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Abstract

Although classically characterized by chronic airway inflammation with eosinophil infiltration,
asthma is a complex and multifactorial condition with numerous clinical phenotypes.
Epidemiological studies strongly support the link between obesity and asthma and suggest that
obesity precedes and promotes asthma development, increases asthma severity, and reduces steroid
responsivity. Using a house dust mite (HDM) model of airway hyperresponsiveness in C57BL/6
mice, we examined the effects of diet-induced obesity on allergic airway inflammation and its
treatment with dexamethasone. When compared to lean mice treated with HDM, obese-HDM
mice had reduced plasma adiponectin, an anti-inflammatory adipokine, lower eosinophil and
higher macrophage infiltration into the lungs and bronchoalveolar lavage (BAL) fluid, increased
expression of total, M1 and M2 macrophage markers in the lungs, and enhanced Th2 and non-Th2
cytokine expression in the lungs. While Th2-associated responses in obese-HDM mice were
suppressed by systemic dexamethasone, several Th2-independent responses, including total and
M1 macrophage markers in the lungs, and lung CXC-motif ligand 1 (CXCL1) levels, were not
improved following dexamethasone treatment. Thus, HDM combined with obesity promotes
mixed localized inflammatory responses (e.g. M1, M2, Th1, and Th2) and shifts the cellular
infiltration from eosinophils to macrophages, which are less sensitive to dexamethasone
regulation. Because obese asthmatics exhibit more severe symptoms, lack a predominance of Th2
biomarkers and are predicted to experience more steroid resistance when compared to lean
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asthmatics, this model could be used to study blunted steroid responses in obese-HDM mice and
to define the macrophages found in the lungs.
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Introduction

In the US and many countries around the world, obesity has become an epidemic. Based on
the 2007-2012 National Health and Nutrition Examination Survey (NHANES) more than
two-thirds of Americans are overweight or obese [1]. Obesity is characterized by the
addition of excess adipose tissue with enhanced immune cell infiltration, which is
accompanied by increased production of pro-inflammatory mediators, altered glucose and
lipid metabolism, and insulin resistance [2]. This dysfunctional metabolic state has been
associated with an increased risk for asthma [3], a complex and heterogeneous condition
defined by airway inflammation, remodeling, and hyperreactivity.

Similar to the increased prevalence of obesity, there has been a rise in the number of
asthmatics in the US. Approximately 7% of adults and 8% of children in the US have been
diagnosed with asthma [4] and the link between obesity and asthma is well-established [5—
9]. The chronic low grade inflammation accompanying obesity is proposed to precede and
predict the development of asthma [10]. Obese asthmatics typically experience a later onset,
are highly symptomatic, lack a predominance of Th2 biomarkers and are expected to have
worse prognoses compared to lean asthmatics [11]. Furthermore, they are less likely to
maintain ‘asthma control’ with inhaled corticosteroids (with and without $2 agonists) when
compared to non-obese asthmatics [12;13].

Based on the hypothesis that the low grade pro-inflammatory state accompanying obesity
promotes more severe asthma and steroid resistance in asthmatics, we explored the effects of
diet-induced obesity on airway inflammation and the regulation of airway inflammation by
steroids using a mouse model of house dust mite (HDM)-mediated asthma in the presence
and absence of dexamethasone treatment.

Materials and Methods

Mouse model of house dust mite (HDM)-induced airway hyperresponsiveness (+ diet-
induced obesity)

All animal experiments were reviewed and approved by the Institutional Animal Care and
Use Committee of the Feinstein Institute prior to initiation (#2012-006). Nasal HDM
challenge in C57BL/6 mice was performed as previously described [14;15]. Briefly, 5 wk
old male C57BL/6 mice (Taconic, Germantown, NY) were separated into 2 groups, which
were fed either regular chow (Rodent Diet 20 #5053, PicoLab, Fort Worth, TX) or high fat
diet (HFD, Research Lab Diet D12492 [60% calories from fat], Research Diets, New
Brunwick, NJ). Mice were housed according to diet, fed ad lib throughout the entire study
(30 wks), and future treatment (n=6-10 per group; n=3-5 per cage). Weight gain was
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monitored weekly. For the last 6 wks (starting on wk 24), animals in each diet group
received either 10uL of saline or house dust mite (HDM, 25ug protein/10uL, Greer
Laboratories, Lenoir, NC) on the nares of their noses once daily (Monday through Friday).
In addition, the lean-HDM and obese HDM-treated groups received either saline (i.p.) or
dexamethasone (Dex, 1 mg/kg, i.p., Sigma Aldrich, St Louis, MO) during the last 2 wks
(Monday through Friday). At the end of 30 wks all mice were euthanized with Euthasol
(phenobarbital/ phenytoin, Virbac, Fort Worth, TX), followed by cardiac puncture using a
heparin-coated syringe. Plasma was collected and frozen at —80°C until analyses.

Bronchoalveolar lavage and lung histopathology

Bronchoalveolar lavage (BAL) was performed twice on the right lung using 0.8mL PBS/
1%fetal bovine serum. Pooled BAL samples (from each lung) were centrifuged and BAL
fluid was collected and stored at —80°C until analyses. The BAL cells were resuspended in
PBS, counted using an automated cell counter (Countess, Invitrogen, Carlsbad, CA), and
subsequently cytospun onto slides and stained with Diff-Quik for differential cell counting.

The left lung was tied off at the main bronchus, filled with 10%formalin, removed and fixed
in 10% formalin. Paraffin-embedded sagittal lung sections (4-5uM) were prepared by AML
Laboratories (Baltimore, MD). For inflammation scoring, hematoxylin & eosin (H&E)
stained tissue sections were scored by a board certified pathologist, blinded to the
experimental conditions, based on the amount of inflammatory cells near conducting
airways present ranging from 0, representing no inflammation, to 5, representing a thick
layer of inflammatory cells (>5 cells), as previously described [16].

Assessment of eosinophils and macrophages in lung tissues

Eosinophil infiltration—To determine eosinophilic infiltration, lung tissue sections were
stained using a modified Congo Red staining method, as previously described [17]. Briefly,
slides were stained with Gill’s double strength hematoxylin for 5 min and 0.5% Congo Red
for 15 min. Eosinophils, recognized by their pink cytoplasmic granules and fragmented
nucleus, were counted (2 sections per mouse) from random high powered fields by an
investigator blinded to the experimental conditions.

Macrophage infiltration—Formalin-fixed, paraffin-embedded lung tissue sections (4—
5uM) were deparaffinized and rehydrated. Following antigen retrieval (20 min in a pressure
cooker at 95°C with citrate buffer, pH 6.0) and blocking endogenous peroxidase (using
freshly prepared 3% H,0O, for 30 min), sections were blocked and incubated with rat
monoclonal 1gG anti mouse F4/80 antibody (1:50 Clone C1:A3-1, Serotec, Cambridge,
MA) overnight at 4°C in a humidified chamber. Staining was revealed following incubation
with ImmPRESS anti-rat 1gG secondary antibody (Vector Laboratories, Burlingame, CA)
and developed using ImMmPACT DAB Peroxidase Substrate (Vector Laboratories). Prior to
dehydration and mounting with Permount, sections were lightly stained with hematoxylin.
F4/80-positive macrophages per high powered field were counted in tissue sections (2 per
mouse) by an investigator blinded to experimental conditions.
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Quantitative RT-PCR

Frozen lung tissues were homogenized using the Bullet Blender® (Next Advance, Averill,
NY). Total RNA was isolated using the RNeasy Plus Universal kit (Qiagen, Valencia,CA).
Expression of F480, Fizz1, Argland Nos2 mRNA were determined using a reverse
transcription-based quantitative PCR (qPCR) using the Roche Lightcycler® 480 with target-
specific primers and the Roche UniversalProbe library (See Table 1), as previously described
[18]. Using Power SYBR® Green (ThermoFisherScientific, Waltham, MA) technology,
mouse Gra (forward: 5’AAAGAGCTAGGAAAAGCCATTGTC3’; reverse:

5" TCAGCTAACATCTCTGGGAATTCAS3’) and Grb (forward:
5’AAAGAGCTAGGAAAAGCCATTGTC 3’; reverse:
5'CTGTCTTTGGGCTTTTGAGATAGG3’) mRNA expression were determined by qPCR,
as previously described [19] using the ABI 7900HT (7900 emulation mode) with a
thermocycling protocol recommended by the manufacturer and mouse Actb as the
housekeeping gene (forward: 5’CGGTTCCGATGCCCTGAGGCTCTT3’; reverse:
5’"CGTCACACTTCATGATGGAATTGAZ’). Relative changes in gene expression were
calculated using the comparative Ct (AACt) method using a housekeeping gene with a
similar level of expression. Data are presented as relative mRNA expression with the
untreated lean control group set to 1.

Plasma IgE and BAL fluid cytokine/chemokine analyses

Statistics

Results

Plasma was analyzed for IgE concentrations using the OptEIA kit (BD Biosciences
Pharmingen, San Diego, CA) and adiponectin using ELISA (R&D Systems, Minneapolis,
MN). IL-17 levels in BAL fluids and plasma were assessed by ELISA (R&D Systems).
Other cytokines and chemokines were assessed in the BAL fluids using the MSD platform.
The raw data were measured as electrochemiluminescence signals with the MSD Sector
Imager 2400 plate reader (Meso Scale Diagnostics, Rockville, MD) and analyzed using the
Discovery Workbench 3.0 software (MSD). Analyte concentrations in BAL fluids were
corrected for total protein concentration (determined by Bio-Rad protein assay, Hercules,
CA).

All data are expressed as mean + SD, unless indicated. Weight gain by HFD vs. control diet-
fed mice was analyzed using a two group (HFD vs. control diet) x time (weekly measures,
weeks 1-30) analysis of variance (ANOVA) using repeated measures on the second factor.
All other data were analyzed using one-way ANOVAs for multiple comparisons followed by
Dunnett’s post-hoc testing using GraphPad Prism 5.03 (GraphPad Software, San Diego,
CA). P values <0.05 were considered significant.

High fat diet (HFD) promotes weight gain in mice and weight is unaffected by house dust
mite (HDM) or dexamethasone (Dex) treatments

Both groups of mice (lean vs. HFD-fed) gained weight over the study period, with the HFD-
fed group gaining significantly more weight than the lean group (Fig. 1A). After 5 wks, the
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obese group weighed 9g more than the lean group (p<0.001) and after 30 wks, the obese
group weighed almost 25g more than the lean group (Fig. 1A and 1B, p<0.001). In addition,
within each diet group there were no observed differences in body weights between
treatment groups (i.e. £HDM and +Dex, Fig. 1B).

Circulating adiponectin is reduced in obese-HDM mice compared to lean-HDM mice

Plasma adiponectin, an anti-inflammatory adipokine proposed to play a beneficial role in
asthma,[20] is inversely correlated with body weight [21]. Under all respective conditions,
plasma adiponectin levels in the lean mice tended to be higher than levels in the obese mice
(Fig. 2). When compared to obese-HDM mice, lean-HDM mice had significantly higher
circulating adiponectin levels (Fig. 2). Interestingly, Dex treatment significantly lowered
adiponectin levels in lean-HDM-treated mice and slightly (p=0.06) reduced adiponectin
levels in obese-HDM-treated mice (Fig. 2).

Obesity shifts the cellular infiltrates found in the lungs from eosinophils to macrophages
following HDM: Dex does not suppress HDM-induced macrophage accumulation

Next, we examined the lung tissues for patterns of inflammation following HDM (£Dex).
Both lean and obese mice exposed to HDM had inflammation around the airways and
vasculature when compared to their respective vehicle controls (Fig. 3A). Obese mice
showed more lung inflammation following HDM exposure when compared to lean HDM-
exposed mice (inflammatory scores: 3.4+0.0.6 [obese-HDM] vs. 1.3£0.6 [lean-HDM],
averagexSD , p<0.05). Using Congo Red staining, we assessed the eosinophil content of the
lung tissues. Lean mice treated with HDM showed significantly enhanced eosinophil
infiltration into the lung tissues when compared to lean controls and this was reduced by
Dex (Fig. 3B). In contrast, obese mice treated with HDM showed significantly less
eosinophil infiltration when compared to the lean HDM-treated mice or saline treated obese
mice (Fig. 3B). Consistent with these observations, lean mice had a slight (but not
significant) increase in plasma IgE levels following HDM-exposure when compared to lean
controls, whereas obese animals exposed to HDM showed significantly elevated plasma IgE
levels compared to obese controls (Fig. 3C). Dex treatment significantly reduced plasma IgE
levels in the obese-HDM-treated mice (Fig. 3C).

Using an F4/80-specific antibody to stain macrophages, we observed that HDM did not
significantly affect the macrophage content of the lung tissues in the lean mice (Fig. 3D), but
significantly increased the number of macrophages found in the lungs of the obese mice
following HDM vs. obese controls (Fig. 3D). The number of macrophages in the obese-
HDM lungs did not significantly decrease with Dex treatment (Fig. 3D).

To further assess the inflammatory profiles of the lungs, we examined the cellular content of
the BAL fluid. When the total numbers of cells in the BAL fluid were enumerated we found
that HDM exposure increased the total cell count, irrespective of diet (Fig. 4A). Dex
treatment of lean HDM-exposed mice reduced the accumulation of total cells found in the
BAL fluids (Fig. 4A). By contrast, Dex did not reduce the total number of cells found in the
obese BAL fluids (Fig. 4A). To compare the inflammatory responses across the groups we
examined the types of immune cells present in the BAL fluid. There were no eosinophils
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present in the BAL fluid of lean or obese mice in the absence of HDM (Fig. 4B), but
following HDM exposure BAL fluids from both lean and obese mice had increased numbers
of eosinophils (Fig. 4B). The obese mice had lower eosinophil counts (54% less) in their
BAL fluid following HDM exposure when compared to HDM-lean mice, although this
difference was not significant (Fig 4B). In both lean and obese mice, Dex treatment
significantly reduced the number of BAL fluid eosinophils (Fig. 4B). Too few neutrophils
and lymphocytes were found in any BAL fluids to enumerate. By contrast, all BAL fluid
samples contained macrophages. The numbers of macrophages in the BAL fluids of lean
mice did not significantly change following HDM exposure (xDex) (Fig. 4C). However,
HDM-exposure of obese mice significantly increased the number of macrophages found in
the lung fluid when compared to obese controls and this increase was not reversed by Dex
treatment (Fig. 4C).

Assessment of macrophage marker expression in the lungs of lean and obese mice
following HDM + Dex

We employed gPCR methods to confirm total macrophage counts and to assess markers of
M1 (proinflammatory) and M2 (immunosuppressive, repair) macrophages. Consistent with
our previous results, the general (total) macrophage mMRNA marker, F480, was relatively
unchanged among the lean groups and was significantly increased in the lungs of obese mice
following HDM vs. lean-HDM mice and obese controls (Fig. 5A); this expression was not
significantly reduced by Dex (Fig. 5A). Lung NMos2 mRNA expression, indicative of M1
macrophages, was significantly enhanced by HDM in obese mice vs. leanHDM mice and vs.
obese controls and its expression was not reversed by Dex treatment (Fig. 5B). FizzZ and
ArgI mRNA expression in the lungs, reflective of M2 macrophages, was enhanced by HDM
in the setting of obesity (when compared to lean-HDM mice and obese controls) and
decreased by Dex (Figs. 5C and 5D, respectively).

HDM exposure increases cytokines in BAL fluid of obese mice: Effect of Dex

Allergic asthma is linked to Th2 immune processes, whereas low level chronic inflammation
accompanying obesity is associated with Th1 responses. Next, we examined the effect of
diet and Dex treatment on Th1 and Th2 inflammatory mediators in the BAL fluids. I1L-2, a
cytokine secreted by Th1 cells, was not detected in any of the BAL fluids obtained from lean
mice, regardless of treatment (Fig. 6A). By contrast, IL-2 was detected in the BAL fluids
obtained from obese mice £tHDM exposure (Fig. 6A); IL-2 levels in the obese-HDM BAL
fluids were decreased by Dex, although not significantly (Fig. 6A). IL-4 and IL-5, Th2
cytokines elevated in asthmatics and experimental models of asthma [22], were slightly (but
not significantly) increased in the BAL fluid of lean-HDM mice (Fig. 6B and 6C). However,
both IL-4 and IL-5 levels were substantially higher following HDM in the setting of obesity
(Fig. 6B and 6C). Treatment of obese-HDM mice with Dex significantly reduced both IL-4
and IL-5 concentrations in their BAL fluids (Fig. 6B and 6C).

HDM with obesity alter BAL levels of CXCL1, a marker of macrophage infiltration in the
lung

IL-17 has been implicated in obesity [23], asthma severity [24], and steroid resistance in
asthma [25], as well as chemokine production (e.g. CXCL1 [26]) and leukocyte infiltration
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[27]. IL-17A was not detected in any of the BAL samples (data not shown). Exposure of
both lean and obese mice to HDM significantly increased CXCL1 levels in the BAL fluids
when compared to vehicle-treated controls (Fig. 7) and this increase was not significantly
reduced by Dex (Fig. 7).

The effect of HDM (xDex) on glucocorticoid receptor mRNA expression in lean and obese
mouse lungs

Next, we assessed glucocorticoid receptor (GR) mRNA expression in the lungs. The Grgene
encodes two splice variants, GRa and GRB. GRa, the classic receptor, binds glucocorticoids
and promotes the activation of genes encoding anti-inflammatory factors and prevents the
activation of genes that encode pro-inflammatory factors [28]. In our model, GramRNA
expression was not significantly altered by diet, HDM, or Dex treatment (Fig. 8A). GRp is a
dominant negative inhibitor of GRa and thus, inhibits its function [28]. Although not
statistically significant, obese control mice showed slightly increased Grb mRNA expression
in the lungs when compared to lean controls (Fig. 8B) and this expression was not
significantly affected by HDM (£Dex) treatment (Fig. 8B).

Discussion

Approximately 7-8% of the American population suffers with asthma [4] and approximately
5% of asthmatics have severe asthmatic disease, that in many cases, is refractory to
traditional therapies [29]. Asthma is not a single disease, but rather a heterogeneous
condition characterized by numerous and sometimes ‘mixed’ phenotypes [11;30;31]. Many
factors contributing to the pathogenesis of asthma have been described, including obesity,
which has been increasing at an alarming rate [32], with approximately one third of all men,
women, and children in the US currently obese [33]. Several reports support that obesity
promotes the development of asthma and when combined with asthma creates a phenotype
that is more severe and more difficult to manage [3;30;31]. While obesity does not influence
steroid absorption, clearance or metabolism [34], it has been proposed to promote a non-
eosinophilic inflammatory infiltration into the lungs and induce the expression of the
antagonistic GRB [11;31]. Therefore, we used a mouse model of diet-induced obesity and
HDM-induced airway disease, where chronic and severe obesity preceded HDM-induced
airway inflammation, to examine the effect of obesity on lung inflammation and steroid
responsiveness.

Adiponectin, an adipokine that regulates glucose metabolism and insulin sensitivity, exerts
antiinflammatory effects and has been implicated in asthma. More specifically, adiponectin
~I~ and adiponectin receptor~'~ mice show significantly increased allergic airway
inflammation, with more eosinophilia and monocyte infiltration into the lung [35;36]. By
contrast, adiponectin promotes an M2 *anti-inflammatory’ macrophage phenotype [37] and
improved outcomes in mouse models of allergic airway hyperresponsiveness [36;38]. As
predicted based on previous reports [21], we found that the lean-HDM mice had
significantly higher plasma adiponectin levels than obese-HDM mice (Fig. 2). Adiponectin
levels in lean-HDM mice were reduced by Dex, whereas in obese-HDM mice adiponectin
levels were lowered by Dex, but not significantly (Fig. 2). These findings are consistent with
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previous studies describing the negative regulation of adiponectin gene expression and
protein release by glucocorticoids /n vitro [39] and /n vivo [40] and thus, highlight an
important question: if adiponectin is beneficial in asthma, would preserving its expression
during treatment improve outcomes?

We found reduced HDM-induced eosinophilia in our C57BL/6 mice than that previously
described for BALB/c mice (vs. C57BL/6 mice) [41]. This is not surprising given that
C57BL/6 and BALB/c mice are classical Th1 and Th2 strains, respectively [42]. However,
we chose the C57BL/6 strain because of its proclivity towards diet-induced obesity, while
BALB/c mice are obese-resistant. In our combined model of obesity and asthma, we found
slightly higher IgE levels, fewer eosinophils in the obese-HDM mice when compared to
lean-HDM mice. As expected, Dex suppressed the eosinophil counts in both lean-HDM and
obese-HDM mice (Fig. 4B). By contrast, more macrophages were found in the lungs of the
obese-HDM mice when compared to obese controls and lean (tHDM) mice.

The role of macrophages in asthma is not completely understood. Alveolar macrophages are
the dominant immune cell type found in the lung under basal conditions and in asthma they
regulate the contractility of the airway smooth muscle cells through their effects on
histamine release, production of free radicals, stimulation of Th2 cytokine release by T cells
and by promoting cholinergic signaling [43]. While macrophage counts in the BAL fluid and
lung tissues, as well as F480 mRNA expression (reflecting total macrophages) in the lungs
of lean groups were unaffected by HDM (xDex), the lungs of obese mice showed a
significant increase in F4/80-staining, F480 mRNA expression, and the numbers of
macrophages in their BAL fluids following HDM exposure and these increases were not
reversed by Dex (Figs. 3D, 4C and 5A). Similarly, in severe asthmatic patients, macrophages
collected from BALS show decreased sensitivity to glucocorticoids [44]. The appearance of
macrophages in the lungs of obese-HDM mice along with enhanced inflammation (and
lower circulating adiponectin levels) is consistent with increased MCP-1/CCL2 levels in the
lungs, monocyte infiltration and more severe airway inflammation reported in adiponectin™=
and adiponectin receptor~~ mice using allergic airway hyperresponsiveness models [35;36]
and a less ‘“Th2-dependent’ asthma phenotype observed in humans [45;46]. Although we
were unable to detect IL-7 in the circulation of the mice, it has been shown to be upregulated
in asthmatic lungs and proposed to contribute to disease progression by inducing the
expression of numerous chemokines, including CXCL1, which is implicated in leukocyte
recruitment [47;48]. Macrophages, including alveolar macrophages are a major source of
CXCL1 and they may contribute to elevated CXCL1 levels found in the lungs of obese
HDM-mice when compared to control obese mice (Fig. 7).

The link between obesity and low grade inflammation (characterized by increased M1
macrophages) has been proposed to underlie asthma pathogenesis and even severity in some
cases [49]. More recent studies reveal increased M2 macrophages in the lung tissues and
BAL fluids of asthma patients and in mouse models of allergic airway infiltration [50-52]
and M2 macrophages have been associated with increased asthma/allergic airway
inflammation severity [53]. Despite these reports, the role of M2 macrophages in allergic
asthma is somewhat controversial and the M2 phenotype has been proposed to be a result of
an increased Th2 response [54]. Consistent with our observation that Dex did not reduce
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HDM-induced Nos2 mRNA expression (M1 marker) in obese mice, Goleva and co-workers
showed that steroid resistant asthmatics have more M1 than M2 macrophages in their BAL
fluids [55]. Similarly, obesity can shift the adipose tissue macrophage phenotype towards
M1 with increased NMosZ2 mRNA expression [56-58]. It is important to note that the
assessment of distinct macrophage phenotypes (i.e. M1 vs. M2) in vivo has been criticized
as the current view ignores the source and context of stimuli, that these stimuli do not exist
alone in tissues, that macrophages are plastic, and that macrophages do not appear to form
totally distinct activation subsets or expand clonally [59]. Our results show that M1 and M2
(or mixed M1/M2) macrophages are present in the lungs of obese-HDM mice based on gene
expression markers, as previously described [60-62]. This method of assessment
significantly limits our conclusions regarding macrophage subsets. While both types of
macrophages are proposed to contribute to asthma development and progression [59], some
types might be less sensitive to steroid regulation than others and these may be enhanced in
the setting of obesity. Future studies are required to define the macrophage subsets in the
lungs of obese and lean “asthmatic’ mice and humans and to assess their responsiveness to
glucocorticoids.

HDM-induced airway inflammation in lean mice mediates significant inflammatory changes
in the lung tissues and BAL fluid cellular content, which can be ameliorated by
glucocorticoids [63]. In this study numerous aspects of obesity-related lung inflammation
induced by HDM were either significantly or slightly reduced by glucocorticoids, including
BAL adiponectin levels, plasma IgE levels, lung eosinophil numbers, BAL IL-2 levels, and
M2 macrophage marker expression, while other macrophage-related markers were not (e.g.
total cell count and macrophage count in BAL fluid, macrophages in lung tissues, as well as
F480 mRNA expression (total macrophages), and Mos2 mRNA (M2 macrophage marker)).
Glucocorticoids diffuse across cellular membranes, bind to GRa in the cytoplasm, and then
the glucocorticoid-GRa complex is transported into the nucleus where it exerts anti-
inflammatory effects via up-regulation of anti-inflammatory gene expression and down-
regulation of pro-inflammatory gene expression [64]. In contrast, GRp directly binds DNA
to block glucocorticoid-GRa interactions and thus serves to inhibit glucocorticoid action
[64]. In this study, we found no differences in either Graor Grb mRNA expression among
the various diet and HDM vs. saline groups (Figs. 8A and 8B). GRp expression has been
reported to be elevated in steroid resistant asthmatics [65;66] and highly expressed in the
lungs of patients who suffered fatal asthma attacks [67]. We did not observe this effect at the
level of mMRNA expression. These results need further investigation because we were unable
to assess GRa and GRp protein expression due to the lack of specific GRa and GRB
reagents for mice. In addition, because we used whole lung homogenates, we did not assess
GRa and GRp expression by various lung cell types. Furthermore, we did not perform
pulmonary function tests so we are unable to conclude that Dex affected the resolution of
airway hyperresponsiveness in the mice. Clearly, more investigation is needed to further
examine the effects of obesity on glucocorticoid sensitivity and the effects of glucocorticoids
on specific cell types in obese asthma models.

In summary, when compared to lean-HDM mice the obese-HDM mice had reduced “anti-
inflammatory’ plasma adiponectin levels, enhanced lung inflammation and BAL fluid
macrophage counts, as well as increased expression of markers for total, M1, and M2
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macrophages in their lungs, elevated Thl and Th2 cytokine levels (or mixed Thi, Th2, M1,
and M2 response), and CXCL1 in their BAL fluid. Numerous outcomes (e.g. IL-2, IL-4,
IL-5 levels, lung and BAL fluid eosinophils, plasma IgE levels, and M2 macrophage
markers) were suppressed by Dex in lean and/or obese mice. However, many of these
outcomes were not reduced by Dex in obese-HDM mice, including the number of lung
tissue and BAL fluid macrophages, total and M1 macrophage mRNA markers, and BAL
fluid CXCL1 levels. These findings clearly support previous reports suggesting that obesity
modulates the development of allergic asthma and that when obesity accompanies asthma, it
leads to a phenotype that is more severe and in some aspects, less sensitive to steroid
treatment. Furthermore, the results of this study highlight lung macrophages as an important
cellular component of the obese-asthmatic phenotype and show that lung macrophage
infiltration appears to be less sensitive to regulation by steroids. Future studies should
confirm the presence of macrophages in the lungs of obese vs. lean asthma patients and
examine whether these differences correlate with steroid resistance. Furthermore, all
immune cells found in the lungs of lean vs. obese asthmatics could be assessed for their
specific sensitivity to steroids. Profiling the immune cells present in the lungs of severe
asthmatics and their responses to steroids could be useful in choosing the best therapies for
asthma patients. Finally, our results support investigating additional mechanisms that might
contribute to blunted steroid responses in obese vs. lean asthmatics.
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ANOVA analysis of variance
BAL bronchoalveolar lavage

CXCL1 CXC-motif ligand 1

Dex dexamethasone

GRa glucocorticoid receptor alpha
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Figure 1. High fat diet induces obesity in C57BL/6 mice irrespective of HDM and Dex treatments
The average weight gain (in grams, g) over the course of the study among lean and obese

mice (A) and final average weights among lean and obese groups (£house dust mite, HDM,
+dexamethasone, Dex) (B). ***=p<0.001, comparing high fat-fed obese vs. lean mice
subgroups (xHDM, +Dex).
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Figure 2. Obesity reduces HDM-induced plasma adiponectin levels in obese mice
Plasma adiponectin levels in lean and obese mice (xhouse dust mite, HDM,

+dexamethasone, Dex) were determined by ELISA. *=p<0.05 compared to obese-HDM

mice.
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Figure 3. Obesity shifts the cellular infiltrate into lung tissue from eosinophils to macrophages
following HDM: Dex does not suppress macrophage accumulation

Representative H&E sections of lungs obtained from lean and obese mice (xhouse dust mite,
HDM, + dexamethasone, Dex) (A). Yellow arrows indicate areas of inflammation.
Enumeration of Congo Red™ eosinophils per high power field (HPF) in lung tissues obtained
from lean and obese mice following (xtHDM, +Dex) (B) and assessment of plasma IgE
concentrations (C). Enumeration of F4/80" lung macrophages (M®) per HPF in lung tissue
sections (D). *=p<0.05, **=p<0.01; ***=p<0.001, as indicated.
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Figure 4. BAL fluid shows increased macrophage accumulation in obese-HDM mice: No effect of

Dex

The total number of cells (A) and number of eosinophils (B) and macrophages (M®) (C)
found in the BAL fluid of lean and obese mice following house dust mite (HDM)
administration in the presence and absence of dexamethasone (Dex). *=p<0.05 and

**=p<0.01, as indicated.
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Figure 5. Obesity differentially regulates gene expression markers for macrophages in the lungs
following HDM (xDex)

The effect of house dust mite (HDM) administration (+ dexamethasone, Dex) on the
expression of genes indicative of total (F480 mRNA, A), as well as M1 (Nos2 mRNA, B)
and M2 (Argl mRNA, C and Fizz1 mRNA, D) macrophages in lung tissues obtained from
lean and obese mice. Data are shown as relative mRNA expression with the untreated lean
control group set to 1. *=p<0.05, **=p<0.01; ***=p<0.001, as indicated.
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Figure 6. HDM increases IL-4 and IL-5 levels in BAL fluid obtained from obese mice: Reversed

by Dex
IL-2 (A), IL-4 (B), and IL-5 (C) protein levels in bronchoalveolar lavage (BAL) fluids in

lean and obese mice following house dust mite (HDM) +dexamethasone (Dex). *=p<0.05
and **=p<0.01, as indicated.
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Figure 7. CXCL1 protein levels in the lungs of obese and lean asthmatics
The effect of house dust mite (HDM) (xdexamethasone, Dex) on CXCL1 protein levels in

the BAL fluids obtained from lean and obese mice were determined by ELISA. Data are
shown as pg CXCL1 per gram (g) lung tissue. *=p<0.05 and **=p<0.01, as indicated.
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Figure 8. Glucocorticoid receptor mRNA expression in the lungs of lean and obese mice
The effect of house dust mite (HDM) (xdexamethasone, Dex) on Gra (A) and Grb (B)

mMRNA expression in the lungs of lean and obese mice were determined by gPCR. Data are
shown as relative mRNA expression with the untreated lean control group set to 1.
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Table 1
gPCR primers used to assess gene expression using the Roche UniversaProbe Library
Gene Primer Sequence 5’ -3’ Accession Number”
(Probe Number)
Argl Forward GAATCTGCATGGGCAACC NM_007482.3
Reverse GAATCCTGGTACATCTGGGAAC @
F480/Emrl  Forward ~ GGAGGACTTCTCCAAGCCTATT NM_010130.4
Reverse AGGCCTCTCAGACTTCTGCTT (42)
Fizz1 Forward CACACCCAGTAGCAGTCATCC NM_020509
Reverse CCCTCCACTGTAACGAAGACTC (51)
Gapah Forward GAGCCAAACGGGTCATCA NM_001289726
Reverse CATATTTCTCGTGGTTCACACC (29)
Hort Forward TCCTCCTCAGACCGCTTTT NM_013556.2
Reverse CCTGGTTCATCATCGCTAATC (95)
Nos2 Forward CTTTGCCACGGACGAGAC NM_010927.3
Reverse TCATTGTACTCTGAGGGCTGAC (13)

Forward and reverse primers used for assessing mRNA expression in mouse lungs using the Roche Univeral ProbeL.ibrary.

A National Center for Biotechnology Information (NCBI) EntrezGene (http://www.ncbi.nlm.nih.gov/gene) with GenBank Accession numbers and
specific Roche Universal Probe numbers in parentheses.
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