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Abstract

Obese mice exhibit innate airway hyperresponsiveness (AHR), a feature of asthma. Tumor
necrosis factor alpha (TNFa) is implicated in the disease progression and chronic inflammatory
status of both obesity and asthma. TNF acts via two TNF receptors, TNFR1 and TNFR2. To
examine the role of TNFR2 in the AHR observed in obese mice, we generated obese Cpe™ mice
that were either sufficient or deficient in TNFR2 (Cpe and CpeTNFR2~/~ mice, respectively)
and compared them with their lean controls (WT and TNFR2™~ mice). Compared to WT mice,
Cpe’ mice exhibited AHR to aerosolized methacholine (measured using the forced oscillation
technique) which was ablated in Cpe@/TNFR2~/~ mice. Bioplex or ELISA assay indicated
significant increases in serum leptin, G-CSF, IL-7, IL-17A, TNFa, and KC in obese versus lean
mice, as well as significant obesity-related increases in bronchoalveolar lavage fluid (BALF) G-
CSF and IP-10, regardless of TNFR2 status. Importantly, BALF IL-17A was significantly
increased over lean controls in Cpe™ but not CpeITNFR2™~ mice. Functional annotation
clustering of significantly affected genes identified from microarray analysis comparing gene
expression in lungs of Cpe and WT mice, identified blood vessel morphogenesis as the gene
ontology category most affected by obesity. This category included several genes associated with
AHR, including endothelin and trkB. Obesity increased pulmonary mRNA expression of
endothelin and trkB in TNFR2 sufficient but not deficient mice. Our results indicate that TNFR2
signaling is required for the innate AHR that develops in obese mice, and suggest that TNFR2
may act by promoting IL-17A, endothelin, and/or trkB expression.
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1. INTRODUCTION

Obesity is a risk factor for asthma. Obesity increases both the prevalence and incidence of
asthma, and worsens asthma control (see recent reviews [1-4]). In the obese asthmatic,
weight loss improves asthma outcomes, including airway responsiveness [5, 6], although
others have found no effect of obesity on responsiveness (see [7] for review). Data from
animal models also support a relationship between obesity and asthma. For example,
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regardless of the cause of their obesity, obese mice display airway hyperresponsiveness
(AHR), a characteristic feature of asthma [8-11].

In both obese humans and obese mice, even in the absence of any overt inflammatory insult,
there is chronic, low-grade, systemic inflammation characterized by increased circulating
leukocytes and increased serum concentrations of cytokines, chemokines, and acute phase
proteins [12, 13]. Importantly, systemic inflammatory markers correlate with the presence of
diseases common to obesity, including type Il diabetes and atherosclerosis [14-17],
suggesting that the inflammation is functionally important. We have also reported a
temporal correspondence between the induction of systemic inflammation and the induction
of AHR in obese Cpe™ mice [18].

Of the various inflammatory moieties that are increased in the blood in obesity, TNFa is of
particular interest. Several obesity-related conditions are ameliorated in obese mice lacking
TNFa or TNF receptors [19-24]. Similarly, TNFa may also be relevant for obesity-related
asthma. Risk estimates for asthma as a function of BMI are higher in subjects with the G/A
or A/A TNFA -308 polymorphisms that lead to higher TNFa expression than in G/G
subjects with lower TNFa expression, especially among those with nonatopic asthma [25].
Exogenous administration of TNFa can also induce AHR [26]. Taken together, the data
suggest that augmented circulating TNFa in obesity may contribute to AHR.

TNFa can bind to either of two receptors, TNFR1 or TNFR2, which differ in their
inflammatory potential, their affinity for cleaved versus membrane-associated TNFa, their
cellular locus of expression, their ability to induce apoptosis, and their effects on blood
vessels [27-32]. Because of the inflammatory nature of both obesity and asthma, and
because TNFRL1 is, in general, more pro-inflammatory than TNFR2 [31, 32], we initially
examined the importance of TNFR1 for the AHR observed in obese mice. Surprisingly, our
data indicated augmented airway responsiveness in Cpe’ mice deficient in TNFR1
compared to Cpe’ mice sufficient in TNFR1[33]. In mice lacking TNFR1, TNFa acts
exclusively via TNFR2, suggesting that in the obese mice, TNFa signaling via TNFR2 may
promote AHR. To address this hypothesis, airway responsiveness to aerosolized
methacholine was measured in lean wildtype (WT) mice, obese Cpe’ mice, lean TNFR2
deficient (TNFR277) mice, as well as obese Cpe’ mice that were also deficient in TNFR2
(Cpe?ITNFR27/~ mice). Our data indicated the presence of AHR in TNFR2 sufficient but
not TNFR2 deficient Cpe’ mice compared to their respective lean controls. To examine the
mechanistic basis for this effect of TNFR2, we determined the impact of TNFR2 deficiency
on the low grade systemic inflammation associated with obesity, and also examined
potential TNFR2-related differences in lung inflammation. We also performed a microarray
analysis comparing gene expression in lungs of WT and Cpe’® mice. We then used RT-PCR
to examine mRNA expression of candidates from the list of differentially expressed genes
that might be contributing to obesity-related AHR.

2. METHODS

2.1 Animals

This study was approved by the Harvard Medical Area Standing Committee on Animals.
Cpe’ mice are genetically deficient in carboxypeptidase E (Cpe), an enzyme involved in
processing prohormones and proneuropeptides that are important for appetite regulation and
energy expenditure [34, Coleman, 1990 #367, 35]. Absence of Cpe leads to obesity [36, 37].
Because Cpe’ mice are infertile, heterozygous Cpe*'~ mice were purchased from Jackson
Labs (Bar Harbor, ME). Cpe*'~ mice were mated to TNFR2™~ mice, also purchased from
Jackson Labs. Both types of mice were on a C57BL/6 background. Cpet/-/TNFR2*/~
offspring were bred back to TNFR2~/~ mice. Cpe*/~/TNFR2~/~ mice from this mating were
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then bred together to obtain Cpe@/TNFR2~/~ mice and TNFR2™/~ controls. Heterozygous
Cpe™~ mice were mated to each other to generate WT and Cpe’@ mice. All mice were fed
standard mouse chow diets. Mice were 10-12 weeks of age at the time of study. Cpe and
matched wildtype C57BL/6 mice for the microarray analysis were purchased mice from
Jackson Labs.

For studies of the role of TNFR2 in obesity-related AHR, WT, Coe’® TNFR2~/~, and
CpeITNFR2~ mice were used. Mice were anesthetized and instrumented for the
measurement of pulmonary mechanics and airway responsiveness to aerosolized
methacholine. Immediately after euthanasia, bronchoalveolar lavage (BAL) was performed,
and the lungs were harvested. The left lung was immersed in RNAlater (Qiagen) and
subsequently used to prepare RNA for measurement of gene expression by quantitative RT-
PCR. In a separate cohort of WT, Coe®, TNFR27/~, and Coe@JTNFR2~/~ mice which did
not undergo measurement of airway responsiveness, blood was obtained by cardiac puncture
after euthanasia, and serum was prepared. BAL was also performed. BAL supernatants and
serum from these mice were used for measurements of cytokines and chemokines by ELISA
and Bioplex. In the case of BAL IL-17A, measurements were combined from these mice
and the mice in which measurements of pulmonary mechanics were performed. WT and
Cpe’ mice for microarray analysis were euthanized, BAL was performed, and the left lung
was excised and frozen in liquid nitrogen.

2.3 Measurement of pulmonary mechanics and airway responsiveness

Mice were anesthetized with xylazine (7 mg/kg) and sodium pentobarbital (50 mg/kg),
ventilated and instrumented for the measurement of pulmonary mechanics as previously
described [18]. The chest wall was opening bilaterally to expose the lungs to atmospheric
pressure and a positive end expiratory pressure of 3 cm H,0 was applied. A standardized
volume history was established by twice inflating the lungs to 30 cm H,O airway opening
pressure (total lung capacity (TLC)). In order to measure the static elastic properties of the
lung, we then performed a slow inflation to TLC, followed by a slow deflation back to end
expiratory lung volume. This quasi static pressure volume (PV) loop was repeated 3 times at
one minute intervals. For each PV loop, we computed the following parameters using the
Salazar-Knowles equation [38]: A, the difference between TLC and end expiratory volume;
B, the difference between TLC and the predicted volume at 0 pressure; and K, a measure of
the curvature of the upper portion of the deflation limb of the PV curve. The static
compliance (Cstat) of the lung obtained from the lower portion of the deflationary limb of
the PV loop was also obtained. Values from the 3 PV loops were averaged to obtain a mean
value for each animal. Baseline pulmonary mechanics were then assessed using the forced
oscillation technique [8, 18, 39, 40] as follows. Mice were given an inflation to TLC. One
minute later, measurements of total lung impedance (Z, ) were obtained using an 3s
optimized pseudorandom signal containing frequencies ranging from 0.25 to 19.63 Hz. A
parameter estimation model [41] was used to partition Z|_ into components representing
Newtonian resistance (Rn), which largely reflects the conducting airways, and the
coefficients of lung tissue damping (G) and lung tissue elastance (H), which reflect changes
in the lung tissue. This sequence was repeated 3 times and the values averaged. Finally, we
measured responses to inhaled aerosolized methacholine dissolved in PBS. One minute after
inflation to TLC, an aerosol of PBS was delivered to the lungs for 10 seconds using an
ultrasonic nebulizer (Aeroneb, SCIREQ). Rn, G and H were measured every 15 seconds for
the next 3 minutes, as described above. This sequence was then repeated after delivery of
increasing doses of methacholine (0.3-300 mg/ml). At each dose, the 3 highest values of Rn,
G and H were averaged and used to construct dose response curves.
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2.4 Bronchoalveolar lavage and serum

The lungs were lavaged twice with 1 ml PBS. The lavagates were pooled and placed on ice
until centrifuged at 400 x g at 4°C for 10 min. Cell pellets were resuspended in Hank’s
Balanced Salt solution and a hemocytometer was used to assess the total number of cells.
Aliquots of cells were also centrifuged onto glass slides at 800 rpm for 10 min (Cytospin 3,
Shandon, Sewickley, PA). The slides were air-dried, and then stained with Wright-Giemsa
(LeukoStat, Fisher Scientific, Pittsburgh, PA). Cell differentials were determined by
counting 300 cells under 400X magnification. Blood was collected from the heart via
puncture of the right ventricle. Serum was isolated using Microtainer tubes (Becton
Dickinson, NJ) and stored at —20°C until assayed for TNFa by ELISA (EBiosciences, San
Diego, CA) according to the manufacturer’s instructions. Bioplex assay for 35 different
cytokines, chemokines, and growth factors was performed on BAL supernatant and on
serum (Eve Technologies, Calgary, Alberta, Canada). BAL IL-17A was also assessed by
ELISA (BioLegend, USA).

2.5 RNA extraction and Real Time PCR

For RNA for microarray analysis, lung tissue was homogenized in 3 ml TRIzol reagent
(Invitrogen; Carlsbad, CA) and total RNA subsequently extracted in accordance with the
manufacturer’s instructions. Following RNA extraction, samples were run through RNeasy
RNA Cleanup (QIAGEN Inc.; Valencia, CA) to increase RNA purity and then stored at
-80°C.

For RT-PCR, RNA was extracted from lungs and cDNA generated as previously described
[42]. Endothelin 1, TrkB, fractalkine, and adipsin mMRNA expression were quantified by real
time PCR (7300 Real-Time PCR Systems, Applied Biosystems, US) using SYBR-green
detection. Primers are described in Table 1. The delta Ct (ACt) was obtained by subtracting
from the gene of interest, the Ct values for a housekeeping gene, 36B4 (rplp0), a ribosomal
protein. Primers for 36B4 were as described by Ohashi et al [43]. Changes in mMRNA were
expressed relative to values from the WT/WT air exposed mice, to obtain A ACt values.
Expression was calculated by RQ=2"AACt [44],

2.6 Microarray

Eight RNA samples, each one pooled from 2-5 mice, were used in this analysis. Four RNA
samples were from lean wildtype mice and were matched with 4 samples from Cpe® mice.
Gene expression analyses on these samples were performed using the GeneChip® Mouse
Genome 430A 2.0 Array platform (Affymetrix, Santa Clara, CA). Sample labeling,
hybridization, and array scanning were performed by the Harvard Medical School — Partners
Healthcare Center for Genetics and Genomics (HPCGG) using standard protocols
(www.hpcgg.org/Microarrays/resources). For microarray analysis, expression values were
extracted from .cel files using Robust Microarray Analysis (RMA) [45] and imported into
the program Dchip for statistical analysis [46, 47]. We used the DAVID Bioinformatics
Resources [48] (http://david.abcc.ncifcrf.gov) to classify the ontology of genes that were
significantly different between WT and Cpe mice and to perform functional annotation
clustering. For the latter, we used high classification stringency and all probe sets on the
430A 2.0 chip as background.

2.7 Statistics

Differences in outcome indicators were assessed by factorial ANOVA using Cpe genotype
and TNFR2 genotype as main effects, except as noted below. The Fisher LSD test was used
for post hoc comparisons. For Bioplex assay, samples below the limit of detection of the
assay were assigned a value of 0. In addition, serum eotaxin, G-CSF, IL-1a, IL-6, IL-9,
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IL-15, IP-10, KC, and VEGF, as well as BAL G-CSF were log transformed prior to
statistical analysis to conform to a normal distribution. In the case of serum IL-7 and
IL-17A, because neither absolute values nor log transformed values were normally
distributed, a Mann Whitney U test was used instead of factorial ANOVA. Statistical
analyses were carried out using SAS software (SAS Institute, Cary, NC). Results presented
are mean + SE unless otherwise indicated. p < 0.05 was considered statistically significant.

3. RESULTS
3.1 Body mass

Factorial ANOVA indicated a significant (p<0.001) effect of Cpe genotype on body mass,
whereas TNFR2 genotype had no effect. Cpe’@ mice, whether TNFR2 deficient or not,
weighed more than twice as much as wildtype controls (Fig. 1).

3.2 Pulmonary mechanics and airway responsiveness

PV curve parameters, A and B (measures of lung volume), and K (a measure of the
curvature of the upper portion of the deflation limb) were significantly lower in obese Cpe’@!
mice than in lean WT mice (Fig. 2A—C). Cstat was also reduced in Cpe’@ mice (Fig. 2D).
Baseline Rn, G, and H were elevated in lungs of obese mice, consistent with the smaller
lungs of these mice (Fig. 2E-G). TNFR2 genotype had no effect on PV curve parameters or
on baseline oscillation pulmonary mechanics.

In TNFR2 sufficient mice (Fig. 3A-C), methacholine caused a concentration dependent
increase in Rn, G, and H. Baseline (PBS) values for Rn, G, and H were greater in Cpe'@
versus WT mice, and these changes carried through the dose response curve, although in the
case of Rn and G, the obesity-related difference was amplified at higher doses of
methacholine, whereas for H, the curves did not diverge further. Indeed, when we computed
the change in Rn, G, and H from baseline (PBS) values, changes in G and Rn but not H were
significantly greater in Cpe than WT mice at the highest concentrations of methacholine,
indicating AHR in the obese mice. In contrast, in TNFR2 deficient mice, there was no
significant effect of obesity on airway responsiveness using either G or Rn as the outcome
indicator (Fig. 3D—F). Indeed, in the TNFR2™/~ mice, methacholine induced changesin Rn,
G, and H were actually lower in the obese than the lean mice at the highest dose of
methacholine.

3.3 Serum Analyses

To confirm that serum TNFa was indeed elevated in the obese mice, serum TNFa was
measured by ELISA. Factorial ANOVA indicated a significant (p<0.01) effect of Cpe
genotype on serum TNFa, whereas there was no effect of TNFR2 genotype. In both TNFR2
sufficient and deficient mice, serum TNFa was approximately 2-fold greater in obese Cpe’@!
mice than in lean controls (Fig. 4A).

In cultured adipocytes, exogenous TNFa can induce the expression and/or release of many
of the inflammatory moieties that are elevated in serum of obese individuals [7, 49, 50].
Consequently, it is conceivable that the lack of obesity-related AHR observed in Cpe@]
TNFR27~ mice was the result of loss of elevated TNF acting on TNFR2, not in the lung, but
through changes in other aspects of the systemic inflammation of obesity. To address this
issue, we performed a Bioplex assay that simultaneously measured 35 different cytokines,
chemokines and growth factors. We also measured serum leptin (Fig. 4C) in WT,
TNFR27=, Cpe™ and Cpe/TNFR2~/~ mice by ELISA. We found significant increases in
serum G-CSF, IL-7, IL-17A, KC, and leptin in obese versus lean mice, regardless of TNFR2
status (Table 2, Fig. 4B, C). IL-1a and IP-10 were significantly reduced in TNFR2 deficient
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versus TNFR2 sufficient mice, regardless of differences in body mass (Table 2). In addition,
there was a significant interaction between Cpe and TNFR2 status for eotaxin and IL-9. For
both of these moieties, elevated levels in TNFR2 sufficient Cpefat versus WT mice were
reversed in TNFR deficient mice (Table 2). There were no significant changes in IL-5, IL-6,
IL-13, MCP-1, MIG, MIP-2, RANTES or VEGF with either obesity (Cpe status) or TNFR2
genotype, although there was a trend towards increased IL-6, IL-15, MIG, and MIP-2 in
obese versus lean mice. Serum LIX was above the maximum of the standard curve in most
samples. Serum GM-CSF, IFN-vy, IL-1B, IL-2, IL-3, IL-4, IL-10, IL-12 (p40 and p70), LIF,
M-CSF, MIP-1a, MIP-1pB, and TNFa were below the limit of detection of the Bioplex in
most samples, although TNFa was detectable by ELISA, as described above.

3.4 Bronchoalveolar lavage

Factorial ANOVA indicated a significant effect of obesity on total BAL macrophages
(p<0.05). BAL neutrophils and lymphocytes were not significantly different from zero in all
groups (Table 3). Bioplex analysis of BAL revealed obesity-related changes in G-CSF,
IL-1a and IP-10, while TNFR2 status had no effect (Table 4). In addition, there was a
significant interaction between Cpe and TNFR2 status for eotaxin and KC. For both of these
moieties, reduced levels in TNFR2 sufficient Coe’® versus WT mice were reversed in TNFR
deficient mice (Table 4). There were no significant obesity- or TNFR2-related changes in
IL-2, IL-7, IL-9, IL-10, IL-12p40, IL-15, M-CSF, MIP1a, MIP-2, or VEGF. Other
cytokines chemokines and growth factors on the Bioplex were below the limit of detection
in most samples. Because obesity resulted in increased BAL G-CSF, and because of the
importance of IL-17A for induction of G-CSF [51], we also examined BAL IL-17A by
ELISA, which proved to be more sensitive than the Bioplex. Compared to WT mice, BAL
IL-17A was increased in Cpe’ mice (Fig. 5), and this increase was abolished in Cpe®@!/
TNFR27~ mice.

3.5 Microarray

To obtain a comprehensive picture of differences in gene expression in the lungs of Cpe@
and WT mice, we performed a microarray analysis. Comparison of expression values of
arrays from Cpe@ and WT mice indicated 52 Affy IDs that were significantly altered by
Cpe genotype (p<0.05) with at least a 1.5-fold change. Of these, 25 were reduced, and 27
were increased in Cpe’@ versus WT mice (Table 5). We also performed functional
annotation clustering on the genes listed in Table 5, to determine whether there were gene
ontology (GO) categories that were enriched in this gene set. Four annotation clusters had
significant (p<0.05) enrichment scores (Table 6). Of these, the cluster with the greatest
enrichment score included the GO term “blood vessel morphogenesis”, and comprised 8
unique genes. Remarkably, several genes in this category have been linked to AHR in
animal models, including endothelin-1, neurotrophic tyrosine kinase, receptor, type 2 (trkB),
and chemokine (C-X3-C motif) ligand 1 (Cx3cl1, fractalkine). Other genes in this category
were SRY-box containing gene 17 (Sox17), delta-like 4 (Drosophila)(DII4), endoglin,
endomucin, and sema domain, immunoglobulin domain (Ig), short basic domain, secreted
(semaphorin) 3C (Sema3C). There were additional genes affected by Cpe genotype (Table
5) that, though not classified as related to blood vessel morphogenesis, are either strongly
expressed in endothelial cells, including Vcam1, Esm1, and Plvap, or can impact growth of
endothelial cells (Fgfbpl). Other annotation clusters significantly affected by Cpe genotype
included two clusters that contained genes with transmembrane regions, and a cluster related
to tube morphogenesis. Genes included within these clusters are indicated in the right most
column of Table 5.
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3.6 Gene expression

To determine whether TNFR2 deficiency affected obesity-related changes in expression of
genes identified on the microarray (Table 5), we used RT-PCR to measure pulmonary
MRNA expression of endothelin, trkB, adipsin, and fractalkine. We chose endothelin, trkb,
and fractalkine because each has been shown to impact airway responsiveness in mice [52—
55]. Adipsin was chosen because it is a member of the complement family of proteins and
because complement has been shown to play a key role in airway responsiveness [56].
Consistent with the results of the microarray, we observed greater expression of endothelin
and trkB and reduced expression of adipsin and fractalkine in obese Cpe versus lean WT
mice (Fig. 5). TNFR2 deficiency ablated the obesity-related increases in endothelin and trkB
expression, whereas it had no effect on adipsin expression and further exacerbated obesity-
related declines in fractalkine.

4. DISCUSSION

Our results indicated that serum TNFa was increased in obese Cpe® mice (Fig. 4), and that
the AHR observed in Cpe@ mice was ablated if the mice were TNFR2 deficient (Fig. 3).
Both obesity and TNFR2 deficiency had effects on serum and BAL cytokines and
chemokines (Tables 2, 4 and Figures 4, 5) that could be contributing to the attenuated AHR
observed in obese TNFR2 deficient mice. For example, BAL IL-17A was elevated in Cpe’!
but not Coe?JTNFR2~/~ mice (Figure 5). Microarray analysis demonstrated obesity-related
changes in gene expression in the lung (Table 4), including increases in endothelin and trkB,
genes that have been linked to AHR in other models. Importantly, obesity-related increases
in endothelin and trkB were attenuated in TNFR2 deficient mice (Fig. 5). The results are
consistent with the hypothesis that in obese mice, TNFa signaling via TNFR2 contributes to
AHR and suggest TNFR2-dependent candidates that may be involved in these events.

Lung volume parameters A and B were reduced in lungs of obese versus lean mice (Fig. 2A,
B), indicating smaller lungs in the obese mice, but TNFR2 genotype had no effect on these
outcomes. Obese ob/ob and db/db mice also have smaller lungs than their wildtype controls
[9, 57]. Reductions in Cstat (Fig. 2D) and elevations in Rn, G, and H in the obese mice (Fig.
2E-G) were likely the result of the smaller lungs of these animals, although Rochester et al
suggested that reductions in Cstat in human obesity might be the result of increased
pulmonary blood volume [58]. We frequently observed large amounts of adipose tissue in
the thoracic cavity of Cpe@ mice and in other types of obese mice, and it is conceivable that
this mass impinges upon lung expansion. TLC is also reduced in morbidly obese humans,
but not in subjects with milder obesity [59].

Compared to WT mice, obese Cpe mice exhibited AHR (Fig. 3), consistent with previous
reports using both these mice [8, 18] and other types of obese mice [9-11, 60]. Increased
responsiveness was observed when either Rn or G but not H was used as the outcome
indicator. A similar pattern of responsiveness, with greater aerosolized methacholine
induced changes in Rn and G, but not H, is observed in the innately hyperresponsive A/J
mouse. Using computational modeling, others have concluded that such a pattern is
indicative of increased airway smooth muscle contractility [61]. Interesting, when A/J mice
are challenged with i.v. instead of aerosolized methacholine, augmented responsiveness is
detected only with Rn, but not G or H [61]. We have previously reported similar results in
Cpefat mice challenged with i.v. methacholine [8].

TNFa was elevated in the serum of obese Cpe mice (Fig. 4A), consistent with data from
obese humans and other types of obese mice [62-64]. Elevations in serum TNFa appeared
to be functionally important, since signaling via TNFR2 was required for obesity-related
AHR (Fig. 3): obesity-related augmented Rn and G responses to methacholine were not
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observed in TNFR2 deficient mice. Indeed, in the TNFR2 deficient mice, methacholine
induced changesin Rn, G, and H were actually reduced in obese versus lean mice at the
highest concentration of methcholine (Fig. 3). It is conceivable that such changes are the
result of increased TNFa signaling via TNFR1 in these mice, since we have reported that
signaling via TNFR1 is actually protective against AHR in obese mice [33]. The decrease in
obesity-related AHR observed in TNFR2~/~ mice was not the result of milder obesity in the
CpeITNFR2~ mice, since body weight was virtually identical in the two strains (Fig. 1).
Similarly, Uysal et al [19, 20] reported no difference in body weight of obese leptin deficient
(ob/ob) mice, and ob/ob mice that were genetically deficient in TNFR2, TNFR1, or TNFa
itself. It is also unlikely that the TNFR2 mediated effects that contribute to obesity-related
AHR are mediated by TNFa binding to airway smooth muscle. TNFa has been shown to
act directly on airway smooth muscle, increasing its contractility [65], but these effects are
mediated via TNFR1 not TNFR2 [65, 66].

It is conceivable that the effects of TNFR2 that contribute to AHR are related to interactions
between TNFR2 and other aspects of the inflammation of obesity. Although most studies
indicate that inflammation induced by TNFa is largely mediated through TNFR1 activation,
TNFR2 can also contribute[31]. In cultured adipocytes, exogenous TNFa can induce many
of the inflammatory moieties that are elevated in serum of obese individuals [7].
Consequently, we examined the impact of TNFR2 deficiency on systemic and pulmonary
inflammation in obese Cpe’@ mice using Bioplex and ELISA assay. Our results confirm
previous observations indicating that serum leptin is increased in serum of obese Cpef@!
mice, and extend them to include TNFa, G-CSF, IL-7, and IL-17A (Fig. 4, Table 2). Our
results also indicate increased G-CSF, IP-10, and IL-17A in BAL of obese Cpe mice
(Table 4, Fig. 5), as well as increases in BAL macrophages (Table 3).

Of the various factors measured in serum of these mice, only IP-10 and IL-1a were
significantly affected by TNFR2 deficiency (Fig. 4, Table 2), and these were not genes that
were impacted by obesity. While these results suggest that signaling through TNFR2 does
not have a major impact on the systemic inflammation of obesity, it is possible that IP-10
and/or IL-1a synergize with other aspects of obesity-related systemic inflammation to
promote AHR. Under such circumstances, loss of TNFR2 and consequent reductions in
IP-10 and IL-1a (Table 2) would be expected to attenuate obesity-related AHR. There was
also an interaction between obesity and TNFR deficiency on serum eotaxin and IL-9 (Table
2). Both moieties have been associated with AHR in mouse models of allergic inflammation
[67, 68]. Hence, obesity/TNFR2 elated changes in eotaxin or IL-9 could have the capacity to
influence AHR in these obese mice.

We observed significant increases in IL-17A in both serum and BAL of obese mice (Tables
2 and 4; Fig. 5). G-CSF is strongly induced by IL-17A [51], so the elevations in BAL and
serum G-CSF in obese mice (Tables 2 and 4) are consistent with the elevations in IL-17A.
Serum IL-17A is also elevated in obese versus lean human subjects [69]. Compared to lean
mice, obese mice also have an increased capacity to generate IL-17A from a variety of
cellular sources [70, 71]. Although we do not know the cellular source of this IL-17, it is
interesting to note that in adipose tissue, -y/6 T cells are the T cell type with the greatest
capacity to produce IL-17A [72]. Our data indicated increased serum IL-7 and a trend
towards increased serum IL-15 in obese mice (Table 2). Both IL-7 and I1L-15 promote
proliferation of /86 T cells [73, 74].

It is conceivable that the increased BAL IL-17A observed in obese Cpe mice contributes
to their AHR: obesity-related increases in BAL IL-17A were attenuated in TNFR2~/~ mice
(Fig. 5), as was AHR (Fig. 3). In mice, IL-17A acts directly on airway smooth muscle to
increased its contractility [75]. Changes in airway smooth muscle contractility would be
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expected to increase changes in Rn and G but not H induced by aerosolized methacholine
[61] which is consistent with our observations in Cpe versus WT mice (Fig. 3).

We also performed gene expression profiling of the lungs of obese and lean mice in order to
uncover potential mechanisms for the AHR observed in obese mice. Among the genes
significantly impacted by obesity, functional annotation clustering indicated
overrepresentation of genes involved in blood vessel morphogenesis (Table 5). It is perhaps
not surprising that effects of obesity on the pulmonary vasculature were observed, since
obesity also has a major impact on the systemic vasculature [76], and since obesity is more
common in patients with idiopathic pulmonary arterial hypertension [77]. Notably, TNFa
has also been shown to play a role in the systemic vascular changes associated with obesity
[78], and the ability of TNFa to promote angiogenesis is largely TNFR2 dependent [27-29].

Given the observed changes in some BAL cytokines and chemokines (Table 4, Fig. 5), we
were surprised to find that pulmonary expression of genes related to inflammation and/or
innate immunity was not significantly impacted by obesity. We considered the possibility
that changes occurred, but that the magnitude of the changes did not meet our criterion of at
least a 1.5 fold change. However, when we relaxed the criteria to include genes in which at
least a 1.25 fold change occurred, genes related to inflammation, immunity and host defense
were still not on the list of significantly affected GO categories (data not shown).
Inflammatory cells and/or cells expressing inflammatory genes may make up a very small
percentage of the total lung cells. Microarray analysis is not sensitive to genes with low
overall expression.

We do not know the mechanistic basis for the apparent effects on blood vessels, or whether
an anatomical correlate of these changes exists. Cpe’ mice are not only obese, but also
hyperinsulinemic and hyperlipidemic [35, 79], and it is possible that these conditions
contributed to the observed effects on pulmonary gene expression. In addition, others have
reported airway closure in spontaneously breathing obese versus lean human subjects [80,
81]. We do not know whether airway closure normally exists in obese mice, but such closure
would be expected to result in reductions in PO» in the alveoli subtended by those airways,
and it is possible that alterations of genes involved in blood vessel morphogenesis results
from this hypoxia.

RT-PCR on lungs of mice from a separate cohort of mice confirmed the results of the
microarray: both RT-PCR and microarray indicated that endothelin and trkB mRNA
expression were increased in lungs of obese mice, whereas expression of fractalkine and
adipsin were decreased (Table 5, Figure 6). Although changes in mRNA expression do not
necessarily translate into changes in protein expression, the observations that myocardial
and vascular endothelial expression of endothelin [82, 83], as well as plasma endothelin [84,
85] are increased in obese mice support the obesity-related increases in pulmonary
endothelin mMRNA expression observed in these mice (Fig. 5A). In contrast, no obesity-
related increase in endothelin was observed in the lungs of TNFR2 deficient mice (Fig. 5A).
These results are consistent with the ability of TNFa to induce endothelin [86, 87], and with
the observation that TNFa.-induced reductions in cerebral blood volume require endothelin
and are TNFR2 dependent [88]. Data support a role for endothelin in other obesity-related
conditions including hypertension and insulin resistance [89-92], and it is conceivable that
increased pulmonary endothelin expression (Fig. 5A) contributes to obesity-related AHR:
endothelin causes AHR when administered intranasally in mice [52], and endothelin
receptor antagonists attenuate AHR induced by allergen sensitization and challenge [52, 53].
Furthermore, both obesity-related AHR and increases in endothelin mMRNA were attenuated
in TNFR2~ mice (Figs. 3 and 6A).
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We also observed a marked increase in trkB mRNA expression in lungs of obese TNFR2
sufficient but not deficient Coe™ mice (Fig. 6B). In guinea pigs, exogenous administration
of BDNF, one of the ligands for trkB, causes AHR [54] and BDNF also contributes to
neuronal hyperreactivity in the airways of allergen challenged mice [93]. Futhermore,
TNFa, via changes in TrkB expression, augments the ability of BDNF to augment
intracellular Ca*™* fluxes induced by bronchoconstricting agonists in human airway smooth
muscle cells [94]. Thus, it is conceivable that obesity-related elevations in trkB could
augment AHR, and that loss of trkB expression in Coe2/TNFR2~/~ mice might explain the
corresponding reduction in AHR in these mice.

Varying effects on asthma outcomes of anti-TNFa strategies including etanercept,
infliximab, and golimumab have been reported [95]. Since none of these studies stratified
their subjects on the basis of body mass index (BMI), and since the asthma phenotype
appears to vary with BMI [96], the therapeutic benefit of anti-TNF strategies in obesity-
related asthma is unknown. However, it is important to note that the TNF based therapeutics
currently available are not specific for TNFR2 versus TNFR1 mediated events. Studies with
mice may not necessarily be translatable to human subjects, especially given the
heterogeneity of asthmatic responses. Nevertheless, our data showing reduced AHR in obese
TNFR2 deficient mice (Fig. 3), in conjunction with previous observations showing
augmented AHR in obese TNFR1 deficient mice[33] suggest that strategies that specifically
interfere with TNFR2, rather than pan TNF-blocking strategies may have therapeutic
potential in obesity-related asthma. Alternatively, strategies aimed at possible downstream
targets of TNFR2, such as endothelin, may also have therapeutic potential.

In summary, our results indicate that TNFR2 signaling is required for the innate airway
hyperresponsiveness that develops in obese mice and suggest TNFR2 dependent candidates,
including IL-17A, endothelin, and TrkB, that may be involved in these events.
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Figure 1.

Effect of TNFR2 deficiency on body weight. Cpe’ mice: mice with a genetic deficiency in
the carboxypeptidase E (Cpe) gene. TNFR2™/~ mice: mice genetically deficient in the tumor
necrosis factor receptor 2 gene. Cpe?/TNFR2~/~ mice: mice genetically deficient in both
Cpe and TNFR2. Results are mean + SE of data from 7-11 female mice in each group
*p<0.001 compared to TNFR2 genotype matched lean mice
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Cpefat

Baseline lung volumes, oscillation mechanics, and static elastic properties of the lungs.
Shown are A, the parameter from the Salazar-Knowles equation [38] indicating the
difference between total lung capacity (TLC) and end expiratory volume; B, the parameter
from the Salazar-Knowles equation indicating the difference between TLC and the predicted
volume at 0 pressure; K, the parameter from the Salazar-Knowles equation reflecting the
curvature of the upper portion of the deflation PV curve; Cstat, the static compliance of the
lung, as well as the Newtonian resistance (Rn) and the coefficients of tissue damping (G)
and elastance (H). Results are mean = SE of data from 7-12 mice in each group. * p<0.001

versus TNFR2 genotype-matched lean mice.
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Figure 3.

TNFR2 deficiency abolishes obesity related airway hyperresponsiveness. Methacholine
induced changes in Rn, G, and H in TNFR2 sufficient (A—C) and TNFR2 deficient (D-F)
wildtype (WT) and Cpe’@ mice. Results are mean + SE of data from 7—-12 mice per group. *
p<0.05 versus wildtype for absolute values; # p<0.05 for changes in Rn, G, or H from
baseline (PBS).
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Cpefa(

Effect of TNFR2 deficiency on serum TNFa (A) and serum leptin (B). Results are mean +
SE of data from 4-6 mice per group, *p<0.05 compared to TNFR2 genotype matched lean

mice.
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Figure 5.
Effect of obesity and TNFR2 deficiency on BAL IL-17A. Results are mean + SE of data

from 11-14 mice per group, #p<0.05 compared to Cpe’@ mice.
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Figure 6.

Pulmonary mRNA expression of endothelin (panel A), trkB (panel B), adipsin (panel C) and
fractalkine (panel D) in lean wildtype (WT) and obese Cpe mice either sufficient or
deficient in TNFR2. Results are mean + SE of data from 8-12 mice per group. * p<0.01
versus TNFR2 genotype-matched WT mice.
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Table 1

List of primers used for RT-PCR

TrkB

Adipsin

Fractalkine

Endothelin

36B4

forward
reverse

forward
reverse

forward
reverse

forward
reverse

forward
reverse

5-CGTTGACCCGGAGAACATC-3’
5-AAACTTTAAGCCGGAATCCAC-3’

5-CTGAACCCTACAAGCGATGG-3’
5’-ACCCAACGAGGCATTCTG-3’

5-CCGCGTTCTTCCATTTGT-3’
5’-GCTTCTCAAACTTGCCACCAT-3’

5’-ACT TCT GCC ACC TGG ACA TC-3’
5-TCT GTG GCC TTATTG GGA AG-3’

5’-GCT CCA AGC AGA TGC AGC A-3’
5’-CCG GAT GTG AGG CAG CAG-3’
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Table 3

Bronchoalveolar cells in WT and Cpe’ mice with and without TNFR2 deficiency

Cell type WT/WT WT/TNFR27= | CpdyWT | Cped/TNFR27/-
Macrophages | 3.50+0.38 3.03+0.29 4.18 +0.47 4.42 +0.387%
PMNs 0.003+0.002 | 0.024 +£0.012 0.0£0.0 0.011 +0.007
Lymphocytes | 0.004 +0.003 0.0+0.0 0.003 + 0.002 0.0+0.0

Results are mean + SE of data from 7-11 mice per group. Results are expressed as cells x10%4/ml.

*
p<0.05 versus WT/TNFR2™/~ mice.
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Genes with expression values that were significantly different in lungs of wildtype and Cpe™ mice

Table 5

Affymetrix ID
1420465_s_at
1417867 _at
1453128 _at
1418090 _at
1449280 _at
1415994 _at
1434528 _at
1415803 _at
1421826_at
1422340 _a_at
1417917_at
1423121 _at
1418554 at
1423555_a_at
1420798 _s_at
1426172 _a_at
1419086 _at
1422837 _at
1427809 _at
1448690_at
1452359_at
1448162_at
1432176_a_at
1424525_at
1417429 at
1423506_a_at
1422562 _at
1421928 at
1448662_at
1417251 _at
1423294 _at
1449305 _at
1426328 _a_at
1425582 _a_at
1422474 _at
1417396_at
1451245 _at
1451415 _at
1427495_at

Gene name
major urinary protein 1/2

complement factor D (adipsin)

lymphatic vessel endothelial hyaluronan receptor 1

plasmalemma vesicle associated protein

endothelial cell-specific molecule 1

cytochrome P450, family 2, subfamily E, polypeptide 1

alanine and arginine rich domain containing protein

chemokine (C-X3-C motif) ligand 1
delta-like 4 (Drosophila)

actin, gamma 2, smooth muscle, enteric
calponin 1

insulin degrading enzyme

G protein-coupled receptor 182
interferon-induced protein 44
protocadherin alpha cluster

CD209a antigen

fibroblast growth factor binding protein 1
sciellin

latrophilin 3

potassium channel, subfamily K, member 1
RELT-like 1

vascular cell adhesion molecule 1
endoglin

gastrin releasing peptide

flavin containing monooxygenase 1
neuronatin

Ras-related associated with diabetes

Eph receptor A4

frizzled homolog 6 (Drosophila)
palmdelphin; similar to palmdelphin
mesoderm specific transcript

coagulation factor X

sodium channel, voltage gated, type Ill, beta
endomucin

phosphodiesterase 4B, CAMP specific
podocalyxin-like

leucine rich repeat containing 3B

RIKEN cDNA 1810011010 gene

sodium channel, voltage gated, type VII, alpha

Symbol
Mup1/2
Cfd
Lyvel
Plvap
Esml
Cyp2el
Aard
Cx3cll
Dll4
Actg2
Cnnl
Ide
Gpr182
Ifid4
Pcdha@
Cd209a
Fgfbpl
Scel
Lphn3
Kenk2
Relll
Vcam1
Eng
Grp
Fmol
Nnat
Rrad
Epha4
Fzd6
Palmd
Mest
F10
Scn3b
Emcen
Pde4b
PodxI2
Lrrc3b
1810011010Rik

Scn7a

Cpefa/WT
0.12
0.33
0.37
0.37
0.42
0.51
0.55
0.59
0.60
0.60
0.61
0.61
0.61
0.61
0.62
0.62
0.63
0.63
0.63
0.65
0.65
0.65
0.66
0.66
0.66
1.50
1.52
153
1.55
1.62
1.63
1.64
1.72
1.76
1.80
1.85
1.85
1.86
1.93
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2,3
2,3

1,23
1,23

2,3

2,3
2,3

2,3
23
2,3
2,3
12,34

2,3
2,34

2,3

2,3
1,23

2,3
2,3
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Affymetrix ID  Gene name Symbol Cpef@/WT  Cluster
1424010_at microfibrillar-associated protein 4 Mfap4 1.99
sema domain, immunoglobulin (Ig) domain, short basic
1420696_at domain, secreted, (semaphorin) 3C Sema3C 2.00 1
solute carrier family 6 (neurotransmitter transporter,
1421346_a_at  taurine), member 6 Slc6a6 2.13 2,3
v-myc myelocytomatosis viral related oncogene,
1417155_at neuroblastoma derived (avian) Mycn 2.14 4
1431213_a_at  hypothetical gene LOC433762 LOC433762 2.15
1429177_x_at  SRY-box containing gene 17 Sox17 2.16 1
1451924 a_at  endothelin 1 Ednl 2.53 1,4
1455869_at calcium/calmodulin-dependent protein kinase 1, beta Camk2b 2.55
1448484 _at S-adenosylmethionine decarboxylase 1/2 Amd1/2 2.69
1421657_a_at  SRY-box containing gene 17 Sox17 2.78 1
1451447 _at CUE domain containing 1 Cuedcl 2.79
1416835_s_at  S-adenosylmethionine decarboxylase 1,2 Amd1/2 3.53
1420838_at neurotrophic tyrosine kinase, receptor, type 2 Ntrk2 3.81 1,2,3
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Table 6

Clusters (by enrichment score) *significantly affected by Cpe’! genotype

Cluster Category | Enrichment Score | Gene Count | P value
Cluster 1 4.44

Blood vessel morphogenesis 8 1.4E-5
Blood vessel development 8 5.4E-5
Vasculature development 8 6.4E-5
Cluster 2 3.45

Topological domain: extracellular 18 3.4E-5
Topological domain: cytoplasmic 19 3.4E-4
Transmembrane region 21 3.9E-3
Cluster 3 2.39

Transmembrane 23 1.1E-3
Transmembrane region 21 3.9E-3
Integral to membrane 23 5.8E-3
Intrinsic to membrane 23 1.1E-2
Cluster 4 1.26

Tube morphogenesis 4 3.1E-2
Branching morphogenesis of a tube 3 5.9E-2
Tube developement 4 8.8E-2

*
Functional annotation clustering was performed using the program DAVID on high stringency.
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