
concentrating hormone, a peptide which increases appetite and causes obesity [69].
Although there have been no studies measuring melanin-concentrating hormone in asthma,
this observation suggests there may be common pathogenic pathways involved in the
development of both Th2 responses and the development of obesity [69]. As noted earlier, a
recent study in mice showed that the CHI3L1 pathway could induce both allergic airway
inflammation and visceral adiposity [48], again suggesting that there may be common
pathways inducing early Th2 inflammation and obesity. This is likely most relevant to those
with early onset allergic asthma.

Eosinophilic airway inflammation

Airway eosinophilia is a hallmark of allergic asthma. Most studies report either no
difference [70,71], or even a decrease in airway eosinophilia [72,73] with obesity. However,
these studies included both early and late-onset (Th2 high and low) asthma, and so it is a
little difficult to know exactly the effect that obesity has on eosinophilic asthma per se. One
interesting study from the UK collected sputum and performed airway biopsies on
asthmatics of differing BMI; there was no difference in sputum eosinophils, but an increase
in submucosal eosinophils in obesity [74]. The patient population appeared to have high
serum IgE, and so this may have represented an obese population with Th2 high asthma.
This study raised the intriguing possibility that perhaps obesity may alter eosinophil
trafficking in Th2 high asthma. Indeed, there is some evidence to support this from in vitro
studies: eosinophil chemotaxis and adhesion may be increased in obesity, and leptin may
prime chemotaxis in response to eotaxin (TABLE 2) [75,76]. Obesity appears to alter
eosinophil function, and sputum eosinophilia may be a poor measure of eosinophilic airway
inflammation in obese asthmatics.

Neutrophil function

Neutrophils may be involved in the pathogenesis of asthma in obesity (TABLE 2). Telenga
et al. found more blood and sputum neutrophils in obese compared with lean asthmatics,
particularly obese female asthmatics [77]. Weight loss in obese asthmatic woman is directly
correlated with a decrease in sputum neutrophils; men have a similar trend toward reduced
sputum neutrophils with weight loss, but in men reduced saturated fatty acid intake
correlates with decreasing sputum neutrophils [78]. These data suggest that sputum
neutrophilia is associated with asthma in obesity, particularly in woman. The observation
that fatty acid intake is related to sputum neutrophilia suggests that dietary intake can also
have a significant effect on markers of inflammation in the airway. Wood et al. have shown
that a high fat meal induces sputum neutrophilia, and impairs response to bronchodilator in
normal weight asthmatics [79]. This suggests that neutrophils may be involved in the
pathogenesis of asthma in obesity, this may be related to obesity itself and/or the effects of a
high fat diet.

Macrophage function

Macrophage function is altered in obesity, with a predominance of proinflammatory M1
macrophages in adipose tissue in obesity, in comparison with the M2 predominance in lean
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adipose tissue [80]. M2 macrophages are important in controlling inflammation through
removal of dying cells, a process called efferocytosis, and associated production of anti-
inflammatory mediators such as IL-10, TGF-§ and prostaglandin E2 [81]. There have been
some recent studies addressing macrophage function in the airway in obesity (TABLE 2).
Macrophage numbers tend to be increased in the sputum of obese compared with lean
asthmatics [82,83]. Fernandez-Boyanapalli-et al. found that sputum macrophages and
peripheral blood monocytes from obese asthmatics have reduced efferocytosis compared
with lean asthmatics, and reduced markers of M2 macrophage function [82]. This is
associated with increased oxidative stress and evidence of impaired response to
corticosteroids [82]. Lugogo et al. found evidence that cytokine responses of
bronchoalveolar lavage macrophages to lipopolysaccharide were enhanced in the presence
of high-dose leptin in obese asthmatics [84], and leptin is known to have a number of effects
on macrophage function in the lung [85]. Cytokine responses of bronchoalveolar
macrophages to lipopolysaccharide increase following weight loss surgery [86]. Sutherland
et al. have found that mononuclear cells from asthmatics express increasing levels of TNF-
a, in direct proportion to increasing BMI [87]. Taken together, these studies suggest that
altered macrophage number and function, perhaps related to effects of leptin on airway
macrophages, may have an important role in the pathogenesis of asthma in obesity.

Rastogi et al. have shown that among obese asthmatic children on inhaled corticosteroids
(presumably the more severely afflicted patients), there were changes in monocyte
populations, with fewer classically activated (CD4*CD16~) and more patrolling
(CD14-CD16*) monocytes [66]. These immune changes were associated with metabolic
markers of insulin resistance. Periyalil et al. also found evidence of elevated circulating
macrophage activation (measured by the serum marker soluble CD163a), particularly in
obese female children [88]. Markers of monocyte lineage activation in children were
associated with poor asthma control and low lung function. The differences between the
study populations (an Australian pediatric population in the Periyalil study and an African-
American and His-panic population in the Rasotgi study) may explain differences in detailed
findings between the two studies, but the striking similarity of macrophage activation in
these diverse pediatric populations suggest that macrophage activation and metabolic
abnormalities are likely important in the pathogenesis of asthma in obese children.

Immunologic characteristics of late-onset non-allergic asthma in obesity

A subset of asthmatics develop late-onset asthma in the setting of obesity, it is likely that the
immunological characteristics of this form of asthma are quite distinct from patients with
early onset allergic asthma complicated by obesity. This is likely analogous to the innate
increase in airway reactivity that has been described in obese mice. Classically, this form of
asthma is more common in women, and these patients have low levels of markers of airway
inflammation [89]. These type of asthmatics have minimal airway inflammation (as assessed
by cellularity and cytokines in bronchoalveolar lavage), but have increased markers of
metabolic inflammation in adipose tissue [86]. The functional significance of these
metabolic abnormalities in adipose tissue is not known, although airway reactivity is
correlated with visceral adipose leptin expression, suggesting metabolic factors are involved
in the pathogenesis of this form of asthma [86]. Work in mice suggest that IL-17A-related
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pathways may be important, but as of yet, there are no reports addressing this in obese
patients.

Markers of oxidative stress are noted to increase in proportion to BMI in patients with
asthma. Komakula et al. reported that 8-isoprostanes in exhaled breath condensate increase
in direct proportion to BMI, whereas exhaled nitric oxide decreases in proportion to BMI
[90]. The precise effects of increased oxidative stress on the immune system in this late-
onset asthma of obesity are not yet defined. One association is a decrease in exhaled nitric
oxide. This may be related to oxidative conversion of nitric oxide to other nitrite species,
and inhibition of nitric oxide synthases (Holguin et al. have shown that asymmetric dimethyl
arginine, an inhibitor of nitric oxide synthases which is increased in obesity, is inversely
related to lung function in these late-onset asthmatics [91]). Nitric oxide has important
homeostatic functions in the airway, including bronchodilation [92], so decreased levels may
be pathogenic in this form of asthma.

There are few studies in humans that have separated out these different phenotypes of obese
asthma, but it is likely that some of the immunological changes described in the general
population of obese asthmatics (such as macrophage dysfunction) may be playing a role in
the late-onset asthma of obesity.

Glucocorticoid resistance

Obese patients appear to have reduced response to inhaled corticosteroids. This has been
reported in many different populations [93,94]. There may be many reasons for this:
different phenotypes with less steroid-responsive inflammation and different drug deposition
related to altered drug delivery are both possibilities. Another reason appears to be intrinsic
steroid resistance which can be measured at the cellular level. Sutherland et al. isolated
monocytes and alveolar macrophages from asthmatics of differing BMI then studied steroid
responsiveness of these cells, measured by induction of MAPK, a signaling molecule
induced by steroids, which inhibits proinflammatory cytokine production. Obese asthmatics
had lower levels of MAPK in response to dexamethasone [87]. In a follow-up study using a
different patient population, Sutherland et al. found that expression of the glucocorticoid
receptor a-subunit was reduced in obese subjects, this correlated with reduced expression of
MAPK in response to dexamethasone [62]. Impaired intracellular signaling in response to
glucocorticoids likely contributes to the steroid resistance that occurs in obesity.

Dietary factors

Dietary factors may influence the immune system, as noted earlier. Obesity is associated
with low levels of vitamin D [95]. Much has been written about the potential effects of
vitamin D on the immune system in asthma: vitamin D promotes the development of Treg
cells, and can increase IL-10 and TGF-, which might attenuate inflammatory responses in
asthma [96]. However, there have been no prospective studies of vitamin D supplementation
in obese asthmatics.

High intake of dietary fat may also have effects on the immune system, as noted above.
Toll-like receptors can be activated by dietary fatty acid, and this is associated with
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increased NF-xB expression and increased production of reactive oxygen species in
peripheral blood mononuclear cells [97-99]. Wood et al. found increased sputum
neutrophilia associated with increased expression of TLR4 in sputum of asthmatics fed a
high fat diet, compared with asthmatics fed a low fat diet [79].

Non-immunological factors

Non-immunological factors may also play an important role in obesity-associated asthma.
The asthma that occurs in late-onset non-allergic asthma is associated with increased
elastance in the periphery of the lung, the cause of this is not known [100], but could be
related to changes in airway wall compliance or thickness [101]. The obese patients tend to
have increased comorbidities such as depression and obstructive sleep apnea, which
contribute to poor asthma control and perhaps to the pathogenesis of asthma in this
population [102,103]. Sex hormones may also play a role: obesity is a greater risk factor for
asthma in women than in men, although the exact reasons for this are not known [104].

Implications for treatment

Role of corticosteroids

Weight loss

Data from the mice models and humans show that obesity is associated with innate
increased airway reactivity, without obvious airway inflammation; this is not related to
challenge with allergen or pollutant. This is likely analogous to late-onset asthma in people
with minimal markers of eosinophilic or neutrophilic inflammation. Given no data to
suggest steroid-responsive pathways are active in this form of disease, it seems critical to
avoid high-dose steroid therapy in these patients, and to consider other interventions.

The use of corticosteroid therapy in those individuals with early-onset allergic asthma
complicated by obesity is likely to be more complex than in lean asthmatics. The work by
Holguin and Sutherland suggest those with early onset asthma and increased markers of
allergic inflammation may be particularly subject to poor asthma control, and so adequate
treatment is critical in these patients. There does appear to be evidence of steroid resistance
at the molecular level, and whether high-dose steroids are required to overcome this is not
known. If high-dose systemic steroids are being contemplated, it may be prudent to at least
confirm that a patient has uncontrolled airway inflammation and not a phenotype of asthma
with minimal inflammation. Documenting airway inflammation may be even more
complicated in the obese than in the lean patient — the work by Desai et al. suggests that it
may be difficult to detect eosiniophilic airway inflammation by conventional non-invasive
monitoring (sputum and exhaled nitric oxide) [74], whether this can be done using a
circulating biomarker, or whether this requires endobronchial biopsy is not yet known.

Bariatric surgery does appear to improve asthma control; this has been shown in a number of
studies [64,105]. However, weight loss surgery is an expensive, complex intervention,
associated with morbidity and even mortality, so this is unlikely to be an option for many
patients. Diet-induced weight loss may help: there are few published studies, but it seems
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likely that 5-10% weight loss is required to improve asthma control in obese asthmatics
[78,106].

Dietary factors

Even if weight loss cannot be achieved, attention to dietary factors may be helpful. A high
fat diet may worsen airway inflammation and reduce bronchodilator responsiveness even in
normal weight patients with asthma [79]. There are no large multicenter trials addressing
reduction of fat intake in people with asthma, but given the pleiotropic health benefits of
such a diet, it is worth at least discussing dietary fat content with patients.

Low vitamin D is associated with obesity, and may contribute to both steroid resistance and
poor asthma control. Although vitamin D does not improve asthma control in adult
asthmatics overall [107], supplementing to at least a normal level is likely a simple
intervention to consider in patients deficient in vitamin D.

Environmental exposures

Work in mice models suggest that environmental pollutants significantly worsen airway
inflammation and airway reactivity in mouse models of asthma. Data in humans suggest that
obese asthmatics may be more affected by air pollution than lean asthmatics [108,109].
Although there are no specific recommendations at this time for the treatment of such
asthma, it makes sense to caution obese patients with asthma to be particularly cautious on
days with poor air quality, and to consider the role that indoor air pollution may be playing
in aggravating their disease.

Comorbidities

Comorbidities such as depression and sleep apnea are associated with poor asthma control in
this patient population [102,103]. As of yet, there are no interventional clinical trials
assessing whether treating these comorbidities might improve asthma control in obese
asthmatics, although these comorbidities usually warrant treatment regardless of their
efficacy for asthma. Given the association of poor asthma control in obesity with obstructive
sleep apnea and depression, it would seem prudent to consider these diagnoses, and treat
when appropriate.

Expert commentary

The majority of severe asthmatics in the USA are obese. Obesity fundamentally changes the
nature of asthma through a myriad of effects on the immune system and pulmonary
pathophysiology. No drug-treatment studies specifically targeting obese asthmatics have yet
been published, and so we are currently dependent on our understanding of the disease from
mouse models and observational studies in humans to guide management. These studies
have provided us with critical insights into the pathogenesis of asthma in obesity, and some
potential targets are beginning to emerge. One very important lesson is that there is a
spectrum of disease, and phenotyping of obese asthmatics is likely to be critical as we move
forward testing any new therapies in this patient population.
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Five-year view

Over the coming 5 years, we will learn more about how changes in metabolism and the
microbiome might influence changes in immune and physiological functions pertinent to
obesity and asthma. Studies from mouse models will help illuminate new targets, and enable
the testing of innovative interventions for weight loss and asthma. There will be studies
focusing on weight loss and other dietary interventions for obese asthmatics. There will be
investigations targeting oxidative stress and the role of some of the newer biologics in this
patient population (although dosing considerations are more complicated, this is the patient
population that is most likely to benefit from these therapies). Toward the end of the coming
5 years, we should be in position to develop specific treatment guidelines for obese patients
with asthma.
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Key issues

Obesity is a complex disease, and the mode and type of obesity affect
manifestations of disease in the airway.

Obesity produces fundamental changes in innate and adaptive immunity.

Obesity is associated with innate airway reactivity, in the absence of any
provocative agent, and without obvious airway inflammation.

Two phenotypes of asthma have been identified in obese people with asthma
(late-onset, non-allergic airway disease and early onset allergic airway disease),
but there are likely to be many more.

These different phenotypes of asthma in obesity will require customized
treatment based on the underlying pathophysiology of the disease.

Obese asthmatics have altered responses to medications, they do not respond as
well to glucocorticoids. Treatment trials targeting specific phenotypes of obese
asthmatic are needed.
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Figure 1. Shared mediators of obesity and airway reactivity (AHR) regarding early and late
onset

Mouse models of early obesity (ob/ob and db/db mice) exhibit developmental differences
and share characteristic mediators with early onset airways hyperresponsiveness (AHR).
Conversely, chronic inflammation appears to play a role in both obesity that develops over
time as well as later-onset airway hyperreactivity.
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Earlier

Bhsol Later onset

asthma asthma

® Usually have increased e Usually have lower
markers of allergic markers of allergic
inflammation in blood inflammation in blood

¢ Tend to have worse asthma e Minimal airway inflammation
control ¢ Steroid resistant/may not

* Airway cell counts may not hgve steroid responsive
correlate with tissue disease process

inflammation
¢ Steroid resistant

Figure 2. Currently, two major phenotypes of asthma in obesity are recognized: early onset
asthma which is likely asthma complicated by obesity, and late-onset asthma which is likely
asthma consequent to obesity

This is likely a gross oversimplification, and further phenotypes will emerge as we gain a
better understanding of the interrelationship between these complex syndromes.
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Findings in mouse models of obesity and metabolic abnormalities related to obesity.
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Mouse model Innate airway reactivity Response to allergen challenge  Response to ozone

ob/ob, lack leptin T 1 Inflammation T AHR 1 Inflammation & AHR (IL-6 dependent)

db/db, lack leptin receptor 1 J Inflammation 1+ AHR 1 Inflammation 1 AHR

Adiponectin deficiency T 1 Inflammation 1 AHR 1 Inflammation & AHR (IL-6 & -17A
dependent)

CPEfat T 1 Inflammation 1 AHR 1 Inflammation 1 AHR

High fat diet ) 11 Inflammation® + AHR 1 Inflammation 1 AHR

‘Inflammation’ in this context refers to increased airway inflammation documented most often by bronchoal-veolar lavage cell counts.

Both increased and decreased inflammation in response to aeroallergen have been reported in various strains, with different allergens.

AHR: Airway hyperreactivity.
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Table 2

Effect of obesity and asthma on cellular immune function.

Effect of obesity

Findings in obese asthma

Lymphocyte function

1 Thland 1Th17

1 CD4* Thl compared with Th2 cells
1 cytokine production from CD4* T cells after weight loss
J cytokine production from mediastinal lymph node cells with high fat diet

Eosinophil function

Increased chemotaxis and
adhesion

Most studies show decreased airway eosinophilia with obesity, this may be related
to abnormal trafficking from tissue

Neutrophil function

Increased circulating
neutrophils in obesity

Increased sputum and circulating neutrophils in some obese asthmatics
Weight loss reduces sputum neutrophilia in women

Macrophage function

Promotes development of M1
macrophages

Increased sputum macrophages Impaired efferocytosis
Impaired response to glucocorticoids

Altered response to lipopolysaccharide

Increased macrophage activation in obese children
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