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Abstract

Background: Increasing evidence has shown the close link between energy
metabolism and the differentiation, function, and longevity of immune cells. Chronic
inflammatory conditions such as parasitic infections and cancer trigger a metabolic
reprogramming from the preferential use of glucose to the up-regulation of fatty acid
oxidation (FAQO) in myeloid cells, including macrophages and granulocytic and
monocytic myeloid-derived suppressor cells. Asthma is another chronic inflammatory
condition where macrophages, eosinophils, and polymorphonuclear cells play an
important role in its pathophysiology.

Objective: We tested whether FAO might play a role in the development of asthma-like
traits and whether the inhibition of this metabolic pathway could represent a novel

therapeutic approach.

This article is protected by copyright. All rights reserved.



Methods: OVA and house dust mite (HDM)-induced murine asthma models were used
in this study.

Results: Key FAO enzymes were significantly increased in the bronchial epithelium and
inflammatory immune cells infiltrating the respiratory epithelium of mice exposed to OVA
or HDM. Pharmacologic inhibition of FAO significantly decreased allergen-induced
airway hyperresponsiveness, decreased the number of inflammatory cells, and reduced
the production of cytokines and chemokines associated with asthma.

Conclusions and clinical relevance: These novel observations suggest that allergic
airway inflammation increases FAO in inflammatory cells to support the production of
cytokines, chemokines, and other factors important in the development of asthma.
Inhibition of FAO may therefore provide a novel therapeutic approach for the treatment
of asthma by re-purposing existing drugs that block FAO and are approved for the

treatment of heart disease.

Keywords
Immunometabolism; fatty acid oxidation; airway hyperresponsiveness; inflammation;

asthma

Introduction

Increasing evidence demonstrates the close association between energy metabolism
and the differentiation and function of various immune cell subsets (1-3). Resting T and
B cells primarily rely on oxidative phosphorylation (OXPHOS) of glucose to maintain

baseline functions. Activation signals delivered through antigen or cytokine receptors
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shift their metabolism to glycolysis, which is a faster (although less efficient) way of
producing ATP and synthesizing nucleotides and proteins necessary for cell
proliferation and function (4,5). However, this normal sequence of events changes
significantly with disease. For example, chronic inflammatory conditions such as
parasitic infections and cancer cause myeloid cells to undergo metabolic
reprogramming, preferentially using fatty acids as the source of ATP to support their
functions (6-8). In murine cancer models, myeloid-derived suppressor cells (MDSC)
show an increased fatty acid oxidation (FAQO), and the use of pharmacologic FAO
inhibitors blocks their immunosuppressive functions and enhances anti-tumor T cell

mediated immunotherapy (6,7).

Asthma is a chronic obstructive airway disease that affects over 300 million people
worldwide and is increasing in incidence. Patients with allergic asthma display a
chronic airway inflammation mediated primarily by type 2 T helper (Th2) cells and
characterized by the infiltration of the bronchoalveolar mucosa with inflammatory
immune cells such as dendritic cells, macrophages, eosinophil, and neutrophils, which
ultimately lead to the characteristic airway hyperresponsiveness (AHR) (9-11). Current
treatments primarily rely on mixtures of inhaled corticosteroids and bronchodilators, with
some patients benefiting from antibodies against IgE or IL5 (12,13). Therefore, novel
insights into the underlying mechanisms of asthma may suggest new prevention and/or
treatment approaches. As such, our goal was to determine whether inflammatory cells

in asthma would undergo metabolic reprogramming as shown in other chronic
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inflammatory conditions and to determine the potential therapeutic effect of FAO

inhibition.

The results showed a significant increase in the expression of key FAO enzymes in
murine models of the disease. These enzymes included carnitine palmitoyltransferase
1 (CPT1) and 3-hydroxyacyl-CoA dehydrogenase (HADHA). CPT1, the first and rate-
limiting enzyme of the FAO pathway, regulates the entry of long-chain fatty acids into
the mitochondria through converting acyl-CoAs to acylcarnitine derivatives. HADHA, on
the other hand, is a trifunctional enzyme that catalyzes the final three steps in the FAO
cycle. Importantly, FAO inhibition blocked AHR, recruitment of inflammatory immune
cells, and production of allergen-specific IgE and asthma-associated cytokines and
chemokines. Thus, the data suggest that FAO support the function of inflammatory cells

in asthma, and as such its inhibition may represent a novel therapeutic strategy.

Methods

Murine Asthma Models

Asthma models were established using OVA or house dust mite (HDM) exposure of
male C57BL/6J or Balb/c mice (6-8 week old) from the Jackson Laboratories.
Experiments were approved by the LSUHSC Institutional Animal Care and Usage
Committee (Number is 3277). For the OVA-induced asthma model, mice were
sensitized by intraperitoneal injection of 50 ug Grade V chicken OVA (Sigma-Aldrich)
mixed with 2 mg aluminum hydroxide in saline once a week for 2 weeks. After two

weeks, mice were challenged with aerosolized 3% OVA for 30 minutes (14,15). Mice
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were left untreated or treated with intraperitoneal injection of the CPT1 inhibitor etomoxir
(Sigma-Aldrich) or the HADHA inhibitor ranolazine (Sigma-Aldrich) at 50 mg/Kg (both
diluted in saline) 30 minutes after challenge. Mice received another intraperitoneal
injection of 50 mg/Kg etomoxir or ranolazine 24 hours later (30 minutes after AHR
assay). Sera and organs were then collected 24 hours later (Figure 1A). When
indicated, mice were intravenously injected with 0.2 ml liposomal clodronate
(ClodronateLiposomes.com) 8 hours prior to the airway challenge to deplete blood
monocytes (16). Control mice were injected with 0.2 ml control (PBS) liposomes
(ClodronateLiposomes.com). For the HDM-induced asthma model, mice were
anaesthetized with isoflurane and sensitized intranasally with 25 ul saline (control) or

1 mg/ml whole HDM (Dermatophagoides pteronyssinus) extract (Greer Labs) three
times a week for 5 weeks (14,17). Mice were euthanized two days after the last HDM
exposure to determine the expression of FAO mediators (Figure 1C). To test the effect
of FAO inhibition against chronic, HDM-induced asthma-like traits, mice were HDM-
challenged daily for 3 consecutive days at the end of the fifth week, followed by
intraperitoneal injection of 50 mg/Kg etomoxir 30 minutes after each challenge. One day
later, mice received another etomoxir injection 24 hours later (30 minutes after AHR

assay), and sera and organs were harvested after another 24 hours (Figure 8A).

AHR
AHR to inhaled methacholine was measured 24 hours after OVA challenge by recording
enhanced pause (Penh) by whole body plethysmography (EMKA Systems). In brief,

baseline readings were taken and averaged for three minutes after animals were placed
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in a barometric plethysmographic chamber. Saline or increasing concentrations (12.5 -
100 mg/ml) of aerosolized methacholine were nebulized. Readings were taken and
averaged for three minutes after each nebulization, and Penh representing AHR was

calculated (18).

Immunohistology

Lungs were fixed in formalin for histologic analysis or used for bronchial alveolar lavage
(BAL) collection (18). Sections were processed for H&E staining or
immunohistochemistry staining with antibodies to CPT1 (8F6AE9 Abcam; 1:100) or
HADHA (ab54477 Abcam; 1:500). Some sections were also stained with antibodies to
CPT1 or HADHA together with F4/80 (SP115 Abcam; 1:100), Ly-6G (RB6-8C5
ebioscience; 1:500), Siglec-F (E50-2440 BD Biosciences; 1:500), or CD45R (RA3-6B2;
BD Biosciences; 1:500). Protocols were described previously (7). BAL fluids were

subjected to cytospin and stained with Diff-Quik (IMEB).

Flow cytometry

Lungs were digested with DNase and Liberase (Roche USA) at 37°C for 45 minutes.
Single cell suspensions were stained with mouse antibodies against Siglec-F (E50-
2440), F4/80 (BM8), CD11b (M1/70), CD11c¢ (HL3), MHC-II (AF6-120.1), CD4
(H129.19), and CD45R (RA3-6B2). Antibodies were obtained from BD Biosciences;
F4/80 was from ebioscience. Samples were analyzed using a Gallios flow cytometer

(Beckman Coulter), and the results were analyzed with FlowJo software (TreeStar).
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Real-time PCR

Total RNA from purified cells was isolated using the RNAeasy Mini Kit (Qiagen). cDNA
was generated using iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was
performed for CPT1, HADHA, Acyl CoA dehydrogenase (ACADM), peroxisome
proliferator-activated receptor gamma coactivator 1-beta (PGC13), arginase |, and Nitric
Oxide Synthase 2 (NOS2) using Tagman primers (Applied Biosystems). Gene

expression was calculated relative to 18s rRNA using 2722°T method.

Assessment of IgE, cytokines, and chemokines

A sandwich ELISA was used to quantify OVA-specific IgE (Serotec) and total IgE
(ebioscience), as described by the manufacturer. Cytokines and chemokines were
assessed with Bio-Rad Bio-Plex (Bio-Rad Laboratories) or the Millipore Milliplex

(Millipore), per the manufacturer’s instructions.

Data analysis

Experiments were repeated at least twice. Data were analyzed by either Student’s t test
or one-way ANOVA followed by Tukey’s multiple comparison test using GraphPad
Prism software. Results were expressed as mean + SEM of values from at least five
mice per group unless stated otherwise. P values are presented in figures as *, P <

0.05; **, P< 0.01; **, P<0.001; or ™**, P < 0.0001.
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Results

Inflammatory immune cells from OVA sensitized and challenged mice have an
increased expression of FAO enzymes

Recent work has shown that myeloid cells isolated from chronic inflammatory disease
models such as parasitic infections or cancer had an increased expression of FAO
enzymes that paralleled changes in their functions (6-8). We aimed to determine
whether asthma models could cause a similar metabolic reprogramming of myeloid
cells. We used the OVA-induced asthma model (Figure 1A), which involves the
requirement for systemic priming with an adjuvant and is commonly used in mechanistic
studies. In addition, we used a model based on the inhaled delivery of a true allergen,
HDM (Figure 1C). This model involves mucosal sensitization within the lungs with
allergen, thus better representing human asthma. The expression of FAO enzymes,
CPT1 and HADHA, was initially tested by immunohistochemistry. As expected, there
was a significant inflammatory cell infiltration of the peribronchial and alveolar tissues in
mice exposed to OVA or HDM. More importantly, the expression of CPT1 and HADHA
was markedly increased in allergic lungs compared to controls (Figure 1B and 1D).
However, the increase in OVA-induced HADHA did not reach statistical significance
(Figure 1B). Interestingly, the apical ciliary border of the bronchial epithelium was also
positive for these enzymes in control and allergic lungs (Figure 1B and 1D). Isotype
control staining for CPT1 and HADHA is shown in Supplemental Figure 1. Given the
similar results in both asthma models, we used the OVA model to conduct additional

experiments.
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To determine which of the inflammatory cells had an increased expression of FAO
enzymes, we performed double immunofluorescence labeling with CPT1 or HADHA and
various immune cell markers in lung sections of OVA-exposed mice. The results
showed the most abundant expression of both CPT1 and HADHA in F4/80*
macrophages, while Ly-6G™ neutrophils, Siglec-F* eosinophils, and CD45R" B cells

expressed significantly lower levels of both enzymes (Figure 2A and 2B).

FAO inhibition blocks AHR and OVA-specific IgE production

Next we tested the effect of etomoxir, a specific CPT1 inhibitor, in mice sensitized and
challenged with OVA. As shown in Figure 3A, mice were treated with etomoxir 30
minutes post challenge. AHR was measured 24 hours after treatment. A second dose of
etomoxir was given 30 minutes after AHR assay, and lungs, spleens, and peripheral
blood were harvested 24 hours later (day 16). Although measuring lung resistance is
considered a more reliable way of evaluating the lung function, Penh has been shown to
correlate well with invasive measures of AHR (19). Moreover, our studies consistently
showed an increased AHR in allergen-exposed C57BL6 mice compared to control mice
(14,15,17). In line with these reports, AHR to methacholine was significantly increased
in OVA-sensitized and challenged mice versus controls, while etomoxir-treated mice
had a significant reduction in AHR (Figure 3B). We also tested the effect of the HADHA
inhibitor ranolazine. Similarly, there was a significant, although moderate, decrease in
AHR (Figure 3C). We then asked whether these effects were specific to the C57BL/6J

mice. Therefore, we repeated the OVA sensitization and challenge followed by
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treatment in Balb/c mice. The results confirmed the protective effect of etomoxir or

ranolazine in Balb/c mice exposed to OVA (Figure 3D).

We next tested whether FAO inhibition changed IgE levels in allergen-exposed mice.
Noticeable levels of OVA-specific IgE were induced in BAL fluids and sera of OVA-
exposed animals over controls. However, etomoxir treatment significantly reduced the
production of OVA-specific IgE (Figure 3E). In addition and consistent with previous
reports (20), total serum IgE was markedly increased upon OVA exposure but in much
higher amounts than OVA-specific IgE. Therefore, although etomoxir treatment slightly
decreased the levels of total serum IgE, this effect did not achieve statistical
significance (Figure 3F). Moreover, the reduction in IgE levels was not caused by a
systemic decrease in immunoglobulins since the concentrations of total serum IgG or

IgM remained unchanged (Supplemental Figure 2).

FAO inhibition suppresses OVA-induced inflammation

As shown by H&E staining, a single etomoxir treatment resulted in a major decrease in
the inflammatory cells infiltrating the bronchoalveolar tissue of OVA-sensitized and
challenged mice (Figure 4A). As expected, this was also accompanied by a reduction in
the number of cells expressing CPT1 (Figure 4B). To start understanding the
mechanism, we stained for apoptosis using TUNEL assay; however, this did not show
an increase in the number of apoptotic cells in the lungs of mice treated with etomoxir
(Figure 4C). To further study other possible mechanisms by which FAQO inhibition

caused such a significant response, inflammatory immune cells were isolated from the

This article is protected by copyright. All rights reserved.



BAL fluids or single cell suspensions of whole lung tissue. As previously demonstrated
by immunohistology, the number of total leukocytes, eosinophils, macrophages, and
lymphocytes were significantly decreased in the BAL fluids of OVA-exposed mice
treated with etomoxir (Figure 5A). These changes were confirmed by flow cytometry
analysis of lung single cell suspensions, which showed significant decreases in the
percentages of Siglec-F* eosinophils, F4/80*CD11b"CD11c  interstitial macrophages
(but not F4/80"CD11b"CD11c" alveolar macrophages), CD11¢*MHC-II" dendritic cells,
CD4" T cells, and CD45R" B lymphocytes compared to untreated mice (Figure 5B).
However, this was not caused by a systemic immunosuppressive effect since the
numbers of different immune subsets essentially remained unchanged in the spleens of
etomoxir-treated mice compared to control mice (Figure 5C). It is also of note that the
percentages of these immune cells in lungs and spleens correlated well with their

absolute numbers (Supplemental Figure 3).

FAO inhibition reduces cytokines and chemokines associated with OVA-induced
allergic airway inflammation

We also tested the effect of FAO inhibition on the production of cytokines and
chemokines known to mediate inflammatory responses in asthma. As predicted, OVA
sensitization and challenge significantly increased the levels of inflammatory cytokines
and chemokines in BAL fluid. Treatment with etomoxir significantly decreased the
levels of the cytokines IL-4, IL-5, and IL-6 and the chemokines CCL2 (MCP-1), CCL4
(MIP-1B), CCL11 (eotaxin), CXCL1 (KC), CXCL5 (LIX), CXCL9 (MIG), and CXCL10 (IP-

10) (Figure 6A and Supplemental Figure 4A). This effect was also reflected in the
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serum levels of several cytokines such as IL-1j, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, and
TNFo and chemokines such as CCL5 (RANTES) and CXCL1 (KC) (Figure 6B and
Supplemental Figure 4B). These changes, however, were not the result of a systemic
immunosuppressive effect of etomoxir since the levels of other cytokines such as IFNy,
G-CSF and GM-CSF did not change significantly in BAL fluid or serum (Supplemental

Figure 5A and 5B, respectively).

Effect of FAO inhibition on lung macrophages

Given the importance of macrophages in allergic airway inflammation (16,21,22) and
the significance of FAO in alternatively activated (M2) macrophages (8,23), we tested
the expression of FAO enzymes in F4/80" lung macrophages. Double
immunofluorescence labeling with F4/80 and CPT1 showed a significant increase in the
number of F4/80" CPT1" macrophages in the lungs of OVA-sensitized and challenged
mice. Treatment with etomoxir markedly reduced the number of F4/80" CPT1"
macrophages (Figure 7A). Furthermore, while the levels of mMRNA coding for the FAO
enzymes CPT1, HADHA, and PGC1p3 were increased in macrophages sorted from
allergen-exposed lungs, etomoxir treatment reduced these enzymes to normal levels
(Figure 7B). There were no significant changes in the expression of ACADM (Figure
7B). In addition, we tested the mRNA levels for arginase | and NOS2, factors important
in the pathophysiology of asthma. As shown in Figure 6C, lung macrophages from
allergic mice had significantly higher levels of arginase | and lower levels of NOS2
compared to controls, confirming an M2 phenotype. However, FAQO inhibition with

etomoxir significantly reduced arginase | and conversely elevated NOS2 expression.
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We next sought to test the role of macrophages in the protective effects induced by
FAOQ inhibitors. For this, we used intravenous injection of liposomal clodronate to
deplete circulating inflammatory monocytes, presumed progenitors of lung-recruited
macrophages that have been shown to play a role in allergic asthma and considered
pathogenic, whereas resident alveolar macrophages have been found to restrain
allergic lung inflammation (16,21). Consistent with these reports, our data showed that
liposomal clodronate alone decreased the number of total leukocytes, eosinophils, and
macrophages in the BAL fluids of OVA-exposed mice (Figure 7D). Moreover, liposomal
clodronate reduced the production of BAL fluid and serum IL-5 (Figure 7E). Control
(PBS) liposomes did not have any effects on OVA-exposed mice (data not shown). Of
interest, combining liposomal clodronate with etomoxir treatment further enhanced
these protective responses (Figure 7D and 7E), suggesting that while FAO inhibition in
macrophages may contribute to the therapeutic effects of etomoxir, other cells may also

be involved.

FAO inhibition attenuates the inflammatory immune response in a chronic HDM
asthma model

We further confirmed our observations by testing the effect of FAO inhibition against
already established, chronic asthma-like traits induced by HDM, a true human allergen
(Figure 8A). Interestingly and consistent with the OVA model of asthma, etomoxir
treatment resulted in a significant decrease in AHR in HDM-exposed mice (Figure 8B).

Furthermore, etomoxir markedly blocked the recruitment of eosinophils, macrophages,
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and lymphocytes into lungs, with a comparable decrease in the total number of
leukocytes (Figure 8C). FAO inhibition in the HDM model also blocked the production

of IL-5 in the BAL fluid and serum compared to untreated mice (Figure 8D).

Discussion

Increasing evidence has demonstrated that the differentiation, function, and longevity of
immune cells are closely associated with the use of distinct metabolic pathways to
produce energy (1-3). These observations have been studied in several murine chronic
inflammatory conditions such as parasitic infections and cancer (6-8). In these
diseases, myeloid cells undergo a metabolic reprogramming, shifting from OXPHOS of
glucose to the oxidation of fatty acids to sustain their functions. Allergic asthma is a
disease primarily mediated by Th2 cells, which produce IL4 and IL5 that promote the
production of IgE and chemokines, recruiting macrophages, dendritic cells, eosinophils,
and neutrophils to the bronchoalveolar tissues where they play important roles in the
pathophysiology of the disease (9-11). Despite the extensive information on the role of
immune mechanisms in asthma, little is known about the metabolic requirements of the

inflammatory cells.

The data demonstrated that exposure to OVA or HDM in murine asthma models led to
an increased expression of FAO enzymes in inflammatory cells, particularly
macrophages, infiltrating the bronchoalveolar tissues. These macrophages also
expressed higher levels of arginase | but lower level of NOS2 than controls, thus

indicating a phenotype of M2 macrophages. This observation is similar to that reported
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in Heligmosomoides polygyrus helminth infection where M2 macrophages also
underwent a metabolic reprogramming and exhibited an increased expression of FAO
enzymes (8). Inhibition of FAO in this disease resulted in an increased parasite load as
a result of M2 macrophages losing their ability to control parasite proliferation. In
contrast, in cancer we and others have reported that tumor-infiltrating dendritic cells and
MDSC also up-regulate FAO and concomitantly develop the ability to suppress T cell
proliferation and IFNy production (6,7,24,25). However, inhibition of FAO increased the
anti-tumor T cell responses and significantly improved the therapeutic efficacy of

chemotherapy and adoptive cellular therapy (6,7,24,25).

The results shown here demonstrated the increased expression of FAO mediators
particularly in F4/80" macrophages infiltrating the lungs of mice sensitized and
challenged with OVA, while granulocytes (neutrophils and eosinophils) expressed
significantly lower levels. In keeping with this, activated eosinophils have previously
been found to display a reduced number of mitochondria and oxidative metabolism (26).
In addition to inflammatory cells, we noticed an increased expression of FAO enzymes
in the brush border of bronchial cells in both control and allergic mice. Recent
publications have shown an increased number of mitochondria, the organelle where
FAOQ takes place, in the apical region of bronchial epithelial cells kept in culture (27). It
is possible that this localization of mitochondria is a result of the need for ATP to power

the function of bronchial cilia.
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More important was the significant therapeutic effect caused by the inhibition of FAO
using two different pharmacologic agents that target CPT1 and HADHA. The molecular
mechanisms by which FAQ inhibitors induced major therapeutic effects remain unclear.
Although in vivo data showed a significant decrease in the number of inflammatory cells
in the lungs, there was no increase in the apoptosis in the lungs of these mice. We
found that these FAO inhibitors did not cause the apoptosis of LPS-stimulated
macrophages (data not shown) or MDSC (7) in vitro. Moreover, the decrease in the
inflammatory cell subpopulations appeared to be limited to the lungs since they did not
change significantly in the spleens. This effect also appeared to be selective in that
interstitial macrophages (F4/80"CD11b"CD11c), but not alveolar macrophages
(F4/80"CD11b°CD11c"), were decreased after FAQ inhibition. Interestingly, our data
showed that the depletion of circulating inflammatory monocytes, assumed progenitors
of lung-recruited macrophages, attenuated the inflammatory immune response. This is
consistent with a recent study showing that recruited monocytes, but not resident
alveolar macrophages, could elicit allergic lung inflammation (16,21). A prior
investigation also demonstrated that M2 macrophage transfer into fungus-induced
allergic mice increased the inflammatory response and collagen deposition, thus
promoting asthma-like traits (22). Of note, our results showed that combining the
depletion of circulating inflammatory monocytes with FAO inhibition led to better
protective responses compared with either treatment alone. These results suggest that
FAOQ inhibition in macrophages as well as other inflammatory cells may contribute to the

therapeutic effects of etomoxir treatment.
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The rapid and significant reduction in the numbers of inflammatory cells upon FAO
inhibition may in part explain the dramatic decrease in the production of cytokines and
chemokines associated with the asthma-like response. However, this process again
appeared to be selective since not all cytokines and chemokines tested were reduced.
It is therefore likely that allergen-sensitized inflammatory myeloid cells in the inflamed
tissues are highly dependent on FAO to produce ATP required to support their
functions, making them highly sensitive to a sudden inhibition of FAO. In contrast, cells
that are distant from this site or those that are not allergen-sensitized may not be
dependent on FAO and therefore are not sensitive to FAO inhibition. The apoptosis of
these cells could also be a rapid event, in which case we might not observe apoptotic
cells 48 hours after treatment. Furthermore, the potential effect of FAO inhibition on
other lymphoid immune cells in the allergic airway microenvironment remains to be
carefully determined, especially since cells like regulatory T (Treg) cells and memory T
cells use FAO as a source of energy (3,28). In fact, reports have shown that the
inhibition of FAO restrains Treg cell differentiation and function (7,29,30). This is
intriguing because, although Treg cells are known to control asthma (31,32), the net
result of FAO inhibition appears to be a reduced allergic inflammatory response.
Therefore, further investigation of the immunometabolism of these cells in the setting of

allergic asthma is warranted.

The decreased OVA-specific IgE and the results on B cells are also very interesting, but

the mechanisms remain unclear. The results showed that FAQO inhibition reduced the

numbers of B cells in the lungs and to a lesser extent in the spleens. However, recent
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reports showed that B cells use glycolysis to support their functions (33). In fact,
inhibition of glycolysis using the pyruvate dehydrogenase kinase inhibitor
dichloroacetate down-regulated B cell proliferation and antibody (IgG and IgM) secretion
both in vitro and in vivo (33). However, the rapid decrease of FAO-dependent myeloid
cells caused by FAQO inhibitors might affect the number and function of IgE-producing B
cells. Since murine IgE has an in vivo half-life of 12 hours (34) and levels of IgE in
serum were measured 48 hours after treatment, this might in part explain the significant

and rapid decrease in OVA-specific IgE.

With the continued rise in the incidence of asthma and the significant number of
asthmatics who do not respond to existing medications (13), there is a need for new
therapies. This study provides evidence that FAO inhibition may provide a novel
approach to the treatment of asthma and possibly other hypersensitivity diseases.
Currently, three FAO inhibitors (two inhibitors of HADHA and one inhibitor of CPT1) are
approved for clinical use in the treatment of cardiovascular disease. Etomoxir, a potent
inhibitor of CPT-1, was not developed for clinical use because of hepatotoxicity with
chronic oral use (35); however, it may be possible that other administration routes or
short-term usage may circumvent the toxicities associated with chronic use. Ranolazine,
a piperazine derivative that inhibits HADHA, is approved for the treatment of unstable
angina. In conclusion, it is possible that new therapeutic approaches can be developed
from understanding the distinct energy metabolism of chronic inflammatory diseases

such as asthma or other immunological diseases.
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Figure Legends

Figure 1: Expression of FAO enzymes in the bronchopulmonary tissue of
allergen-exposed mice. (A) A model for OVA-induced asthma-like traits in mice. (B)
Upper panel Shows H&E staining in lung sections from normal or OVA-exposed mice.
Middle panel shows immunohistochemistry for CPT1. Lower panel shows
immunohistochemistry for HADHA. The bar graphs (left panels) indicate the
quantification of the number of positive cells in five 40X fields. (C) A model for HDM-
induced asthma-like traits in mice. (D) Upper panel Shows H&E staining in lung sections
from normal or HDM-exposed mice. Middle panel shows immunohistochemistry for
CPT1. Lower panel shows immunohistochemistry for HADHA. The bar graphs (left
panels) also show the number of positive cells counted in five 40X fields. Data = mean +

SEM; n = 3 mice/group; **, P< 0.01; ****, P < 0.0001.

Figure 2: Expression of FAO enzymes in immune cells infiltrating the
bronchopulmonary tissue of OVA-exposed mice. (A) Double Immunofluorescence
labeling in lung sections from OVA-exposed mice using CPT1 and F4/80
(macrophages), Ly-6G (neutrophils), Siglec-F (eosinophils), or CD45R (B cells). The bar
graph (lower panel) shows the quantification of the percentages of CPT1 positive
myeloid cells (merge) among CPT1-expressing inflammatory cells (far left), counted in
three 200X fields. (B) Double Immunofluorescence labeling in lung sections from OVA-
exposed mice using HADHA and F4/80 (macrophages), Ly-6G (neutrophils), Siglec-F

(eosinophils), or CD45R (B cells). The bar graph (lower panel) shows the percentages
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of HADHA positive myeloid cells (merge) among HADHA-expressing inflammatory cells
(far left), counted in three 200X fields. Data = mean + SEM; n = 3 mice/group; *, P <

0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001.

Figure 3: Effect of FAO inhibition on AHR and IgE production in OVA-exposed
mice. (A) A model for the treatment of OVA-induced asthma-like traits in mice. (B) One
day after OVA challenge and treatment with etomoxir, AHR to inhaled methacholine
was measured in unrestrained conscious C57BL/6J mice. (C) The experiment was
repeated as in (B) except that mice were treated with ranolazine. AHR was measured
one day after challenge and treatment. (D) The OVA sensitization and challenge
followed by treatment with etomoxir or ranolazine were conducted on Balb/c mice. AHR
was measured one day after allergen exposure and treatment. (E) Two days post OVA
challenge and treatment with etomoxir in C57BL/6J mice, BAL fluids and sera were
collected to measure the levels of OVA-specific IgE. (F) The levels of total IgE were
measured in sera of the indicated conditions. Data = mean + SEM; n = 5 mice/group;

*, P<0.05; **, P<0.01; **, P<0.001; *™**, P < 0.0001.

Figure 4: FAO inhibition reduces inflammation and CPT1 expression without
induction of apoptosis. Lungs were harvested two days after OVA challenge and
treatment with or without etomoxir. Normal lung tissues were included as a control. (A)
H&E staining in lung sections. (B) Immunohistochemistry for CPT1. (C) Lungs sections
were examined for apoptosis by TUNEL assay. A brain tumor tissue was stained as a

positive control. Data represents 3 mice/group.
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Figure 5: Effect of FAO inhibition on the frequency of inflammatory immune cells
in lungs and spleens. Two days after OVA challenge and treatment with or without
etomoxir, the indicated organs were harvested. (A) BAL cells were collected and stained
to quantify the total number of cells and different subpopulations, including eosinophils,
macrophages, and lymphocytes. (B) Whole lungs were removed and digested into
single cell suspensions to determine by flow cytometry the percentages of Siglec-F*
eosinophils, F4/80*CD11b"CD11c¢ interstitial macrophages, F4/80°'CD11b"CD11c”
alveolar macrophages, CD11¢c*MHC-II" dendritic cells, CD4" T cells, and CD45R* B
cells. (C) Spleens were also harvested and the subpopulations were determined by flow
cytometry. Data = mean = SEM; n = 5 mice/group; *, P < 0.05; **, P< 0.01; ***, P<

0.001; ***, P < 0.0001.

Figure 6: Effect of FAO inhibition on cytokines and chemokines linked to OVA-
induced asthma-like traits. The levels of the indicated cytokines and chemokines were
determined in BAL fluids (A) and sera (B) collected from mice sacrificed on day two of
OVA challenge and etomoxir treatment. Data = mean + SEM; n = 5 mice/group; *, P <

0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001.

Figure 7: FAO inhibition decreases the frequency of macrophages expressing
FAO enzymes. (A) Double immunofluorescence labeling with CPT1 and F4/80
(macrophages) in lung sections from OVA-exposed mice treated with or without

etomoxir. Normal lungs were included. Data represents 3 mice/group. (B and C)
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F4/80" macrophages were sorted from the lungs of OVA-exposed mice treated with or
without etomoxir. Macrophages sorted from normal lungs were used as a control.
Quantitative RT-PCR analysis of (B) the FAO-associated enzymes CPT1, HADHA,
ACADM, and PGC1p and (C) the macrophage-linked markers arginase | and NOS2
was conducted on the purified macrophages. (D-E) Mice were OVA-sensitized and
challenged and then treated with etomoxir as outlined in Figure 3A except that the
indicated groups were intravenously injected with 0.2 ml liposomal clodronate (CL) 8
hours before challenge. Two days after OVA challenge and treatments, organs were
harvested. (D) BAL cells were collected and stained to enumerate the total number of
cells, eosinophils, macrophages, and lymphocytes. (E) The concentrations of serum IL-
5 were measured. Data in (B-E) = mean + SEM; n = 5 mice/group; *, P < 0.05; **, P<

0.01; ***, P< 0.001; ***, P < 0.0001.

Figure 8: FAO inhibition restrains HDM-induced allergic airway inflammation. (A)
A model for the treatment of HDM-induced asthma-like traits in mice. (B) One day after
the last HDM challenge and etomoxir treatment, AHR to inhaled methacholine was
measured in unrestrained conscious C57BL/6J mice. (C) Two days after the last HDM
challenge and etomoxir treatment, BAL cells were collected and stained to quantify the
total number of cells and immune cells, including eosinophils, macrophages, and
lymphocytes. (D) The levels of IL-5 were determined in sera. Data = mean + SEM; n=5

mice/group; *, P < 0.05; **, P< 0.01; ***, P < 0.001.
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Supplemental Figure Legends

Supplemental Figure 1: Isotype control staining for CPT1 and HADHA.

Supplemental Figure 2: Effect of FAO inhibition on the levels of total IgG and IgM.
Two days after OVA challenge and treatment with etomoxir, sera were collected to
measure the levels of total IgG and IgM. Normal mice were included as a control. Data

= mean = SEM; n = 5 mice/group; *, P < 0.05.

Supplemental Figure 3: Effect of FAO inhibition on the absolute humbers of
inflammatory immune cells in lungs and spleens. Lungs and spleens were collected
2 days post OVA challenge and treatment with or without etomoxir. (A) Whole lungs
were digested into single cell suspensions to determine by flow cytometry the
percentages of Siglec-F* eosinophils, F4/80"CD11b"CD11c interstitial macrophages,
F4/80*CD11b’CD11c" alveolar macrophages, CD11c*MHC-II" dendritic cells, CD4" T
cells, and CD45R" B cells. The absolute numbers were determined as: percentage of
cells x total number of cells/100. (B) Spleens were also harvested and the
subpopulations were determined by flow cytometry. The absolute numbers were
calculated as: percentage of cells x total number of cells/100. Data = mean + SEM; n =

5 mice/group; *, P < 0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001.
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Supplemental Figure 4: Cytokines and chemokines down-regulated after FAO
inhibition. Cytokines and chemokines were measured in BAL fluids (A) and sera (B)
two days after OVA challenge and etomoxir treatment. Data = mean + SEM; n=5

mice/group; *, P < 0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001.

Supplemental Figure 5: Cytokines and chemokines that were not altered with FAO
inhibition. Cytokines and chemokines were measured in BAL fluids (A) and sera (B)
two days post OVA challenge and treatment with etomoxir. Data = mean + SEM; n=5

mice/group; *, P < 0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0001.
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